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To Felix Browder, a mentor and close friend,
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eyes of a functional analyst






Preface

This book has its roots in a course I taught for many years at the University of
Paris. It is intended for students who have a good background in real analysis (as
expounded, for instance, in the textbooks of G. B. Folland [2], A. W. Knapp [1],
and H. L. Royden [1]). I conceived a program mixing elements from two distinct
“worlds”: functional analysis (FA) and partial differential equations (PDEs). The first
part deals with abstract results in FA and operator theory. The second part concerns
the study of spaces of functions (of one or more real variables) having specific
differentiability properties: the celebrated Sobolev spaces, which lie at the heart of
the modern theory of PDEs. I show how the abstract results from FA can be applied
to solve PDEs. The Sobolev spaces occur in a wide range of questions, in both pure
and applied mathematics. They appear in linear and nonlinear PDEs that arise, for
example, in differential geometry, harmonic analysis, engineering, mechanics, and
physics. They belong to the toolbox of any graduate student in analysis.

Unfortunately, FA and PDEs are often taught in separate courses, even though
they are intimately connected. Many questions tackled in FA originated in PDEs (for
a historical perspective, see, e.g., J. Dieudonné [1] and H. Brezis—F. Browder [1]).
There is an abundance of books (even voluminous treatises) devoted to FA. There
are also numerous textbooks dealing with PDEs. However, a synthetic presentation
intended for graduate students is rare. and I have tried to fill this gap. Students who
are often fascinated by the most abstract constructions in mathematics are usually
attracted by the elegance of FA. On the other hand, they are repelled by the never-
ending PDE formulas with their countless subscripts. I have attempted to present
a “smooth” transition from FA to PDEs by analyzing first the simple case of one-
dimensional PDEs (i.e., ODEs—ordinary differential equations), which looks much
more manageable to the beginner. In this approach, I expound techniques that are
possibly too sophisticated for ODEs, but which later become the cornerstones of
the PDE theory. This layout makes it much easier for students to tackle elaborate
higher-dimensional PDEs afterward.

A previous version of this book, originally published in 1983 in French and fol-
lowed by numerous translations, became very popular worldwide, and was adopted
as a textbook in many European universities. A deficiency of the French text was the

vii



viii Preface

lack of exercises. The present book contains a wealth of problems. I plan to add even
more in future editions. I have also outlined some recent developments, especially
in the direction of nonlinear PDEs.

Brief user’s guide

1. Statements or paragraphs preceded by the bullet symbol e are extremely impor-
tant, and it is essential to grasp them well in order to understand what comes
afterward.

2. Results marked by the star symbol x can be skipped by the beginner; they are of
interest only to advanced readers.

3. In each chapter I have labeled propositions, theorems, and corollaries in a con-
tinuous manner (e.g., Proposition 3.6 is followed by Theorem 3.7, Corollary 3.8,
etc.). Only the remarks and the lemmas are numbered separately.

4. In order to simplify the presentation I assume that all vector spaces are over
R. Most of the results remain valid for vector spaces over C. I have added in
Chapter 11 a short section describing similarities and differences.

5. Many chapters are followed by numerous exercises. Partial solutions are pre-
sented at the end of the book. More elaborate problems are proposed in a separate
section called “Problems” followed by “Partial Solutions of the Problems.” The
problems usually require knowledge of material coming from various chapters.
I have indicated at the beginning of each problem which chapters are involved.
Some exercises and problems expound results stated without details or without
proofs in the body of the chapter.
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Chapter 1

The Hahn-Banach Theorems. Introduction to
the Theory of Conjugate Convex Functions

1.1 The Analytic Form of the Hahn-Banach Theorem: Extension
of Linear Functionals

Let E be a vector space over R. We recall that a functional is a function defined
on E, or on some subspace of E, with values in R. The main result of this section
concerns the extension of a linear functional defined on a linear subspace of E by a
linear functional defined on all of E.

Theorem 1.1 (Helly, Hahn—Banach analytic form). Let p : E — R be a function
satisfying!

@)) p(Ax) = Ap(x) Vx e E and VA >0,

@) p(x+y) = px)+py) Vx,yekE.

Let G C E be a linear subspace and let g - G — R be a linear functional such that
3) g(x) < p(x) VxegG.

Under these assumptions, there exists a linear functional f defined on all of E that
extends g, i.e., g(x) = f(x) Vx € G, and such that

4) f(x) = px) VxeE.

The proof of Theorem 1.1 depends on Zorn’s lemma, which is a celebrated and
very useful property of ordered sets. Before stating Zorn’s lemma we must clarify
some notions. Let P be a set with a (partial) order relation <. We say that a subset
Q C P is totally ordered if for any pair (a, b) in Q eithera < b or b < a (or both!).
Let Q C P be asubset of P; we say that ¢ € P is an upper bound for Q if a < c for
every a € Q. We say that m € P is a maximal element of P if there is no element

A function p satisfying (1) and (2) is sometimes called a Minkowski functional.

H. Brezis, Functional Analysis, Sobolev Spaces and Partial Differential Equations, 1
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2 1 The Hahn—-Banach Theorems. Introduction to the Theory of Conjugate Convex Functions

x € P such that m < x, except for x = m. Note that a maximal element of P need
not be an upper bound for P.

We say that P is inductive if every totally ordered subset Q in P has an upper
bound.

e Lemma 1.1 (Zorn). Every nonempty ordered set that is inductive has a maximal
element.

Zorn’s lemma follows from the axiom of choice, but we shall not discuss its
derivation here; see, e.g., J. Dugundji [1], N. Dunford-J. T. Schwartz [1] (Volume 1,
Theorem 1.2.7), E. Hewitt—K. Stromberg [1], S. Lang [1], and A. Knapp [1].

Remark 1. Zorn’s lemma has many important applications in analysis. It is a basic
tool in proving some seemingly innocent existence statements such as “every vector
space has a basis” (see Exercise 1.5) and “on any vector space there are nontrivial
linear functionals.” Most analysts do not know how to prove Zorn’s lemma; but it is
quite essential for an analyst to understand the statement of Zorn’s lemma and to be
able to use it properly!

Proof of Lemma 1.2. Consider the set

D(h) is a linear subspace of E,
P=1h:D(h)C E— R|hislinear, G C D(h),
h extends g, and h(x) < p(x) Vx € D(h)

On P we define the order relation
(hy < hy) & (D(hy) C D(hy) and hy extends hy) .

It is clear that P is nonempty, since g € P. We claim that P is inductive. Indeed, let
Q C P be atotally ordered subset; we write Q as Q = (h;);es and we set

D(h) = U D(h;), h(x)=h;(x) ifx € D(h;) for some .

iel

It is easy to see that the definition of & makes sense, that 4 € P, and that £ is
an upper bound for Q. We may therefore apply Zorn’s lemma, and so we have a
maximal element f in P. We claim that D(f) = E, which completes the proof of
Theorem 1.1.

Suppose, by contradiction, that D(f) # E.Letxg ¢ D(f);set D(h) = D(f) +
Rxp, and for every x € D(f), set h(x + txp) = f(x) + ta (t € R), where the
constant @ € R will be chosen in such a way that 4 € P. We must ensure that

fx)+ta < px+txg) VYxe D(f) and VreR.

In view of (1) it suffices to check that
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f&) +a =< plx+x0) VxeD(f),
f(x) —a < plx—x9) Vx e D(f).

In other words, we must find some « satisfying

sup {f(y) —p(y —x0)} <a =< inf {p(x+x0) — f(x)}
yeD(f) xeD(f)

Such an « exists, since
FO) —p(y—x) = plx+x)— fx) VxeD(f), VyeD(f)
indeed, it follows from (2) that
F&) + f() = plx+y) < plx+x0) + p(y — x0)-

We conclude that f < h; but this is impossible, since f is maximal and h # f.

We now describe some simple applications of Theorem 1.1 to the case in which
E is a normed vector space (n.v.s.) with norm ||

Notation. We denote by E* the dual space of E, that is, the space of all continuous
linear functionals on E; the (dual) norm on E* is defined by

®) I flles = sup |f )] = Suplf(x)-
g

When there is no confusion we shall also write || f|| instead of || f]| g=.

Given f € E* and x € E we shall often write (f, x) instead of f(x); we say that
(, ) is the scalar product for the duality E*, E.

It is well known that E* is a Banach space, i.e., E* is complete (even if E is not);
this follows from the fact that R is complete.

e Corollary 1.2. Let G C E be a linear subspace. If g : G — R is a continuous
linear functional, then there exists f € E* that extends g and such that

I lles = sup lg()] = ligllG+-

xXe
lxl<1
Proof. Use Theorem 1.1 with p(x) = ||gllg*]lx]l-
e Corollary 1.3. For every xo € E there exists fy € E* such that
Il foll = llxoll and {fo. xo0) = llxolI>.

Proof. Use Corollary 1.2with G = Rxgand g(txg) = tllxol|3, sothat || g]lg+ = lIxoll-

Remark 2. The element f;y given by Corollary 1.3 is in general not unique (try
to construct an example or see Exercise 1.2). However, if E* is strictly con-
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vex2—for example if E is a Hilbert space (see Chapter 5) or if E = LP(2) with
1 < p < oo (see Chapter 4)—then fj is unique. In general, we set, for every xg € E,

Fo) = { fo € E* 1 foll = llxoll and (fo, o) = lxol}

The (multivalued) map xo — F (xp) is called the duality map from E into E*; some
of its properties are described in Exercises 1.1, 1.2, and 3.28 and Problem 13.

e Corollary 1.4. For every x € E we have

(6) lxll = sup [(f,x)| = max [(f, x)].
feE* feE
Ifi=t =<t

Proof. We may always assume that x # 0. It is clear that

sup [(f, x)| < llx]l.

feE*

Ifl=t

On the other hand, we know from Corollary 1.3 that there is some fy € E* such

that || foll = llx|l and (fo,x) = [x[|1*. Set fi = fo/lxll, so that || fi]| = 1 and
(f1,x) = llx]l.
Remark 3. Formula (5)—which is a definition—should not be confused with formula
(6), which is a statement. In general, the “sup” in (5) is not achieved; see, e.g.,
Exercise 1.3. However, the “sup” in (5) is achieved if E is a reflexive Banach space
(see Chapter 3); a deep result due to R. C. James asserts the converse: if E is a Banach

space such that for every f € E* the sup in (5) is achieved, then E is reflexive; see,
e.g., J. Diestel [1, Chapter 1] or R. Holmes [1].

1.2 The Geometric Forms of the Hahn-Banach Theorem:
Separation of Convex Sets

We start with some preliminary facts about hyperplanes. In the following, E denotes
an n.v.s.

Definition. An affine hyperplane is a subset H of E of the form
H={xeE; f(x)=«a},

where f is a linear functional® that does not vanish identically and « € R is a given
constant. We write H = [ f = «] and say that f = « is the equation of H.

2 A normed space is said to be strictly convex if ||tx + (1 —t)y| < 1,Vt € (0, 1), Vx, y with
lx]l = llyll = 1 and x # y; see Exercise 1.26.

3 We do not assume that f is continuous (in every infinite-dimensional normed space there exist
discontinuous linear functionals; see Exercise 1.5).
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Proposition 1.5. The hyperplane H = [ f = «] is closed if and only if f is contin-
uous.

Proof. It is clear that if f is continuous then H is closed. Conversely, let us assume
that H is closed. The complement H¢ of H is open and nonempty (since f does not
vanish identically). Let xo € H¢, so that f(xg) # «, for example, f(xg) < .

Fix r > 0 such that B(xg, r) C H¢, where

B(xo,r) ={x € E; [lx — xoll <r}.
We claim that
@) f(x) <a Vx € B(xg,r).

Indeed, suppose by contradiction that f(x;) > « for some x; € B(xg,r). The
segment
{xy, =0 —10)xo +tx1;t €[0,1]}

is contained in B(xo, r) and thus f(x;) # «, Vt € [0, 1]; on the other hand, f(x;) =

o forsomet € [0, 1], namely t = 7 (§ l(x] —*— acontradiction, and thus (7) is proved.

)—f(x0)°
It follows from (7) that
fxo+rz) <a Vze B,]1).
Consequently, f is continuous and || || < }(a — f(x0)).

Definition. Let A and B be two subsets of E. We say that the hyperplane H = [f =
o] separates A and B if

’f(X)SOé VxeA and f(x)>« VxeB.‘

We say that H strictly separates A and B if there exists some ¢ > 0 such that

]f(x)ga—e VxeAand f(x) > a+e VxeB.\

Geometrically, the separation means that A lies in one of the half-spaces deter-
mined by H, and B lies in the other; see Figure 1.
Finally, we recall that a subset A C E is convex if

tx+(l-nyeA Vx,yeA, Viel0 1]

e Theorem 1.6 (Hahn-Banach, first geometric form). Ler A C E and B C E be
two nonempty convex subsets such that AN B = (. Assume that one of them is open.
Then there exists a closed hyperplane that separates A and B.

The proof of Theorem 1.6 relies on the following two lemmas.

Lemma 1.2. Let C C E be an open convex set with 0 € C. For every x € E set
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H

Fig. 1

®) px) = inf{a > 0; alx e C}

(p is called the gauge of C or the Minkowski functional of C).
Then p satisfies (1), (2), and the following properties:

O] there is a constant M such that 0 < p(x) < M| x| Vx € E,
(10) C={xekE;pkx) <l}

Proof of Lemma 1.2. 1t is obvious that (1) holds.
Proof of (9). Let r > 0 be such that B(0, r) C C; we clearly have

1
p(x) = —lxll Vx € E.
r

Proof of (10). First, suppose that x € C; since C is open it follows that (14+¢)x € C
for & > 0 small enough and therefore p(x) < m < 1. Conversely, if p(x) < 1

there exists & € (0, 1) such thata~'x € C, and thus x = a(¢~'x) + (1 — )0 € C.

Proof of (2). Letx, y € E andlete > 0.Using (1) and (10) we obtain that
m € C. Thus

= — L0+ e find that -2 ¢ C. Using (1) and (10) once more, we
P)+p(y)+2e pxX)+p(y)+2¢

areledto p(x +y) < p(x) + p(y) + 2¢, Ve > 0.

()+8€C

+ U=y« Cforallt e [0, 1]. Choosing the value

and (x)+€ PO)+e

Lemma 1.3. Let C C E be a nonempty open convex set and let xo € E withxg ¢ C.
Then there exists f € E* such that f(x) < f(xo) Vx € C. In particular, the
hyperplane | f = f(x0)] separates {xo} and C.

Proof of Lemma 1.3. After a translation we may always assume that 0 € C. We
may thus introduce the gauge p of C (see Lemma 1.2). Consider the linear subspace
G = Ruxo and the linear functional g : G — R defined by
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gtxp) =t, teR.
It is clear that
g(x) = p(x) VxeG

(consider the two cases t > 0 and ¢t < 0). It follows from Theorem 1.1 that there
exists a linear functional f on E that extends g and satisfies

f(x) <pkx) VxeE.
In particular, we have f(x¢) = 1 and that f is continuous by (9). We deduce from
(10) that f(x) < 1 forevery x € C.

Proof of Theorem 1.6. Set C = A — B, so that C is convex (check!), C is open (since
C = UVGB(A —v)),and 0 ¢ C (because AN B = (J). By Lemma 1.3 there is some
f € E* such that

f(@) <0 VzeC,

that is,
fx)< f(y) Vxe A, VyeB.

Fix a constant « satisfying

sup f(x) < a < inf f(y).
yeEB

xeA
Clearly, the hyperplane [ f = «] separates A and B.

e Theorem 1.7 (Hahn-Banach, second geometric form). Let A C E and B C E
be two nonempty convex subsets such that A N\ B = (. Assume that A is closed and
B is compact. Then there exists a closed hyperplane that strictly separates A and B.

Proof. Set C = A — B, so that C is convex, closed (check!), and 0 ¢ C. Hence,
there is some r > 0 such that B(0,r) N C = . By Theorem 1.6 there is a closed
hyperplane that separates B(0, r) and C. Therefore, there is some f € E*, f £ 0,
such that

fx—=y)< f@z) VxeA, VyeB, VzeB(1).

It follows that f(x —y) < —r| fll Vx € A,Vy € B. Letting ¢ = %r||f|| > 0, we
obtain
fX)+e< f(y)—e VxeA, VyeB.

Choosing o such that

supf(x) +& < o < inf f(y) — e,
yeB

xeA
we see that the hyperplane [ f = o] strictly separates A and B.

Remark 4. Assume that A C E and B C E are two nonempty convex sets such that
AN B = . If we make no further assumption, it is in general impossible to separate
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A and B by a closed hyperplane. One can even construct such an example in which
A and B are both closed (see Exercise 1.14). However, if E is finite-dimensional one
can always separate any two nonempty convex sets A and B suchthat AN B =}
(no further assumption is required!); see Exercise 1.9.

We conclude this section with a very useful fact:

e Corollary 1.8. Let F C E be a linear subspace such that F # E. Then there
exists some [ € E*, f # 0, such that

(fi,x)y=0 VxeF.

Proof. Let xo € E with xq ¢ F. Using Theorem 1.7 witEA =Fand B = {x0}, we
find a closed hyperplane [ f = «] that strictly separates F and {xo}. Thus, we have

(f.x) <a < (fixo) Vx€F.
It follows that (f, x) =0 Vx € F, since A(f, x) < « forevery A € R.

e Remark 5. Corollary 1.8 is used very often in proving that a linear subspace F C E
is dense. It suffices to show that every continuous linear functional on E that vanishes
on F must vanish everywhere on E.

1.3 The Bidual E**. Orthogonality Relations

Let E be an n.v.s. and let E* be the dual space with norm

I fllgs = sup [(f, x)I.

xeE
lxll<1

The bidual E** is the dual of E* with norm

§lle= = sup [(§, f)I (5§ € E™).
fEE*
=1

There is a canonical injection J : E — E** defined as follows: given x € E, the
map f +— (f, x) is a continuous linear functional on E*; thus it is an element of
E**, which we denote by J x.* We have

(Jx, fYe=p»=(f.x)prE VYX€E, VfeE"

Itis clear that J is linear and that J is an isometry, thatis, || Jx || g» = || x| g; indeed,
we have

4 J should not be confused with the duality map F : E — E* defined in Remark 2.



1.3 The Bidual E**. Orthogonality Relations 9

[Jxllg= = sup [{(Jx, f)I = sup [(f, x)| = Ix]
feE* feE*
fi=1 Ifl=<1
(by Corollary 1.4).

It may happen that J is not surjective from E onto E** (see Chapters 3 and 4).
However, it is convenient to identify E with a subspace of E** using J. If J turns
out to be surjective then one says that E is reflexive, and E** is identified with E
(see Chapter 3).

Notation. If M C E is a linear subspace we set

(MY ={(f € E% (fx)=0 VxeM).|

If N C E* is a linear subspace we set

IN'=(xeE:(fx)=0 YfeN)|

Note that—by definition—N is a subset of E rather than E**. It is clear that M+
(resp. N1) is a closed linear subspace of E* (resp. E). We say that M+ (resp. N1)
is the space orthogonal to M (resp. N).

Proposition 1.9. Let M C E be a linear subspace. Then

(o =]

Let N C E* be a linear subspace. Then
(NHLE o N.

Proof. 1t is clear that M C (MH1, and since (M1H)L is closed we have M C
(ML)L. Conversely, let us show that (M+)1 C M. Suppose by contradiction that
there is some xo € (M~+)L such that x ¢ M. By Theorem 1.7 there is a closed
hyperplane that strictly separates {xo} and M. Thus, there are some f € E* and
some « € R such that

(f,x) <a < {f,x)) VYVxeM.

Since M is a linear space it follows that (f, x) =0 Vx € M and also (f, xo) > O.
Therefore f € M~ and consequently (f, xo) = 0, a contradiction.

It is also clear that N C (N1)* and thus N c (N+)*.

Remark 6. Tt may happen that (N-1)* is strictly bigger than N (see Exercise 1.16).
It is, however, instructive to “try” to prove that (N L)L = N and see where the
argument breaks down. Suppose fo € E* is such that fo € (N1)* and fy ¢ N.
Applying Hahn-Banach in E*, we may strictly separate { fo} and N. Thus, there is
some £ € E* such that (£, fp) > 0. But we cannot derive a contradiction, since
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£ ¢ Nt—unless we happen to know (by chance!) that £ € E, or more precisely
that £ = Jx( for some xo € E. In particular, if E is reflexive, it is indeed true that
(NDHL = N.Inthe general case one can show that (N 1)L coincides with the closure
of N in the weak* topology o (E*, E) (see Chapter 3).

1.4 A Quick Introduction to the Theory of Conjugate Convex
Functions

We start with some basic facts about lower semicontinuous functions and convex
functions. In this section we consider functions ¢ defined on a set E with values in
(—o00, +00], so that ¢ can take the value +o0o (but —oo is excluded). We denote by
D(¢) the domain of ¢, that is,

’D((p) ={xekE; px) < +oo}.‘

Notation. The epigraph of ¢ is the set?
epip ={[x,A] € E xR; ¢(x) <A}
We assume now that E is a topological space. We recall the following.

Definition. A function ¢ : E — (—00, +00] is said to be lower semicontinuous
(Ls.c.) if for every A € R the set

l[p <Al={x € E; p(x) <A}
is closed.

Here are some well-known elementary facts about l.s.c. functions (see, e.g.,
G. Choquet, [1], J. Dixmier [1], J. R. Munkres [1], H. L. Royden [1]):

1. If ¢ is L.s.c., then epi ¢ is closed in E x R; and conversely.
2. If pisls.c., then for every x € E and for every ¢ > 0 there is some neighborhood
V of x such that
p(y) z o) —e VyeV;

and conversely.
In particular, if ¢ is Ls.c., then for every sequence (x;) in E such that x, — x,
we have

liminfe(x,) > ¢(x)
n— oo

and conversely if E is a metric space.
3. If ¢1 and ¢; are l.s.c., then @1 + ¢» is Ls.c.

5 We insist on the fact that R = (—o00, 00), so that A does not take the value co.
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4. If (¢i)ier is a family of L.s.c. functions then their superior envelope is also Ls.c.,
that is, the function ¢ defined by

@(x) = sup ¢; (x)

iel

is L.s.c.
5. If E is compact and ¢ is L.s.c., then inf g ¢ is achieved.

(If E is a compact metric space one can argue with minimizing sequences. For a
general topological compact space consider the sets [¢ < A] for appropriate values
of 1.)

We now assume that E is a vector space. Recall the following definition.

Definition. A function ¢ : E — (—00, +00] is said to be convex if

eix+ (1 —-1)y) <tex)+ 1 —-0e(y) Vx,yeE, Vte(,1).

We shall use some elementary properties of convex functions:

1. If ¢ is a convex function, then epi ¢ is a convex set in £ x R; and conversely.
2. If ¢ is a convex function, then for every A € R the set [¢p < A] is convex; but the
converse is not true.
. If 1 and ¢, are convex, then ¢; + ¢; is convex.
4. If (¢i)ics is a family of convex functions, then the superior envelope, sup; ¢;, is
convex.

(O8]

‘We assume hereinafter that E is an n.v.s.

Definition. Let ¢ : E — (—o00, +00] be a function such that ¢ # +oo (i.e.,
D(¢) # ). We define the conjugate function ¢* : E* — (—00, +00] to be®

9" (f) = sup{(f, x) — ()} (f € E").

xeE

Note that ¢* is convex and l.s.c. on E*. Indeed, for each fixed x € E the function
f = {f,x) — ¢(x) is convex and continuous (and thus l.s.c.) on E*. It follows that
the superior envelope of these functions (as x runs through FE) is convex and l.s.c.

Remark 7. Clearly we have the inequality
Y (fL.x)<ex)+¢"(f) VxeE, VfekE",

which is sometimes called Young s inequality. Of course, this fact is obvious with our
definition of ¢*! The classical form of Young’s inequality (see the proof of Theorem
4.6 in Chapter 4) asserts that

6 ¢* is sometimes called the Legendre transform of ¢.



121 The Hahn—-Banach Theorems. Introduction to the Theory of Conjugate Convex Functions

R
H
A=epi@
Mot o [x, Al =B
X, E
Fig. 2
1 1
(12) ab < —a? + —/bp Ya,b >0
p p

with1 < p < coand %—}— % = 1. Inequality (12) becomes a special case of (11) with
E =E*=Rand ¢(t) = %Itl”, P*(s) = §|s|l” (see Exercise 1.18, question (h)).
Proposition 1.10. Assume that ¢ : E — (—00, +00] is convex Ls.c. and ¢ # +0o0.

Then ¢* # +oo, and in particular, ¢ is bounded below by an affine continuous
function.

Proof. Let xo € D(¢p) and let Ag < ¢(xp). We apply Theorem 1.7 (Hahn—-Banach,
second geometric form) in the space E x R with A = epig and B = {[xo, Ao]}.
So, there exists a closed hyperplane H = [® = «] in E x R that strictly separates
A and B; see Figure 2. Note that the function x € E +— ®([x, 0]) is a continuous
linear functional on E, and thus ®([x,0]) = (f, x) for some f € E*. Letting
k = ®([0, 1]), we have

D([x,A]) = {(f,x)+kr V[x,A]€ E xR.
Writing that ® > @ on A and ® < « on B, we obtain
(f,x)+kr>a, V[x,A]€epigp,

and
(fs x0) +kro < .

In particular, we have
(13) (f,x) +ko(x) >a VYxe D(p)

and thus
(f, x0) + ko(xo) > o > (f, x0) + kXo.

It follows that k£ > 0. By (13) we have



1.4 A Quick Introduction to the Theory of Conjugate Convex Functions 13
1 o
——fix)—9okx) <—— Vxe D(p)
k k
and therefore go*(—%f) < 4o00.

If we iterate the operation x, we obtain a function ¢** defined on E**. Instead, we
choose to restrict ¢** to E, that is, we define

9™ (x) = sup {(f,x) —@"(f)} (x€E).
feE*

e Theorem 1.11 (Fenchel-Moreau). Assume that ¢ : E — (—00, +00] is convex,
Ls.c., and ¢ # +00. Then ¢** = .

Proof. We proceed in two steps:
Step 1: We assume in addition that ¢ > 0 and we claim that ¢** = ¢.

First, it is obvious that ¢** < ¢, since (f, x) — ¢*(f) < ¢(x) Vx € E and
Vf € E*.In order to prove that ¢** = ¢ we argue by contradiction, and we assume
that ™ (xg) < @(xp) for some xg € E. We could possibly have ¢(xg) = 400, but
©**(x0) is always finite. We apply Theorem 1.7 (Hahn—-Banach, second geometric
form) in the space E x R with A = epi g and B = [xg, ¢**(x0)]. So, there exist, as
in the proof of Proposition 1.10, f € E*, k € R, and @ € R such that

(14) (fix)+kr>a V[x,A] €epigp,
(15) (f. x0) + k¢™(x0) < a.

It follows that k > 0 (fix some x € D(p) and let A — +o00in (14)). [Here we cannot
assert, as in the proof of Proposition 1.10, that k > 0; we could possibly have k = 0,
which would correspond to a “vertical” hyperplane H in E x R.]

Let ¢ > 0; since ¢ > 0, we have by (14),

(fix)+ (k+e)px) >a Vx e D(p).

7l S )o@
k+e)~ k+¢e

It follows from the definition of ¢**(x() that

- f . f f o
Z (XO)Z<—k+8,XO>—(ﬂ (_k—l—s) Z<—m,xo>+k+8.

Thus we have

Therefore

(f. x0) + (k+ )™ (x0) > Ve >0,

which contradicts (15).
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Step 2: The general case.
Fix some fy € D(¢*) (D(¢*) # @ by Proposition 1.10) and define
o(x) = p(x) — (fo, x) + ¢* (o),

so that @ is convex L.s.c., @ # 400, and ¢ > 0. We know from Step 1 that (p)** = .
Let us now compute (¢)* and (¢)**. We have

@ () =" (f + fo) — " (fo)

and

@)™ (@) = ™ (x) — (fo. x) + " (f0)

Writing that (¢)** = @, we obtain ¢** = ¢.
Let us examine some examples.

Example 1. Consider ¢(x) = ||x||. It is easy to check that

0 if I f) <1,

O e 1S 1

It follows that
@™ (x) = sup (f, x).
feE*
ifi<1
Writing the equality
Y =09,

we obtain again part of Corollary 1.4.

Example 2. Given a nonempty set K C E, we set

0 ifx e K,

I =
KO=1 100 ifx¢K

The function Ik is called the indicator function of K (and should not be confused
with the characteristic function, xx, of K, which is 1 on K and O outside K). Note
that /¢ is a convex function iff K is a convex set, and Ik is 1.s.c. iff K is closed. The
conjugate function (/g )* is called the supporting function of K.

Itiseasy to see thatif K = M is alinear subspace then (/y)* = I,1 and (Iyy)*™* =
I(prryL. Assuming that M is a closed linear space and writing that (1y)** = Iy, we
obtain (M1)1 = M. In some sense, Theorem 1.11 can be viewed as a counterpart
of Proposition 1.9.
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We conclude this chapter with another useful property of conjugate functions.

* Theorem 1.12 (Fenchel-Rockafellar). Let ¢, v : E — (—00, 400] be two con-
vex functions. Assume that there is some xo € D(¢) N\ DY) such that ¢ is continuous
at xqo. Then

Inf{p(x) + ¥ (0} = fsug*{ﬂo*(—f) - v ()
= max {—¢" (= f) =¥ (f)} = —fn;ig*{fﬂ*(—f) + ¥ (N}

feE*
The proof of Theorem 1.12 relies on the following lemma.

Lemma 1.4. Let C C E be a convex set, then Int C is convex. If, in addition,
Int C # 0, then

C =IntC.
For the proof of Lemma 1.4, see, e.g., Exercise 1.7.
Proof of Theorem 1.12. Set
a = inf {p(x) + ¥ (0)},
xeE
b= sup {—¢*(—f) =¥ ()}

feE*
It is clear that b < a. If a = —o0, the conclusion of Theorem 1.12 is obvious. Thus
we may assume hereinafter that a € R. Let C = epi ¢, so that Int C # ¢ (since ¢ is
continuous at xp). We apply Theorem 1.6 (Hahn—Banach, first geometric form) with
A =1IntC and
B={[x,\]€e ExXR; A <a-—v¢yx)}.

Then A and B are nonempty convex sets. Moreover, AN B = @J; indeed, if [x, A] € A,
then A > ¢(x), and on the other hand, ¢(x) > a — ¥ (x) (by definition of a), so that
[x, 1] ¢ B.

Hence there exists a closed hyperplane H that separates A and B. It follows that
H also separates A and B. But we know from Lemma 1.4 that A = C. Therefore,
there exist f € E*, k € R, and o € R such that the hyperplane H = [® = «] in
E x R separates C and B, where

D([x,A]) = (f,x) +kr V[x,A]€e E xR.
Thus we have

(16) (f,x)+kr>a Vx,AleC,
(17) (f,x)+kr <a Vx,A]l€B.

7 As usual, Int C denotes the interior of C.
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Choosing x = x¢ and letting . — +00 in (16), we see that k > 0. We claim that
(18) k > 0.

Assume by contradiction that k = 0; it follows that || /|| # O (since ® # 0). By (16)
and (17) we have

(f,x)>a Vxe D(p),
(f,.x) <a Vxe D).

But B(xo, €9) C D(¢p) for some g9 > 0 (small enough), and thus
(fixo+e0z) > Yz e B(0,1),

which implies that ( f, xo) > o + &o|| f||. On the other hand, we have (f, xo) < «,
since xo € D(y); therefore we obtain | f|| = 0, which is a contradiction and
completes the proof of (18).

From (16) and (17) we obtain

and

so that

o(f)v ()

On the other hand, from the definition of b, we have

o ()r (f) e
eree(4) - (})

Example 3. Let K be a nonempty convex set. We claim that for every xo € E we
have

We conclude that

(19) dist(xo, K) = inf |x — xoll = max {(f, x0) — I¥ ()}
xekK jfeHE"l
Ifl=

Indeed, we have
inf [|x — xol = inf {p(x) + ¥ (x)},
xekK xekE

with ¢(x) = ||x — x¢|| and ¥ (x) = Ik (x). Applying Theorem 1.12, we obtain (19).
In the special case that K = M is a linear subspace, we obtain the relation
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dist(xg, M) = inf ||x — xg|| = max (f, xo).
xeM feM+
=1

Remark 8. Relation (19) may provide us with some useful information in the case
that inf e [|x — xo]| is not achieved (see, e.g., Exercise 1.17). The theory of min-
imal surfaces provides an interesting setting in which the primal problem (i.e.,
infyeg{ep(x) + ¥(x)}) need not have a solution, while the dual problem (i.e.,
max e« {—¢*(—f) — ¥*(f)}) has a solution; see I. Ekeland-R. Temam [1].

Example 4. Let ¢ : E — R be convex and continuous and let M C E be a linear
subspace. Then we have

o0 = — min o ).
Inf ¢(x) jn ¢ Q)

It suffices to apply Theorem 1.12 with ¢ = Ijy.

Comments on Chapter 1

1. Generalizations and variants of the Hahn—Banach theorems.

The first geometric form of the Hahn—Banach theorem (Theorem 1.6) is still valid in
general topological vector spaces. The second geometric form (Theorem 1.7) holds in
locally convex spaces—such spaces play an important role, for example, in the theory
of distributions (see, e.g., L. Schwartz [1] and F. Treves [1]). Interested readers may
consult, e.g., N. Bourbaki [1], J. Kelley-I. Namioka [1], G. Choquet [2] (Volume 2),
A. Taylor-D. Lay [1], and A. Knapp [2].

2. Applications of the Hahn—Banach theorems.
The Hahn—Banach theorems have a wide and diversified range of applications. Here
are two examples:

(a) The Krein—-Milman theorem.

The second geometric form of the Hahn—Banach theorem is a basic ingredient in
the proof of the Krein—Milman theorem. Before stating this result we need some
definitions. Let £ be an n.v.s. and let A be a subset of E. The convex hull of A,
denoted by conv A, is the smallest convex set containing A. Clearly, conv A consists
of all finite convex combinations of elements in A, i.e.,

convA = {Ztiai; I finite, a; € AVi, t; > 0Vi, and Zti =1;.

iel iel

The closed convex hull of A, denoted by convA, is the closure of conv A. Given a
convex set K C E we say that a point x € K is extremal if x cannot be written
as a convex combination of two points xo, x; € K, i.e.,, x # (1 — t)xg + tx; with
t €(0,1),and xg # x1.
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e Theorem 1.13 (Krein—-Milman). Let K C E be a compact convex set. Then K
coincides with the closed convex hull of its extremal points.

The Krein—Milman theorem has itself numerous applications and extensions (such
as Choquet’s integral representation theorem, Bochner’s theorem, Bernstein’s theo-
rem, etc.). On this vast subject, see, e.g., N. Bourbaki [1], G. Choquet [2] (Volume 2),
R. Phelps [1], C. Dellacherie-P. A. Meyer [1] (Chapter 10), N. Dunford—J. T. Schwartz
[1] (Volume 1), W. Rudin [1], R. Larsen [1], J. Kelley—I. Namioka [1], R. Edwards
[1]. An interesting application to PDEs, due to Y. Pinchover, is presented in S. Agmon
[2]. For a proof of the Krein—-Milman theorem, see Problem 1.

(b) In the theory of partial differential equations.

Let us mention, for example, that the existence of a fundamental solution for a gen-
eral differential operator P (D) with constant coefficients (the Malgrange—Ehrenpreis
theorem) relies on the analytic form of Hahn—Banach; see, e.g., L. Hormander [1],
[2], K. Yosida [1], W. Rudin [1], F. Treves [2], M. Reed-B. Simon [1] (Volume 2).
In the same spirit, let us mention also the proof of the existence of the Green’s
function for the Laplacian by the method of P. Lax; see P. Lax [1] (Section 9.5)
and P. Garabedian [1]. The proof of the existence of a solution u € L°°(£2) for the
equation divu = f in Q@ C RY, given any f € LV (), relies on Hahn-Banach
(see J. Bourgain—H. Brezis [1], [2]). Surprisingly, the u obtained via Hahn—Banach
depends nonlinearly on f. In fact, there exists no bounded linear operator from L~
into L*° giving u in terms of f. This shows that the use of Zorn’s lemma (and the
underlying axiom of choice) in the proof of Hahn—Banach can be delicate and may
destroy the linear character of the problem. Sometimes there is no way to circumvent
this obstruction.

3. Convex functions.

Convex analysis and duality principles are topics which have considerably expanded
and have become increasingly popular in recent years; see, e.g., J. J. Moreau [1],
R. T. Rockafellar [1], [2], I. Ekeland-R. Temam [1], I. Ekeland-T. Turnbull [1],
F. Clarke [1], J. P. Aubin—I. Ekeland [1], J. B. Hiriart-Urutty—C. Lemaréchal [1].
Among the applications let us mention the following:

(a) Game theory, economics, optimization, convex programming; see J. P. Aubin [1],
[2], [3],J. P. Aubin-1. Ekeland [1], S. Karlin [1], A. Balakrishnan [1], V. Barbu—
L. Precupanu [1], J. Franklin [1], J. Stoer—C. Witzgall [1].

(b) Mechanics; see J. J. Moreau [2], P. Germain [1], [2], G. Duvaut-J. L. Lions
[1], R. Temam—G. Strang [1] and the comments by P. Germain following this
paper, H. D. Bui [1] and the numerous references therein. Note also the use
of (nonconvex) duality by J. F. Toland [1], [2], [3] (for the study of rotating
chains), by A. Damlamian [1] (for a problem arising in plasma physics), and by
G. Auchmuty [1].

(c) The theory of monotone operators and nonlinear semigroups; see H. Brezis [1],
F. Browder [1], V. Barbu [1], and R. Phelps [2].

(d) Variational problems involving periodic solutions of Hamiltonian systems and
nonlinear vibrating strings; see the recent works of F. Clarke, 1. Ekeland,
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J. M. Lasry, H. Brezis, J. M. Coron, L. Nirenberg (we refer, e.g., to F. Clarke—
I. Ekeland [1], H. Brezis—J. M. Coron-L. Nirenberg [1], H. Brezis [2], J. P. Aubin—
I. Ekeland [1], I. Ekeland [1], and their bibliographies).

(e) The theory of large deviations in probability; see, e.g., R. Azencott et al. [1],
D. W. Stroock [1].

(f) The theory of partial differential equations and complex analysis; see L. Hor-
mander [3].

4. Extensions of bounded linear operators.

Let E and F be two Banach spaces and let G C E be a closed subspace. Let
S : G — F be a bounded linear operator. One may ask whether it is possible to
extend S by a bounded linear operator T : E — F. Note that Corollary 1.2 settles
this question only when F = R. In general, the answer is negative (even if £ and F
are reflexive spaces; see Exercise 1.27), except in some special cases; for example,
the following:

(a) If dim F < oo. One may choose a basis in F' and apply Corollary 1.2 to each
component of S.

(b) If G admits a topological complement (see Section 2.4). This is true in particular
if dim G < oo or codim G < oo or if E is a Hilbert space.

One may also ask the question whether there is an extension T with the same norm,
ie, Tz, Fy = ISl G, F)- The answer is yes only in some exceptional cases; see
L. Nachbin [1], J. Kelley [1], and Exercise 5.15.

Exercises for Chapter 1

1.1 | Properties of the duality map.
Let E be an n.v.s. The duality map F is defined for every x € E by

F(x)={f € E*; |Ifll = llx| and (£, x) = [|x||*}.
1. Prove that
F(x) ={f € E* |Ifll < x|l and (£, x) = [|lx]|*}

and deduce that F(x) is nonempty, closed, and convex.
2. Prove that if E* is strictly convex, then F (x) contains a single point.
3. Prove that

1 1
F(x) = {fGE*; Ellyllz—EIIXIIZZ (fiy—x) VyGE}-

4. Deduce that
(F(x)— F(y), x—y)>0 Vx,ye€E,
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and more precisely that
(f—8x—y)=0 Vx,yeE, VfeF(x), VgeF(y).
Show that, in fact,
(f =g x=y =xll—llylD*> Vx,y€E, VfeF(x), V¥geF(Q).
5. Assume again that E™ is strictly convex and let x, y € E be such that
(F(x) —F(»), x—y)=0.

Show that Fx = Fy.

n Let E be a vector space of dimension n and let (¢;)1<; <, be a basis of E. Given
x € E,writex =) ", xje; withx; € R; given f € E*, set f; = (f, &).

1. Consider on E the norm

n
Ixlh =Y lxl.
i=1

(a) Compute explicitly, in terms of the f;’s, the dual norm || f||g= of f € E*.
(b) Determine explicitly the set F'(x) (duality map) for every x € E.

2. Same questions but where E is provided with the norm

[Xlloc = max |x;|.
1<i<n

3. Same questions but where E is provided with the norm

n 1/2
Ixll2 = (Z |xl-|2> :

i=1

and more generally with the norm
n 1/p
Ixllp, = (Z Ixi|p> ,  where p € (1, 00).
i=1

1.3 |Let E = {u € C([0, 1]; R); u(0) = 0} with its usual norm

ul| = max |u(z)|.
lluell te[O,l]' (0]

Consider the linear functional
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1
fiueEw— f(u) :/ u(t)dt.
0

1. Show that f € E* and compute || f || g+.
2. Can one find some u € E such that |u|| = 1 and f(u) = || fllg+?

Consider the space E = ¢¢ (sequences tending to zero) with its usual norm
(see Section 11.3). For every element u = (u1, u2, u3, ...) in E define

=3 5
n=1

1. Check that f is a continuous linear functional on E and compute || f|| g+.
2. Can one find some u € E such that ||u|| = 1 and f(u) = || fllg+?

Let E be an infinite-dimensional n.v.s.

1. Prove (using Zorn’s lemma) that there exists an algebraic basis (e;);¢; in E such
that |le;|| = 1Vi € I.
Recall that an algebraic basis (or Hamel basis) is a subset (¢;);c; in E such that
every x € E may be written uniquely as

x =) xie; with J C I, J finite.
ie
2. Construct a linear functional f : E — R that is not continuous.

3. Assuming in addition that E is a Banach space, prove that I is not countable.
[Hint: Use Baire category theorem (Theorem 2.1).]

1.6|Let E be an n.v.s. and let H C E be a hyperplane. Let V C E be an affine
subspace containing H.

1. Prove thateither V= HorV = E.

2. Deduce that H is either closed or dense in E.

m Let E be an n.v.s. and let C C E be convex.

1. Prove that C and Int C are convex.
2. Given x € C_andy € Int C, show thattx + (1 —t)y e IntC Vr € (0, 1).
3. Deduce that C = Int C whenever Int C # (.

Let E be an n.v.s. withnorm | .Let C C E be an open convex set such that
0 € C. Let p denote the gauge of C (see Lemma 1.2).

1. Assuming C is symmetric (i.e., —C = C) and C is bounded, prove that p is a
norm which is equivalent to ||
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2. Let E = C(]0, 1]; R) with its usual norm

ull = max |u(z)].
llut| te[ml (0]

1
C= {u € E; / lu()|?dt < 1}.
0

Check that C is convex and symmetric and that 0 € C. Is C bounded in E?

Compute the gauge p of C and show that p is a norm on E. Is p equivalent to
I ?

Let

Hahn—Banach in finite-dimensional spaces.

Let E be a finite-dimensional normed space. Let C C E be a nonempty convex
set such that 0 ¢ C. We claim that there always exists some hyperplane that separates
C and {0}.

[Note that every hyperplane is closed (why?). The main point in this exercise is
that no additional assumption on C is required.]

1. Let (x,)s>1 be a countable subset of C that is dense in C (why does it exist?).
For every n let

n n
C, =conv{xi,x3,...,Xp} = 3x = Ztixi; t; > 0Viand Zti = 1}.
i=1 i=1

Check that C,, is compact and that Uf,ozl C, isdensein C.
2. Prove that there is some f;,, € E* such that

I fzll=1and (f;,x) >0 Vx e C,.
3. Deduce that there is some f € E* such that
[flIl=1and(f x) =0 VxeC.

Conclude.
4. Let A, B C E be nonempty disjoint convex sets. Prove that there exists some
hyperplane H that separates A and B.

Let E be an n.v.s. and let / be any set of indices. Fix a subset (x;);.y in E and
a subset (¢;);7 in R. Show that the following properties are equivalent:
(A) There exists some f € E* such that (f, x;) = a; Vi € 1.

There exists a constant M > 0 such that for each finite subset

(B) J C I and for every choice of real numbers (8;);c, we have

| X Biei| < M| 3 Bixi]-
ieJ ieJ
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Note that in the proof of (B) = (A) one may find some f € E* with || f| gx < M.
[Hint: Try first to define f on the linear space spanned by the (x;);.7.]

Let E be an n.v.s. and let M > 0. Fix n elements (f1)1<;<, in E* and n real
numbers (¢;)1<i<n. Prove that the following properties are equivalent:

Y. 03 E such that
@) {8> x. € E such tha

xell =< M +eand (fi,xe) =c; Vi=12,....n

n n
(®) | Y B = M| Yo isi| VBB R
i=1 i=1
[Hint: For the proof of (B) = (A) consider first the case in which the f;’s are

linearly independent and imitate the proof of Lemma 3.3.]
Compare Exercises 1.10, 1.11 and Lemma 3.3.

Let E be a vector space. Fix n linear functionals (f;)1<i<, on E and n real
numbers (¢;)1<i<n. Prove that the following properties are equivalent:

(A) There exists some x € E suchthat fi(x) =«; Vi=1,2,...,n.

B) For any choice of real numbers 81, 82, . . ., B, such that
Y Bifi =0, onealsohas Y 7_, Bicy =0.

LetE = R" and let
P={xeR";, x;,>0 Vi=1,2,...,n}

Let M be a linear subspace of E such that M N P = {0}. Prove that there is some
hyperplane H in E such that

M C Hand HN P = {0}.

[Hint: Show first that M+ N Int P #0.]
Let E = £' (see Section 11.3) and consider the two sets

X={x=@un>1 € E; x0, =0Vn > 1}

and

1
Y = {y = (Yun=1 € E; you = o0 Y2n=1 Vn > 1}-

1. Check that X and Y are closed linear spaces and that X + Y = E.
2. Let ¢ € E be defined by
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con—1=0 vn > 1,
cznzzin Vn > 1.

Check thatc ¢ X +7Y.

3. Set Z = X — c and check that Y N Z = . Does there exist a closed hyperplane
in E that separates Y and Z?
Compare with Theorem 1.7 and Exercise 1.9.

4. Same questions in E = ¢7,1 < p < 00, and in E = ¢y.

Let E be an n.v.s. and let C C E be a convex set such that 0 € C. Set

A) C*={feE"; (f,x)<1 VxeC}
(B) C*={xekE; (f,x)<1 VfeC

1. Prove that C** = C.
2. What is C* if C is a linear space?

Let E = ¢!, so that E* = £ (see Section 11.3). Consider N = cg as a closed
subspace of E*.
Determine

Nt ={x€eE; (ffx)=0 VfeN)}
and
Nt ={feE* (f,x)=0 VxeN'}.

Check that N+ # N.

Let E be an n.v.s. and let f € E* with f # 0. Let M be the hyperplane
[f =0].

1. Determine M.

2. Prove that for every x € E, dist(x, M) = infyep ||x — y|| = 'ﬂ{ﬁ‘”.
[Find a direct method or use Example 3 in Section 1.4.]

3. Assume now that E = {u € C([0, 1]; R); u(0) = 0} and that

1
(f, u) :/ u(t)dt, uekE.
0

Prove that dist(u, M) = | [} u(t)dt| Vu € E.
Show that inf,cps ||lu — v|| is never achieved for any u € E\M.

Check that the functions ¢ : R — (—o00, 400] defined below are convex
L.s.c. and determine the conjugate functions ¢*. Draw their graphs and mark their
epigraphs.
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(a) o(x) =ax +b, where a, b € R.
(b) px) =e".
0 if x| <1,
C =
© #ex) 400 if [x] > 1.
0 ifx =0,
(d) px) = .
400 if x #0.
—logx ifx >0,
e =
€) =0 ifx < 0.
—(1—xHl2 if [x] <1,
f =
® =1 if x| > 1.
1 2 :
Lix| if x| < 1,
X) =
® e T
1
(h) p(x) = —|x|?, where 1 < p < o0.
p
@ @(x) = x* = max{x, 0}.
1.p :
. —-X if x > 0, where 1 < p < +o00,
x)=3"7
® 2 {+oo if x <O.
® ) —%xp if x > 0, where 0 < p < 1,
X) =
¢ if x <O.
1 +1p
) ox) = ;[(|x| - 177, where 1 < p < oo.

Let E be ann.v.s.

1. Let ¢, ¢ : E — (—00, +00] be two functions such that ¢ < 1. Prove that
Yt <o

2. Let F : R — (—o00, +00] be a convex l.s.c. function such that F(0) = 0 and
F(t) =0Vt e R. Set p(x) = F(||x|])-
Prove that ¢ is convex L.s.c. and that *(f) = F*(|| fl) Vf € E*.

Let E = ¢P with 1 < p < oo (see Section 11.3). Check that the functions
¢ : E —> (—00, 400] defined below are convex l.s.c. and determine ¢*. For x =
(X1, X2, ..., %Xy, ...)set

+ .
27 Kl if Y32 kla|* < oo,

+00 otherwise.

@ ol =

+00
0 e =) lult (Check that ¢(x) < oo for every x € E.)
k=2
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400 o0
|xk] it » x| < +o0,
© k)= ,; ,;
+00 otherwise.

LetE = E* = R? and let
C = {[x1, x2]; x1 =0, xo > 0}.

On E define the function

— /X% ifx € C,

YO =110 ifx ¢ cC.

1. Prove that ¢ is convex l.s.c. on E.

2. Determine ¢*.

3. Consider the set D = {[x1, x2]; x; = 0} and the function ¢ = Ip. Compute the
value of the expressions

Infip(x) +¥(x)} and sup {=" (=) =¥ (N}

feE*

4. Compare with the conclusion of Theorem 1.12 and explain the difference.

Let E be ann.v.s. and let A C E be a closed nonempty set. Let

p(x) = dist(x, A) = inf ||x — a].
acA

1. Check that |p(x) — @(¥)| < |lx — y|| Vx,y € E.

2. Assuming that A is convex, prove that ¢ is convex.

3. Conversely, assuming that ¢ is convex, prove that A is convex.

4. Prove that ¢* = (/4)* + Ip,. for every A not necessarily convex.

Inf-convolution.

Let E be an n.v.s. Given two functions ¢, ¥ : E — (—00, +00], one defines the
inf-convolution of ¢ and ¢ as follows: for every x € E, let

(pVY)(x) = yirelg{w(x =)+ vl

Note the following:

(i) (¢Vy)(x) may take the values £oo,
(1) (eVY)(x) < +o0iff x € D(p) + D).

1. Assuming that D(¢*) N D(y*) # @, prove that (9 V) does not take the value
—o¢ and that
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(V) =" + ¢y~
2. Assuming that D(¢) N D(y) # 0, prove that

(¢ +¥)" < (¢"Vy™) on E*.

3. Assume that ¢ and ¥ are convex and there exists xo € D(¢) N D(y) such that ¢
is continuous at xo. Prove that

(0 + V)" = (¢"Vy™) on E”.

4. Assume that ¢ and ¥ are convex and l.s.c., and that D(¢) N D(y) # @. Prove
that

(@*"Vy™)* = (p+y)onE.

Given a function ¢ : E — (—00, +00], set
epistp = {[x,A] € E X R; p(x) < A}.

5. Check that ¢ is convex iff epist ¢ is a convex subset of E x R.
6. Let g, ¥ : E — (—00, +00] be functions such that D(¢*) N D(y*) # @. Prove
that

epist(pVyr) = (epist ) + (epist ).

7. Deduce thatif ¢, Y : E — (—00, +00] are convex functions such that D(¢*) N
D*) # @, then (¢ V) is a convex function.

Regularization by inf-convolution.

Let E be ann.v.s. and let ¢ : E — (—00, +00] be a convex 1.s.c. function such
that ¢ #£ +4o00. Our aim is to construct a sequence of functions (¢,) such that we
have the following:

(i) Foreveryn, ¢, : E — (—00, +00) is convex and continuous.
(ii)) For every x, the sequence (¢, (x)), is nondecreasing and converges to ¢ (x).

For this purpose, let
@n(x) = inf {n]lx — yl + (M}
yeE

1. Prove that there is some N, large enough, such that forn > N, ¢, (x) is finite for
all x € E. From now on, one chooses n > N.
2. Prove that ¢, is convex (see Exercise 1.23) and that

lon(x1) — @n(x2)| < nllxy —x2ll Vx1,x2 € E.

(O8]

. Determine (¢p,)*.
4. Check that ¢, (x) < ¢(x) Vx € E,Vn.Prove that for every x € E, the sequence
(¢n(x))y is nondecreasing.
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5. Given x € D(gp), choose y, € E such that

1
on(x) < nllx = yull + 0n) < @u(x) + .

Prove that lim,,—, », ¥, = x and deduce that lim,,, o ¢, (x) = ¢ (x).
6. For x ¢ D(¢), prove that lim,_, 5 ¢, (x) = +o00.
[Hint: Argue by contradiction.]

A semiscalar product.

Let E be an n.v.s.
1. Letg : E — (—00, +00) be convex. Given x, y € E, consider the function

p(x +ty) — (x)

h(t) = ;

> 0.

Check that £ is nondecreasing on (0, 400) and deduce that

limh(t) = infh(t) exists in [—00, +00).
110 1>0
Define the semiscalar product [x, y] by

1
.yl = inf — tylI> = |Ix]%1.
[, ¥1 = inf [l + 1y = ]

2. Prove that |[x, y]| < |lx]ly || Vx,y € E.
3. Prove that

X, Ax + uyl = Alx > + wlx, y] Vx,y e E, VAeR, Vu>0

and
[Ax, wy]l =Au[x,y] Vx,ye E, VA>0, Vu=>0.

4. Prove that for every x € E, the function y +— [x, y] is convex. Prove that the
function G(x,y) = —[x, y]isls.c.on E x E.
5. Prove that
, vl = max (f, Vx,y € E,
[x, y] fem)<f y) Vx,y
where F' denotes the duality map (see Remark 2 following Corollary 1.3 and
Exercise 1.1).

[Hint: Set « = [x, y] and apply Theorem 1.12 to the functions ¢ and v defined
as follows:
1 R A
¢@) = Zlx +zlII” = Slxl"  z € E,
and
—ta whenz =ty and¢ > 0,
400 otherwise.]

1lf(z)={
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6. Determine explicitly [x, y], where E = R" with the norm ||x],, 1 < p < o0
(see Section 11.3).

[Hint: Use the results of Exercise 1.2.]

Strictly convex norms and functions.
Let E be an n.v.s. One says that the norm || is strictly convex (or that the space
E is strictly convex) if
ltx+ (1 —t)yll <1, Vx,ye Ewithx #y, |x||=|yll=1, Vre(,]1).
One says that a function ¢ : E — (—00, +00] is strictly convex if
x4+ (1 —1y) <tpx)+ A —1t)e(y) Vx,ye Ewithx #y, Vte(0,1).

1. Prove that the norm ||  is strictly convex iff the function ¢(x) = ||x I is strictly
convex.
2. Same question with ¢(x) = ||x||? and 1 < p < oo.

Let £ and F be two Banach spaces and let G C E be a closed subspace.
Let T : G — F be a continuous linear map. Thg aim is to show that sometimes, T
cannot be extended by a continuous linear map 7 : E — F. For this purpose, let E
be a Banach space and let G C E be a closed subspace that admits no complement
(see Remark 8 in Chapter 2). Let F = G and T = I (the identity map). Prove that
T cannot be extended.

[Hint: Argue by contradiction.]

Compare with the conclusion of Corollary 1.2.






Chapter 2

The Uniform Boundedness Principle and the
Closed Graph Theorem

2.1 The Baire Category Theorem

The following classical result plays an essential role in the proofs of Chapter 2.

e Theorem 2.1 (Baire). Let X be a complete metric space and let (Xp)n>1 be a
sequence of closed subsets in X. Assume that

IntX, =0 foreveryn > 1.

Then

00
Int (U X,,) = (.
n=1

Remark 1. The Baire category theorem is often used in the following form. Let X
be a nonempty complete metric space. Let (X,),>1 be a sequence of closed subsets

such that
o0
UJx.=x.
n=1

Then there exists some ng such that Int X,,, # @.

Proof. Set O, = X, so that O, is open and dense in X for every n > 1. Our aim is
to prove that G = (), O, is dense in X. Let @ be a nonempty open set in X; we
shall prove that w N G # @.
As usual, set
Bx,r)y={yeX; diy,x) <r}.

Pick any xp € w and rp > 0 such that
B(xp, r9) C w.

Then, choose x| € B(xg, rg) N O1 and r; > 0 such that

H. Brezis, Functional Analysis, Sobolev Spaces and Partial Differential Equations, 31
DOI 10.1007/978-0-387-70914-7 2, © Springer Science+Business Media, LLC 2011
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O0<rp <t

{B(xl, ) C B(xo.r0) N O,
2 9

which is always possible since O; is open and dense. By induction one constructs
two sequences (x,) and (r;) such that

B(xn-i-l»rn—H)CB(xn,rn)mon+l’ Vn > 0,
0<rup1 <.

It follows that (x,) is a Cauchy sequence; let x,, — £.
Since x,4p € B(xy, ry) for every n > 0 and for every p > 0, we obtain at the
limit (as p — 00),
L e B(x,,rp), Vn=>0.

In particular, £ € ® N G.

2.2 The Uniform Boundedness Principle

Notation. Let £ and F be two n.v.s. We denote by L(E, F) the space of continuous
(= bounded) linear operators from E into F equipped with the norm

T = sup ||[Tx|.
I ”.Z(E,F) eg
llxl=<1
As usual, one writes .Z(FE) instead of £ (E, E).

e Theorem 2.2 (Banach—Steinhaus, uniform boundedness principle). Let E and
F be two Banach spaces and let (T;)ic be a family (not necessarily countable) of
continuous linear operators from E into F. Assume that

@)) sup | Tix|| < oo Vx € E.
iel
Then
©)) sup | T; ”,Z(E,F) < 00.
iel

In other words, there exists a constant ¢ such that
ITix]| <clx|| VYxe€E, Viel.

Remark 2. The conclusion of Theorem 2.2 is quite remarkable and surprising. From
pointwise estimates one derives a global (uniform) estimate.

Proof. For every n > 1, let

Xp={xeE; Viel, |Tix| <n}
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so that X, is closed, and by (1) we have

It follows from the Baire category theorem that Int(X,,,) 7 @ for some ng > 1. Pick
xo € E and r > 0 such that B(xg, r) C X,,. We have

I1Ti(xo +r2)ll <no Viel, VzeB(O]1).
This leads to
r”TL ||[:(E,F) S nO + ”EX()”,
which implies (2).

Remark 3. Recall that in general, a pointwise limit of continuous maps need not be
continuous. The linearity assumption plays an essential role in Theorem 2.2. Note,
however, that in the setting of Theorem 2.2 it does not follow that || T, — T || z(g, F)
— 0.

Here are a few direct consequences of the uniform boundedness principle.

Corollary 2.3. Let E and F be two Banach spaces. Let (T,,) be a sequence of con-
tinuous linear operators from E into F such that for every x € E, T,x converges
(as n — o0) to a limit denoted by T x. Then we have

(a) sup, | T”|.,2”(E,F) = 00,
)T € L(E, F),
(© ”T“z(E,F) <liminf, o | Tull 2(E, F)-

Proof. (a) follows directly from Theorem 2.2, and thus there exists a constant ¢
such that
ITax|l < clixll Vn, VxeE.

At the limit we find
ITx] <cllx]| Vx€E.

Since T is clearly linear, we obtain (b).
Finally, we have

ITwx |l < |\ Tallce,mllxll Vx € E,

and (c) follows directly.

e Corollary 2.4. Let G be a Banach space and let B be a subset of G. Assume that
(3)  forevery f € G* the set f(B) = {{f, x); x € B} is bounded (in R).
Then

(@) B is bounded.



34 2 The Uniform Boundedness Principle and the Closed Graph Theorem

Proof. We shall use Theorem 2.2 with E = G*, F = R, and I = B. For every
b € B, set

Ty(f)=(f.b), [feE=G",

so that by (3),

sup |[Tp(f)| <o VfekE.
beB

It follows from Theorem 2.2 that there exists a constant ¢ such that
D) <clfll YfeG" VbeB.
Therefore we find (using Corollary 1.4) that
bl <c VbeB.

Remark 4. Corollary 2.4 says that in order to prove that a set B is bounded it suffices
to “look™ at B through the bounded linear functionals. This is a familiar procedure
in finite-dimensional spaces, where the linear functionals are the components with
respect to some basis. In some sense, Corollary 2.4 replaces, in infinite-dimensional
spaces, the use of components. Sometimes, one expresses the conclusion of Corollary
2.4 by saying that “weakly bounded” <= “strongly bounded” (see Chapter 3).

Next we have a statement dual to Corollary 2.4:

Corollary 2.5. Let G be a Banach space and let B* be a subset of G*. Assume that
(5) forevery x € G the set (B*, x) = {{f, x); f € B*} is bounded (in R).
Then
6) B*  is bounded.
Proof. Use Theorem 2.2 with E = G, F = R, and I = B*. For every b € B* set
Tp(x) = (b,x) (x € G =E).
We find that there exists a constant ¢ such that
[(b, x)| <cl|x|| Vbe B* Vxeg.
We conclude (from the definition of a dual norm) that

bl <c Vbe B*.

2.3 The Open Mapping Theorem and the Closed Graph Theorem

Here are two basic results due to Banach.
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e Theorem 2.6 (open mapping theorem). Ler E and F be two Banach spaces and
let T be a continuous linear operator from E into F that is surjective (= onto). Then
there exists a constant ¢ > 0 such that

@) T(Bge(0,1)) D Br(0,¢).

Remark 5. Property (7) implies that the image under 7' of any open set in E is an
open setin F (which justifies the name given to this theorem!). Indeed, let us suppose
U is open in E and let us prove that 7(U) is open. Fix any point ygp € T(U), so
that yo = Txq for some xg € U. Let r > 0 be such that B(xg,7) C U, i.e.,
xo + B(0,r) C U. It follows that

yo+ T(B(,r)) C TU).
Using (7) we obtain
T(B(0,r)) D B(0,rc)

and therefore
B(yp,rc) C T(U).

Some important consequences of Theorem 2.6 are the following.

e Corollary 2.7. Let E and F be two Banach spaces and let T be a continuous linear
operator from E into F that is bijective, i.e., injective (= one-to-one) and surjective.
Then T~ is also continuous (from F into E).

Proof of Corollary 2.77. Property (7) and the assumption that 7 is injective imply that
if x € E is chosen so that | Tx|| < c, then ||x|| < 1. By homogeneity, we find that

1
xll = =IITx] VxeE
c

and therefore 7! is continuous.

Corollary 2.8. Let E be a vector space provided with two norms, || 1 and | 3.
Assume that E is a Banach space for both norms and that there exists a constant
C > 0 such that

Ixll2 = Clixlli Vx € E.

Then the two norms are equivalent, i.e., there is a constant ¢ > 0 such that
[xllt <cllxll2 Vx € E.
Proof of Corollary 2.8. Apply Corollary 2.7 with
E=(E, | 1), F=(, |l 2), andT =1.

Proof of Theorem 2.6. We split the argument into two steps:

Step 1. Assume that 7 is a linear surjective operator from E onto F. Then there
exists a constant ¢ > 0 such that
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8) T(B(0, 1)) D B(0, 2¢).

Proof. Set X;, = nT(B(0, 1)). Since T is surjective, we have UZOII X, = F,and by
the Baire category theorem there exists some n¢ such that Int(X,,,) # 9. It follows
that

Int [T (B(0, 1))] # 0.

Pick ¢ > 0 and yp € F such that

©) B(yo.4c) C T(B(0, 1)).
In particular, yo € T (B(0, 1)), and by symmetry,

(10) —y0 € T(B(0, 1)).

Adding (9) and (10) leads to

B(0,4c) C T(B(0, 1)) + T(B(0, 1)).

On the other hand, since T (B(0, 1)) is convex, we have

T(B(0,1))4+T(B(,1)) =2T(B(0, 1)),

and (8) follows.

Step 2. Assume T is a continuous linear operator from E into F that satisfies (8).
Then we have

an T(B(0, 1)) D B(0, c).
Proof. Choose any y € F with ||y|| < c. The aim is to find some x € E such that
x|l <1 and Tx =y.
By (8) we know that
(12) Ve >0 dz e E with |z] < %and ly —Tz| < e.
Choosing ¢ = ¢/2, we find some z; € E such that
Jaill <5 and Iy = Taill < 5.

2

By the same construction applied to y — Tz; (instead of y) with ¢ = ¢/4 we find
some z» € E such that

1 c
— and —Tz)—-T —.
llz2ll < 1 Iy 21) 2| < )

Proceeding similarly, by induction we obtain a sequence (z,) such that
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1 c
lznll < o and |ly—T(@zi+z2+-+z)ll < o vn.
It follows that the sequence x,, = z1 + z2 + - - - 4+ 2z, is a Cauchy sequence. Let
X, — x with, clearly, ||x|| < 1 and y = Tx (since T is continuous).

e Theorem 2.9 (closed graph theorem). Let E and F be two Banach spaces. Let T
be a linear operator from E into F. Assume that the graph of T, G(T), is closed in
E x F.Then T is continuous.

Remark 6. The converse is obviously true, since the graph of any continuous map
(linear or not) is closed.

Proof of Theorem 2.9. Consider, on E, the two norms
lxlly = llxlle + ITxlF and |xl2 = lxllg

(the norm || 1 is called the graph norm).

It is easy to check, using the assumption that G(T') is closed, that E is a Banach
space for the norm || . On the other hand, FE is also a Banach space for the norm
I 2and]| 2 <| [1.It follows from Corollary 2.8 that the two norms are equivalent
and thus there exists a constant ¢ > 0 such that ||x]|; < c|x||2. We conclude that
ITxllF <clxle.

* 2.4 Complementary Subspaces. Right and Left Invertibility of
Linear Operators

We start with some geometric properties of closed subspaces in a Banach space that
follow from the open mapping theorem.

* Theorem 2.10. Let E be a Banach space. Assume that G and L are two closed
linear subspaces such that G + L is closed. Then there exists a constant C > 0 such
that

(13) every 7 € G + L admits a decomposition of the form
z=x+ywithx € G,y € L, x|l = Clizlland |yl < Cliz|.

Proof. Consider the product space G x L with its norm

e, 1 =[xl 4+ [yl

and the space G + L provided with the norm of E.

The mapping T : G x L — G + L defined by T'[x, y] = x + y is continuous,
linear, and surjective. By the open mapping theorem there exists a constant ¢ > 0
such that every z € G + L with ||z|| < ¢ can be written as z = x + y with x € G,
y € L,and ||x|| + |||l < 1. By homogeneity every z € G + L can be written as
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z=x+y withxeG,yeL,and x|+ [yl = (I/o)llz].

* Corollary 2.11. Under the same assumptions as in Theorem 2.10, there exists a
constant C such that

14) dist(x, G N L) < C{dist(x, G) 4+ dist(x, L)} Vx € E.
Proof. Given x € E and ¢ > 0, there exista € G and b € L such that
lx —a| <dist(x, G) + ¢, ||x —b| <dist(x, L) + .
Property (13) applied to z = a — b says that there exist @’ € G and b’ € L such that
a—b=d+b, |ld'| <Clla=>bl, bl < Clla—b].
It follows thata — a’ € G N L and

distx, GNL) < |lx —(a—a)| < |x —al + |||
<lx—all+Clla—=>b|l <|lx —al +C(x —al + lx — bl
< (1 + C)dist(x, G) +dist(x, L) + (1 +2C)e.

Finally, we obtain (14) by letting ¢ — 0.

Remark 7. The converse of Corollary 2.11 is also true: If G and L are two closed
linear subspaces such that (14) holds, then G + L is closed (see Exercise 2.16).

Definition. Let G C E be a closed subspace of a Banach space E. A subspace
L C E is said to be a topological complement or simply a complement of G if

(1) L is closed,
) GNL={0}andG+ L =E.

We shall also say that G and L are complementary subspaces of E. If this holds,
then every z € E may be uniquely written as z = x + y withx € Gand y € L.
It follows from Theorem 2.10 that the projection operators z +— x and z +— y
are continuous linear operators. (That property could also serve as a definition of
complementary subspaces.)

Examples

1. Every finite-dimensional subspace G admits a complement. Indeed, let ej,
e, ...,e, be a basis of G. Every x € G may be written as x = Z?:l Xxie;.
Set ¢; (x) = x;. Using Hahn—Banach (analytic form)—or more precisely Corol-
lary 1.2—each ¢; can be extended by a continuous linear functional ¢; defined
on E. Itis easy to check that L = N7 1((2)})_1 (0) is a complement of G.

2. Every closed subspace G of finite codimension admits a complement. It suffices
to choose any finite-dimensional space L suchthat GNL ={0}and G+ L = E
(L is closed since it is finite-dimensional).
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Here is a typical example of this kind of situation. Let N C E* be a subspace of
dimension p. Then

G={x€E; (f,x)=0 VfeN}=N"

is closed and of codimension p. Indeed, let f1, f2, ..., f, be a basis of N. Then
there exist ey, ez, ..., e, € E such that

(f,',é‘j):(sij Vi,j= 1,2,...,[7.
[Consider the map ® : E — R? defined by

15) P (x) = ((f1. %), (f2, X), .o, (fp. X))

and note that @ is surjective; otherwise, there would exist—by Hahn—Banach
(second geometric form)—some o = (a1, a2, ..., ap) # 0 such that

14
o - d(x) =<Z(xifi,x> =0 VxekE,
i=1

which is absurd].

It is easy to check that the vectors (e;)1<; <) are linearly independent and that the
space generated by the e;’s is a complement of G. Another proof of the fact that
the codimension of N+ equals the dimension of N is presented in Chapter 11
(Proposition 11.11).

3. In a Hilbert space every closed subspace admits a complement (see Section 5.2).

Remark 8. It is important to know that some closed subspaces (even in reflexive
Banach spaces) have no complement. In fact, a remarkable result of J. Lindenstrauss
and L. Tzafriri [1] asserts that in every Banach space that is not isomorphic to a
Hilbert space, there exist closed subspaces without any complement.

Definition. Let T € L(E, F). A right inverse of T is an operator S € L(F, E) such
that T o S = Ip. A left inverse of T is an operator S € L(F, E) suchthat SoT = Ig.

Our next results provide necessary and sufficient conditions for the existence of
such inverses.

* Theorem 2.12. Assume that T € L(E, F) is surjective. The following properties
are equivalent:

(1) T admits a right inverse.
(ii) N(T) = T~1(0) admits a complement in E.

Proof.
(i) = (ii). Let S be a right inverse of T. It is easy to see (please check) that
R(S) = S(F) is a complement of N(T) in E.
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(i1) = (i). Let L be a complement of N(T'). Let P be the (continuous) projection
operator from E onto L. Given f € F, we denote by x any solution of the equation
Tx = f.Set Sf = Px and note that S is independent of the choice of x. It is easy
to check that S € L(F, E) andthat T o S = If.

Remark 9. In view of Remark 8 and Theorem 2.12, it is easy to construct surjective
operators T without a right inverse. Indeed, let G C E be a closed subspace without
complement, let F = E/G, and let T be the canonical projection from E onto F
(for the definition and properties of the quotient space, see Section 11.2).

* Theorem 2.13. Assume that T € L(E, F) is injective. The following properties
are equivalent:

(1) T admits a left inverse.
(i) R(T) = T (E) is closed and admits a complement in F.

Proof.

(1) = (i1). It is easy to check that R(T) is closed and that N (S) is a complement
of R(T) [write f =TSf 4+ (f —TSf)].

(i) = (). Let P be a continuous projection operator from F onto R(T). Let
f € F;since Pf € R(T), there exists a unique x € E such that Tx = Pf. Set
Sf = x.Itis clear that S o T = Ig; moreover, S is continuous by Corollary 2.7.

* 2.5 Orthogonality Revisited

There are some simple formulas giving the orthogonal expression of a sum or of an
intersection.

Proposition 2.14. Let G and L be two closed subspaces in E. Then

(16) GnL=(G"+LYH" ]

a17) GtnLt=G+0"

Proof of (16). It is clear that G N L C (G*+ + L1)*; indeed, if x € G N L and
f e Gt + L+ then (f,x) = 0. Conversely, we have G+ c G+ + L+ and thus
(G+ + LYt ¢ G = G (note that if Ny C N, then N3t C Nib); similarly
(Gt + LYY+ c L. Therefore (G+ + LYt c GN L.

Proof of (17). Use the same argument as for the proof of (16).
Corollary 2.15. Let G and L be two closed subspaces in E. Then

(18) (GNL)*>GL+ L1,
(19) (G*NLYHt =G +L.
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Proof. Use Propositions 1.9 and 2.14.
Here is a deeper result.

* Theorem 2.16. Let G and L be two closed subspaces in a Banach space E. The
following properties are equivalent:

(@) G + L is closed in E,

(b) G+ + L is closed in E*,
)G+ L=(G-nLHt
(d) G+ + L+ =G nL)*

Proof. (a) <= (c) follows from (19). (d) = (b) is obvious.
We are left with the implications (a) = (d) and (b) = (a).

(a) = (d). In view of (18) it suffices to prove that (GN L)+ c G* + L*. Given
f € (GNL)*, consider the functional ¢ : G+ L — R defined as follows. For every
xe€G+ Lwritex =a+bwitha e Gandb € L. Set

p(x) = (f,a).

Clearly, ¢ is independent of the decomposition of x, and ¢ is linear. On the other
hand, by Theorem 2.10 we may choose a decomposition of x in such a way that
lall < Cllx||, and thus

lpx)| < Clix|| Yxe G+ L.

Extend ¢ by a continuous linear functional ¢ defined on all of E (see Corollary 1.2).
So, we have

f=(—-¢+¢ with f—peGt and ¢gelLt.
(b) = (a). We know by Corollary 2.11 that there exists a constant C such that
(20) dist(f, Gt N LY) < C{dist(f, G1) +dist(f, LY)} Vf € E*.
On the other hand, we have

1) dist(f, GY) = sup (f,x) Vf e E*

xeG
lxl<1
[Use Theorem 1.12 with ¢(x) = Ip, (x) — (f, x) and ¥ (x) = Ig(x), where
Bg ={x € E; |lx|]| <1}]

Similarly, we have
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(22) dist(f, LY) = sup (f,x) VfeE*
xel
IxlI<1

and also (by (17))

(23) dist(f, Gt N LY) =dist(f, (G + L)Y) = sup (f,x) VfeE*

xeG+L
lxl=1

Combining (20), (21), (22), and (23) we obtain

24) sup (f,x) <C3 sup (f,x)+ sup (f, x) Vf eE".

xeG+L

xeG xeL
lxll<1 xl=1 [xl=1

It follows from (24) that

S
(25) BG +GL > =Bt

Indeed, suppose by contradiction that there existed some xo € G + L with ||xo] <
1/C and xo ¢ Bg + Br. Then there would be a closed hyperplane in E strictly
separating {xo} and Bg + Br. Thus, there would exist some fy € E* and some
a € R such that

(fo,x) <a < {(fo,x0) VYx € Bg+ BL.

Therefore, we would have

sup (fo, x) + sup {fo, x) <o < {fo, x0),
xeG xelL
[xl<1 [xl<1

which contradicts (24), and (25) is proved.

Finally, consider the space X = G x L with the norm

I L, y1II = max{[lxl, lIyll}

and the space Y = G + L with the norm of E. The map T : X — Y defined by
T ([x, y]) = x + y is linear and continuous. From (25) we know that

I 1
T(Bx) D —By.
(Bx) cBr

Using Step 2 from the proof of Theorem 2.6 (open mapping theorem) we con-
clude that

1
T(B — By.
(x)32C Y

It follows that T is surjective from X onto Y,ie., G+ L = G + L.
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2.6 An Introduction to Unbounded Linear Operators. Definition
of the Adjoint

Definition. Let £ and F be two Banach spaces. An unbounded linear operator
from E into F is a linear map A : D(A) C E — F defined on a linear subspace
D(A) C E with values in F. The set D(A) is called the domain of A.
One says that A is bounded (or continuous) if D(A) = E and if there is a constant
¢ > 0 such that
|Au|| < cllull Yu € E.

The norm of a bounded operator is defined by

_ | Aull
A ”f/(E,F) = Eilg Tal

Remark 10. It may of course happen that an unbounded linear operator turns out to
be bounded. This terminology is slightly inconsistent, but it is commonly used and
does not lead to any confusion.

Here are some important definitions and further notation:

] Graph of A = G(A) = {[u, Aul; u € D(A)} C E x F,

] Range of A = R(A) = {Au; u € D(A)} C F,

] Kernel of A = N(A) = {u € D(A); Au =0} C E\

A map A is said to be closed if G(A) is closed in E x F.

e Remark 11. In order to prove that an operator A is closed, one proceeds in general
as follows. Take a sequence (u,) in D(A) such that u, — u in E and Au,, — f in
F. Then check two facts:

(@) u € D(A),
®) f = Au.

Note that it does not suffice to consider sequences (u,) such that u, — O0in E
and Au, — f in F (and to prove that f = 0).

Remark 12. If A is closed, then N (A) is closed; however, R(A) need not be closed.

Remark 13. In practice, most unbounded operators are closed and are densely defined,
i.e., D(A) is dense in E.

Definition of the adjoint A*. Let A : D(A) C E — F be an unbounded linear
operator that is densely defined. We shall introduce an unbounded operator A* :
D(A*) C F* — E™* as follows. First, one defines its domain:

D(A*) = {v € F*; 3c > O such that |(v, Au)| < cllu]| Yu € D(A)}.
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It is clear that D(A*) is a linear subspace of F*. We shall now define A*v. Given
v € D(A™), consider the map g : D(A) — R defined by

g(u) = (v, Au) Yu € D(A).
We have
lg)| < cllull Vu € D(A).

By Hahn—Banach (analytic form; see Theorem 1.1) there exists a linear map f :
E — R that extends g and such that

|f@)] < cllull Vu € E.

It follows that f € E™*. Note that the extension of g is unique, since D(A) is dense
inE.
Set
A*v = f.

The unbounded linear operator A*: D(A*) C F* — E* is called the adjoint of
A. In brief, the fundamental relation between A and A* is given by

(v, Au)pr p = (A*v,u)pr g Yu € D(A), Vv e D(AY).

Remark 14. It is not necessary to invoke Hahn—Banach to extend g. It suffices to
use the classical extension by continuity, which applies since D(A) is dense, g is
uniformly continuous on D(A), and R is complete (see, e.g., H. L. Royden [1]
(Proposition 11 in Chapter 7) or J. Dugundji [1] (Theorem 5.2 in Chapter XIV).

* Remark 15. It may happen that D(A*) is not dense in F* (even if A is closed);
but this is a rather pathological situation (see Exercise 2.22). It is always true that if
A is closed then D(A*) is dense in F* for the weak* topology o (F*, F) defined in
Chapter 3 (see Problem 9). In particular, if F is reflexive, then D(A*) is dense in F*
for the usual (norm) topology (see Theorem 3.24).

Remark 16. If A is a bounded operator then A* is also a bounded operator (from F*
into E*) and, moreover,

|4 =

||$(F*,E") ZL(E,F)"

Indeed, it is clear that D(A*) = F*. From the basic relation, we have
[(A*v,u)] < [|All ull vl YueE, VveF*,

which implies that ||[A*v|| < ||A] v| and thus ||A*] < ||A].
We also have

(v, Au)| < [|A*]| ull vl VueE, VveF,
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which implies (by Corollary 1.4) that ||Aul|| < ||A*|| u| and thus ||A] < ||A*].

Proposition 2.17. Let A : D(A) C E — F be a densely defined unbounded linear
operator. Then A* is closed, i.e., G(A*) is closed in F* x E*.

Proof. Let v, € D(A*) be such that v, — v in F* and A*v, — f in E*. One has
to check that (a) v € D(A*) and (b) A*v = f.
We have
(Un, Au) = (A*v,, u) Yu € D(A).

At the limit we obtain
(v, Au) = (f,u) Yu € D(A).

Therefore v € D(A*) (since [(v, Au)| < || f|l u| Yu € D(A)) and A*v = f.

The graphs of A and A* are related by a very simple orthogonality relation:
Consider the isomorphism / : F* x E* — E* x F* defined by

I([U, f]) = [_f’ U].

Let A: D(A) C E — F be a densely defined unbounded linear operator. Then

I[G(A"] = G(A)™ .

Indeed, let [v, f] € F* x E*, then
[v, f1 € G(A*) < (f,u) = (v, Au) Yu € D(A)
< —(f,u) + (v, Au) =0 Vu € D(A)
— [—f,v] € G(A)™ .

Here are some standard orthogonality relations between ranges and kernels:

Corollary 2.18. Let A : D(A) C E — F be an unbounded linear operator that is
densely defined and closed. Then

0] N(A) = R(AH*,
(i) N(A") = R(A)*,
(iif) N(A)* > R(A",
@iv) N(AH' = R(A).

Proof. Note that (iii) and (iv) follow directly from (i) and (ii) combined with Propo-
sition 1.9. There is a simple and direct proof of (i) and (ii) (see Exercise 2.18).
However, it is instructive to relate these facts to Proposition 2.14 by the following
device. Consider the space X = E X F , so that X* = E* x F*, and the subspaces
of X
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G=G(A) and L =FE x {0}.

It is very easy to check that

(26) N(A) x{0}=GNL,
(27) ExR(A =G+L,
(28) {0} x N(A*) =G+ nLt,
(29) R(A*) x F* =Gt + Lt

Proof of (1). By (29) we have

R(AHDT x {0} = (Gt +LHt =G NnL (by16)
= N(A) x {0} (by (26)).

Proof of (ii). By (27) we have

{0} x R(LAT =G+ L)y =GtnLt (by17)
= {0} x N(A*) (by (28)).

Remark 17. It may happen, even if A is a bounded linear operator, that N (A)+ #
R(A*) (see Exercise 2.23). However, it is always true that N (A)1 is the closure
of R(A*) for the weak* topology o (E*, E) (see Problem 9). In particular, if E is
reflexive then N(A)L = R(A*).

* 2.7 A Characterization of Operators with Closed Range.
A Characterization of Surjective Operators

The main result concerning operators with closed range is the following.

* Theorem 2.19. Let A : D(A) C E — F be an unbounded linear operator that is
densely defined and closed. The following properties are equivalent:

(i) R(A) is closed,
(i) R(A*) is closed,
(iii) R(A) = N(A")4,
(iv) R(A*) = N(A)L.

Proof. With the same notation as in the proof of Corollary 2.18, we have

(i) & G + Lisclosed in X (see (27)),

(i) < Gt + Lt isclosed in X* (see (29)),
(ili) & G+ L = (G+ N L)L (see (27) and (28)),
(iv) & (G N L)Yt =Gt + L' (see (26) and (29)).

The conclusion then follows from Theorem 2.16.
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Remark 18. Let A : D(A) C E — F be a closed unbounded linear operator. Then
R(A) is closed if and only if there exists a constant C such that

dist(u, N(A)) < C||Au|| Yu € D(A);

see Exercise 2.14.

The next result provides a useful characterization of surjective operators.

* Theorem 2.20. Let A : D(A) C E — F be an unbounded linear operator that is
densely defined and closed. The following properties are equivalent:

(a) A is surjective, i.e., R(A) = F,
(b) there is a constant C such that

vl < ClA*v|| Vv € D(AY),
(¢c) N(A*) = {0} and R(A*) is closed.

Remark 19. The implication (b) = (a) is sometimes useful in practice to establish
that an operator A is surjective. One proceeds as follows. Assuming that v satisfies
A*v = f, one tries to prove that ||v]| < C| f| (with C independent of f). This
is called the method of a priori estimates. One is not concerned with the question
whether the equation A*v = f admits a solution; one assumes that v is a priori given
and one tries to estimate its norm.

Proof.
(a) = (b). Set
B* ={v e D(A"); |A*v|| < 1}.

By homogeneity it suffices to prove that B* is bounded. For this purpose—in view
of Corollary 2.5 (uniform boundedness principle)—we have only to show that given
any fo € F the set (B*, fp) is bounded (in R). Since A is surjective, there is some
ug € D(A) such that Aug = fy. For every v € B* we have

(v, fo) = (v, Aug) = (A™v, ug)

and thus (v, fo)| < lluoll-

(b) = (c). Suppose f, = A*v, — f. Using (b) with v, — v, we see that (v,) is
Cauchy, so that v, — v. Since A* is closed (by Proposition 2.17), we conclude that
A*v = f.

(¢) = (a). Since R(A*) is closed, we infer from Theorem 2.19 that R(A) =
N(A*)*+ =F.

There is a “dual” statement.

* Theorem 2.21. Let A : D(A) C F be anunbounded linear operator that is densely
defined and closed. The following properties are equivalent:
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(a) A* is surjective, i.e., R(A*) = E*,
(b) there is a constant C such that

lull < CllAull Vu € D(A),
(c) N(A) = {0} and R(A) is closed.
Proof. Ttis similar to the proof of Theorem 2.20 and we shall leave it as an exercise.

Remark 20. If one assumes that either dim E < oo or that dim FF' < o0, then the
following are equivalent:

A surjective <& A* injective,

A” surjective < A injective,

which is indeed a classical result for linear operators in finite-dimensional spaces. The
reason that these equivalences hold is that R(A) and R(A*) are finite-dimensional
(and thus closed).

In the general case one has only the implications

A surjective = A* injective,

A* surjective = A injective.

The converses fail, as may be seen from the following simple example. Let E =
F = ¢2; for every x € 02 write x = (xn)n>1 and set Ax = (%xn)nﬂ. It is easy to
see that A is a bounded operator and that A* = A; A* (resp. A) is injective but A
(resp. A*) is not surjective; R(A) (resp. R(A*)) is dense and not closed.

Comments on Chapter 2

1. One may write down explicitly some simple closed subspaces without complement.
For example ¢ is a closed subspace of £°° without complement; see, e.g., C. DeVito
[1] (the notation ¢ and £°° is explained in Section 11.3). There are other examples
in W. Rudin [1] (a subspace of Ll), G. Kéthe [1], and B. Beauzamy [1] (a subspace
of €7, p # 2).

2. Most of the results in Chapter 2 extend to Fréchet spaces (locally convex spaces
that are metrizable and complete). There are many possible extensions; see, e.g.,
H. Schaefer [1], J. Horvath [1], R. Edwards [1], F. Treves [1], [3], G. Kothe [1].
These extensions are motivated by the theory of distributions (see L. Schwartz [1]),
in which many important spaces are not Banach spaces. For the applications to the
theory of partial differential equations the reader may consult L. Hérmander [1] or
F. Treves [1], [2], [3].

3. There are various extensions of the results of Section 2.5 in T. Kato [1].
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Exercises for Chapter 2

Continuity of convex functions.

Let E be a Banach space and let ¢ : E — (—00, +00] be a convex l.s.c. function.
Assume xg € IntD(¢).

1. Prove that there exist two constants R > 0 and M such that
¢(x) <M Vx e E with ||x — xo]| < R.
[Hint: Given an appropriate p > 0, consider the sets
Fo={x€E; |x—xol <pando(x) <n}]
2. Prove that Vr < R, 3L > 0 such that

l(x1) —@(x2)| < Lllxt — x2ll  Vx1,x2 € E with [lx; —xoll <7, i =1,2.

2[M—¢p(x0)]
7 .

More precisely, one may choose L = .

Let E be a vector space and let p : E — R be a function with the following
three properties:

(i) px +y) < p(x)+p(y) Vx,y € E,
(ii) for each fixed x € E the function A — p(Ax) is continuous from R into R,
(iii) whenever a sequence (y,) in E satisfies p(y,) — 0, then p(Ly,) — 0 for every
reR

Assume that (x,) is a sequence in E such that p(x,) — 0 and («;,) is a bounded
sequence in R. Prove that p(0) = 0 and that p(«a,x,) — 0.
[Hint: Given ¢ > 0 consider the sets

Fo={LeR; [pixp)| <&, Vk=n}]

Deduce that if (x,) is a sequence in E such that p(x, — x) — 0 for some x € E,
and (o) is a sequence in R such that o, — «, then p(o,x,) — p(ax).

Let E and F be two Banach spaces and let (7,,) be a sequence in L(E, F).
Assume that for every x € E, T,x converges as n — o0 to a limit denoted by Tx.
Show that if x,, — x in E, then T,x,, — Tx in F.

Let E and F be two Banach spaces and leta : E x F — R be a bilinear form
satisfying:

(i) for each fixed x € E, the map y — a(x, y) is continuous;
(i1) for each fixed y € F, the map x — a(x, y) is continuous.

Prove that there exists a constant C > 0 such that

lax, I = Clix|l yl VYxeE, VyelF.
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[Hint: Introduce a linear operator T : E — F* and prove that T is bounded with
the help of Corollary 2.5.]

Let E be a Banach space and let ¢, be a sequence of positive numbers such
that lim ¢, = 0. Further, let (f;;) be a sequence in E™* satisfying the property

Ir >0, VxeFE withl]x| <r, 3C(x) € R such that
(fu, x) < énllfull + C(x) Vn.

Prove that (f;) is bounded.
[Hint: Introduce g,, = f,,/(1 + &, fulD).]

Locally bounded nonlinear monotone operators.
Let E be Banach space and let D(A) be any subset in E. A (nonlinear) map
A : D(A) C E — E* is said to be monotone if it satisfies

(Ax — Ay, x —y)>0 Vx,ye D(A).
1. Let xo € IntD(A). Prove that there exist two constants R > 0 and C such that
|Ax|| < C Vx € D(A) with ||x — xo|| < R.

[Hint: Argue by contradiction and construct a sequence (x,) in D(A) such that
X, — xo and || Ax,|| — oo. Choose r > 0 such that B(xg, r) C D(A). Use the
monotonicity of A at x,, and at (xo + x) with ||x|| < r. Apply Exercise 2.5.]

2. Prove the same conclusion for a point xg € Int[conv D(A)].

3. Extend the conclusion of question 1 to the case of A multivalued, i.e., for every
x € D(A), Ax is anonempty subset of E*; the monotonicity is defined as follows:

(f—g,x—y)=>0 Vx,ye D(A), VfeAx, VgeAy.

Leta = (o) be a given sequence of real numbers and let 1 < p < co. Assume
that Y |y ||xn| < oo for every element x = (x,) in £P (the space €7 is defined in
Section 11.3).

Prove that o € ¢7'.

Let E be a Banach space and let T : E — E* be a linear operator satisfying
(Tx,x)>0 VxekE.

Prove that T is a bounded operator.
[Two methods are possible: (i) Use Exercise 2.6 or (ii) Apply the closed graph
theorem. ]

Let E be a Banach space and let T : E — E* be a linear operator satisfying

(Tx,y)=(Ty,x) Vx,y€E.
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Prove that T is a bounded operator.
Let E and F be two Banach spaces and let T € L(E, F) be surjective.

1. Let M be any subset of E. Prove that T (M) is closed in F iff M + N(T) is closed
in E.

2. Deduce that if M is a closed vector space in E and dim N(T) < oo, then T (M)
is closed.

Let E be a Banach space, F = ¢ andlet T € L(E, F) be surjective. Prove
that there exists S € L(F, E) suchthat T o S = IF, i.e., S has a right inverse of T.

[Hint: Do not apply Theorem 2.12; try to define S explicitly using the canonical
basis of £1.]

Let E and F be two Banach spaces with norms | g and | p.Let T €
L(E, F) be such that R(T) is closed and dim N(7T) < oo. Let | | denote another
norm on E that is weaker than || g, i.e., |x| < M|x||g Vx € E.

Prove that there exists a constant C such that

Ixlle < CUITx|lF +|x]) Vxe€E.
[Hint: Argue by contradiction.]
Let E and F be two Banach spaces. Prove that the set
Q ={T € L(E, F); T admits a left inverse}

isopenin L(E, F).
[Hint: Prove first that the set

O ={T € L(E, F); T is bijective}
isopenin L(E, F).]

Let E and F be two Banach spaces

1. Let T € L(E, F). Prove that R(T) is closed iff there exists a constant C such
that
dist(x, N(T)) < C||Tx| Vx €E.

[Hint: Use the quotient space E/N(T'); see Section 11.2.]
2. Let A: D(A) C E — F be aclosed unbounded operator.
Prove that R(A) is closed iff there exists a constant C such that

dist(u, N(A)) < C||Au| Vu € D(A).

[Hint: Consider the operator T : Eg — F, where Eg = D(A) with the graph
normand T = A.]
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Let E, E>, and F be three Banach spaces. Let T} € L(Ej, F) and let
T, € L(E,, F) be such that

R(T)) N R(T») = {0} and R(Ty) + R(T») = F.

Prove that R(T7) and R(T>) are closed.
[Hint: Apply Exercise 2.10to the map T : E| x E, — F defined by

T (x1,x2) = Tix1 + Trxz.]

Let E be a Banach space. Let G and L be two closed subspaces of E. Assume
that there exists a constant C such that

dist(x, GNL) < Cdist(x, L), VxegG.

Prove that G + L is closed.

Let E = C([0, 1]) with its usual norm. Consider the operator A : D(A) C
E — FE defined by

d
D(A) = CY([0,1]) and Au=u = d—”t‘.

1. Check that D(A) = E.
2. Is A closed?
3. Consider the operator B : D(B) C E — E defined by

2 , du
D(B)=C“([0,1]) and Bu=u = e
Is B closed?

Let E and F be two Banach spaces and let A : D(A) C E — F be a densely
defined unbounded operator.
1. Prove that N(A*) = R(A)* and N(A) C R(A")*.
2. Assuming that A is also closed prove that N(A) = R(A%)L.
[Try to find direct arguments and do not rely on the proof of Corollary 2.18. For

question 2 argue by contradiction: suppose there is some u € R(A*)* such that
[1, 0] ¢ G(A) and apply Hahn—Banach.]

Let E be a Banach space and let A : D(A) C E — E™ be a densely defined
unbounded operator.

1. Assume that there exists a constant C such that
€))] (Au, u) > —C||Au||2 Yu € D(A).

Prove that N(A) C N(A*).
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2. Conversely, assume that N(A) C N(A*). Also, assume that A is closed and R(A)
is closed. Prove that there exists a constant C such that (1) holds.

Let E and F be two Banach spaces. Let T € L(E, F) andlet A : D(A) C
E — F be an unbounded operator that is densely defined and closed. Consider the
operator B : D(B) C E — F defined by

D(B)=D(A), B=A+T.

1. Prove that B is closed.
2. Prove that D(B*) = D(A*) and B* = A* + T*.

Let E be an infinite-dimensional Banach space. Fix an elementa € E,a # 0,
and a discontinuous linear functional f : E — R (such functionals exist; see
Exercise 1.5). Consider the operator A : E — E defined by

DA)=E, Ax=x-— f(x)a.

. Determine N(A) and R(A).

. Is A closed?

. Determine A* (define D(A*) carefully).

. Determine N(A*) and R(A*).

. Compare N(A) with R(A*)* as well as N(A*) with R(A)™L.
. Compare with the results of Exercise 2.18.

AN N B W=

The purpose of this exercise is to construct an unbounded operator A : D(A) C

E — E that is densely defined, closed, and such that D(A*) # E™*.
Let E = ¢!, so that E* = £°. Consider the operator A : D(A) C E — E
defined by

D(A) = [u = (un) € £'; (nuy) € z‘} and Au = (nuy).

1. Check that A is densely defined and closed.
2. Determine D(A*), A*, and D(A*).

Let E = ¢!, so that E* = £°°. Consider the operator T € L(E, E) defined by
1 .
Tu=|—-u, for every u = (uy),>1 in € .
n>1

Determine N(T), N(T)L, T*, R(T*), and R(T*).
Compare with Corollary 2.18.
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Let E, F, and G be three Banach spaces. Let A : D(A) C E — F bea
densely defined unbounded operator. Let 7 € L(F, G) and consider the operator
B:D(B) CE — Gdefinedby D(B)=D(A)and B=T o A.

1. Determine B*.
2. Prove (by an example) that B need not be closed even if A is closed.

Let E, F, and G be three Banach spaces.
1. Let T € L(E, F) and S € L(F, G). Prove that

SoT)Y =T o S".

2. AssumethatT € L(E, F)isbijective. Prove that T* is bijective and that (T*)~! =
(T H*.

Let E and F be two Banach spaces and let T € L(E, F). Let ¢ : F —
(—o0, +00] be a convex function. Assume that there exists some element in R(7')
where 1 is finite and continuous.
Set
ox)=v(Tx), xe€kE.

Prove that for every f € F*

" (T*f) = inf ) Y*(f —g = min ) V(= 8.

geN(T* geN(T*

Le E, F be two Banach spaces and let T € L(E, F). Assume that R(T) has
finite codimension, i.e., there exists a finite-dimensional subspace X of F such that
X+ R(T)=Fand X N R(T) = {0}.

Prove that R(T) is closed.



Chapter 3

Weak Topologies. Reflexive Spaces. Separable
Spaces. Uniform Convexity

3.1 The Coarsest Topology for Which a Collection of Maps
Becomes Continuous

We begin this chapter by recalling a well-known concept in topology. Suppose X is
a set (without any structure) and (Y;);¢; is a collection of fopological spaces. We are
given a collection of maps (¢;);es such that for every i € I, ¢; maps X into ¥; and
we consider the following:

Problem 1. Construct a topology on X that makes all the maps (¢;);ec; continuous.
If possible, find a topology 7 that is the most economical in the sense that it has the
fewest open sets.

Note that if we equip X with the discrete topology (i.e., every subset of X is
open), then every map ¢; is continuous; of course, this topology is far from being
the “cheapest”; in fact, it is the most expensive one! As we shall see, there is always
a (unique) “cheapest” topology .7 on X for which every map ¢; is continuous. It is
called the coarsest or weakest topology (or sometimes the initial topology) associated
to the collection (¢;)ic;.

If w; C Y; is any open set, then ¢, ! (w;) is necessarily an open set in 7. As w;
runs through the family of open sets of ¥; and i runs through / we obtain a family
of subsets of X, each of which must be open in the topology 7. Let us denote this
family by (U))ea - Of course, this family need not be a topology. Therefore, we are
led to the following:

Problem 2. Given a set X and a family (U,),eca of subsets in X, construct the
cheapest topology .7 on X in which U, is open for all > € A.

In other words, we must find the cheapest family .7 of subsets of X that is stable'
by Nfinite and Uarpitrary and with the property that Uy € Z for every . € A. The
construction goes as follows. First,consider finite intersections of sets in (Uy)xen,
i.e., Myer Uy where I' C A is finite. In this way we obtain a new family, called ®, of

1 Meaning that a finite intersection of sets in .% and an arbitrary union of sets in .Z both belong
to 7.

H. Brezis, Functional Analysis, Sobolev Spaces and Partial Differential Equations, 55
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subsets of X which includes (U,)yca and which is stable under Ngpjre. However, it
need not be stable under Uybitrary. Therefore, we consider next the family . obtained
by forming arbitrary unions of elements from &. It is clear that .% is stable under
Uarbitrary- It is not clear whether % is stable under Ngpite; but indeed we have the
following result:

Lemma 3.1. The family .7 is stable under Ngpite.

The proof of Lemma 3.1—a delightful exercise in set theory—is left to the reader;
see e.g., G. Folland [2]. It is now obvious that the above construction gives the
cheapest topology with the required property.

Remark 1. One cannot reverse the order of operations in the construction of .% . It
would have been equally natural to start with Uypigrary and then to take Nfpice. The
outcome is a family that is stable under Ngpie; but it is not stable under Uypitrary-
One would have to consider once more Uyrpitrary and the process then stabilizes.

To summarize this discussion we find that the open sets of the topology .7 are
obtained by considering first Nnite Of sets of the form ¢, ! (w;) and then Uyrpitrary- It
follows that for every x € X, we obtain a basis of neighborhoods of x for the topology
7 by considering sets of the form Nepite o ! (Vi), where V; is a neighborhood of
@i (x) in Y;. Recall that in a topological space, a basis of neighborhoods of a point
x is a family of neighborhoods of x, such that every neighborhood of x contains a
neighborhood from the basis.

In what follows we equip X with the topology .7 that is the weakest topology
associated to the collection (¢; ); <. Here are two simple properties of the topology .7 .

e Proposition 3.1. Let (x,,) be a sequence in X. Then x, — x (in 7) if and only if
@i (xn) — @i(x) foreveryi € 1.

Proof. If x,, — x, then ¢; (x,) — ¢;(x) for each i, since each ¢; is continuous for
7. Conversely, let U be a neighborhood of x. From the preceding discussion, we
may always assume that U has the form U = N;¢ J(pi_l (V;) with J C [ finite. For
eachi € J there is some integer N; such that ¢; (x,,) € V; forn > N;. It follows that
x, € U forn > N = max;cjN;.

e Proposition 3.2. Let Z be a topological space and let  be a map from Z into X.
Then  is continuous if and only if ¢; o ¥ is continuous from Z into Y; for every
iel

Proof. 1f v is continuous then ¢; o 1 is also continuous for every i € I. Conversely,
we have to prove that ¥~ (U) is open (in Z) for every open set U (in X). But we
know that U has the form U = Uaitrary Nfinite @; l(a)l'), where w; is open in Y;.
Therefore

v = U 0 v lgiedl= U 0 @ioy) e,

arbitrary finite arbitrary finite

which is open in Z since every map ¢; o ¥ is continuous.
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3.2 Definition and Elementary Properties of the Weak Topology
o(E, E*)

Let E be a Banach space and let f € E*. We denote by ¢y : E — R the linear
functional ¢ (x) = (f, x). As f runs through E* we obtain a collection (¢ ) g+
of maps from E into R. We now ignore the usual topology on E (associated to || )
and define a new topology on the set E as follows:

Definition. The weak topology o (E, E*) on E is the coarsest topology associated
to the collection (@) reg+ (in the sense of Section 3.1 with X = E, Y; = R, for
eachi,and I = E*).

Note that every map ¢ is continuous for the usual topology and therefore the
weak topology is weaker than the usual topology.

Proposition 3.3. The weak topology o (E, E*) is Hausdorff.

Proof. Given x1, x» € E with x| # x we have to find two open sets O1 and O;
for the weak topology o (E, E*) such that x; € O, x3 € Oz, and O1 N O = 0.
By Hahn—Banach (second geometric form) there exists a closed hyperplane strictly
separating {x} and {x,}. Thus, there exist some f € E* and some « € R such that

(fix1) <o < (f x2).

Set

O1={x € E; (f.x) <a) = ¢ (—00,)),
02 = {x € E; (f.x) > a) = ¢ (@, +00)) .

Clearly, O and O are open for o (E, E*) and they satisfy the required properties.

e Proposition 3.4. Let xg € E; given ¢ > 0 and a finite set { f1, f2, ..., fx} in E*
consider

V=V(fi, fooos fo &) ={x € E; [{fi,x —x0)| <& Vi=1,2,....k}.

Then V is a neighborhood of xq for the topology o (E, E*). Moreover, we obtain a
basis of neighborhoods of x( for o (E, E*) by varying ¢, k, and the f;’s in E*.

Proof. Clearly V = ﬂf.‘zl (p;l_l((a,' —¢,a; + ¢)), with a; = (fi, x0), is open for the
topology o (E, E*) and contains xg. Conversely, let U be a neighborhood of x¢ for
o (E, E*). From the discussion in Section 3.1 we know that there exists an open set W
containing xo, W C U, of the form W = ﬁﬁnitegﬂzl (wi), where w; is a neighborhood
(inR) of a; = (f;, x0). Hence there exists ¢ > 0 such that (a; — ¢, a; + ¢) C w; for
every i. It follows thatxo e V.C W C U.

Notation. If a sequence (x,) in E converges to x in the weak topology o (E, E*)
we shall write
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Xy — X.

i)

To avoid any confusion we shall sometimes say, “x, — x weakly in o (E, E*).
In order to be totally clear we shall sometimes emphasize strong convergence by
saying, “x, — x strongly,” meaning that ||x, — x| — O.

e Proposition 3.5. Let (x,) be a sequence in E. Then

@) [x, = x weaklyino (E, E*)] < [{f, xp) = (f,x) Vf € E*].
(i) If x,, — x strongly, then x, — x weakly in o (E, E™).
@iii) If x, — x weakly ino (E, E*), then (||x,||) is bounded and || x| < liminf ||x,||.
(iv) If x, = x weaklyino (E, E*) and if f, — f stronglyin E* (i.e., | f,— f | Ex —
0), then (fn, xn) — (f, x).

Proof.

(i) follows from Proposition 3.1 and the definition of the weak topology o (E, E*).

(i1) follows from (i), since |{ f, x,) — (f, x)| < | fIl x» — x||; it is also clear from
the fact that the weak topology is weaker than the strong topology.

(iii) follows from the uniform boundedness principle (see Corollary 2.4), since for

every f € E* theset ({f, x,)), is bounded. Passing to the limit in the inequality

I(f x| < AN xall,

we obtain
[(f, )] < If I liminf [x,]l,

which implies (by Corollary 1.4) that

Xl = ;UP [(f, x)] < liminf ||x, .
=1

(iv) follows from the inequality

[{frns Xn)=(F, ) = {fn—= o xn) [HICF xn=2) < W= FI Xl (S, Xn =),
combined with (i) and (iii).

e Proposition 3.6. When E is finite-dimensional, the weak topology o (E, E*) and
the usual topology are the same. In particular, a sequence (x;) converges weakly if
and only if it converges strongly.

Proof. Since the weak topology has always fewer open sets than the strong topology,
it suffices to check that every strongly open set is weakly open. Let xo € E and let
U be a neighborhood of x( in the strong topology. We have to find a neighborhood
V of xg in the weak topology o (E, E*) such that V C U. In other words, we have
to find fi, f2,..., fr in E* and ¢ > 0 such that

V={xeE [(fiix—xo)<e Vi=12 ...,k cCU.
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Fix r > 0 such that B(xg,r) C U. Pick a basis e, es, ..., ¢, in E such that
lleill =1, Vi.Every x € E admits a decomposition x = Zf-;l x;e;, and the maps
X > x; are continuous linear functionals on E denoted by f;. We have

k
llx — xoll < > I(fir x — x0)| < ke

i=1
for every x € V. Choosing ¢ =r/k, weobtain V C U.

Remark 2. Open (resp. closed) sets in the weak topology o (E, E*) are always open
(resp. closed) in the strong topology. In any infinite-dimensional space the weak
topology is strictly coarser than the strong topology; i.e., there exist open (resp.
closed) sets in the strong topology that are not open (resp. closed) in the weak
topology. Here are two examples:

Example 1. The unit sphere S = {x € E; | x|| = 1}, with E infinite-dimensional, is
never closed in the weak topology o (E, E*). More precisely, we have

1) o B

= Bk,
where EG(E’E*) denotes the closure of S in the topology o (E, E*) and Bg (already
defined in Chapter 2) denotes the closed unit ball in E,

Bp ={x e E; |x]l = 1}.

First let us check that every xog € E with ||xg|| < 1 belongs to EG(E’E*). Indeed,
let V be a neighborhood of xq in o (E, E*). We have to prove that VNS # (. In
view of Proposition 3.4 we may always assume that V has the form

V={xekE; |{fi,x—x0)| <e Vi=1,2,...,k}
withe > O and f1, f2,..., fx € E*.Fix yo € E, yg # 0, such that
(fi,»v0) =0 Vi=1,2,... k.

[Such a yp exists; otherwise, the map ¢ : E — R* defined by ¢(x) =
({fi, x))1<i<k would be injective and ¢ would be an isomorphism from E onto
¢(E), and thus dim E < k, which contradicts the assumption that E is infinite-
dimensional.]? The function g (¢) = ||xo-+yo|| is continuous on [0, 0o) with g(0) < 1
and lim;_, ;o0 g(f) = +00. Hence there exists some 7y > Osuchthat ||xo+fyo|l = 1.
It follows that xg + foyp € V N §, and thus we have established that

Sc B cs”EE

2 The geometric interpretation of this construction is the following. When E is infinite-dimensional,
every neighborhood V of xq in the topology o (E, E*) contains a line passing through x¢, even a
“huge” affine space passing through x.
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In order to complete the proof of (1) it suffices to know that Bg is closed in the
topology o (E, E*). But we have

Be= () x € E: [(f.x)| <1},
fEE*
fl=1

which is an intersection of weakly closed sets.

Example 2. The unit ball U = {x € E; |x|| < 1}, with E infinite-dimensional, is
never open in the weak topology o (E, E*). Suppose, by contradiction, that U is
weakly open. Then its complement U¢ = {x € E; ||x|| > 1} is weakly closed. It
follows that S = B N U°€ is also weakly closed; this contradicts Example 1.

* Remark 3. In infinite-dimensional spaces the weak topology is never metrizable,
i.e., there is no metric (and a fortiori no norm) on E that induces on E the weak
topology o (E, E*); see Exercise 3.8. However, as we shall see later (Theorem 3.29),
if E* is separable one can define a norm on E that induces on bounded sets of E the
weak topology o (E, E*).

* Remark 4. Usually, in infinite-dimensional spaces, there exist sequences that con-
verge weakly and do not converge strongly. For example, if E* is separable or if E
is reflexive one can construct a sequence (x,) in E such that ||x,|| = 1 and x, — 0
weakly (see Exercise 3.22). However, there are infinite-dimensional spaces with the
property that every weakly convergent sequence is strongly convergent. For exam-
ple, ¢! has that unusual property (see Problem 8). Such spaces are quite “rare” and
somewhat “pathological.” This strange fact does not contradict Remark 2, which as-
serts that in infinite-dimensional spaces, the weak topology and the strong topology
are always distinct: the weak topology is strictly coarser than the strong topology.
Keep in mind that two metric (or metrizable) spaces with the same convergent se-
quences have identical topologies; however, if two topological spaces have the same
convergent sequences they need not have identical topologies.

3.3 Weak Topology, Convex Sets, and Linear Operators

Every weakly closed set is strongly closed and the converse is false in infinite-
dimensional spaces (see Remark 2). However, it is very useful to know that for
convex sets, weakly closed = strongly closed:

e Theorem 3.7. Let C be a convex subset of E. Then C is closed in the weak topology
o(E, E*) if and only if it is closed in the strong topology.

Proof. Assume that C is closed in the strong topology and let us prove that C is
closed in the weak topology. We shall check that the complement C¢ of C is open in
the weak topology. To this end, let xo ¢ C. By Hahn—-Banach there exists a closed
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hyperplane strictly separating {xo} and C. Thus, there exist some f € E* and some
a € R such that

(f,xo)<ot<(f,y) VyEC

Set
V={x€ekE; (f,x) <al;

sothatxg € V,VNC =0 (e, V C C° and V is open in the weak topology.

Corollary 3.8 (Mazur). Assume (x,) converges weakly to x. Then there exists a
sequence (y,) made up of convex combinations of the x,’s that converges strongly
1o x.

Proof. Let C = conv(US, {x,}) denote the convex hull of the x;,’s. Since x belongs
to the weak closure of U‘;":l {x,} it belongs a fortiori to the weak closure of C. By

Theorem 3.7, x € C, the strong closure of C, and the conclusion follows.

Remark 5. There are some variants of Corollary 3.8 (see Exercises 3.4 and 5.24).
Also, note that the proof of Theorem 3.7 shows that every closed convex set C
coincides with the intersection of all the closed half-spaces containing C.

e Corollary 3.9. Assume that ¢ : E — (—00 4+ o0] is convex and 1.s.c. in the strong
topology. Then ¢ is 1.s.c. in the weak topology o (E, E™).

Proof. For every A € R the set
A={x €eE; ¢p(x) <A}

is convex and strongly closed. By Theorem 3.7 it is weakly closed and thus ¢ is
weakly Ls.c.

e Remark 6. It may be rather difficult in practice to prove that a function is l.s.c. in
the weak topology. Corollary 3.9 is often used as follows:

¢ convex and strongly continuous = ¢ weakly l.s.c. ‘

For example, the function ¢(x) = ||x|| is convex and strongly continuous; thus it is
weakly l.s.c. In particular, if x, — x weakly, it follows that ||x|| < liminf ||x,|| (see
also Proposition 3.5).

Theorem 3.10. Let E and F be two Banach spaces and let T be a linear operator
from E into F. Assume that T is continuous in the strong topologies. Then T is
continuous from E weak o (E, E*) into F weak o (F, F*) and conversely.

Proof. In view of Proposition 3.2 it suffices to check that for every f € F* the map
x — (f, Tx)iscontinuous from E weak o (E, E*) into R. Butthe map x — (f, Tx)
is a continuous linear functional on E. Therefore, it is also continuous in the weak
topology o (E, E™).
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Conversely, suppose that T is continuous from E weak into F' weak. Then G(T')
is closed in E x F equipped with the product topology o (E, E*) x o (F, F*), which
is clearly the same as o (E x F, (E x F)*). It follows that G(T) is strongly closed
(any weakly closed set is strongly closed). We conclude with the help of the closed
graph theorem (Theorem 2.9) that T is continuous from E strong into F strong.

Remark 7. The argument above shows more: that if a linear operator 7' is continuous
from E strong into F' weak then T is continuous from E strong into F' strong. As
a consequence, for linear operators, the following continuity properties are all the
same: § —> S, W — W, S — W (§ = strong, W = weak). On the other hand,
very few linear operators are continuous W — §; this happens if and only if 7 is
continuous S — § and, moreover, dim R(T) < oo (see Exercise 6.7).

Also, note that in general, nonlinear maps that are continuous from E strong into
F strong are not continuous from E weak into F weak (see, e.g., Exercise 4.20).
This is a major source of difficulties in nonlinear problems.

3.4 The Weak* Topology o (E*, E)

So far, we have two topologies on E*:

(a) the usual (strong) topology associated to the norm of E*,
(b) the weak topology o (E*, E**), obtained by performing on E* the construction
of Section 3.3.

We are now going to define a third topology on E* called the weak* topology and
denoted by o (E*, E) (the « is here to remind us that this topology is defined only on
dual spaces). For every x € E consider the linear functional ¢, : E* — R defined
by f — ¢x(f) = (f, x). As x runs through E we obtain a collection (¢y)yefr of
maps from E* into R.

Definition. The weak* topology,o (E*, E), s the coarsest topology on E* associated
to the collection (¢y)ycg (in the sense of Section 3.1 with X = E*, ¥; = R, for all
i,and I = E).

Since E C E**, itis clear that the topology o (E*, E) is coarser than the topology
o (E*, E*); i.e., the topology o (E*, E) has fewer open sets (resp. closed sets) than
the topology o (E*, E**), which in turn has fewer open sets (resp. closed sets) than
the strong topology.

Remark 8. The reader probably wonders why there is such hysteria over weak topolo-
gies! The reason is the following: a coarser topology has more compact sets. For
example, the closed unit ball Bg» in E*, which is never compact in the strong topol-
ogy (unless dim E < 00; see Theorem 6.5), is always compact in the weak* topology
(see Theorem 3.16). Knowing the basic role of compact sets—for example, in exis-
tence mechanisms such as minimization—it is easy to understand the importance of
the weak* topology.
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Proposition 3.11. The weak* topology is Hausdorff.

Proof. Given f1, f» € E* with f| # f5 there exists some x € E such that { fi, x) #
(f2, x) (this does not use Hahn—Banach, but just the fact that f; # f>). Assume for
example that ( f1, x) < (f2, x) and choose « such that

(fi,x) <a < (fr,x).
Set
Oy =1{f € E* (f,x) <a} =g, (—00,a)),
Or={f € E* (f,x)>a}=¢; (&, +00)).

Then O; and O; are open sets in o (E*, E) such that f; € Oy, f € O, and
01N0Oy=0.

Proposition 3.12. Let fo € E*; given a finite set {x, x2, ..., xx} in E and e > 0,
consider

V=V@,x,... . x;8)={feESI(f—fooxi)l<e Vi=12...k}.

Then V is a neighborhood of fy for the topology o (E*, E). Moreover, we obtain a
basis of neighborhoods of fy for o (E*, E) by varying ¢, k, and the x;’s in E.

Proof. Same as the proof of Proposition 3.4.

Notation. If a sequence (f,) in E* converges to f in the weak* topology we shall
write

fo > f.

To avoid any confusion we shall sometimes emphasize “f, X fino(E*, E)
“fn N f in O'(E*’ E**),” and “fn — f Strongly.”

e Proposition 3.13. Let (f,,) be a sequence in E*. Then
@ [fy — fino(E*, E)] & [(fu.x) = (f,x), Vx € E].
(ii) If fn — f strongly, then f,, — f ino(E*, E*™).

If fo — fino(E*, E*™), then f, -~ f ino(E*, E).
i) If 1 X fino(E*, E) then (|| f,|) is bounded and || f|| < liminf || f,].
av) If f N fino(E*, E)and if x, — x strongly in E, then (f,,, x,) — ([, x).
Proof. Copy the proof of Proposition 3.5.

Remark 9. Assume f;, X f in o (E*, E) (or even f, — f in o(E*, E*™)) and
Xxp, = x in o (E, E*). One cannot conclude, in general, that { f;,, x,,) — (f, x) (itis
very easy to construct an example in Hilbert spaces).
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Remark 10. When E is a finite-dimensional space the three topologies (strong,
weak, weak*) on E* coincide. Indeed, the canonical injection J : E — E** (see
Section 1.3) is surjective (since dim E = dim E**) and therefore o (E*, E) =
o (E*, E*™).

» Proposition 3.14. Let ¢ : E* — R be a linear functional that is continuous for
the weak* topology. Then there exists some xo € E such that

p(f)=(f.x0) VfeE"
The proof relies on the following useful algebraic lemma:

Lemma 3.2. Let X be a vector space and let ¢, @1, @2, ..., px be (k + 1) linear
functionals on X such that

(2) l[pi(v) =0 Vi=1,2,...,k] = [¢p() =0].
Then there exist constants A1, A2, ..., Ay € R such that ¢ = Zf-‘zl Aigi.

Proof of Lemma 3.2. Consider the map F : X — R¥*! defined by

Fu) =[eW), p1(w), o2(u), ..., o (@)].

It follows from assumption (2) that a = [1, 0,0, ..., 0] does not belong to R(F).
Thus, one can strictly separate {a} and R(F) by some hyperplane in R**!; i.e., there
exist constants A, Ay, A, ..., Ax and « such that

k
A <o < io(u)+ Zkiwi(u) Yu e X.

i=1
It follows that

k
ho(u) + ) higi) =0 YueX
i=1

and also A < 0 (so that A # 0).

Proof of Proposition 3.14. Since ¢ is continuous for the weak™ topology, there exists
a neighborhood V of 0 for o (E*, E) such that

lp(Hl <1 VfeV.
We may always assume that
V=A{feES|{fixi)l<e Vi=1,2,...,k}
with x; € E and ¢ > 0. In particular,

[(fixi)=0 Vi=1,2,....k] = [e(f) =0].
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It follows from Lemma 3.2 that

k k
o(f) =Y Milfoxi) = <f, Z)»ixi> VfeE".
i=1 i=1

* Corollary 3.15. Assume that H is a hyperplane in E* that is closed in o (E*, E).
Then H has the form
H={f¢€E"(fx)=0a}

for some xog € E, xg # 0, and some o € R.

Proof. H may be written as
H={f€E" o(f) =al,

where ¢ is a linear functional on E*, ¢ # 0. Let fy ¢ H and let V be a neighborhood
of fo for the topology o (E*, E) such that V C H¢. We may assume that

V={feE"|(f— fo.xi)l<e Vi=12 ..k}

Since V is convex we find that either

3) o(f)<a YfeV
or
3" o(f)>a YfeV.

Assuming, for example, that (3) holds, we obtain

pg) <a—o(fo) YVeeW=V—fo,

and since —W = W we are led to

4 lp(@l < le —¢(fo)l VgeW.

It follows from (4) that ¢ is continuous at O for the topology o (E*, E) (since W is
a neighborhood of 0). Applying Proposition 3.14, we conclude that there is some
xo € E such that

p(f)=(f.x0) VfeE"

Remark 11. Assume that the canonical injection J : E — E™ is not surjective.
Then the topology o (E*, E) is strictly coarser than the topology o (E*, E**). For
example, let £ € E** with & ¢ J(E). Then the set

H={f€e€E" (§ f)=0}

is closed in o (E*, E**) but—in view of Corollary 3.15—itis not closed in o (E*, E).
We also learn from this example that convex sets that are closed in the strong topology
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need not be closed in the weak™ topology. There are two types of closed convex sets
in E*:
(a) the convex sets that are strongly closed (= closed in the topology o (E*, E**) by

Theorem 3.7),
(b) the convex sets that are closed in o (E*, E).

e Theorem 3.16 (Banach—Alaoglu-Bourbaki). The closed unit ball

Be«={f € E% IIfl =1}
is compact in the weak* topology o (E*, E).

Remark 12. The compactness of B+ is the most essential property of the weak*
topology; see also Remark 8.

Proof. Consider the Cartesian product ¥ = RE, which consists of all maps from
E into R; we denote elements of ¥ by w = (wy)xer With w, € R. The space
Y is equipped with the standard product topology (see, e.g., H. L. Royden [1],
J.R.Munkres [1], A. Knapp [1], orJ. Dixmier [1]), i.e., the coarsest topology on Y as-
sociated to the collection of maps @ +— w, (as x runs through E), which is, of course,
the same as the topology of pointwise convergence (see, e.g., J. R. Munkres [1]).
In what follows E* is systematically equipped with the weak* topology o (E*, E).
Since E* consists of special maps from E into R (i.e., continuous linear maps),
we may consider E* as a subset of Y. More precisely, let ® : E* — Y be the
canonical injection from E* into Y, so that ®(f) = (wy)rer With @y = (f, x).
Clearly, ® is continuous from E* into Y (use Proposition 3.2 and note that for
every fixed x € E the map f € E* — (®(f))x = (f, x) is continuous). The
inverse map ®~! is also continuous from ®(E*) equipped with the ¥ topology)
into E*: indeed, using Proposition 3.2 once more, it suffices to check that for ev-
ery fixed x € E the map w +—> (® Yw), x) is continuous on ®(E*), which is
obvious since (®~!(w), x) = w, (note that @ = ®(f) for some f € E* and
(@~ w), x) = (f, x) = wy). In other words, ® is a homeomorphism from E* onto
@ (E™). On the other hand, it is clear that ®(Bg+) = K, where K is defined by

K:{a)eY

In order to complete the proof of Theorem 3.16 it suffices to check that K is a compact
subset of Y. Write K as K = K| N K>, where

lwx| < llx]], Wx+y = Ox + ®y

and wy, = Aoy VAER, Vx,ye E|’

Ki={weY; |oy| < |lx]l Vxe€E}
and
K2={weY;a)x_s_y:a)x+a)yandw,\x=wa Vi e R, Vx,yeE}.

The set K1 may also be written as a product of compact intervals
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Ki=[Tt=lxl +lx]1.

xeE

Let us recall that (arbitrary) products of compact spaces are compact—a deep theo-
rem due to Tychonoff; see, e.g., H. L. Royden [1], G. B. Folland [2], J. R. Munkres
[1], A. Knapp [1], or J. Dixmier [1]. Therefore K; is compact. On the other hand,
K> is closed in Y; indeed, for each fixed . € R, x, y € E the sets

Ay ={w € Y;wxyy — wy —wy =0},
By x ={w € Y; wyx — Awy = 0},

are closed in Y (since the maps w — wy4y — wy — wy and ® > w;x — Awy are
continuous on Y) and we may write K, as

K> = [ N AM] N [ﬂBM].

x,yeE xeE
AeR

Finally, K is compact since it is the intersection of a compact set (K1) and a closed
set (K»).

3.5 Reflexive Spaces

Definition. Let E be a Banach space and let J : E — E™* be the canonical injection
from E into E** (see Section 1.3). The space E is said to be reflexive if J is surjective,
ie., J(E) = E™.

When E is reflexive, E** is usually identified with E.

Remark 13. Many important spaces in analysis are reflexive. Clearly, finite-dimen-
sional spaces are reflexive (since dim E = dim E* = dim E**). As we shall see in
Chapter 4 (see also Chapter 11), L? (and £7) spaces are reflexive for | < p < o0o.In
Chapter 5 we shall see that Hilbert spaces are reflexive. However, equally important
spaces in analysis are not reflexive; for example:

e L'and L™ (and ¢!, £°°) are not reflexive (see Chapters 4 and 11);
e (C(K), the space of continuous functions on an infinite compact metric space K,
is not reflexive (see Exercise 3.25).

* Remark 14. It is essential to use J in the above definition. R. C. James [1] has
constructed a striking example of a nonreflexive space with the property that there
exists a surjective isometry from E onto E**.

Our next result describes a basic property of reflexive spaces:

e Theorem 3.17 (Kakutani). Let E be a Banach space. Then E is reflexive if and
only if
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Bp={xeE; x| =1}
is compact in the weak topology o (E, E*).

Proof. Assume first that E is reflexive, so that J(Bg) = Bpg+«. We already know
(by Theorem 3.16) that B« is compact in the topology o (E**, E*). Therefore, it
suffices to check that J~! is continuous from E** equipped with o (E**, E*) with
values in E equipped with o (E, E*). In view of Proposition 3.2, we have only to
prove that for every fixed f € E* the map & — (f, J~'£) is continuous on E**
equipped with o (E**, E*). But (f, J~'&) = (&, f), and the map & — (£, f) is
indeed continuous on E** for the topology o (E**, E*). Hence we have proved that
B is compactin o (E, E*).

The converse is more delicate and relies on the following two lemmas:

Lemma 3.3 (Helly). Let E be a Banach space. Let fi, fa, ..., fx be given in E*
and let yy, y2, ..., Yk be given in R. The following properties are equivalent:

(i) Ve > 0 Ax, € E such that ||x¢|| < 1 and
[(fi,Xxe) —vyil<e Vi=1,2,...,k,
(i) | 25 Bivil < 15y Bifill B Bav ... Br e R
Proof. (i) = (ii). Fix By, B2, ..., BrinRand let S = Zle | Bi|. It follows from (i)

that ; .
> Bilfiixe) =Y Bivi
i=1 i=1

<eS

and therefore

< llxell + &8 < +e5.

k
Y Bifi

i=1

k
> Bifi

i=1

k
> Bivi
i=1

Since this holds for every ¢ > 0, we obtain (ii).

(i) = (). Set ¥y = (y1, 2, ..., y) € R¥ and consider the map ¢ : E — R¥
defined by
ex) = {(f1.x), ..., (fi, x)).

Property (i) says precisely that y € ¢(BEg). Suppose, by contradiction, that (i)
fails, so that y ¢ ¢(Bg). Hence {y} and ¢(BE) may be strictly separated in R by
some hyperplane; i.e., there exists some 8 = (81, B2, ..., Px) € R* and some o € R
such that

B-ox) <a<pB-y Vxe€Bg.
It follows that

k k
<Zﬂiﬁ,x> <a< Zﬁi}’i Vx € Bg,

i=1 i=1
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and therefore

k
Y Bifi
i=1

k
<a< Zﬂm,
i=1

which contradicts (ii).

Lemma 3.4 (Goldstine). Let E be any Banach space. Then J(Bg) is dense in Bpx+
with respect to the topology o (E**, E*), and consequently J(E) is dense in E** in
the topology o (E**, E™).

Proof. Let& € B« and let V be a neighborhood of £ for the topology o (E**, E*).
‘We must prove that V N J(Bg) # (. As usual, we may assume that V is of the form

V={neE™ |n—& fi)l <e ¥i=12.. .k

for some given elements f1, f2, ..., fr in E* and some ¢ > 0. We have to find some
x € Bg suchthat J(x) € V,i.e.,

[(fi.x) =&, fiYl<e Vi=1,2,... k.

Set y; = (&, fi). In view of Lemma 3.3 it suffices to check that

k k
> Bivi Y Bifi
i=1 i=1

<

’

which is clear since Zleﬁiy,' = <§, Zf-{=1.3iﬁ> and || €] < 1.

Remark 15. Note that J(BEg) is closed in Bg+ in the strong topology. Indeed, if
& = J(x,) — & we see that (x,) is a Cauchy sequence in Bg (since J is an
isometry) and therefore x,, — x, so that £ = Jx. It follows that J (Bg) is not dense
in Bgx in the strong topology, unless J(Bg) = Bg+, i.e., E is reflexive.

Remark 16. See Problem 9 for an alternative proof of Lemma 3.4 (based on a variant
of Hahn—Banach in E**).

Proof of Theorem 3.17, concluded. The canonical injection J : E — E** is always
continuous from o (E, E*) into o (E**, E*), since for every fixed f € E* the map
x = (Jx, f) = (f, x) is continuous with respect to o (E, E*). Assuming that Bg
is compact in the topology o (E, E*), we deduce that J(BE) is compact—and thus
closed—in E** with respect to the topology o (E**, E*). On the other hand, by
Lemma 3.4, J(BE) is dense in B« for the same topology. It follows that J(Bg) =
Bpw and thus J(E) = E**.

In connection with the compactness properties of reflexive spaces we also have
the following two results:

e Theorem 3.18. Assume that E is a reflexive Banach space and let (x,,) be a bounded
sequence in E. Then there exists a subsequence (x,,) that converges in the weak
topology o (E, E™).
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The converse is also true, namely the following.

» Theorem 3.19 (Eberlein-Smulian). Assume that E is a Banach space such
that every bounded sequence in E admits a weakly convergent subsequence (in
o (E, E)). Then E is reflexive.

The proof of Theorem 3.18 requires a little excursion through separable spaces
and will be given in Section 3.6. The proof of Theorem 3.19 is rather delicate and
is omitted; see, e.g., R. Holmes [1], K. Yosida [1], N. Dunford-J. T. Schwartz [1],
J. Diestel [2], or Problem 10.

Remark 17. In order to clarify the connection between Theorems 3.17,3.18, and 3.19
it is useful to recall the following facts:

(i) If X is a metric space, then
[X is compact] <> [every sequence in X admits a convergent subsequence].

(ii) There exist compact topological spaces X and some sequences in X without any
convergent subsequence. A typical example is X = Bg+, which is compact in
the topology o (E*, E); when E = £*° it is easy to construct a sequence in X
without any convergent subsequence (see Exercise 3.18).

(i) If X is a topological space with the property that every sequence admits a
convergent subsequence, then X need not be compact.

Here are some further properties of reflexive spaces.

e Proposition 3.20. Assume that E is a reflexive Banach space and let M C E be a
closed linear subspace of E. Then M is reflexive.

Proof. The space M—equipped with the norm of E—has a priori two distinct weak
topologies:

(a) the topology induced by o (E, E™*),
(b) its own weak topology o (M, M*).

In fact, these two topologies are the same (since, by Hahn—Banach, every continu-
ous linear functional on M is the restriction to M of a continuous linear functional on
E). In view of Theorem 3.17, we have to check that Bj; is compact in the topology
o (M, M*) or equivalently in the topology o (E, E*). However, Bg is compact in
the topology o (E, E*) and M is closed in the topology o (E, E*) (by Theorem 3.7).
Therefore By is compact in the topology o (E, E™*).

Corollary 3.21. A Banach space E is reflexive if and only if its dual space E* is
reflexive.

Proof. E reflexive = E™ reflexive. The idea of the proof is simple, since, roughly
speaking, we have that E** = E = E** = E*. More precisely, let J be the
canonical isomorphism from E into E**. Let ¢ € E™* be given. The map x +—>
(¢, Jx) is a continuous linear functional on E. Call it f € E*, so that
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(p, Jx) = (f,x) VxekE.

But we also have
(o, Jx)=(Jx, f) Vx€E.

Since J is surjective, we infer that

(0. 6) = (. f) VE€E™,

which means precisely that the canonical injection from E* into E*** is surjective.

E* reflexive = E reflexive. From the step above we already know that E** is
reflexive. Since J (E) is a closed subspace of E** in the strong topology, we conclude
(by Proposition 3.20) that J(E) is reflexive. Therefore, E is reflexive.’

e Corollary 3.22. Let E be a reflexive Banach space. Let K C E be a bounded,
closed, and convex subset of E. Then K is compact in the topology o (E, E*).

Proof. K is closed for the topology o (E, E*) (by Theorem 3.7). On the other hand,
there exists a constant m such that K C mBg, and m Bg is compactin o (E, E*) (by
Theorem 3.17).

e Corollary 3.23. Let E be a reflexive Banach space and let A C E be a nonempty,
closed, convex subset of E. Let ¢ : A — (—00, +00] be a convex 1.s.c. function such
that ¢ # +00 and

5) lin/} ¢(x) = 400  (no assumption if A is bounded).
(S

X
lx[|—o00

Then ¢ achieves its minimum on A, i.e., there exists some xog € A such that
= min @.
@ (xo0) un ¢
Proof. Fix any a € A such that ¢(a) < +o00 and consider the set
A={xe€4; p(x) < ga)}.

Then A is closed, convex, and bounded (by (5)) and thus it is compact in the topology
o (E, E*) (by Corollary 3.22). On the other hand, ¢ is also l.s.c. in the topology
o (E, E*) (by Corollary 3.9). It follows that ¢ achieves its minimum on A (see
property 5 following the definition of Ls.c. in Chapter 1), i.e., there exists xo € A
such that

¢(x0) < ¢(x) Vx € A.

Ifx e A\A, we have p(xo) < ¢(a) < ¢(x); therefore

p(xp) < @(x) Vx e A.

3 Itis clear that if E and F are Banach spaces, and T is a linear surjective isometry from E onto F,
then E is reflexive iff F is reflexive. Of course, there is no contradiction with Remark 14!
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Remark 18. Corollary 3.23 is the main reason why reflexive spaces and convex func-
tions are so important in many problems occurring in the calculus of variations and
in optimization.

Theorem 3.24. Let E and F be two reflexive Banach spaces. Let A : D(A) C E —
F be an unbounded linear operator that is densely defined and closed. Then D(A™)
is dense in F*. Thus A** is well defined (A** : D(A*) C E** — F**) and it may
also be viewed as an unbounded operator from E into F. Then we have

A = A.

Proof.

1. D(A*) is dense in F*. Let ¢ be a continuous linear functional on F* that
vanishes on D(A*). In view of Corollary 1.8 it suffices to prove that ¢ = 0 on F™*.
Since F is reflexive, ¢ € F and we have

(6) (w,0) =0 Yw e D(AY).

If ¢ # 0 then [0, ¢] ¢ G(A) in E x F. Thus, one may strictly separate [0, ¢] and
G (A) by aclosed hyperplane in E x F; i.e., there exist some [ f, v] € E* x F* and
some o € R such that

(fiu)+ (v, Au) <a < (v,9) VYu e D(A).

It follows that
(fyu)+ (v, Au) =0 VYu € D(A)

and

(v, ) #0.

Thus v € D(A*), and we are led to a contradiction by choosing w = v in (6).
2. A*™ = A. We recall (see Section 2.6) that
I[G(AM] = G(A)*

and
I[G(A™)] = G(A")* .

It follows that
G(A™) = G(A* = G(A),

since A is closed.

3.6 Separable Spaces

Definition. We say that a metric space FE is separable if there exists a subset D C E
that is countable and dense.
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Many important spaces in analysis are separable. Clearly, finite-dimensional
spaces are separable. As we shall see in Chapter 4 (see also Chapter 11), L? (and £7)
spaces are separable for 1 < p < o0. Also C(K), the space of continuous functions
on a compact metric space K, is separable (see Problem 24). However, L> and £*°
are not separable (see Chapters 4 and 11).

Proposition 3.25. Let E be a separable metric space and let F C E be any subset.
Then F is also separable.

Proof. Let (u,) be acountable dense subset of E. Let (r,,,) be any sequence of positive
numbers such that r,, — 0. Choose any point a,, , € B(uy, r,) N F whenever this
set is nonempty. The set (ay,,,) is countable and dense in F.

Theorem 3.26. Let E be a Banach space such that E* is separable. Then E is
separable.

Remark 19. The converse is not true. As we shall see in Chapter 4, E = L! is
separable but its dual space E* = L° is not separable.

Proof. Let (fy)n>1 be countable and dense in E*. Since

Ifull = sup (fu, x),
E

XE
lxl<1

we can find some x,, € E such that

X, 1l = Land (fy, xp) = %”fn”-
Letus denote by Ly the vector space over Q generated by the (x,,),>1;1.e., Lo consists
of all finite linear combinations with coefficients in Q of the elements (x,),>1.
We claim that Lq is countable. Indeed, for every integer n, let A, be the vector
space over Q generated by the (xx)1<k<n. Clearly, A, is countable and, moreover,
Lo = Unzl Anp.

Let L denote the vector space over R generated by the (x,),>1. Of course, Lg is a
dense subset of L. We claim that L is a dense subspace of E—and this will conclude
the proof (Lo will be a dense countable subset of E). Let f € E* be a continuous
linear functional that vanishes on L; in view of Corollary 1.8 we have to prove that
f =0.Given any ¢ > 0, there is some integer N such that || f — fy| < . We have

1

SN = Unoxw) = {fv = foxn) <&
(since (f, xn) = 0). It follows that || f|| < ||f — fnll + | fvll < 3e. Thus f = 0.
Corollary 3.27. Let E be a Banach space. Then

[E reflexive and separable] < [E* reflexive and separable].
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Proof. We already know (Corollary 3.21 and Theorem 3.26) that
[E™ reflexive and separable] = [E reflexive and separable].

Conversely, if E is reflexive and separable, so is E** = J(E); thus E™* is reflexive
and separable.

Separability properties are closely related to the metrizability of the weak topolo-
gies. Let us recall that a topological space X is said to be metrizable if there is a
metric on X that induces the topology of X.

Theorem 3.28. Let E be a separable Banach space. Then B+ is metrizable in the
weak* topology o (E*, E).
Conversely, if Bg« is metrizable in o (E*, E), then E is separable.

There is a “dual” statement.

Theorem 3.29. Let E be a Banach space such that E* is separable. Then Bg is
metrizable in the weak topology o (E, E*).
Conversely, if Bg is metrizable in o (E, E*), then E* is separable.

Proof of Theorem 3.28. Let (x,),>1 be a dense countable subset of Bg. For every
f € E*set

o0

1
[F1= 2 5 1l

n=1

Clearly, [ ]is a norm on E* and [f] < | f|l. Let d(f, g) = [f — g] be the
corresponding metric. We shall prove that the topology induced by d on Bg+ is the
same as the topology o (E*, E) restricted to Bgs.

(a) Let fo € Bg+ and let V be a neighborhood of fy for o (E*, E). We have to find
some r > ( such that

U=A{fe€Bgsd(f fo)<r}CV.
As usual, we may assume that V has the form
V={f€Be: l(f— fo.yi)dl<e Vi=12 ...k}

with e > 0 and y1, y2, ..., yx € E. Without loss of generality we may assume that
lyill < lforeveryi = 1,2, ..., k. Forevery i there is some integer n; such that

i = xn;ll < €/4

(since the set (x,),>1 is dense in Bg).
Choose r > 0 small enough that

Mr <g/2 Yi=1,2,...,k.

We claim that for such r, U C V. Indeed, if d(f, fo) < r, we have
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1 .
EHf—fo,xni)l <r Vi=1,2,...,k
and therefore, Vi = 1,2, ...k,
e ¢
[(f = Jo, yi)l = I{f — Jo, yi — xu;) + {f — Jo, xu;)| < 3 + 7

It follows that f € V.

(b) Let fo € Bg~. Given r > 0, we have to find some neighborhood V of fy for
o (E*, E) such that

V.CU={f € Bg; d(f, fo) <r}.
We shall choose V to be
V={fe€Bg; {(f — fo,xi)l <e Vi=1,2,...,k}
with ¢ and k to be determined in such a way that V C U. For f € V we have

k 0

1 1
d(f. fo) = Y 3ol = forwadl + D2 5o lf = fooxa)]
n=1 n=k+1
<e+2 Z o= ¢ + zkEI
n=k+1

Thus, it suffices to take ¢ = 5 and k large enough that zkl—,l <3

*xConversely, suppose Bg~ is metrizable in o (E*, E) and let us prove that E is
separable. Set
Un ={f € Bg~; d(f,0) <1/n}

and let V,, be a neighborhood of 0 in o (E*, E) such that V,, C U,,. We may assume
that V,, has the form

Vo ={f € Bes; {f, x)| <&n Vx € Dy}
with g, > 0 and ®,, is a finite subset of E. Set
D = U D,
n=1

so that D is countable.

We claim that the vector space generated by D is dense in E (which implies that
E is separable). Indeed, suppose f € E* is such that (f, x) =0 Vx € D. It follows
that f € V,, Vn and therefore f € U, Vn,sothat f = 0.

Proof of Theorem 3.29. The proof of the implication
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[E* separable] = [Bg is metrizable in o (E, E*)]

is exactly the same as above—just change the roles of £ and E*. The proof of the
converse is more delicate (find where the proof above breaks down); we refer to
N. Dunford-J. T. Schwartz [1] or Exercise 3.24.

Remark 20. One should emphasize again (see Remark 3) that in infinite-dimensional
spaces the weak topology o (E, E*) (resp. weak* topology o (E*, E)) on all of E
(resp. E™*) is not metrizable; see Exercise 3.8. In particular, the topology induced by
the norm [ ] on all of E* does not coincide with the weak* topology.

Corollary 3.30. Let E be a separable Banach space and let (f,) be a bounded
sequence in E*. Then there exists a subsequence (fy,) that converges in the weak*
topology o (E*, E).

Proof. Without loss of generality we may assume that || f,, || < 1 forall n. The set B+
is compact and metrizable for the topology o (E*, E) (by Theorems 3.16 and 3.28).
The conclusion follows.

We may now return to the proof of Theorem 3.18:

Proof of Theorem 3.18. Let M( be the vector space generated by the x,’s and let
M = M. Clearly, M is separable (see the proof of Theorem 3.26). Moreover, M
is reflexive (by Proposition 3.20). It follows that Bj; is compact and metrizable in
the weak topology o (M, M*), since M* is separable (we use here Corollary 3.27
and Theorem 3.29). We may thus find a subsequence (x,,) that converges weakly
o (M, M*), and hence (x,,) converges also weakly o (E, E*) (as in the proof of
Proposition 3.20).

3.7 Uniformly Convex Spaces

Definition. A Banach space is said to be uniformly convex if
Ve > 0 35 > O such that

xX+y
[x.y € E llx|l <1, |yl <land|x —y| > ¢] = = <1-=4].

The uniform convexity is a geometric property of the unit ball: if we slide a rule
of length ¢ > 0 in the unit ball, then its midpoint must stay within a ball of radius
(1 — §) for some § > 0. In particular, the unit sphere must be “round” and cannot
include any line segment.

Example 1. Let E = R%. The norm |x|l» = [|x1]* + |)cz|2]l/2 is uniformly convex,
while the norm ||x||; = |x{| + |x2| and the norm |x|lcc = max(|x{|, |x2|) are not
uniformly convex. This can be easily seen by staring at the unit balls, as shown in
Figure 3.
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Example 2. As we shall see in Chapters 4 and 5, the L? spaces are uniformly convex
for 1 < p < oo and Hilbert spaces are also uniformly convex.

e Theorem 3.31 (Milman—Pettis). Every uniformly convex Banach space is reflex-
ive.

Remark 21. Uniform convexity is a geometric property of the norm; an equivalent
norm need not be uniformly convex. On the other hand, reflexivity is a topological
property: a reflexive space remains reflexive for an equivalent norm. It is a striking
feature of Theorem 3.31 that a geometric property implies a topological property.
Uniform convexity is often used as a tool to prove reflexivity; but it is not the ul-
timate tool—there are some weird reflexive spaces that admit no uniformly convex
equivalent norm!

Proof. Let & € E* with ||£]| = 1. We have to show that & € J(Bg). Since J(BE)
is closed in E** in the strong topology, it suffices to prove that

7 Ve >0 3x € Bg suchthat & — J(x)|| < e.

Fix ¢ > 0 and let § > O be the modulus of uniform convexity. Choose some f € E*
such that || f]] = 1 and

®) (. f)>1-(0/2)

(which is possible, since ||£]| = 1). Set

V={neE™ |n—-E& f)l <8/2},

so that V' is a neighborhood of £ in the topology o (E**, E*). Since J (Bg) is dense
in B« with respect to o (E**, E*) (Lemma 3.4), we know that V N J(Bg) # ¢ and
thus there is some x € Bg such that J(x) € V. We claim that this x satisfies (7).
Suppose, by contradiction, that [|§ — Jx|| > ¢,i.e.,& € (Jx+eBg~)° = W.The
set W is also a neighborhood of & in the topology o (E**, E*) (since B+ is closed in
o (E**, E*)). Using Lemma 3.4 once more, we know that VW N J(BEg) # ¢, 1i.e.,
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there exists some y € Bg such that J(y) € V N W. Writing that J(x), J(y) € V,
we obtain

[{(f,x) = (& f)l <d/2
and

I(fy) = (&, f)l < 8/2.
Adding these inequalities leads to

26, f) < (fix+y)+8 < lx+yll+4.
Combining with (8), we obtain

xX+y

H>1—8.

It follows (by uniform convexity) that ||x — y|| < &; this is absurd, since J(y) € W
(e, llx =yl > é).

We conclude with a useful property of uniformly convex spaces.

Proposition 3.32. Assume that E is a uniformly convex Banach space. Let (x,,) be a
sequence in E such that x,, — x weakly o (E, E*) and

lim sup [|x, || < |Ix]|.

Then x, — x strongly.

Proof. We may always assume that x # 0 (otherwise the conclusion is obvious). Set
don = max(Ixa [, I1X1D, yu = A, 'xy, and y = x| 7,
so that A, — ||x|| and y,, — y weakly o (E, E*). It follows that
Iyl = liminf || (y, 4+ y)/2]

(see Proposition 3.5(iii)). On the other hand, || y|| = 1 and || y,|| < 1, so that in fact,
l(yn + ¥)/2|| = 1. We deduce from the uniform convexity that ||y, — y|| — 0 and
thus x,, — x strongly.

Comments on Chapter 3

1. The topologies o (E, E*), o (E*, E), etc., are locally convex topologies. As such,
they enjoy all the properties of locally convex spaces; for example, Hahn—Banach
(geometric form), Krein—Milman, etc., still hold; see, e.g., N. Bourbaki [1], A. Knapp
[2], and also Problem 9.
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2. Here is another remarkable property of the weak™ topology that is worth mention-
ing.

* Theorem 3.33 (Banach—Dieudonné—Krein—gmulian). Let E be a Banach space
and let C C E* be convex. Assume that for every integer n the set C N (nBg+) is
closed for the topology o (E*, E). Then C is closed for the topology o (E*, E).

The proof may be found in, e.g., N. Bourbaki [1], R. Larsen [1], R. Holmes [1],
N. Dunford-J. T. Schwartz [1], H. Schaefer[1], and Problem 11. The above references
also include much material related to the Eberlein—Smulian theorem (Theorem 3.19).

3. The theory of vector spaces in duality—which extends the duality (E, E*)—was
very popular in the late forties and early fifties, especially in connection with the
theory of distributions. One says that two vector spaces X and Y are in duality if
there is a bilinear form (, ) on X x Y that separates points (i.e., Vx 7% 0 3y such that
(x,y) # 0and Yy # 0 3x such that (x, y) # 0). Many topologies may be defined
on X (or Y) such as the weak topology o (X, Y), Mackey’s topology 7(X, Y), and
the strong topology B(X, Y). These topologies are of interest in spaces that are
not Banach spaces, such as the spaces used in the theory of distributions. On this
subject the reader may consult, e.g., N. Bourbaki [1], H. Schaefer [1], G. Kothe [1],
F. Treves [1], J. Kelley—I. Namioka [1], R. Edwards [1], J. Horvath [1], etc.

4. The properties of separability, reflexivity, and uniform convexity are also related
to the differentiability properties of the function x — ||x|| (see, e.g., J. Diestel [1],
B. Beauzamy [1], and Problem 13). The existence of equivalent norms with nice
geometric properties has been extensively studied. For example, how does one know
whether a Banach space admits an equivalent uniformly convex norm? how use-
ful is this information? (such spaces are called superreflexive; see, e.g., J. Diestel
[1] or B. Beauzamy [1]). The geometry of Banach spaces has flourished since the
early sixties and has become an active field associated with the names A. Dvoret-
zky, A. Grothendieck, R. C. James, J. Lindenstrauss, V. Milman, L. Tzafriri (and
their group in Israel), A. Pelczynski, P. Enflo, L. Schwartz (and his group including
G. Pisier, B. Maurey, B. Beauzamy), W. B. Johnson, H. P. Rosenthal, J. Bourgain,
D. Preiss, M. Talagrand, T. Gowers, and many others. On this subject the reader
may consult the books of B. Beauzamy [1], J. Diestel [1], [2], J. Lindenstrauss—
L. Tzafriri [2], L. Schwartz [2], R. Deville-G. Godefroy—V. Zizler [1], Y. Benyamini
and J. Lindenstrauss [1], F. Albiac and N. Kalton [1], A. Pietsch [1], etc.

Exercises for Chapter 3

3.1 |Let E be a Banach space and let A C E be a subset that is compact in the weak
topology o (E, E*). Prove that A is bounded.

Let E be a Banach space and let (x,) be a sequence such that x,, — x in the
weak topology o (E, E™*). Set
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1
op=—(x1 +x2+ -+ xp).
n

Prove that 0, — x in the weak topology o (E, E*).

Let E be a Banach space. Let A C E be a convex subset. Prove that the closure
of A in the strong topology and that in the weak topology o (E, E*) are the same.

Let E be a Banach space and let (x,) be a sequence in E such that x,, — x in
the weak topology o (E, E™*).

1. Prove that there exists a sequence (y;,) in E such that

(2) yn € conv (U{x,-}) Vn

i=n
and

(b) yn — x  strongly.

2. Prove that there exists a sequence (z,,) in E such that

(@) Zn € conv (U{x,-}> Vn

i=1
and

() Zyn — x  strongly.

Let E be a Banach space and let K C E be a subset of E that is compact in the
strong topology. Let (x,) be a sequence in K such that x, — x weakly o (E, E*).
Prove that x,, — x strongly.

[Hint: Argue by contradiction.]

Let X be a topological space and let E be a Banach space. Letu,v: X — E
be two continuous maps from X with values in E equipped with the weak topology
o(E, E®).

1. Prove that the map x — u(x) + v(x) is continuous from X into E equipped
with o (E, E*).

2. Leta : X — R be a continuous function. Prove that the map x — a(x)u(x) is
continuous from X into E equipped with o (E, E*).

Let E be a Banach space and let A C E be a subset that is closed in the weak
topology o (E, E*). Let B C E be a subset that is compact in the weak topology
o(E, E*).
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1. Prove that A + B is closed in o (E, E*).
2. Assume, in addition, that A and B are convex, nonempty, and disjoint. Prove that
there exists a closed hyperplane strictly separating A and B.

Let E be an infinite-dimensional Banach space. Our purpose is to show that E
equipped with the weak topology is not metrizable. Suppose, by contradiction, that
there is a metric d(x, y) on E that induces on E the same topology as o (E, E*).

1. For every integer k > 1 let Vj denote a neighborhood of 0 in the topology
o (E, E*), such that

1
Vi C {er; d(x,0)<%}.

Prove that there exists a sequence (f;,) in E* such that every g € E™* is a (finite)
linear combination of the f;,’s.
[Hint: Use Lemma 3.2.]

2. Deduce that E* is finite-dimensional.

[Hint: Use the Baire category theorem as in Exercise 1.5.]

Conclude.

4. Prove by a similar method that E* equipped with the weak* topology o (E*, E)
is not metrizable.

bt

Let E be a Banach space; let M C E be a linear subspace, and let fy € E™*.
Prove that there exists some ggp € M~ such that

inf || fo— gl = Il.fo — goll-
geM+

Two methods are suggested:

1. Use Theorem 1.12.
2. Use the weak™ topology o (E*, E).

Let E and F be two Banach spaces. Let T € Z(E, F), so that T* ¢
ZL(F*, E*). Prove that T* is continuous from F* equipped with o (F*, F) into
E* equipped with o (E*, E).

Let E be a Banach space and let A : E — E* be a monotone map defined on
D(A) = E; see Exercise 2.6. Assume that for every x, y € E the map

teR—> (A(x +ty), y)

is continuous at t = 0. Prove that A is continuous from E strong into E* equipped
with o (E*, E).

Let E be a Banach space and let xo € E. Let ¢ : E — (—00, +00] be a
convex l.s.c. function with ¢ # 400.
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1. Show that the following properties are equivalent:

(A) 3R,3IM < +oosuchthat p(x) < M, Vx € E with ||x —xp|| < R,

(B) lim {e*(f) = (f, x0)} = +00.
feE

Ifll—00

2. Assuming (A) or (B) prove that
inf {@*(f) — (f, x0)} 1is achieved.
feE*

[Hint: Use the weak™ topology o (E*, E) or Theorem 1.12.]
What is the value of this inf?

Let E be a Banach space. Let (x,) be a sequence in E and let x € E. Set
o
K, = conv (U{x,-}).
i=n

1. Prove that if x,, — x weakly o (E, E*), then

() Kn = (x).
n=1

2. Assume that E is reflexive. Prove that if (x,) is bounded and if ﬂ;’lil K, = {x},
then x, — x weakly o (E, E™*).

3. Assume that E is finite-dimensional and ﬂff: | K = {x}. Prove that x,, — x.
[Note that we do not assume here that (x,) is bounded.]

4. In £7,1 < p < oo (see Chapter 11), construct a sequence (x,) such that
N2, Ky = {x}, and (x,) is not bounded.
[I owe the results of questions 3 and 4 to Guy Amram and Daniel Baffet.]

Let E be a reflexive Banach space and let I be a set of indices. Consider a
collection (f;);e7 in E* and a collection («;);c; in R. Let M > 0.
Show that the following properties are equivalent:

) There exists some x € E with ||x|| < M such that (f;, x) = «;
foreveryi € I.

®) One has | Y ;; Biail < M| Y ;c; Bi fill for every collection (B;)ics
in R with J C I, J finite.

Compare with Exercises 1.10, 1.11 and Lemma 3.3.
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Center of mass of a measure on a convex set.

Let E be areflexive Banach space and let K C E be bounded, closed, and convex.
In the following K is equipped with o (E, E*), so that K is compact. Let F = C(K)
with its usual norm. Fix some p € F* with ||| = 1 and assume that x > 0 in the
sense that
(w,u) >0 VYueC(K), u>0onKk.

Prove that there exists a unique element xo € K such that

(H (, fik) = (fix0) VfekE"

[Hint: Find first some xg € E satisfying (1), and then prove that xg € K with the
help of Hahn—Banach.]

Let E be a Banach space.

1. Let (f,) be a sequence in (E™) such that for every x € E, {f,, x) converges to

a limit. Prove that there exists some f € E* such that f;, A fino(E*, E).

2. Assume here that E is reflexive. Let (x,,) be a sequence in E such that for every
f € E*, {f, x,) converges to a limit. Prove that there exists some x € E such
that x, — x ino (E, E*).

3. Construct an example in a nonreflexive space E where the conclusion of 2 fails.
[Hint: Take E = ¢( (see Section 11.3) and x,, = (1, 1, ..., (1), 0,0,...).]

n

3.17
1. Let (x™) be a sequence in £ with 1 < p < co. Assuming x* — x in o (€7, EP/)
prove that:
(a) (x") is bounded in £7,
(b) x! —— x; for every i, where x" = (x{,x5,...,x/',...) and x =
n—o0
(X1, X2, ooy Xiy o).

2. Conversely, suppose (x") is a sequence in £7 with 1 < p < co. Assume that (a)
and (b) hold (for some limit denoted by x;). Prove that x € £ and that x" — x
ino(LP,L7).

For every integer n > 1 let

e"=(0,0,...,1,0,...).

(n)

1. Prove that&” — 0 in £” weakly o (€7, £7") with 1 < p < 0.
n—>oo

2. Prove that there is no subsequence (¢*) that converges in £! with respect to
o (el ).

3. Construct an example of a Banach space E and a sequence (f;) in E* such
that || ;|| = 1 Vn and such that (f,) has no subsequence that converges in



84 3 Weak Topologies. Reflexive Spaces. Separable Spaces. Uniform Convexity

o (E™, E). Is there a contradiction with the compactness of Bg~ in the topology
o(E*, E)?
[Hint: Take E = £°°.]

[3.19|Let E = ¢7 and F = ¢4 with 1 < p < ooand 1 < g < co.Leta: R — R
be a continuous function such that

la(t)| < C|t|P? Vi e R.

Given
X =(X1,X2,...,%,...) €LP,

set
Ax = (a(xl), a(xy),...,a(x;), )

1. Prove that Ax € ¢9 and that the map x +— Ax is continuous from ¢” (strong)
into £9 (strong).

2. Prove that if (x") is a sequence in £” such that x" — x in o (£7, 61’/) then
Ax" — Axino (€4, 9.

3. Deduce that A is continuous from Bg equipped with o (E, E*) into F equipped
with o (F, F*).

Let E be a Banach space.

1. Prove that there exist a compact topological space K and an isometry from E
into C(K) equipped with its usual norm.
[Hint: Take K = Bg+ equipped with o (E*, E).]

2. Assuming that E is separable, prove that there exists an isometry from E into
£,

Let E be a separable Banach space and let (f,) be a bounded sequence
in E*. Prove directly—without using the metrizability of E*—that there exists a
subsequence ( f;, ) that converges in o (E*, E).

[Hint: Use a diagonal process.]

Let E be an infinite-dimensional Banach space satisfying one of the following
assumptions:

(a) E™ is separable,
(b) E is reflexive.

Prove that there exists a sequence (x,) in E such that

lx.l=1 Vn and x, — Oweaklyo(E, E).

The proof of Theorem 2.16 becomes much easier if E is reflexive. Find, in
particular, a simple proof of (b) = (a).
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The purpose of this exercise is to sketch part of the proof of Theorem 3.29,
i.e., if E is a Banach space such that B is metrizable with respect to o (E, E*), then
E™ is separable. Let d (x, y) be a metric on Bg that induces on Bg the same topology
aso(E, E*). Set

1
U, = {x € Bg; d(x,0) < —}.
n

Let V,, be a neighborhood of 0 for o (E, E*) such that V,, C U,. We may assume
that V,, has the form

Va={x e E;|[(f,x)l <& V[ Dy}
with e, > 0 and ®, C E™* is some finite subset. Let D = U2 | ®, and let F denote
the vector space generated by D. We claim that F is dense in E* with respect to the

strong topology. Suppose, by contradiction, that F # E*.

1. Prove that there exist some & € E** and some fp € E* such that

(6. fo) > 1, (5§ f)=0 VfeF, and |[§]=1

1
W= {x € Bg: [(fo.x)| < 5}-

Prove that there is some integer ng > 1 such that V,,;, C W.
3. Prove that there exists x; € Bg such that

(fox1) = & )] <eny VS € Dy,
1
(o k1) = (6. fol < 5

4. Deduce that x; € V,, and that ( fo, x1) >
5. Conclude.

1
3

Let K be a compact metric space that is not finite. Prove that C(K) is not
reflexive.

[Hint: Let (a,) be a sequence in K such that @, — a and a,, # a Vn. Consider
the linear functional f(u) = 2211 zinu(an), u € C(K), and proceed as in Exercises
1.3 and 1.4.]

Let F be a separable Banach space and let (a,) be a dense subset of Bf.
Consider the linear operator T : £! — F defined by

o0
Tx:ina,- with x = (x1,x2, ..., Xy, ...) cel.

i=1

1. Prove that T is bounded and surjective.
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In what follows we assume, in addition, that F is infinite-dimensional and that
F* is separable.

2. Prove that T has no right inverse.

[Hint: Use the results of Exercise 3.22 and Problem 8.]
3. Deduce that N(T') has no complement in 28
4. Determine E*.

Let E be a separable Banach space with norm || . The dual norm on E* is
also denoted by | . The purpose of this exercise is to construct an equivalent norm
on E that is strictly convex and whose dual norm is also strictly convex.

Let (a,) C Bpg be a dense subset of Bg with respect to the strong topology. Let
(bn) C B~ be acountable subset of Bg~ that is dense in Bg» for the weak* topology
o (E*, E). Why does such a set exist?

Given f € E*, set

1/2
Il = {nfn2 +Z—| [ an)| } :

1. Prove that | 1 is a norm equivalent to ||
2. Prove that || 1 is strictly convex.
[Hint: Use Exercise 1.26.]

Given x € E, set

00 172
1
||x||z={||x||%+§ 2—n|<bn,x>|2} :
n=1

where |lx 1 = supy s, <1 (f; x).
. Prove that || » is a strictly convex norm that is equivalent to ||
4. Prove that the dual norm of || ; is also strictly convex.
[Hint: Use the result of Exercise 1.23, question 3.]
5. Find another approach based on the results of Problem 4.

(O8]

Let E be a uniformly convex Banach space. Let F' denote the (multivalued)
duality map from E into E*, see Remark 2 following Corollary 1.3 and also Exer-
cise 1.1.

Prove that for every f € E* there exists a unique x € E such that f € Fx.
Let E be a uniformly convex Banach space.

1. Prove that VM > 0, Ve > 0, 3§ > 0 such that

xX+y
2
Vx,y€ E with |x|| <M, |yll<M and [x—yl>e.

1 2
‘ Ellxll ||y||
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[Hint: Argue by contradiction.]
2. Same question when || 2 isreplaced by | 7 with I < p < oco.

Let E be a Banach space with norm || . Assume that there exists on E an
equivalent norm, denoted by | [, that is uniformly convex.

Prove that given any k > 1, there exists a uniformly convex norm ||| ||| on E such
that
Xl < lllxll < kllx]l  Vx € E.
[Hint: Set ||x[|> = |Ix||®> + «|x|> with @ > 0 small enough and use Exercise
3.29.]

Example: £ = R".
Let E be a uniformly convex Banach space.

1. Prove that :
Ve >0, Vae (O, 5) , 38 > 0 such that

ltx+ A=)yl <1-46
Vie[a,l —a], Vx,yeE withl|x|| <1, [yl <land|x—yl=>e.
[Hint: If ¢ <t < % write tx + (1 — 1)y = %(y +2).]

2. Deduce that E is strictly convex.

Projection on a closed convex set in a uniformly convex Banach space.
Let E be a uniformly convex Banach space and C C E anonempty closed convex
set.

1. Prove that for every x € E,
inf ||x —
yeC ” )’||

is achieved by some unique point in C, denoted by Pcx.
2. Prove that every minimizing sequence (y,) in C converges strongly to Pcx.
Prove that the map x +> Pcx is continuous from E strong into E strong.
4. More precisely, prove that Pc is uniformly continuous on bounded subsets of E.
[Hint: Use Exercise 3.29.]

W

Lety : E — (—00, +00] be a convex L.s.c. function, ¢ # +o0.
5. Prove that for every x € E and every integer n > 1,

inf {nllx = yI2 + o]
yeE

is achieved at some unique point, denoted by y,.
6. Prove that y, —— Pcx, where C = D(p).
n— o0







Chapter 4
L? Spaces

Let (2, M, ) denote a measure space, i.e., 2 is a set and

(i) Misao-algebrain Q,i.e., M is a collection of subsets of €2 such that:

(a) B e M,
b) Ae M= Ae M,
(¢) Upey An € M whenever A, € M Vn,

(ii) w is a measure,i.e., u : M — [0, oo] satisfies
(@ n@ =0,
o o0
) n < U A,,) = |J u(A,) whenever (A,) is a disjoint

n=1 n=1
countable family of members of M.
The members of M are called the measurable sets. Sometimes we shall
write |A| instead of w1 (A). We shall also assume—even though this is not
essential—that

(iii) 2 is o-finite, i.e., there exists a countable family (£2,) in M such that 2 =
Uo2, Q24 and 1(82,) < 00 Vn.

The sets E € M with the property that u(E) = 0 are called the null sets. We
say that a property holds a.e. (or for almost all x € ) if it holds everywhere on €2
except on a null set.

We assume that the reader is familiar with the notions of measurable functions
and integrable functions f : Q2 — R; see, e.g., H. L. Royden [1], G. B. Folland [2],
A.Knapp[1],D.L.Cohn[1],A. Friedman [3], W. Rudin [2], P. Halmos [1], E. Hewitt—
K. Stromberg [1], R. Wheeden—A. Zygmund [1], J. Neveu [1], P. Malliavin [1],
A.J. Weir [1], A. Kolmogorov—S. Fomin [1], I. Fonseca—G. Leoni [1]. We denote by
LY(Q, ), or simply L'(2) (or just L), the space of integrable functions from £
into R.

We shall often write [ f instead of | o f du, and we shall also use the notation

H. Brezis, Functional Analysis, Sobolev Spaces and Partial Differential Equations, 89
DOI 10.1007/978-0-387-70914-7 4, © Springer Science+Business Media, LLC 2011
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1f 1l = 1£ 1 =/Q|f|du=/|fl-

As usual, we identify two functions that coincide a.e. We recall the following basic
facts.

4.1 Some Results about Integration That Everyone Must Know

e Theorem 4.1 (monotone convergence theorem, Beppo Levi). Let (f,,) be a se-
quence of functions in L' that satisfy

@A L= fup1 Z---aeon
(b) sup, [ fn < oo.

Then f,(x) converges a.e. on 2 to a finite limit, which we denote by f(x); the
function f belongs to L' and || f, — f|1 — O.

e Theorem 4.2 (dominated convergence theorem, Lebesgue). Let (f,,) be a se-
quence of functions in L' that satisfy

@ f,(x) = f(x)ae. on%,
(b) there is a function g € L' such that for all n, | f,(x)| < g(x) a.e. on L.

Then f € L' and || f, — fll1 = O.
Lemma 4.1 (Fatou’s lemma). Let ( f;,) be a sequence of functions in L' that satisfy

(a) foralln, f, >0 a.e.
(b) sup, [ fn < oo.

For almost all x € Q we set f(x) = liminf, 0 f; (x) < 400. Then f € L' and

n—o0

f< liminf/fn.

A basic example is the case in which @ = RV, M consists of the Lebesgue
measurable sets, and p is the Lebesgue measure on RV,

Notation. We denote by C. (RM) the space of all continuous functions on RY with
compact support, i.e.,

C.(RV) = {f e C(RM); f(x)=0 Vxe RN\K, where K is compact}.
Theorem 4.3 (density). The space C.(RY) is dense in L'(RN); i.e.,
VfeL'RY) Ve >0 3f; € C.(RY) such that | f — fill1 < e.

Let (21, My, uy) and (22, M3 , o) be two measure spaces that are o -finite.
One can define in a standard way the structure of measure space (2, M , u) on the
Cartesian product 2 = Q1 x .
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Theorem 4.4 (Tonelli). Let F(x,y) : Q21 x Q2 — R be a measurable function
satisfying

(a) / |F(x,y)|lduy < oo forae.x € Q
Q)

and

(b) / dus / IF e, ldps < o0,
Q Q)

Then F € L'(Q1 x Q).

Theorem 4.5 (Fubini). Assume that F € L'($) x ). Then for ae. x € Q,
F(x,y) € L;(Qz) and sz F(x,y)du, € L}C(Ql). Similarly, for ae. y € Qa,

F(x,y) € Ly(Q1) and [g F(x, y)du; € Ly(Q).
Moreover, one has

/ dm/ F(x,y)dm:/ sz/ F(x, y)du =/f F(x, y)dpidp,.
Q) Q) Q) Q QI xQ)

4.2 Definition and Elementary Properties of L? Spaces

Definition. Let p € R with 1 < p < oo; we set
LP(Q) = {f : Q2 — R; f is measurable and | | € LI(SZ)}
with
1/p
1 £l = I£1p = [/Q lf(X)I”du} .

We shall check later on that |, is a norm.

Definition. We set

f is measurable and there is a constant C
L°°(Q)={f:§2—>R }

such that | f(x)] < C a.e.on Q

with
| fllLe = |l fllo =inf{C; |f(x)] < C a.e. on 2}.

The following remark implies that |  is a norm:

Remark 1. If f € L* then we have

| f] < I fllc ae.on 2.

Indeed, there exists a sequence C, such that C,, — || f||co and for each n, | f(x)| <
C, ae. on Q. Therefore |f(x)| < C, for all x € Q\E,, with |E,| = 0. We set
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E =U2 | E,, sothat |[E| = 0and
[f()] < Cy Vn, VxeQ\E;

it follows that | f(x)] < | fllee  Vx € Q\E.

Notation. Let 1 < p < oo; we denote by p’ the conjugate exponent,

e Theorem 4.6 (Holder’s inequality). Assume that f € L?P and g € L?" with
1 < p <oo. Then fg € L' and

n [ 1751 =151, gt

Proof. The conclusion is obvious if p = 1 or p = oo; therefore we assume that
1 < p < 0o. We recall Young’s inequality:'

1 1
2) ab < —aP + =b" Ya =0, Vb=0.
p p

Inequality (2) is a straightforward consequence of the concavity of the function
log on (0, 00):

1 | - 1 1 /
log (—a” + —/bp> > —log a’ + — log b¥ =log ab.
p p p p

We have
1 1 /
[f(x)g(x)| < ;|f(x)|p + ?Ig(x)V’ ae.x € Q.

It follows that fg € L! and

! py ] 4
3 [ 17l < Ll + el
Replacing f by Af (A > 0) in (3), yields
APl » 1 v
@ [ 17 < U1+ el
Choosing A = ||f||lj1 ||g||§,/p (so as to minimize the right-hand side in (4)), we

obtain (1).

!' It is sometimes convenient to use the form ab < ga? + Cgbf’/ with C, = g~ Vp=D,
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Remark 2. Ttis useful to keep in mind the following extension of Holder’s inequality:

Assume that f1, f2, ..., fr are functions such that
. . o1 1 1 1
fiell, 1<i<kwith—=—+4—+ ...+ —<1.
p P P2 Pk

Then the product f = f1 f>--- fi belongs to L” and

1Al < Wfillpi A2l - - L il -

Inparticular, if f € LPNLY with1 < p < g < oo,then f € L forallr,p <r <gq,
and the following “interpolation inequality” holds:

l—«o
q

1— 1 o
1l < WG], where — = "

see Exercise 4.4.
Theorem 4.7. L? is a vector space and ||, is a norm for any p, 1 < p < oo.

Proof. The cases p = 1 and p = oo are clear. Therefore we assume 1 < p < oo
and let f, g € LP. We have

L)+ g7 = (f )]+ 1g()D? =27 f ()17 + g()IP).

Consequently, f + g € L?. On the other hand,
||f+g||£=/|f+g|"—1|f+g| s/|f+g|"—1|f|+/|f+g|"—1|g|.

But |f +g|P ! e L?, and by Holder’s inequality we obtain

-1
If+glly < If +ellp Al +liglp).

ie, If+glp = Ifllp+1glp
e Theorem 4.8 (Fischer-Riesz). L? is a Banach space for any p, 1 < p < oo.

Proof. We distinguish the cases p = oo and 1 < p < co.

Case 1: p = oo. Let (f,) be a Cauchy sequence is L°°. Given an integer k > 1
there is an integer Ny such that || f;, — fulleo < Lform,n > Nr. Hence there is a
null set E; such that

1

%) [fm(x) = fu()l =~ Vx € Q\E, Vm,n = Ni.

Ll

Then we let E = Uk Er—so that E is a null set—and we see that for all x € Q\E,
the sequence f;, (x) is Cauchy (in R). Thus f,(x) — f(x) forall x € Q\E. Passing
to the limit in (5) as m — oo we obtain
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forall x € Q\E, Vn > N.

==

If ) = fa()] <

We conclude that f € L™ and || f — fulloo < % Vn > Ny; therefore f, — f
in L.

Case2:1 < p < oo. Let (f;;) be a Cauchy sequence in L”. In order to conclude,
it suffices to show that a subsequence converges in L”.
We extract a subsequence ( f;;, ) such that

1
| frgsr — Fuillp < 7% Vk > 1.

[One proceeds as follows: choose ny such that || f,, — fullp, < % Vm,n > ny;
then choose ny > np such that || f, — fullp < 21—2 Vm,n > np etc.] We claim that
fu, converges in L?. In order to simplify the notation we write f; instead of f,,, so

that we have

1
(©6) I ferr = fellp < 5 VA= 1.

Let .
g () =D | fir1(¥) — fi(x)l,
k=1
so that
lgallp < 1.

As a consequence of the monotone convergence theorem, g, (x) tends to a finite limit,
say g(x), a.e. on 2, with g € L?. On the other hand, for m > n > 2 we have

[fn () = fn O] = [ fn (X)) = fn—1 GO+ -+ fur1 () = fa ()] = (X)) = gn—1(x).

It follows that a.e. on 2, f,(x) is Cauchy and converges to a finite limit, say f (x).
We have a.e. on €2,

@) If () = fu(x)| < gx)  forn =2,

and in particular f € LP. Finally, we conclude by dominated convergence that
Il fu — fll, = O,since | f,(x) — f(x)|? — Oae.andalso |f, — f|¥ < gP € Ll

Theorem 4.9. Let (f;) be a sequence in L and let f € L? be such that || f, — |l
— 0.

Then, there exist a subsequence (fy,) and a function h € L? such that

@) fn,(x) > f(x)ae.onQ,
®) | fu, ()] < h(x) Vk, ae.on Q.

Proof. The conclusion is obvious when p = co. Thus we assume 1 < p < oo. Since
(f») 1s a Cauchy sequence we may go back to the proof of Theorem 4.8 and consider
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a subsequence ( f,,, )—denoted by ( fx)—satisfying (6), such that f; (x) tends a.e. to
a limit?> f*(x) with f* € LP. Moreover, by (7), we have | f*(x) — fr(x)] < g(x)
Vk, a.e. on Q with g € L?. By dominated convergence we know that fy — f* in
L? and thus f = f* a.e. In addition, we also have | fi(x)| < | f*(x)| + g(x), and
the conclusion follows.

4.3 Reflexivity. Separability. Dual of L?

We shall consider separately the following three cases:

A) 1 <p<oo,
B p=1,
(©) p=o0.

A. Study of L?(R) for1 < p < oo.
This case is the most “favorable”: L” is reflexive, separable, and the dual of L?
is L.

e Theorem 4.10. L7 is reflexive for any p, 1 < p < oc.

The proof consists of three steps:

Step 1 (Clarkson’s first inequality). Let 2 < p < oco. We claim that

P —
n H f . g

p

f+sg
(8) H —

|
=< E(Ilfllﬁ +lglp) Vfgel”
p

Proof of (8). Clearly, it suffices to show that

p p

a—>b
2

a+b
2

1
< E(Ialf’ +1b|") Va,beR.

First we note that
af + 7 < @+ BHP? VYa, >0

(by homogeneity, assume 8 = 1 and observe that the function
2+ P —xP —1

increases on [0, 00)). Choosing o = |#| and g = |%|, we obtain
P 2\ P12 2 \P?
< =5+ < 5(al"+1bI")

2 2
2 A priori one should distinguish f and f*: by assumption f, — f in L, and on the other hand,
S () = f*(x) ae.

P la—b

2

a+b
2

a+b
2

2 a—>b
2
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(the last inequality follows from the convexity of the function x — |x|P/? since
p=2).

Step 2: L? is uniformly convex, and thus reflexive for 2 < p < oo. Indeed, let
e>0andlet f,g € L? with | fll, <1, |Igll, <1,and || f — gll, > &. We deduce
from (8) that

P E\P
<1- (—)
2

=)

and thus ||%||,, < 1-=38withs = 1 —[1 — (§P]"/? > 0. Therefore, L? is
uniformly convex and thus reflexive by Theorem 3.31.

Step 3: L? is reflexive for 1 < p < 2.

Proof. Let1 < p < oo. Consider the operator T : L? — (LP/)* defined as follows:
Letu € L? be fixed; the mapping f € L? + [ uf is acontinuous linear functional
on L and thus it defines an element, say Tu, in (Lp/)* such that

(Tu,f)=/uf VfelLl.
We claim that
(9) ”Tu”(Lp/)* = ||14||p Yu e LP.

Indeed, by Holder’s inequality, we have

(Tu, £) < lull, £y ¥feLl

and therefore ||Tu||(L,,/)* < ullp.
On the other hand, set

foto) = u@P2u(x)  (folx) =0if u(x) =0).

Clearly we have

/ -1
foeL? N folly = [ul} ™ and (Tu, fo) = llul}p:
thus

(Tu, fo)

(10) ITull gy =
T Aol

= llullp-

Hence, we have shown that T is an isometry from L? into (LI’/)*, which implies that
T (L?) is a closed subspace of (L” )" (because L” is a Banach space).
Assume now 1 < p < 2. Since L? is reflexive (by Step 2), it follows that (Lp/)*
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is also reflexive (Corollary 3.21). We conclude, by Proposition 3.20, that T'(L?) is
reflexive, and as a consequence, L7 is also reflexive.

Remark 3. In fact, L? is also uniformly convex for 1 < p < 2.This is a consequence
of Clarkson’s second inequality, which holds for 1 < p < 2:

f+g
2

4 _
+Hf2g
P

4 1 p 1 » 1/(p—1) )
=(slneslel) et

This inequality is trickier to prove than Clarkson’s first inequality (see, e.g., Prob-
lem 20 or E. Hewitt—K. Stromberg [1]). Clearly, it implies that L? is uniformly convex
when 1 < p < 2; for another approach, see also C. Morawetz [1] (Exercise 4.12) or
J. Diestel [1].

e Theorem 4.11 (Riesz representation theorem). Ler 1 < p < oo and let ¢ €
(LP)*. Then there exists a unique function u € LP such that

<¢,f>=/ uf VfelLP.

Moreover,
el =@l 1oy

Remark 4. Theorem 4.11 is very important. It says that every continuous linear func-
tional on L? with 1 < p < oo can be represented “concretely” as an integral. The
mapping ¢ +— u, which is a linear surjective isometry, allows us to identify the
“abstract” space (L?)* with LY.

In what follows, we shall systematically make the identification

(LPY* = L7

Proof. We consider the operator T : L? — (LP)* defined by (Tu, f) = [uf

Vu € L,V f € LP. The argument used in the proof of Theorem 4.10 (Step 3)
shows that /
”Tu”(Lp)* = ||M||p’ Yu e L? .

We claim that T is surjective. Indeed, let E = T(Lp/). Since E is a closed subspace,
it suffices to prove that E is dense in (LP)*. Let h € (LP)** satisfy (h, Tu) = 0
Yu e L” . Since L? is reflexive, h € LP, and satisfies fuh =0VuelL”. Choosing
u = |h|P~2h, we see that h = 0.

Theorem 4.12. The space C.(RN) is dense in LP (RN) for any p, 1 < p < oo.
Before proving Theorem 4.12, we introduce some notation.

Notation. The truncation operation T,, : R — R is defined by
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r if [r] < n,
T,r = § nr

— if [r| > n.
|7

Given a set E C 2, we define the characteristic function3 XE to be

1 ifx e E,

X) =
XE() {o if x € Q\E.

Proof. First, we claim that given f € L?(RY) and ¢ > 0 there exist a function
g € L*(R") and a compact set K in R" such that g = 0 outside K and

(11) If = gllp <e.

Indeed, let x, be the characteristic function of B(0,n) and let f, = x,7,f. By
dominated convergence we see that || f, — fIl, — O and thus we may choose
g = fn with n large enough. Next, given § > 0 there exists (by Theorem 4.3) a
function g; € C.(R") such that

g — g1l <.

We may always assume that || g1 ||co < ||€]lco; Otherwise, we replace g by 7,,g1 with
n = ||g|lco- Finally, we have

1 1-(1 _
g —gill, < llg — g11y"” llg — g1l "? < 8P 2lIgla) =P
We conclude by choosing § > 0 small enough that
87 2lgllo)' =P <&

Definition. The measure space 2 is called separable if there is a countable family
(E,) of members of M such that the o-algebra generated by (E,) coincides with
M (i.e., M is the smallest o -algebra containing all the E},’s).

Example. The measure space Q = R” is separable. Indeed, we may choose for (E,,)
any countable family of open sets such that every open set in R" can be written as a
union of E,’s. More generally, if Q2 is a separable metric space and M consists of
the Borel sets (i.e., M is the o-algebra generated by the open sets in €2), then Q2 is a
separable measure space.

Theorem 4.13. Assume that Q is a separable measure space. Then LP(S2) is sepa-
rable for any p, 1 < p < oo.

We shall consider only the case Q2 = R¥, since the general case is somewhat
tricky. Note that as a consequence, L?(2) is also separable for any measurable
set @ C RY. Indeed, there is a canonical isometry from L”(£2) into LP(RY) (the

3 Not to be confused with the indicator function I introduced in Chapter 1.
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extension by 0 outside €2); therefore L?”(£2) may be identified with a subspace of
LP(RN) and hence L? () is separable (by Proposition 3.25).

Proof of Theorem 4.13 when Q@ = RY. Let R denote the countable family of sets
in RV of the form R = ]_[,ivzl(ak, by) with ay, by € Q. Let £ denote the vector
space over (Q generated by the functions (xg) gpeR., that is, £ consists of finite linear
combinations with rational coefficients of functions g, so that £ is countable.

We claim that £ is dense in L?(R"). Indeed, given f € LP(RV) and ¢ > 0,
there exists some fi € C.(RV) such that || f — f; l, <& Let R € R be any cube
containing supp f1 (the support of f1). Given § > 0 it is easy to construct a function
f>» € £ such that || fi — f2]lec < 8 and f> vanishes outside R: it suffices to split
R into small cubes of R where the oscillation (i.e., sup — inf) of fj is less than §.
Therefore we have || fi — f2ll, < lfi — f2lloolRI'/P < 8|R|'/P. We conclude that
I f — f2llp < 2e, provided § > 0 is chosen so that §|R|'/? < e.

B. Study of L1(%).
We start with a description of the dual space of L' ().

e Theorem 4.14 (Riesz representation theorem). Let ¢ € (L')*. Then there exists
a unique function u € L such that

<¢>,f>=/uf vielLl.

Moreover,
lulloo = ll@pllp1ys-

e Remark 5. Theorem 4.14 asserts that every continuous linear functional on L' can
be represented “concretely” as an integral. The mapping ¢ +— u, which is a linear
surjective isometry, allows us to identify the “abstract” space (L')* with L. In what
follows, we shall systematically make the identification

(LY* = L.

Proof. Let (£2;;) be a sequence of measurable sets in € such that Q = US|, and
|2,| <00 Vn.Set x, = xq,.
The uniqueness of u is obvious. Indeed, suppose u € L™ satisfies

/uf:O VielLl

Choosing f = x;, signu (throughout this book, we use the convention that sign 0 =
0), we see that u = 0 a.e. on 2, and thus u = 0 a.e. on Q.
We now prove the existence of u. First, we construct a function 8 € L*(S)
such that
O(x)>¢e,>0 VxeQ,.
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It is clear that such a function 6 exists. Indeed, we define 6 to be «w; on 21, ay
on 2\, ..., o, on 2,\2,_1, etc., and we adjust the constants ¢, > 0 in such a
way that 0 € L.

The mapping f € L*>(Q2) > (¢, 6f) is a continuous linear functional on L?(£2).
By Theorem 4.11 (applied with p = 2) there exists a function v € L?(2) such that

(12) (¢,0f) = / vf VfeLXQ).

Set u(x) = v(x)/0(x). Clearly, u is well defined since 6 > 0 on £2; moreover, u is
measurable and uy, € L?(X2). We claim that u has all the required properties. We
have

13) (. xn8) :/ang Vg € L*(Q) Vn.

Indeed, it suffices to choose f = x,g/6 in (12) (note that f € L?() since fis
bounded on 2, and f = 0 outside £2,,).
Next, we claim that u € L°°(£2) and that

(14) lulloo < ll@ll g1y
Fix any constant C > [[¢|| .1y~ and set
A={xeQux) > C}.

Let us verify that A is a null set. Indeed, by choosing g = x4 sign « in (13) we obtain

/ lul < Nl p1y1A N Ly
AN,
and therefore

CIAN Q| < 1@l z1) |4 N Q1.

It follows that |A N 2,| = 0 Vn, and thus A is a null set. This concludes the proof
of (14).
Finally, we claim that

(15) @Jﬁ:/@h Vh e L1(Q).

Indeed, it suffices to choose g = T,k (truncation of /) in (13) and to observe that
snTph — hin L1().

In order to complete the proof of Theorem 4.14 it remains only to check that
lulloo = ll@ll(r1)+- We have, by (15),

(@, )] < llullollilli VR € L'(Q),
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and therefore |||l (1)« < |[u|lco- We conclude with the help of (14).

e Remark 6. The space L' () is never reflexive except in the trivial case where
consists of a finite number of atoms—and then L' (2) is finite-dimensional. Indeed
suppose, by contradiction, that L! () is reflexive and consider two cases:

(i) Ve > 0 dw C @ measurable with 0 < p(w) < e.
(i) 3¢ > O such that u(w) > ¢ for every measurable set w C 2 with u(w) > 0.

In Case (i) there is a decreasing sequence (w,) of measurable sets such that
wu(w,) > 0 Vn and p(w,) — 0 [choose first any sequence (w;) such that 0 <
p(w)) < 1/2% and then set w, = | J52,, w}]-

Let x, = Xw, and define u, = x,/llxnll1. Since |lu,lly = 1 there is a
subsequence—still denoted by u,—and some u € L' such that u, — u in the
weak topology o (L', L) (by Theorem 3.18), i.e.,

(16) /ungb N /u¢ Vo € L.

On the other hand, for fixed j, and n > j we have f upx;j = 1. At the limit, as
n — oo, weobtain [ ux; = 1V;. Finally, we note (by dominated convergence) that
Juxj — 0as j - oco—a contradiction.

In Case (ii) the space 2 is purely atomic and consists of a countable union of
distinct atoms (a,) (unless there is only a finite number of atoms!). In that case
L'(Q) is isomorphic to £! and it suffices to prove that £! is not reflexive. Consider
the canonical basis:

en,=(0,0,...,1,0,0...).
(n)

Assuming ¢! is reflexive, there exist a subsequence (e, ) and some x € ¢! such that
en, — x in the weak topology o (LL, £%), ie.,

(@, en,) —> (@, x) Vo €L,
k— o0

Choosing
p=¢;=(0,0,...,1,1,1,...)
)

we find that {(¢;, x) = 1 Vj. On the other hand (¢;,x) — 0 as j — oo (since
x € £Y)—a contradiction.

C. Study of L*°.
We already know (Theorem 4.14) that L>® = (L')*. Being a dual space, L™
enjoys some nice properties. In particular, we have the following:

(i) The closed unit ball Bz is compact in the weak* topology o (L>, L) (by
Theorem 3.16).

(i) If 2 is a measurable subset in RY and ( fn) is a bounded sequence in L°°(R),
there exists a subsequence ( f,,,) and some f € L°(Q) such that f,;, — f in
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the weak* topology o (L, L) (this is a consequence of Corollary 3.30 and
Theorem 4.13).

However L*°(R2) is not reflexive, except in the trivial case where €2 consists of
a finite number of atoms; otherwise L'(2) would be reflexive (by Corollary 3.21)
and we know that L' is not reflexive (Remark 6). As a consequence, it follows that
the dual space (L*°)* of L> contains L' (since L>® = (L')*) and (L™®)* is strictly
bigger than L'. In other words, there are continuous linear functionals ¢ on L
which cannot be represented as

<¢sf)=/uf Vf e L®andsomeu € L.

In fact, let us describe a “concrete” example of such a functional. Let ¢y : C.(RY) —
R be defined by

$o(f) = f(0) for f € C.(RY).
Clearly ¢y is a continuous linear functional on C.(R") for the | o, norm. By Hahn—

Banach, we may extend ¢ into a continuous linear functional ¢ on L>®°(R") and
we have

a7 (¢, f) = f(0) VfeCcRY).

Let us verify that there exists no function u € L'(RY) such that

(18) (@, f) = fuf Ve L®®RY).

Assume, by contradiction, that such a function u exists. We deduce from (17) and
(18) that

/uf =0 VfeC(RY)and f(0) = 0.

Applying Corollary 4.24 (with @ = RV \{0}) we see that u = 0 a.e. on R\ {0} and
thus u = 0 a.e. on RY. We conclude (by (18)) that

(@, f)=0 YfeL®RY),

which contradicts (17).

* Remark 7. The dual space of L> does not coincide with L' but we may still ask
the question: what does (L°°)* look like? For this purpose it is convenient to view
L>°(Q2; C) as a commutative C*-algebra (see, e.g., W. Rudin [1]). By Gelfand’s
theorem L°°(£2; C) is isomorphic and isometric to the space C(K; C) of continuous
complex-valued functions on some compact topological space K (K is the spectrum
of the algebra L*°; K is not metrizable except when €2 consists of a finite number
of atoms). Therefore (L°°(2; C))* may be identified with the space of complex-
valued Radon measures on K and L*°(2; R)* may be identified with the space of
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real-valued Radon measures on K; for more details, sese Comment 3 at the end of
this chapter, W. Rudin [1] and K. Yosida [1] (p. 118).

Remark 8. The space L°°(Q2) is not separable except when 2 consists of a finite
number of atoms. In order to prove this fact it is convenient to use the following.

Lemma 4.2. Let E be a Banach space. Assume that there exists a family (O;)icy
such that

(i) for eachi € I, O; is a nonempty open subset of E,
() 0N O, =Bifi #j,
(iii) I is uncountable.
Then E is not separable.

Proof of Lemma 4.2. Suppose, by contradiction, that E is separable. Let (#,),eN
denote a dense countable set in E. For each i € I, the set O; N (i) en # @ and we
may choose n(i) such that u,;y € O;. The mapping i — n(i) is injective; indeed,
if n(@) = n(j), then u,i) = uuy € O0; N O and thus i = j. Therefore, [ is
countable—a contradiction.

We now establish that L°°(2) is not separable. We claim that there is an un-
countable family (w;);e; of measurable sets in €2 which are all distinct, that is, the
symmetric difference w; A w; has positive measure for i # j. We then conclude by
applying Lemma 4.2 to the family (O;);¢; defined by

Oi ={f € L(); IIf = Xeylloo < 1/2}

(note that || X, — X' llco = 1 if w and @’ are distinct). The existence of an uncountable
family (w;) is clear when € is an open set in R" since we may consider all the balls
B(xg, r) with xg € Q and r > 0 small enough.

When €2 is a general measure space we split 2 into its atomic part 2, and its
nonatomic (= diffuse) part 24; then we distinguish two cases:

(i) 24 is not a null set.
(ii) 4 is a null set.

In Case (i), then for each real number 7, 0 < ¢t < u(24), there is a measurable
set w with w(w) = t; see, e.g., P. Halmos [1], A. J. Weir [1], or J. Neveu [1]. In this
way, we obtain an uncountable family of distinct measurable sets.

In Case (ii) 2 consists of a countable union of distinct atoms (a,) (unless €2
consists of a finite number of atoms). For any collection of integers, A C N, we define
wp = Un ea an- Clearly, (w4) is an uncountable family of distinct measurable sets.

The following table summarizes the main properties of the space L” (£2) when
is a measurable subset of RV :

Reflexive|Separable Dual space
L? with1 < p < co| YES YES LY
L' NO YES L
L NO NO  [Strictly bigger than L'
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4.4 Convolution and regularization

We first define the convolution product of a function f € L!(R") with a function
g € LP(RN).

e Theorem 4.15 (Young). Let f € L'(RY) and let g € LP(RN) with 1 < p < oc.
Then for a.e. x € RV the function y — f(x — y)g(y) is integrable on RN and we
define

(Feo = [ 7= gy

In addition f g € LP(RN) and

1 *gllp < 1£111 lgllp-

Proof. The conclusion is obvious when p = co. We consider two cases:

@ p=1,
(i) 1 < p < oo.

Case(i):p=1.Set F(x,y) = f(x —y)g(»).
For a.e. y € RV we have

/RN [F(x, y)ldx = |g(y) /RN If(x = »ldx =g 1 flIh < o0

and, moreover,

/ dy/ |F(x, y)ldx =gl I fllh < oo.
RV T JRY

We deduce from Tonelli’s theorem (Theorem 4.4) that F € L' (RN x RY). Applying
Fubini’s theorem (Theorem 4.5), we see that

/ |F(x, y)|ldy < oo forae. x € RV
RN

and, moreover,

‘éNdxAQ|FutWMy=iéNdyAQ|Futwwx=nfnmgm.

This is precisely the conclusion of Theorem 4.15 when p = 1.
Case (ii): 1 < p < oo. By Case (i) we know that for a.e. fivxed x € RV the
function y > | f(x — y)| |g(y)|? is integrable on R", that is,

Ifx = 0IYP1g(] € LYRY).

Since | f (x, y)|'/ re Lg, (RV), we deduce from Hélder’s inequality that
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|f = llgW = 1f & =PI = 01YPIg(y)] € Ly@®RY)

and

, 1/p
AN =gy < I£17 </R £ (e =)l |g(y>|1’dy> :

that is,
(NP < [ £ A f 151817 ).
We conclude, by Case (i), that f x g € LP(R") and

1 =gl < 1177 1]

P
p’
that is,

Ifxgllp <M fliliglp.

Notation. Given a function f on RY we set f x) = f(—x).

Proposition 4.16. Let f € L'(RY), g € LP(RN) and h € L' (RN). Then we have

/RN(f*g)h=/RNg(f*h).

Proof. The function F(x, y) = f(x — y)g(y)h(x) belongs to L' (RN x RV) since

/Ih(X)IdXI If (= I 1gldy < o0

by Theorem 4.15 and Holder’s inequality. Therefore we have

/(f*g)(x)h(x)dx :/dx/F(x,y)dy :/dy/F(x,y)dx

_ / ¢« dy.

Support and convolution. The notion of support of a function f is standard: supp f
is the complement of the biggest open set on which f vanishes; in other words supp f
is the closure of the set {x; f(x) # 0}. This notion is not adequate when dealing with
equivalence classes, such as the space L?. We need a definition which is intrinsic,
that is, supp f1 and supp f> should be the same (or differ by a null set) if f| = f> a.e.
The reader will easily admit that the usual notion does not make sense for f = xq
on R. In the following proposition we introduce the appropriate notion.

Proposition 4.17 (and definition of the support). Let f : RN — R be any function.
Consider the family (w;)ic; of all open sets on RN such that for eachi € I, f =0
a.e.on w;. Setw = J;¢; ;.

Then f =0 a.e. on w.
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By definition, supp f is the complement of w in RN .

Remark 9.

(a) Assume fi = f> a.e. on RV; clearly we have supp f; = supp f>. Hence we may
talk about supp f for a function f € LP—without saying what representative
we pick in the equivalence class.

(b) If f is a continuous function on RY it is easy to check that the new definition of
supp f coincides with the usual definition.

Proof of Proposition 4.17. Since the set I need not be countable it is not clear that
f = 0 a.e. on w. However we may recover the countable case as follows. There is
a countable family (0, of open sets in RV such that every open set on R is the
union of some O,’s. Write ; = (J,c4, On and @ = | J,,c g On Where B = ;¢ A;.
Since f = 0 a.e. on every set O, withn € B, we conclude that f = 0 a.e. on w.

e Proposition 4.18. Let f € L'(RY) and g € LP(RY) with 1 < p < oo. Then

]supp(f *g) Csupp f +suppg. ‘

Proof. Fix x € RY such that the function y — f(x — y)g(y) is integrable (see
Theorem 4.15). We have

(f*xg)(x) = / fx—y)gydy = / fx—y)g(y)dy.

(x—supp f)Nsupp g

If x ¢ supp f +supp g, then (x —supp f) Nsuppg = P and so (f xg)(x) = 0. Thus

(f xg)(x) =0 a.e.on (supp f + supp g)°.

In particular,

(f *)(x) =0 ae.on Int[(supp f + supp )]

and therefore
supp(f * g) C supp f + suppg.

e Remark 10. If both f and g have compact support, then f » g also has compact
support. However, f * g need not have compact support if only one of them has
compact support.

Definition. Let @ C RY be open and let 1 < p < oo. We say that a function
f : 2 — Rbelongs to L{(’)C(Q) if fxx € LP(R2) for every compact set K contained
in .

Note that if f € LY (), then f € L. (Q).

loc loc

Proposition 4.19. Let f € C.(RY) and g € L) (RN). Then (f % g)(x) is well
defined for every x € RN, and, moreover, (f x g) € C(RV).
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Proof. Note that for every x € RY the function y — f(x — y)g(y) is integrable on
R¥ and therefore (f  g)(x) is defined for every x € RV .

Let x, — x and let K be a fixed compact set in RY such that (x,, — supp f) C K
Vn. Therefore, we have f(x, —y) = 0Vn, Vy ¢ K. We deduce from the uniform
continuity of f that

1fGn— ) — f(x — )| < eaxk(y) Vn, VyeRM

with g, — 0. We conclude that
I(f %)) — (f ) ()] < en/ g)ldy —> 0.
K

Notation. Let @ C R" be an open set.
C(L2) is the space of continuous functions on €2.

C k(SZ) is the space of functions k times continuously differentiable on © (k > 1 is
an integer).

C®(Q) = Nk CH(Q).

C.(L2) is the space of continuous functions on 2 with compact support in €2, i.e.,
which vanish outside some compact set K C 2.

ck) =ck@Q)nc.().

CF () = C™(Q2) N C(),
(some authors write D(R2) or C3°(£2) instead of CZ°(£2)).

If f € C1(Q), its gradient is defined by
a 0 a
V= <_f o _f)

ax1’ dxa’ 7 dxn

If fe Ck(Q) and ¢ = (a1, o2, ..., o) is a multi-index of length || = o1 + a2 +
--- 4+ ay, less than k, we write
%l 9%2 XN

& —ay
dx; ' 0xy 0xy

DUf =

f.

e Proposition 4.20. Let f € CXRN)(k > 1) and let g € L} (RN). Then f x g €
CK@RN)Y and

DY(fxg) =(D*f)*xg Vo with|a| <k.

In particular; if f € C°(RN) and g € L. _(RN), then f x g € C*(RNV).

loc

Proof. By induction it suffices to consider the case k = 1. Given x € RY we claim
that f » g is differentiable at x and that

V(fxg)x) = (Vf)*gx).
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Let 1 € RN with || < 1. We have, for all y € RV,
lfG+h—=y)—fx—y)—h-Vf(x -yl

1
/0 -V f(x+sh—y)—h-Vf(x—ylds| < |hle(h])

with e(|h]) — 0 as |h] — 0 (since V f is uniformly continuous on R¥V).
Let K be a fixed compact set in RY large enough that x + B(0, 1) —supp f C K.
We have

fx+h—y)—f(x—y)—h-Vf(x—y)=0 Vy¢ K, VheB(0]1)
and therefore
|fx+h—y)—f(x—=y)—h-V f(x—y)| < |hle(lh)xkx (y) Vy € RV, Vi € B(0, 1).

We conclude that for 2 € B(0, 1),

I(f*xx+h)—(f*g)(x) —h-(Vf*xg))| = Ihle(lhl)/K lg(Mldy.

It follows that f % g is differentiable at x and V(f * g)(x) = (Vf) x g(x).

Mollifiers

Definition. A sequence of mollifiers (p,)n>1 is any sequence of functions on RN
such that

pr € CX®Y). suppp, C BO. /M. [ py=1.p, 2 00n R,

In what follows we shall systematically use the notation (p,) to denote a sequence
of mollifiers.

It is easy to generate a sequence of mollifiers starting with a single function
p € CX®(RN) such that suppp C B(0, 1), p > 0 on RV, and p does not vanish
identically—for example the function

p(x) = !/ (=1 if [x] < 1,
0 if [x| > 1.

We obtain a sequence of mollifiers by letting p, (x) = C n™N p(nx) with C = 1 / f 0.

Proposition 4.21. Assume f € C(RN). Then (p,* f) —> f uniformly on compact
sets of RN e
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Proof-* Let K C RN be a fixed compact set. Given ¢ > 0 there exists § > 0
(depending on K and ¢) such that

[ fx—y)— f(x)|<e VYxeK, VyeB(,SH).

We have, for x € RV,
(0% ) = ) = [17G=9) = F@Ipa)dy
= [ e = ey,
B(0,1/n)
Forn > 1/§ and x € K we obtain
(ur ) = fI e [ oo =e.
e Theorem 4.22. Assume f € LP(RN) with 1 < p < oco. Then (p, * f) v fin
LP(RM).

Proof. Given ¢ > 0, we fix a function f; € C.(RY) such that || f — Sfillp < € (see
Theorem 4.12). By Proposition 4.21 we know that (o, » fi) — f1 uniformly on
every compact set of RV . On the other hand, we have (by Proposition 4.18) that

supp(pn * f1) C B(0, 1/n) + supp fi C B(0, 1) + supp fi,

which is a fixed compact set. It follows that
lCon * f1) = fillp — 0.
n—oo
Finally, we write

(on* )= f =lon*(f = fOI+[on* f1) — il +[fi = f]

and thus
ICGon* )= fllp <20 = fillp + 1Gon > f1) — fillp
(by Theorem 4.15).
‘We conclude that

limsupl|(op * f) — fllp <2¢ Ve >0

n—oo

and therefore lim, oo || (0n * ) — fll, = 0.

e Corollary 4.23. Let Q@ C RY be an open set. Then C 2°(R2) is dense in LP () for
anyl < p < oo.

4 The technique of regularization by convolution was originally introduced by Leray and Friedrichs.
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Proof. Given f € L?(2) we set

fx) ifxeq,
0 if x e RM\Q,

sothat f € LP(RN).
Let (K,) be a sequence of compact sets in RY such that

o0
| Jk. =9 anddist(K,.Q) >2/n V.
n=1

[We may choose, _for example, K, = {x € RY: |x| < n and dist(x, 2€) > 2/n}.]
Set g, = xk,f and f, = pu * gn, so that

supp fn C B(0,1/n) + K, C Q.
It follows that f,, € C2°(£2). On the other hand, we have
|10 = Flivgy = 10 = Fll oy

< ”(pn * gn) — (on * f)‘|Lp(RN) + ”(IO” * f) - f”LP(RN)
< llgn = Fll Lo@ry + 1w ) = Fllo@n)-

Finally, we note that H gn— f || Lo@®N) 0 by dominated convergence and || (on *
f)— f”LP(]RN) — 0 by Theorem 4.22. We conclude that || f,, — fllLr@) — O.

Corollary 4.24. Let Q C RY be an open set and let u € Ll (Q) be such that

loc
/uf =0 VfeCXQ).

Thenu =0 a.e. on Q2.

Proof. Let g € L*®(R") be a function such that supp g is a compact set contained
in Q. Set g, = p, * g, so that g, € C°(2) provided n is large enough. Therefore
we have

(19) /ug,, =0 Vn.

Since g, — g in L'(R") (by Theorem 4.22) there is a subsequence—still de-
noted by g,—such that g, — g a.e.on R¥ (see Theorem 4.9). Moreover, we have
g ll ooy < [1gll o0 (rN)- Passing to the limit in (19) (by dominated convergence),
we obtain

(20) /ug =0.
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Let K be a compact set contained in 2. We choose as function g the function

sign u on K,
0 on RV\K.

We deduce from (20) that f x lul =0andthusu = 0 a.e. on K. Since this holds for
any compact K C €2, we conclude thatu = 0 a.e. on .

4.5 Criterion for Strong Compactness in L?

It is important to be able to decide whether a family of functions in L”(2) has
compact closure in L? (€2) (for the strong topology). We recall that the Ascoli—Arzela
theorem answers the same question in C(K), the space of continuous functions over
a compact metric space K with values in R.

e Theorem 4.25 (Ascoli-Arzela). Let K be a compact metric space and let H be a
bounded subset of C (K ). Assume that H is uniformly equicontinuous, that is,

21) Ve > 038 > Osuchthatd(x1,x3) <8 = |f(x1)— f(x)| <e VfeH.

Then the closure of H in C(K) is compact.

For the proof of the Ascoli-Arzela theorem, see, e.g., W. Rudin [1], [2], A. Knapp
[1], J. Dixmier [1], A. Friedman [3], G. Choquet [1], K. Yosida [1], H. L. Royden
[1], J. R. Munkres [1], G. B. Folland [2], etc.

Notation (shift of function). We set (t, f)(x) = f(x + h), x e RN, h e RV,

The following theorem and its corollary are “L”-versions” of the Ascoli—-Arzela
theorem.

e Theorem 4.26 (Kolmogorov—-M. Riesz—Fréchet). Let F be a bounded set in
LP(RNY with 1 < p < co. Assume that?

22) ”Hmoﬂrhf — fllp =0 uniformlyin f € F,

i.e, Ve > 036 > Osuchthat ||t f — fll, <eVfeF,Vhe RN with |h| < 8.
Then the closure of F|q in LP(2) is compact for any measurable set Q C RN
with finite measure.

[Here F|q denotes the restrictions to €2 of the functions in F.]

The proof consists of four steps:
Step 1: We claim that

(23) Con* )= fllppeyy <€ VfeF, V¥n>1/5.

5 Assumption (22) should be compared with (21). It is an “integral” equicontinuity assumption.
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Indeed, we have
[(on * )(x) — f(X)] < / [ f(x =)= f(O)lon(y)dy

l/p
< [/ [f(x —y)— f(X)I”pn(y)dy}

by Holder’s inequality.
Thus we obtain

/ [(on % F)(x) — FCO\Pdx < / / £ =) = FEOIP pa()dx dy
=/ pn(y)dy/If(x—y)—f(X)l”dx58”,
B(0,1/n)

provided 1/n < 6.

Step 2: We claim that
(24) ||10n * fHLOO(RN) S Cn ”f”Ll’(RN) vf € f
and

[Gon * f)(x1) = (o * f)(x2)| = Call fllplxr — x2]

(25)
VfeF, Vxi,xeRN,

where C,, depends only on 7.
Inequality (24) follows from Holder’s inequality with C,, = |0, || ;. On the other
hand, we have V(p, * f) = (Vp,) * f and therefore

IV (on * f)”LOO(]RN) = ||V/0n”Lp/(RN)”f”LP(]RN)'
Thus we obtain (25) with C,, = |V p, Lo my-

Step 3: Givene > 0and Q2 C R¥ of finite measure, there is a bounded measurable
subset w of Q such that

(26) Ifllerw <& YfelF.

Indeed, we write

”f”Ll’(Q\a)) <|f=ax 1) ”LP(RN) + |l on *f”LP(Q\w)'

In view of (24) it suffices to choose w such that |Q2\w| is small enough.

Step 4: Conclusion. Since L?(L2) is complete, it suffices (see, e.g., A. Knapp [1]
or J. R. Munkres [1], Section 7.3) to show that F|q is fotally bounded, i.e., given
any ¢ > 0 there is a finite covering of F|q by balls of radius ¢. Given ¢ > 0 we fix
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a bounded measurable set w such that (26) holds. Also we fix n > 1/§. The family
H = (pp x F)| satisfies all the assumptions of the Ascoli-Arzela theorem (by Step
2). Therefore H has compact closure in C(®); consequently H also has compact
closure in L? (w). Hence we may cover H by a finite number of balls of radius ¢ in
LP(w), say,

M c | JB(gi.e) with g; € LP ().

1

Consider the functions g; : £ — R defined by

__J& ono,
= 0 on Q\w,

and the balls B(g;, 3¢) in L?(R2).
We claim that they cover Fjq. Indeed, given f € F there is some i such that
” (pn * f) — &i ”Ll’(a)) <Eé&.
Since
”f_gi”,L)p(Q)zf |f|p+/|f_gi|p
Q\w w
we have, by (26),

“f_gi ”LP(Q) e+t Hf—g,' ||Ll’(w)
<&+ Hf - (Ion *f)”L”(RN) + H(,On *f) — &8i ”L”(w) < 3e.

We conclude that F|o has compact closure in L7 (£2).

Remark 11. When trying to establish that a family F in L? (£2) has compact closure
in LP(2), with 2 bounded, it is usually convenient to extend the functions to all of
RY, then apply Theorem 4.26 and consider the restrictions to 2.

Remark 12. Under the assumptions of Theorem 4.26 we cannot conclude in general
that F itself has compact closure in L? (R") (construct an example, or see Exercise
4.33). An additional assumption is required; we describe it next:

Corollary 4.27. Let F be a bounded set in LP (RN) with 1 < p < 0o. Assume (22)
and also

Ve >0 3IQ C RY, bounded, measurable such that

(27
Ifllrrno) <& VfeF.

Then F has compact closure in L? (RN).

Proof. Given ¢ > 0 we fix @ C R" bounded measurable such that (27) holds. By
Theorem 4.26 we know that F|q has compact closure in L” (£2). Hence we may cover
Flo with a finite number of balls of radius ¢ in L”(2), say
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Fia € | JB(i.e) withg € LP(<).

1

Set

5 (x) = gix)  ing,
S T on RM\ Q.

It is clear that F is covered by the balls B(g;, 2¢) in LP(RY).

Remark 13. The converse of Corollary 4.27 is also true (see Exercise 4.34). Therefore
we have a complete characterization of compact sets in L? (RY).

We conclude with a useful application of Theorem 4.26:
Corollary 4.28. Let G be a fixed function in L'(RN) and let
F=GxB,
where B is a bounded set in LP(RN) with 1 < p < oo. Then Fio has compact
closure in LP (Q2) for any measurable set Q2 with finite measure.
Proof. Clearly F is bounded in L? (R"). On the other hand, if we write f = G x u
with u € B we have

ltnf = fllp = 1(tnG = G) xull, < ClltaG = Gll1,

and we conclude with the help of the following lemma:

Lemma 4.3. Let G € LYRN) with 1 < g < oo.
Then
lim||z,G — G|l = 0.
h—0

Proof. Given ¢ > 0, there exists (by Theorem 4.12) a function G| € C, (RM) such
that |G — G1lly < &.
We write

IThG — Gllg < lIthG — tGilly + ItnG1 — Gillg + IG1 — Glig
<2+ |tyG1 — Gillg-

Since limy ||t G1 — G1llg = 0 we see that
limsup|lthG — Gllg <2¢ Ve > 0.

h—0

Comments on Chapter 4

1. Egorov’s theorem.
Some basic results of integration theory have been recalled in Section 4.1. One useful
result that has not been mentioned is the following.
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* Theorem 4.29 (Egorov). Assume that Q2 is a measure space with finite measure.
Let (f,,) be a sequence of measurable functions on 2 such that

fan(x) = f(x) a.e. on Q2 (with |f(x)] < oo a.e.).

Then Ve > 0 JA C Q2 measurable such that |Q\A| < ¢ and f, — f uniformly
on A.

For a proof, see Exercise 4.14, P. Halmos [1], G. B. Folland [2], E. Hewitt—
K. Stromberg [1], R. Wheeden—-A. Zygmund [1], K. Yosida [1], A. Friedman [3],
etc.

2. Weakly compact sets in L1,

Since L! is not reflexive, bounded sets of L' do not play an important role with
respect to the weak topology o (L', L°). The following result provides a useful
characterization of weakly compact sets of L.

* Theorem 4.30 (Dunford—Pettis). Let F be a bounded set in L' (2). Then F has
compact closure in the weak topology o (L', L) if and only if F is equi-integrable,
that is,

Ve >0 36 >0 such that

@) / |fl <& VYA C Q, measurable with |A| <68, VfeF
A
and
Ve > 0 dw C 2, measurable with || < oo such that
(b)

/ Ifl<e VfefF.
Q\w

For a proof and discussion of Theorem 4.30 see Problem 23 or N. Dunford-
J. T. Schwartz [1], B. Beauzamy [1], J. Diestel [2], I. Fonseca—G. Leoni [1], and
also J. Neveu [1], C. Dellacherie-P. A. Meyer [1] for the probabilistic aspects; see
also Exercise 4.36.

3. Radon measures.

As we have just pointed out, bounded sets of L! enjoy no compactness properties.
To overcome this lack of compactness it is sometimes very useful fo embed L' into
a large space: the space of Radon measures.

Assume, for example, that Q is a bounded open set of RY with the Lebesgue
measure. Consider the space E = C () with its norm |u| = sup,..g lu(x)|. Its
dual space, denoted by M (RQ), is called the space of Radon measures on Q2. The
weak* topology on M () is sometimes called the “vague” topology.

We shall identify L' (£2) with a subspace of M (). For this purpose we introduce
the mapping L' (Q) — M(Q) defined as follows. Given f € L'(), the mapping
ueCQ) fQ fu dx is a continuous linear functional on C (), which we denote
Tf, so that
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(Tf,M>E*,E=/fudx VYu € E.
Q

Clearly T is linear, and, moreover, T is an isometry, since

||Tf||M(§) = sup / fu=1|fll1 (seeExercise 4.26).
€E

u
flull<1

Using T we may identify L'(Q) with a subspace of M(Q). Since M(Q) is the
dual space of the separable space C(£2), it has some compactness properties in the
weak* topology. In particular, if ( f,,) is a bounded sequence in LY(), there exist a

subsequence ( f,,) and a Radon measure (v such that fy, X W in the weak* topology
o(E*, E), that is,

f faut = (u,u) Yu e C(Q).
Q

For example, a sequence in L' can converge to a Dirac measure with respect to
the weak* topology. Some futher properties of Radon measures are discussed in
Problem 24.

The terminology “measure” is justified by the following result, which connects
the above definition with the standard notion of measures in the set-theoretic sense:

Theorem 4.31 (Riesz representation theorem). Let 1 be a Radon measure on Q.
Then there is a unique signed Borel measure v on 2 (that is, a measure defined on
Borel sets of 2) such that

(w, u) =/;udv Yu € C(Q).
Q

It is often convenient to replace the space E = C(2) by the subspace

Eo = {f € C(Q); f = 0 on the boundary of Q}.

The dual of Ej is denoted by M () (as opposed to M (R2)). The Riesz repre-
sentation theorem remains valid with the additional condition that |v|(boundary of
Q) =0.

On this vast and classical subject, see, e.g., H. L. Royden [1], W. Rudin [2],
G. B. Folland [2], A. Knapp [1], P. Malliavin [1], P. Halmos [1], I. Fonseca—
G. Leoni [1].

4. The Bochner integral of vector-valued functions.

Let 2 be a measure space and let E be a Banach space. The space L” (2; E) consists
of all functions f defined on Q with values into E that are measurable in some
appropriate sense and such that fQ If)IPdu < oo (with the usual modification
when p = 00). Most of the properties described in Sections 4.2 and 4.3 still hold
under some additional assumptions on E. For example, if E isreflexiveand 1 < p <
00, then LP(L2; E) is reflexive and its dual space is L”,(Q; E™*). For more details,
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see K. Yosida [1], D. L. Cohn [1], E. Hille [1], B. Beauzamy [1], L. Schwartz [3].
The space LP(2; E) is very useful in the study of evolution equations when 2 is an
interval in R (see Chapter 10).

5. Interpolation theory.
The most striking result, which began interpolation theory, is the following.

Theorem 4.32 (Schur, M. Riesz, Thorin). Assume that Q2 is a measure space with
|| < oo, and that T : L' () — LY(Q) is a bounded linear operator with norm

My =Tz Ly

Assume, in addition, that T : L*(Q2) — L% () is a bounded linear operator
with norm
Moo = T (Lo, L)

Then T is a bounded operator from LP () into LP(2) forall 1 < p < o0, and its
norm M), satisfies

1/pas1/p
My, < M"P M.

Interpolation theory was originally discovered by I. Schur, M. Riesz, G. O. Thorin,
J. Marcinkiewicz, and A. Zygmund. Decisive contributions have been made by a
number of authors including J.-L. Lions, J. Peetre, A. P. Calderon, E. Stein, and
E. Gagliardo. It has become a useful tool in harmonic analysis (see, e.g., E. Stein—
G. Weiss [1], E. Stein [1], C. Sadosky [1]) and in partial differential equations
(see, e.g., J.-L. Lions—E. Magenes [1]). On these questions see also G. B. Folland
[2], N. Dunford-J. T. Schwartz [1] (Volume 1 p. 520), J. Bergh-J. Lofstrom [1],
M. Reed-B. Simon [1], (Volume 2, p. 27) and Problem 22.

6. Young’s inequality.
The following is an extension of Theorem 4.15.

Theorem 4.33 (Young). Assume f € LP(R) and g € LY(RN) with1 < p < oo,
lgqgooand%:%—i—é—lzo.
Then fxg € L"(RN) and || f x gll» < I fllpllgllq-

For a proof see, e.g., Exercise 4.30.

7. The notion of convolution—extended to distributions (see L. Schwartz [1] or
A. Knapp [2])—plays a fundamental role in the theory of partial differential equa-
tions. For example, the equation P(D)u = f in RY, where P (D) is any differential
operator with constant coefficients, has a solution of the form u = E » f, where E
is the fundamental solution of P(D) (theorem of Malgrange—Ehrenpreis; see also
Comment 2b in Chapter 1). In particular, the equation Ay = f in R? has a solution
of the form u = E * f, where E(x) = —(47|x|)~L.
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Exercises for Chapter 4

Except where otherwise stated, 2 denotes a o -finite measure space.

mLeta > 0 and 8 > 0. Set

£ = {141} {1 +loglxllf) ', x e RV,

Under what conditions does f belong to L? (RN)?
Assume ] < occandlet ] < p < g < oo. Prove that LY(2) C LP(2) with

continuous injection. More precisely, show that

11
Iflp 1QIP 2l fllg Yf e LY.
[Hint: Use Holder’s inequality. ]

1. Let f, g € LP(2) with 1 < p < oo. Prove that
h(x) = max {f(x), g(x)} € L7 ().

2. Let (f,) and (g,) be two sequences in L”(2) with 1 < p < oo such that
fu— fin LP(Q2) and g, — g in LP(L2). Set h,, = max{ f,, g,} and prove that
h, — hin LP(R2).

3. Let (f,) be a sequence in L”(2) with 1 < p < oo and let (g,) be a bounded
sequence in L°(2). Assume f, — f in LP(Q2) and g, — g a.e. Prove that
Jngn — fgin LP(Q2).

1. Let f1, f2, ..., fx be k functions such that f; € LPi(2) Vi with 1 < p; < 00
and Zle % <1.
Set

k
fo =]]f.
i=1

Prove that f € LP(Q) with & = >k - and that

k
L1 < [T0A -

i=1

[Hint: Start with k = 2 and proceed by induction.]
2. Deduce thatif f € LP(2Q) NLI(Q) with 1 < p <ocoand 1 < g < o0, then
f € L"(R2) for every r between p and g. More precisely, write
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1 l—«o .
- =—+—— witha €[0,1]
r q

and prove that

IrL, =< 10l

Letl§p<ooand1§q§oo.

1. Prove that L1 () N L*°() is a dense subset of L?(2).
2. Prove that the set

{felP@NLIQ); Ifllg <1}

is closed in L7 (L2).
3. Let (f,) be a sequence in LP(2) N L9(L2) and let f € L (L2). Assume that

fo— finLP(Q)and || fyllg < C.

Prove that f € L"(2) and that f,, — f in L"(2) for every r between p and
q.7 #q.

Assume Q2| < o0.

. Let f € L®(R). Prove that lim o0 || 1l = || f llo-
2. Let f € Ni<p<coL?(L2) and assume that there is a constant C such that

—

Ifllp,=C V1<p<oo.

Prove that f € L*°(Q).
3. Construct an example of a function f € Ni<p<ooL?(2) such that f ¢ L>(Q)
with = (0, 1).

Let1 < g < p < oo. Let a(x) be a measurable function on 2. Assume that
au € L9(R2) for every function u € LP(2).
Prove that a € L (Q2) with

rq
r=3pP—4¢
q

if p < o0,
if p = oo.
[Hint: Use the closed graph theorem.]
Let X C LY() be a closed vector space in L1(2). Assume that

XcC U L1(Q).

l1<g<oo
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1. Prove that there exists some p > 1 such that X C L”(2).

[Hint: For every integer n > 1 consider the set

X, = {f exnL+I/m (),

=n}]

2. Prove that there is a constant C such that

Ifllp, =Clflh YfeX.

Jensen’s inequality.

Assume |2| < co.Let j : R — (—o00, +00] be aconvex Ls.c. function, j # +oo.
Let f € L'(Q) be such that f(x) € D(j) a.e. and j(f) € L' (Q). Prove that

'<|9|/> |9|/’(f)

Convex integrands.

Assume |2] < co.Letl < p < ooandletj : R — R beaconvex and continuous
function. Consider the function J : LP(2) — (—o0, +00] defined by

/ Jw@)dx if ju) € LY(Q),
Q
+00 if j(u) ¢ LY(Q).

J(u) =

Prove that J is convex.
. Prove that J is L.s.c.

N

[Hint: Start with the case j > 0 and use Fatou’s lemma.]
3. Prove that the conjugate function J* : L? (2) — (—o0, +00] is given by

Joi*(f)dx if j*(f) € LY(Q),

J*(f) =
/) +o0 if j*(f) ¢ LY(RQ).

[Hint: When 1 < p < oo consider J, (1) = J (1) + % J |u|? and determine J,\.]
4. Let dj (resp. dJ) denote the subdifferential of j (resp. J) (see Problem 2). Let
u e LP(Q) and let f € L? (2); prove that

fedJu) < f(x) €dj(u(x)) ae.onf.

The spaces L*(2) with0 < o < 1.

LetO <a < 1. Set

LY¥(Q) = {u : Q2 — R; uismeasurable and |u|* € LI(Q)}
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1/a
[u]le = (/ |u|a> .

1. Check that L“ is a vector space but that [ ], is not a norm. More precisely,
prove that if u, v € L*(R2), u > 0 a.e. and v > 0 a.e., then

and

[ +vle = [uly + [v]a.
2. Prove that
[u+ 015 < [ul§ +[vly Yu,ve L*(Q).
LP? is uniformly convex for 1 < p < 2 (by the method of C. Morawetz).

1. Let 1 < p < oo. Prove that there is a constant C (depending only on p) such
that

b PN\ S
la —b|? < C(la|” +|b]")'~* <|a|”+|b|‘"—2 anr ) Va,b € R,

where s = p/2.
2. Deduce that L?(£2) is uniformly convex for 1 < p < 2.

[Hint: Use question 1 and Holder’s inequality.]

1. Check that
|la +b| —la| — |bl| <2|b] Va,beR.

2. Let (f,) be a sequence in LY() such that

D) fulx) > f(x)ae.,
(ii) (f,)is bounded in L' (Q)ie., || fulli <M Vn.

Prove that f € LY(Q) and that

nlggof{|fn|—|fn—f|}=/|f|.

[Hint: Use question 1 witha = f, — f and b = f, and consider the sequence
on = |Iful = 1fu = FI = 1£1]]
3. Let (f,,) be a sequence in L' () and let f be a function in L' () such that

@) falx) > f(x)ae,
G N fallt = 11

Prove that || f;, — f|l1 = 0.

The theorems of Egorov and Vitali.
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Assume [Q2| < oo. Let (f;) be a sequence of measurable functions such that
fn — fae. (with |f| < oo a.e.).

1. Let @ > 0 be fixed. Prove that

meas[| f, — f| > «a|]] — O.
n—0oo

2. More precisely, let
Su(@) = | JUfi = £1 > al.

k>n
Prove that |S,,(@0)] —> O.
n— o0
3. (Egorov). Prove that

Vs >0 3JA C Q2 measurable such that
|A| < éand f, — f uniformly on Q\A.

[Hint: Given an integer m > 1, prove with the help of question 2 that there
exists X, C €2, measurable, such that |X,,| < §/2" and there exists an integer
N, such that

|fe(x) = fOI < n% Vk = Ny, VxeQ\Xp.]

4. (Vitali). Let ( f,,) be a sequence in L?(2) with | < p < co. Assume that
(i) Ye > 0 36 > 0 such that fA |ful?P <& Vmnand VA C 2 measurable with
|A] < 6.
Gi) fn — f ae.

Prove that f € LP(Q2) and that f, — f in LP ().

[4.15]Let @ = (0, 1).

1. Consider the sequence ( f;,) of functions defined by f,,(x) = ne™"*. Prove that

i) fn — Oae.

(ii) f, is bounded in L'().
(iii) f, - 0in L'(Q) strongly.
(V) fn A Oweakly o (L', L*®).

More precisely, there is no subsequence that converges weakly o (L', L™).

2. Let1 < p < oo and consider the sequence (g,) of functions defined by g, (x) =
nl/Pe="* Prove that

(i) g — Oae.

(ii) (gn) is bounded in L?(2).
(iii) g, - 01in L?(2) strongly.
(iv) gn — 0 weakly o (L?, L?").
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Let 1 < p < oo. Let (f;;) be a sequence in L? (£2) such that

(1) fn is bounded in LP(2).
(i) f, — f ae.on .

1. Prove that f,, — f weakly o(Lp:VLP/).
[Hint: First show that if f, — f weakly o(L”, L?) and f, — f a.., then
f = f ae. (use Exercise 3.4).]

2. Same conclusion if assumption (ii) is replaced by

(i) Ifn = fllh = 0.

3. Assume now (i), (ii), and |2| < oo. Prove that || f;, — fll; — 0 for every ¢ with
1 <qg<np.
[Hint: Introduce the truncated functions 7} f;, or alternatively use Egorov’s the-
orem.]

Brezis—Lieb’s lemma.

Letl < p < o0.

1. Prove that there is a constant C (depending on p) such that
[la+ 1" —lal” = 16I7] < C (lal”~" bl + lal [bIP™")  Va.b € R.

2. Let (f,) be a bounded sequence in L?(£2) such that f,, — f a.e. on 2. Prove
that f € LP(L2) and that

nliy;o/Q{lnt”—lfn—flp}Z/Qlflp-

[Hint: Use question 1 witha = f,, — f and b = f. Note that by Exercise 4.16,
| f» — f| = O weakly in L? and | f, — f|P~' — 0 weakly in L? ]
3. Deduce that if (f},) is a sequence in L?(2) satisfying
@) fulx) > f(x) ae.,
Q) [ fallp = 11 ps

then || f — fllp — O.
4. Find an alternative method for question 3.

Rademacher’s functions.

Letl < p <ocandlet f € Lﬁ)C(R).Assumethat fisT-periodic,i.e., f(x+T) =
f(x) ae.x € R.
Set

_ 1 [T
f=7/0 f()dr.

Consider the sequence (u,) in L? (0, 1) defined by
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u,(x) = f(nx), x € (0,1).

1. Prove that u,, — f in LP(0, 1) with respect to the topology o (L7, LP).
2. Determine lim;, o0 |ly — fllp-
3. Examine the following examples:

(i) u,(x) =sinnx,

(1) u,(x) = f(nx) where f is 1-periodic and

a forx e (0,1/2),

Foo = !ﬂ for x € (1/2,1).

The functions of example (ii) are called Rademacher’s functions.

1. Let (f,) be asequence in L”(2) with 1 < p < coand let f € L?(£2). Assume
that

(i) fu — f weakly o(LP, L?"),
() I fullp = Nfllp.

Prove that f,, — f strongly in L?($2).
2. Construct a sequence ( fy) in LYo, 1), fn = 0, such that:

() f, — f weakly o (L, L),
G I fulli = £,
@) | fu— flli = 0.

Compare with the results of Exercise 4.13 and with Proposition 3.32.

Assume|§2| <oo.Letl <p<ooandl <g < o0.
Let a : R — R be a continuous function such that

la(t)| < C{|t|P/9 +1} Vi eR.
Consider the (nonlinear) map A : L?(Q2) — L9(€2) defined by
(Au)(x) = a(u(x)), x € Q.

1. Prove that A is continuous from L” (€2) strong into L9 (£2) strong.

2. Take 2 = (0, 1) and assume that for every sequence (u,) such that u, — u
weakly o (L7, LP/) then Au, — Au weakly o (L4, L1).
Prove that a is an affine function.

[Hint: Use Rademacher’s functions; see Exercise 4.18.]

Given a function ug : R — R, set u, (x) = ug(x + n).

1. Assume ug € LP(R) with 1 < p < oo. Prove that u, — 0 in L?(R) with
respect to the weak topology o (L7, L?").
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2. Assume ug € L°°(R) and that ug(x) — 0 as |x|] — oo in the following weak
sense:
for every § > O the set [|ug| > &] has finite measure.

Prove that u, — 0in L% (R) weak* o (L>, L).

3. Take ug = x0,1)-
Prove that there exists no subsequence (u,, ) that converges in LY(R) with respect
to o (L1, L™).

1. Let (f;,) be a sequence in L?(2) with 1 < p < oo andlet f € L? ().
Show that the following properties are equivalent:
(A) fu— fino(LP, L").
I fullp = C
B) and
Jg fa = [ f VE C Q, E measurable and |E| < oo.
2. If p =1 and |2] < oo prove that (A) < (B).
3. Assume p = 1 and |2| = oco. Prove that (A) = (B).
Construct an example showing that in general, (B) % (A).
[Hint: Use Exercise 4.21, question 3.]
4. Let (f,)beasequencein L' (Q) andlet f € L' (Q) with || = co. Assume that

(@ fr =0 Vnand f > 0a.e.on £,

®) fofn— Jof
©) [gfo— [pf YE C Q, E measurable and | E| < oo.

Prove that f, — fin L'(Q) weakly o (L', L*).
[Hint: Show that [ f, — [ f VF C Q, F measurable and | F| < c0.]

Let f : @ — R be a measurable function and let 1 < p < oo. The purpose
of this exercise is to show that the set

C={ueL”(Q); u>f a.e.}

is closed in L? (£2) with respect to the topology o (L?, L?).

1. Assume first that 1 < p < oo. Prove that C is convex and closed in the strong
LP topology. Deduce that C is closed in o (L?, L?").
2. Taking p = oo, prove that

up > Yo € L'(Q)
C = ueLOO(Q)‘/ v /f(p v
with f(peLl(Q) and ¢ >0 ae.

[Hint: Assume first that f € L°°(R); in the general case introduce the sets

on = [1f] <nl]
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3. Deduce that when p = o0, C is closed in o (L*°, Ll).
4. Let f1, fo € L*°(RQ) with f; < f> a.e. Prove that the set

C={uel™Q); fisu<fr ael
is compact in L°°(£2) with respect to the topology o (L>°, L1).
Letu € L®(RY). Let (pn) be a sequence of mollifiers. Let (&) be a sequence
in L>®(RY) such that
lEnlloo <1 Vn and ¢, — ¢ a.e.on RV,

Set
U, = ppx(Guu) and v = Su.

1. Prove that v, X vin L®(RN) weak* o (L, LY.
2. Prove that [, |v, — v| — 0 for every ball B.

Regularization of functions in L*°(Q2).
Let @  R" be open.

1. Letu € L*°(R2). Prove that there exists a sequence (u,) in CZ°(2) such that

@ llunlloo < llullew Vn,
(b) u, — u a.e.on 2,

(©) ty = uin L®(Q) weak* o (L®, L.
2. If u > 0 a.e. on 2, show that one can also take
(d) up, >0o0nQ Vn.
3. Deduce that C2°(2) is dense in L°°(£2) with respect to the topology o (L*°, LY.

Let @ C RN be open and let f € L] ().
1. Prove that f € L () iff

A=sup{/f<p; peC(), ol =< 1} < 00.

If f € L'(Q) show that A = || f]];.
2. Prove that f* e L1(Q) iff

B=Sup{/f<p; P eCe(), el =<1 andrpzo} < 00.

If f* e L1(Q) show that B = || f 1.
3. Same questions when C,(£2) is replaced by C°(€2).
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4. Deduce that
[/ﬂp =0 Vgpe C?(Q)] = [f=0 ae]

and
[ffwzo V¢€C3°(Q),<p20}:>[fzo ael].

Let Q@ ¢ RY be open. Letu, v € LIIOC(Q) with u # 0 a.e. on a set of positive
measure. Assume that

[cpeCfO(Q)and/u<p>0]:|:/v<p20i|.

Prove that there exists a constant A > 0 such that v = Au.

[4.28|Let p € L'(RV) with [ p = 1. Set p, (x) = n¥ p(nx). Let f € LP(RV) with

1 < p < oo. Prove that p, » f — f in LP(RV).

Let K C RY be a compact subset. Prove that there exists a sequence of

functions (1) in C° (R™) such that

(@ 0<u, <lonRV,

(b) up, =1onKk,

(c) suppu, C K + B(0, 1/n),

(d) |D%u,(x)| < Cen!®! vx € RN, ¥V multi-index o (where C,, depends only on o
and not on n).

[Hint: Let x, be the characteristic function of K + B(0, 1/2n); take u,, = p2n * xn-]

Young’s inequality.

Letl < p <o0,1 Sqfoobesuchthat%—i—
Set%=%+é—l,sothatl <r <oo.
Let f € LP(RY) and g € LI(RY).

1. Prove that fora.e. x € R, the function y — f(x —y) g(y) is integrable on RY .

L,
g >

[Hint: Seta = p/q’, B = q/p’ and write

| =gl =Ifx = nI*lgIF (|f<x - y>|1—“|g<y>|l—ﬂ) ]

2. Set
(P = [ 7= gy,

Prove that f » g € L"(R") and that || f = gll» < || flIpligll4-
3. Assume here that % + % = 1. Prove that

fxgeCRYYNL®RY)
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and, moreover, if 1 < p < oo then (f x g)(x) — 0O as [x| — oo.

Letf e LP(RN) with I < p < oo. For every r > 0 set

1
(X)) = ——— dy, x e RV,
Jr(x) BG] B(x’r)f(y) Y, X €

1. Prove that f, € LP(RY) N C(RY) and that f,(x) — 0 as |x| — oo (r being
fixed).
2. Prove that f, — fin L?(RV) asr — 0.

[Hint: Write f. = ¢, x f for some appropriate ¢;.]

1. Let f,g e L'RN) and let h € LP(RN) with 1 < p < oco. Show that f x g =
gxfand (frxg)xh= fx(gxh).

2. Let f € L'(RM). Assume that f xp =0 V¢ € C(RY). Prove that f = 0
a.e. on RV. Same question for f € L] (RV).

3. Leta € L'(RV) be a fixed function. Consider the operator 7, : L*>(RY) —
L>(RY) defined by

T,(u) = axu.

Check that 7, is bounded and that || Tl zz2) < llall 1 gy)- Compute T, o T),
and prove that T, o Ty, = Ty 0T, Va,b e L'(RY). Determine (T,)*, T, o (T,)*
and (T,)* o T,. Under what condition on a is (T,)* = T,?

Fix a function ¢ € C.(R), ¢ s 0, and consider the family of functions

F = Jten}.
n=1

where ¢, (x) = p(x +n),x € R.

1. Assume 1 < p < oo. Prove that Ve > 0 3§ > 0 such that
lznf — fllp <& VYf € FandVh € R with |h| < 6.
2. Prove that F does not have compact closure in L? (R).

Let1 < p < ooandlet F C L?(RY) be a compact subset of L? (RV).

1. Prove that F is bounded in L? (RV).
2. Prove that Ve > 0 3§ > 0 such that

ltnf — fll, <& Vf e FandVh e RY with |h| < §.

3. Prove thatVe > 0 3Q c RV bounded, open, such that
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Hf“LP(RN\Q) <e VfelF.

Compare with Corollary 4.27.

Fix a function G € LP(RN) with 1 < p < oo and let F = G % B, where B
is a bounded set in L' (RN).

Prove that F|q has compact closure in L?(2) for any measurable set @ C RV
with finite measure. Compare with Corollary 4.28.

Equi-integrable families.

A subset F C L(Q) is said to be equi-integrable if it satisfies the following
properties:®

(a) F is bounded in LI(Q),
®) Ve>0 35>0 suchthat [, |f|<e¢
VfelF, VE CSQ,E measurableand |E| < 4,
© Ve >0 dw C Q2 measurable with |w| < co
c
such that fQ\w|f| <e VfelF.

Let (£2,) be a nondecreasing sequence of measurable sets in Q with |2,| <
0o Vn and such that Q@ = |, Q.
1. Prove that F is equi-integrable iff

(d) lim sup f [fl=0
100 reFJNfI1>1]

and

(e) lim sup / |f1=0.
=00 re FJO\Q,

2. Prove that if F C L'(Q) is compact, then F is equi-integrable. Is the converse
true?

Fix a function f € L'(R) such that

“+o00 +o00
f(@)dt =0 and f®)dt > 0,
0

—00
and let u,(x) = nf(nx) forx e I = (—1, +1).

1. Prove that
lim /un(x)go(x)dx =0 VpeC(-1,+1)D.
n—o0 I

6 One can show that (a) follows from (b) and (c) if the measure space €2 is diffuse (i.e., 2 has no
atoms). Consider for example = R" with the Lebesgue measure.
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2. Check that the sequence (u,) is bounded in L'(I). Show that no subsequence
of (u,) is equi-integrable.
3. Prove that there exists no function u € L'(I) such that

klim /unk(x)w(x)dx = /u(x)w(x)dx Yo € L),

along some subsequence (i, ).

4. Compare with the Dunford—Pettis theorem (see question A3 in Problem 23).

5. Prove that there exists a subsequence (u,,) such that u,, (x) — 0 a.e. on I as
k — oo.

[Hint: Compute f[ | |, (x)|dx and apply Theorem 4.9.]

n=1/2<|x|<1

Set I = (0, 1) and consider the sequence (i,,) of functions in L'(I) defined by

n—1,.
: FARYA 1
n ifxe U()(n,n—l-nQ),
/:

0 otherwise.

up(x) =
1. Check that | supp u,| = % and ||u, |1 = 1.
2. Prove that

lilf U, (x)p(x)dx = /q)(x)dx Yo € C([0, 1]).
I I

n—+0oo

[Hint: Start with the case ¢ € cLqo, 1.

hed

Show that no subsequence of (u,,) is equi-integrable.
4. Prove that there exists no function u € L1 (I) such that

klim funk(x)w(x)dx = /u(x)go(x)dx Yo € L),

along some subsequence (i, ).
[Hint: Use a further subsequence (un;) such that ) ", | supp un;(| < 1]

5. Prove that there exists a subsequence (u,, ) such that u,, (x) — 0 a.e. on I as
k — oo.



Chapter 5
Hilbert Spaces

5.1 Definitions and Elementary Properties. Projection onto a
Closed Convex Set

Definition. Let H be a vector space. A scalar product (u, v) is a bilinear form on
H x H with values in R (i.e., a map from H x H to R that is linear in both variables)
such that

(u,v) =(,u) Yu,ve H (symmetry),
(u,u) >0 Yue H (positive),
(u,u) #0 Yu #0 (definite).

Let us recall that a scalar product satisfies the Cauchy—Schwarz inequality
@ v)] < w2, 0" Vu,v e H.

[It is sometimes useful to keep in mind that the proof of the Cauchy—Schwarz in-
equality does not require the assumption (u, u) # 0 Yu # 0.] It follows from the
Cauchy—-Schwarz inequality that the quantity

lu| = (u, u)'/?

is a norm—we shall often denote by | | (instead of | ) norms arising from scalar
products. Indeed, we have

lu+ v = @+ v,u+v) = ul® + @) + @, u) + [v* < |ul® +2ul |v] + [v]?,

and thus | + v| < |u| + |v|.
Let us recall the classical parallelogram law:

2 2
a+b a—>b 1., )
1 = —(lal*+|b Va,b € H.
ey 5 5 5 lal” + 1617
H. Brezis, Functional Analysis, Sobolev Spaces and Partial Differential Equations, 131
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Definition. A Hilbert space is a vector space H equipped with a scalar product such
that H is complete for the norm | |.

In what follows, H will always denote a Hilbert space.

Basic example. L2(Q2) equipped with the scalar product
(u,v) = f u(x)v(x)du
Q

is a Hilbert space. In particular, £2 is a Hilbert space. The Sobolev space H ' studied
in Chapters 8 and 9 is another example of a Hilbert space; it is “modeled” on L?(£2).

e Proposition 5.1. H is uniformly convex, and thus it is reflexive.

Proof. Lete > 0and u, v € H satisfy |u| < 1, |v] <1, and |u — v| > €. In view of
the parallelogram law we have

2 2

s\ 172
Htv <1—%andthus <1—8With8=1—(1—8—> 0.

2

u-+v

4

e Theorem 5.2 (projection onto a closed convex set). Let K C H be a nonempty
closed convex set. Then for every f € H there exists a unique element u € K such
that

2) |f —u| =min|f —v| =dist(f, K).
vek

Moreover, u is characterized by the property

3) uek and (f —u,v—u) <0 VveKk.

Notation. The above element u is called the projection of f onto K and is denoted by

—
Inequality (3) says that the scalar product of the vector u f* with any vector u (ve
K) is < 0, i.e., the angle 0 determined by these two vectors is > 7/2; see Figure 4.

Proof. (a) Existence. We shall present two different proofs:

1. The function ¢(v) = | f — v| is convex, continuous and lim|y|— co@ (V) = +00.
It follows from Corollary 3.23 that ¢ achieves its minimum on K since H is
reflexive.

2. The second proof does not rely on the theory of reflexive and uniformly convex
spaces. It is a direct argument. Let (v,) be a minimizing sequence for (2), i.e.,
v, € K and

dy =|f —vy| > d=inf |f —v|.
vekK

We claim that (v,) is a Cauchy sequence. Indeed, the parallelogram law applied
witha = f —v, and b = f — v, leads to
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Fig. 4

2

2
Un — Unm

2

vy + vy
2

_l 2 2
|f - = 5(dy +dy).

But 5% € K and thus | f — 24% | > 4. It follows that

2
Un — Unm

2

1
< —
-2

(d?+d?) —d*and lim |v, — v,| =0.
m,n— 00

Therefore the sequence (v,) converges to some limitu € K withd = |f — u].

(b) Equivalence of (2) and (3).
Assume that u € K satisfies (2) and let w € K. We have

v=((_1—-NHu+tweK Vtel01]
and thus
If —ul <|f —[A —Du+rtw]| =|(f —u) —t(w—u)|.
Therefore
|f —ul? < If —ul? =26(f —u,w—u) +*|w —ul,
which implies that 2(f — u, w — u) < tlw —ul®> Vi € (0,1]. Ast — 0 we
obtain (3).
Conversely, assume that u satisfies (3). Then we have
|M—f|2—|U—f|2=2(f—u,v—u)—|u—v|250 Vv € K;
which implies (2).
(c) Uniqueness.

Assume that u1 and u» satisfy (3). We have

4) (f —u,v—u;) <0 Vvek,
5) (f —uz,v—up) <0 VvekKk.
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Choosing v = u3 in (4) and v = u in (5) and adding the corresponding inequalities,
we obtain |u; — uz|® < 0.

Remark 1. It is not surprising to find that a minimization problem is connected with
a system of inequalities. Let us recall a well-known example. Suppose F : R — R
is a differentiable function and suppose u € [0, 1] is a point where F achieves its
minimum on [0, 1]. Then either u € (0, 1) and F’'(u) = 0,0oru = 0 and F'(u) <0,
oru = 1 and F’(u) = 1. These three cases are summarized by saying that u € [0, 1]
and F/(u)(v —u) <0 Vv € [0, 1]; see also Exercise 5.10.

Remark 2. Let K C E be a nonempty closed convex set in a uniformly convex
Banach space E. Then for every f € E there exists a unique element u € E such
that

|f —ull =min || f —v| = dist(f, K);
vekK
see Exercise 3.32.

Proposition 5.3. Let K C H be a nonempty closed convex set. Then Pk does not
increase distance, i.e.,

Pk fi — Pk fal < 1fi— f2l VS, fo€H.
Proof. Setu; = Pk fi; and up = Pk f>. We have

(6) (fi—u,v—u;) <0 Yvek
(7) (fp —uz,v—uz) <0 Vvek.

Choosing v = u3 in (6) and v = u in (5) and adding the corresponding inequalities,
we obtain
luy — uzl* < (fi = fo. w1 — u2).

It follows that |u; — uz| < | fi — f2l.

Corollary 5.4. Assume that M C H is a closed linear subspace. Let f € H. Then
u = Py f is characterized by

®) ’ueM and (f —u,v)=0 VveM.‘

Moreover, Py is a linear operator, called the orthogonal projection.
Proof. By (3) we have
(f—u,v—u) <0 YveM

and thus
(f—u,tv—u) <0 YveM, VteR.

It follows that (8) holds.



5.2 The Dual Space of a Hilbert Space 135
Conversely, if u satisfies (8) we have
(f—u,v—u)y=0 VYveM.

It is obvious that Py is linear.

5.2 The Dual Space of a Hilbert Space

It is very easy, in a Hilbert space, to write down continuous linear functionals. Pick
any f € H; then the map u +— (f, u) is a continuous linear functional on H. It
is a remarkable fact that all continuous linear functionals on H are obtained in this
fashion:

e Theorem 5.5 (Riesz—Fréchet representation theorem). Given any ¢ € H* there
exists a unique f € H such that

(p,u) =(f,u) Yu e H.

Moreover,
Lf1 = llellmr-

Proof. Once more we shall present two proofs:

1. The first one is almost identical to the proof of Theorem 4.11. Consider the map
T : H — H* defined as follows: given any f € H,the map u — (f,u)isa
continuous linear functional on H. It defines an element of H*, which we denote
by T f, so that

(Tf,u)=(f,u) VYueH.

It is clear that | T f ||z« = | f|. Thus T is a linear isometry from H onto T (H),
a closed subspace of H*. In order to conclude, it suffices to show that 7'(H) is
dense in H*. Assume that / is a continuous linear functional on H* that vanishes
on T (H). Since H is reflexive, h belongs to H and satisfies (Tf, h) =0V f € H.
It follows that (f, h) =0V f € H and thus h = 0.

2. The second proof is a more direct argument that avoids any use of reflexivity. Let
M = ¢~1({0}), so that M is a closed subspace of H. We may always assume that
M # H (otherwise ¢ = 0 and the conclusion of Theorem 5.5 is obvious—just
take f = 0). We claim that there exists some element g € H such that

lgl=1and (g,v) =0 Vv e M (and thus g ¢ M).
Indeed, let go € H with go ¢ M. Let g1 = Pygo. Then

g =(go—gv/Igo — g1l

satisfies the required properties.
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Given any u € H, set

v=1u—Ag with)\zz(p’u).

v, 8)

Note that v is well defined, since (¢, g) # 0, and, moreover, v € M, since (¢, v) = 0.
It follows that (g, v) = 0, i.e.,

(p,u) =(p, g)(g,u) Yuc€cH,

which concludes the proof with f = (¢, g)g.

e Remark 3. H and H*: to identify or not to identify? The triplet V. ¢ H c V*.

Theorem 5.5 asserts that there is a canonical isometry from H onto H*. It is
therefore “legitimate” to identify H and H*. We shall often do so but not always.
Here is a typical situation—which arises in many applications—where one should be
cautious with identifications. Assume that H is a Hilbert space with a scalar product
(, ) and a corresponding norm | |. Assume that V C H is a linear subspace that is
dense in H. Assume that V has its own norm || and that V is a Banach space with
I .Assume that the injection V. C H is continuous, i.e.,

lv] < Cllv]] YveV.

[For example, H = L*(0, 1) and V = L?(0, 1) with p > 2 or V = C([0, 1]).]
There is a canonical map 7' : H* — V™ that is simply the restriction to V of
continuous linear functionals ¢ on H, i.e.,

(To,v)vev = (@, V)H* H.
It is easy to see that T has the following properties:

@) ITellvx < Clplux Vo € H,
@ii) T is injective,
(iii) R(T) is dense in V* if V is reflexive.!

Identifying H* with H and using T as a canonical embedding from H* into V*,
one usually writes

©) VCH~H"CV*

>

where all the injections are continuous and dense (provided V is reflexive). One says
that H is the pivot space. Note that the scalar products (, )y« y and (, ) coincide
whenever both make sense, i.e.,

(fivyysv =(f,v) VfeH, VvelV.

! However, T is not surjective in general.
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The situation becomes more delicate if V turns out to be a Hilbert space with its
own scalar product ((, )) associated to the norm || . We could, of course, identify
V and V* with the help of ((, )). However, (9) becomes absurd. This shows that one
cannot identify simultaneously V and H with their dual spaces: one has to make a
choice. The common habit is to identify H* with H, to write (9), and not to identify
V* with V [naturally, there is still an isometry from V onto V*, but it is not viewed
as the identity map]. Here is a very instructive example.

Let
00
H=€2 = {M = (un)nzl; Zuﬁ < OO}

n=1

equipped with the scalar product (i, v) = Y 00| Unvy.

Let
o0
V= {u = Un)n>1; anuz < oo}
n=1

equipped with the scalar product ((u, v)) = Y oo, n2u, vy
Clearly V C H with continuous injection and V is dense in H. Here we identify
H* with H, while V* is identified with the space

=1
V= {f = (fudn=1: X:n—zfn2 < 00},
n=1

which is bigger than H. The scalar product (, )y+ v is given by
o
(f0)vev =) favn,
n=1
and the Riesz—Fréchet isomorphism 7 : V — V™ is given by
u= (un)nzl = Tu= (nzun)nzl-

Remark 4. 1t is easy to prove that Hilbert spaces are reflexive without invoking the
theory of uniformly convex spaces. It suffices to use twice the Riesz—Fréchet iso-
morphism (from H onto H* and then from H* onto H**).

Remark 5. Assume that H is a Hilbert space identified with its dual space H*. Let
M be a subspace of H. We have already defined M (in Section 1.3) as a subspace
of H*. We may now consider it as a subspace of H, namely

MLz{ueH;(u,v)zo Yv € M}.

Clearly we have MNM+ = {0}. Moreover, if M is closed we alsohave M+M~+ = H.
Indeed, every f € H may be written as

f=Fuf)+(f = Puf)
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and f — Py f € M~; more precisely, f — Py f = Pyif.

It follows that in a Hilbert space every closed subspace has a complement (in the
sense of Section 2.4).

5.3 The Theorems of Stampacchia and Lax-Milgram
Definition. A bilinear forma : H x H — R is said to be
(i) continuous if there is a constant C such that
la(u,v)| < Clu||v|] Yu,v e H,
(ii) coercive if there is a constant « > 0 such that
a(v,v) > alv]*> Vv e H.

Theorem 5.6 (Stampacchia). Assume that a(u, v) is a continuous coercive bilinear
formon H. Let K C H be a nonempty closed and convex subset. Then, given any
@ € H*, there exists a unique element u € K such that

(10) au,v—u) > (p,v—u) Vvek.

Moreover, if a is symmetric, then u is characterized by the property

(1) uekK and %a(u, u) — (e, u) = f}r‘lsllr(l {%a(v, v) — (o, v)} .

The proof of Theorem 5.6 relies on the following very classical result.

e Theorem 5.7 (Banach fixed-point theorem—the contraction mapping princi-
ple). Let X be a nonempty complete metric space and let S : X — X be a strict
contraction, i.e.,

d(Svy, Svp) <kd(vy,vy) Vv, vy € X withk < 1.
Then S has a unique fixed point, u = Su.
For a proof see, e.g., T. M. Apostol [1], G. Choquet [1], A. Friedman [3].

Proof of Theorem 5.6. From the Riesz—Fréchet representation theorem (Theorem 5.5)
we know that there exists a unique f € H such that

(p,v) =(f,v) VveH.

On the other hand, if we fix u € H, the map v — a(u, v) is a continuous linear
functional on H. Using once more the Riesz—Fréchet representation theorem we find
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some unique element in H, denoted by Au, such that a(u, v) = (Au,v) Vv € H.
Clearly A is a linear operator from H into H satisfying

(12) |Au| < Clu| Yu € H,
(13) (Au,u) > alul*> Yu e H.
Problem (10) amounts to finding some u € K such that
(14) (Au,v—u) > (f,v—u) Vvek.
Let p > 0 be a constant (to be determined later). Note that (14) is equivalent to
(15) (of —pAu+4+u—u,v—u) <0 Vvek,

ie.,
u=Pg(pf — pAu+u).

Forevery v € K,set Sv = Pk (pf —pAv+v). We claim thatif p > 01is properly
chosen then S is a strict contraction. Indeed, since Px does not increase distance (see
Proposition 5.3) we have

[Svr — Svz| < [(v1 — v2) — p(Avy — Avy)|
and thus

|Sv1 — Sva]*> = [v1 — v2|* — 20(Av) — Ava, v1 — v2) + p*|Av) — Avy|?
< |v1 — v2* (1 = 2pa + p*C?).

Choosing p > 0in such a way that k* =1-2pa+p3C? < 1(e.,0 < p <2a/C?
we find that S has a unique fixed point.?

Assume now that the form a(u, v) is also symmetric. Then a(u, v) defines a new
scalar product on H; the corresponding norm a(u, u)'/? is equivalent to the original
norm |u|. It follows that H is also a Hilbert space for this new scalar product. Using
the Riesz—Fréchet theorem we may now represent the functional ¢ through the new
scalar product, i.e., there exists some unique element g € H such that

(p,v) =a(g,v) YveH.
Problem (10) amounts to finding some u# € K such that
(16) a(g—u,v—u) <0 Vvek.

The solution of (16) is an old friend: u is simply the projection onto K of g for the
new scalar product a. We also know (by Theorem 5.2) that u is the unique element
K that achieves

2 1f one has to compute the fixed point numerically, it pays to choose p = «/C? in order to minimize
k and to accelerate the convergence of the iterates of S.
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mina(g — v, g — v/,
vekK

This amounts to minimizing on K the function

v a(@—v,g—v) =a(,v)—2a(g, v)+a(g, g) =a(,v) -2, v)+alg, g,

or equivalently the function
1
vV Ea(v, v) — (@, v).
Remark 6. It is easy to check that if a(u, v) is a bilinear form with the property
a(v,v) >0 VYve H

then the function v — a(v, v) is convex.

e Corollary 5.8 (Lax-Milgram). Assume that a(u, v) is a continuous coercive bi-
linear form on H. Then, given any ¢ € H*, there exists a unique element u € H
such that

(17) a(u,v) = (p,v) Vv e H.

Moreover, if a is symmetric, then u is characterized by the property

1 1
(18) ueH and Ea(u, u) — (o, u) = Ir)réllril {Ea(v, v) — (o, v)} .

Proof. Use Theorem 5.6 with K = H and argue as in the proof of Corollary 5.4.

Remark 7. The Lax—Milgram theorem is a very simple and efficient tool for solving
linear elliptic partial differential equations (see Chapters 8 and 9). It is interesting
to note the connection between equation (17) and the minimization problem (18).
When such questions arise in mechanics or in physics they often have a natural
interpretation: least action principle, minimization of the energy, etc. In the language
of the calculus of variations one says that (17) is the Euler equation associated with
the minimization problem (18). Roughly speaking, (17) says that “F’(u) = 0,” where
F is the function F (v) = %a(v, v) — (@, v).

Remark 8. There is a direct and elementary argument proving that (17) has a unique
solution. Indeed, this amounts to showing that

Vfe€eH 3Jue H uniquesuchthat Au = f,

i.e., A is bijective from H onto H. This is a trivial consequence of the following
facts:

(a) A is injective (since A is coercive),
(b) R(A) is closed, since a|v| < |Av| Yv € H (a consequence of the coerciveness),



5.4 Hilbert Sums. Orthonormal Bases 141
(c) R(A) is dense; indeed, suppose v € H satisfies
(Au,v) =0 VYu € H,

then v = 0.

5.4 Hilbert Sums. Orthonormal Bases

Definition. Let (E,),>1 be a sequence of closed subspaces of H. One says that H
is the Hilbert sum of the E,’s and one writes H = @&, E,, if

(a) the spaces E, are mutually orthogonal, i.e.,

(u,v)=0 VYuekE,, YveE,, m#“n,

(b) the linear space spanned by | Jo> | E, is dense in H 3
e Theorem 5.9. Assume that H is the Hilbert sum of the E,,’s. Givenu € H, set
u, = Pg,u

and
n

S, = Zuk.

k=1
Then we have
(19) lim S, =u
n—>oo

and

o0
(20) Z lug)? = |u)® (Bessel—Parseval’s identity).

k=1

It is convenient to use the following lemma.

Lemma 5.1. Assume that (v,) is any sequence in H such that

(21 (Um,vn) =0 Vm #n,
o

(22) D Il < oo
k=1

Set

3 The linear space spanned by the E,’s is understood in the algebraic sense, i.e., finite linear
combinations of elements belonging to the spaces (E,).



142 5 Hilbert Spaces

n
S, = Z Vk.
k=1

Then

S= lim §, exists
n—oQ

and, moreover,
o0
(23) ISP =" |l
k=1
Proof of Lemma 5.1. Note that for m > n we have

m
1S — Sul> = Y luel.

k=n+1
It follows that S, is a Cauchy sequence and thus § = lim,,—, oo S, exists. On the other

hand, we have
n

2 2
M

k=1
As n — oo we obtain (23).

Proof of Theorem 5.9. Since u, = Pg,u, we have (by (8))
(24) u—u,,v)=0 YvekE,,

and in particular,
2
(u, up) = luyl”.

Adding these equalities, we find that

n
u, ) =Y luxl*.
k=1

But we also have
n
(25) D ol =181,
k=1

and thus we obtain
(u, Su) = |Sa|.

It follows that |S,| < |u| and therefore > ;_, lugl?> < |ul?.

Hence, we may apply Lemma 5.1 and conclude that § = lim,_, o, S, exists. Let
us identify S even without assumption (b). Let F be the linear space spanned by the
E,;’s. We claim that
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Indeed, we have
(u—3S8,,v) =0 Yve E,, m<n

just write u — S;, = (U — uy,) — uy). As n — oo we obtain
k#£m
(u—S,v)=0 YvekE,, Vm
and thus
(u—S,v)=0 VveF,

which implies that .
(u—S,v)=0 VvekF.

On the other hand_, S, € F Vn, and at the limit S € F. This proves (26). Of course,
if (b) holds, then F = H and thus S = u. Passing to the limit as # — o0 in (25) we
obtain (20).

Definition. A sequence (e,),>1 in H is said to be an orthonormal basis of H (or
a Hilbert basis* or simply a basis when there is no confusion)’ if it satisfies the
following properties:

(1) len| = 1Vnand (e, ep) =0Vm # n,
(ii) the linear space spanned by the ¢,’s is dense in H.

e Corollary 5.10. Let (ey,) be an orthonormal basis. Then for everyu € H, we have
oo n
u= I;(M, exer, ie,u= lim ];(u, ex)ex

and
o0
2 2
lul” = E [(u, ex)|”.
k=1

Conversely, given any sequence (a,) € £2, the series Y %o arex converges to some
element u € H such that (u, ex) = o Vk and |u|2 = Z,fil ot]%.

Proof. Note that H is the Hilbert sum of the spaces E, = Re, and that P, u =
(u, ey)e;,. Use Theorem 5.9 and Lemma 5.1.

Remark 9. In general, the series Y uy in Theorem 5.9 and the series ) (u, ex)ey in
Corollary 5.10 are not absolutely convergent, i.e., it may happen that Y o~ |ux| = 0o
orthat Y po | |(u, ex)| = o0.

e Theorem 5.11. Every separable Hilbert space has an orthonormal basis.

4 Not to be confused with an algebraic (= Hamel) basis, which is a family (e;);ecy in H such that
every u € H can be uniquely written as a finife linear combination of the ¢;’s (see Exercise 1.5).

5 Some authors say that (e,) is a complete orthonormal system.
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Proof. Let (v,) be a countable dense subset of H. Let Fi denote the linear space
spanned by {v1, v2, ..., vr}. The sequence (Fy) is anondecreasing sequence of finite-
dimensional spaces such that U,fil Fy is dense in H. Pick any unit vector e in F7.
If F», # Fi there is some vector e in F» such that {ej, e»} is an orthonormal basis
of F,. Repeating the same construction, one obtains an orthonormal basis of H.

Remark 10. Theorem 5.11 combined with Corollary 5.10 shows that all separable
Hilbert spaces are isomorphic and isometric with the space £2. Despite this seemingly
spectacular result it is still very important to consider other Hilbert spaces such as
L2(2) (or the Sobolev space H 1(€), etc.). The reason is that many nice linear (or
nonlinear) operators may look dreadful when they are written in a basis.

Remark 11. If H is a nonseparable Hilbert space—a rather unusual situation—one
may still prove (with the help of Zorn’s lemma) the existence of an uncountable or-
thonormal basis (e;);cr; see, e.g., W. Rudin [2], A. E. Taylor-D. C. Lay [1], G. B. Fol-
land [2], G. Choquet [1].

Comments on Chapter 5

1. Characterization of Hilbert spaces.

It is sometimes useful to know whether a given norm || on a vector space E
is a Hilbert norm, i.e., whether there exists a scalar product (, ) on E such that
lull = (u, u)'/? Vu € E. Various criteria are known:

(a) Theorem 5.12 (Fréchet-von Neumann—Jordan). Assume that the norm ||
satisfies the parallelogram law (1). Then ||  is a Hilbert norm.
For a proof see K. Yosida [1] or Exercise 5.1.

(b) Theorem 5.13 (Kakutani [1]). Assume that E is a normed space with dim E >
3. Assume that every subspace F of dimension 2 has a projection operator of
norm 1 (i.e., there exists a bounded linear projection operator P : E — F such
that Pu =uNu € F and |P|| < 1).5 Then || is a Hilbert norm.

(¢c) Theorem 5.14 (de Figueiredo—Karlovitz [1]). Let E be a normed space with
dim E > 3. Consider the radial projection on the unit ball, i.e.,

u ifllull <1,
Tu = .
w/llull i flul > 1.

Assume’ that

6 Let us point out that every subspace of dimension 1 has always a projection operator of norm 1.
(Use Hahn—Banach.)

7 One can show that in an arbitrary normed space, T satisfies
|1Tu —Tv|| <2 |lu—v| Yu,veE

and the constant 2 cannot be improved; see Exercise 5.6.
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| Tu —Tv| < |lu—v| VYu,ve€E.
Then || is a Hilbert norm.
Finally, let us recall a result that has already been mentioned (Remark 2.8).

(d) Theorem 5.15 (Lindenstrauss—Tzafriri [1]). Assume that E is a Banach space
such that every closed subspace has a complement.® Then E is Hilbertizable,
i.e., there exists an equivalent Hilbert norm.

2. Variational inequalities.

Stampacchia’s theorem is the starting point of the theory of variational inequalities
(see, e.g., D. Kinderlehrer—G. Stampacchia [1]), which has numerous applications
in mechanics and in physics (see, e.g., G. Duvaut-J. L. Lions [1]), in free boundary
value problems (see, e.g., C. Baiocchi—A. Capelo [1] and A. Friedman [4]), in op-
timal control (see, e.g., J.-L. Lions [2] and V. Barbu [2]), in stochastic control (see
A. Bensoussan-J.-L. Lions [1]).

3. Nonlinear equations associated with monotone operators.
The theorems of Stampacchia and Lax—Milgram extend to some classes of nonlinear
operators. Let us mention the following, for example.

Theorem 5.16 (Minty—Browder). Let E be a reflexive Banach space. Let A : E —
E* be a continuous nonlinear map such that

(Avi — Ava,v1 —v2) >0 Vv, m € E, v #y,

and
(Av, v)

im
lvl—o0 vl

Then for every f € E* there exists a unique solution u € E of the equation Au = f.

The interested reader will find in F. Browder [1] and J.-L. Lions [3] a proof of
Theorem 5.16 as well as many extensions and applications; see also Problem 31.

4. Special orthonormal bases. Fourier series. Wavelets.

In Chapter 6 we shall present a very powerful technique for constructing orthonor-
mal bases, namely by taking the eigenvectors of a compact self-adjoint operator. In
practice one very often uses special bases of L2(2) that consist of eigenfunctions of
differential operators (see Sections 8.6 and 9.8). The orthonormal basis on L2(O, )
defined by

en(x) =4/2/msinnx,n>1, or e,(x)=+/2/mcosnx,n>0,

is quite beloved, since it leads to Fourier series and harmonic analysis, a major field
in its own right; see, e.g., J. M. Ash [1], H. Dym-H. P. McKean [1], Y. Katznelson
[1], C. S. Rees—S. M. Shah—-C. V. Stanojevic [1].

8 It is equivalent to say that every closed subspace has a bounded projection operator P. Note that
here—in contrast to Theorem 5.13—we do not assume that || P|| < 1.
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Here is a question that puzzled analysts for decades. Givenu € L*(0, ), consider
its Fourier series S,, = ZZ:] (u, ex)ex. One knows (see Corollary 5.10) that S,, — u
in L2(0, 7). It follows that a subsequence S,, — u a.e.on (0, ) (see Theorem 4.9).
But can one say that the full sequence S, — u a.e. on (0, 7)? The answer is given
by the following very deep result:

Theorem 5.17 (Carleson [1]). If u € L?*(0, ) then S, — u a..

Other classical bases of L2(0, 1) or L2(R) are associated with the names of Bessel,
Legendre, Hermite, Laguerre, Chebyshev, Jacobi, etc. We refer the interested reader to
R. Courant-D. Hilbert [1], Volume 1, and R. Dautray-J.-L. Lions [1], Chapter VIII;
see also the comments at the end of Chapter 8 (spectral properties of the Sturm—
Liouville operator). Recently, there has also been much interest in the Haar and the
Walsh bases of L2(O, 1), which consist of step functions; see, e.g., Exercises 5.31,
5.32, G. Alexits [1], H. F. Harmuth [1].

The theory of wavelets provides a very important and beautiful new type of bases.
It is a powerful tool in decomposing functions, signals, speech, images, etc. The
interested reader may consult the recent books of Y. Meyer [1], [2], [3], R. Coifman
and Y. Meyer [1], I. Daubechies [1], G. David [1], C. K. Chui [1], M. B. Ruskai et
al. [1], J. J. Benedetto—M. W. Frazier [1], G. Kaiser [1], J. P. Kahane—P. G. Lemarié-
Rieusset [1], S. Mallat [1], G. Bachman-L. Narici—-E. Beckenstein [1], T. F. Chan—
J. Shen [1], P. Wojtaszczyk [1], E. Hernandez—G. Weiss [1], and their references.

5. Schauder bases in Banach spaces.

Let E be a Banach space. A sequence (e;),>1 is said to be a Schauder basis if for
every u € E there exists a unique sequence (¢, ),>1 in R such that u = 2130:1 o ek
(i.e., u = limy— 00 ) _y_; aker). Such bases play an important role in the geometry
of Banach spaces (see, e.g., B. Beauzamy [1], J. Lindenstrauss—L. Tzafriri [2], J. Di-
estel [2], R. C. James [2]). All classical (separable) Banach spaces used in analysis
have a Schauder basis (see, e.g., I. Singer [1]). This fact led Banach to conjecture
that every separable Banach space has a basis. After a few decades of unavailing
efforts a counterexample was discovered by P. Enflo [1]. One can even construct
closed subspaces of £7 (with 1 < p < oo, p # 2) without a Schauder basis (see
J. Lindenstrauss—L. Tzafriri [2]). A. Szankowski [1] has found another surprising
example: £ (H) (with its usual norm) has no Schauder basis when H is an infinite-
dimensional separable Hilbert space. In Chapter 6 we shall see that a related problem
for compact operators also has a negative answer.

Exercises for Chapter 5

In what follows, H will always denote a Hilbert space equipped with the scalar
product (, ) and the corresponding norm | |.

5.1|The parallelogram law.
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Suppose E is a vector space equipped withanorm ||  satisfying the parallelogram
law, i.e.,
la+ 617 + lla = b1I* = 2(lla ]| + IbI*)  Va,b € E.

Our purpose is to show that the quantity defined by
1
(,v) = 2w+ =l = [oI*) w,veE,

is a scalar product such that (u, u) = ||u||>.

1. Check that
(u,v) = (v,u), (—u,v) = —(u, v) and (u, 2v) = 2(u,v) Vu,v € E.

2. Prove that
(u+v,w)=w,w)+ (v,w) Vu,v,wekE.

[Hint: Use the parallelogram law successively with (i) a = u, b = v; (ii)) a =
utw,b=v+w,and(iii)a =u+v+w,b = w.]

3. Prove that (Au, v) = A(u,v) VA € R, Vu,v € E.
[Hint: Consider first the case A € N, then A € @, and finally A € R.]

4. Conclude.

L? is not a Hilbert space for p # 2.

Let €2 be a measure space and assume that there exists a measurable set A C 2
such that 0 < |A| < |€2].

Prove that the | ,, norm does not satisfy the parallelogram law forany 1 < p <
00, p # 2.

[Hint: Use functions with disjoint supports.]

Let (u,) be a sequence in H and let (#,) be a sequence in (0, co) such that

(tatty — tmlty, Up —Uy) <0 Vm, n.

1. Assume that the sequence (t,) is nondecreasing (possibly unbounded). Prove
that the sequence (u,) converges.
[Hint: Show that the sequence (|u,|) is nonincreasing.]

2. Assume that the sequence (1) is nonincreasing. Prove that the following alter-
native holds:

(i) either |u,| — oo,
(i1) or (u;) converges.

Ift, — t > 0O, prove that (u,) converges, and if #, — 0, prove that both cases
(i) and (ii) may occur.

Let K C H be a nonempty closed convex set. Let f € H andletu = Pk f.
Prove that
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w—u? <lv—fP>—lu—f*> Yvek.

Deduce that
lv—u| <|v— f|] VveKk.

Give a geometric interpretation.

1. Let (K,) be a nonincreasing sequence of closed convex sets in H such that
Nn Ky 7& @.
Prove that for every f € H the sequence u,, = P, f converges (strongly) to a
limit and identify the limit.

2. Let (K,) be a nondecreasing sequence of nonempty closed convex sets in H.

Prove that for every f € H the sequence u, = Pk, f converges (strongly) to a
limit and identify the limit.

Let ¢ : H — R be a continuous function that is bounded from below. Prove that
the sequence o, = infg, ¢ converges and identify the limit.

The radial projection onto the unit ball.
Let E be a vector space equipped with the norm ||
Set

u if flul <1,
u = .
w/llull i fluf > 1.

1. Prove that ||Tu — Tv|| <2|lu —v|| VYu,v e E.

2. Show that in general, the constant 2 cannot be improved.
[Hint: Take E = R? with the norm |ju|| = |u1| + |u2|.]

3. What happens if || is a Hilbert norm?

Projection onto a convex cone.
Let K C H be a convex cone with vertex at 0, i.e.,

0eK and u+puveK Vi, u>0, Vu,veKk,;

assume in addition that K is closed.
Given f € H, prove that u = Pk f is characterized by the following properties:

uek, (f—u,v)<0 YveK and (f—u,u)=0.

Let Q2 be a measure space and let & : 2 — [0, 400) be a measurable function.
Let
K={ue L2(§2); lu(x)| < h(x) a.e.on Q}.

Check that K is a nonempty closed convex set in H = L?(2). Determine Pk .

Let A C H and B C H be two nonempty closed convex set such that ANB = ¢
and B is bounded.
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Set
C=A-B.

—_—

Show that C is closed and convex.
2. Setu = Pc0and write u = ag — by for some ay € A and by € B (this is possible
since u € C).
Prove that |ap — bg| = dist(A, B) = infseca pep la — b|.
Determine P4bgy and Pgag.
3. Suppose a; € A and b; € B is another pair such that |a; — b| = dist(A, B).
Prove that u = a1 — by.
Draw some pictures where the pair [ag, bo] is unique (resp. nonunique).
4. Find a simple proof of the Hahn—-Banach theorem, second geometric form, in
the case of a Hilbert space.

Let F : H — R be a convex function of class C'. Let K C H be convex and
let u € H. Show that the following properties are equivalent:

1 F(u) < F(w) Yvek,
(i) (F'(w),v—u)>0 VveKk.

Example: F(v) = |v — f|*> with f € H given.

Let M C H be a closed linear subspace that is not reduced to {0}. Let
feH feM

1. Prove that
m = JQL (f, u)
lul=1
is uniquely achieved.

2. Let ¢1, 92,93 € H be given and let E denote the linear space spanned by
{¢1, @2, 3}. Determine m in the following cases:

() M =E,
(i) M = E*+.

3. Examine the case in which H = L2(0, 1), ¢1(t) = 1, ¢2(t) = 12, and @3(t) = 1°.

Completion of a pre-Hilbert space.

Let E be a vector space equipped with the scalar product (, ). One does not
assume that E is complete for the norm |u| = (u, u)'/? (E is said to be a pre-Hilbert
space).

Recall that the dual space E*, equipped with the dual norm || f|| g+, is complete.
Let T : E — E* be the map defined by

(Tu,v)p«~ g = (u,v) Vu,veE.

Check that T is a linear isometry. Is 7" surjective?
Our purpose is to show that R(T) is dense in £* and that || g~ is a Hilbert norm.
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1. Transfer to R(T) the scalar product of E and extend it to R(T). The resulting
scalar product is denoted by ((f, g)) with f, g € R(T).
Check that the corresponding norm ((f, f )1/2 coincides on m with || £l g+.
Prove that

(fivy=f,Tv)) YveE, VfeR).

2. Prove that R(T) = E*.
[Hint: Given f € E*, transfer f to a linear functional on R(T') and use the
Riesz—Fréchet representation theorem in R(7T').]
Deduce that E* is a Hilbert space for the norm || g=.

3. Conclude that the completion of E can be identified with E*. (For the definition
of the completion see, e.g., A. Friedman [3].)

Let E be a vector space equipped with the norm || g. The dual norm is
denoted by || g+. Recall that the (multivalued) duality map is defined by

F) ={f € E* | fllg+ = lullg and (f, u) = |lull7}.

1. Assume that F satisfies the following property:
Fu)+ Fv) C Flu4+v) VYu,veeE.

Prove that the norm || g arises from a scalar product.
[Hint: Use Exercise 5.1.]
2. Conversely, if the norm || g arises from a scalar product, what can one say
about F'?
[Hint: Use Exercise 5.12 and 1.1.]

Leta: H x H — R be a bilinear continuous form such that
a(v,v) >0 VYveH.

Prove that the function v — F(v) = a(v, v) is convex, of class C!, and determine
its differential.

Let G C H be alinear subspace of a Hilbert space H; G is equipped with the
norm of H. Let F be a Banach space. Let S : G — F be a bounded linear operator.

Prove that there exists a bounded linear operator 7 : H — F that extends S and
such that

”T”,Z(H,F) = ”S”,Z(G,F)'

The triplet V. C H C V*.

Let H be a Hilbert space equipped with the scalar product (, ) and the corre-
sponding norm | |. Let V C H be a linear subspace that is dense in V. Assume that
V has its own norm || and that V is a Banach space for | . Assume also that the
injection V C H is continuous, i.e., [v| < CJv]| Yv € V. Consider the operator
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T : H — V* defined by
(Tu,v)y»v =wm,v) Yue H, VYvelV.

Prove that ||Tu|ly+ < Clu|Vu € H.

Prove that T is injective.

Prove that R(T) is dense in V* if V is reflexive.

Given f € V*, prove that f € R(T) iff there is a constant @ > 0 such that
[{(f, v)v=v| <alv|VveV.

el

Let M, N C H be two closed linear subspaces.
Assume that (u, v) = 0Vu € M, Yv € N. Prove that M + N is closed.

Let E be a Banach space and let H be a Hilbert space. Let T € Z(E, H).
Show that the following properties are equivalent:

(i) T admits a left inverse,
(ii) there exists a constant C such that ||u|| < C|Tu|Vu € E.

Let (u,) be a sequence in H such that u, — u weakly. Assume that
lim sup |u,| < |ul|. Prove that u,, — u strongly without relying on Proposition 3.32.

Assume that S € £ (H) satisfies (Su,u) > 0Vu € H.

1. Prove that N(S) = R(S)~ .
2. Prove that I 4 ¢S is bijective for every ¢t > 0.
3. Prove that
lim (I +1S)"'f = Py f YfeH.
t—>—+00

[Hint: Two methods are possible:

(a) Consider the cases f € N(S) and f € R(S).
(b) Use weak convergence.]

Iterates of linear contractions. The ergodic theorem of Kakutani—Yosida.
Let T € Z(H) be such that ||T|| < 1. Given f € H and given an integer
n>1,set

on(f) = %(f+ TF+T2 4+ T f)

and

2

Our purpose is to show that
lim 0, (f) = lim u,(f) = Pna-1) f.
n— 00 n— 00

1. Check that N(I — T) = R(I — T)* .
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2. Assumethat f € R(I—T).Prove that there exists a constant C such that |0, (f)| <

C/nVn > 1.
3. Deduce that for every f € H, one has

lim 0,(f) = Pya-1) [
n—oo

1
4. Set § = 5(1 + T). Prove that

1) lu — Sul® + |Sul® < |u|*> Vu € H.
Deduce that

ZlSl —S*P? <u? YueH

and that
[S" (u — Su)| <

M vieH vas1.
_l’_

5. Assume that f € R(I — T). Prove that there exists a constant C such that

lun ()l < C//nVn = 1.
6. Deduce that for every f € H, one has

lim w,(f) = Pna-1)f-
n—oo

Let C C H be a nonempty closed convex set and let T : C — C be a
nonlinear contraction, i.e.,

|Tu —Tv| <|u—v| Vu,veC.
1. Let (u,) be a sequence in C such that
u, — u weakly and (v, — Tu,) — f strongly.

Prove thatu — Tu = f.
[Hint: Start with the case C = H and use the inequality ((u —Tu)— (v—Tv), u—
v) >0Vu,v.]
2. Deduce that if C is bounded and T'(C) C C, then T has a fixed point.
[Hint: Consider T,u = (1—¢&)Tu+¢ea witha € C being fixedande > 0, ¢ — 0.]

Zarantonello’s inequality.

Let T : H — H be a (nonlinear) contraction. Assume that o, a2, ..., 0, € R
are such that o; > 0 Vi and Z;’zl o; = 1. Assume that uy, us, ..., u, € H and set

n
o = E oiu;.
i=1
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Prove that
n
‘TO‘ — Za,-Tu,-
i=1

[Hint: Write

2

1 n
< z ,Zlaiaj[lui — uj|2 — |Tu; — Tuj|2i|.
i,j=

2 n
= Z ajaj(To —Tu;,To —Tuj)
i,j=1

n
‘TU - Z o Tu;
i=1

and use the identity (a, b) = 3(la|* + [b|* — |a — b[?).]
What can one deduce when T is anisometry (i.e., |[Tu—Tv| = lu—v|Vu,v € H)?

The Banach—Saks property.

1. Assume that (u,) is a sequence in H such that u, — 0 weakly. Construct by
induction a subsequence (u,, j) such that u,,, = u1 and

1
(Gt tn)l < 2 V= 2andVj=1,2.... k1.

Deduce that the sequence (0,) defined by o, = % Z?:l up; converges strongly
to0as p — oo.
[Hint: Estimate |o|2.]

2. Assume that (u,) is a bounded sequence in H. Prove that there exists a subse-
quence (up;) such that the sequence o), = % Zj;l up; converges strongly to a
limit as p — oo.

Compare with Corollary 3.8 and Exercise 3.4.

Variations on Opial’s lemma.

Let K C H be a nonempty closed convex set. Let (#,) be a sequence in H such
that for each v € K the sequence (Ju, — v|) is nonincreasing.

1. Check that the sequence (dist(u,, K)) is nonincreasing.

2. Prove that the sequence (Pgu,) converges strongly to a limit, denoted by £.
[Hint: Use Exercise 5.4.]

3. Assume here that the sequence (u,,) satisfies the property

®) Whenever a subsequence (u,, ) converges weakly

to some limitu € H,thenu € K.

Prove that u;,, — ¢ weakly.

4. Assume here that [, _,A(K — K) = H.Prove that there exists some u € H such
that u,, — u weakly and Pxu = £.

5. Assume here thatInt K # (. Prove that there exists some u € H suchthatu, — u
strongly.
[Hint: Consider first the case that K is the unit ball and then the general case.]
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6. Set 0, = %(ul + us + --- + u,) and assume that the sequence (o,) satisfies
property (P). Prove that o,, — £ weakly.

Assume that (e,) is an orthonormal basis of H.

1. Check that e, — 0 weakly.

Let (a,) be a bounded sequence in R and set u,, = % Y
2. Prove that |u,| — 0.
3. Prove that \/n u,, — 0 weakly.

14ié€;.

Let D C H be a subset such that the linear space spanned by D is dense in H.
Let (E,)n>1 be a sequence of closed subspaces in H that are mutually orthogonal.
Assume that

o
Z |Pg,ul® = u|®> Vu e D.
n=1

Prove that H is the Hilbert sum of the E,;’s.

Assume that H is separable.

1. Let V C H be a linear subspace that is dense in H. Prove that V contains an
orthonormal basis of H.

2. Let (ey)n>1 be an orthonormal sequence in H, i.e., (¢;, ;) = §;;. Prove that there
exists an orthonormal basis of H that contains Uflozl {en}.

A lemma of Grothendieck.

Let 2 be ameasure space with |2] < 0o.Let E be aclosed subspace of L? (2) with
1 < p < 0o. Assume that £ C L®°(£2). Our purpose is to prove that dim £ < co.

1. Prove that there exists a constant C such that

lullo < Cllull, Yu€E.

[Hint: Use Corollary 2.8.]
2. Prove that there exists a constant M such that

lulloo < Mllullz Vu e E.

[Hint: Distinguish the cases | < p <2and2 < p < 00.]
3. Deduce that E is a closed subspace of L2().

In what follows we assume that dim £ = oo. Let (e;),>1 be an orthonormal
sequence of E (equipped with the L? scalar product).

4. Fix any integer k > 1. Prove that there exists a null set w C €2 such that

i P 172
Zaiei(x) <M (Za?) Vx € Q\w, Va=(aj,a2,...,q) € R,

i=1 i=1
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[Hint: Start with the case o € QF.]
5. Deduce that Y"¥_ |e;(x)|? < M2 Vx € Q\o.
6. Conclude.

Let (ex)n>1 be an orthonormal sequence in H = L2(0, 1). Let p(t) be agiven
function in H.

1. Prove that for every ¢ € [0, 1], one has

o0

(1) >

n=1

2 t
< /O |p(s)2ds.

t
/ p(s)en(s)ds
0

2. Deduce that

o 1
@) >
n=1 0

3. Assume now that (e,),>1 is an orthonormal basis of H.
Prove that (1) and (2) become equalities.

4. Conversely, assume that equality holds in (2) and that p(z) # 0 a.e. Prove that
(en)n>1 is an orthonormal basis.

2 1
dr < / pOP = 1.
0

t
/ p(s)e,(s)ds
0

Example: p = 1.

The Haar basis.

Given an integer n > 1, write n = k + 27, where p > 0 and k > 0 are integers
uniquely determined by the condition k¥ < 27 — 1. Consider the function defined on
(0, 1) by

1
2r/2 if k27 <t < (k+ 5)2—1’,
_ 1
Pn(t) =10 _20/2 if (k+ P2 <t <k+D27,
0 elsewhere.

Set ¢p = 1 and prove that (¢,),>0 is an orthonormal basis of L2(0, 1).

The Rademacher system and the Walsh basis.
For every integer i > 0 consider the function r;(¢) defined on (0, 1) by r;(7) =
(—1)[21’ 1 (as usual [x] denotes the largest integer < x).

1. Check that (7;);>¢ is an orthonormal sequence in L? (0, 1) (called the Rademacher
system).

2. Is (ri)i>0 an orthonormal basis?
[Hint: Consider the function u = ryr.]

3. Given an integer n > 0, consider its binary representation n = Zf:o ai2i with
a; € {0, 1}.
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Set
)

wa(t) = [ [ripi 0.

i=0

Prove that (w,),>0 is an orthonormal basis of L?(0, 1) (called the Walsh basis).
Note that (r;);>0 is a subset of (wy),>0.



Chapter 6

Compact Operators. Spectral Decomposition of
Self-Adjoint Compact Operators

6.1 Definitions. Elementary Properties. Adjoint

Throughout this chapter, and unless otherwise specified, £ and F denote two Banach
spaces.

Definition. A bounded operator T € L(E, F) is said to be compact if T (Bg) has
compact closure in F (in the strong topology).

The set of all compact operators from E into F is denoted by K(E, F). For
simplicity one writes JC(E) = K(E, E).

Theorem 6.1. The set IC(E, F) is a closed linear subspace of L(E, F) (in the topol-
ogy associated to the norm || (g, F))-

Proof. Clearly the sum of two compact operators is a compact operator. Suppose
that (7},) is a sequence of compact operators and 7 is a bounded operator such that
T, — Tllze, 7y — 0. We claim that T is a compact operator. Since F' is complete
it suffices to check that for every ¢ > O there is a finite covering of 7 (Bg) with
balls of radius ¢ (see, e.g., J. R. Munkres [1], Section 7.3). Fix an integer n such that
7. —Tllze,Fy < €/2.Since T, (Bg) has compact closure, there is a finite covering
of T,,(Bg) by balls of radius ¢/2, say T,(Bg) C Uie,B(fi, g/2). It follows that
T(Bg) C UieIB(fi’ €).

Definition. An operator T € L(E, F) is said to be of finite rank if the range of T,
R(T), is finite-dimensional.

Clearly, any finite-rank operator is compact and thus we have the following.

Corollary 6.2. Let (T,,) be a sequence of finite-rank operators and let T € L(E, F)
be such that | T, — Tllgg,Fy — 0. Then T € K(E, F).

* Remark 1. The celebrated “approximation problem” (Banach, Grothendieck) deals
with the converse of Corollary 6.2: given a compact operator 7 does there always
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exist a sequence (7},) of finite-rank operators such that |7, — Tl zg,r) — 0? The
question was open for a long time until P. Enflo [1] discovered a counterexample
in 1972. The original construction was quite complicated, and subsequently simpler
examples were found, for example, with F being some closed subspace of £” (for
any 1 < p < 0o, p # 2). The interested reader will find a detailed discussion of
the approximation problem in J. Lindenstrauss—L. Tzafriri [2]. Note that the answer
to the approximation problem is positive in some special cases—for example if F
is a Hilbert space. Indeed, set K = T (Bg). Given ¢ > 0 there is a finite covering
of K with balls of radius ¢, say K C |J; <1B(fi,¢). Let G denote the vector space
spanned by the f;’s and set T, = PgT, so that T, is of finite rank. We claim that
IT: — Tllze Fy < 2¢. For every x € B there is some ip € I such that

(D ITx — fioll <e.
Thus

|PcTx — P fill < e,
that is,
2 1PcTx — fiyll <e.

Combining (1) and (2), one obtains
|PcTx — Tx| <2¢ Vx € Bg,

that is,
I Te — Tl Fy < 26.

[More generally, one sees that if ' has a Schauder basis, then the answer to the
approximation problem is positive for every space E and every compact operator
from E into F.]

In connection with the approximation problem, let us mention a technique that
is very useful in nonlinear analysis to approximate a continuous map (linear or
nonlinear) by nonlinear maps of finite rank. Let X be a topological space, let F
be a Banach space, and let 7 : X — F be a continuous map such that 7'(X) has
compact closure in F. We claim that for every ¢ > 0 there exists a continuous map
T, : X — F of finite rank such that

3) ITe(x) —T(x)|| <e VxelX.

Indeed, since K = T(X) is compact there is a finite covering of K, say K C

Ui B(fi, /2). Set
Y qi(x)fi

iel

Y gi(x)

iel

Te(x) = with ¢; (x) = max{e — [|Tx — fill, O}
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clearly T, satisfies (3).

This kind of approximation is very useful, for example, to deduce Schauder’s
fixed-point theorem from Brouwer’s fixed-point theorem (see, e.g., K. Deimling [1],
A. Granas—J. Dugundji[1], J. Franklin [1], and Exercise 6.26). A similar construction,
combined with the Schauder fixed-point theorem, has also been used in a surprising
way by Lomonosov to prove the existence of nontrivial invariant subspaces for a
large class of linear operators (see, e.g., C. Pearcy [1], N. Akhiezer—I. Glazman [1],
A. Granas—J. Dugundji [1], and Problem 42). Another linear result that has a simple
proof based on the Schauder fixed-point theorem is the Krein—Rutman theorem (see
Theorem 6.13 and Problem 41).

Proposition 6.3. Let E, F, and G be three Banach spaces. Let T € L(E, F) and
Sek(F, G)lresp. T e K(E, F)yand S € L(F, G)]. Then SoT € K(E, G).

The proof is obvious.
Theorem 6.4 (Schauder). If T € K(E, F), then T* € KC(F*, E*). And conversely.

Proof. We have to show that T*(Bp~) has compact closure in E*. Let (v,) be a
sequence in Bpx. We claim that (T*(v,)) has a convergent subsequence. Set K =
T (BEg); this is a compact metric space. Consider the set H C C(K) defined by

H={pp:x e Kr— (v, x);n=1,2,...}.

The assumptions of Ascoli—Arzela’s theorem (Theorem 4.25) are satisfied. Thus,
there is a subsequence, denoted by ¢y, , that converges uniformly on K to some
continuous function ¢ € C(K). In particular, we have

sup |(v,1k, Tu) — (p(Tu)’ — 0.
ueBg k—o00
Thus
sup |(vy., Tut) = (vn,., Tu)| — 0,
ueBg k,£—00

ie., |T*vy, — T*vy,||g» —> 0. Consequently T*v,, converges in E*.
i k,£— 00

Conversely, assume T* € K(F*, E*). We already know, from the first part,
that T** € K(E**, F**). In particular, 7**(Bg) has compact closure in F**. But
T(Bg) = T*(Bg) and F is closed in F**. Therefore T (Bg) has compact closure
in F.

Remark 2. Let E and F be two Banach spaces andlet T € K(E, F).If (u, ) converges
weakly to u in E, then (T'u,) converges strongly to Tu. The converse is also true if
E is reflexive (see Exercise 6.7).

6.2 The Riesz—Fredholm Theory

We start with some useful preliminary results.
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Lemma 6.1 (Riesz’s lemma). Let E be an n.v.s. and let M C E be a closed linear
space such that M # E. Then

Ve > 0 Ju € E such that |u|| = 1 and dist(u, M) > 1 —¢.
Proof. Letv € E withv ¢ M. Since M is closed, then
d = dist(v, M) > 0.
Choose any mo € M such that
d<|lv—moll =d/(1—e¢).
Then
v — mo

[ —mol

satisfies the required properties. Indeed, for every m € M, we have

— my

v
I [ | EIr= e
l[v —moll llv —moll

since mqg + ||[v — mg|lm € M.

Remark 3. If M is finite-dimensional (or more generally if M is reflexive) one can
choose ¢ = 0 in Lemma 6.1. But this is not true in general (see Exercise 1.17).

e Theorem 6.5 (Riesz). Let E be an n.v.s. with Bg compact. Then E is finite-
dimensional.

Proof. Assume, by contradiction, that E is infinite-dimensional. Then there is a
sequence (E,) of finite-dimensional subspaces of E such that E,,_; C E, and
E,_1 # E,. By Lemma 6.1 there is a sequence (u,) with u, € E, such that
llu,|l = 1 and dist(u,, E,—1) > 1/2. In particular, ||u, — uy| > 1/2 form < n.
Thus (u,) has no convergent subsequence, which contradicts the assumption that Bg
is compact.

e Theorem 6.6 (Fredholm alternative). Let T € KC(E). Then

(@) N(I — T) is finite-dimensional,

(d) R(I — T) is closed, and more precisely R(Il — T) = N(I — T4,
C©ONUI-T)={0} & R(I—-T)=E,

(D dimNUI —-T)=dimN{ —T%*).

Remark 4. The Fredholm alternative deals with the solvability of the equation
u — Tu = f.Itsays that

» cither for every f € E the equation ¥ — Tu = f has a unique solution,

* orthehomogeneous equation u —Tu = 0 admits n linearly independent solutions,
and in this case, the inhomogeneous equation u — Tu = f is solvable if and only
if f satisfies n orthogonality conditions, i.e.,
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feNUI—T""

Remark 5. Property (c) is familiar in finite-dimensional spaces. If dim E < oo, a
linear operator from E into itself is injective (= one-to-one) if and only if it is
surjective (= onto). However, in infinite-dimensional spaces a bounded operator
may be injective without being surjective and conversely, for example the right shift
(resp. the left shift) in £% (see Remark 6). Therefore, assertion (c) is a remarkable
property of the operators of the form I — 7 with T € KC(E).

Proof.

(a) Let Ey = N(I —T).Then Bg, C T(Bg) and thus Bg, is compact. By Theorem
6.5, E| must be finite-dimensional.

(b) Let f, = u, —Tu, — f.Wehavetoshowthat f € R(I—T).Setd, = dist(uy,
N(I —T)).Since N(I — T) is finite-dimensional, there exists v, € N(I — T)
such that d,, = ||u,, — v,||. We have

@) So =y —vy) — T (uy — vy).

We claim that ||u, — v, || remains bounded. Suppose not; then there is a subse-
quence such that [u,, — vy, || — oo. Set w, = (U, — vy)/||lup — vy ||. From (4)
we see that w,, — Tw,, — 0. Choosing a further subsequence (still denoted
by wy, for simplicity), we may assume that Tw,, — z. Thus w,, — z and
ze€ N(I —T), so that dist(wp,, N(/ — T)) — 0. On the other hand,

dist(un, N(I = T))

Ity — vyl

dist(wn, N(I = T)) =

(since v, € N(I — T)); a contradiction.

Thus ||u, — v, | remains bounded, and since T is a compact operator, we may
extract a subsequence such that T (u,, — v, ) converges to some limit £. From
(4) it follows that u,, —v,, — f +¢.Lettingg = f+£{,wehaveg —Tg = f,
i.e., f € R(I —T). This completes the proof of the fact that the operator (I — T')
has closed range. We may therefore apply Theorem 2.19 and deduce that

RI-T)=N(I—-T**, RUI-T*=NU-T)".
(c) We first prove the implication =. Assume, by contradiction, that
Ey=R(I-T)#E.

Then E; is a Banach space and T'(E1) C E;. Thus Tig, € K(Ey) and E; =
(I — T)(E) is a closed subspace of E1. Moreover, E> # E; (since (I — T) is
injective). Letting E, = (I —T)"(E), we obtain a (strictly) decreasing sequence
of closed subspaces. Using Riesz’s lemma we may construct a sequence (u,)
such that u,, € E,, |u,|| = 1 and dist(u,, E,4+1) > 1/2. We have

Tupy —Tuy = =y — Tuy) + Wy — Tuy) + (Up — ).
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Note thatif n > m, then E,,+1 C E, C E;+1 C E), and therefore
—(p — Tuy) + (m — Tuy) +uty € Eppg1.

It follows that | Tu;,, — Tuy, || > dist(usy,, En+1) = 1/2. This is impossible, since
T is a compact operator. Hence we have proved that R(/ — T) = E.
Conversely, assume that R(I —T) = E. By Corollary 2.18 we know that N (I —
T*) = R(I — T)* = {0}. Since T* € K(E*), we may apply the preceding step
to infer that R(/ — T*) = E*. Using Corollary 2.18 once more, we conclude
that N(I — T) = R(I — T*)* = {0}.

(d) Setd = dim N(I — T) and d* = dim N(I — T*). We will first prove that
d* < d. Suppose not, that d < d*. Since N(I — T) is finite-dimensional, it
admits a complement in E (see Section 2.4, Example 1). Thus there exists a
continuous projection P from E onto N({ — T'). On the other hand, R(/ —T) =
N(I — T*)* has finite codimension d* (see Section 2.4, Example 2) and thus it
has a complement (in E), denoted by F, of dimension d*. Since d < d*, there
is a linear map A : N(I — T) — F that is injective and not surjective. Set
S=T+ Ao P.Then S € K(E), since A o P has finite rank.

We claim that N (I — S) = {0}. Indeed, if

O=u—Su=w—Tu) — (Ao Pu),

then
u—Tu=0 and Ao Pu=0,

ie,ue€ N(I —T)and Au = 0. Therefore, u = 0.

Applying (c) to the operator S, we obtain that R(/ — §) = E. This is absurd, since
there exists some f € F with f ¢ R(A), and so the equation u — Su = f has no
solution.

Hence we have proved that d* < d. Applying this fact to 7*, we obtain

dim NI — T**) <dim N(I — T*) <dim N(I — T).

But N(I — T*) D N(I — T) and therefore d = d*.

6.3 The Spectrum of a Compact Operator

Here are some important definitions.

Definition. Let 7 € L(E).
The resolvent set, denoted by p(T), is defined by

p(T) = {} € R; (T — Al) is bijective from E onto E}.

The spectrum, denoted by o (T), is the complement of the resolvent set, i.e.,
o(T) = R\p(T). A real number A is said to be an eigenvalue of T if
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N(T — A1) # {0};

N(T — A) is the corresponding eigenspace. The set of all eigenvalues is denoted
by EV(T).!

It is useful to keep in mind that if A € p(T) then (T — AD™' e L(E) (see
Corollary 2.7).

Remark 6. It is clear that EV(T) C o (T). In general, this inclusion can be strict:2
there may exist some A such that

N(T —AI)={0} and R(T —Al)#E

(such a A belongs to the spectrum but is not an eigenvalue). Consider, for example,
in E = ¢2 the right shift, i.e., Tu = (0,uy,uz,...) withu = (uy,uz,u3,...).
Then 0 € o(T), while 0 ¢ EV(T). In fact, in this case EV(T) = @, while
o(T) = [—1, +1] (see Exercise 6.18). It may of course happen, in finite- or infinite-
dimensional spaces, that EV(T) = o(T) = @; consider, for example, a rotation
by 7 /2 in R2, or in £2 the operator Tu = (—up, uy, —ua, us,...). If we work in
vector spaces over C (see Section 11.4) the situation is fotally different; the study of
eigenvalues and spectra is much more interesting in spaces over C. As is well known,
in finite-dimensional spaces over C, EV(T) = o (T) # @ (these are the roots of the
characteristic polynomial). In infinite-dimensional spaces over C a nontrivial result
asserts that o (T) is always nonempty (see Section 11.4). However, it may happen
that EV (T) = () (take for example the right shift in £ = ).

Proposition 6.7. The spectrum o (T) of a bounded operator T is compact and
o(T) C[=ITI, +IT].

Proof. Let) € Rbesuchthat|A| > ||T||. We will show that T —A[ is bijective, which
implies that o (T) C [—||T ||, +|IT||]- Given f € E, the equation Tu — Au = f has
a unique solution, since it may be written as u = A~!(Tu — f) and the contraction
mapping principle (Theorem 5.7) applies.

We now prove that p(7T') is open. Let Ao € p(T). Given A € R (close to Ag) and
f € E, we try to solve

Q) Tu —Au = f.
Equation (5) may be written as

Tu — dou = f + (A — Ag)u,
ie.,

(©6) u= (T =27 '[f + O — roul.

1 Some authors write 0, (T) (= point spectrum) instead of EV (T).
2 Of course, if E is finite-dimensional, then EV(T) = o (T).
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Applying the contraction mapping principle once more, we see that (6) has a solu-
tion if
A= oll(T = 20D 7' < 1.

e Theorem 6.8. Let T € K(E) with dim E = oo, then we have:

(@) 0 eo(T),
() o (TH\{0} = EV(T)\{0},
(c) one of the following cases holds:
* o(I)={0},
e o(T)\{0} is a finite set,
e o (T)\{0} is a sequence converging to 0.

Proof.

(a) Suppose not, that 0 ¢ o (T). Then T is bijective and / = T o T~! is compact.
Thus Bg is compact and dim E < oo (by Theorem 6.5); a contradiction.

(b) Let A € o(T), A # 0. We shall prove that A is an eigenvalue. Suppose not, that
N(T — 1I) = {0}. Then by Theorem 6.6(c), we know that R(T — ALI) = E and
therefore A € p(T'); a contradiction.

For the proof of assertion (c) we shall use the following lemma.

Lemma 6.2. Let T € KC(E) and let (Ay)n>1 be a sequence of distinct real numbers

such that
Ap — A
and
An € o (TH\{0} Vn.
Then A = 0.

In other words, all the points of o (T')\{0} are isolated points.

Proof. We know that A, € EV(T); let e;, # 0 be such that (T — A, I)e, = 0. Let
E, be the space spanned by {e1, e2, ..., e,}. Weclaimthat E,, C E, 41, E, # Ent1
for all n. It suffices to check that for all n, the vectors eq, ea, ..., e, are linearly
independent. The proof is by induction on n. Assume that this holds up to n and
suppose that e,+1 = > i, a;e;. Then

n n
Tept1 = Zdikiei = Zdi?»nﬂei-
i=1 i=1

It follows that o;(A; — Ap41) = Ofori = 1,2,...,n and thus o; = O fori =
1,2,...,n; a contradiction. Hence we have proved that E,, C E,41, E;, # E,q1
for all n.

Applying Riesz’s lemma (Lemma 6.1), we may construct a sequence (i, ),>1 such
that u, € E,, ||u,|l = 1 and dist(up, E,—1) > 1/2foralln > 2. For2 <m < n
we have
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Em—l C Em C En—l C En-
On the other hand, it is clear that (T — A, I)E,, C E,_1. Thus we have

An Am

H Tu, Tu,, v
n— Um

(Tup — Anuy) _ (Tup — Amum) +
An Am

> dist(u,, E,—1) > 1/2.

If A, — X and 2 # 0 we have a contradiction, since (Tu,) has a convergent
subsequence.

Proof of Theorem 6.8, concluded. For every integer n > 1 the set
o(T)N{reR; A = 1/n}

is either empty or finite (if it had infinitely many distinct points we would have a
subsequence that converged to some A with |A| > 1/n—since o (T) is compact—
and this would contradict Lemma 6.2). Hence if o (7')\ {0} has infinitely many distinct
points we may order them as a sequence tending to 0.

Remark 7. Given any sequence (c,) converging to O there is a compact operator T
such that o (T) = (a,) U {0}. In £2 it suffices to consider the multiplication operator

T defined by Tu = (xjuy, aoua, ..., xlty, ...), Wwhere u = (uy, ua, ..., Uy, ...).
Note that T is compact, since 7 is a limit of finite-rank operators. More precisely, let
Tou = (quy, 02U, ..., duup, 0,0,...); then ||T,, — T|| — 0. In this example, we

also see that 0 may or may not belong to E'V (T'). On the other hand, if 0 € EV(T),
the corresponding eigenspace, i.e., N (T'), may be finite- or infinite-dimensional.

6.4 Spectral Decomposition of Self-Adjoint Compact Operators

In what follows we assume that £ = H is a Hilbert space and that T € L(H).
Identifying H* and H, we may view T* as a bounded operator from H into itself.

Definition. A bounded operator T € L(H) is said to be self-adjoint if T* =T, i.e.,

(Tu,v) = u, Tv) Yu,veH. \

Proposition 6.9. Let T € L(H) be a self-adjoint operator. Set

m = inf (Tu,u) and M = sup (Tu,u).
ueH

1 ueH
ul= luj=1

Theno(T) C [m,M],m € o(T),and M € o(T). Moreover, | T || = max{|m|, |M|}.
Proof. Let . > M; we will prove that A € p(T). We have

(Tu,u) < Mu|*> Yu e H,
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and therefore
(u — Tu,u) > (A — M)|ul*> = a|ul* Vu € H, witha > 0.

Applying Lax—Milgram’s theorem (Corollary 5.8), we deduce that A — T is bijective
and thus A € p(T). Similarly, any A < m belongs to p(T) and therefore o (T) C
[m, M].

We now prove that M € o (T') (the proof that m € o (T) is similar). The bilinear
form a(u, v) = (Mu — Tu, v) is symmetric and satisfies

a(v,v) >0 VYveH.
Hence, it satisfies the Cauchy—Schwarz inequality

1/261(11, v)l/2 Yu,v € H,

la(u, v)| < a(u, u)
ie.,
|(Mu — Tu,v)| < (Mu — Tu,u)/>(Mv — Tv,v)'/*> Vu,v € H.
It follows that

(7 IMu — Tu| < C(Mu — Tu,w)'> Yu € H.

By the definition of M there is a sequence (u,) such that |u,| = 1 and (Tu,, u,) —
M. From (7) we deduce that |[Mu, — Tu,| — 0 and thus M € o(T) (since if
M € p(T), thenu, = (MI —T)""(Mu, — Tu,) — 0, which is impossible).
Finally, we prove that ||T'|| = p, where u = max{|m|, |M|}. Write Vu, v € H,
(Tw+v),u+v)=(Tu,u)+ (Tv,v) +2(Tu, v),
(Twu—v),u—v)=Tu,u)+ (Tv,v) —2(Tu,v).
Thus
4(Tu,v) =T (wm+v),u+v)—(T(u—v),u —v)
|2

§M|u+v|2—m|u—v

and therefore
4(Tu, v)| < u(u+ v + lu — v*) = 2u(ul* + [v]*).

Replacing v by ov with @ > 0 yields

|u|? 2
4(Tu, v)| <2u +alv]© ).

o
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Next we minimize the right-hand side over «, i.e., choose o = |u|/|v|, and then we
obtain
[(Tu,v)| < plul lv] Vu,v, sothat |T] < u.

On the other hand, it is clear that [(Tu,u)| < ||T|| |u|2, so that |m| < |T| and
[M| < |IT||, and thus u < [T

Corollary 6.10. Let T € L(H) be a self-adjoint operator such that o (T) = {0}.
Then T = 0.

Our last statement is a fundamental result. It asserts that every compact self-adjoint
operator may be diagonalized in some suitable basis.

e Theorem 6.11. Let H be a separable Hilbert space and let T be a compact self-
adjoint operator. Then there exists a Hilbert basis composed of eigenvectors of T.

Proof. Let (1,),>1 be the sequence of all (distinct) nonzero eigenvalues of 7. Set
M=0, Ey=N(T), and E, = N(T —A,I).

Recall that
0<dim Eg <oco and 0 <dimE, < oo.

We claim that H is the Hilbert sum of the E,’s, n = 0, 1,2, ... (in the sense of
Section 5.4):

(1) The spaces (E},),>0 are mutually orthogonal.

Indeed, ifu € E,, and v € E,, with m # n, then

Tu=xiyu and Tv=A,v,

so that
(Tu,v) =rp(u,v) = (u, Tv) = Ay (u, v).

Therefore
(u,v) =0.

(ii) Let F be the vector space spanned by the spaces (E,),>0. We shall prove that
F is dense in H.
Clearly, T (F) C F.lItfollows that T (F Ly ¢ Ft;indeed, givenu € F L we have

(Tu,v) =, Tv)y=0 Vv eF,

so that Tu € F. The operator T restricted to F is denoted by Tp. This is a self-
adjoint compact operator on F+. We claim that o (Tp) = {0}. Suppose not; suppose
that some A # 0 belongs to o (Tp). Since L € EV (Tp), there is some u € F+ u # 0,
such that Tou = Au. Therefore, A is one of the eigenvalues of 7', say A = A, with
n>1.Thusu € E, C F.Sinceu € F+ N F, we deduce that u = 0; a contradiction.

Applying Corollary 6.10, we deduce that Ty = 0,i.e., T vanishes on F . It follows
that F- < N(T). On the other hand, N(T) C F and consequently F L c F. This
implies that F- = {0}, and so F is dense in H.
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Finally, we choose in each subspace (E,),>0 a Hilbert basis (the existence of such
a basis for E( follows from Theorem 5.11; for the other E,,’s, n > 1, this is obvious,
since they are finite-dimensional). The union of these bases is clearly a Hilbert basis
for H, composed of eigenvectors of 7.

Remark 8. Let T be a compact self-adjoint operator. From the preceding analysis we
may write any element u € H as

o
U= Zun with u, € E,.
n=0

Then Tu = ZZOII Antty. Given an integer k > 1, set

k
Tiu = Z Anly.
n=1

Clearly, T is a finite-rank operator and

Ty — T|| < sup |An| > 0 ask — oo.
n>k+1

Recall that in fact, in a Hilbert space, every compact operator—not necessarily self-
adjoint—is the limit of a sequence of finite-rank operators (see Remark 1).

Comments on Chapter 6

* 1. Fredholm operators.

Theorem 6.6 is the first step toward the theory of Fredholm operators. Given two
Banach spaces E and F, one says that A € L(E, F) is a Fredholm operator (or a
Noether operator)—one writes A € ®(E, F)—if it satisfies:

(i) N(A) is finite-dimensional,

(i) R(A) is closed and has finite codimension.>

The index of A is defined by
ind A = dim N(A) — codim R(A).

For example, A = I — T with T € K(E) is a Fredholm operator of index zero; this
follows from Theorem 6.6.
The main properties of Fredholm operators are the following:

3 Let A € L(E, F) be such that N (A) is finite-dimensional and R(A) has finite codimension (i.e.,
there is a finite-dimensional space G C F such that R(A) + G = F). Then it follows that R(A) is
closed (see Exercise 2.27).
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(a) The class of Fredholm operators @ (E, F) is an open subset of L(E, F') and the
map A — ind A is continuous; thus it is constant on each connected component
of ®(E, F).

(b) Every operator A € &(E, F) is invertible modulo finite-rank operators, i.e.,
there exists an operator B € L(F, E) such that

(Ao B — If)and (B o A — Ig) are finite-rank operators.

Conversely, let A € L(E, F) and assume that there exists B € L(F, E) such
that
AoB—Ir e K(F) and BoA—Ig e K(E).

Then A € ®(E, F).

() IfAe ®(E,F)and T € K(E, F)then A+ T € ®(E, F) and ind(A + T) =
indA.

(d) IfA € ®(E,F)and B € ®(F,G) then Bo A € ®(E, G) and ind(B o A) =
ind(A)+ind(B).

On this question, see, e.g., T. Kato [1], M. Schechter [1], S. Lang [1], A. E. Taylor—
D. C. Lay [1], P. Lax [1], L. Hérmander [2] (volume 3), and Problem 38.

* 2. Hilbert-Schmidt operators.

Let H be a separable Hilbert space. A bounded operator T € L(H) is called a
Hilbert—Schmidt operator if there is a Hilbert basis (e,) in H such that ||T||%_L S =
3 |Te,|? < 0o. One can prove that this definition is independent of the basis and
that || s is a norm. Every Hilbert—Schmidt operator is compact. Hilbert—Schmidt
operators play an important role, in particular because of the following:

Theorem 6.12. Let H = L2(2) and K (x, y) € L%(Q x Q). Then the operator

u— (Ku)(x) = /Q K (x, y)u(y)dy

is a Hilbert—Schmidt operator.
Conversely, every Hilbert—Schmidt operator on L*>(Q) is of the preceding form
for some unique function K (x,y) € L2(§2 x ).

On this question, see, e.g., A. Balakrishnan [1], N. Dunford-J. T. Schwartz [1],
Volume 2, and Problem 40.

3. Multiplicity of eigenvalues.

LetT € K(E) andlet A € o(T)\{0}. One can show that the sequence N ((T — A5,
k=1,2,...,isstrictly increasing up to some finite p and then it stays constant (see,
e.g., A. E. Taylor-D. C. Lay [1], E. Kreyszig [1], and Problem 36). This integer p is
called the ascent of (T — AI). The dimension of N (T — A1) is called by some authors
the geometric multiplicity of A, and the dimension of N((T — AI)?) is called the
algebraic multiplicity of A; they coincide if E is a Hilbert space and T is self-adjoint
(see Problem 36).
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4. Spectral analysis.

Let H be a Hilbert space. Let T € L(H) be a self-adjoint operator, possibly not com-
pact. There is a construction called the spectral family of T that extends the spectral
decomposition of Section 6.4. It allows one in particular to define a functional cal-
culus, i.e., to give a sense to the quantity f(7") for any continuous function f. It also
extends to unbounded and non-self-adjoint operators, provided one assumes only
that T is normal, i.e., TT* = T*T. Spectral analysis is a vast subject, especially in
Banach spaces over C (see Section 11.4), with many applications and ramifications.
For an elementary presentation see, e.g., W. Rudin [1], E. Kreyszig [1], A. Fried-
man [3], and K. Yosida [1]. For a more complete exposition, see, e.g., M. Reed-B. Si-
mon [1], T. Kato [1], R. Dautray—J.-L. Lions [1], Chapters VIII and IX, N. Dunford—
J.T. Schwartz [1], Volume 2, N. Akhiezer-I. Glazman [1], A. E. Taylor-D. C. Lay [1],
J. Weidmann [1], J. B. Conway [1], P. Lax [1], and M. Schechter [2].

5. The min-max principle. The min-max formulas, due to Courant—Fischer, provide
a very useful way of computing the eigenvalues; see, e.g., R. Courant-D. Hilbert [1],
P. Lax [1], and Problem 37 . The monograph of H. Weinberger [2] contains numerous
developments on this subject.

6. The Krein—Rutman theorem.
The following result has useful applications in the study of spectral properties of
second-order elliptic operators (see Chapter 9).

* Theorem 6.13 (Krein—Rutman). Ler E be a Banach space and let P be a convex
cone with vertex at 0, i.e., Ax + uy € PVA > 0,Vu > 0, Vx € P, Vy € P.
Assume that P is closed, Int P # @, and P # E. Let T € K(E) be such that
T(P\{0}) C Int P. Then there exist some xo € Int P and some Ay > 0 such that
T xo = Aoxo, moreover, A is the unique eigenvalue corresponding to an eigenvector
of T in P, i.e, Tx = Ax withx € P and x # 0, imply . = Ao and x = mxq for
some m > 0. Finally,
ro = max{|Al; A € o(T)},

and the multiplicity (both geometric and algebraic) of A equals one.

The proof presented in Problem 41 is due to P. Rabinowitz [2]. Variants of the
above Krein—Rutman theorem may be found, e.g., in H. Schaefer [1], R. Nussbaum
[1], E. E. Bonsall [1], and J. F. Toland [4].

Exercises for Chapter 6

m Let E = ¢P with 1 < p < oo (see Section 11.3). Let (A,) be a bounded
sequence in R and consider the operator 7' € L(E) defined by

Tx = Ax1, A%, .oy ApXp,y o0 ),

where
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X =X1,X2, ..., Xp,y .. ).
Prove that T is a compact operator from E into E iff A, — 0.

Let E and F be two Banach spaces, and let T € L(E, F).

1. Assume that E is reflexive. Prove that T'(BEg) is closed (strongly).

2. Assume that E is reflexive and that 7 € K(E, F). Prove that T (Bg) is compact.

3. Let E=F = C([0,1]) and Tu(t) = fé u(s)ds. Check that T € K(E). Prove
that T (BEg) is not closed.

Let E and F be two Banach spaces, andlet T € K(E, F).Assumedim E = co.
Prove that there exists a sequence (i) in E such that |u,||g = 1 and ||Tu,||r — O.

[Hint: Argue by contradiction.]

Let 1 < p < oo. Check that £7 C c¢g with continuous injection (for the
definition of £7 and ¢, see Section 11.3).
Is this injection compact?

[Hint: Use the canonical basis (e,,) of £7.]

Let (1,,) be a sequence of positive numbers such that lim,_, o A, = +00. Let
V be the space of sequences (u,),>1 such that

00
Sl < oo,
n=1

The space V is equipped with the scalar product

(U, ) =Y hnity V.

n=1
Prove that V is a Hilbert space and that V C ¢2 with compact injection.

Let 1 < g < p < oo. Prove that the canonical injection from L?(0, 1) into
L7(0, 1) is continuous but not compact.

[Hint: Use Rademacher’s functions; see Exercise 4.18.]

Let E and F be two Banach spaces, and let T € L(E, F). Consider the
following properties:

For every weakly convergent sequence (u,) in E,
®) :
u, — u, then Tu,, — Tu strongly in F.

Q T is continuous from E equipped with the weak topology
o (E, E*) into F equipped with the strong topology.
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1. Prove that
(Q) & T is a finite-rank operator.

2. Provethat T € K(E, F) = (P).
3. Assume that either E = ¢! or F = ¢!. Prove that every operator T € L(E, F)
satisfies (P).

[Hint: Use a result of Problem 8.]
In what follows we assume that E is reflexive.

4. Provethat T € K(E, F) < (P).
. Deduce that every operator T € L(E, £') is compact.
6. Prove that every operator T € L(co, E) is compact.

9,1

[Hint: Consider the adjoint operator 7*.]

Let E and F be two Banach spaces, and let T € IC(E, F). Assume that R(T)
is closed.

1. Prove that T is a finite-rank operator.
[Hint: Use the open mapping theorem, i.e., Theorem 2.6.]

2. Assume, in addition, that dim N (T) < co. Prove that dim E < oo.

Let E and F be two Banach spaces, and let T € L(E, F).

1. Prove that the following three properties are equivalent:*
(A) dim N(T) < oo and R(T) is closed.

There are a finite-rank projection operator P € L(E)
(B) and a constant C such that
lule < CUITullr + 1Pullg) Yu € E.

There exist a Banach space G, an operator
© Q € K(E, G), and a constant C such that
lulle < CUITullr + |1Qullg) Vu € E.

[Hint: When dim N (T") < oo consider a complement of N (T'); see Section 2.4.]
Compare with Exercise 2.12.

2. Assume that T satisfies (A). Prove that (T + §) also satisfies (A) for every S €
K(E, F).

3. Prove that the set of all operators T € L(E, F) satisfying (A) isopenin L(E, F).

4. Let Fy be a closed linear subspace of F, and let S € IC(Fp, F).

Prove that (I + S)(Fp) is a closed subspace of F.

‘A projection operator is an operator P such that P2 =rp.
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Let Q(t) = Z,le axt* be a polynomial such that Q(1) # 0. Let E be a
Banach space, and let T € L(E). Assume that Q(T') € K(E).

1. Prove that dim N(I — T) < oo, and that R(I — T) is closed. More generally,
prove that (I — T')(E)p) is closed for every closed subspace Ey C E.

[Hint: Write Q(1) — Q(t) = é(t)(l — t) for some polynomial é and apply
Exercise 6.9.]

2. Provethat N(I — T)={0} & R(I —T) =E.
3. Provethatdm N(I — T) =dim N(I — T™).

[Hint for questions 2 and 3: Use the same method as in the proof of Theorem 6.6.]
Let K be a compact metric space, and let £ = C(K; R) equipped with the
usual norm ||u|| = max,eg |u(x)].

Let F C E be a closed subspace. Assume that every function u € F is Holder
continuous, i.e.,

Vue F do € (0,1] and 3L  such that
lu(x) —u(y)| < Ld(x,y)* Vx,yeKk.

The purpose of this exercise is to show that F is finite-dimensional.

1. Prove that there exist constants y € (0, 1] and C > 0 (both independent of u)
such that

lu(x) —u(y)| < Clulld(x,y)Y VYueF, Vx,yeKk.

[Hint: Apply the Baire category theorem (Theorem 2.1) with
Fy = {u € F; [u(x) —u()| <nd(x, '/ Vx,y € K}.]

2. Prove that Bf is compact and conclude.

A lemma of J.-L. Lions.

Let X, Y, and Z be three Banach spaces withnorms || x, | y,and| z.Assume
that X C Y with compact injection and that Y C Z with continuous injection.
Prove that

Ve > 0 3C, > 0 satisfying |ully < ellullx + Cellullz Vu € X.
[Hint: Argue by contradiction.]
Application. Prove that Ve > 0 3C, > 0 satisfying

max |u| < emax |u’| + Cs||lu vu € C'([0, 1]).
[0)1]| | < [0,1]' | ellull ([0, 1))
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Let E and F be two Banach spaces with norms | g and || p. Assume that
E is reflexive. Let T € K(E, F). Consider another norm | | on E, which is weaker
than the norm || g,i.e., |u| < Cllullg VYu € E. Prove that

Ve > 0 3C, > 0 satisfying ||Tu|lr < el|lullg + Celu| VYu € E.
Show that the conclusion may fail when E is not reflexive.
[Hint: Take £ = C ([0, 11), F =R, |lu|| = |lullr~ and |u| = ||u]l;1.]
Let E be a Banach space, and let T € L(E) with ||T|| < 1.
1. Prove that (I — T) is bijective and that
I =)< 1/ = T.
2.SetS, =1+T++---+T"!. Prove that

1Sy =@ =)~ < IT1" /(A = IT1D.

Let E be a Banach space and let T € L(E).

1. Let & € R be such that || > ||T||. Prove that
I+ AT =D~ < ITI/(A = 1T D).
2. Let A € p(T). Check that
(T =D~ 'T =1(T —2D)7",

and prove that
dist(A, o(T)) > 1/I(T — D~

3. Assume that 0 € p(T). Prove that
o(T™h =1/o(T).
In what follows assume that 1 € p(T); set
U=(T+DT-D"'=T-D"NT+D.

4. Check that 1 € p(U) and give a simple expression for (U — [ )~!in terms of 7.
. Prove that T = (U + (U — 1)~ 1.
6. Consider the function f(t) = (t + 1)/(t — 1), t € R. Prove that

9]

o(U) = f(a(T)).

Let E be a Banach space and let T € L(E).
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1. Assume that 72 = . Prove that o (T) C {—1, +1} and determine (7 — 1)~}
for A # +£1.

2. More generally, assume that there is an integer n > 2 such that 7" = I. Prove
that o (T) C {—1, 4+1} and determine (7 — A0~ for o # +1.

3. Assume that there is an integer n > 2 such that 7" = 0. Prove that o (T') = {0}
and determine (T — AI)~! for A # 0.

4. Assume that there is an integer n > 2 such that ||7"| < 1. Prove that I — T is
bijective and give an expression for (I — T)~! in terms of (I — 7")~! and the
iterates of 7.

Let E = ¢ with 1 < p < oo and let (1,) be a bounded sequence in R.
Consider the multiplication operator M € L(E) defined by

Mx = (AMx1, Ax2, oo, ApXy,...), Wherex = (x1,x2,...,Xn,...).
Determine EV (M) and o (M).
Spectral properties of the shifts.

An element x € E = £2 is denoted by x = (x1,x2, ..., Xp, ...).
Consider the operators

Si‘x=(valax25"'axn71"”)a

and
Sex = (X2, X3, X4, .., Xpg1s -+ )5

respectively called the right shift and left shift.

. Determine || S, || and || S¢||. Does S, or S; belong to C(E)?

. Prove that EV (S,) = 0.

. Prove that o (S,) = [—1, +1].

. Prove that EV (S;) = (-1, +1). Determine the corresponding eigenspaces.

. Prove that o (Sp) = [—1, +1].

. Determine S} and Sj.

. Prove that for every A € (—1, +1), the spaces R(S, — AI) and R(S; — AI) are
closed. Give an explicit representation of these spaces.

[Hint: Apply Theorems 2.19 and 2.20.]

~N Nk W

8. Prove that the spaces R(S, £ I) and R(S¢ & I) are dense and that they are not
closed.

Consider the multiplication operator M defined by
Mx = (@1 X1, Q2X2, ..., 0pXy, ...),

where (o) is a bounded sequence in R.
9. Determine EV (S, o M).
10. Assume that o, — o as n — o0. Prove that
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o(SpoM) = [—|af, +el].

[Hint: Apply Theorem 6.6.]
11. Assume that for every integer n, a2, = a and oz, +1 = b witha # b. Determine
o (S, o M).

[Hint: Compute (S, o M)? and apply question 4 of Exercise 6.16.]
Let E be a Banach space and let T € L(E).

1. Prove that o (T*) = o (T).
2. Give examples showing that there is no general inclusion relation between E'V (T')
and EV(T™).

[Hint: Consider the right shift and the left shift.]

[6.20|Let E = L”(0,1) with 1 < p < 0. Given u € E, set

Tu(x) = /X u(t)dte.
0

1. Prove that T € K(E).

2. Determine EV(T) and o (T).

3. Give an explicit formula for (T — AI)~! when A € p(T).

4. Determine T*.

Let V and H be two Banach spaces with norms || and || respectively,

satisfying
V C H with compact injection.

Let p(u) be a seminorm on V such that p(x) 4+ |u| is anorm on V that is equivalent
to| .
Set
N={ueV;pu) =0}

and
dist(u, N) = inf |[u — v| foru € V.
veEN

1. Prove that N is a finite-dimensional space.
[Hint: Consider the unit ball in N equipped with the norm | |.]

2. Prove that there exists a constant K| > 0 such that

pm) < Kpdist(u, N) VueV.

3. Prove that there exists a constant K» > 0 such that
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Ko dist(u, N) < p(u) VuelV.

[Hint: Argue by contradiction. Assume that there is a sequence (u,) in V such
that dist(u,,, N) = 1 for all n and p(u,) — 0.]

Let E be a Banach space, and let T € L(E). Given a polynomial Q(t) =
Y _yactt withap e R, let Q(T) = 30  axT*.

1. Prove that Q(EV(T)) C EV(Q(T)).
2. Prove that Q(o(T)) C o (Q(T)).
3. Construct an example in E = R? for which the above inclusions are strict.

In what follows we assume that E is a Hilbert space (identified with its dual space
H*)andthat T* =T.

4. Assume here that the polynomial Q has no real root, i.e., Q(t) # 0 Vit € R.
Prove that Q(T) is bijective.

[Hint: Start with the case that Q is a polynomial of degree 2 and more specifically,
o) =1>+1.]

5. Deduce that for every polynomial Q, we have

) Q(EV(T)) = EV(Q(T)),
(i) Q(a(T)) = o (Q(T)).

[Hint: Write Q(t) — A=t —t))(t —1)--- (t — tq)ﬁ(t), where 11, 1, ..., I, are
the real roots of Q(¢) — A and Q has no real root.]

Spectral radius.

Let E be a Banach space and let T € L(E). Set
a, =log |[T"|, n>1.

1. Check that
aivj <a+aj Vi,j =1L

2. Deduce that

lim (ay,/n) exists and coincides with inf (a,,/m).
n—-+4o0o m>1

[Hint: Fix an integer m > 1. Given any integer n > 1 write n = mq + r, where
q= [%] is the largest integer < n/m and 0 < r < m. Note thata, < %am +ay.]

3. Conclude that 7(T) = lim,_, o ||7"||'/" exists and that r(T') < ||T||. Construct
an example in E = R2 such that 7(T) = 0 and ||T| = 1.

The number r(T) is called the spectral radius of T .
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4. Prove that o (T) C [—r(T), +r(T)]. Deduce that if ¢ (T') # @, then

max{|Al]; A € o(T)} < r(T).

[Hint: Note that if A € o(T'), then A" € o (T"); see Exercise 6.22.]
5. Construct an example in E = R3 such that o (T) = {0}, while r(T) = 1.

In what follows we take E = LP(0, 1) with 1 < p < oo. Consider the operator
T € L(E) defined by

t
Tu(t) = / u(s)ds.
0
6. Prove by induction that for n > 2,

1

t
(T"u) (t) = m/o (t — )" lu(r)dr.

7. Deduce that |T"| < &

n!*

[Hint: Use an inequality for the convolution product.]
8. Prove that the spectral radius of T is 0.

[Hint: Use Stirling’s formula.]
9. Show that o (T') = {0}. Compare with Exercise 6.20.

Assume that T € L(H) is self-adjoint.

1. Prove that the following properties are equivalent:

(1) (Tu,u) >0Vu € H,
(i) o(T) C [0, 00).

[Hint: Apply Proposition 6.9.]
2. Prove that the following properties are equivalent:

(i) |T) <1and (Tu,u) >0Vu € H,
(iv) 0 < (Tu,u) < |u|2 Yu e H,

(v) o(T) C [0, 1],

vi) (Tu,u) > |Tul|*Vu € H.

[Hint: To prove that (v) = (vi) apply Proposition 6.9 to (T + eI Yy~ withe > 0.]
3. Prove that the following properties are equivalent:
(vii) (Tu,u) < |Tu|*Vu € H,
(viii) (0, 1) C p(T).

[Hint: Introduce U = 2T — 1.]
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Let E be a Banach space, and let K € IC(E). Prove that there exist M € L(E),
M € L(E), and finite-rank projections P, P such that

() Mo(I+K)=1-P

]

Gi) I +K)oM=1-P.

[Hint: Let X be a complement of N(/ + K) in E. Then (I 4+ K)|x is bijective from
X onto R(I + K). Denote by M its inverse. Let Q be a projection from E onto
R(I + K) and set M = M o Q. Show that (i) and (ii) hold.]

From Brouwer to Schauder fixed-point theorems.
In this exercise we assume that the following result is known (for a proof, see,
e.g., K. Deimling [1], A. Granas—J. Dugundji [1], or L. Nirenberg [2]).

Theorem (Brouwer). Let F be a finite-dimensional space, and let Q C F be a
nonempty compact convex set. Let f : Q — Q be a continuous map. Then f has a
fixed point, i.e., there exists p € Q such that f(p) = p.

Our goal is to prove the following.

Theorem (Schauder). Let E be a Banach space, and let C be a nonempty closed
convex setin E. Let F : C — C be a continuous map such that F(C) C K, where
K is a compact subset of C. Then F has a fixed point in K.

1. Given ¢ > 0, consider a finite covering of K, i.e., K C UjerB(y;, €/2), where
I is finite, and y; € K Vi € I. Define the function g (x) = Y _;; gi(x), where

gi(x) = Y_max{e — | Fx — yi, 0}.
iel
Check that g is continuous on C and that g(x) > ¢/2 Vx € C.

2. Set

q(x)

Prove that F, : C — C is continuous and that

Fe(x) = , xeC.

|Fe(x) — F(x)|| <&, VxeC.

3. Show that F; admits a fixed point x; € C.
[Hint: Let Q = conv (U;¢s{y;}). Check that F¢|p admits a fixed point x, € Q.]

4. Prove that (x,,) converges to a limit x € C for some sequence &, — 0. Show
that F(x) = x.






Chapter 7
The Hille-Yosida Theorem

7.1 Definition and Elementary Properties of Maximal Monotone
Operators

Throughout this chapter H denotes a Hilbert space.

Definition. An unbounded linear operator A: D(A) C H — H is said to be mono-
tone if it satisfies
(Av,v) >0 Vv e D(A).

It is called maximal monotone if, in addition, R(I + A) = H, i.e.,
VfeH Jue D(A)suchthatu + Au = f.

Proposition 7.1. Let A be a maximal monotone operator. Then

(a) D(A) is dense in H,

(b) A is a closed operator,

(c) For every A > 0, (I + LA) is bijective from D(A) onto H, (I + 2A) " Visa
bounded operator, and || (I + AA)_1||£(H) <1.

Proof.

(a) Let f € H be such that (f, v) = 0Vv € D(A). We claim that f = 0. Indeed,
there exists some vy € D(A) such that vy + Avg = f. We have

0 = (f, vo) = |vol? + (Avo, vo) > |vol*.

Thus vy = 0 and hence f = 0.

(b) First, observe that given any f € H, there exists a unique u € D(A) such that
u + Au = f, since if u is another solution, we have

u—u+ Al —u)=0.

! Some authors say that A is accretive or that —A is dissipative.

H. Brezis, Functional Analysis, Sobolev Spaces and Partial Differential Equations, 181
DOI 10.1007/978-0-387-70914-7 7, © Springer Science+Business Media, LLC 2011
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Taking the scalar product with (# — %) and using monotonicity, we see that
u —u = 0. Next, note that |u| < |f], since |u|*> + (Au,u) = (f,u) > |u|’.
Therefore the map f +— u, denoted by (I + A)~L, is a bounded linear operator
from H into itself and ||(I + A)~! l oy < 1. We now prove that A is a closed
operator. Let (u,) be a sequence in D(A) such that u, — u and Au,, — f. We
have to check that u € D(A) and that Au = f. Butu, + Au, — u + f and
thus
= (I + A" un + Aug) > (I + A) 7w + f).

Hence u = (I + A~ (u + f)ie,ue D(A)andu + Au=u+ f.

(c) We will prove that if R(I + A9A) = H for some 1y > O then R(/ + 1A) = H
for every A > Ao/2. Note first—as in part (b)—that for every f € H there is a
unique u € D(A) such thatu + AgAu = f. Moreover, the map f — u, denoted
by (I +A9A)~!, is a bounded linear operator with ||(/ +1gA) ! gy < 1. We
try to solve the equation

€))] U+ AAu = f with A > 0.

Equation (1) may be written as

Ao Ao
u+koAu=Tf+<l—7)u
or alternatively
1|20 A0
2) u= -+ xA) 7f+ 1—7 ul.

If|1 - %| < 1, 1.e., A > Ap/2, we may apply the contraction mapping principle
(Theorem 5.7) and deduce that (2) has a solution.

Conclusion (c) follows easily by induction: since I + A is surjective, I + LA is
surjective for every A > 1/2, and thus for every A > 1/4, etc.

Remark 1. If A is maximal monotone then AA is also maximal monotone for every
A > 0. However, if A and B are maximal monotone operators, then A 4+ B, defined
on D(A) N D(B), need not be maximal monotone.

Definition. Let A be a maximal monotone operator. For every A > 0, set

1
S=U+rA)"" and A, = X(l —1):

Jy is called the resolvent of A, and A, is the Yosida approximation (or regularization)
of A. Keep in mind that || /x|l gy < 1.

Proposition 7.2. Let A be a maximal monotone operator. Then

(ay) Ayv = A(Jpv) Yv e HandV\ > 0,
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(az) Ayv = Ji(Av) Yv € D(A) and V1 > 0,
(b) |Av] < |Av| Yv € D(A) and VX > 0,
(c) lim J,v =v Yv e H,

r—0
(d) )%i_I)I})A)Lv = Av Yv € D(A),
(e) (Apv,v) >0 Yv € HandV\ > 0,
) [Ayv] < (1/A)|v| Yv € H and VA > 0.
Proof.

(a;) can be written as v = (J;v) + AA(Jyv), which is just the definition of J; v.
(a2) By (aj) we have
Apv+ A(v — Jv) = Av,

1.€.,
Av 4+ AA(Av) = Av,

which means that A;v = (I + AA) "1 Av.
(b) Follows easily from (aj).
(c) Assume first that v € D(A). Then

lv — Jrvl = AlAsv] < A]Av[ Dy (b)

and thus lim;_,¢Jv = v.

Suppose now that v is a general element in H. Given any ¢ > 0 there exists some
v; € D(A) such that [v — v1| < € (since D(A) is dense in H by Proposition
7.1). We have

|[hv —v| < |Jhov — L] + [Shvr — | + v — v
<2lv—vi| + |Jhvr —v1| <2+ |Jpv — vy
Thus

lim sup| v —v| <2¢ Ve >0,
r—0

and so
lim |J,v —v| = 0.
r—0

(d) This is a consequence of (az) and (c).
(e) We have

(Aav, v) = (Ayv, v — J3v) + (Asv, Jiw) = AAsv] + (A(Jv), Jiv),
and thus
3) (Ayv, v) > AlA; 0]

(f) This is a consequence of (3) and the Cauchy—Schwarz inequality.
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Remark 2. Proposition 7.2 implies that (A),~0 is a family of bounded operators
that “approximate” the unbounded operator A as A — 0. This approximation will
be used very often. Of course, in general, ||A; |l zcg) “blows up” as A — 0.

7.2 Solution of the Evolution Problem ‘;—’t‘ + Au =0on [0, +00),

u(0) = uy. Existence and uniqueness
We start with a very classical result:

e Theorem 7.3 (Cauchy, Lipschitz, Picard). Let E be a Banach space and let F :
E — E be a Lipschitz map, i.e., there is a constant L such that

|Fu — Fv| < L||lu —v|| Vu,v€eE.

Then given any uy € E, there exists a unique solution u € cl ([0, +00); E) of the
problem

du _F 0
E(t) = Fu(t) on|0,+00),
u(0) = uyg.

“

ug is called the initial data.

Proof.
Existence. Solving (4) amounts to finding some u € C([0, +00); E) satisfying the
integral equation

t
(@) u(t) =ug + / F(u(s))ds.
0

Given k > 0, to be fixed later, set

>0

X = {u € C([0, +00); E); sup e X |u(n)|| < oo] )

It is easy to check that X is a Banach space for the norm

—k
llullx = supe™"|lu(®)]|.
t>0

For every u € X, the function ®u defined by

t
(DPu)(t) = uyp +/ F(u(s))ds
0

also belongs to X. Moreover, we have
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L
||<I>u—d>v||x§E||u—v||x Vu,v € X.

Fixing any k > L, we find that ® has a (unique) fixed point « in X, which is a
solution of (5).
Uniqueness. Let u and u be two solutions of (4) and set

@(1) = [lu) —u@)|.

From (5) we deduce that

t
@) < L/ o(s)ds Yt>0
0

and consequently ¢ = 0.

The preceding theorem is extremely useful in the study of ordinary differential
equations. However, it is of little use in the study of partial differential equations. Our
next result is a very powerful tool in solving evolution partial differential equations;
see Chapter 10.

e Theorem 7.4 (Hille-Yosida). Let A be a maximal monotone operator. Then, given
any ug € D(A) there exists a unique function®

u € C1([0, +00); H) N C([0, +00); D(A))

satisfying
W A =0 on[0,+00)
©) r U= on [0, +00),
u(0) = up.
Moreover,

d
u()| < luo| and ‘d—f(w = |Au(n)| < |Aug| Vi > 0.

Remark 3. The main interest of Theorem 7.4 lies in the fact that we reduce the study
of an “evolution problem” to the study of the “stationary equation” u + Au = f
(assuming we already know that A is monotone, which is easy to check in practice).

Proof. 1t is divided into six steps.

Step 1: Uniqueness. Let u and u be two solutions of (6). We have

d — - _ — —
<E(u—u),(u—u)) =—(Awu—u),u—u)<0.

2 The space D(A) is equipped with the graph norm |v| + |Av| or with the equivalent Hilbert norm
(vl + [Av) /2.
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But?

Ld lu(t) —u(0)* = d (u(®) —u(r), ut) —u)
27 u u T u u(t)), u u .
Thus, the function ¢ — |u(t) — u(¢)| is nonincreasing on [0, +00). Since |u(0) —
u(0)| = 0, it follows that

lu(t) — ()| =0 V&> 0.

The main idea in order to prove existence is to replace A by A, in (6), to apply
Theorem 7.3 on the approximate problem, and then to pass to the limit as A — 0
using various estimates that are independent of A. So, let u; be the solution of the
problem

dus | 4 0 on [0, +00)
- u), = on [0, ,
(7) d AUy =

u)(0) = ug € D(A).
Step 2: We have the estimates

®) lup (O] < luol V=0, Vi>0,

‘du;\

&) — O] = [Auur ()| < [Augl V1 =0, Vi=>0.

They follow directly from the next lemma and the fact that |A,ug| < |Aug|.

Lemma 7.1. Let w € C'([0, +00); H) be a function satisfying

dw
(10) ar + A,w =0on [0, +00).
Then the functions t — |w(t)| and t — | (t)| = |A,w(t)| are nonincreasing on

[0, 4+00).
Proof. We have

dw F (Ayw, w) =0
—w w, w) = 0.
dt A

By Proposition 7.2(e) we know that (A, w, w) > 0 and thus 4 o |w|2 < 0, so that
|w(¢)| is nonincreasing. On the other hand, since A, is a linear bounded operator,
we deduce (by induction) from (10) that w € C*°([0, +00); H) and also that

ddw+A dw —0
dr \ dt Mar )T

Applying the preceding fact to , we see that | (t)| is nonincreasing. In fact, at

any order k, the function ’W (t)‘ is nonincreasing.

3 Keep in mind that if ¢ € C!([0, +00); H), then |¢|*> € C' ([0, +00); R) and %|¢|2 = 2(%) ®)
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Step 3: We will prove here that for every ¢ > 0, u; (¢) converges, as A — 0, to some
limit, denoted by u(¢). Moreover, the convergence is uniform on every bounded
interval [0, T].

For every A, u > 0 we have

and thus

1d
an EEIMA(I) — up (O + (Apun (6) = A (1), up () — uy, (1) = 0.
Dropping ¢ for simplicity, we write

(Ajup — Ay, uy —uy)
= (Anuy — Apuy, uy — Sy, + Hhuy — Jpuy + Jyuy, —uy)
(12) = (Ayuy — Apuy, MAjuy, — wAyuy,)
+ (A(Nuy, — Jpuy), oy, — Juuy)
> (Ajuy — Apuy, AAyuy), — Ay uy,).

It follows from (9), (11), and (12) that

1d
s u? < 200+ w)lAugl.

Integrating this inequality, we obtain
Jur(t) = up OF < 40 + wit|Auol?,

ie.,

13) . (1) — up (O] < 24/ (A + )| Augl.

It follows that for every fixed t > 0, u, (¢) is a Cauchy sequence as A — 0 and thus
it converges to a limit, denoted by u(¢). Passing to the limit in (13) as © — 0, we
have

s (1) — u(t)| < 2/at| Augl.

Therefore, the convergence is uniform in ¢ on every bounded interval [0, T'] and so
u € C([0, 4+00); H).

Step 4: Assuming, in addition, that ug € D(A?),ie.,up € D(A) and Aug € D(A),
we prove here that d;f (t) converges, as .. — 0, to some limit and that the convergence
is uniform on every bounded interval [0, T].

Setv, = dd%, so that % + A, v, = 0. Following the same argument as in Step 3,

we see that




188 7 The Hille-Yosida Theorem

1
(14) 3 7 |vx — vul” < (Al + 1AV DA Asva] + il Avy)).

By Lemma 7.1 we have
(15) [Axva ()] < [Axva(0)] = |Ax Apuol
and similarly
(16) [Apvu(] < [Apv(O) = [ApApuol.
Finally, since Aug € D(A), we obtain

Ay Asug = JAD Aug = J, Jh AAug = J2 Aug
and thus
an | Az Aruol < 1A%u0l, A Ayuol < 1A%u0l.
Combining (14), (15), (16), and (17), we are led to

VT, —lvx = vul? < 20-+ W Auol*.

We conclude, as in Step 3, that v, (¢) = dt 2 (t) converges, as . — 0, to some limit
and that the convergence is uniform on every bounded interval [0, T].

Step 5: Assuming that ug € D(Az) we prove here that u is a solution of (6).
By Steps 3 and 4 we know that for all T < oo,

u)(t) - u(), asi— 0, uniformlyon [0, T],

u
—;‘(t) converges, as A — 0, uniformly on [0, T'].

It follows easily that u € C'([0, +00); H) and that d’“ () — d” (D, as A — 0,
uniformly on [0, T']. Rewrite (7) as

dlft)L
(13) W(I) + A(Lun(t)) = 0.
Note that Jyu) (t) — u(t) as A — 0, since

[ S () —u@®)] < |Shup(t) — Jhau()] + [ Jrut) —u(r)]
< lup () —u(@®)| + [ hu(t) —u(®)| — 0.
Applying the fact that A has a closed graph, we deduce from (18) that u(t) € D(A)
vVt > 0, and that
0+ Au(r) =0
i u = U.
dt



7.2 Solution of the Evolution Problem 189

Finally, since u € C L([0, +00); H), the function ¢ — Au(t) is continuous from
[0, 400) into H and thus u € C([0,+00); D(A)). Hence we have obtained a
solution of (6) satisfying, in addition,

d
u(t)| < luo| ¥¢ >0 and ‘d—”:a) = |Au(t)| < |Aug| Vi > 0.

Step 6: We conclude here the proof of the theorem.
We shall use the following lemma.

Lemma 7.2. Let ug € D(A). Then Ve > 0 Jug € D(A?) such that \ug — wo| < €
and |Aug — Atg| < €. In other words, D(A?) is dense in D(A) (for the graph norm).

Proof of Lemma 7.2. Set ug = Jyuq for some appropriate . > 0 to be fixed later. We
have

ug € D(A) and ug+ AAug = up.
Thus Auy € D(A), ie., uy € D(Az). On the other hand, by Proposition 7.2, we
know that

}iﬂblhuo —ugl =0, AlimO|JAAuo — Aug| =0, and JyAug= AJyug.
The desired conclusion follows by choosing A > 0 small enough.

We now turn to the proof of Theorem 7.4. Given ug € D(A) we construct (using
Lemma 7.2) a sequence (u(,) in D(A2) such that up, — ug and Aug, — Aug. By
Step 5 we know that there is a solution u,, of the problem

du,

(19) dt
1, (0) = ugy.

+ Au, =0 on [0, +00),

We have, for all t > 0,

lten () — upm ()] < |uon — uoml m—) 0,

n—>0oo
duy, duy, <A A 0
i @) — 7(1‘) < |Augp — Augm| m,n——:oo .

Therefore

uy (t) = u(t) uniformly on [0, +00),

Dn 1y = @) uniformly on [0, +00)

- — uniformly on [0, 4+00),
d1 d Y
with u € C([0, +00); H). Passing to the limit in (19)—using the fact that A is a
closed operator—we see that u(t) € D(A) and u satisfies (6). From (6) we deduce
that u € C([0, +00); D(A)).
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Remark 4. Let u; be the solution of (7):

(a) Assume ug € D(A). We know (by Step 3) that as . — 0, u, (¢) converges, for
every ¢t > 0, to some limit #(¢). One can prove directly thatu € C 1[0, +00); H)N
C ([0, 400); D(A)) and that it satisfies (6).

(b) Assume only that ug € H. One can still prove that as A — 0, u, (f) converges
for every t > 0, to some limit, denoted by «(¢). But it may happen that this limit u(z)
doesnotbelongto D(A) V¢ > 0Oand thatu(¢) is nowhere differentiable on [0, +00).
Hence u(t) is not a “classical” solution of (6). In fact, for such a ug, problem (6) has
no classical solution. Nevertheless, we may view u(t) as a “generalized” solution of
(6). We shall see in Section 7.4 that this does not happen when A is self-adjoint: in this
case u(t) is a “classical” solution of (6) for every ug € H, even when ug ¢ D(A).

* Remark 5 (Contraction semigroups). For each t > 0 consider the linear map ug €
D(A) — u(t) € D(A), where u(t) is the solution of (6) given by Theorem 7.4. Since
lu(t)| < |ug| and since D(A) is dense in H, we may extend this map by continuity
as a bounded operator from H into itself, denoted by Sa (¢).* It is easy to check that
Sa(t) satisfies the following properties:

(a) foreacht > 0, So(t) € L(H) and [[SA(®) |l ) < 1,
®) Sat1 + 1) =8Sa(t1) o Sa(n) V¥, >0,
S40) =1,
(c) lim |Sq(H)ug —ugl =0 Vug € H.
puci

Such a family {S(¢)};>¢ of operators (from H into itself) depending on a parameter
t > 0 and satisfying (a), (b), (c) is called a continuous semigroup of contractions.

A remarkable result due to Hille and Yosida asserts that conversely, given a contin-
uous semigroup of contractions S(¢) on H there exists a unique maximal monotone
operator A such that S(¢#) = Sa(¢#) Vt > 0. This establishes a bijective correspon-
dence between maximal monotone operators and continuous semigroups of contrac-
tions. (For a proof see the references quoted in the comments on Chapter 7.)

e Remark 6. Let A be a maximal monotone operator and let A € R. The problem
d
d—Z—i—Au—i—ku =0 on]0, 4+00),
u(0) = uo,

reduces to problem (6) using the following simple device. Set

v(t) = Mur).

Then v satisfies

4 Alternatively one may use Remark 4(b) to define S4 () on H directly as being the map ug € H —
u(t) € H.
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d
d_lt) + Av =0 on][0, +00),
v(0) = uyg.

7.3 Regularity

We shall prove here that the solution u of (6) obtained in Theorem 7.4 is more regular
than just CL([0, +00); H) N C([0, +00); D(A)) provided one makes additional
assumptions on the initial data ug. For this purpose we define by induction the space

DAY = {v e D(AFY); Av e D(AF ),

where k is any integer, k > 2. It is easily seen that D(A¥) is a Hilbert space for the
scalar product

k
(u, U)D(A/‘) = Z(A]u» A]U),
j=0
the corresponding norm is

. 172

2
ulpeary = | D 1A7ul
j=0

Theorem 7.5. Assume ug € D(AX) for some integer k > 2. Then the solution u of
problem (6) obtained in Theorem 7.4 satisfies

u € C*([0, +00); D(A)) Vj=0,1,... .k

Proof. Assume first that k = 2. Consider the Hilbert space H; = D(A) equipped
with the scalar product («, v) p(a). It is easy to check that the operator A : D(A1) C
H| — Hj defined by

D(A)) = D(A?),
Aju = Au foru € D(Ay),

is maximal monotone in Hj. Applying Theorem 7.4 to the operator Ay in the space
H;, we see that there exists a function

u € CY([0, +00); Hp) N C([0, +00): D(A}))

such that 4
d—L; + Aju =0 on [0, +00),
u(0) = uop.

In particular, u satisfies (6); by uniqueness, this u is the solution of (6). It remains
only to check that u € C2([0, +00); H). Since
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Ae L(Hy,H) and u e C([0,+00); Hy),

it follows that Au € C'([0, +00); H) and

20 4 awy = a
20) < () = <E>

Applying (6), we see that ”gll—’; e C!([0, +00); H), ie., u € C*([0,+00); H)
and that

21 i (d—u> + A
dr \ dt

We now turn to the general case k > 3. We argue by induction on k: assume that
the result holds up to order (k — 1) and let ug € D(AX). By the preceding analysis we
know that the solution u of (6) belongs to C2([0, +00); H) N C([0, +00); D(A))
and that u satisfies (21). Letting

du

(E) =0 on]0, +00).

du
vV=—,
dt
we have
v e CH([0, +00); H) N C([0, +00); D(A)),
L av=0 on[0,+00)
— v = on [0, 4+00),
dt
v(0) = —Auy.
In other words, v is the solution of (6) corresponding to the initial data vg = —Auy.

Since vg € D(Ak’1 ), we know, by the induction assumption, that
(22) v e CK17I([0, +o0); D(AY)) Vj=0,1,....k—1,
ie.,

u e CKI ([0, +00); D(AT))  Vj=0,1,....k—1.
It remains only to check that
(23) u € C([0, +o0); D(AM).

Applying (22) with j = k — 1, we see that

du k—1
(24) I € C([0,400); D(A™)).

It follows from (24) and equation (6) that
Au € C([0, +00); D(A*)),

ie., (23).
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7.4 The Self-Adjoint Case

Let A : D(A) C H — H be an unbounded linear operator with D(A) = H.
Identifying H* with H, we may view A* as an unbounded linear operator in H.

Definition. One says that

e Aissymmetric if (Au, v) = (u, Av) Yu, v € D(A),
e Aisself-adjoint if D(A*) = D(A) and A* = A.

Remark 7. For bounded operators the notions of symmetric and self-adjoint oper-
ators coincide. However, if A is unbounded there is a subtle difference between
symmetric and self-adjoint operators. Clearly, any self-adjoint operator is symmet-
ric. The converse is not true: an operator A is symmetric if and only if A C A*, i.e.,
D(A) C D(A*) and A* = A on D(A). It may happen that A is symmetric and that
D(A) # D(A*). Our next result shows that if A is maximal monotone, then

(A is symmetric) < (A is self-adjoint).

Proposition 7.6. Let A be a maximal monotone symmetric operator. Then A is self-
adjoint.

Proof. Let J1 = (I + A)~1. We will first prove that Jp is self-adjoint. Since J; €
L(H) it suffices to check that

(25) (Jiu, v) = (u, Jiv) VYu,v € H.
Set u1 = Jiu and v = Jjv, so that

up+ Auy =u,

v + Avy = v.

Since by assumption, (#1, Avy) = (Auy, v1), it follows that (u1, v) = (u, vy),
ie., (25).
Letu € D(A*) and set f = u + A*u. We have

(f,v) = (u,v+ Av) Vv € D(A),
ie.,
(f, iw) = (u,w) Yw e H.
Therefore u = J; f and thus u € D(A). This proves that D(A*) = D(A) and hence
A is self-adjoint.

Remark 8. One has to be careful that if A is a monotone operator (even a symmetric
monotone operator) then A* need not be monotone. However, one can prove that the
following properties are equivalent:
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A is maximal monotone <= A* is maximal monotone

<= Aisclosed, D(A) is dense, A and A* are monotone.

A more general version of this result appears in Problem 16.

e Theorem 7.7. Let A be a self-adjoint maximal monotone operator. Then for every
ug € H there exists a unique function’

u € C([0, +00); H) N C'((0,400); H)NC((0, +00); D(A))

such that
U AU=0 on (0, +00)
— U= on (0, ,
dt
u(0) = uop.

Moreover, we have

d 1
lu(@®)] < |uol and ‘d—?(t) = [Au()| = ;Iuol vt > 0,

(26) ue Ck((O, +00); D(AZ)) Vk, £ integers.

Proof.

Uniqueness. Let u and u be two solutions. By the monotonicity of A we see
that ¢(r) = |u(t) — u(t)|? is nonincreasing on (0, +00). On the other hand, ¢ is
continuous on [0, +00) and ¢(0) = 0. Thus ¢ = 0.

Existence. The proof is divided into two steps:
Step 1. Assume first that ug € D(A?) and let u be the solution of (6) given by
Theorem 7.4. We claim that

@7 el < Lol viso
—_— — U > U.
dt Tt 0

As in the proof of Proposition 7.6 we have
Jy=J, and A} =A, Vi>0.
We go back to the approximate problem introduced in the proof of Theorem 7.4:

d
(28) %JFAM =0 on [0, +00), 1,(0) = ug.

Taking the scalar product of (28) with u;, and integrating on [0, T'], we obtain

5 Let us emphasize the difference between Theorems 7.4 and 7.7. Here ugp € H (instead of ug €
D(A)); the conclusion is that there is a solution of (6), which is smooth away from r = 0. However,
\fl—’; (t)| may possibly “blow up” as t — 0.
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1 2 r 1 2
(29) §|MA(T)| + | (A, up)dt = Eluol -
0

Taking the scalar product of (28) with td“* and integrating over [0, T'], we obtain

T du)\ 2 T
(30) / tdt +/ (A;Lux(t) (t)) tdt = 0.
o | d 0

—
-
d A y=(a du;, A du;, (4 du;,
d[ )\u)uu)» - A dt 7”)\ )Lu)w dt }Lu)w dl’ ’

since A} = Aj. Integrating the second integral in (30) by parts, we are led to

T du; 1 (Ta
/O<Aku,\(t),7(t))tdt=§/0 E[(A,xuk,u,\)]tdt

1 1 (7
= 3 A (1), (TN 3 f (Apttn, u) dt.
0

But

3D

On the other hand, since the function ¢ > | dstA (t)| is nonincreasing (by Lemma 7.1),
we have

32) /
0

Combining (29), (30), (31), and (32), we obtain

du,\

2 T2
—(l) E—

dbt)L
tdt> —(T
> dt( )

1 D+ T (A (1), un (1)) + T7 | —=(T)| - = Fluol;

it follows, in particular, that

dI/t)L

(33) —(D)| < —|u0| VT > 0.

Finally, we pass to the limit in (33) as A — 0. This completes the proof of (27), since

d;t* — ”t‘ (see Step 5 in the proof of Theorem 7.4).

Step 2. Assume now that ug € H. Let (ug,) be a sequence in D(A?) such that
uon — uo (recall that D(A?) is dense in D(A) and that D(A) is dense in H; thus
D(A?) is dense in H). Let u,, be the solution of

du,

dt
1, (0) = upy.

+ Au, =0 on [0, +00),

We know (by Theorem 7.4) that
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[ (t) — um@)| < luo, — uom| Vm,n, Vt>0,
and (by Step 1) that

din B ) L | Vi >0
_ —lu —Uu m,n, > U.
dt dt = H0n = H0m

It follows that u,, converges uniformly on [0, +00) to some limit «(#) and that d;t” (1)

converges to du (1) uniformly on every interval [§, 400),8 > 0. The limiting function

t
u satisfies

u € C([0, +00); H)NCL(0, +00); H),

d
u(t) € D(A) Vi >0 and d—l:(t)+Au(t)=O Vi >0

(this uses the fact that A is closed).
We now turn to the proof of (26). We will show by induction on k > 2 that

(34) u e CKI((0, 400); D(AY)) Vj=0,1,... k.
Assume that (34) holds up to order k — 1. In particular, we have

(35) u € C((0, +o0); D(AF)).

In order to prove (34) it suffices (in view of Theorem 7.5) to check that
(36) u € C((0, +00), D(A")).

Consider the Hilbert space H = D(A*!) and the operator A:DA CH—>H
defined by

D(A) = D(AY),

A=A
It is easily seen that A is maximal monotone and symmetric in H; thus it is self-

adjoint. Applying the first assertion of Theorem 7.7 in the space H to the operator
A, we obtain a unique solution v of the problem

dv
37) I +Av =0 on (0, +00),

v(0) = vy,
given any vg € H. Moreover,
v e C([0, +00); H)NCH((0, +00); H)NC((0, +00); D(A)).

Choosing vg = u(¢)(e > 0)—we already know by (35) that vy € H—we conclude
that u € C((e, +00); D(AX)), and this completes the proof of (36).
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Comments on Chapter 7

1. The Hille-Yosida theorem in Banach spaces.

The Hille—Yosida theorem extends to Banach spaces. The precise statement is the
following. Let E be a Banach space and let A : D(A) C E — E be an unbounded
linear operator. One says that A is m-accretive if D(A) = E and for every A > 0,
I + A A is bijective from D(A) onto E with ||(I +1A)~! ey < 1.

Theorem 7.8 (Hille-Yosida). Let A be m-accretive. Then given any ug € D(A)
there exists a unique function

u € CY(0, +00); E) N C([0, +00); D(A))

such that
AU Au=0 onl0,+00)
— U= on [0, +00),
(38) dt
u(0) = up.
Moreover,

du
lu@l < lluoll and HEO) = [Au@®)|l < [[Auoll Vi = 0.

The map ug +— u(t) extended by continuity to all of E is denoted by Sa(t). It is
a continuous semigroup of contractions on E. Conversely, given any continuous

semigroup of contractions S(t), there exists a unique m-accretive operator A such
that S(t) = Sa(t) Vi > 0.

For the proof, see, e.g., P. Lax [1], A. Pazy [1], J. Goldstein [1], E. Davies [1],
[2], K. Yosida [1], M. Reed-B. Simon [1], Volume 2, H. Tanabe [1], N. Dunford-
J. T. Schwartz [1] Volume 1, M. Schechter [1], A. Friedman [2], R. Dautray-J.-
L. Lions [1], Chapter XVII, A. Balakrishnan [1], T. Kato [1], W. Rudin [1]. These
references present extensive developments on the theory of semigroups.

2. The exponential formula.
There are numerous iteration techniques for solving (38). Let us mention a basic
method.

Theorem 7.9. Assume that A is m-accretive. Then for every uy € D(A) the solution
u of (38) is given by the “exponential formula”

—17"
(39) u(t) = lim [(1+5A> } o,
n—-400 n

Foraproofsee,e.g., K. Yosida[1] and A. Pazy [1]. Formula (39) corresponds, in the
language of numerical analysis, to the convergence of an implicit time discretization
scheme for (38) (see, e.g., K. W. Morton-D. F. Mayers [1]). More precisely, one
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divides the interval [0, ¢] into n intervals of equal length At = ¢/n and one solves
inductively the equations

Ltj+1—uj .
o A =0, j =01,

starting with ug. In other words, u, is given by

t —n
Uy, = (I + AtA) "ug = (I + —A) uo.
n

Asn — oo (i.e., At — 0) it is “intuitive” that u,, converges to u(t).

3. Theorem 7.7 is a first step toward the theory of analytic semigroups. On this
subject see, e.g., K. Yosida [1], T. Kato [1], M. Reed—B. Simon [1], Volume 2,
A. Friedman [2], A. Pazy [1], and H. Tanabe [1].

4. Inhomogeneous equations. Nonlinear equations.
Consider, in a Banach space E, the problem

z—L:(t) + Au(t) = f(t) on]0,T],
u(0) = uop.

(40)

The following holds.

Theorem 7.10. Assume that A is m-accretive. Then for every ug € D(A) and every
f € CI([0, TY; E) there exists a unique solution u of (40) with

ueCY0,T): EYNnC(0,T]; D(A)).

Moreover, u is given by the formula
t

@1) u(t) = Sa(uo + / St — ) f (s)ds.
0

where S (t) is the semigroup introduced in Comment 1.

Note that if one assumes just f € LY((0, T); E), formula (41) still makes sense
and provides a generalized solution of (40). On these questions see, e.g., T. Kato [1],
A. Pazy [1], R. H. Martin [1], H. Tanabe [1].

In physical applications one encounters many “semilinear”” equations of the form

du

T + Au = F(u),

where F is a nonlinear map from E into E. On these questions see, e.g., R. H. Mar-
tin [1], Th. Cazenave—A. Haraux [1], and the comments on Chapter 10.
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Let us also mention that some results of Chapter 7 have nonlinear extensions. It
is useful to consider nonlinear m-accretive operators A : D(A) C E — E. On this
subject, see, e.g., H. Brezis [1] and V. Barbu [1].






Chapter 8

Sobolev Spaces and the Variational Formulation
of Boundary Value Problems in One Dimension

8.1 Motivation

Consider the following problem. Given f € C([a, b]), find a function u satisfying

) —u"+u=f onla,b],
u(a) = u(b) =0.
A classical—or strong—solution of (1) is a C? function on [a, b] satisfying (1) in
the usual sense. It is well known that (1) can be solved explicitly by a very simple
calculation, but we ignore this feature so as to illustrate the method on this elementary
example.
Multiply (1) by ¢ € C!([a, b]) and integrate by parts; we obtain

b b b
@) / u/¢/+f u¢=/ fo Vo eCl(la,bl),pa) =) =0.

Note that (2) makes sense as soon as u € C!([a, b]) (whereas (1) requires two
derivatives on u); in fact, it suffices to know that u, u’ € L (a, b), where u’ has a
meaning yet to be made precise. Let us say (provisionally) that a C' function u that
satisfies (2) is a weak solution of (1).

The following program outlines the main steps of the variational approach in the
theory of partial differential equations:

Step A. The notion of weak solution is made precise. This involves Sobolev spaces,
which are our basic tools.

Step B. Existence and uniqueness of a weak solution is established by a variational
method via the Lax—Milgram theorem.

Step C. The weak solution is proved to be of class C? (for example): this is a regularity
result.

H. Brezis, Functional Analysis, Sobolev Spaces and Partial Differential Equations, 201
DOI 10.1007/978-0-387-70914-7 8, © Springer Science+Business Media, LLC 2011
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Step D. A classical solution is recovered by showing that any weak solution that is
C? is a classical solution.

To carry out Step D is very simple. In fact, suppose that u € C?([a, b]), u(a) =
u(b) = 0, and that u satisfies (2). Integrating (2) by parts we obtain

b
/(—u”+u—f)<ﬂ=0 Vo € C'([a, b)), p(a) = ¢(b) =0

and therefore

b
/ (=" +u—flo=0 VoeCla,b)).

It follows (see Corollary 4.15) that —u” +u = f a.e. on (a, b) and thus everywhere
on [a, b, since u € C%([a, b)).

8.2 The Sobolev Space W17 (I)

Let I = (a, b) be an open interval, possibly unbounded, and let p € R with 1 <
p = o0.

Definition. The Sobolev space WP (I)! is defined to be

whP () = {u € LP(I); 3g € LP(1) such that /uga’ = —/ggo Vo € Cg(l)}.
1 1

We set

H'(I) = Wl'z(l).‘

Foru € W7 (I) we denote > u’ = g.

Remark 1. In the definition of W7 we call ¢ a test function. We could equally
well have used C2°(I) as the class of test functions because if ¢ € C Cl (1), then
pn *x @ € C°(I) for n large enough and p, x ¢ — ¢ in C! (see Section 4.4; of
course, ¢ is extended to be 0 outside 7).

Remark 2. tis clear thatifu € C'(I)NLP(I) andif u’ € L?(I) (here u’ is the usual
derivative of u) then u € WP (I). Moreover, the usual derivative of u coincides with
its derivative in the W1? sense—so that notation is consistent! In particular, if [ is
bounded, C'(I) ¢ WhP(I) forall 1 < p < oo.

Examples. Let / = (—1, +1). As an exercise show the following:

(i) The function u(x) = |x| belongs to wbhP(I) for every l < p<ocandu' =g,
where

L If there is no confusion we shall write W17 instead of W17 (I) and H' instead of H'(I).
2 Note that this makes sense: g is well defined a.e. by Corollary 4.24.
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@) +1 if0<x <1,
X) =
§ 1 if—1<x<0.

More generally, a continuous function on I that is piecewise C! on I belongs to
WwbLr(r)forall 1 < p < oo.
(i) The function g above does not belong to wlp (I)forany 1 < p < oo0.

* Remark 3. To define W7 one can also use the language of distributions (see
L. Schwartz [1] or A. Knapp [2]). All functions u € L?([) admit a derivative in the
sense of distributions; this derivative is an element of the huge space of distributions
D'(I). We say that u € W17 if this distributional derivative happens to lie in L?,
which is a subspace of D’'(I). When I = R and p = 2, Sobolev spaces can also be
defined using the Fourier transform; see, e.g., J. L. Lions—E. Magenes [1], P. Mal-
liavin [1], H. Triebel [1], L. Grafakos [1]. We shall not take this viewpoint here.

Notation. The space W' 7 is equipped with the norm

lullwrr = llullr + llu'llLr

or sometimes, if 1 < p < oo, with the equivalent norm (J[u||?, + [lu’[|},)"/?. The
space H'! is equipped with the scalar product

b
(u, V)1 = W, v)p2 + W, v) 2 = / (v +u'v')

and with the associated norm

2 2 \1/2
lall g = (el + ' 125) 12

Proposition 8.1. The space WP is a Banach space for 1 < p < oo. It is reflexive’

for 1 < p < oo and separable for 1 < p < oc. The space H' is a separable Hilbert
space.

Proof.

(a) Let(u,)beaCauchy sequencein WP then (u,) and (u),) are Cauchy sequences
in LP. It follows that u, converges to some limit u in L? and u/, converges to
some limit g in L”. We have

funfp’=—/u£,<ﬂ Vo e CL(D),
1 1

and in the limit
u<p’=—/g<p Vo e CL(D).
I

3 This property is a considerable advantage of W7 . In the problems of the calculus of variations,
WP is preferred over C!, which is not reflexive. Existence of minimizers is easily established in
reflexive spaces (see, e.g., Corollary 3.23).
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Thusu € Wh?, u' = g, and |lu, — | y1., — O.

(b) WhPisreflexivefor 1 < p < oo.Clearly, the product space E = LP(I)x LP(I)
is reflexive. The operator T : W-? — E defined by Tu = [u, u] is an isometry
from W7 into E. Since W7 is a Banach space, T (W !:?) is a closed subspace
of E. It follows that T (W -7) is reflexive (see Proposition 3.20). Consequently
WP is also reflexive.

(c) WLP is separable for 1 < p < oo. Clearly, the product space E = LP(I) x
LP (1) is separable. Thus T(WLP) is also separable (by Proposition 3.25). Con-
sequently W7 is separable.

Remark 4. 1t is convenient to keep in mind the following fact, which we have used
in the proof of Proposition 8.1: let (1,,) be a sequence in W7 such that u, — u in
L? and (u),) converges to some limit in L”; then u € WP and ||lu, — ullyrr — 0.
In fact, when 1 < p < oo it suffices to know that u, — u in L? and ||u},||» stays
bounded to conclude that u € W7 (see Exercise 8.2).

The functions in W17 are roughly speaking the primitives of the L? functions.
More precisely, we have the following:

Theorem 8.2. Ler u € Wh-P (1) wizh 1 < p < oo, and I bounded or unbounded;
then there exists a function u € C(I) such that

u=u aeonl

and

a(x) —i(y) = /x u'()dt Vx,yel.
y

Remark 5. Let us emphasize the content of Theorem 8.2. First, note that if one func-
tion u belongs to W7 then all functions v such that v = u a.e. on I also belong to
WP (this follows directly from the definition of W1-P). Theorem 8.2 asserts that
every function u € W7 admits one (and only one) continuous representative on I,
i.e., there exists a continuous function on / that belongs to the equivalence class of u
(v ~ uifv = ua.e.). When it is useful* we replace u by its continuous representative.
In order to simplify the notation we also write u for its continuous representative.
We finally point out that the property “u has a continuous representative” is not the
same as “u is continuous a.e.”

Remark 6. It follows from Theorem 8.2 that if u € W7 and if u’ € C(I) (i.e., u’
admits a continuous representativeon /), thenu € CY(I); more precisely, i € clin),
but as mentioned above, we do not distinguish u and .

In the proof of Theorem 8.2 we shall use the following lemmas:

Lemma 8.1. Let f € LY (I) be such that

loc

4 For example, in order to give a meaning to u(x) for every x € I.
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3) / f¢'=0 YpeCiD.
1
Then there exists a constant C such that f = C a.e.on I.

Proof. Fix a function ¥ € C.(I) such that f] Y = 1. For any function w € C.(1)
there exists ¢ € cj. (1) such that

e ([

Indeed, the function 7 = w — ( ; W)Y is continuous, has compact support in 7, and
also || ; = 0. Therefore A has a (unique) primitive with compact support in 7. We
deduce from (3) that

/If[w_</,w>‘/’]:° Yu € Ce(D),
/I[f_<f,fl”)}w=0 Vu e CelD),

and therefore (by Corollary 4.24) f — (fI fy¥)=0ae.onl,ie., f=Cae.onl
with C = [; f.

ie.,

Lemma 8.2. Let g € L\ (I); for yo fixed in I, set

loc

v(x) = /X g)dt, xel.
)7

0
Thenv € C(I) and

vw/:—/g(p Vo e CL(r).
1 1

Proof. We have

/v<p’ = / [/X g(t)dt:| @' (x)dx
1 I LJdyo

Yo Yo b X
= —/ dx f g’ (x)dt +f dx f g (x)dt.
a X Yo Yo

By Fubini’s theorem,

Yo t b b
fvga’ = —/ g(t)dtf (p/(x)dx+/ g(t)dt/ ¢’ (x)dx
1 a a Yo t

= —/Ig(l)w(t)dt-
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Proof of Theorem 8.2. Fix yg € I and set u(x) = fy); u'(t)dt. By Lemma 8.2 we

have
/W: —/u’<p Vo e CL(1).
1 1

Thus [;(u —i)¢’ =0 Ve € Cl(I). It follows from Lemma 8.1 that u — it = C
a.e. on /. The function u(x) = u(x) + C has the desired properties.

Remark 7. Lemma 8.2 shows that the primitive v of a function g € L? belongs
to Wh-p provided we also know that v € L”, which is always the case when I is
bounded.

Proposition 8.3. Let u € L? with 1 < p < oo. The following properties are equiv-
alent:

()uewhr,
(ii) there is a constant C such that

‘[ /
ugy
1

Furthermore, we can take C = ||u'||Lr(ry in (ii).

< Cligllr ) Vo eCil).

Proof.
(i) = (ii). This is obvious.
(i1) = (i). The linear functional

pecCli)y— /uq)'
I

is defined on a dense subspace of LY (since p’ < 00) and it is continuous for the
LP" norm. Therefore it extends to a bounded linear functional F defined on all of
LY (applying the Hahn—Banach theorem, or simply extension by continuity). By the
Riesz representation theorems (Theorems 4.11 and 4.14) there exists g € L? such
that

(F,<p>=/g<p Yo e LV
1

/u¢’=/g<ﬂ Vo € C;
1 1

* Remark 8 (absolutely continuous functions and functions of bounded variation).
When p = 1, the implication (i) = (ii) remains true but not the converse. To illustrate
this fact, suppose that I is bounded. The functions u satisfying (i) with p = 1, i.e.,
the functions of W1-1(I), are called the absolutely continuous functions. They are
also characterized by the property

In particular,

and thus u € Wh-P.
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Ve > 0,38 > 0 such that for every finite sequence
(AC) of disjoint intervals (ax, br) C I such that > |by — ag| < 6,
we have > |u(br) — u(ap)| < e.

On the other hand, the functions u satisfying (ii) with p = 1 are called functions of
bounded variation; these functions can be characterized in many different ways:

(a) they are the difference of two bounded nondecreasing functions (possibly dis-
continuous) on 1/,
(b) they are the functions u satisfying the property

there exists a constant C such that

(BV) k=l :
Dlutiv)) —u@)| < Cforalley <t < - - <t inl,
i=0

(c) they are the functions u € L(I) that have as distributional derivative a bounded
measure.

Note that functions of bounded variation need not have a continuous repre-
sentative. On this subject see, e.g., E. Hewitt—K. Stromberg [1], A. Kolmogorov—
S. Fomin [1], S. Chae [1], H. Royden [1], G. Folland [2], G. Buttazzo-M. Giaquinta—
S. Hildebrandt [1], W. Rudin [2], R. Wheeden—A. Zygmund [1], and A. Knapp [1].

Proposition 8.4. A function u in L (I) belongs to WH2°(I) if and only if there
exists a constant C such that

lu(x) —u(y)| <Clx —y| forae x,y € l.
Proof. If u € W% (I) we may apply Theorem 8.2 to deduce that
lu(x) —u(y)| < [lu'llLe|x — y| forae. x,y € I.

Conversely, let ¢ € Cg (I). For h € R, with |k| small enough, we have

/, [u(x +h) — u(x)]o(x)dx = /1 u(Ol(x — ) — p(0)]dx

(these integrals make sense for 4 small, since ¢ is supported in a compact subset of
I). Using the assumption on u we obtain

‘ /IM(X)BO(X —h) —e)]dx

< ClhllielLt-
Dividing by || and letting 7 — 0, we are led to

o
1

< Cliglly Vo e CXD).
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We may now apply Proposition 8.3 and conclude that u € W1,
The L?-version of Proposition 8.4 reads as follows:

Proposition 8.5. Let u € LP(R) with 1 < p < oo. The following properties are
equivalent:

(i) u € WhP(R),
(ii) there exists a constant C such that for all h € R,

lthu — ullLrwy < Clh|.
Moreover, one can choose C = ||u'||Lr(w) in (i).
Recall that (tpu)(x) = u(x + h).
Proof.

(i) = (ii). (This implication is also valid when p = 1.) By Theorem 8.2 we have,
forall x and 4 in R,

x+h 1
ul(x +h) —ukx) = / u'(t)dt = h/ u'(x + sh)ds.
x 0

Thus )
lu(x +h) —u(x)| < IhI/ |u'(x + sh)|ds.
0

Applying Holder’s inequality, we have
1
lu(x +h) —u@x)|? < Ihl”/ |u'(x + sh)|Pds.
0
It then follows that
1
/ lu(x +h) —u(x)|Pdx < |h|p/ dx/ lu'(x + sh)|Pds
R R 0
1
< |h|p/ ds/ |t/ (x + sh)|Pdx.
0 R
Butfor0 <s < 1,

/IM’(ersh)lpdx:/ ' (1P dy,
R R

from which (ii) can be deduced.

(i) = (i). Let ¢ € C!(R). For all & € R we have

/R [u(x + h) — u(x)]o(x)dx = fR u(Olp(x — h) — () ]dx.
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Using Holder’s inequality and (ii) one obtains

‘ f [u(x + h) — u()lp(x)dx
R

= C|h|||§0||Lp’(R)

and thus
= C|h|||(ﬂ||Lp/(R)'

A{M(X)[@(x —h) —e)]dx

Dividing by |k| and letting 7 — 0, we obtain

“/ /
%
R

We may apply Proposition 8.3 once more and conclude that u € W7 (R).

= C||‘P||Lp’(R)-

Certain basic analytic operations have a meaning only for functions defined on
all of R (for example convolution and Fourier transform). It is therefore useful to be
able to extend a function u € W17 (1) to a function i € W!7(R).5 The following
result addresses this point.

Theorem 8.6 (extension operator). Let | < p < oo. There exists a bounded linear
operator P : W-P(I) — WULP(R), called an extension operator; satisfying the
following properties:

() Puj; =u Yu € WhP(I),

(i) | PullLe@y < ClullLey Yu € WhP(D),

(i) || Puellwrp gy < Clluellwro(y Yu € WHP(D),

where C depends only on |1| < 0.
Proof. Beginning with the case I = (0, co) we show that extension by reflexion
u(x) ifx >0,

u(—x) ifx <0,

(Pu)(x) = u*(x) = {
works. Clearly we have
lu*llLr®) < 2llullLe)-

Setting

{u’(x) if x > 0,
v(x) = .
—u'(—x) ifx <0,

we easily check that v € L?(R) and

u*(x) —u*(0) = /x v(®)dr Vx € R.
0

5 If u is extended as 0 outside 7 then the resulting function will not, in general, be in whp (R) (see
Remark 5 and Section 8.3).

6 One can take C = 4 in (ii) and C = 4(1 + ﬁ) in (iii).
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n
1

N
= —
ENJES =

Fig. 5

It follows that u* € WP (R) (see Remark 7) and lu*llwirwy < 2lullwiory-

Now consider the case of a bounded interval 1; without loss of generality we can
take I = (0, 1). Fix a function n € CI(R), 0 < n <1, such that

1 ifx <1/4,
n(x) = .
0 ifx > 3/4.

See Figure 5.
Given a function f on (0, 1) set

o Jfx) if0<x <1,
Feo = {0 ifx > 1.

We shall need the following lemma.
Lemma 8.3. Let u € WP (I). Then
ni € WHP(0,00) and (i) = n'ii + nut'.

Proof. Let ¢ € C}((0, 00)); then
00 1 1
/ nﬁ<p’=/ nuqv/:/ ul(ng) —n'e]
0 0 0
1 1
= —/ u’nw—/ un'g since ng € C}((0, 1))
0 0

OO ~
= —/ (u'n+in)e.
0
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Proof of Theorem 8.6, concluded. Given u € Wl’p(I), write
u=nu+1-nu.

The function nu is first extended to (0, co) by nu (in view of Lemma 8.3) and
then to R by reflection. In this way we obtain a function v; € W7 (R) that extends
nu and such that

lvillzr@) < 2MlullLecy s llor ||W1vp(]R) = C||M||W1-p(1)

(where C depends on ||n/|| o).

Proceed in the same way with (1 — n)u, that is, first extend (1 — n)u to (—oo, 1)
by 0 on (—o0, 0) and then extend to R by reflection (this time about the point 1, not
0). In this way we obtain a function v, € WP (R) that extends (1 — n)u and satisfies

lvallr@) < 2Mulleecy,  Nv2llwre@wy < Cliullwiegy-

Then Pu = v + v, satisfies the condition of the theorem.

Certain properties of C! functions remain true for W!-? functions (see for example
Corollaries 8.10 and 8.11). It is convenient to establish these properties by a density
argument based on the following result.

e Theorem 8.7 (density). Let u € WP (I) with 1 < p < o0o. Then there exists a
sequence (u,) in CZ°(R) such that u,;; — u in wlr(.

Remark 9. In general, there is no sequence (u,) in C2°(/) such that u, — u in
WULP(I) (see Section 8.3). This is in contrast to L” spaces: recall that for every
function u € LP(I) there is a sequence (u,,) in C2°(I) such that u, — u in LP (1)
(see Corollary 4.23).

Proof. We can always suppose I = R; otherwise, extend u to a function in W7 (R)
by Theorem 8.6. We use the basic techniques of convolution (which makes functions
C®°) and cut-off (which makes their support compact).

(a) Convolution.
We shall need the following lemma.

Lemma 8.4. Let p € L'(R) and v € WHP(R) with 1 < p < oo. Then p v €
WLP(R) and (p x v) = p » V.

Proof. First, suppose that p has compact support. We already know (Theorem 4.15)
that pxv € LP(R). Let ¢ € CCl (R); from Propositions 4.16 and 4.20 we have

/(p*v)w/zfv(ﬁ*tp’)=/v(/3*<p)’=—/v’(b*<p)=—/(p*v/)qo,

from which it follows that

pxveWh?P and (pxv) =p*v.
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If p does not have compact support introduce a sequence (p,) from C.(R) such that
Pn — pin LY(R) (see Corollary 4.23). From the above, we get

pnxv e WLP(R) and  (py xv) = py * V.

But p, xv — pxvin L”(R) and p, xv" — pxv"in L?(R) (by Theorem 4.15). We
conclude with the help of Remark 4 that

pxveWLP(R) and (p*v) =p*v.

(b) Cut-off.
Fix a function ¢ € C°(R) such that 0 < ¢ < I and

£ 1 if|x| <1,
X) =
0 if|x|>2.
Define the sequence
“ Li(x) =¢(x/n) forn=1,2,....

It follows easily from the dominated convergence theorem that if a function f belongs
to LP(R)with 1 < p < oo, then ¢, f — fin LP(R).

(¢) Conclusion.
Choose a sequence of mollifiers (p,,). We claim that the sequence u,, = &, (0, xu)
converges to u in W17 (R). First, we have ||u,, — ] p — 0. In fact, write

up —u = & ((op *u) — u) + (Spu — u)

and thus
lwn —ullp < llon*u —ullp +1¢uu —ull, — 0.

Next, by Lemma 8.4, we have
u:1 = é‘r/z (on * u) + En(on * M/)-

Therefore

A

”u;, - u/”p = ||§yll(pn *u)”p + 11Zn (on *M/) - u/”p

A

C / ’ ’ ’
= ;“M”p"' lon *u" —ullp + 1pu” —u'llp, — 0,

where C = ||¢/ || co-

The next result is an important prototype of a Sobolev inequality (also called a
Sobolev embedding).

e Theorem 8.8. There exists a constant C (depending only on |I| < 00) such that

) lulloory < Cllullwipgy Y ueWhP(I), ¥ 1<p<oo.
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In other words, WP (I) C L% (I) with continuous injection for all 1 < p < oo.
Further, if I is bounded then

6) the injection WP (I) c C(I) is compact forall 1 < p < oo,
@) the injection W' (I) C LI(1) is compact for all 1 < g < oo.

Proof. We start by proving (5) for I = R; the general case then follows from this
by the extension theorem (Theorem 8.6). Let v € CL], R); if 1 < p < oo set
G(s) = |s|P~!s. The function w = G (v) belongs to C} (R) and

w =G (v = pP .

Thus, for x € R, we have

Gamx»==/m plv@®)|P~ W (1)dt,

—0o0
and by Holder’s inequality
-1
)P < plvlp 1Vl
from which we conclude that

®) vllso < Cllvlwir Yo e CLR),

where C is a universal constant (independent of p).”

Argue now by density. Let u € WP (R); there exists a sequence (u,) C CC1 (R)
such that u,, — u in WL (R) (by Theorem 8.7). Applying (8), we see that (u,) is a
Cauchy sequence in L°°(R). Thus u,, — u in L*°(R) and we obtain (5).

Proof of (6). Let H be the unit ball in W7 (I) with 1 < p < oco. Foru € H we have

< lplx =y <|x —y"P Vx,yel

hM%MM=UuMm
y

It follows then_from the Ascoli—Arzela theorem (Theorem 4.25) that H has a compact
closure in C([1).

Proof of (7). Let H be the unit ball in W!-!(I). Let P be the extension operator of
Theorem 8.6 and set 7 = P(#H), so that H = F|;. We prove that H has a compact
closure in L9(I) (for all 1 < g < 00) by applying Theorem 4.26. Clearly, F is
bounded in W1 (R); therefore F is also bounded in L4 (R), since it is bounded both
in LY(R) and in L (R). We now check condition (22) of Chapter 4, i.e.,

Ain})”rhf — fllg =0 uniformlyin f € F.

7 Noting that p'/? < el/¢ Vp > 1.
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By Proposition 8.5 we have, for every f € F,

lenf = fliiw) < 1B gy < Clhl,
since F is a bounded subset of W!1(R). Thus

ltnf = Fla@ < @IS ILe@)? TS = Fliig < Clhl

and consequently
lonf = fllza) < Clh|'4,

where C is independent of f. The desired conclusion follows since g # co.

Remark 10. The injection W1 (I) ¢ C(I) is continuous but it is never compact,
even if / is a bounded interval; the reader should find an argument or see Exercise
8.2. Nevertheless, if (u,) is a bounded sequence in WLL(I) (with I bounded or
unbounded) there exists a subsequence (u,, ) such that u,, (x) converges forallx € I
(this is Helly’s selection theorem; see for example A. Kolmogorov—S. Fomin [1]
and Exercise 8.3). When [ is unbounded and 1 < p < oo, we know that the
injection WbhP(I) ¢ L%(I) is continuous; this injection is never compact—again
give an argument or see Exercise 8.4. However, if (u,,) is bounded in W17 (I) with
1 < p < oo there exist a subsequence (u,,) and some u € WP (I) such that
up, — uin L°°(J) for every bounded subset J of I.

Remark 11. Let I be a bounded interval, let 1 < p < 0o, and let 1 < g < oco. From
Theorem 8.2 and (5) it can be shown easily that the norm

Meelll = Ml [l p + Nluellg
is equivalent to the norm of whr (D).

Remark 12. Let I be an unbounded interval. If u € WP (I), then u € L9 (1) for all
q € [p, oo], since

/Iul” < [l llull}-
I
But in general u ¢ L9(I) for g € [1, p) (see Exercise 8.1).

Corollary 8.9. Suppose that I is an unbounded interval and u € WP (I) with
1 < p < oo. Then

©)] lim u(x) =0.

|x|—00

Proof. From Theorem 8.7 there exists a sequence (u,) in C, Cl (R) such that u,;; — u
in WP (1). It follows from (5) that ||u, — ullpoery — 0. We deduce (9) from this.
Indeed, given ¢ > 0 we choose n large enough that |u, —u|| =) < ¢. For |x| large
enough, u, (x) = 0 (since u, € Ccl. (R)) and thus |u(x)| < e.
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Corollary 8.10 (differentiation of a product).8 Letu,ve Whr (Hwithl < p <
o0. Then
uv € WhP(I)

and
(10) wv) =u'v+uv.

Furthermore, the formula for integration by parts holds:

X

(11) /x u’v:u(x)v(x)—u(y)v(y)—f uv' Vx,yel.
y y

Proof. First recall that u € L* (by Theorem 8.8) and thus uv € L?. To show that
(uv)’ € LP let us begin with the case 1 < p < oco. Let (u,) and (v,) be sequences in
C(R) such that u,; — u and v, — vin WHP(I). Thus u,; — u and v, — v
in L°°(I) (again by Theorem 8.8). It follows that u,v,;; — uv in L°°(I) and also
in LP(I). We have

(Unvn)' = uyvy + upv, — u'v+uv'in LP(I).

Applying once more Remark 4 to the sequence (u,v,), we conclude that uv €
WP (I) and that (10) holds. Integrating (10), we obtain (11).

We now turn to the case p = oo; let u, v € WH(I). Thus uv € L*®(I) and
u'v+uv’ € L®°(I). It remains to check that

/uwp’: —/(u/v—i—uv’)(p Vo e CL(1).
I I

For this, fix a bounded open interval J C I such that suppp C J. Thus u,v €
wkp (J) for all p < oo and from the above we know that

/uv(p/ = —/(u’v—i—uv’)go,

J J

/uv(p' = —/(u/v + uv)o.
I I

Corollary 8.11 (differentiation of a composition). Ler G € C'(R) be such that’
G(0) =0, and letu € WHP(I) with 1 < p < oo. Then

that is,

GoueWhP(I) and (Gou) = (G owu'.

8 Note the contrast of this result with the properties of L? functions: in general, if u, v € L?, the
product uv does not belong to L?. We say that W17 (I) is a Banach algebra.

9 This restriction is unnecessary when I is bounded (or also if I is unbounded and p = oo). It is
essential if / is unbounded and 1 < p < oo.



216 8 Sobolev Spaces and the Variational Formulation of Boundary Value Problems in 1D

Proof. Let M = ||lullo0. Since G(0) = 0, there exists a constant C such that |G (s)| <
C|s| forall s € [-M, +M]. Thus |G o u| < C|ul|; it follows that G o u € LP(I).
Similarly, (G’ o u)u’ € L?(I). It remains to verify that

(12) /(G ou)y =— /(G/ ou'p Yo e CHI).
1 1

Suppose first that 1 < p < oo. Then there exists a sequence (u,) from Ccl. (R) such
that u,; — u in WP (I) and also in L(I). Thus (G o u,);; — G ou in L(I)
and (G’ o un)u;lll — (G’ ou)u’ in LP(I). Clearly (by the standard rules for C'
functions) we have

/(G cun)p' = —/(G’ oup)ung Vo € Ci(D),
1 1

from which we deduce (12). For the case p = oo proceed in the same manner as in
the proof of Corollary 8.10.

The Sobolev Spaces W7

Definition. Given an integer m > 2 and a real number 1 < p < oo we define by
induction the space

WPy = {ue WPy u' e W"LP(D).
We also set
H™(I) = W™2(I).

It is easily shown that u € WP (I) if and only if there exist m functions g1, g2, .. .,
gm € LP(I) such that

/uDj(pz(—l)j/gj(p Yo e C°(I), Vj=1,2,...,m,
1 1

where D/ ¢ denotes the jth derivative of . Whenu € W™ ? (I) we may thus consider
the successive derivatives of u : v’ = g1, (u’) = g2, ..., up to order m. They are
denoted by Du, D?u, ..., D™u. The space W™ (I) is equipped with the norm

m
lullwnr = llullp + Y I1D%ullp.

a=1

and the space H" (1) is equipped with the scalar product

1

m m
(u, v)gm = (W, v);2 + Y (D%u, D%v);2 :/uv—}— /Do‘u D%v.
> 2,

a=1
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One can show that the norm || wm.p is equivalent to the norm
lulll = llull, + 1D"ullp.

More precisely, one proves that for every integer j, 1 < j < m — 1, and for every
¢ > 0 there exists a constant C (depending on ¢ and |I| < oo) such that

ID7ull, < el D"ull, + Cllull, Yue W™P()
(see, e.g., R. Adams [1], or Exercise 8.6 for the case |I]| < 00).

The reader can extend to the space W™7 all the properties shown for wl-P; for
example, if I is bounded, W”-?(I) ¢ C™~!(I) with continuous injection (resp.
compact injection for 1 < p < 00).

8.3 The Space WO1 P

Definition. Given 1 < p < oo, denote by Wol’p (I) the closure of Ccl. (I) in
wl-r(1).10 Set L
HY(D) = Wy (D).

The space W(}’p (I) is equipped with the norm of W!7(I), and the space H(} is
equipped with the scalar product of H'.11

The space Wol’[7 is a separable Banach space. Moreover, it is reflexive for p > 1.
The space HO1 is a separable Hilbert space.

Remark 13. When I = R we know that C Cl (R) is dense in wlp (R) (see Theorem
8.7) and therefore W&’p(R) = WLP(R).

Remark 14. Using a sequence of mollifiers (p,) it is easy to check the following:

(i) C(I) is dense in Wol’p(l).
i) If u € WhP(I) N Co(I) then u € WP (I).

Our next result provides a basic characterization of functions in Wé’p ).
o Theorem 8.12. Let u € WP (I). Thenu € Wy'" (I if and only if u = 0 on d1.
Remark 15. Theorem 8.12 explains the central role played by the space Wé "P(I). Dif-

ferential equations (or partial differential equations) are often coupled with boundary
conditions, i.e., the value of u is prescribed on 91.

10'We do not define Wol’p for p = oo.
T When there is no confusion we often write Wol’p and HOl instead of W(}’p (I) and HOl ().
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Proof. Ifu € WOl P there exists a sequence (u,) in CC1 (I) such that u, — u in

WLP(I). Therefore u, — u uniformly on I and as a consequence u = 0 on 91.
Conversely, let u € WP (1) be such that u = 0 on 91. Fix any function G €

C'(R) such that

0 ifff <1,

G(t) =
® {t if |t] > 2,

and
|G(®)| < |t] VteR.
Setu, = (1/n)G(nu),sothatu, < whr(r) (by Corollary 8.11). On the other hand,

suppu, C {x € I; |u(x)| = 1/n},

and thus supp u, is in a compact subset of / (using the fact that u = 0 on 9/ and
u(x) — 0as |x| - oo, x € I). Therefore u, € Wol’p(l) (see Remark 14). Finally,
one easily checks that u#,, — u in wlp (D by the dominated convergence theorem.

Thus u € Wy'” (1.

Remark 16. Let us mention two other characterizations of Wé’p functions:

(i) Letl < p < ooandletu € LP(I). Define i by

_ {u(x) ifxel,
u(x) = .
0 if x € R\[.

Then u € W,"”(I) if and only if & € WP (R).

(ii)Letl < p < ooandletu € LP(I). Then u belongs to Wol’p(l) if and only if
there exists a constant C such that

[
ugp
1

e Proposition 8.13 (Poincaré’s inequality). Suppose I is a bounded interval. Then
there exists a constant C (depending on |I| < 00) such that

< Cllgll gy Vo€ Co®).

L,
13) lulwioy < Cllu'llLray Yu € Wyl (D).

1 . . .
In other words, on Wo’p, the quantity ||u'|| (1) is a norm equivalent to the
WP norm.

Proof. Letu € W(}’p(l) (with I = (a, b)). Since u(a) = 0, we have

f ' W (1)dt

Thus [ul| gy < ||u’||L|(1) and (13) then follows by Holder’s inequality.

< llu'lz1.

()| = [u(x) —ua)| =
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Remark 17. If I is bounded, the expression (u’,v');2 = [u'v’ defines a scalar
product on H(; and the associated norm, i.e., ||u’||;2, is equivalent to the H ! norm.

Remark 18. Given an integer m > 2 and a real number 1 < p < oo, the space
Wgn’p(l) is defined as the closure of C/*() in W™ P(I). One shows (see Exer-
cise 8.9) that

Wy (I) ={ue W"P(I); u=Du=---=D""'u=0 ondl).
It is essential to notice the distinction between
2,p _ 2,p . _ —
Wy'() ={ue WP(I); u=Du=0 ondl}

and
W2P(1) N Wy P (1) = {u € W>P(I); u=0 ondl}.

* The Dual Space of WO1 2405

Notation. The dual space of Wol’p(l) (1 < p < o0) is denoted by W’LP/(I) and
the dual space of HO1 (I) is denoted by H™! ).

Following Remark 3 of Chapter 5, we identify L? and its dual, but we do not
identify HOl and its dual. We have the inclusions

Hl cL?cH™,

where these injections are continuous and dense (i.e., they have dense ranges).
If 1 is a bounded interval we have

Wy c 1> c W forall 1 < p < 0o

with continuous injections (and dense injections when 1 < p < 00).
If I is unbounded we have only

Wy c L2 c Wb forall 1 < p <2

with continuous injections (see Remark 12).

The elements of W7 can be represented with the help of functions in L";to
be precise, we have the following

Proposition 8.14. Let F € W=LP'(I). Then there exist two functions fo, f1 €
LP (I such that

<F,u>=/f0u+/f1u’ Yu € Wy'P(I)
1 1

and
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I F {10 = max{ll foll . Il f1ll p}-
When I is bounded we can take fy = 0.

Proof. Consider the product space E = L?(I) x L?(I) equipped with the norm
171l = ll7ollp + N1l p where h = [ho, h1].

Themap T : u € Wol’p(l) > [u, u’] € E is an isometry from Wé’p(l) into E. Set
G = T(W(}’p(l)) equipped with the norm of £ and S = T7':G— W(}’p(l). The
map h € G — (F, Sh) is a continuous linear functional on G. By the Hahn—Banach
theorem, it can be extended to a continuous linear functional ® on all of E with
|®||gx = || F||. By the Riesz representation theorem we know that there exist two
functions foy, f1 € Ll’/(l ) such that

(D, h) Z/;foho+/;f1h1 Vh = [ho, h1] € E.

It is easy to check that || ® || g+ = max{|| foll ,/, || f1ll}. Also, we have
(®, Tu) = (F, u) =/f0u +/f1u’ Yu € Wé’p.
I I

When [ is bounded the space Wé’p (I) may be equipped with the norm ||u/||, (see
Proposition 8.13). We repeat the same argument with £ = LP(I) and T : u €
WP (1) u' € LP(I).

Remark 19. The functions fp and f] are not uniquely determined by F.

Remark 20. The element F € W_l’p,(l ) is usually identified with the distribution
fo— f{ (by definition, the distribution fo — f{ is the linear functional u > [, fou +
[; fiu', on C22(I)).

Remark 21. The first assertion of Proposition 8.14 also holds for continuous linear
functionals on Wl’l’(l < p < 00), i.e.,, every continuous linear functional F on
WP may be represented as

(F,u):/fou—l—/fm’ Yu e whr
I I

for some functions fy, f1 € LY.

8.4 Some Examples of Boundary Value Problems

Consider the problem

(14)

—u"+u=f onl=(0,1),
u(0) =u(l) =0,
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where f is a given function (for example in C (I) or more generally in L2(I)).
The boundary condition u(0) = u(1) = 0 is called the (homogeneous) Dirichlet
boundary condition.

Definition. A classical solution of (14) is a function u € C2(I) satisfying (14) in
the usual sense. A weak solution of (14) is a function u € HO1 (I) satisfying

(15) /u/v/+/uv =/fv Yv € Hy ().
1 1 1

Let us “put into action” the program outlined in Section 8.1:

Step A. Every classical solution is a weak solution. This is obvious by integration
by parts (as justified in Corollary 8.10).

Step B. Existence and uniqueness of a weak solution. This is the content of the
following result.

e Proposition 8.15. Given any f € L*(I) there exists a unique solution u € H(} to
(15). Furthermore, u is obtained by

min {l/(v’2+v2)—/fv};
ver) (2 ) 1

this is Dirichlet’s principle.

Proof. We apply Lax—Milgram’s theorem (Corollary 5.8) in the Hilbert space H =
H(} (1) with the bilinear form

a(u,v) = /u/v’ +/uv = (u, V)1
I I

and with the linear functional ¢ : v — [, fv.

Remark 22. Given F € H~'(I) we know from the Riesz—Fréchet representation
theorem (Theorem 5.5) that there exists a unique u € H& (I) such that

@, ) = (F. o)y g1 Vv e Hy.

The map F +— u is the Riesz—Fréchet isomorphism from H~! onto HO1 . The function
u coincides with the weak solution of (14) in the sense of (15).

Steps C and D. Regularity of weak solutions. Recovery of
classical solutions

First, note that if f € L?andu € H(} is the weak solution of (14), then u € H?2.
Indeed, we have
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/u/v’z/(f—u)v vv e CH(D),
1 1

and thus u’ € H' (by definition of H' and since f — u € L?),ie., u € H>
Furthermore, if we assume that f € C (1_ ), then the weak solution u belongs to
C?(I). Indeed, (1) € C(I) and thus u’ € C'(I) (see Remark 6). The passage from
a weak solution u € C%(I) to a classical solution has been carried out in Section 8.1.

Remark?23.If f € H k(I), with k an integer > 1, it is easily verified (by induction)
that the solution u of (15) belongs to H k+2(1 ).

The method described above is extremely flexible and can be adapted to a mul-
titude of problems. We indicate several examples frequently encountered. In each
problem it is essential to specify precisely the function space and to find the appro-
priate weak formulation.

Example 1 (inhomogeneous Dirichlet condition). Consider the problem

16 {—u” +u=f onl=(0,1),

u(0) = a, u(l) = B,
with o, B € R given and f a given function.

e Proposition 8.16. Given o, B € R and f € L*(I) there exists a unique function
u € H?(I) satisfying (16). Furthermore, u is obtained by

1
min {—/(v/z—f-vz)—/fv}.
veH(I) 2J; I

v(0)=a,v(1)=p

If, in addition, f € C(I) thenu € C(I).
Proof. We give two possible approaches:

Method 1. Fix any smooth function!? ug such that u¢(0) = « and ug(l) = B.
Introduce as new unknown & = u — ug. Then u satisfies

—i"+i=f—4ug—uy onl,
i(0) = (1) = 0.

We are reduced to the preceding problem for u.
Method 2. Consider in the space H!(I) the closed convex set
K ={ve H'(I);v0) =« and v(1) = 8.

If u is a classical solution of (16) we have

12 Choose, for example, u( to be affine.
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/u/(v—u)/+/u(v—u)=/f(v—u) Yv e K.
I I I

Then in particular,

17 /u’(v—u)’—i—/u(v—u)z/f(v—u) Yv e K.
I I I

We may now invoke Stampacchia’s theorem (Theorem 5.6): there exists a unique
function u € K satisfying (17) and, moreover, u is obtained by

Ny
51;111(1{2/1‘(11 + v7) /va}.

To recover a classical solution of (16), setv = u +w in (17) withw € H(} and obtain

/u/w’+/uw=/fw Yw € Hy.
I 1 1

This implies (as above) that u € H 2(1 )_ IffecC (1) the same argument as in the
homogeneous case shows that u € C>(I).

* Example 2 (Sturm—Liouville problem). Consider the problem

(18) u(0) = u(l) =0,

{—(pu’)’ +qu=f onl=(,1),
where p € C'(I),q € C(I), and f € L*>(I) are given with
px)>a>0 Vxel.

If u is a classical solution of (18) we have

/Ipu’v/+/]quv:/1fv Yo € Hi(I).

We use HO1 (1) as our function space and

a(u, v) =fpu’v’+/quv
I 1

as symmetric continuous bilinear form on H(}. If ¢ = 0 on [ this form is coercive
by Poincaré’s inequality (Proposition 8.13). Thus, by Lax—Milgram’s theorem, there
exists a unique u € HOl such that

(19) a(u,v):/fv Vv € H(I).
1
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Moreover, u is obtained by

. 1 2 2
min {= [ (pv" 4+qv°)— | fvy.
veH () | 2 J) 1

It is clear from (19) that pu’ € H'; thus (by Corollary 8.10) u’ = (1/p)(pu’) € H'
and hence u € H?. Finally, if f € C(I), then pu’ € C'(I), and so u’ € C'(D),
ie,u e CXI). Step D carries over and we conclude that u is a classical solution
of (18).

Consider now the more general problem

(20)

—(pu") +ru'+qu=f onl=(0,1),
u(0) = u(l) =0.

The assumptions on p, g, and f are the same as above, and r € C (I_ ). Ifuisa
classical solution of (20) we have

/lpu’v’+/;ru’v+/]quv=/lfv Vv e Hy.

We use H(} (1) as our function space and

au, v) :/pu’v’+/ru’v+/quv
1 I 1

as bilinear continuous form. This form is not symmetric. In certain cases it is coercive;
for example,

()ifg > land r* <4a;
(i) orif ¢ > 1 and r € C'(I) with r’ < 2; here we use the fact that

1
/rv/vz —E/r’vz Vv e Hq.

One may then apply the Lax—Milgram theorem, but there is no straightforward asso-
ciated minimization problem. Here is a device that allows us to recover a symmetric
bilinear form. Introduce a primitive R of /p and set { = e~R. Equation (20) can
be written, after multiplication by ¢, as

—¢pu” —¢p'u’ +¢cru’ + cqu = ¢ f,

or (since {'p + ¢r = 0)
—@pu) +¢qu=¢f.

Define on H(} the symmetric continuous bilinear form

a(u, v) =/§pu’v’+/§quv.
I I
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When g > 0, this form is coercive, and so there exists a unique u € H& such that

a(u,v):f{fv Vv e Hy.
1

Furthermore, u is obtained by

. 1 2 2
min {1~ [ (pvT +Lqv)— | {fvg.
ver () |12 s 1
It is easily verified that u € HZ2, and if f e C(I) then u € C2(I) is a classical

solution of (20).

Example 3 (homogeneous Neumann condition). Consider the problem

on {—u”+u=f onl = (0, 1),
uw'(0)=u'(1) =0.

e Proposition 8.17. Given f € L*(I) there exists a unique function u € H*(I)
satisfying (21).13 Furthermore, u is obtained by

1
min {—/(v/2+v2)—/fv}.
veH(D) |2 J I

If. in addition, f € C(I), thenu € C*(I).

Proof. If u is a classical solution of (21) we have

(22) fu/v’—i—/uv =/fv vv e H'\(I).
1 1 1

We use H!(I) as our function space: there is no point in working in H(} as above
since u(0) and u (1) are a priori unknown. We apply the Lax—Milgram theorem with
the bilinear form a(u, v) = [; u’v' + [, uv and the linear functional ¢ : v — [, fuv.
In this way we obtain a unique function u € H!(I) satisfying (22). From (22) it
follows, as above, that u € H%(I). Using (22) once more we obtain

(23) /(—u” +u— v+ u' DHu(l) —u' 0w0) =0 VYve H().
I

In (23) begin by choosing v € HJ and obtain —u” + u = f a.e. Returning to (23),
there remains
u' (Ho(l) —u’' O)(©0) =0 Yve HY(I).

Since v(0) and v(1) are arbitrary, we deduce that u'(0) = u’(1) = 0.

13 Note that u € H(I) = u € C'(I) and thus the condition u’(0) = u’(1) = O makes sense. It
would not make sense if we knew only that u € H'.
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Example 4 (inhomogeneous Neumann condition). Consider the problem

o {—u” +u=f onl=(0,1),

u'(0) =, u'(1) =B,

with o, 8 € R given and f a given function.

Proposition 8.18. Given any f € L*>(I) and a, B € R there exists a unique function
ue HXI) satisfying (24). Furthermore, u is obtained by

min {l/(v’z—l—vz)—/fv—i—av(O)—,Bv(l)}.
2 J; I

veH!(I)
If, in addition, f € C(I) thenu € C(I).
Proof. 1f u is a classical solution of (24) we have

/u/v/+fuv:/fv—ow(O)—}—ﬂv(l) vv e H(I).
1 1 1

We use H'(I) as our function space and we apply the Lax—Milgram theorem with
the bilinear form a(u, v) = [; u’v' + [, uv and the linear functional

Qv /fv—av(0)+,3v(1).
I

This linear functional is continuous (by Theorem 8.8). Then proceed as in Example
3 to prove that u € H?(I) and that u’(0) = o, u’(1) = .

Example 5 (mixed boundary condition). Consider the problem

) {—u”—l—u:f onl = (0, 1),

u(0) =0, 4'(1) =0.
If u is a classical solution of (25) we have
(26) /1 u'v' + /1 uy = /1 fv Vv e H'(I) with v(0) = 0.
The appropriate space to work in is

H={veH'I):;v0) =0}
equipped with the H'! scalar product. The rest is left to the reader as an exercise.
Example 6 (Robin, or “third type,” boundary condition). Consider the problem

—u"+u=f onl=(0,1),

27
u'(0) = ku(0), u(1) =0,
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where k € R is given.!4

If u is a classical solution of (27) we have
/u/v/ +/uv + ku(0)v(0) = /fv Vv € H'(I) with v(1) = 0.
I I I
The appropriate space for applying Lax—Milgram is the Hilbert space

H={veH'I);v(l)=0)

equipped with the H! scalar product. The bilinear form
a(u,v) = /u’v’ + / uv + ku(0)v(0)
I I

is symmetric and continuous. It is coercive if £ > 0.15

Example T (periodic boundary conditions). Consider the problem

(28)

—u"+u=f onl=(0,1),
u(0) =u(l), u'(0) =u'(1).

If u is a classical solution of (28) we have

(29) /u’v’+/uv=/fv vue H'(I) withv(0) = v(1).
I 1 1
The appropriate setting for applying Lax—Milgram is the Hilbert space
H={veH 1)) =v(D)

with the bilinear form a(u, v) = [, u’v' + [, uv. When f € L*(I) we obtain a
solution u € H2(I) of (28). I, in addition, f € C I ) then the solution is classical.

Example 8 (a boundary value problem on R). Consider the problem

—u' +u=7f on R,

(30)
u(x) —>0 as |x| — oo,

with f givenin L2(R). A classical solution of (30) is a function u € C%(R) satisfying
(30) in the usual sense. A weak solution of (30) is a function u € H'(R) satisfying

14 More generally, one can handle the boundary condition
aou’(0) + Bou(0) = 0, agu’(1) + pru(1) =0,

with appropriate conditions on the constants «g, By, o1, and Bj.

15 1f k < 0 with |k| small enough the form a(u, v) is still coercive. On the other hand, an explicit
calculation shows that there exist a negative value of k and (smooth) functions f for which (27) has
no solution (see Exercise 8.21).
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/u’v’—i—/uv:/fv Yv e H' (R).
R R R

We have first to prove that any classical solution u is a weak solution; let us check in
the first place that u € H'(R). Choose a sequence (¢,) of cut-off functions as in the
proof of Theorem 8.7. Multiplying (30) by ¢,u and integrating by parts, we obtain

/u’(;nu/+§,;u)+f cnu2=f Cafu,
R R R

from which we deduce

1
31) / L' +u?) = / Enfu+ 5 / o’
R R 2 Jr

But 1 C
L é_NMZ < = 1,[2 with C = ||§N||L°° R
Q/R n n% Jo<ix)<an “

u> — 0asn — oo, since u(x) — 0 as |x| — oo. Inserting the

1 2 1 2
/Rgnfufz/R;nu +§/R{nf

in (31), we see that f Cn(u 24 u?) remains bounded as n — oo and therefore
u € H' (R).
Assuming that u is a classical solution of (30), we have

/u’v/—i—fuv:ffv Vv € C!(R).
R R R

By density (and since u € H'(R)) this holds for every v € H'(R). Therefore u is a
weak solution of (30).

To obtain existence and uniqueness of a weak solution it suffices to apply Lax—
Milgram in the Hilbert space H'!(R). One easily verifies that the weak solution u
belongs to H 2(R) and if furthermore f € C(R)thenu € C%(R). We conclude (using
Corollary 8.9) that given f € L?>(R) N C(R), problem (30) has a unique classical
solution (which furthermore belongs to H 2(R)).

1
?md nZ Jn<|x|<2n
inequality

Remark 24. The problem

—u" =f onR,
u(x) > 0 as|x| — oo,

cannot be attacked by the preceding technique because the bilinear form a(u, v) =
f u'v' is not coercive in H'(R). In fact, this problem need not have a solution even
if f is smooth with compact support (why?).

Remark 25. On the other hand, the same method applies to the problem
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—u' +u=7f on ] = (0, +00),
u(0) =0 and u(x) -> 0as x - 400,

with f given in L?(0, +00).

8.5 The Maximum Principle

Here is a very useful property called the maximum principle.

e Theorem 8.19. Let f € L2(I) with I = (0, 1) and let u € H(I) be the solution
of the Dirichlet problem

32) {—u +u=f onl,

u0) =, u(l) = 8.
Then we have, for every x € I,

(33) min{e, 8, irllf f} <u(x) < max{e, B, sup f}.
I

Proof (using Stampacchia’s truncation method). We have

(34) /u/v/+/uv =/fv Yo € Hl (D).
1 1 1

Fix any function G € C!(R) such that

(1) G is strictly increasing on (0, 4+-00),
(i1)) G(t) =0fort € (—o0,0].

Set K = max{a, B, sup; f} and suppose that K < oo. We shall show that u < K
on [. The function v = G(u — K) belongs to H'(I) and even to HO1 (I), since

u)—K=0—-—K <0 and u(l)-K=8-K <0.

Plugging v into (34), we obtain

/u/2G/(u —K)+ / uG — K) = / fGu — K),
1 1 1
that is,

/u'zG’(u —K)+ /(u —K)Gu—K) = /(f — K)G(u — K).
1 1

I

16 sup f and inf f refer respectively to the essential sup (possibly 4+00) and the essential inf of f
(possibly —oc0). Recall that ess sup f = inf{C; f(x) < C a.e.} and ess inf f = —ess sup(—f).
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But(f—K) <0and G(u—K) > 0,from whichit follows that (f —K)G(u—K) <0,
and therefore

/(u—K)G(u—K) <0.
I

SincetG(t) > 0 Vt € R, the preceding inequality implies (u —K)G(u—K) = Oa.e.
It follows that u < K a.e., and consequently everywhere on /, since u is continuous.
The lower bound for u is obtained by applying this upper bound to —u.

Remark 26. When f € C(I),thenu € CZ(I_) and one can establish (33) by a different
method: the classical approach to the maximum principle. Let xo € I be the point
where u attains its maximum on 7. If xg = 0 or if xy = 1 the conclusion is obvious.
Otherwise, 0 < xo < 1 and then u'(x9) = 0, u”(x9) < 0. From equation (33) it
follows that

u(xo) = f(xo) +u"(x0) < f(x0) <K

and therefore u < K on [.
Here are some immediate consequences of Theorem 8.19.

e Corollary 8.20. Let u be a solution of (34).

() Ifu=>0o0ondlandif f >0onl, thenu >0on I.
(i) Ifu =0o0ndl and if f € L), then |lull Loy < | fllLoeor)-
(i) If f = 0on I, then |lul Loy < lullL>(1)-

We have a similar result for the case of Neumann condition.

Proposition 8.21. Let f € L>(I) with I = (0, 1) and letu € H>(I) be the solution
of the problem

—u' +u=f onl,
W' (0) = u'(1) = 0.

Then we have, for every x € I,

(35 irllff < u(x) <sup f.
I

Proof. We have

(36) /u/v’+[uv :[fv vv e HY(I).
1 1 1

Plug v = G(u — K) into (36) with K = sup; f and the same function G as above.
Then proceed just as in the proof of Theorem 8.19.

Remark27. If f € C(I), then u € C%(I) and we can establish (35) along the same
lines as in Remark 26. Note that if u achieves its maximum on 9/, say at 0, then
u”(0) < 0 (extending u by reflection to the left of 0 and using the fact that u’(0) = 0).
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Remark 28. Let f € L?>(R) and let u € H?(R) be the solution of

—u"+u=f onR,
u(x) - 0 as|x| - oo,

discussed in Example 8. Then we have, for all x € R,

inf f <u(x) <sup f.
R R

8.6 Eigenfunctions and Spectral Decomposition

The following is a basic result.

e Theorem 8.22. Let p € C'(I) with I = (0, 1) and p > a > OonI; letq € C(I).
Then there exist a sequence (An) of real numbers and a Hilbert basis (e,) of LZ(I )
such that e, € C*(I) Vn and

—(pe)) +qen = hpen, onl,

37) en(0) = en(1) = 0.

Furthermore, \;, — +00 asn — +00.

One says that the (A,) are the eigenvalues of the differential operator Au =
—(pu’) 4+ qu with Dirichlet boundary condition and that the (e,) are the associated
eigenfunctions.

Proof. We can always assume g > 0, for if not, pick any constant C such that
g + C > 0, which amounts to replacing A, by A, + C in (37). For every f € L*>(I)
there exists a unique u € H 2(Hn HO1 (1) satisfying

38) {%mw+wu=f on I,

u(0) =u(l) =0.

Denote by T the operator f +— u considered as an operator from L2(I)into L*(I)."7
We claim that T is self-adjoint and compact. First, the compactness. Because of

(38) we have
/pu’2+/qu2=ffu
I I I

and thus ot||u/||%2 < || fllz2llullz2. It follows that |[u]| g1 < C|| fll 2, where C is a
constant depending only on «. This can be written as

ITfllgr < Clifl2 Yf e LX),

17 We could also envisage T as an operator from HOl into HOl (see Section 9.8, Remark 28).
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Since the injection of H L(I) into L2(1) is compact (because I is bounded), we

deduce that T is a compact operator from L>(I) into L?(I). Next, we show that T
is self-adjoint, i.e.,

/I (Tf)g = /I f(Tg) Vf.geL(D).

Indeed, setting u = Tf and v = T'g, we have

(39 —(pu') +qu=f
and
(40) —(pv) +qv=g.

Multiplying (39) by v and (40) by « and then integrating, we obtain

/pu/v’—i-/quv:/fv:/gu,
1 1 1 I

which is the desired conclusion.
Finally, we note that

41 /(Tf)f=/uf=/pu’2+qu220 VfeL*(I)
1 I I

and also that N(T') = {0}, since Tf = 0 implies u = 0 and so f = 0.

Applying Theorem 6.11, we know that L2 ) admits a Hilbert basis (e;);>1
consisting of eigenvectors of T with corresponding eigenvalues (u,),>1. We have
Un >0 Vn (u, =0by@4l)and u, # 0, since N(T) = {0}). We also know that
Un — 0. Writing that T'e,, = u,e,, we obtain

—(PE;,)/ +qeq, = hye, withhy =1/,
en(0) = en(1) = 0.

In addition, we have e, € C*(I), since f = A,e, € C(I) (in fact e, € C(I) if
p.q € C™(1)).

Example. If p = 1 and ¢ = 0 we have

e (x) = \/Esin(nnx) and X\, = nznz, n=12,....

Remark 29. Forthe same differential operator the eigenvalues and the eigenfunctions
vary with the boundary conditions. As an exercise determine the eigenvalues of the
operator Au = —u” with the boundary conditions of Examples 3, 5, 6, and 7.
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Remark 30. The assumption that I is bounded enters in an essential way in show-
ing the compactness of the operator 7. When [ is not bounded the conclusion of
Theorem 8.22 is in general false;!® one encounters instead the very interesting phe-
nomenon of continuous spectrum—on this subject, see, e.g., M. Reed-B. Simon [1].
In Exercise 8.38 we determine the eigenvalues and the spectrum of the operator
T : f + u, where u € H?(R) is the solution of problem (30): T is a self-adjoint
bounded operator from L2(R) into itself, but it is not compact.

Comments on Chapter 8

1. Some further inequalities.
Let us mention some very useful inequalities involving the Sobolev norms:

(i) Poincaré-Wirtinger’s inequality.
Let I be a bounded interval. Given u € L2(I), set it = ﬁ f, u (this is the mean
of u on I). We have

lu —itloo < 'l Yu € WhI(I)

(see Problem 47).

(i) Hardy’s inequality.
Let / = (0,1) and letu e Wol’p(l) with 1 < p < oo. Then the function

u(x)

v = T

belongs to L? (1) and furthermore,
L,
lvll, < Cpllul, Vu € Wy (D)

(see Exercise 8.8).

(iii) Interpolation inequalities of Gagliardo—Nirenberg.
Let I be a bounded interval and let 1 < r < 00,1 < g < p < oo. Then there
exists a constant C such that

(42) lellp < Cllull )™ ull Vu e Wh(I),

a
Wl,r
where 0 < a < 1 is defined by a(ql — % +1) = [17 — % (see Exercise 8.15). In
particular, it follows from inequality (42) that if p < oo (or even if p = oo but
r > 1), then

18 In certain circumstances, with some appropriate assumptions on p and ¢, the conclusion of
Theorem 8.22 still holds on unbounded intervals (see Problem 51).
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Ve > 0 3C, > 0 such that

(43) L
lullp < ellullyir + Cellully  Yu € WH"(I).

One can also establish (43) by a direct “compactness method”; see Exercise 8.5. Other
more general inequalities can be found in L. Nirenberg [1] (see also A. Friedman [2]).
In particular, we call attention to the inequality

1/2
WZ,r

1/2

I'll, < Cllullyz, lullg™  Yu e W (D),

1 1

where p is the harmonic mean of g and r, i.e., 5= 7( !

+5.

r

< =

2. Hilbert-Schmidt operators.
It can be shown that the operator T : f +— u that associates to each f in L3(I) the
unique solution u of the problem

—(pu'Y +qu=f onl=(0,1),
u@) =u(l)=0

(assuming p > « > 0 and ¢ > 0) is a Hilbert—Schmidt operator from L?(I) into
L2(I); see Exercise 8.37.

3. Spectral properties of Sturm-Liouville operators.

Many spectral properties of the Sturm-Liouville operator Au = —(pu’)’ + qu with
Dirichlet condition on a bounded interval I are known. Among these let us mention
that:

(i) Each eigenvalue has multiplicity one: it is then said that each eigenvalue is
simple.

(ii) If the eigenvalues (A, ) are arranged in increasing order, then the eigenfunction
en (x) corresponding to A, possesses exactly (n — 1) zeros on [; in particular the
first eigenfunction e1(x) has a constant sign on I, and usually one takes e; > 0
on /.

(iii) The quotient A,,/n? converges as n — 00 to a positive limit.

Some of these properties are discussed in Exercises 8.33, 8.42 and Problem 49.
The interested reader can also consult Weinberger [1], M. Protter—H. Weinberger [1],
E. Coddington—N. Levinson [1], Ph. Hartman [1], S. Agmon [1], R. Courant—
D. Hilbert [1], Vol. 1, E. Ince [1], Y. Pinchover—J. Rubinstein [1], A. Zettl [1], and
G. Buttazzo—M. Giaquinta—S. Hildebrandt [1].

The celebrated Gelfand-Levitan theory deals with an important “inverse” prob-
lem: what informations on the function g (x) can one retrieve purely from the knowl-
edge of the spectrum of the Sturm-Liouville operator Au = —u” + g (x)u? This
question has attracted much attention because of its numerous applications; see, e.g.,
B. Levitan [1] and also Comment 13 in Chapter 9.
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Exercises for Chapter 8

Consider the function
u@) = (1+x)7log2+x*)~", xeR,

with 0 < o < 1. Check that u € WP (R) Vp € [1/a, oo] and that u ¢ L4(R)
Vg € [1,1/a).

[82]|Let 1 = (0, ).

1. Assume that (u,) is a bounded sequence in W'-P(I) with 1 < p < oo.
Show that there exist a subsequence (u,,) and some u in WLP(I) such that
lltn, — ullLee — 0. Moreover, u, — u’ weakly in L”(I) if 1 < p < oo, and

Up, 2w ino (L™, LYy if p = oo.
2. Construct a bounded sequence (u,) in WL1(I) that admits no subsequence con-

verging in L>°(1).
[Hint: Consider the sequence (u,,) defined by

0 if x € [0, 31,
up(x) = {n(x —3) ifxe( 5+,
1 ifxe[s+211],

withn > 2.]

Helly’s selection theorem.

Let (u,) be a bounded sequence in W!1(0, 1). The goal is to prove that there
exists a subsequence (u,, ) such that u,, (x) converges to a limit for every x € [0, 1].

1. Show that we may always assume in addition that
(1) Vn, u, is nondecreasing on [0, 1].

[Hint: Consider the sequences v, (x) = f(f lul, (t)|dt and w, = v, — uy.]
In what follows we assume that (1) holds.

2. Prove that there exist a subsequence (u,,) and a measurable set £ C [0, 1]
with |E| = 0 such that u,, (x) converges to a limit, denoted by u(x), for every
x e[0, 1]\ E.

[Hint: Use the fact that W'-! ¢ L' with compact injection.]

3. Show that u is nondecreasing on [0, 1] \ E and deduce that there are a countable
set D C (0, 1) and a nondecreasing function u : (0,1) \ D — R such that
ux+0)=u(x—-—0Vxe0,1)\D and u(x) =u(x) Vx € (0,1) \ (DU E).

4. Prove that u,, (x) — u(x) Vx € (0,1) \ D.
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5. Construct a subsequence from the sequence (u,, ) that converges for every x €
[0, 11.

[Hint: Use a diagonal process.]

Fixafunctiomp € CP[MR), ¢ #0,andsetu,(x) = p(x+n).Letl < p < o0.

1. Check that (u,) is bounded in W7 (R).

2. Prove that there exists no subsequence (u,,) converging strongly in L9 (R), for
any 1 < g < oo.

3. Show that u, — 0 weakly in WL-2(R) Vp € (1, 00).

[8.5]Let p > 1.

1. Prove that Ve > 0 3C = C(e, p) such that
(D lull oo,y < ell’liLro,n) + Cllullpigyy  Yu € WHP(, 1).

[Hint: Use Exercise 6.12 with X = Wl’p(O, 1), Y = L*®°@0,1), and Z =
L0, 1).]

2. Show that (1) fails when p = 1.
[Hint: Take u#(x) = x" and let n — 00.]

3. Let 1 < g < oo. Prove that Ve > 0 3C = C(e, ¢g) such that

2) lullao,1) < ellw'llpio.1) + Clluliigyy Yu e WHO, D).

[8.6]Let 7 =(0,1)and p > 1.

1. Check that W>P(I) ¢ C'(I) with compact injection.
2. Deduce that Ve > 0, 3C = C(e, p) such that

lu'lLoery + llulizoory < ellu” ey + Cllullpigy  Yu € WP(I).

3. Let 1 < g < oo. Prove that Ve > 0 3C = C(e, ¢g) such that

' lLacy + Null ooy < ellu” iy + Cllullpiy  Yu € W),

More generally, let m > 2 be an integer.

4. Show that Ve > 0 3C = C(e, m, p) such that
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m—1
> D ullpeiy < ell D ullLray + Cllulpry  Yu € WhP(I).
j=0

5. Let 1 < g < oo. Prove that Ve > 0 3C = C(e, ¢q) such that

m—2
1D Dullacy+ D ID ull oy < ell D™ ull g1y +Cllelprgry Y € W™ (D).
j=0

Let I = (0, 1). Given a function u defined on I, set

_ ulx) ifxel,
u(x) = .
0 ifxeR,x ¢1.

1. Assume that u € W, (I) with 1 < p < oc. Prove that @ € WP (R).

2. Conversely, let u € LP(I) with 1 < p < oo be such that u € W17 (R). Show
that u € Wy'? (I).

3. Letu € LP(I) with 1 < p < oo. Show that u € Wol’p(l) iff there exists a
constant C such that

o=
R

<Cligl, g VYoeC MR).

1. Letu € W'P(0, ) with 1 < p < 00. Show thatifu(0) = 0,then “* € LP(0, 1)

and
u(x)

X

< )4
ro1y P—1

[Hint: Use Problem 34, part C.]

/
lu'llLr,1)-

2. Conversely, assume that u € wlr, 1) with 1 < p < oo and that @ €
L?(0, 1). Show that #(0) = 0.

[Hint: Argue by contradiction.]

3. Let u(x) = (1 + |logx|)~". Check that u € W'1(0, 1), u(0) = 0, but “ ¢
LY, 1).

4. Assume that u € WP(0, 1) with 1 < p < oo and u(0) = 0. Fix any function
£ € C®MR)suchthat(x) =0 Vx € (—oo,1]and ¢(x) =1 Vx € [2, +00).
Set ¢,(x) = ¢(nx) and u,(x) = & (xX)u(x),n = 1,2.... Check that u, €
W1P(0, 1) and prove that u, — u in W"P(0, 1) as n — oo.
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[Hint: Consider separately the cases p = 1 and p > 1.]

[8.9]Set I = (0, ).

1. Letu € W>P(I) with | < p < oo. Assume that #(0) = u’(0) = 0. Show that
Y5 e LP(I) and 2 e LP(I) with

u'(x)

X

u(x)
2

ey

< Cplu" ey
LP(I)

LP(I)
[Hint: Look at Exercise 8.8.]
2. Deduce that v(x) = “& € W!»(I) with v(0) = 0.

3. Let u be as in question 1. Set u,, = ¢,u, where ¢, is defined in question 4 of
Exercise 8.8. Check that u, € WP (I) and u,, — u in WP (I) as n — oo.

4. More generally, let m > 1 be an integer, and let 1 < p < oo. Assume that
u € X,,, where

X = {u € W™P(I); u(0) = Du(0) = --- = D" u(0) = 0}.

Show that % € LP(I) and that X% ¢ Xx,.

xm—1

[Hint: Use induction on m.]

5. Assume that u € X,, and prove that

DJu(x)
v =

= ik € Xy Vj,kintegers, j >0,k >1,j+k<m—1.
X

6. Let u be as in question 4 and ¢, as in question 3. Prove that ,u € W™-?(I) and
o — uin W™P(I), as n — oo.

7. Give a proof of Remark 18 in Chapter 8§ when p > 1.

8. Assume now that u € W2!(I) with u(0) = u/(0) = 0. Set

LICIRT 0,1
o) = 1 %xe(,],
0 ifx =0.

Check that v € C([0, 1]). Prove that v € Wh-1(1).
[Hint: Note that v'(x) = - [¢ u”(1)td1.]

9. Construct an example of a function u € w21 satisfying u(0) = u’(0) = 0,
but “52 ¢ L1(7) and “2 ¢ L1(1).

[Hint: Use question 3 in Exercise 8.8.]
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10. Letu be as in question 8, and ¢, as in question 3. Check thatu,, = {,u € w21 ),
and that u, — u in W21(I), as n — oo.

11. Give a proof of Remark 18 in Chapter § whenm =2 and p = 1.

12. Generalize questions 8—11 to W1 (I) with m > 2.

[The result of question 8, and its generalization to m > 2, are due to Hernan
Castro and Hui Wang.]

Let I = (0,1). Letu € WhP(I) with 1 < p < oo. Our goal is to prove that
u' =0ae. ontheset E = {x € I; u(x) =0}.

Fix a function G € C}(R, R) such that |G(7)| < 1 Vr e R, |G'(t)| < C Vt € R,
for some constant C, and

1 ift >1,
Git)y=4{1t if 7] <1/2,
—1 ifr<-—1.

Set |
vy (x) = - G(nu(x)).

1. Check that [Jv,||Lo) — 0 asn — oo.
. Show that v, € W7 (I) and compute .

. Deduce that |v,| is bounded by a fixed function in L?(1).

AW oN

. Prove that v),(x) — f(x) a.e. on I, as n — 0o, and identify f.
[Hint: Consider separately the cases x € E and x ¢ E. ]
5. Deduce that v, — f in LP(I).

6. Prove that f = 0 a.e. on I and conclude that u” = 0 a.e. on E.

[8.11]Let F € C(R, R) and assume that F € C'(R \ {0}) with |F'(t)| < C Vi €
R\ {0}, for some constant C. Let 1< p < oo.

The goal is to prove that for every u € W'7(0,1),v = F(u) belongs to
whr(0, 1) and

) {F/(u(x))u/(x) ae. on [u(x) # 0],
vix) =
0 a.e.on [u(x) = 0].

1. Construct a sequence (F,) in C*°(R) such that || F},||zoc®) < C Vn and
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F, — F uniformly on compact subsets of R,
F) — F’' uniformly on compact subsets of R \ {0}.

2. Check that v, = F,(u) € WLP(0, 1) and that v, = F,(uu'.

3. Prove that v, — v = F(u) in C([0, 1]) and that v], converges in L?(0, 1) to f,
where
F'(u(x)u'(x) a.e.on[u(x) # 0],
fx)=
0 a.e.on [u(x) =0].
[Hint: Apply dominated convergence and Exercise 8.10.]
4. Deduce that v € W7(0, 1) and v/ = f. Show that v, — v in WP (0, 1).

5. Let (uy) be a sequence in W7 (0, 1) such that uy — u in W-7(0, 1). Prove that
F(uy) - F@u)in whp,

[Hint: Applying Theorem 4.9 and passing to a subsequence (still denoted by uy),
one may assume that u; — u’a.e.on (0, 1) and |u;| < g Vk, for some function
g € LP(0, 1). Set wy = F(uy) and check that w,’c — fa.e.on (0, 1), where f is
defined in question 3. Deduce that wy — F'(u) in wLP(0, 1). Conclude that the
full original sequence F (uy) converges to F'(u) in wbhr(, 1).]

6. Application: take F(f) = t* = max{t, 0}. Check that u™ € WP (0, 1) Vu €
w1P(0, 1). Compute (u™)'.

[8.12|Let I = (0, 1) and 1 < p < oo. Set

By, = {ue WP (D); lullray + 1 lLecry < 1)

1. Prove that B, is a closed subset of L”(I) when 1 < p < oco; more precisely, B,
is compact in L?(1).

2. Show that B is not a closed subset of L' ().

Letl <p<ooandu € WHP(R). Set
1
Dpu(x) = }—l(u(x +h)—ux)),x eR,h>0.

Show that Dju — u’ in LP(R) as h — 0.
[Hint: Use the fact that C!(R) is dense in W7 (R).]
Letu € C! ((0, 1)). Prove that the following conditions are equivalent:

(@) ue Wh1(0,1),
(b) u’ € L1(0, 1) (where u’ denotes the derivative of u in the usual sense),
(c) u € BV (0, 1) (for the definition of BV see Remark 8).
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Check that the function u(x) = xsin(1/x),0 < x < 1, with u(0) = 0, is
continuous on [0, 1] and that u ¢ w1, 1).

Gagliardo—Nirenberg’s inequality (first form).
Let I = (0, 1).

1. Let1 < g <ooand 1 < r < oo. Prove that
M lllzoery < Cllullyrr g el oy Yu € WH (D)

for some constant C = C(g, r), where 0 < a < 1 is defined by

1 1\ 1
2) a<—+l——>:—.
q r) q

[Hint: Start with the case #(0) = 0 and write G(u(x)) = f(f G'(u(@®)u'(t)dt,

where G(1) = || 't and & = 1. When u(0) # 0, apply the previous inequality

a

to u, where ¢ € clqo, 11, £(0)=0,and ¢(t) = 1fort € [%, 1].]
2. letl<g<p<oocand1 <r < oo0.
Prove that

3) lallzray < Cllullfyrs gy lull ol Yu € WH (D)

for some constant C = C(p, q, r), where 0 < b < 1 is defined by

1 1 1 1
4) b(-+1—-)=—-——.
q r qg p
[Hint: Write ||u||’L’p(,) = [} lul9u|P~1 < ||u||§q(,)||u||§;" and use (1) if r > 1.]

3. With the same assumptions as in question 2 show that

S Mullray < Clu'llg, gy lull gy, Yu € W (I) with fu =0.
1

Let E = L?(0,1) with 1 < p < oo. Consider the unbounded operator
A : D(A) C E — E defined by

D(A) = {ue W"P(0,1),u(0) =0} and Au=u'.

1. Checkthat D(A) isdensein E and that A is closed (i.e., G(A) is closed in E x E).
2. Determine R(A) and N(A).

3. Compute A*. Check that D(A*) is dense in E* = LY O, whenl < p < o0,
but D(A*) is not dense in E* = L°°(0, 1) when p = 1.
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4. Same questions for the operator A defined by
D(A) = WyP(0,1) and Au=u'.

Let H = L%, 1)andlet A : D(A) € H — H be the unbounded operator
defined by Au = u”, whose domain D(A) will be made precise below. Determine
A*, D(A*), N(A), and N (A*) in the following cases:

1. D(A) = {u € H*(0, 1); u(0) = u(1) = 0}.

2. D(A) = H%(0, 1).

3. D(A) = {u € H*(0, 1); u(0) = u(1) = u/(0) = u’(1) = 0}.
4. D(A) = {u € H*(0, 1); u(0) = u(1)}.

Same questions for the operator Au = u” — xu’.

Check that the mapping u — u(0) from H'(0, 1) into R is a continuous linear
functional on H'(0, 1). Deduce that there exists a unique vg € H 10, 1) such that

1
u(0) = / (u'vy +uvg) Yu e HY(0,1).
0
Show that vy is the solution of some differential equation with appropriate boundary
conditions. Compute vy explicitly.
[Hint: Consider Example 4 in Section 8.4.]
LetH = LZ(O, 1) and consider the function ¢ : H — (—00, +00] defined by

o) — Lu?* ifueHY O,
+00 ifueL*0,1)andu ¢ H' (0, 1).

1. Check that ¢ is convex and l.s.c.
2. Compute ¢*(f) forevery f € H.

[Hint: Show first that ¢*(f) = +o0 if fol f # 0. Assume next that fol f=0
and set F(x) = [ f(t)dt. Note that fol fo=— fol Fv' Yve H'(0,1).]

Set

V ={veH0,1); v(0) =0}

1. Given f € L%(0, 1) such that }C f(x) e L%0, 1), prove that there exists a unique
u € V satisfying

1 1 1
(1) /0 u’(x)v’(x)dx—i—/O wdxzfo de YvelV.

X
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[Hint: Use question 1 in Exercise 8.8.]

. What is the minimization problem associated with (1)?

In what follows we assume that x%f(x) e L0, 1).

. In (1) choose v(x) = 2% ¢ = 0, and deduce that

(x+¢)2’

d [ ulx)
dx (x +8>

f(x) u(x)
2 (x + 8)2

1
P /
0

. Prove that “§> € L2(0, 1), “2 € H'(0, 1), and “& € L2(0, 1).

[Hint: Use once more question 1 in Exercise 8.8 and pass to the limit as ¢ — 0.]

. Deduce that u € H?(0, 1) and that

X

3) —u"(x) + % =19 ae0n(0 1),
u©0) =uw'©0)=0 and u'(1)=0.

. Conversely, assume that a functionu € H 2(0, 1) satisfies &;) € L%(0, 1) and (3).
X

Show that (1) holds.

[8.21 | Assume that p € C'([0, 1]) with p(x) > @ > 0 Vx € [0,1] and ¢ €
C([0, 1]) withg(x) >0 Vx € [0, 1].Letvg € Cz([O, 1]) be the unique solution of

ey

—(pvy) +quo=0  onl0,1],
v0(0) = 1, vp(1) = 0.

Set ko = v)(0).

1.

Check that kg < —a/p(0).

[Hint: Multiply equation (1) by vg and integrate by parts. Use the fact that
1 < lvgllt < llvgll2.]

‘We now investigate the problem

@ —(pu')' +qu = fon(0,1),
u'(0) = ku(0), u(1) = 0,

where k € R is fixed and f € L%(0, 1) is given.

. Assume k = ko. Show that

1
[(2) has a solution u € H>(0, 1)] < [/ fvg = O].
0
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Is there uniqueness of u?

3. Assume now that k # kq. Prove that for every f € L%, 1), problem (2) admits
a unique solution u € H>(0, 1).

[Hint: Using Exercise 8.5, find a constant K such that the bilinear form a (u, v) =
fol (pu'v' 4+ quv + Kuv) + p(0)ku(0)v(0) is coercive on H'. Write (2) in the
form u = T(f 4+ Ku) for some appropriate compact operator 7. Then apply
assertion (c) in the Fredholm alternative.]

8.2 Set
={peH'0,1); p>00n(0,1)and \/p € H'(0, 1)}.

1. Construct an example of a function p € H 1(0, 1) with p > 0 on (0, 1) such that
p¢K.

2. Given p € HL(0, 1) with p >0on (0, 1), set

/

M:{ 45 on [p>0l,
0 n [p =0].

=

Prove that p € K <= u € L?, and then WP = u.
[Hint: Consider p, = p + ¢.]
3. Show that K is a convex cone with vertex at 0.

4. Prove that the function p € K +— ||(\/ﬁ)’||i2 is convex.

Let I = (0, 1) and fix a constant k > 0.

1. Given f € L'(I) prove that there exists a unique u € H(} (1) satisfying

))] fuv+k/uv—/fv VveHO(I)

2. Show that u € W21(I).
3. Prove that

1
lullpry = E||f||L1(1)~

[Hint: Fix a function y € C'(R, R) such that y'(f) > 0Vt € R, y(0) = 0,
y(@) = +1Vt > 1,and y(t) = —1 Vt < —1. Take v = y(nu) in (1) and let
n — 00.]

4. Assume now that f € LP(I) with 1 < p < oco. Show that there exists a constant
8 > 0 independent of k and p, such that
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| AP0

1
u <
lullLry < KT8/ pp

[Hint: When 2 < p < oo, take v = y(u) in (1), where y(t) = |t|P~! sign .
When 1 < p < 2, use duality.]

5. Prove that if f € L°°(I), then

lullpeory < Crll fllLeory,

and find the best constant Cy.

[Hint: Compute explicitly the solution u of (1) corresponding to f = 1.]

[8.24]|Let I = (0, 1).

1. Prove that for every ¢ > 0 there exists a constant C, such that

lu? < ellu'75 ) + Cellullfay,, Vu e H'(D).
[Hint: Use Exercise 8.5 or simply write

1
u* (1) = u*(x) +2/ u(t)u'(t)dt.)

2. Prove that if the constant k > 0 is sufficiently large, then for every f € L*(I)
there exists a unique u € H?(I) satisfying

o {—u”+ku =f on(0,1),

W' (0)=0 and u'(1) =u(l).
What is the weak formulation of problem (1)? What is the associated minimiza-
tion problem?
3. Assume that k is sufficiently large. Let T be the operator T' : f +— u, where u is

the solution of (1). Prove that T is a self-adjoint compact operator in L3(I).

4. Deduce that there eiist asequence (A,) in R with |A,| — oo and a sequence (u;)
of functions in C2(I) such that lunllz2¢y = 1 and

—u) = Aqu, on (0,1),
u,(0)=0 and u, (1) =u,(1).

Prove that A,, — +o0.

5. Let A be the set of all values of A € R for which there exists u # 0 satisfying
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6.

—u” = xu on(0,1),

W (0)= 0 and u'(1) =u(l).
Determine the positive elements in A. Show that there is exactly one negative
value of A (denoted by 1¢) in A.

[Hint: Do not try to compute A explicitly; use instead the intersection of two
graphs.]

What happens in question 2 when k = |A¢|?

Let I = (0,2) and V = H'(I). Consider the bilinear form

8.

2 1 1
a(u,v) = / u' (HV' ()dt + </ u(t)dt) </ v(t)dt) .
0 0 0

. Check that a(u, v) is a continuous symmetric bilinear form, and that a(u, u) = 0

implies u = 0.

. Prove that a is coercive.

[Hint: Argue by contradiction and assume that there exists a sequence (u,) in
H'(I) such that a(u,, u,) — 0 and lunll g1 = 1. Let (u,,) be a subsequence
such that u,, converges weakly in H L(r)and strongly in L%(I) to a limit . Show
that u = 0.]

. Deduce that for every f € L?(I) there exists a unique u € H'(I) satisfying

2
1) a(u,v):/ fv VYve H\(D).
0

What is the corresponding minimization problem?

. Show that the solution of (1) belongs to H 2(I ) (and in particular u € C L(D)).

Determine the equation and the boundary conditions satisfied by u.

[Hint: It is convenient to set g = ( fol u) x, where x is the characteristic function
of (0, 1).]

. Assume that f € C(I), and let u be the solution of (1). Prove that u belongs to

W2P(I) for every p < oo. Show that u € C>(I) iff [, f=0.

. Determine explicitly the solution u of (1) when f is a constant.

. Setu = Tf, where u is the solution of (1) and f € L?*(I). Check that T is a

self-adjoint compact operator from L>(I) into itself.

Study the eigenvalues of T'.

A bounded linear operator S from a Hilbert space H into itself is said to be
nonnegative, written S > 0, if
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(Sf.f)=0 VfeH.
Set I = (0, 1). Assume that p € C!(I) and g € C(I) satisfy

px)>a>0 and g(x)>a >0 Vxel.

Recall that given f € H = L2(1), there exists a unique solution u € H 2(I) of the
equation

ey —(pu') +qu=fon I
with the Dirichlet boundary condition
@) u(0) = u(l) =0.

The solution is denoted by up = Sp f, where Sp is viewed as a bounded linear
operator from H into itself. Similarly, there exists a unique solution u € H?(I) of
(1) with the Neumann boundary condition

(3) W'©0)=u'(1)=0

This solution is denoted by uy = Sy f, where Sy is also viewed as a bounded linear
operator from H into itself.

1. Show that Sp > 0 and Sy > 0.

2. Recall the minimization principles associated with the Dirichlet and Neumann
conditions. Deduce that

1 /32 2 1 /2 2
4) —/P(MN) +61”N_/f”N§—/P(”D) +qMD_/fMD~
2 1 1 2 1 1

[Hint: Use the fact that H} C H'.]
3. Prove that Sy — Sp > 0.
[Hint: Use (4) together with (1) multiplied, respectively, by up and uy.]

Given a real number k > 0, consider the equation (1) associated to the boundary
condition

5) p(0)u'(0) = ku(0) and u(1) =0.

4. Check that problem (1) with (5) admits a unique solution, denoted by u; = Si f.
What is the corresponding minimization principle?

5. Show that S; > 0.

6. Let k1 > ky > 0. Prove that Sg, — S¢, > 0.
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Let I = (—1, +1). Consider the bilinear form defined on H(} (1) by

a(u,v) = /(u’v’ +uv — Au(0)v),
I
where A € R is fixed.

1. Check that a(u, v) is a continuous bilinear form on HO1 (I).
2. Prove that if |A| < +/2, the bilinear form a is coercive.
[Hint: Check that [u(0)| < ||u/||;2 Vu € HO1 (D).]

3. Deduce thatif |A| < V2, then for every f € L?(I) there exists a unique solution
u € H*(I) N H} (1) of the problem

0 [—u”—i—u—)»u(O):f on I,

u(=1) = u(1) = 0.

4. Prove that there exists a unique value A = Ag € R, to be determined explicitly,
such that the problem

@ {—u” +u=2u(0) onl,
u(=1) = u(l) = 0,

admits a solution u# # 0.

[Hint: It is convenient to introduce the unique solution ¢ of the problem

3) {—<p”+<p:1 on/,

(=1 =) =0.
Compute ¢ explicitly.]

5. Prove that if A # Xq, then for every f € L?(I) there exists a unique solution
u € H>(I) N HJ (1) of (1).

[Hint: Consider the linear operator S : g — v, where g € L*(/) and v €
H?(I) N HJ (1) is the unique solution of

v +v= on I,
@) { §

v(=1)=v() =0.
Write (1) in the form u — Au(0)p = Sf.]
6. Analyze completely problem (1) when A = Ag.

[Hint: Find a simple necessary and sufficient condition on Sf such that problem
(1) admits a solution.]
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Let H = L%(0, 1) equipped with its usual scalar product. Consider the operator
T : H — H defined by

SRS

10.

1 X
(TfH(x) =x/ f(t)dt—l—/ tf(t)dt, for0<x <I.
X 0

Check that T is a bounded operator.

Prove that T is a compact operator.
Prove that T is self-adjoint.
Show that (T'f, f) > 0V f € H, and that (T f, ) = 0 implies f = 0.
. Setu = Tf. Prove that u € H?(0,1) and compute u”. Check that u(0) =
u' (1) =0.

Determine the spectrum and the eigenvalues of 7. Examine carefully the case
A=0.

In what follows, set
. 1
er(x) =\/§sm|:(k+§)nx:|, k=0,1,2,....

Check that (er) is an orthonormal basis of H.

[Hint: Use question 6.]
Deduce that the sequence (e) defined by

1
Ek(x):x/icosl:(k—i-§>7rxj|,k:O,l,2,...,

is also an orthonormal basis of H.
[Hint: Consider e (1 — x).]
Given f € H we denote by (ax(f)) the components of f in the basis (eg).

Compute o (f) for the following functions:

B _ 1 ifx € [a, b],
@ fi(x) = Xa.p1(x) = {0 if x ¢ [a, b],

where 0 <a <b < 1.
(b) fo(x) = x.
© f3(x) = x2

Finally, we propose to characterize the functions f € L*(0, 1) that belong
to H1(0, 1), using their components o (f).

Assume f € H 1(0, 1). Prove that there exists a constant ¢ € R (depending on
f) such that (kax (f) + a) € £2,ie.,
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o
(1) > lken(f) +al* < oo.
k=0
[Hint: Use an integration by parts in the computation of ox ( f).]

11. Conversely, assume that [ € L2(0, 1) and that (1) holds for some a € R. Prove
that f € H'(0, 1).

[Hint: Set f = f + 2% and Fax) = Y020 aw(Fex(x). Check that || £1]|
remains bounded as n — 00.]

Set

1
a(u,v) = / 'V + uv) + (1) — u(0))(v(1) —v(0)) VYu,ve HYO,1).
0

1. Check that a is a continuous coercive bilinear form on H'(0, 1).

2. Deduce that forevery f € L?(0, 1), there exists a unique u € H?(0, 1) satisfying

1
1) a(u,v):/ fv VYve HY 0, 1).
0

3. Check that u satisfies

—u"+u=f on(0,1),
2 u'(0) = u(0) —u(l),
W' (1) = u(0) — u(1).

Show that any solution u € H?(0, 1) of (2) satisfies (1).

Let T: L%(0, 1) — L%(0, 1) be the operator defined by 7f = u.
4. Check that T is self-adjoint and compact.
5. Show thatif f > 0 a.e.on (0,1),thenu =Tf > 0on (0, 1).
6. Check that (Tf, f);2 >0 Yf e L*0,1).
7. Determine EV (T).

Letk € R, k # 1, and consider the space
V={ve Hl(O, 1); v(0) = kv(1)},

and the bilinear form

1 1 1
a(u,v):/(u’v’+uv)—</ u) (/ v) Yu,velV.
0 0 0
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1. Check that V is a closed subspace of H'(0, 1). In what follows, V is equipped
with the Hilbert structure induced by the H' scalar product.

2. Prove that a is a continuous and coercive bilinear form on V.

[Hint: Show that there exists a constant C such that [[v| zo@,1) < C||v’||Lz(0‘1)
Yv e V.]

3. Deduce that for every f € L?(0, 1) there exists a unique solution of the problem
1
€))] u €V and a(u,v):/ fv YveV.
0

4. Show that the solution u of (1) belongs to H 2(0, 1) and satisfies

) —u”+u—f01u:f on (0, 1),
u(0) = ku(1) and v/ (1) = ku’(0).

5. Conversely, prove that any function u € H?(0, 1) satisfying (2) is a solution
of (1).

6. Letk, € R, k, # 1 Vn, be a sequence converging to k # 1. Set
Vi = {v e H'(0,1); v(0) = kyv(D).

Given [ € L2%(0, 1), let u, be the solution of

1
(1,) u, €V, and a(u,,v) =/ fv YvevV,.
0

Prove that u, — uin H'(0, 1) as n — 0o, where u is the solution of (1). Deduce
that u, — u in H%(0, 1)

[Hint: Check that the function ™ defined by

k —k,

(n) — 1t
u'(x) =ulx)+ o 1u(l)

belongs to V,, and converges to u in H'(0, 1). Show that a (i, —u™, u,, —u™) =
(kn — k)u’ (0) (un (1) — u™(1)).]

7. What happens to the sequence (u,,) if k,, converges to 1?

8. Consider the operator T : L?(0, 1) — L?(0, 1) defined by Tf = u, where u is
the solution of (1). Show that T is self-adjoint and compact. Study EV (T).

Consider the Sturm-Liouville operator Au = —u"”+u on (0, 1) with Neumann
boundary condition u’(0) = u’(1) = 0.
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1. Compute the eigenvalues of A and the corresponding eigenfunctions.

2. Given f e L? with fol f =0, let u be the solution of

—u"+u=f on(0,1),
W' (0) = u'(1) = 0.

Prove that

1
< — .
lullz20,1) < D) If 12 0,1)

[Hint: Apply question 6 in Problem 49.]

3. Let (u,) be the sequence defined inductively by

—u) +u, =u,—; on(0,1),
u, (0) = u, (1) =0,

starting with some uq € L2(0, 1). Prove that
_ 1 _
lun —uoll12¢0,1) = mlluo —uollz20,y n,
where 71y = fol u.

Set

Let

vV ={ve HY(0,1);v(l) =0}.

H = {f is measurable on (0, 1) and xf (x) € LZ(O, D}.
1. Show that H equipped with the scalar product

1
f)n = /O F()g(0x2dx

is a Hilbert space.

2. Given f € H and ¢ > 0, check that there exists a unique u € V satisfying

1 1 1
/ u’(x)v’(x)(x2+s)dx+/ u(x)v(x)x’dx =/ f)vx)x’dx Vv eV.
0 0 0

This u is denoted by u,.

3. Prove that u, € H2(0, 1) and satisfies

o {—((xz—i—e)u/s)’—i—xzug —x2f on (0, 1),

u,(0)=0 and u.(l)=0.
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4.

Deduce that

@ lu, ()] < %fxtlf(t) —ug(r)|dr Vx € [0, 1].
0

. Prove that xu, (x) and u/,(x) remain bounded in L%(0,1) as & — 0.

[Hint: Use question 1 in Exercise 8.8.]

Pass to the limit as ¢ — 0 and conclude that there exists a unique u € V satisfying

1 1
3) f (U’ () (x) + u(x)v(x))x2dx = / f@)vx)x2dx VYve V.
0 0

Consider the operator 7 : H — H defined by Tf = u, where u is the solution
of (3).

. Check that T is a self-adjoint compact operator from H into itself.

. Determine all the eigenvalues of T'.

[Hint: Look for eigenfunctions of the form % sin kx with appropriate k.]

Simplicity of eigenvalues.

Consider the Sturm-Liouville operator

Au=—(pu') +qu onl = (0,1),

where p € clqo, 11, p>a>0o0n/,and g € C([0, 1]). (No further assumptions
are made; in particular, the associated bilinear form a (u, v) = fol (pu'v' +quv) need
not be coercive.) Set

N ={uec H*O0,1); a,v) =0 Yve H (0, ).

. Prove that there exists a unique U € N satisfying U(0) = 1 and U’(0) = 0.

[Hint: Apply Theorem 7.3 (Cauchy-Lipschitz—Picard) to the equation Au = 0
written as a first-order differential system.]

Prove that dim N = 2.

[Hint: Consider the unique V € N satisfying V(0) = 0 and V'(0) = 1. Then
write any u € N asu = u(0)U + u'(0)V ]

. Let Ng = {u € N; u(0) = 0}. Check that dim Ny = 1.

Set Noo = {u € N; u(0) = u(1) = 0}. Prove that
dim Nog = 1 <= 0 is an eigenvalue of A with zero Dirichlet condition.

Otherwise, dim Ngg = 0.
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5. Deduce that all the eigenvalues of A with zero Dirichlet condition are simple.
(By contrast, eigenvalues associated with periodic boundary conditions can have
multiplicity 2; see Exercise 8.34.)

6. Extend the above results to the case in which the condition p € C 1([0, 1]) is
replaced by p € C([0, 1]) and N is replaced by

N={ueH" 0 1)av)=0 VveH©O D}

Consider the problem

—u”"+u=f on(0,1),

(D / /
w(©0) = u(l) and (1) —u’(0) = k,

where k € R and f(x) are given.

1. Find the weak formulation of problem (1).

2. Show that for every f € L*(0, 1) and every k € R there exists a unique weak
solution u € H'(0, 1) of (1). What is the corresponding minimization problem?

3. Show that the weak solution u# belongs to H 2(0, 1) and satisfies (1). Check that
u € C3([0, 1)) if f € C([0, 1]).

4. Prove thatu < 0Oon (0, 1)if f <0 on (0,1)and k <O.

5. Take k = 0 and consider the operator T : L2(0, 1) — L?(0, 1) defined by Tf =
u. Check that T is a self-adjoint compact operator. Compute the eigenvalues of T
and prove that the multiplicity of each eigenvalue A is 2 (i.e., dim N (T —AI) = 2),
except for the first one.

Remark. Note that by contrast, each eigenvalue of a Sturm-Liouville operator with
Dirichlet boundary condition (#(0) = u(1) = 0) is simple (i.e., the corresponding
eigenspace has dimension 1).

Fix two functions a, b € C([0, 1]) and consider the problem

) {—u” +au +bu=f on(0,1),

u() =u(l) =0,

with f € L2(0, 1).
Given g € L%0, 1), letv € H2(0, 1) be the unique solution of

® {—v” —g on(0, 1),

v(0) = v(1) = 0.

Set Sg = v, so that S : L2(0, 1) — H?(0, 1).



8.6 Exercises for Chapter 8 255

1. Check that problem (1) is equivalent to

ue HY0,1),

©) u=S(f —au' — bu).

Consider the operator T : H'(0, 1) — H'(0, 1) defined by
Tu=—S(au' +bu),u € H(0,1).

2. Show that T is a compact operator.

3. Prove that problem (1) has a solution for every f € L?(0, 1) iff the only solution
uof (1) with f =0isu =0.

4. Assume that b > 0 on (0, 1). Prove that the only solution of (1) with f = 0 is
u=0.

[Hint: Fix aconstantk > 0 such thatk?—ka—b > 0on [0, 1]. Setu,(x) = u(x)+
gek* & > 0. Implement on u, the “classical approach” to the maximum principle;
see Remark 26 in Chapter 8. Deduce that u(x) < gek V¥x €[0,1], Ve >0.]

Conclude that for every f € L?(0, 1) problem (1) admits a unique solution
ue H*0,1).

5. Check that in general (without any assumption on a or b), the space of solutions
of problem (1) with f = 0 has dimension O or 1. If this dimension is 1 prove

that problem (1) has a solution iff fol feo = 0 for some function ¢y # 0 to be
determined.

[Hint: Use Exercise 8.33 and the Fredholm alternative.]

Let I = (0, 1). Given two functions fi, f» on I, consider the system

—u/l/—i—uz:fl on /,
—u) —uy=pfr onl,

ey

where u1, u, are the unknowns.
-A-

In this part we prescribe the Dirichlet condition

@) ur(0) = uz(0) = ur (1) = uz(l) = 0.

1. Define an appropriate concept of weak solution for the problem (1)—(2). Show
that for every pair f = [f1, f2] € L2(I) x L2(I) there exists a unique weak
solution

u = [u,uz] € Hy(I) x H}(I) of (1)~(2).
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. Check that uy, ur € H*(I).
. Prove thatif f = [fi, fo] € C(I) x C(I), then u = [u, us] € C*(I) x C*(I)

and u is a classical solution of (1)—(2).

. Consider the operator 7' from L2(1) x L2(1) into itself defined by T'f = u.Check

that 7' is compact.

. Prove that EV(T) = (.
. Is T surjective? Deduce that o (T') = {0}.

. Is T self-adjoint? Compute 7*.

-B-

In this part we prescribe the Neumann condition

up(0) = uy(1) = u5(0) = up(1) = 0.

Define an appropriate concept of weak solution for the problem (1)—(3). Check
that the Lax—Milgram theorem does not apply.

Given ¢ > 0, consider the system

(L) —u +ur+euy=fi onl,
¢ —u’2’—u1+8u2:f2 on /.

. Show that for every f = [f1, f2] € L2(I) x L%(I) there exists a unique weak

solution u® = [uf, u5] € H'(I) x H'(I) of the problem (1,)—(3).

. Prove that
1§ 1720 + 151320y < W12y + 152072y
. Deduce that u® = [u¢, u5] remains bounded in H>(I) x H*(I) as ¢ — 0.

. Show that for every f = [ f1, f2] € L2(I ) X L2(I ) there exists a unique solution

u=[uy,uz] € HX(I) x HX(I) of (1)-(3).

8.37

. Prove that the identity operator from H 1 (0, 1) into L2(O, 1) is a Hilbert—Schmidt

operator (see Problem 40).

[Hint: Write u(x) = u(0) + f(;c u'(¢)dr and apply questions A3, A6, and B4 in
Problem 40.]

. Consider the eigenvalues (A,) of the Sturm-Liouville problem

—(pu') +qu =>xu on(0,1),
u0) =u(l) =0.
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Recall that under the asumptions of Theorem 8.22, A, — +o00. Thus, for some
integer N, we have A, > 0 Vn > N. Prove that

o
— < 00.
25
n=N A
Remark. A much sharper estimate is described in Exercise 8.42.

Example of an operator with continuous spectrum.
Given f € L2(R), letu € H'(R) be the unique (weak) solution of the problem

—u"+u=f on R,

/u’v’—i—/uv:/fv vv e H'(R).
R R R

Setu = T f and consider T as a bounded linear operator from H = L2(R) into
itself.

1. Check that T* = T (H is identified with its dual space) and that ||T|| < 1.

in the sense that

Prove that EV(T) = . Is T a compact operator?

Let A € (—o00, 0); check that A € p(T).

Let A € (1, +00); check that A € p(T).

Deduce that o (T') C [0, 1].

Is T surjective? Deduce that 0 € o (T).

Is (T — I) surjective? Deduce that 1 € ¢(T) and that ||T|| = 1.
Let A € (0, 1).Is (T — AI) surjective?

Conclude that o (T) = [0, 1].

D T A R

Given f € L2(0, 1), consider the function ¢o: H L0, 1) — R defined by

1 1 1 1 1
w(v)=§/ v’2+1f v4—/ fv, veHY0,1).
0 0 0

1. Check that ¢ is convex and continuous on H'(0, 1).
2. Show that ¢(v) — 400 as ||v|| g1 — oo.

3. Deduce that there exits a unique u € H 1 (0, 1) such that

(D pu) = min @(v).
veH!(0,1)
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4. Show that
1 1
) / W' + uiv) =/ fv VYve HY 0, 1).
0 0
[Hint: Write that (1) < ¢(u + ev) Vv € H! (0, 1) and compute ¢ (u + €v)

explicitly.]

5. Prove that u € H2(O, 1) and that u satisfies

3 {—u”+u3 — f ae.on(0,1),

W' (0) = u'(1) = 0.

6. Conversely, show that any solution of (3) satisfies (1). Deduce that (3) admits a
unique solution.

7. Show thatif f > 0 a.e.on (0, 1),thenu > Oon (0, 1).
[Hint: Use the same technique as in Section 8.5.]
8. Prove thatif f € L°°(0, 1) then

1} e 0.1y < I ILc0,1)-

[Hint: Argue as in the proof of Theorem 8.19 using as test function G (u — K '/3),
where K = || f|ze.]

9. What happens when ¢ (v) is replaced by
P ! .
I/f(v)=—/ v+ - (0)—/ fv, veH0,1)?
2 Jo 4 0

Let j € C'(R, R) be a convex function satisfying

(1) j@) = |t] —C VteR, forsome C € R,
and
) —1<j'(t) <+1 VteR.

[A good example to keep in mind is j (1) = (1 +¢%)!/2.]
Given f € L?(0, 1), consider the function ¢o:H 10, 1) —> R defined by

1 1 1
o(v) = 1/ v’2+/ j(v)—f fv, veHY0,1).
2 Jo 0 0

1. Prove thatif | [ f| > 1, then

inf  @(v) = —o0.
veH1(0,1)
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[Hint: Take v = const.]
2. Show thatif | f, f| <1, then

inf () > —o0.
veH1(0,1)

[Hint: Write fol fv= fol f(v—0)+ fv, where v = fol v, f = fol f,and use the
Poincaré—Wirtinger inequality; see Comment 1 on Chapter 8, and Problem 47.]

3. Show thatif | [ f| < 1, then

lim ¢(v) = +o0.

vl 19,1 =00

Deduce that inf, ¢ 51, 1) ¢ (v) is achieved, and that every minimizeru € H 10, 1)

satisfies X . X
/ w'w' —i—/ Jww = / fw VYwe HYO,1).
0 0 0

Show that u € H?(0, 1) is a solution of the problem

& {—u” +j'wy=f on(,1),

u'(0) =u'(1) =0.
4. Suppose that |f01 S = 1. Show that inf ¢ 519, 1) ¢(v) is not achieved.

[Hint: Argue by contradiction. If the infimum is achieved at some u, then u
satisfies (3). Integrate (3) on (0, 1).]

5. What happens to a minimizing sequence (u,) of ¢ when | fol fl=17

[Hint: Show that u, = u, + (4, — u,) with |u,| — oo and ||u, — Unllyr < C
asn — 00.]

Let g € C([0, 1]) and assume that the bilinear form

1
a(u,v) = [ W'V 4 quv), u,ve HLO,1),
0

is coercive on HO1 (0, 1). The space HO1 (0, 1) is equipped with the scalar product

a(u, v), now denoted by (u, v) g, and the norm |u|g = (u, u)}q/z.

1. Prove that

1
1) o= sup{/ |u|4;ueHg(0,1)and|u|H=1}>0
0

is achieved by some .
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[Hint: Consider a maximizing sequence (u,) converging weakly in HO1 0,1) to
some ug. Check that o = fol lug|* and that |ug|y < 1. Show that |ug|y = 1 by
introducing ug/|ugl g -]

2. Show that one can assume ug > 0 on [0,1].
[Hint: Replace uq by |ug| and apply Exercise 8.11.]

3. Prove that ug belongs to H 2(0, 1) and satisfies

—ug + quo = éu% on (0, 1),

(2)

uo(0) = up(1) = 0.
[Hint: Write [|well ;4.1 < lluollz4(0.1)> Where we = luzgfjl’H, v e H}O,1),
and ¢ > 0 is sufficiently small. Then use a Taylor expansion for ||w, ||‘£4 ©.1) and

for |ug + svlfq ase — 0.]
4. Deduce that ug(x) > 0 Vx € (0, 1).
[Hint: Use the strong maximum principle; see Problem 45.]

5. Let u; be any maximizer in (1). Show that either u;(x) > 0 Vx € (0, 1) or
ui(x) <0vx € (0, 1).

[Hint: Check that |u1(x)| > 0Vx € (0, 1).]
6. Deduce that there exists a solution u € C2([0, 1]) of the problem
—u" +qu=u> on(0,1),

3) u > 0on (0, 1),
u(0) =u(l) =0.

[Hint: Take u = ku for some appropriate constant k > 0.]

7. Assume now that a is not coercive and more precisely that there exists some
V] € HO1 (0, 1) such that v; # 0 and a(vq, v1) < 0. Prove that problem (3) has no
solution.

[Hint: Check that A; < 0, where A is the first eigenvalue of Au = —u” + qu
and multiply (3) by the corresponding eigenfunctions ¢1.]

Asymptotic behavior of Sturm—Liouville eigenvalues.

Consider the operator Av = —v” + a(x)v on I = (0, L), with zero Dirichlet
condition and a € C([0, L]).

1. Let (A,) denote the sequence of eigenvalues of A. Prove that
2,2

Tn
Ap — Iz

< llaliL~©,Ly Vn.
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[Hint: Consider the eigenvalues of the operator Ag corresponding to a = 0 and
use the Courant—Fischer min—max principle (see Problem 49).]

Consider now the general Sturm-Liouville operator
Bu = —(pu') +qu on(0,1)
with zero Dirichlet condition. Assume that p € Cz([O, 1D, p>a >00n(0,1),
and g € C([0, 1]).
Set L = fol p(t)~Y2dt and introduce the new variable x = fot p()~V2dt, so
that0 < x < L when O < ¢t < 1. Given a function u € C2([O, 1), set
v(x) = p*Ou@), 0<rt<l.
2. Prove that u satisfies —(pu’)’ + qu = pu on (0, 1) iff v satisfies —v” +av = pv
on (0, L), where a € C([0, 1]) depends only on p and q.
[Hint: Prove, after some tedious computations, that a(x) = q(t) + 4—1‘ p'@) —

(') ]
16p(1) *

3. Deduce that the eigenvalues (u,,) of the operator B satisfy

n’n?

2 <C.

Mn —







Chapter 9

Sobolev Spaces and the Variational Formulation
of Elliptic Boundary Value Problems in
N Dimensions

9.1 Definition and Elementary Properties of the Sobolev Spaces
wlhp (R)

Let © ¢ RV be an opensetandlet p € Rwith 1 < p < oco.

Definition. The Sobolev space W7 (Q) is defined by

g1, 82, ... gn € LP(R) such that
Vi=1,2 N

whr@)y=1du e LP(Q) P)
/ s _/ gi¢ Vo e CX(Q).
Q 0x; Q

We set

]Hl(sz) = Wl*z(Q).‘

For u € WP (Q) we define 2 37” = g;, and we write

ou ou ou
Vu=grddu=—,—,..., — ).
0x1 0x2 oxn

The space W17 (Q) is equipped with the norm

ou
ax,‘

N
leellwrr = llullp +
i=1

p

or sometimes with the equivalent norm ([lulls + "V, ||§—)’:l_ IMHYP(f1 < p < 00).
The space H'! () is equipped with the scalar product

I When there is no confusion we shall often write W17 instead of W17 ().
2 This definition makes sense: g; is unique (a.e.) by Corollary 4.24.

H. Brezis, Functional Analysis, Sobolev Spaces and Partial Differential Equations, 263
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N
Z ou Jv ou ov
(u’ U)Hl (M U)Lz + (8)6,‘ 3)6,' >L2 B /g;uv + im ax,' 3)(,' '

>1/2

e Proposition 9.1. W'-7(Q) is a Banach space for every 1 < p < co. WhP(Q) is
reflexive for 1 < p < oo, and it is separable for 1 < p < co. HY(Q) is a separable
Hilbert space.

The associated norm

N
luell g1 = <|u||2+2
1

is equivalent to the W2 norm.

Proof. Adapt the proof of Proposition 8.1 using the operator Tu = [u, Vu].

Remark 1. In the definition of W17 we could equally well have used C(2) as set
of test functions ¢ (instead of C, 2 (£2)); to show this, use a sequence of mollifiers (o).

Remark 2. Tt is clear that if u € C'(Q) N LP () and if 3—”1 € LP(Q2) forall i =

1,2,..., N (here 2 a means the usual partial derivative of u), then u € W-7(Q).
Furthermore the usual partial derivatives coincide with the partial derivatives in
the WP sense, so that notation is consistent. In particular, if Q2 is bounded, then
Cl(Q) ¢ whr(Q) forall 1 < p < oo. Conversely, one can show that if u €
WP (Q) for some 1 < p < oo and if 3“1_ € C(2) foralli =1,2,..., N (here

6” means the partial derivative in the W7 sense), then u € C!(£2); more premsely,

there exists a function # € C'(Q) such that u = i a.e.

* Remark 3. For every u € LIIOC(Q), the theory of distributions gives a meaning to
ax, ( - is an element of the huge space of distributions D’(2), a space that contains
in partrcular Llloc(Q)) Using the language of distributions one can say that whr(Q)
is the set of functions u € L?(2) for which all the partial derivatives 2% 3 ,1<i<N

(in the sense of distributions), belong to L?(£2).

When Q = RY and p = 2 one can also define the Sobolev spaces using the Four-
ier transform; see, e.g., J.-L. Lions—E. Magenes [1], P. Malliavin [1], H. Triebel [1],
L. Grafakos [1]. We do not take this point of view here.

Remark 4. Tt is useful to keep in mind the following facts:

(1) Let (u,) be a sequence in WP such that u, — u in L? and (Vu,,) converges to
some limitin (L?)N. Thenu € W7 and ||u,, —ullwrr = 0.Whenl < p < o0
it suffices to know that u, — u in L? and that (Vu,) is bounded in (LP)N to
conclude that u € W7 (why?).
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(i1) Given a function f defined on 2 we denote by f its extension outside €2, that is,

fx) ifx e,

Feo = Io if x € RV\Q.

Letu € W'P(Q) and leta € C} (). Then 3

9 u 9
@i WHP@RY) and (@) = a—r + 22
ax,' 3)(,' 3)6,'

Indeed, let ¢ € Ccl. (RN); we have

__d¢ ap 0 Jo
au— = | au—= [ u|—(ap)— —¢
RN Bxi Q axi Q 3)6,' ax,-
u oo T Ou  da

The same conclusion holds if instead of assuming that « € C Cl (2), we take
a € C'RY) N L®RY) with Vo € L®RM)N and suppa ¢ RV\(3Q).

Here is a first density result that holds for general open sets 2; we establish later
(Corollary 9.8) a more precise result under additional assumptions on 2. We need
the following.

Definition. Let & C R be an open set. We say that an open set w in RY is strongly
included in Q and we write ® CC Q if @ C Q and & is compact.*

e Theorem 9.2 (Friedrichs). Ler u € WP () with 1 < p < o0o. Then there exists
a sequence (uy) from C° (RN such that

(D Unjo —> u in LP(Q)
and
) Vinw — Vup, in LP ()N forall o cC Q.

Incase Q = RN andu € WHP(RN) with 1 < p < oo, there exists a sequence (i)
Sfrom C2° (RNY such that
u, = u in LP(RY)

and
Vu, — Vu in LPRM)N.

In the proof we shall use the following lemma.

3 Be careful: in general, it ¢ WP (RY) (why?).
4 & denotes the closure of w in RV
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Lemma 9.1. Let p € L'(RN) and let v e WP (RN) with 1 < p < oo. Then

9 9
pxv e WPRYY and L (pxv)=pr— V¥i=12 ..., N.
8X[ ox;

1

Proof of Lemma 9.1. Adapt the proof of Lemma 8.4.
Proof of Theorem 9.2. Set

u(x) ifx e Q,

=10 ifx eRM\Q,

and set v, = p, ~ u (wWhere p, is a sequence of mollifiers). We know (see Section
4.4) that v, € C*®°(R"Y) and v, — @ in LP(R"). We claim that Vv, — Vi,
in LP(w)" for all o cC . Indeed, given w CC £, fix a function a € Cc1 (2),
0 <« <1, such that @ = 1 on a neighborhood of w.

If n is large enough we have

3) Pn *x (@) = pp*xu Onw,
since

supp(on *x au — pp * i) = supp(p, * (1 — a)u)

1
C supp p,, +supp(l —a)u C B <0, ;) + supp(1 — @)
C (@)

for n large enough. From Lemma 9.1 and Remark 4(ii) we have
d _ du du
—(ppxou) =pyx la— + —u ).
aX; X i

It follows that

0 d 0
L ppram) —» a2t + 2% in LP@RY)
axi axi ax,'
and in particular,

0 _ ou .
—(pp xau) - — in LP(w).
3)6,' ax,'

Because of (3) we have

d _ u .
—(pp *it) > — in L?(w).
Bxi ax,-

Finally, we multiply the sequence (v,) by a sequence of cut-off functions (&,) as
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in the proof of Theorem 8.7.5 It is easily verified that the sequence u, = ¢,v, has
the desired properties, i.e., u, € CSO(RN), u, — uin L?(2), and Vu,, — Vu in
(LP ()N for every w CC Q.

In case Q = RY the sequence u, = ¢, (p, * u) has the desired properties.

* Remark 5. It can be shown (Meyers—Serrin’s theorem) that if u € WP () with
1 < p < oo then there exists a sequence (i) from C*°(2) N WP () such that
u, — uin WhP(Q); the proof of this result is fairly delicate (see, e.g., R. Adams [1]
or A. Friedman [2]). In general, if Q is an arbitrary open set and if u € WP (Q)
there need not exist a sequence (u,) in CC1 (RN) such that UpQ — U in whr(Q).
Compare the Meyers—Serrin theorem (which holds for any open set) to Corollary 9.8
(which assumes that €2 is regular).

Here is a simple characterization of W17 functions:

Proposition 9.3. Let u € LP(Q2) with 1 < p < oo. The following properties are
equivalent:

() u e Whr(Q),
(ii) there exists a constant C such that

fo

U—

Q 0x;

(iii) there exists a constant C such that for all o CC 2, and all h € RN with
|h| < dist(w, d2) we have

§C||¢||LP/(Q) Yo e C(Q), VYi=1,2,...,N,

lzhu — ullLr(w) < Clh|.

(Note that thu(x) = u(x + h) makes sense for x € w and |h| < dist(w, 02).)
Furthermore, we can take C = ||Vul|pr(q) in (ii) and (iii).

If Q2 = RY we have
lthu — ull ppwyy < [RIIVUll Lp@yy-

Proof.
(i) = (ii). Obvious.
(i1) = (i). Proceed as in the proof of Proposition 8.3.
(i) = (iii). Assume first that u € C°(RV). Let i € RY and set

v(t) =ulx +th), tekR.

5 Throughout this chapter we denote systematically by (¢,) a sequence of cut-off functions, that is,
we fix a function ¢ € C°(RY) with 0 < ¢ < 1 and

1 iflx] <1,

CO=00 it =2,

and weset §,(x) =¢(x/n),n=1,2,....



268 9 Sobolev Spaces and the Variational Formulation of Elliptic BVPs in N Dimensions

Then v'(t) = h - Vu(x + th) and thus
1 1
u(x +h) —ulx)=v() —v0) = / V' (t)dt = / h-Vu(x + th)dt.
0 0
It then follows that for 1 < p < oo,
1
lThu(x) —u(x)|? < Ihl”/ |Vu(x + th)|Pdt
0
and
1
/ |thu(x) —u(x)|Pdx < |h|p/dx/ |Vu(x + th)|Pdt
w w 0

1
=|h|”/ dt/ |Vu(x +th)|Pdx
0 w

1
_ W/ dr/ Vu(y)|Pdy.
0 w-+th

If |h| < dist(w 052), there exists an open set @’ CC €2 such that w + th C o’ for all
t € [0, 1] and thus

@ fowae =l = 017 [ 19
w/

This concludes the proof of (ii) for u € C° (RV)and 1 < p < 00. Assume now
that u € WP (Q) with 1 < p < co. By Theorem 9.2 there exists a sequence ()
in CSO(RN) such that u, — u in LP() and Vu, — Vu in L?(0)Y Yo CC Q.
Applying (4) to (u,,) and passing to the limit, we obtain (iii) for every u € W7 (Q),
1 < p < 0o. When p = oo, apply the above (for p < 00) and let p — oo.

(iii) = (ii). Let ¢ € C2°(2) and consider an open set @ such that supp¢ C v CC
Q. Let h € RY with |h| < dist(w, 3Q). Because of (iii) we have

‘f(fhu —u)g
Q

On the other hand, since

= C|h| ”(p”LI;’(Q)-

/Q(u(x +h) —ux)px)dx = /Qu(y)(w(y —h) —e(y)dy,

it follows that

—h) —
/u(y)(‘”(y ) w(y))dySCH@“LP’(Q)'

|h]

Choosing h = te;, t € R, and passing to the limit as t — 0, we obtain (ii).
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* Remark 6. When p = 1 the following implications remain true:
(1) = (i) <« (ii).

The functions that satisfy (ii) (or (iii)) with p = 1 are called functions of bounded
variation (in the language of distributions a function of bounded variation is an L!
function such that all its first derivatives, in the sense of distributions, are bounded
measures). This space plays an important role in many applications. One encounters
functions of bounded variation (or with similar properties) in the theory of minimal
surfaces (see, e.g., E. Giusti [1] and the works of E. DeGiorgi, M. Miranda, and
others cited there), in questions of elasticity and plasticity (functions of bounded
deformation, see, e.g., R. Temam—G. Strang [2] and the cited work of P. Suquet),
in quasilinear equations of first order, the so-called conservation laws, which admit
discontinuous solutions (see, e.g., A. 1. Volpert [1] and A. Bressan [1]). On this vast
subject, see also the book by L. Ambrosio—N. Fusco-D. Pallara [1] and Comment 16
at the end of this chapter.

Remark 7. Proposition 9.3 ((i) = (iii)) implies that any function u € WLoo(Q) has
a continuous representative on 2. More precisely, if 2 is connected then

(5) lu(x) —u(y)| < [IVul L= (g) d}zst(x, y) Vx,yeQ

(for this continuous representative u), where distq(x, y) denotes the geodesic dis-
tance from x to y in €2; in particular, if €2 is convex then distq (x, y) = |x — y|. From
here one can also deduce that if u € W7 () for some 1 < p < oo (and some open

set ©2), and if Vu = 0 a.e. on €2, then u is constant on each connected component
of Q.

Proposition 9.4 (differentiation of a product). Let u, v € WP (Q) NL>®(Q) with
1 < p <oo. Thenuv € WHP(Q) N L®(Q) and

d () ou n ov 19 N
—uv) = —v U—, 1 =1,2,...,INV.
E)x,- E)x,- Bx,-

Proof. As in the proof of Corollary 8.10, it suffices to consider the case 1 < p < oo.
By Theorem 9.2 there exist sequences (i), (v,) in C° (RN) such that

U, — u, v, = v in LP(Q2) and a.e. on €2,

Vu, = Vu, Vv, = Vv inLP(w)" forallw cC Q.

Checking the proof of Theorem 9.2, we see easily that we have further

||un||L00(]RN) < llullL>~(@) and ||Un||L00(RN) < llL=)-

On the other hand,

0 ou av,
/unvn—(pz—/ nvn—i—un—l 1% VgoeCj(Q).
Q 3)6,' Q 8x,~ 3)61'
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Passing to the limit, by the dominated convergence theorem, this becomes

g du av
UV— = — —vtu—|o VgaeC(Q)
Q 8X,’ Q 8)6,’ 8

Proposition 9.5 (differentiation of a composition). Let G € C 1 (R) be such that
G(0) =0and |G'(s)| < M Vs € R for some constant M. Let u € wL-P(Q) with
1 < p <oo. Then

1 a ’ 314 .
GoueW Q) and —(Gou)=(G ou)—, i=1,2,...,N.
0Xx; 0x;
Proof. Wehave |G(s)| < M|s| Vs € R and thus |Gou| < M|ul; as a consequence,
Gou € LP(Q) and also (G’ o u)g—;‘i € LP (). It remains to verify that

©6) f(Gou)—: /(G'ou)—ga V(peC ().

When 1 < p < o0, one chooses a sequence (u,) in CSO(RN ) such that u,, — u
in LP(2) and a.e. on Q, Vu, — Vu in LP?(0)¥ Vo CC € (Theorem 9.2). We
have

f(Gou,»— _ f(G/oun)—so Yo e CL(Q).

But Gou, — Gouin L?(2) and (G'ou,) d“" — (G’ou) L in L?(w) Yo CC Q
(by dominated convergence), so that (6) follows. When p = oo fix an open set
such that suppp C Q' cC Q.Thenu € WHP(Q')  Vp < oo and (6) follows from
the above.

Proposition 9.6 (change of variables formula). Ler Q and Q' be two open sets in
RN andlet H : Q — Qbea bijective map, x = H(y), such that H € cl(),
H™' € C'(Q), JacH € L®(Q), JacH™' € L®(Q).% Let u € WP (Q) with
1 <p<ooThenuoH e WhP(Q') and

iu(H())—Za—”wu)@()V'—lz N
ayj Y= ; 3)6,' Y Byj Y J=5H% ’

Proof. When 1 < p < oo, choose a sequence (u,,) in C2° (RM) such that u, — u
in L?(Q) and Vu,, — Vuin L?(w)Y Yo cC Q. Thusu, o H — uo H in LP(Q)

and

0 JH; 0 0H;

Mnoom) S L (2 om) Y L) Vo cc Q.
axi Byj axi ayj

6 Jac H denotes the Jacobian matrix ii” ; thus it is a function in L (§)V*V.
el
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Given ¢ € C1(Q'), we have

v i, IH;
(uy o Hy—d :—/ ( oH) —Ydy.
./Q/ ! ay; /Xi: dx; ay; "

In the limit we obtain the desired result. When p = oo, proceed in the same way as
at the end of the proof of Proposition 9.5.

The spaces W™ 7 (R2)

Let m > 2 be an integer and let p be a real number with 1 < p < co. We define by
induction

Xi

)
WP (Q) = {u e wLr(Q); 8—” e wnLr(Q) Vvi=1,2, N}

Alternatively, these sets could also be introduced as

Vo with || < m, 3g, € LP(2) such that

WP (Q) = 3u e LP(Q) N ol -
/uD p=(-1 /anw Vo € CZ(2)

where we use the standard multi-index notation o = (1, oy, ..., ay) witha; > 0

an integer,
N

|a|:Zo¢,~ and D% =

i=1

9l
axyaxy? - dxp

We set Du = go. The space WP (2) equipped with the norm

lllwnr = > [IDull,

0<|a|<m

is a Banach space.
The space H” ($2) = W™ 2(2) equipped with the scalar product

(u,v)gm = Z (D%u, D%v);2

0<|a|<m

is a Hilbert space.

Remark 8. One can show that if €2 is “smooth enough” with I' = 92 bounded, then
the norm on W7 (2) is equivalent to the norm

Il + Y I1D%ullp.

||=m
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More precisely, it is proved that for every multi-index o with 0 < |«| < m and for
every ¢ > 0 there exists a constant C (depending on €2, &, o) such that

ID%ull, <& Y [IDPull, +Clul, Yue W™P(Q)
|Bl=m

(see, e.g., R. Adams [1]).

9.2 Extension Operators

It is often convenient to establish properties of functions in W17 () by beginning
with the case @ = R" (see for example the results of Section 9.3). It is therefore
useful to be able to extend a function u € WP () to a function i € WH-P(RN).
This is not always possible (in a general domain €2). However, if Q is “smooth,”
such an extension can be constructed. Let us begin by making precise the notion of
a smooth open set.

Notation. Given x € RV write

x =, xy) withx e RN X/ = (x1, %2, ..., xn—1),

N—1
no_ 2
NE (Z )
i=1

RY = {x = (', xn); xy > 0},

and set
1/2

We define

Q0 ={x="xn); I¥| <land|xy| <1},
0+ =0nNRY,
Qo = {x =", 0); x| <1},

Definition. We say that an open set 2 is of class C! if for every x € 3Q =TI there
exist a neighborhood U of x in R and a bijective map H : Q — U such that

HeC'(Q), H'ec'(U), H Q) =UNQ, and H(Qy) =UNT.
The map H is called a local chart.

Theorem 9.7. Suppose that 2 is of class C' with T bounded (or else Q = Rﬁ ).
Then there exists a linear extension operator

P:whr(Q) — WHP@RY) (1< p<o0)

such that for allu € WHP (),
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() Puig =u,
(ii) | Pullpr@yy < CllullLre),
(iii) IPullwrr@yy < Cllullwrq),

where C depends only on Q.

We shall begin by proving a simple but fundamental lemma concerning the ex-
tension by reflection.

Lemma 9.2. Givenu € WP (Q) with 1 < p < oo, one defines the function u* on
O to be the extension by reflection, that is,

* o/ M(x/ny) ifxy >0,
w(x', xy) = .
u(x', —xn) ifxy <O.
Then u* € WHP(Q) and

lu*lirco) < 2llullry),  Nu*llwingy < 2lullwrir,)-

Proof. In fact, we shall prove that

du* du \* )
@) =(—) for 1<i<N-1
ax,- 3)C,'
and
ou* du \~
(®) =\—) .
axN 8xN

where (%)* denotes the extension by reflection of 37“ and where we set, whenever
1 1

f is defined on O+,

O ) = if(xcxm if xy >0,

—f(x', —xy) ifxy <O.
We shall use a sequence (1) of functions in C*°(R) defined by
() =nket), teR, k=1,2,...,

where 7 is any fixed function, n € C*°(R), such that

0 ifr<1/2,
) =
n(®) {1 ifr 1.

Proof of (7). Let ¢ € CCI(Q). Forl <i < N — 1, we have
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a ad
©) fu*_"’zf i
0 3)6,' (o 3)61‘

where ¥ (x’, x§) = @(x/, xy) + @(x’, —xy). The function ¥ does not in general
belong to CC1 (Q+), and thus it cannot be used as a test function (in the definition of
W1-P). On the other hand, ny(xn)¥ (x', xn) € C1(Q+) and thus

d ou
Ma—(ﬂklﬁ) = - a—nw.
0+ OXi Q4 0Xi

. d
Since aix’_(nkl/f) = Uk%, we have

oY ou
(10) Ung— = — — kY.
0+ dx; 0 9xi
Passing to the limit in (10) as k — oo (by dominated convergence), we obtain
0 Bl
(11) f W / .
o, X 04 9%i

Combining (9) and (11), we are led to

/uﬁ_wz_/ 3_%:_/(8_”)*@
0 ax,- Q+8xi 0 8xi ’

from which (7) follows.

Proof of (8). For every ¢ € CC1 (Q) we have

d d
(12) / PR / y—2_
[0) 8)CN 0+ aXN
where x (x/, xy) = o(x’, xy) — @(x’, —xy). Note that x (x’, 0) = 0 and thus there

exists a constant M such that |y (x’, xy)| < M|xy| on Q. Since nyx € Ccl(Q+), we
have

0 u
(13) / =) = —/ U ex.
Q0+ OXN 0, XN
But
0 ax ,
(14) —x) =m— +kn'(kxy)x.
axN 3)61\/

We claim that

(15) / ukn' (kxy)x — 0as k — oo.
O+
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Indeed, we have

‘/ ukn' (kxn) x §kMCf lu|xydx SMC/ lu|dx
(o O<xy<l1/k O<xy<l/k

with C = sup,[o,1;|n'(#)], from which (15) follows.
We deduce from (13), (14), and (15) that

[ ax / ou

U—— = — —X
0, dxN 0, xN
Finally, we have

O
u ou

(16) f . x=/<—) p
04 OXN o \dxn

Combining (12) and (16), we obtain (8). This concludes the proof of Lemma 9.2.

The conclusion of Lemma 9.2 remains valid if O is replaced by Rﬁ (the proof
is unchanged). This establishes Theorem 9.7 for Q = Rﬁ .

* Remark 9. Lemma 9.2 gives a very simple construction of extension operators for
certain open sets €2 that are not of class C'. Consider, for example, the square

Q={xeR* 0<x; <1, 0<xy <1}

Letu € WhP(Q). By four successive reflections (see Figure 6) we obtain an exten-
sion it € WP (Q) of u in

fl:{xeRz; —1<x1 <3, -1 <xp <3}

Fig. 6
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Then fix any function ¢ € C! () such that = 1 on . Denote by Pu the
function i extended to R? by 0 outside 2. It is easily shown that the operator
P: WP (Q) - WP (R?) satisfies (i), (ii), and (iii).

The next lemma is very useful.

Lemma 9.3 (partition of unity). Let I" be a compact subset of RN and let Uy, U»,
..., Ux be an open covering of T, i.e., I' C Ule U,;. Then there exist functions 6,
01, 02, ..., 0 € CP(RN) such that

k
) 0<6 <1 Vi=0,1,2,....k and ZeizlonRN,
i=0
(i) supp 0; is compact and supp0; C U; Vi=1,2,...,
ii
suppfp C RV\T.
If Q is an open bounded set and I = 9%, then 6y, € C°(S2).

Proof. This lemma is classical; similar statements can be found, for example, in
S. Agmon [1], R. Adams [1], G. Folland [1], P. Malliavin [1].

Proof of Theorem 9.7. We “rectify” I' = 02 by local charts and use a partition of
unity.” More precisely, since I is compact and of class C', there exist open sets
(Ui <i<k In RN such that ' C Ule U; and bijective maps H; = Q — U, such
that

Hi eC'(Q), H 'ecC'(U;, H(Qy)=U;NQ, and Hi(Qop)=U;NT.

1

Consider the functions 6y, 61, 05, ..., 6 introduced in Lemma 9.3. Given u €
WLP(Q), write

k k

u= 291"4 = Z"”’ where u; = 6;u.
i=0 i=0

Now we extend each of the functions u; to RY, distinguishing uo and (#;)1<;<k.

(a) Extension of ug. We define the extension of uq to RV by

up(x) ifx € Q,

0l =1, if x € RM\Q.

7 In the following we shall often use this technique to transfer a result proved on Rﬁ (or Q4)tothe
same conclusion on a smooth open set 2.
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Recall that 8y € C'(RV) N L®(RY), Voy € L®(RY), since Vo = — Y+, V6,
has compact support, and that supp 8y C RV\TI". It follows (by Remark 4(ii)) that

) _
g € WHP(RY) and a—ﬁo =0)— + —1it.
- : :

Thus
llaollwrr@myy < Cllullwrrq)-
(b) Extension of ui, 1 <i <k.

Consider the restriction of u to U; N 2 and “transfer” this function to Q4 with the
help of H;. More precisely, set v; (y) = u(H;(y)) fory € Q4. We know (Proposition
9.6) thatv; € WhP (Q+)- Then define the extension on Q by reflection of v; (Lemma
9.2); call it v¥. We know that v} € WP (Q). “Retransfer” v to U; using Hl._1 and
call it w;:

wi(x) = v,-*[Hf](x)] for x € U;.

Then w; € WL (U;), w; = u on U; N 2, and

lwillwir @,y < Cllullwrwing)-

Finally, set for x € RN,

i (x) = 6; (x)w; (x) if x € U;,
7 o if x e RM\U;,

so that i; € WHP(RN) (see Remark 4(ii)), &i; = u; on §2, and
i llwrp@yy < Cllullwrew.ng)-

(c) Conclusion. The operator Pu = ﬁo—i—ZlN: | i possesses all the desired properties.

e Corollary 9.8 (density). Assume that Q2 is of class C', and let u € WP (Q) with
1 < p < oc. Then there exists a sequence (uy) from C2°(RN) such that u,, — u
in WL-P(Q). In other words, the restrictions to §2 of C (RM) functions form a dense
subspace of WHP ().

Proof. Suppose first that I is bounded. Then there exists an extension operator P (by
Theorem 9.7). The sequence8 &n(on *x Pu) converges to Pu in WP (RN) and thus it
answers the problem. When I' is not bounded we start by considering the sequence
Cyu. Given € > 0, fix ng such that ||£,,u — u||y1.» < €. One may then construct an
extension v € W17 (RN of Lnout (since this only involves the intersection of I' with
a large ball). We finally pick any w € C2°(R") such that [|w — Vllwiegyy < &.

8 Asusual, (pn) is a sequence of mollifiers and (¢, ) is a sequence of cut-off functions as in the proof
of Theorem 9.2.
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9.3 Sobolev Inequalities

In Chapter 8 we saw that if Q has dimension 1, then W17 (Q) C L%°(Q) with
continuous injection, for all 1 < p < co. In dimension N > 2 this inclusion is true
only for p > N; when p < N one may construct functions in W7 that do not
belong to L*° (see Remark 16). Nevertheless, an important result, essentially due
to Sobolev, asserts that if 1 < p < N then W'P(Q) C LP" () with continuous
injection, for some p* € (p, +00). This result is often called the Sobolev embedding
theorem. We begin by considering the following case:

A. The case € =RV,
e Theorem 9.9 (Sobolev, Gagliardo, Nirenberg). Let 1 < p < N. Then

1
N k

* 1 1
WhP@®RN) c LP'(RN), where p* is given by — ==
4 p

and there exists a constant® C = C( p, N) such that

a7 lullp» < ClIVull, YueWhP@®RY).

Remark 10. The value p* can be obtained by a very simple scaling argument (scaling
arguments, dear to the physicists, sometimes give useful information with a minimum
of effort). Indeed, assume that there exist constants C and g (1 < g < oo) such that

(18) lully < ClIVull, Vu e CEMRY).

Then necessarily ¢ = p*. To see this, fix any function u € C° (RY), and plug into
(18) uy (x) = u(Ax). We obtain

N N
lully < AT a7V, Vi >0,
which implies 1+ % —% =0, i.e.,g = p* (provided u does not vanish identically).

The proof of Theorem 9.9 relies on the following lemma:

Lemma 9.4. Let N > 2 and let f1, fa, ..., fy € LN"I@®RN™Y). For x € RY and
1 <i <N set

~ N-1
X = (x1, X2, ..., Xi—1, Xig1, ..., Xy) € RV,
i.e., x; is omitted from the list. Then the function
= = = N
fx) = fikk) fa(x2) - fn(Xn), x €RT,

belongs to LY®RNY and

9 We can take C(p,N) = (N — 1)p/(N — p), but this constant is not optimal. The best constant
is known (but it is not simple!), see Th. Aubin [1], G. Talenti [1], and E. Lieb [1].
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N
I Iiyy < JTIA v vy

i=1

Proof. The case N = 2 is trivial (why?). Let us consider the case N = 3.
We have

_/le(x)ldm = |f3(X1,x2)|/H;|f1(X2,x3)||f2(X1,X3)IdX3

1/2 1/2
S|f3(X1,x2)|</R|f1(X2,X3)|2dX3> (/ﬂ;lfz(m,m)lzdm)

(by Cauchy-Schwarz). Applying Cauchy—Schwarz once more gives

[ 1 < Uz Ao L ol

The general case is obtained by induction—assuming the result for N and then
deducing it for N + 1. Fix xy+1 € R; because of Holder’s inequality,

/ [ f(x)ldxidxy - -dxn
RN

/ 1/N'
< I fn+1llpn @ny [/ \fifre IV dX1dX2---dXN}

(with N’ = N/(N — 1)). Applying the induction assumption to the functions
|f1|N 9 |f2|N 9 oo ey |fN|N , We Obtain

N
fRN LAY LV s dw < [ 1A v,
i=1

from which it follows that

N

fN |f)ldxy - -dxy = || fn+1 IILN(RN)]_[HﬁIILN(RN—l)-
R

i=1
Now vary xy+1. Each of the functions xy41 — || fillL~ ®~-1) belongs to LN (R),
1 <i < N. As a consequence, their product ]_LN=1 Il fill Lv gv-1) belongs to L'(R)
(see Remark 2 following Holder’s inequality in Chapter 4) and

N+1
/R L Ifldndr - devdevs < [l

i=1

Proof of Theorem 9.9. We begin with the case p = 1 and u € Ccl, (RN). We
have
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lu(xy, x2, ..., x§)| = ‘f (t X2, ..., xN)dt
o0 8u

5/ ’ (t, x2, ..., xN)|dt
e |0x1

and similarly, foreach 1 <i < N,

u def ~
[u(xr, x2, ..., xn)| < ’—(X1,X2,...,xi1,t,x,-+1, cexn)|de = fi(x).
—00 3)6,'
Thus
N
)N < TG
i=1
‘We deduce from Lemma 9.4 that
N (N-1) 1I/(N=1)
N/(N-1) ; -
u(x dx <
fRN| )| < TTnifiast, - 1"[‘ o A
As a consequence, we have
gu 1/
(19) el pv/ov-1 @iy < — .
( ) e Bx,- LI(RN)

This completes the proof of (17) when p =l andu € C cl (RN). We turn now to the
case | < p < N, still withu € C(}(RN). Let m > 1; apply (19) to |u|"'u instead
of u. We obtain

I/N 1/N

ou
Bxl-

1
Jua| " < mlul,

Q0)  uly -1, _mH 1)

i=1

p

Then choose m such that mN/(N — 1) = p’(m — 1), which gives m =
(N —=1)p*/N (m > 1since 1 < p < N). We obtain

1/N

llull pr < Py
1

and thus
lull,» < ClIVull, Yue C'(RY).

To complete the proof let u € wbhP(@RN), and let (u,) be a sequence from C, Cl (RM)
such that u,, — u in WP (R"). One can also suppose, by extracting a subsequence
if necesary, that u,, — u a.e. We have

lunllpr = ClIVunllp.
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It follows from Fatou’s lemma!? that
wel” and |ul < C|Vul,.
e Corollary 9.10. Let 1 < p < N. Then
WhP®RN) ¢ LIRY) Vg € [p, p']
with continuous injection.

Proof. Given g € [p, p*], we write

1 —
g+_*a for some o € [0, 1].
a p P

We know (see Remark 2 in Chapter 4) that
lullg < IIMII‘;‘,IIMII};“ < llullp + llull p*
(by Young’s inequality). Using Theorem 9.9, we conclude that
lullg < Cllullwrr  Yu € WHPRY).
e Corollary 9.11 (the limiting case p = N). We have
whP(@RN) c LY(RN) Vg € [N, +00).
Proof. Assume u € CLl. (RN); applying (20) with p = N, we obtain
-1
HMHZ:N/(N—I) = m”””?:n,l)]v/(]v,l)”VM”N Vm > 1,
and thanks to Young’s inequality we have
2D lullmn/v—1 < CUlullgm-yn/v—1) + IVully) VYm > 1.
In (21) we choose first m = N ; it becomes
lull vy =1y < Cllullyin,
and by the interpolation inequality (see Remark 2 in Chapter 4) we have
(22) lullg = Cllullyrn

forallg with N < g < N 2 /(N — 1). Reiterating this argument withm = N + 1,
m = N + 2, etc., we arrive at

(23) lully < Cllullyrn  Vu € C'RY)

10 One can also conclude by noticing that (u,) is a Cauchy sequence in L?" .
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for all ¢ € [N, 4+00), with a constant C depending on ¢ and N.!! Inequality (23)
extends by density to W1V,

e Theorem 9.12 (Morrey). Let p > N. Then

(24) whP@®RN) c L®®RY)

with continuous injection. Furthermore, for allu € WHP(RN), we have
(25) u(x) —u()| < Clx — y|*(|Vull, ae x,yeRY,
where o« = 1 — (N/p) and C is a constant (depending only on p and N).

Remark 11. Inequality (25) implies the existence of a function iz € C(R") such that
u =iiae onRY. (Indeed, let A C R be a set of measure zero such that (25) holds
forx,y e RN \A; since RN \A is dense in RN , the function U|RN\ A admits a (unique)
continuous extension to RV.) In other words, every function u € Wl’P(RN ) with
p > N admits a continuous representative. When it is useful, we replace u by its
continuous representative, and we also denote by u this continuous representative.

Proof. We begin by establishing (25) for u € Ccl. (RM). Let Q be an open cube,
containing 0, whose sides—of length »—are parallel to the coordinate axes. For
x € Q we have

ld
u(x) —u0) = / —u(tx)dt

o dt
and thus
1 N I N 1
26 —u(0)] < A d
26)  Ju(x) — u( >|_/0 ;|xl|axi(rx> zsrgfo
Set

<

= L/ u(x)dx = (mean of u on Q).
101 Jo

Integrating (26) on Q, we obtain

i —u(0

O = IQI/ Zf
u olax
Xi

1 N
S dt/
VN71/0 Q; 9

1

N
=5 I/dt/tQZ

1

(y)

tN'

1 This constant “blows up” as g — +00.
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Then, from Holder’s inequality, we have

N\ 1/p
[ b= () v
rQ | 90X 0 0x;

(since tQ C Q fort € (0, 1)). We deduce from this that

i —u(0)] < : V| s /1 A dt = A [Vull
— < LP = LP(O)-
N1 Q) 0 N 1— (N/p) Q)

By translation, this inequality remains true for all cubes Q whose sides—of length
r—are parallel to the coordinate axes. Thus we have

i F1=(V/p)
27 lit —u(x)| < TN/P)|

By adding these (and using the triangle inequality) we obtain

[VullLr(gy VYx € Q.

A1=(N/p)

(28) () = u(y)| < =

2 | VullLry Vx.ye€ Q.
(N/p) ©

Given any two points x, y € R¥, there exists such a cube Q with side r = 2|x — y|
containing x and y. This implies (25) when u € C cl (RM). For a general function
u e WHP(RN) we use a sequence (u,) of CC1 (RN) such that u, — u in WHP(RY)
and u, — u a.e.

We now prove (24). Letu € CCl (RM), x € RV, and let Q be a cube of side r = 1
containing x. From (27) and Holder’s inequality we have

)| < 1l + ClIVullLrg) < Cllullyroigy < Cliullyroen).
where C depends only on p and N. Thus

lull oo @ry < Cllullywrpgyy Yu € CLHRM).
For a general function u € W17 (R") we use a standard density argument.
Remark 12. We deduce from (24) that if u € WLP(RY) with N < p < 0o, then

lim u(x) =0.
|x]—00

Indeed, there exists a sequence (u,) in C} (RY) such that u, — u in WHP(RV). By
(24), u is also the uniform limit on R" of the u,,’s.

e Corollary 9.13. Let m > 1 be an integer and let p € [1, +00). We have

'fl m 0
if —— — >0,
p N

1
wmP(@RN) c LYRY), where - =
q

S
z|3
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1 m

wmP@®RN) c LIRYN) Vg € [p, +00) if —— 5= 0,
p
m N 00 N . 1 m
WP @Yy ¢ L RY) s LM o,
p N

and all these injections are continuous. Moreover, ifm — (N /p) > 0is not an integer,
12
set
k=[m—(N/p)] and 6 =m— (N/p)—k (0<0 <1).

We have, for all u € W™ P (RN),
||D°‘u||LOO(RN) < Cllullwmpmyy Yo with|a| <k
and"
|ID%u(x) — D*u(y)| < Cllullym.p@nylx — y|9 ae x,y € RN, Vo with |a| = k.
In particular, W™P(RN) c CK(RN).14

Proof. All of these results are obtained by repeated applications of Theorem 9.9,
Corollary 9.11, and Theorem 9.12.

Remark 13. The case p = 1 and m = N is special. We have WY1 ¢ L. (But
it is not true, in general, that WP C L* for p > 1 and m = N/p.) Indeed, for
ue CSO(RN), we have

X1 X2 XN BNM
u(xy, x2,...,xXN) =/ / / — (1,12, ..., ty)dt1dtr - - - dty
—ood—co J—oc 0X10x2 - OxpN

and thus
(29) lullzee < Clullyya  Yu € CE®RY).
The case of a general function u € WV! follows by density.

Now let us turn to the following.
B. The case @ c RY.

We suppose here that 2 is an open set of class C! with T" bounded or else that
Q=RY.

e Corollary 9.14. Let 1 < p < co. We have

121 1 denotes the integer part.

13 This implies that D%u is Lipschitz continuous for all « with || < k, i.e.,
|D*u(x) = D*u(y)| < Cllufwmrlx —y| ae.x,y eRY.

14 This is to be understood modulo the choice of a continuous representative.
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) . 1 1 1 ,

WhP(Q) C LY (Q), where — =—— —, if p<N,
p p N

WhP(Q) c LYQ) Vg € [p.+00), if p=N,

WhP(Q) C L®(Q), if p> N,

and all these injections are continuous. Moreover, if p > N we have, for all u €
whr(Q),
lu(x) —u(| < Clullyrplx —y|* aex,yeQ,

witha = 1 — (N/p) and C depends only on Q, p, and N. In particular, WHP () C
C(Q).1

Proof. Consider the extension operator
P:whr(Q) — whr@®Y)
(see Theorem 9.7) and then apply Theorem 9.9, Corollary 9.11, and Theorem 9.12.

e Corollary 9.15. The conclusion of Corollary 9.13 remains true if RN is replaced
by Q.16

Proof. By repeated application of Corollary 9.14.17

e Theorem 9.16 (Rellich-Kondrachov). Suppose that Q2 is bounded and of class
C'. Then we have the following compact injections:

11 1

whP(Q) c L1(Q) Vg €[1, p*), where — =———, if p<N,
p p N

WhP(Q) C LYQ) Vg € [p. +00), if p=N,

WhP(Q) c C(Q), if p> N.

In particular, WP (Q) C LP () with compact injection for all p (and all N).

Proof. The case p > N follows from Corollary 9.14 and Ascoli—Arzela’s theorem.
The case p = N reduces to the case p < N. Therefore, we are left with the case
p <N.

Let A be the unit ball in W!-2(Q). Let P be the extension operator of Theorem
9.7. Set F = P(H), so that H = F|q. In order to show that H{ has compact closure

15 Once more, this is modulo the choice of a continuous representative.
16 To be precise, if m — (N/p) > 0 is not an integer, then

WP (Q) c CK(Q), where k = [m — (n/p)]

and CK(Q) = {ue C*(€): D“u has a continuous extension on  for all o with lo| < k}.

17 Alternatively, one could apply Corollary 9.13 together with an extension operator P :
Wm-P(Q) — W™P@RN), but this would require an extra hypothesis: Q2 would have to be of
class C™ to construct this extension operator.



286 9 Sobolev Spaces and the Variational Formulation of Elliptic BVPs in N Dimensions

in L9(2) for g € [1, p*) we invoke Theorem 4.26. Since 2 is bounded, we may
always assume that ¢ > p. Clearly, F is bounded in W7 (R") and thus it is also
bounded in L7 (R") by Corollary 9.10. We have to check that

Ig‘imouthf — fliLa@~y = O uniformly in f € F.

By Proposition 9.3 we have

Itnf — fllLe@yy < RV fllpwyy V€ F.
Since p < g < p*, we may write
1 o l—«o
—=—+— for some o € (0, 1].

q9 P p

Thanks to the interpolation inequality (see Remark 2 in Chapter 4) we have

10 f = Fla@yy < W f = FIS o I f = FI)E
< BNV I oy QI Nl e ) ™ < ClRI,
where C is independent of F (since F is bounded in W17 (R™)). The desired con-
clusion follows.
Remark 14. Theorem 9.16 is “almost optimal” in the following sense:

(1) If © is not bounded, the injection WLP(Q) c LP(Q) is, in general, not com-
18
pact.
(i) The injection WP () C LP" () is never compact even if 2 is bounded and
smooth.

* Remark 15. Let  be a bounded open set of class C'. Then the norm
el = [IVullp + llullg
is equivalent to the WP norm so long as

l<g=<p ifl<p<N,
l<g<ooifp=N,
l<g<ooifp>N.

* Remark 16 (the limiting case p = N). Let Q be a bounded open set of class C'!
and let u € WV (Q). Then in general, u ¢ L°°(R2). For example, if

Q={xeR"; |x| <1/2},

the function

18 See the detailed discussion in R. Adams [1], p. 167 concerning the compactness of this injection
for unbounded domains.
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u(x) = (log 1/]x])* with 0 <@ <1 — (1/N)

belongs to W1V (Q), but it is not bounded because of the singularity at x = 0.
Nevertheless, we have Trudinger’s inequality

f Y oo Ve WV ()
Q

(see, e.g., R. Adams [1] or D. Gilbarg—N. Trudinger [1]).

9.4 The Space W,*?(®)

Definition. Let 1 < p < o0; Wg”’(sz) denotes the closure of C!(Q) in W7 ().
Set!? -
HL(Q) = Wy ().

The space W(}’p , equipped with the W7 norm, is a separable Banach space; it is
reflexive if 1 < p < co. HJ, equipped with the H ! scalar product, is a Hilbert space.

* Remark 17. Since Ccl. (RN is dense in W12 (RY), we have
Wy (RY) = whP(RY).

By contrast, if @ ¢ RY and Q@ # RY, then in general, Wol’p(Q) £ Whr(Q).
However, if RN\ is “sufficiently thin” and p < N, then Wol’p(Q) = WhP(Q). For
example, if € = RV\{0} and N' > 2 one can show that H} (Q) = H'(Q).

Remark 18. Itis easy to check—using a sequence of mollifiers—that CZ°(2) is dense
in W(;’p (€2). In other words, CZ°(£2) could equally well have been used instead of
C(R) in the definition of W(} P(Q).

The functions in W(;’p (€2) are “roughly” those of WLP(Q) that “vanish on ' =
dLQ.” It is delicate to make this precise, since a function u € W17 (Q) is defined only
a.e. (and the measure of I" is zero!) and u need not have a continuous representative.zo
The following characterizations suggest that we “really”” have functions that are “zero
on I".” We begin with a simple fact:

Lemma 9.5. Letu € WP (Q) with1 < p < oo and assume that supp u is a compact
subset of Q2. Then u € Wol’p(Q).

Proof. Fix an open set w such that suppu C w CC 2 and choose @ € C Cl (w) such
that « = 1 on supp u; thus cu = u. On the other hand (Theorem 9.2), there exists a

19 When there is ambiguity we shall write Wol’p, HOl instead of Wol’p(Q), HOl ().

20 Nevertheless, if u € W1?(£2) one can give a meaning to u|r (when  is regular) and one can
show, for example, that ujr € L (I"). This relies on the theory of traces (see the comments at the
end of this chapter).
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sequence (i) in C2°(RV) such that u, — u in L” () and Vu,, — Vu in LP (w)".
It follows that oru,, — ou in WP (€2). Thus aue belongs to W(;’p(Q), and so does u.

Theorem 9.17. Suppose that  is of class C'. Let*!
uewhP( @ nNc@) withl < p < oo.

Then the following properties are equivalent:

Au=0o0nT.
(i) u € Wy P(R).

Proof.
(1) = (ii). Suppose first that supp u is bounded.
Fix a function G € C!(R) such that

0 if|f] <1,

IG)| <|t] VteR and G(t) = .
t if |t] > 2.

Then u, = (1/n)G(nu) belongs to W7 (by Proposition 9.5). It is easy to verify
(using dominated convergence) that u;, — u in WP On the other hand,

suppu, C {x € ; lu(x)| > 1/n},

and thus supp u, is a compact set contained in 2. From Lemma 9.5, u, € W(}’p ,

and it follows that u € Wé P In the general case in which supp u is not bounded,
consider the sequence (¢,u) (where (&) is a sequence of cut-off functions as in the
proof of Theorem 9.2). From the above, ¢,u € Wé’p, and since ¢, — u in wlr,

we conclude that u € Wé P

(i) = (i). Using local charts this is reduced to the following problem. Let u €
W(}’p(Q+) N C(§+); prove that u = 0 on Qy.
Let (u,) be a sequence in CC1 (Q4) such that u,, — u in WP (Q ). We have, for

(', xn) € O+,
Up

XN 8
lun (X', xN)| < / —
0o |0xn

and thus for0 < ¢ < 1,

1 € , , lou,
- lun (x", xp)ldx'dxy < (x', 1)
e Jix1<1Jo <1 Jo |9xn

In the limit, when n — oo (¢ > 0 fixed) we obtain

1 & £
! / f ' xy)ldx'dxy < / /
& |x'|<1J0 x'|<1J0

21 Recall that if p > N, thenu € WHP(Q) = u € C(Q) (see Corollary 9.14).

(', 1)|dt,

dx'dt.

3
& plax'ar.

8xN
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Finally, as ¢ — 0, we are led to

/ lu(x’,0)|dx" =0
|x"]<1

(since u € C(Q+) and 24 e ! (Q4)). Thus u = 0 on Q.

axN

Remark 19. In the proof of (i) = (ii) we have not used the smoothness of 2. However,
the converse (ii) = (i) requires a smoothness hypothesis on €2 (consider for example
Q = RMN\{0} with N > 2 and p < N).

. . 1,
Here is another characterization of W, P,

Proposition 9.18. Suppose Q2 is of class C'. Let u € LP () with 1 < p < oo. The
following properties are equivalent:

. 1
(i) u e Wyt (),
(i) there exists a constant C such that

d¢ .
‘/;Zua—xi'SC”gaHLp/(Q) Vo e CCRY), Vi=1,2,...,N

(iii) the function
i(x) = u(x) ifx e Q,
V0 irxerMQ,

gl
=

belongs to WHP(RN), and in this case %

Proof.
(i) = (ii). Let (u,) be a sequence from CCl () such that u,, — u in W17, For

(p € CC (RN) we ha\/e
’ / aun ’ ” aul’l
Q 3x, Xi

‘ / “noxi 8xl
(ii) = (iii). Let ¢ € C}(RN); we have

fox

Xx;°

||</)||p

Passing to the limit, we obtain (ii).

dp
RN Z‘/;Zua—x[ SCH¢HLP’(Q)SCH(pH”/(RN).

Thus i € Wh?(RN) (by Proposition 9.3).

(iii) = (i). One can always assume that €2 is bounded (if not, consider the sequence
(¢nu)). By local charts and partition of unity this is reduced to the following problem.
Letu € LP(Q+) be such that the function

_ u(x) ifxe Q, xy >0,
ux) = .
0 ifx e Q, xy <0,
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belongs to whr(Q); prove that

au € Wy(Q1) Va e ClQ).

Let (p;,) be a sequence of mollifiers such that

1 1
supppnc{erR{N; —<xN<—};
2n n

one may choose, for example,
on(x) = nN,o(nx) and suppp C {x € RN; 1/2) < xy < 1}.

Thus p, * (ait) — aii in WHP(RY) (note that it extended by 0 outside Q belongs
to W-7(RN)). On the other hand,

supp(pon * au) C supp p, + supp(au) C O+

for n large enough. It follows that
pu * (@it) € C;(Q4)
and thus au € W()I’P(Q+).

Remark 20. The proof of Corollary 9.14 uses the extension operator, and because
of this fact one must assume that 2 is smooth. If W17 () is replaced by Wol’p(Q)
one can use the canonical extension by 0 outside €2, which is valid for arbitrary
domains €2 (in the proof of Proposition 9.18, the implication (i) = (iii) does not
use any smoothness hypothesis on 2). It follows, in particular, that the conclusion
of Corollary 9.14 is true for Wol’p (£2) with an arbitrary open set Q2. Similarly, the
conclusion of Theorem 9.16 is true for WOl P (Q) with an arbitrary bounded open set
Q. It can also be deduced from Theorem 9.9 that if Q2 is an arbitrary open set and
1 < p < N, then

L,
(30) lull oty < C(p MIVullLr@) VYu € Wy ().

e Corollary 9.19 (Poincaré’s inequality). Suppose that 1 < p < oo and Q is a
bounded open set. Then there exists a constant C (depending on 2 and p) such that

I,
lullLri@) < CllVullLe) Yu € Wy ().

. . . 1 o .
In particular, the expression ||Vul|Lr ) is a horm on Wo’p(SZ), and it is equivalent

. 1 . N du dv
to the norm ||ully1.p; on Hy () the expression ) ;_ Q 9 oy, s a scalar product

that induces the norm ||Vu| ;2 and it is equivalent to the norm ||u|| 1.

Remark 21. Poincaré’s inequality remains true if €2 has finite measure and also if 2
has a bounded projection on some axis.
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Remark 22. For every integerm > 1and 1 < p < 0o one defines W;"'” (Q) as being
the closure of C™(2) in W"” (). “Roughly,” a function u belongs to W,,"” () if
u € WP (Q) and if Dy = 0 on I" for all multi-indices « such that |o| < m — 1.

It is important to notice the distinction between Wé" P(Q) and W™P(Q) N W(} P (Q)
form > 2.

The Dual Space of W(} P(@)

Notation. We denote by W_l’p/(Q) the dual space of W(}’p(Q), 1 <p < oo, and
by H~!(Q) the dual of HJ (). The dual of L(Q) is identified with L?(2), but
we do not identify HO1 (2) with its dual (see Remark 3 in Chapter 5). We have the
inclusions

Hy(Q) C L*(Q) C H (),

where these injections are continuous and dense.
If Q2 is bounded then

Wy (@) c LAQ) c WP (@) if 2N/(N+2) < p < oo,

with continuous and dense injections. If €2 is not bounded, the same holds, but only
for the range 2N /(N +2) < p < 2.

The elements of W7’ are completely described by the following result:

Proposition 9.20. Let F € W=LP'(Q). Then there exist functions fo, f1, f2, ..., [N €
LP (2) such that

N
av 1
(F,U)Z/f0v+ /f'— Vv e Wy (),
Q ; o 0x; 0
and
IF) = max Il
If Q is bounded we can take fy = 0.

Proof. Adapt the proof of Proposition 8.14.

9.5 Variational Formulation of Some Boundary Value Problems

We are now going to use the previous setting in the study of some elliptic partial
differential equations (= PDESs) of second order.

Example 1 (homogeneous Dirichlet problem for the Laplacian). Let & C RY be an
open bounded set. We are looking for a function u : 2 — R satisfying
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—Au+4+u=f inS,

31
(3D u=0 onl =02,

where

N 92
E —2 = Laplacian of u,
: l

and f is a given function on Q. The boundary condition u = 0 on I is called the
(homogeneous) Dirichlet condition.

Definition. A classical solution of (31) is a function u € C?() satisfying (31) (in
the usual sense). A weak solution of (31) is a function u € HOl (R2) satisfying

(32) Jyvuves fm= [0 wen@
Q Q &
where Vu - Vv = ZzNzl %%'

We carry out the program described in Chapter 8.

Step A: Every classical solution is a weak solution.
Indeed, u € H'(Q)NC(Q)andu = 0 on T, so that u € HOl (2) by Theorem 9.17
(see also Remark 19). On the other hand, if v € CL! (2) we have

/Vu-Vv+fuv=/fv,
Q Q Q

and by density this remains true for all v € Hé ().

Step B: Existence and uniqueness of a weak solution.
This is the content of the following basic result.

e Theorem 9.21 (Dirichlet, Riemann, Poincaré, Hilbert). Given any f € L*(S),
there exists a unique weak solution u € HO1 (2) of 31). Furthermore, u is obtained by

1
min {—f(|Vv|2+|v|2)—/ fv}.
ver @ |2 Ja Q

This is Dirichlet’s principle.

Proof. Apply Lax—Milgram in the Hilbert space H = H& (£2) with the bilinear form
a(u,v) = / (Vu - Vv +uv)
Q

and the linear functional ¢ : v — fQ fu.

Step C: Regularity of the weak solution.
This question is delicate. We shall address it in Section 9.6.
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Step D: Recovery of a classical solution.

Assume that the weak solution u € HO1 (2) of (31) belongs to Cz(ﬁ), and assume
that Q is of class C!. Thenu = Oon ' (by Theorem 9.17). On the other hand,
we have

/(—Au+u)v:/ fv Yvecls
Q Q

and thus —Au + u = f a.e. on Q (by Corollary 4.24). In fact, —Au +u = f
everywhere on 2, since u € C 2(Q); thus u is a classical solution.

We describe now some other examples. In each case it is essential to specify
precisely the function space and the appropriate weak formulation.

Example 2 (inhomogeneous Dirichlet condition). Let & C RY be a bounded open
set. We look for a function u : Q2 — R satisfying

33) {—Au—i—u:f in 2,

u=g onl,

where f is given on €2 and g is given on I'. Suppose that there exists a function
g€ HY() N C(Q) such that*2 g = g on I and consider the set

K={veHY(Q); v-3eH(Q).

It follows from Theorem 9.17 that K is independent of the choice of g and depends
only on g. K is a nonempty closed convex set in H' ().

Definition. A classical solution of (33) is a function u € C2(Q) satisfying (33). A
weak solution of (33) is a function u € K satisfying

(34) /(Vu~Vv+uv) =/ fv VveHNQ).
Q Q
As above, any classical solution is a weak solution.

e Proposition 9.22. Given any f € L*(Q), there exists a unique weak solution
u € K of (33). Furthermore, u is obtained by

min{l/(Wvlz—l-vz)—/ fv}.
vek |2 Q Q

Proof. We claim that u € K is a weak solution of (33) if and only if we have

(35) /Vu~(Vv—Vu)+/u(v—u)Z/f(v—u) Yv e K.
Q Q Q

22 This assumption is satisfied, for example, if Q is of class C'and g € CI(I'). If Qis regular enough
it is not necessary to suppose that g € C(2). Applying the theory of traces (see the comments at
the end of this chapter), it suffices to know that g € HY(Q),ie., g€ H'2(T).
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Indeed, if u is a weak solution of (33) it is clear that (35) holds even with equality.
Conversely, ifu € K satisfies (35) we choose v = u+w in (35) withw € HOI(Q),and
(34) follows. We may then apply Stampacchia’s theorem (Theorem 5.6) to conclude
the proof.

The study of regularity and recovery of a classical solution follows the same pattern
as in Example 1.

Example 3 (general elliptic equations of second order). Let 2 C RY be an open
bounded set. We are given functions a;;(x) € C 1(9), 1 <i,j < N, satisfying the
ellipticity condition

(36) > aij(0EE = altl’, YxeQ, VEeRY witha > 0.
i,j=1
A function ag € C(Q) is also given. We look for a function u : @ — R satisfying
ZN: 0 <a au)—i—au f inQ
- T\ i ou = )
37 Py 0x; 0x;
u=0 onl.

A classical solution of (37) is a function u € C2() satisfying (37) in the usual
sense. A weak solution of (37) is a function u € HO1 (R2) satisfying

(38) fz du 9v /auv—/fv Vv e Hl ()
]Bxl ax] Q 0 h Q 0 '

As above, any classical solution is a weak solution. If ap(x) > 0 on 2 then for all
f € L?(Q) there exists a unique weak solution u € Hol: just apply Lax—Milgram in
the space H = HOl with the continuous bilinear form

du ov
a(u,v) = / Z ajj 8x, 8xj /S;aouv.

The coerciveness of a(, ) comes from the ellipticity assumption, the assumption
ap > 0, and Poincaré’s inequality. If the matrix (a;;) is also symmetric, then the form
a( , ) is symmetric and u is obtained by

) 1f< dv Jv 2) /
min { = aii——+apv- | — | fv
vey | 2 /e i,z=:1 Y oxi dx; ¢

We now consider a more general problem: find a function u : Q@ — R satisfying
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0 du .
_Z_( Uax!>+2al—+a0u—f in Q,

(39) iy 0%

u=0 onTl,

where the functions (g;;) € L°°(£2) satisfy the ellipticity condition and the functions
(ai)o<i<n are given in L*°(£2). A weak solution of (39) is a function u € H(} such
that

du 0v
(40) /leal,a)ﬁ o /Za,—v+/aouv_/ fv VveH.
The associated continuous bilinear form is
du Jv
41 V) = — .
@) aww) /QZJ s /ZalaXIv—i-/aouv

In general this form is not symmetric;?3 in certain cases it is coercive: one may then

use Lax—Milgram to obtain the existence and uniqueness of a weak solution. In the
general case—even without coerciveness—one still has the following.

Theorem 9.23. If f = 0, then the set of solutions u € HO1 of (40) is a finite-
dimensional vector space, say of dimension d. Moreover, there exists a subspace
F C L3(Q) of dimension d such that**

[(40) has a solution] < |:/ fv=0 Vve F:| .
Q

Remark 23. Suppose that the homogeneous equation associated to (40), i.e., with
f = 0, has u = 0 as its unique solution. Then for every f € L? there exists a
unique solution u € HO1 of (40).25 In particular, if ag > 0 on 2 one can show, by
a maximum-principle-type method, that f = 0 = u = 0. We thus deduce, under
only the hypothesis ag > 0 on € (and no assumption on g;, 1 < i < N), that for
every f € L? there exists a unique solution u € Hé of (40); see, e.g., D. Gilbarg—
N. Trudinger [1].

Proof. Fix A > 0, large enough that the bilinear form

a(u, v) —i—A/ uv
Q

is coercive on Hyy. For every f € L there exists a unique u € H,y satisfying

23 In dimension N there is no known device, as there is in one dimension, to reduce it to the
symmetric case.

24 In other words, (40) has a solution iff f satisfies d orthogonality conditions.

25 Note the close relationship between existence and uniqueness of solutions in elliptic problems.
This remarkable relationship is a consequence of Fredholm’s alternative (Theorem 6.6).
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a(u,<p)+)»/ up =/ fo Yepe H(}.
Q Q

Setu =Tf,sothat T : L2 > L?%isa compact linear operator (since €2 is bounded,
the injection Hé cL?is compact; see Theorem 9.16 and Remark 20). Equation (40)
is equivalent to

42) u=T(f+Au).

Set v = f 4 Au as a new unknown, and (42) becomes
3) v—2Tv=Ff.

The conclusion follows from Fredholm’s alternative.

Example 4 (homogeneous Neumann problem). Let Q2 C RY be a bounded domain
of class C'. We look for a function u : Q@ — R satisfying

—Au+u=f inQ,

44) du
— =0 onT,
on
where f is given on ; g—z denotes the outward normal derivative of u, i.e., g—z =

Vu - n, where n is the unit normal vector to I', pointing outward. The boundary
condition g—z = 0 on I is called the (homogeneous) Neumann condition.

Definition. A classical solution of (44) is a function u € C%(Q) satisfying (44). A
weak solution of (44) is a function u € H'(Q) satisfying

(45) /Vu-vU+/uv=/ fv Vve H(Q).
Q Q Q

Step A: Every classical solution is a weak solution.
Recall that by Green’s formula we have

3 _ _
(46) /(Au)v:/ —uvda—/ Vu-Vv VueCX(Q), VvecC (Q),
Q r on Q

where do is the surface measure on I'. If u is a classical solution of (44), then
u € HY(Q), and we have

/Vu~Vv+/uv=/fv VveC](ﬁ).
Q Q Q

We conclude by density (Corollary 9.8) that

/Vu~Vv+/uv=/fv VveHl(SZ).
Q Q Q
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Step B: Existence and uniqueness of the weak solution.

Proposition 9.24. Forevery fe L*(2), there exists a unique weak solutionu € H' (2)
of (44). Furthermore, u is obtained by

1
min {—/(|Vv|2+v2)—/ fv}.
veH (@) |2 Ja Q

Proof. Apply Lax—Milgram in H = H'(Q).

Step C: Regularity of the weak solution.
This will be discussed in Section 9.6.

Step D: Recovery of a classical solution.
If u € C%() is a weak solution of (44), we have from (46)

0 _
47) f(—Au+u)v+f Y vdo :/ fv YvecCcl Q.
Q ron Q
In (47) first choose v € CCl (€2) to deduce

—Au+u=f in Q.

Then return to (47) with v € C'(); one obtains
0 _
/ Modo =0 Vv e Cl@)
r on

and therefore g—z =0onT.

Example 5 (unbounded domains). In the case that 2 is an unbounded open set in RN
one imposes—in addition to the usual boundary conditions on I' = dQ2—a boundary
condition at infinity, for example u(x) — 0 as |x| — oo. This “translates,” at the
level of a weak solution, by the condition u € H 1 Of course, one must first prove
that if u is a classical solution such that u(x) — 0 as |x| — oo, then u must belong to
H' (see the discussion in Example 8 of Chapter 8). Here are a few typical examples:

(a) € =RV; given f € L>(R") the equation
—Au+u=f inRV
has a unique weak solution in the following sense:

ue H'@RY) and / w-w+/ uv:/ fv Vve H'®RV).
RN RN RN

(b) 2 =RY: given f € LZ(RK ) the problem
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—Au+u=f inRY,
u(x’,00=0 forx’' e RN,

has a unique weak solution in the following sense:
ue H)(Q) and f W.W+f uv =/ fv VveH(Q).
Q Q Q
)= Rf ; given f € Lz(Rﬁ ) the problem
~Au+u=f inRY,
0
L &,00=0 forx' eRVI,
8xN
has a unique weak solution in the following sense:

ue H (Q) and /Vu~Vv+/uU:/fv Vv e H\(Q).
Q Q Q

9.6 Regularity of Weak Solutions

Definition. We say that an open set Q2 is of class C™, m > 1 an integer, if for every
x € T there exist a neighborhood U of x in R" and a bijective mapping H : Q — U
such that

HeC"(Q), H'eC"U)., HWQEH=UNQ, H(Qy=UNT.
We say that 2 is of class C* if it is of class C™ for all m.

The main regularity results are the following.

e Theorem 9.25 (regularity for the Dirichlet problem). Letr Q2 be an open set of
class C? with T bounded (or else Q = Rﬁ). Let f € L*(Q) and let u € H(} ()
satisfy

(48) /ww+/ ugo:/ fo Yo e H}(Q).
Q Q Q

Then u € H*(2) and lull g2 < C|| fll 2, where C is a constant depending only on
Q. Furthermore, if Q is of class C" 2 and f € H™ (), then

ue Hm+2(Q) and ||M||Hm+2 S C“f”Hm

In particular, if f € H™ () withm > N /2, thenu € C?(Q). Finally, if Q is of class
C®andif f € C®(RQ), thenu € C*(L2).



9.6 Regularity of Weak Solutions 299

Theorem 9.26 (regularity for the Neumann problem). With the same assumptions
as in Theorem 9.25 one obtains the same conclusions for the solution of the Neumann
problem, i.e., for u € H'(Q) such that

(49) /Vu-V(p+/u(p=f fo Vo e H(Q).
Q Q Q

Remark 24. One would obtain the same conclusions for the solution of the Dirichlet
(or Neumann) problem associated to a general second-order elliptic operator, i.e., if
u € Hj () is such that

au 8<p du 1
T = Yo € Hy(R2);
/Z ”ax, 8x] /gZXi:alaxinr/anuw /Qﬂp ¢ € Hy(£)

then26
[f e L2(Q), a;eC(Q) and a € C(Q)]=ue HX(Q),
and form > 1,
[f € H"(Q),a;; € C"T'(Q) and a; € C"(Q)] = u € H"X(Q).

We shall prove only Theorem 9.25; the proof of Theorem 9.26 is entirely analo-
gous. The main idea of the proof is the following. We consider first the case 2 = RV,
then the case 2 = Rﬁ . For a general domain €2 we proceed in two steps:

1. Interior regularity, i.e., u is regular on every domain w CC £2. Here, the proof
follows the same pattern as Q = R,

2. Boundary regularity, i.e., u is regular on some neighborhood of the boundary.
Here, the proof resembles, in local charts, the case 2 = Rﬁ .

We recommend that the reader study well the cases 2 = RY and Q = Rﬁ before
tackling the general case. The plan of this section is the following:

A. The case @ = RV,
B. The case 2 = Rﬁ.
C. The general case:
C;. Interior estimates.
C,. Estimates near the boundary.

The essential ingredient of the proof is the method of translations*’ due to
L. Nirenberg.

A. The case 2 =RV,

Notation. Given i € RV, h # 0, set

26 If © is not bounded we must also assume that D%ajj € L*(Q) Va,|a| <m+1and D%q; €
L>®(Q) Va, |a| < m.

27 Also called the technique of difference quotients.
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1 h) —
Dju = m(rhu —u), ie., Duulx)= W

In (48) take ¢ = D_j,(Dyu). This is possible, since ¢ € H'(RY) (since u €
HYRY)); we obtain

/|VDhu|2+/|Dhu|2=/foh<Dhu>

(50) IDpul 3y < I 12 D (Dpio) 2.

and thus

On the other hand, recall (Proposition 9.3) that
G ID_pvl2 < IVvll2 Vv e H'.
Using this with v = Dju, we obtain

IDwul 3 < 1121V (Do) |12,

and consequently
[ Dnutll g = 1 l2-

In particular,

<Ifllz Vi=1,2,...,N.

0
(52) H Dy
2

8x,~

Applying Proposition 9.3 once more, we see that - ‘)“ € H! and thus u € H.

We now prove that f € H! = u € H3. We denote by Du any of the derivatives
,1 <i < N.We already know that Du € H'. We have to prove that Du € H?.
For this it suffices to verify that

(53) / V(Du)- Vo + / (Duyp = / (Df)p Vg e H'

(and then we may apply to Du the preceding analysis, which gives Du € H?).
Ifp e C¥ (R™) we may replace ¢ by D in (48); it becomes

/VM-V(Dw)+/uD<p=/fD¢,

/ V(Du) - Vg + / (Du)g = / (Df)p Vg € CRY),

and thus
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This implies (53), since C2°(RY) is dense in H'(RY) (Proposition 9.2).

To show that f € H™ = u € H™*? it suffices to argue by induction on m and
to apply (53).

B. The case = Rf.

We use again translations, but only in the tangential directions, i.e., in a direction
h € RVN=1 x {0}: we say that & is parallel to the boundary, and denote this by % || T.
It is essential to observe that

ue H)(Q) = tue H(Q) ifh|T.

In other words, HO1 (R2) is invariant under tangential translations.
We choose & || T" and insert ¢ = D_j,(Dpu) in (48); we obtain

/ |V (Dyu)|? + / | Dyul? = / f D_y(Dyu),
ie.,
(54 IDhull3 < 1L f ll2ll D (Dpu) 2
We use now the the following lemma.
Lemma 9.6. We have
IDrvll 2y < IVl 2 Yve H'(Q), Vh|T.
Proof. Start with v € C C] (R™) and follow the proof of Proposition 9.3 (note that
Q+th=Qforallt and all & || T). For a general v € H'(Q) argue by density.
Combining (54) and Lemma 9.6, we obtain
(55) [Dpullgr < I fll2 VR T.

Letl <j<N,1<k<N-—1,h=|hle, and ¢ € C°(2). We have
au ap
Dil—)o=—[uD_)y =
/h<3x.i)(p /u h<8xj>

0

Jeoa(52)

3)Cj

Passing to the limit as 4 — 0, this becomes

32
(56) ‘ [ y—?
0xj0xg

Finally, we claim that

and thanks to (55),
< Ifl2 llell2.

=Ifll2llell2 Vl=j<N, Vi<k=N-1
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82<p o
(57) u8—2 = Ifll2 llell2 Vo € C7(€2).
To prove (57) we return to equation (48) and deduce that
N-—1 2(ﬂ
/ <3| [22 +U(f—u)<p < CIfla ol
BxN Pyt

from (56). Combining (56) and (57), we end up with

[
u
ijaxk

As a consequence, u € H 2(Q), since there exist functions fix € L2(2) such that

/ 8x,8x /f/k¢ Yo e C7(82)

(as in the proof of Proposition 8.3).

<Clfll2 lellz Yo € C(Q), V1<) k=<N.

We show finally that f € H™(Q2) = u € H™2(Q). By Du we mean any one
of the rangential derivatives Du = 5’7"], 1 < j < N — 1. We first establish the

following result.

Lemma 9.7. Let u € H*(Q) N HJ (Q) satisfying (48). Then Du € H}(Q) and,
moreover,

(58) / V(Du) - Vo + / (Duyp = / (Df)g Vo € HY(Q).

Proof. The only delicate point consists in proving that Du € HOI(Q), since (58) is
derived from (48) by choosing D¢ instead of ¢ (with ¢ € C2°(£2)) and then arguing
by density. Let h = |hlej, | < j < N — 1, so that Dyu € Hy (since Hj is invariant
under tangential translations). By Lemma 9.6 we have

[ Drullgr < llullg2-

Thus there exists a sequence i, — 0 such that D, u converges weakly to some g
in H(} (since H(} is a Hilbert space). In particular, Dy, u — g weakly in L?. For

@ € C°(2) we have
/(Dhu)fp = /u(D—h¢)

and in the limit, as 4#,, — 0, we obtain

9
/g<p=—/u—¢’ Vo € CX(Q).
ij
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Therefore, 537“, =g € H} (Q).

Proof of f € H™ = u € H™*2. This is by induction on m. Assume the claim up
to order m, and let f € H™t!. We already know that u € H"12; also Du (any
tangential derivative) belongs to HO1 (€2) and satisfies (58). Applying the induction

assumption to Du and Df, we see that Du € H™*2. To conclude it suffices, for
9%u
8x,2v
equation (48), which we write

example, to check that € H™T!. For this purpose we return once more to

9%u N1 a2,
=N fu— fe "
8x12V ; axf f

C. The general case.

We prove only that f € L*(Q2) = u € H*(RQ); the implication f € H" = u €
H"*2 is done by induction on m as in Cases A and B. To simplify the presentation
we assume that €2 is bounded. We use a partition of unity and write u = Z{‘C:O Oiu
as in the proof of Theorem 9.7.

C;. Interior estimates.

We claim that gu € H?(S2). Since Ooio € C°(R2), the function fpu extended by 0
outside €2 belongs to H! (RN) (see Remark 4(ii)). It is easy to verify that Opu is a
weak solution in RY of the equation

—A(Bou) + Bou = 6o f — 2V60 - Vu — (Abo)u = g,
with g € LZ(RY). We deduce from Case A that Opu € H*(R") and
160l g2 < CUIfll2 + llullg1) < C'lIfll2

(since Jlullg1 < [ fl2 by (48)).

C,. Estimates near the boundary.
We claim that 6;u € H 2(Q) for 1 < i < k. Recall that we have a bijective map
H : Q — U; such that

HeCXQ), J=H'eC?U), H(Q4) =QnU;, and H(Qo) =TINU;.

We write x = H(y) and y = Hl(x) = J(x). Itis easy to verify that v = Qju €
Hé (2 N U;) and that v is a weak solution in 2 N U; of the equation

—AV =6 f — G —2V6; - Vu — (A = g,

with g € L2(Q N U;) and gl < C| f|l2. More precisely, we have

(59) / Vv - Vedx = / gpdx Vg € HJ(QNU;).
QNOU; QNU;
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We now transfer viony; to Q4. Set

w(y) =v(H(y)) fory € Oy,

ie.,
w(Jx) =v(x)forx € QNU;.

The following lemma—which is fundamental—shows that equation (59) becomes
a second-order elliptic equation for w on Q.8

Lemma 9.8. With the above notation, w belongs to HO1 (Q+) and satisfies

dw AV _
(60) > f agg———dy = / gydy Yy € Hy(Q4),
ke=1Y 9+ dyk dye O+

where®® § = (g o H)|detlac H| € L*>(Q4.) and the functions ay; € C' (§+) satisfy
the ellipticity condition (36).

Proof. Let ¥ € HJ(Q4) and set ¢(x) = ¥(Jx) for x € Q N U;. Then ¢ €
Hj(QNU;) and

dv Jw 0Jg ap _ Z oy dJy

ax; - p B_yka ax; dye 0xj

)
Thus

0Jr 0Jp dw 0
QnU; enu; i1 0x; 0x; dyk dye

3y 8Jg dw
=f i 9Je 9w IVt vac Hdy
Q*j,k,e 0xj 0x;j dyk dye

from the usual change-of-variables formulas in an integral. As a consequence,

dw 9
61) f Vv-wdx:/ Zakg—w—wdy,
Qny; 0+ 1 Oy dye

with age = 32 ; 57 5t [ detJac H.

We note that ag € C! (§+) and that the ellipticity condition is satisfied, since for
all ¢ € RN, we have

28 More generally, if we start with an elliptic equation for v we end up with an elliptic equation for
w: the ellipticity condition is preserved under change of variables.

29 detJac H denotes the Jacobian determinant, i.e., the determinant of the Jacobian matrix Jac H =
JH;
(5.
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Zakeék& = |detlac H| Z Z a_k
k.l %

J
with a > 0, since the Jacobian matrices Jac H and Jac J are not singular.
On the other hand, we have

2
>Ol|$|

(62) / godx = (g o H)yr|detlac H|dy.
QNU; 0+

Combining (59), (61), and (62) we obtain (60). This completes the proof of
Lemma 9.8.

We now return to the proof of the boundary estimates and show that w € H2(Q.)
with3? lw| g2 < Cllgll2. This will imply, by returning to €2 N U;, that 6;u belongs
to H>(Q N U;) and thus, in fact, to H>(2) with ||6;u|| ;2 < C|| f]l2.

As in Case B (2 = Rﬁ), we use tangential translations. In (60) choose ¢ =
D_y(Dyw) with h || Qo, and |h| small enough that ¥ € Hj (Q4).3! We obtain

d -
(63) Z/ Dh( k!i—) a—ye(th)z/;ergD—h(th)-

But
(64) / gD_p(Dpw) < 1gll2l D—p(Drw)ll2 < 121121V Drwll2
(O3S

(by Lemma 9.6).
On the other hand, write

Jw
Dy, (akea> ) =are(y + h)—th()’) + (Dpare(y)) —(y)

and as a consequence we have
0
(65) Z/ Dy (au—) 3y, (Pr) 2 VDI = Cllwl IV Dyl

Combining (64) and (65), we obtain
(66) IVDpwll2 < C(lwligr + 11gl12) < Cligll2

(noting that because of (60) and Poincaré’s inequality, ||w| g1 < C| g|l2). We deduce
from (66)—as in Case B—that

30 1n the following we denote by C various constants depending only on ag.
31 Recall that suppw C {(x’, xy); |x'| < 1 —8and 0 < xy < 1 — 8} for some § > 0.
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(67) ’/Q+58_

To conclude that w € H*(Q) (and lw]l g2 < Clgll2) it remains to show that

0
68) ' / w oy
0, dyn Iyn
For this purpose we return to the equation where we replace ¥ by (1/ayy)¥

W e CJ(Q+)); this is possible, since ayy € C1(§+) and ayy > a > 0. It
becomes

dw 3 [ W ) F / dw 9 ( " )
ayyn—— [ — ) = | =2y — 2 (2,
f 3yN dyn (aNN ann Z 3yk dye \ann

<Clgl ¥l V¥ € CLQ4), VY, €) # (N, N).

< Cligll2 Iy ll2 Vi € CHQ).

(k,6)£(N,N)
that is,
ow oy 3
- [
ayn 3yN aNN ann
¥
(69) + a_ ( ) —
(*, Z)#N N) e
B Z 3 B ( )
(k,&)£(N,N) a 9ye

Combining (67)%2 and (69), we obtain

Jw 0d
‘/ w oy < C(lwllg + gD Y¥ € CLQ4).
0, IyN dyn

This establishes (68) and completes the estimates near the boundary.

Remark 25. Let  be an arbitrary open set and let u € H' () be such that
/ Vu -V :/ fo Yo e CX(Q).
Q Q
We suppose that f € H™(€2). Then fu € H™2(Q) for every 6 € C2°(R2): we say
that u € Hl'('fj 2(Q). To prove this it suffices to proceed as in Case C; and to argue

by induction on m. In particular, f € C®(Q) = u € C®().>3

The same conclusion holds for a very weak solution in the sense that u € L?(2)
is such that

32 We use (67) with (axeann)V instead of .

33 But in general, we cannot say that, for example, u € C(Q) (even if Q and f are very smooth),
since no boundary condition has been prescribed.
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—/qu:/fgz) Vo € CZ(Q).
Q Q

(The proof is a little more delicate; see, e.g., S. Agmon [1].) We emphasize the local
nature of the regularity results in elliptic problems. More precisely, let f € L?(R2)
and letu € HO1 (£2) be the unique weak solution of

/Vngo—i—/u(p:/f(p V(peH(}(Q).
Q Q Q

Fix o CC ; then u, depends on the values of f in all of Q—and not only the
values of f in w.3* By contrast, the regularity of U, depends only on the regularity
of fiw- For example, f € C®°(w) = u € C*®(w) even if f is very irregular outside
w. This property is called hypoellipticity.

Remark 26. From a certain point of view, the regularity results are a little surprising.
. . . 2
Indeed, an assumption made on Au, i.e., on the sum of the derivatives > k gx—g’ , forces
k

2u

a conclusion of the same nature for all the derivatives 33_ I individually.
L J

9.7 The Maximum Principle
The maximum principle is a very useful tool, and it admits a number of formulations.

We present here some simple forms.
Let  be a general open subset of RV .

e Theorem 9.27 (maximum principle for the Dirichlet problem). Assume 3 that
FeLl*Q) and ue H(Q)NCK)
satisfy
(70) /Vu~V(p+/ugo:ff<p Vo € Hy ().
Q Q Q

Then for all x € L,

min{inf u, inf f} < u(x) < max { sup u, sup f} .
r Q r Q

(Here and in the following, sup = essential sup and inf = essential inf.)

Proof. We use Stampacchia’s truncation method. Fix a function G € C!'(R) such
that

34 For example, if f > 0in Q, f = 0inw, and f > 0 in some open subset of £, then u > 0 in
(and thus on w); see the strong maximum principle in the comments at the end of this chapter.

35 If Q is of class C! one can remove the assumption u € C () by invoking the theory of traces,
which gives a meaning to u | (see comments at the end of this chapter); also if u € HOl (2) the
assumption u € C (2) can be removed.
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i) IG'()| =M Vs eR,
(ii) G is strictly increasing on (0, 4+-00),
(iii) G(s) =0 Vs <O0.

Set
K = max { supu, supf}
r Q
and assume K < oo (otherwise there is nothing to prove). Let v = G(u — K).
We distinguish two cases:

(a) The case |2| < 0.

Then v € H'(2) (from Proposition 9.5 applied to the fun_ction t— Gt —K)—
G(—K)). On the other hand, v € Hol(Q), since v € C(2) and v = 0 on I" (see
Theorem 9.17). Plug this v into (70) and proceed as in the proof of Theorem 8.18.

(b) The case |2| = oo.

We have then K > 0 (since f(x) < K a.e.in Q and f € L? imply K > 0). Fix
K’ > K. By Proposition 9.5 applied to the function t > G(t — K’) we see that
v=Gu — K') € H' (). Moreover, v € C(Q) and v = 0on I'; thus v € Hol(Q).
Plugging this v into (70) we have

1) / \Vul2G'(u — K') +/ uGu — K’y = [ FGu —K).
Q Q Q
On the other hand, G(u — K') € L' (), since3°

0=<Gu—K') =< Mul,

and on the set [u > K'] = {x € Q; u(x) > K’} we have

K’/ |u|§/u2<oo.
u>K'] Q

We conclude from (71) that
/(u - K)Gu—-K') < / (f = K"NGu—-K") <0.
Q Q

It follows thatu < K" a.e.in Q and thusu < K a.e.in Q (since K’ > K is arbitrary).
e Corollary 9.28. Let f € L*(Q) and u € H' () N C(Q)* satisfy (70). We have

(72) [u=>0o0nT and f >0in Q2] = [u > 0in 2],

(73) llull Loy < max{|lullzeoy, I fllLew))-

36 Because G(u — K') — G(—K') < M|u| and G(—K') =0 as —K’ < 0.
37 As above, the assumption u € C () can be removed in certain cases.
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In particular,
(74) iff=0inQ, then |lullpoq) < lullLem),
(75) ifu=0o0nT, then |lullLe) < Il fllLe)-

Remark 27. If Q2 is bounded and u is a classical solution of the equation
(76) —Au+u=finQ

one can give another proof of Theorem 9.27. Indeed, let xo € Q be a point such that
u(xo) = maxg u

(1) If xo € T', then u(xp) < supru < K.
(1) If xg € 2, then Vu(xg) = 0 and %(xo) < Oforalll <i < N, so that
Au(xp) < 0. From this, using equationl (76) we have

u(xg) = f(xo) + Au(xg) < f(xo) < K.

This method has the advantage that it applies to general second-order elliptic
equations. For example, the conclusion of Theorem 9.27 holds for

(77) —Z o <ljax)+2a,—+u_f in Q.
i,j=1 !

Note that if xg € €2, then

N 2

d0“u
> 41 (1) g () < 0

i,j=1

indeed, by a change of coordinates (depending on x() one can reduce this to the case
in which the matrix a;;(xo) is diagonal. The conclusion of Theorem 9.27 remains
true for weak solutions of (77), but the proof is more delicate; see D. Gilbarg—
N. Trudinger [1].

Proposition 9.29. Suppose that the functions a;; € L°°(2) satisfy the ellipticity

condition (36), aﬁd that a;, ag € L°°(R) withag > 0in Q. Let f € L%(Q) and
u e H'(Q) N C(Q)® be such that

du dg
(78) fglza”ax, o, /Zaz—¢+/aou¢ ffso Vo € Hy ().

Then

(79) [u>=00onTand f >0in Q] = [u > 0in QJ.

38 As above, the assumption u € C () can be removed in certain cases.
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Suppose that ay = 0 and that 2 is bounded. Then

(80) [szinQ]:>[uz infu insz}

and

(81) [f:OinQ]:>|:i111fu§supu inQ].
r

Proof. We prove this result in the case a; = 0, 1 <i < N; the general case is more
delicate (see D. Gilbarg—N. Trudinger [1], Theorem 8.1). To establish (79) is the
same as showing that

(79" [u<OonTand f <0in Q] = [u < 0in Q].
We choose ¢ = G (u) in (78) with G as in the proof of Theorem 9.27; we thus obtain

f Z ou Ju G ) <0,

dii— —
i dx; 0
and so
/ IVu|>G'(u) < 0.
Q
Set H(t) = [y[G'(5)]'/?ds, so that
H@u) e Hi () and |[VH@w)]> = |Vu|*G'(u) = 0.

It follows®® that H (1) = 0 in 2 and hence u < 0 in .

We now prove (80) in the following form:

(80" [ffOinQ]:[ufsupuinQ].
r

Set K = supp u; then (u — K) satisfies (78), since aqg = 0 and (v — K) € H' (),
since €2 is bounded. Applying (79'), we obtain u — K < 0 in £, i.e., (80"). Finally,
(81) follows from (80) and (80’).

Proposition 9.30 (maximum principle for the Neumann problem). Let f €
L*(Q) and u € H'(Q) be such that

/Vu~Vgo+/u(p=/f<p V(peHl(Q).
Q Q Q

39 Note that if f € Wy”(Q) with 1 < p < coand V f = 0in Q, then f = 0 in Q. Indeed, let f be
the extension of f by 0 outside 2; then f e whP(RN) and Vf = V f = 0 (see Proposition 9.18).
As a consequence, f is constant (see Remark 7), and since f € LP(RN), f 0.
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Then we have, for a.e. x € €,

inf f <u(x) <sup f.
£ Q

Proof. Analogous to the proof of Theorem 9.27.

9.8 Eigenfunctions and Spectral Decomposition

In this section we assume that 2 is a bounded open set.

e Theorem 9.31. There exist a Hilbert basis (en)n>1 of L*(Q) and a sequence
(An)n>1 of reals with A, > 0 Vn and A, — 400 such that

(82) en € H) () N C®(RQ),
(83) —Ae;, = Ae, in Q.

We say that the A,’s are the eigenvalues of — A (with Dirichlet boundary condition)
and that the ey, ’s are the associated eigenfunctions.

Proof. Given f € L*(Q) let u = Tf be the unique solution u € H(}(Q) of the
problem

(84) /w.w:/ fo Yo e Hi(Q).
Q Q

We consider T as an operator from L%(2) into L?($2). Then T is a self-adjoint
compact operator (repeat the proof of Theorem 8.21 and use the fact that HO1 Q) C
L%(Q) with compact injection). On the other hand, N(T) = {0} and (T'f, f);2 =0
Vf e L?. We conclude (applying Theorem 6.11) that L> admits a Hilbert basis (e,,)
consisting of eigenfunctions of T associated to eigenvalues (u,) with w, > 0 Vn
and u,, — 0. Thus we have ¢, € H(} (R2) and

1
fVen-Vq):—/engo Vo € Hy ().
Q Mn JQ

In other words, e, is a weak solution of (83) with A,, = 1/u,. From the regularity
results of Section 9.6 (see Remark 25) we know thate, € H?(w) for everyw CC Q.1t
follows thate,, € H*(w) for every w CC Qandthene, € H6(w) foreveryw CC €2,
etc. Thus e, € Np>1 H™(w) for all @ CC Q2. As a consequence, e, € C*(w) for
allw CC Q,i.e., e, € C®(Q).

Remark 28. Under the assumptions of Theorem 9.31, the sequence (ey/~/An)
is a Hilbert basis of HOI(Q) equipped with the scalar product fQ Vu - Vo,
and (e,/+/A, + 1) is a Hilbert basis of H] (2) equipped with the scalar product
fQ (Vu - Vv + uv). Indeed, it is clear that the sequence (e, /+/A,) is orthonormal
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in HO1 (£2) (use (83)). It remains to verify that the vector space spanned by the e,’s
is dense in HO1 (2). So, let f € Hol(Q) be such that (f, en)HO1 = 0 Vn. We have to

prove that f = 0. From (83) we have A, [, f = 0 Vn and consequently f = 0
(since (e,) is a Hilbert basis of L2($2)).

Remark 29. Under the hypotheses of Theorem 9.31 (for a general bounded domain
€2) it can be proved that e, € L°°(£2). On the other hand, if € is of class C* then
e, € C°(RQ); this results easily from Theorem 9.25.

Remark 30. Let a;; € L*°(R2) be functions satisfying the ellipticity condition (36)
and let agp € L (2). Then there exists a Hilbert basis (e,,) of L2(2) and there exists
a sequence (A,) of reals with A,, — 400 such that ¢, € H(} (2) and

de, 0
fz /ﬁ L4 /aoenwzknfenw V(peH&(Q).
Bx, 8x] Q Q

Comments on Chapter 9

This chapter is an introduction to the theory of Sobolev spaces and elliptic equations.
The reader who wishes to dig deeper into this vast subject can consult an extensive
bibliography; we cite among others, S. Agmon [1], L. Bers—F. John—M. Schechter [1],
J.-L. Lions [1], J.-L. Lions—E. Magenes [1], A. Friedman [2], M. Miranda [1], G. Fol-
land [1], F. Treves [4], R. Adams [1], D. Gilbarg—N. Trudinger [1], G. Stampac-
chia [1], R. Courant-D. Hilbert [1] Vol. 2, H. Weinberger [1], L. Nirenberg [1],
E. Giusti [2], L. C. Evans [1], M. Giaquinta [1], E. Lieb-M. Loss [1], M. Taylor [1],
W. Ziemer [1], O. Ladyzhenskaya—N. Uraltseva [1], N. Krylov [1], [2], V. Maz’ja [1],
C. Morrey [1],Y. Z. Chen-L. C. Wu [1], E. DiBenedetto [1], Q. Han-F. H. Lin [1],
J. Jost [1], W. Strauss [1], and the references in these texts.

1. In Chapter 9 we have often supposed that Q is of class C!; this excludes, for
example, the domains with “corners.” In various situations one can weaken this
hypothesis and replace it by somewhat “exotic” conditions: €2 is piecewise of class
C!, Q is Lipschitz,  has the cone property, 2 has the segment property, etc.; see,
for example, R. Adams [1] and S. Agmon [1].

2. Theorem 9.7 (existence of an extension operator) can be adapted to the spaces
WP (Q) (2 of class C™) with the help of a suitable generalization of the technique
of extension by reflection; see, e.g., R. Adams [1] and S. Agmon [1].

3. Some very useful inequalities involving the Sobolev norms.

e A. Poincaré-Wirtinger’s inequality. Let Q be a connected open set of class C'
and let 1 < p < o0. Then there exists a constant C such that

1
lu—ul, <ClVull, Yue WlP(Q), where i = ﬁf u



9.8 Comments on Chapter 9 313
From this is deduced, because of the Sobolev inequality, that if p < N,

lu— il < ClIVull, Yue WP ().

e B. Hardy’s inequality. Let  be a bounded open set of class C! and let 1 < p
< 00. Set d(x) = dist(x, I'). There exists a constant C such that

E

[u € WhP(Q) and (u/d) € LP(Q)] = [u € W, (Q)];

<C|Vull, Vue W,"(Q).
p

Conversely,

see J. L. Lions—E. Magenes [1].

e C. Interpolation inequalities of Gagliardo—Nirenberg. We mention only some
examples that are encountered frequently in the applications. For the general case
see L. Nirenberg [1] or A. Friedman [2].

To fix ideas, let 2  R" be a regular bounded open set.

Example 1. Let u € LP(2) N W' () with 1 < p < oo and 1
uewha (R2), where g is the harmonic mean of p and r,i.e., - =

o0¢o. Then

< 0.
( +%),and

ISP
ST

Q=

172 172
[Dullrs = Cllullyz, lullp

Particular cases:
(a) p = 00, and thus g = 2r. We have

1/2 1/2

[Dullze < Cllull s, llull o

This inequality can be used, among other things, to show that W2" N L is an
algebra, that is to say,

u,ve W NL® = yv e W' NL®

(this property remains true for W' N L°° with m an integer, m > 2).
(b) p =g =r. We have

1/2 1/2

Dullzr < Cllully, lully

from which one deduces in particular that
IDullLr < el|D*ullLr + CellullLr Ve > 0.
Example 2. Let 1 < g < p < oco. Then

85 lullee < Cllullz Nl n  Yue WhN(Q), where a=1-(q/p).
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We note the particular case that is used frequently
N=2, p=4 g¢q=2, and a=1/2,

that is to say,
1/2
L2

1/2

o Yue H(Q).

lullps < Cllull 5 [lull

We remark, in this connection, that we have also the usual interpolation inequality
(Remark 2 of Chapter 4)

lulle < lull o lulfe  with a=1-(q/p).
but it does not imply (85), since W'V is not contained in L>°.

Example 3. Let1 < g < p <ooandr > N.Then

(86) lullir < Cllul g Nulfy, Yue W' (Q),
1 1y /,1 1 1

where a = (5 — ;)/(E + N ;).

e 4. The following property is sometimes useful. Letu € W7 (Q) with 1 < p < 00
and 2 any open set. Then Vu = 0 a.e. on the set {x € Q; u(x) = k}, where k is any
constant.

x 5. The functions in W7 () are differentiable in the usual sense a.e. in 2 when
p > N.More precisely, let u € W7 (Q) with p > N.Then there exists aset A C
of measure zero such that

o ou(x+h)—ulx)—"h-Vulx)
lim
h—0 |h]

=0 VxeQ\A.

This property is not valid when u € WP () and p < N(N > 1). On this question
consult E. Stein [1] (Chapter 8).

6. Fractional Sobolev spaces.
One can define a family of spaces intermediate between L” () and W17 (). More
precisely,if 0 <s <1 (s e R)yand 1 < p < oo, set

|u(x) —uy)l

S, p — p .
WP (Q) = {ueL @ T

eLP(QXQ)},

equipped with the natural norm. Set H*(2) = W*?2(). For studies of these spaces,
see, e.g2., R. Adams [1], J.-L. Lions—E. Magenes [1], P. Malliavin [1], H. Triebel [1],
and L. Grafakos [1]. The spaces W* 7 (£2) can also be defined as interpolation spaces
between W7 and L”, and also using the Fourier transform if p =2 and @ = RV,

We define finally W* 7 (Q2) for s real, s not an integer, s > 1 as follows. Write
s = m + o with m = the integer part of s, and set

WSP(Q) = {u € W"P(Q); D®u € WP(Q) Va with || = m}.
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By local charts one also defines W*:?(I"), where I is a smooth manifold (for example
the boundary of a regular open set). These spaces play an important role in the theory
of traces (see Comment 7).

¢ 7. Theory of traces.
Let 1 < p < co. We begin with a fundamental lemma.

Lemma 9.9. Let Q2 = Rﬁ . There exists a constant C such that

1/p
<‘AA{N1 |u(x/,0)|de/> < C”M”WLP(Q) Yu e CCI(RN)

Proof. Let G(t) = |t|P~ 't and letu € C}(R"). We have

+oo g
Gu(x',0) = —/ —Gu(x', xy))dxn
0o Oxn
too u
= —/ G'(u(x', xn)— (', xn)dxy.
0 oxn
Thus

o0
lu(x’, 0)|P < p/ lu(x’, xy) P~ dxy
0

<C (/ lu(x", xy)|Pdxy +/ ‘—(x/,xzv)
0 o |dxy

and the conclusion follows by integration in x’ € RV 1,

ou
— (&, xN)
axN

p
de) ,

It can be deduced from Lemma 9.9 that the map u +— wur with I' = Q2 =
RN=! x {0} defined from C!(RY) into LP(T') extends, by density, to a bounded
linear operator of W7 () into LP(I"). This operator is, by definition, the frace of
u on I'; it is also denoted by u/r.

We remark that there is a fundamental difference between L? (Rﬁ) and WP (Rﬁ ):
the functions in LP (Rﬁf ) do not have a trace on I'. One can easily imagine—using
local charts—how to define the trace on I' = 3 for a function u € W7 () when
Q is a regular open set in RV (for example, 2 of class C! with T bounded). In this
case u;r € LP(T") (for the surface measure do). The most important properties of
the trace are the following:

() Ifu € WHP(Q), then in fact uyr € W!'=(/P)-P(T") and
luie lwi-amp@y < Cllullwig Yu e WHP(Q).
Furthermore, the trace operator u > ur is surjective from wbhP(Q) onto
wli=/p).r(r).

(ii) The kernel of the trace operator is WO1 P(Q), ie.,

Wy P (Q) = {u € WhP(Q); ujr = 0}
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(iii) We have Green’s formula

ou v - - 1
—v=— [ u—+ | uv(n -e¢;)doc Vu,ve H (Q),
Q 0xi o oxi Jr

- . . .
where n is the outward unit normal vector to I". Note that the surface integral has a
meaning, since u, v € LZ(F).
In the same way we can speak of g—": for a function u € W2P(Q): set S—Z =

(Vu)r - 1_1) which has a meaning since (Vu)|r € LP(T)N, and g—z € LP(I") (in fact
g—”j e Wi=U/pP).r(1). Also Green’s formula holds:

3
—/(Au)v:/ W-W—/ Modo Vu,v e HXQ).
Q Q ron

(iv) The operator u +— {u|r, g—";} is bounded, linear, and surjective from W2P(Q)
onto W2=U/P-p(1) x wl=(/P)}-P(T"). On these questions, see J.-L. Lions—E. Ma-
genes [1] for the case p = 2 (and the references cited therein for the case p # 2).

8. Operators of order 2m and elliptic systems.

The existence and regularity results proved in Chapter 9 extend to elliptic operators
of order 2m and to elliptic systems.*” One of the essential ingredients is Gérd-
ing’s inequality. On these questions, see S. Agmon [1], J.-L. Lions—E. Magenes [1],
S. Agmon-A. Douglis-L. Nirenberg [1]. The operators of order 2m and certain sys-
tems play an important role in mechanics and physics. We point out, in particular, the
biharmonic operator A2 (theory of plates), the system of elasticity, and the Stokes
system (fluid mechanics); see for example Ph. Ciarlet [1], G. Duvaut-J.-L. Lions [1],
R. Temam [1], J. Necas—L. Hlavacek [1], M. Gurtin [1].

9. Regularity in L? and C%“ spaces.
The regularity theorems proved in Chapter 9 for p = 2 extend to the case p # 2.

e Theorem 9.32 (Agmon-Douglis-Nirenberg). Suppose that Q is of class C* with
I" bounded. Let 1 < p < oo. Then for all f € LP(2), there exists a unique solution

uewr)n Wol""(Q) of the equation

(87) —Au+u=f inQ.

Moreover; if 2 is of class C"™ 2 and if f € W™P(Q) (m > 1 an integer), then
we W™ 2r(Q) and |ulynizp < Cllfllwmr.

There is an analogous result if (87) is replaced by a second-order elliptic equation
with smooth coefficients. The proof of Theorem 9.32 is considerably more compli-
cated than the case p = 2 (Theorem 9.25). The “classical” approach rests essentially
on two ingredients:

40 But the maximum principle does not, except in very special cases.
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(a) A formula for an explicit representation of u using the fundamental solution.
For example, if Q@ = R3, then the solution of (87) is given by u = G  f, where

G(x)=ﬁe_"‘l.Sothatformally, u_ _ _0°G » 032G

3){,‘3){1' - ax,-axj 3xiaxj‘ does

* [ “unfortunately

not belong to L!(R?),*! because of the singularity at x = 0, and one cannot apply
elementary estimates on convolution products (such as Theorem 4.15).

(b) To overcome this difficulty one uses the theory of singular integrals in LP
due to Calderon—Zygmund (see, for example, E. Stein [1] and L. Bers—F. John—
M. Schechter [1]).

Warning: the conclusion of Theorem 9.32 is false for p = 1 and p = oo.

Another basic regularity result, in the framework Holder spaces,42 is the following.

e Theorem 9.33 (Schauder). Suppose that Q2 is bounded and of class C 2. with
0 < o < 1. Then for every f € C%%(Q) there exists a unique solution u € C>%(2)
of the problem

88) —Au+u=f inQ,
u=0 onT.

Furthermore, if 2 is of class C"™ 2% (m > 1 an integer) and if f € C™*(RQ), then
u e C"2NQ) with |ullemiza < C|lf|lcme.

An analogous result holds if (88) is replaced by a second-order elliptic oper-
ator with smooth coefficients. The proof of Theorem 9.33 rests—as does that of
Theorem 9.32—on an explicit representation of u# and on the theory of singular
integrals in C 0.0 spaces due to Holder, Korn, Lichtenstein, Giraud. On this sub-
ject, see S. Agmon—A. Douglis—L. Nirenberg [1], L. Bers—F. John—M. Schechter [1],
C. Morrey [1], D. Gilbarg—N. Trudinger [1]. A different approach, which avoids the
theory of singular integrals, has been devised by Campanato and Stampacchia (see,
e.g., Y. Z. Chen—L. C. Wu [1] and E. Giusti [2]). Other elementary techniques have
been developed by A. Brandt [1] (based solely on the maximum principle) and by
L. Simon [2].

Let © be a bounded regular open set and let f € C(S2). From Theorem 9.32
there exists u € W2P(Q) N Wol’p(Q) (for all 1 < p < o0) that is the unique
solution of (87). In particular, u € C La(@) forall 0 < o < 1 (from Morrey’s

41 But almost!
42 Recall that with 0 < o < 1 and m an integer,

c* @ ={uecc@; sup lulo) = u)l < o0
x,yeQ ‘X _ylo(
x#y

and C"™%(Q) = {u € C(Q); DPu e CO*(Q) VB with || = m).
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theorem (Theorem 9.12)). In general, u does not belong to C2, or even to W2,
This explains why one often avoids working in the spaces L' (Q2), L™ (£2), and C (),
spaces for which we do not have optimal regularity results.

Theorems 9.32 and 9.33 extend to elliptic operators of order 2m and to elliptic
systems; see S. Agmon—A. Douglis-L. Nirenberg [1]. We finally point out, in a dif-
ferent direction, that second-order elliptic equations with discontinuous coefficients
are the subject of much work. We cite, for example, the following celebrated result.

e Theorem 9.34 (De Giorgi, Nash, Stampacchia). Let Q ¢ RN, with N > 2, be
a bounded regular open set. Suppose that the functions a;; € L*™(Q) satisfy the
ellipticity condition (36). Let f € LP(Q2) with p > N/2 and letu € H(} (R2) be such

that 9 8
u oy
/ Zaija—a— =/ fo Vo € Hy(Q).
Q% Xi 0X; Q
Then u € C%*(Q) for a certain 0 < a < 1 (which depends on 2, a;j and p).

On these questions, see G. Stampacchia [1], D. Gilbarg—N. Trudinger [1], O. Lady-
zhenskaya—N. Uraltseva [1], and E. Giusti [2].

10. Some drawbacks of the variational method and how to get around them!
The variational method gives the existence of a weak solution very easily. It is not
always applicable, but it can be completed. We indicate two examples. Let @ ¢ RV
be a bounded regular open set.

(a) Duality method. Let f € LY(2)—or even f a (Radon) measure on 2—and
look for a solution of the problem

89
(89) u=0 onTl.

{—Au+u —f inQ,

As soon as N > 1, the linear functional ¢ +— fQ fo is not defined for every
Y€ HO1 (£2), and as a consequence the variational method is ineffective. On the other
hand, one can use the following technique. We denote by 7' : L2(Q) — L?*(Q) the
operator f +> u (where u is the solution of (89), which exists for f € L2(Q)).
We know that T is self-adjoint. On the other hand (Theorem 9.32), T : LP(2) —
Wz'p(Q) for 2 < p < oo, and because of the theorems of Sobolev and Morrey,
T : LP(Q) — Co(Q) if p > N/2. By duality we deduce that

T : M(Q) = Co(Q)* — LY (Q)if p > N/2.

Since T is self-adjoint in L2, T* is an extension of 7': thus one can consider u = T f
as a generalized solution of (89). In fact, if f € L' (), thenu = T* f € L4(Q) for
all g < N/(N — 2); u is the unique (very) weak solution of (89) in the following
sense:

—/uA(p—i—/u(p:ff(p Vo € C2(Q), ¢=0onT.
Q Q Q
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In the same spirit, one can study (89) for f given in H " (2); see J.-L. Lions—
E. Magenes [1].

(b) Density method. Let g € C(I") and look for a solution of the problem

(90)

—Au+u=0 inQ
u=g onl.

In general, if g € C(I'), there does not exist a function § € H'() such that

gir = g (see Comment 7 and note that C(I') is not contained in H 12(ry). 1t is
thus not possible to look for a solution of (90) in H'(2): the variational method is
ineffective. Nevertheless, we have the following result.

e Theorem 9.35. There exists a unique solutionu € C () NC®(Q) of (90).

Proof. Fix § € C.(R") such that gIr = &; g exists by the Tietze-Urysohn theorem
(see, e.g., J. Dieudonné [1], J. Dugundji [1], J. Munkres [1]). Let (g,) be a sequence
in C>°(RY) such that g, — g uniformly on RY. We set g, = &,r. Applying the
variational method and regularity results, we see that there exists a classical solution
u, € C2(Q) of the problem

—Aup, +u, =0 inQ,
u, =gn onl.

From the maximum principle (Corollary 9.28) we have

ltm — unllLoe@) < l18m — &nllLoer).

As a consequence, (u,) is a Cauchy sequence in C () and u,, — u in C(Q). It is
clear that we have

/u(—A<p+<p)=0 Vo € C°(Q)
Q

and therefore u € C*°(2) (see Remark 25). Thusu € C (ﬁ) N C*> () satisfies (90).
The uniqueness of the solution of (90) follows from the maximum principle (see
Remark 27).

* Remark 31. It is essential in Theorem 9.35 to suppose that €2 is smooth enough.
When 2 has a “pathological” boundary we run into questions of potential theory
(regular points, Wiener criterion, etc.).

Another approach to solving (90) is the Perron method, which is classical in
potential theory. Define

u(x) = sup {v(x); v e cE@n C2(S2), —Av+v<0inQandv <gonTl},

and prove (directly) that u satisfies (90). A function v such that —Av + v < 0 in
and v < g on I' is called a subsolution of (90).
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11. The strong maximum principle.

We can strengthen the conclusion of Proposition 9.29 when u is a classical solution.
More precisely, let Q2 be a connected, bounded, regular open set. Let a;; € cl(Q)
satisfy the ellipticity condition (36), a;, ap € C(£2) with ap > 0 on 2.

Theorem 9.36 (Hopf). Let u € C(Q) N C*(Q) satisfy

1) _Zax <Uax!)+2a,—+aou—f in .

Suppose that [ > 0 in Q. If there exists xo € $2 such that u(xo) = mingu and if
u(xg) < 0,%3 then u is constant in Q (and furthermore f = 0in Q).

For the proof, see, e.g., L. Bers—F. John—-M. Schechter [1], D. Gilbarg—N. Tru-
dinger [1], M. Protter—H. Weinberger [1], and P. Pucci-J. Serrin [1].

Corollary 9.37. Let u € C(2) N C3(R) satisfy (91) with f > 0 in Q. Suppose that
u>0o0nT. Then

o citheru > 0in 2,
e oru=0inQ.

For other results connected to the maximum principle (Harnack’s inequality etc.),
see, e.g., G. Stampacchia [1], D. Gilbarg-N. Trudinger [1], M. Protter—H. Wein-
berger [1], R. Sperb [1], and P. Pucci-J. Serrin [1].

12. Laplace-Beltrami operators.

Elliptic operators defined on Riemannian manifolds (with or without boundary) and
in particular the Laplace—Beltrami operator play an important role in differential
geometry and physics; see, for example, Y. Choquet—C. Dewitt—M. Dillard [1].

13. Spectral properties. Inverse problems.

Eigenvalues and eigenfunctions of second-order elliptic operators enjoy a number
of remarkable properties. Here we cite some of them. Let Q@ C RY be a connected,
bounded, open regular set. Leta;; € C 1(Q) satisfy the ellipticity condition (36) and
ap € C(Q). Let A be the operator

0 ou
Au = —Za—x/ (atja_xl> + aou
i,j E

with homogeneous Dirichlet conditions (# = 0 on I"). We denote by (A,) the se-
quence of eigenvalues of A arranged in increasing order, with A, — 400 when
n — oo. Then the first eigenvalue A has multiplicity 1 (one says that Aj is a simple
eigenvalue),** and we can choose the associated eigenfunction ¢; to have ¢; > 0 in
2; this follows from the Krein—Rutman theorem (see the comments on Chapter 6

43 The hypothesis u(xp) < 0 is unnecessary if ap = 0.
44 In dimension N > 2 the other eigenvalues can have multiplicity > 1.
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2/N when n — oo with

and Problem 41). Additionally, one can show that 1, ~ cn
¢ > 0; see S. Agmon [1].

The relations that exist between the geometric properties* of  and the spectrum
of A are the subject of intensive research; see, e.g., M. Kac [1], Marcel Berger [1],
R. Osserman [1], I. M. Singer [1], P. Bérard [1], I. Chavel [1]. The objective of
spectral geometry is to “recover” the maximum amount of information about <,
purely from the knowledge of the spectrum (A,).

A strikingly simple question is the following. Let 21 and €2, be two bounded
domains in R?; suppose that the eigenvalues of the operator —A (with Dirichlet
boundary conditions) are the same for €21 and €2;. Are Q2| and 2, isometric? This
problem has been nicknamed by M. Kac: “Can one hear the shape of a drum?”*°
One knows that the answer is positive if 21 is a disk. In 1991, C. Gordon—L. Webb—
S. Wolpert [1] gave a negative answer for domains with corners. The problem of Kac
is still open for smooth domains.

Another important class of “inverse problems” involves the determination of the
coefficients and parameters in a PDE, or the shape and characteristics of an internal
object, solely from measurements at the boundary (e.g., Dirichlet-to-Neumann map)
or at “infinity” (inverse scattering). These problems arise in many areas (medical
imaging, seismology, etc.); see, e.g., G. Uhlmann [1], C. B. Croke et al. [1].

14. Degenerate elliptic problems.
Consider problems of the form

_Zi L +Z“'a—u+“_f i ©Q
i 3)Cj ”8x,~ ; lax,‘ 0=

+ boundary conditions on I', or on part of T,

where the functions a;; do not satisfy the ellipticity condition (36) but only

(36)) D aij(x)EE =0 VxeQ, VEeRV

iJ
Consult for example the works of J. Kohn—L. Nirenberg [1], M. S. Baouendi—
C. Goulaouic [1], O. Oleinik—E. Radkevitch [1].

15. Nonlinear elliptic problems.

This is an immense field of research motivated by innumerable questions in geometry,
mechanics, physics, optimal control, probability theory, etc. It has had some spec-
tacular development since the early work of Leray and Schauder at the beginning of
the 1930s. We distinguish some categories:

(a) Semilinear problems. This consists, for example, of problems of the form

45 Particularly when €2 is a Riemannian manifold without boundary and A is the Laplace—Beltrami
operator.

46 Because the harmonics of the vibration of a membrane attached to the boundary I" are the func-
tions e, (x) sin /A, ¢, where (A, e,) are the eigenvalues and eigenfunctions of —A with Dirichlet
boundary conditions.
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02) {—Au = f(x,u) in€,

u=20 onl,

where f(x, u) is a given function.
This category includes, among others, bifurcation problems, in which one studies
the structure of the set of solutions (X, u#) of the problem

o1 {—Au = filx,u) inQ,

u=20 onl,

with A a variable parameter.

(b) Quasilinear problems. Consider problems of the form

0 0
—Z — <aij(x, u, Vu)—u) = f(x,u,Vu) in L,
(93) Y 0x; ax;

u=20 onT,

where the functions a;;(x, u, p) are elliptic, but possibly degenerate; we have for
example

> aij(x.u. pigj = e, p)lE* VxeQ, VEeRY, VueR, VpeRV,
ij

witha(u, p) > 0Vu € R,Vp € RV, buta(u, p) is not uniformly bounded below by
a constant « > 0. In particular, the celebrated equation of minimal surfaces falls in
this category with a;; (x, u, p) = &;;(1 + | p|»~Y2. More generally, one considers
fully nonlinear elliptic problems of the form

(94) F(x,u, Du, D*u) = 0,

where the matrix %(x, u, p, q) is elliptic (possibly degenerate). For example, the
ij
Monge—Ampeére equation fits into this category.

(c) Free boundary problems. It is a question of solving a linear elliptic equation
in an open set 2 that is not given a priori. The fact that € is unknown is often
“compensated for” by having two boundary conditions on T"; for example Dirichlet
and Neumann. The problem consists in finding simultaneously an open set 2 and a
function u such that. ...

Techniques:
(a) There are several techniques used for the problems (92) or (92):

e Monotonicity methods, see F. Browder [1] and J. L. Lions [3].

e Topological methods (Schauder’s fixed-point theorem, Leray—Schauder de-
gree theory, etc.); see J. T. Schwartz [1], M. Krasnoselskii [1], and L. Niren-
berg [2], [3].
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e Variational methods (critical point theory, min-max techniques, Morse the-
ory, etc.); see P. Rabinowitz [1], [2], Melvyn Berger [1], M. Krasnoselskii [1],
L. Nirenberg [3], J. Mawhin—-M. Willem [1], M. Willem [1], M. Struwe [1].

For a general survey, see, e.g., the books of A. Ambrosetti—-G. Prodi [1] and
E. Zeidler [1].

(b) Solving problems of type (93) may involve elaborate techniques of estimates;*’
see the works of E. De Giorgi, O. Ladyzhenskaya—N. Uraltseva [1], J. Serrin [1],
E. Bombieri [1] and D. Gilbarg—N. Trudinger [1]. Important progress on the
fully nonlinear equations and in particular on the Monge—Ampere equation has
also been made recently; see, e.g., S. T. Yau [1], L. Caffarelli-L. Nirenberg—
J. Spruck [1] and X. Cabré—L. Caffarelli [1].

(c) On the free boundary problems many new results have appeared in recent
years, often in connection with the theory of variational inequalities; see, e.g.,
D. Kinderlehrer—G. Stampacchia [1], C. Baiocchi-A. Capelo [1], A. Fried-
man [4], J. Crank [1] and L. Caffarelli-S. Salsa [1].

16. Geometric measure theory.

At the interface between geometry and PDE, this area has been extensively devel-
oped since the 1960s, starting with basic contributions by H. Federer, E. De Giorgi,
A. 1. Volpert, and F. Almgren, in connection with questions arising in the calculus
of variations, isoperimetric inequalities, etc. It has numerous applications to phys-
ical problems, such as phase transitions, fractures in mechanics, edge detection in
image processing, line vortices in liquid crystals, superconductors and superfluids.
The space BV (functions of bounded variation) plays a distinguished role in these
questions. We refer, e.g., to L. Ambrosio—N. Fusco-D. Pallara [1], L. Simon [1],
L. C. Evans-R. Gariepy [1], and F. H. Lin—X. P. Yang [1].

47 This is the case, for example, for the minimal surface equation.






Chapter 10

Evolution Problems: The Heat Equation and the
Wave Equation

10.1 The Heat Equation: Existence, Uniqueness, and Regularity
Notation. Let Q@ C RY be an open set with boundary T". Set

0 =2 x (0,400)
X =T x (0, 4+00);

¥ is called the lateral boundary of the cylinder Q. See Figure 7.

Consider the following problem: find a function u(x, ) : Q x [0, +00) — R
such that

ou
1 — —Au=0 1inQ,
€] a7 Q
@
3) [u(x.0) =up(x) onQ,|
Q b
| |
! Q ! x
Fig. 7
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2 . .
where A = ZIN: 1 ;’? denotes the Laplacian in the space variables x, t is the time
i

variable, and ug(x) is a given function called the initial (or Cauchy) data.
Equation (1) is called the heat equation because it models the temperature dis-
tribution u in the domain €2 at time ¢. The heat equation and its variants occur in
many diffusion phenomena' (see the comments at the end of this chapter). The heat
equation is the simplest example of a parabolic equation.
Equation (2) is the (homogeneous) Dirichlet boundary condition; it could be
replaced by the Neumann condition

ou
) — =0 on X

on
(n is the outward unit normal vector to I") or any of the boundary conditions en-
countered in Chapters 8 and 9. Condition (2) corresponds to the assumption that the
boundary I is kept at zero temperature; condition (2) corresponds to the assump-
tion that the heat flux across I' is zero. We solve problem (1), (2), (3) by viewing
u(x,t) as a function defined on [0, 400) with values in a space H, where H is a
space of functions depending only on x: for example H = L?(RQ2), or H = HOl ().
When we write just u(¢), we mean that u(¢) is an element of H, namely the function
x > u(x, t). This viewpoint allows us to solve very easily problem (1), (2), (3) by
combining the theorem of Hille—Yosida with the results of Chapters 8 and 9.

To simplify matters, we assume throughout Chapter 10 that Q is of class C*° with

I" bounded (but this assumption may be considerably weakened if we are interested
only in weak solutions).

e Theorem 10.1. Assume ug € L*(S2). Then there exists a unique function u(x, t)
satisfying (1), (2), (3) and

4 u € C([0,00); L2(2)) N C((0, 00); H*(22) N HJ (),
(5) u € CH((0, 00); L*(Q)).
Moreover,

ueC®(Qxle 00) Ve>D0.
Finally, u € L*(0, co; Hj () and 3

1 T 1
(6) Sl + /O V@) 72t = S0l VT > 0.

Proof. We apply the Hille-Yosida theory in H = L?*(Q2) (but other choices
are possible; see the proof of Theorem 10.2). Consider the unbounded operator

! The diffusion of heat is only one example among many others.

2 Regarding the traditional classification of PDE into three categories, “elliptic,” “parabolic,” “hy-
perbolic,” see, e.g., R. Courant-D. Hilbert [1].

3 In line with the above discussion we use the following notation: [u(T)|.2(q) = fQ lu(x, T)|2dx

and [Vu(D)[3, ) = 21y fo |48 (v 1)Pdx.
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A: D(A) C H — H defined by

D(A) = H*(Q) N Hi (),
Au = —Au.

Itis important to note that the boundary condition (2) has been incorporated in the
definition of the domain of A. We claim that A is a self-adjoint maximal monotone
operator. We may then apply Theorem 7.7 and deduce the existence of a unique
solution of (1), (2), (3) satisfying (4) and (5).

(i) A is monotone. For every u € D(A) we have
(Au,u);> :/(—Au)u :/ |Vu|? > 0.
Q Q

(ii) A is maximal monotone. We have to check that R(I + A) = H = L?. But we
already know (see Theorem 9.25) that for every f € L? there exists a unique
solution u € H> N H& of the equation u — Au = f.

(iii) A is self-adjoint. In view of Proposition 7.6 it suffices to verify that A is sym-
metric. For every u, v € D(A) we have

(Au,v);2 = / (—Au)v =/ Vu-Vv
Q Q

and

(u, Av) ;2 :/ u(—Av) =/ Vu - Vv,
Q Q
so that (Au, v) = (u, Av).

Next, it follows from Theorem 9.25 that D(A¢) ¢ H?!(Q), for every integer ¢,
with continuous injection. More precisely,

DAY ={ue H*Qiu=Au=---=A""u=0 onl}.
We know by Theorem 7.7 that the solution u of (1), (2), (3) satisfies
u € C*((0,00); D(AY)) Vk, Ve

and therefore
u € C*((0, 00); H*(Q)) Vk, VL.

It follows (thanks to Corollary 9.15) that
u € C*((0, 00); C¥(Q)) Vk.

We now turn to the proof of (6). Formally, we multiply (1) by « and integrate on
Q x (0, T). However, one has to be careful, since u(¢) is differentiable on (0, c0)

but not on [0, co). Consider the function ¢(t) = %|u(t)|i2(m. It is of class C! on
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(0, 00) (by (5)) and, for ¢ > 0,
/ du 2
)= \u@), —@O) =@, Au@)z=— [ [Vu@®)]".
dt L2 Q
Therefore, for 0 < ¢ < T < 00, we obtain

T T
o(T) — p(e) = / ¢ (Hdt = — / \Vu(t)|3,dt.

&
Finally we let ¢ — 0. Since ¢(e) — |uol|* (because u € C([0, ool; L*(2))), we
find that u € L*(0, oo; Hy (2)) and that (6) holds.

If we make additional assumptions on uq the solution u becomes more regular
up to t = 0 (recall that away from ¢ = 0, Theorem 10.1 always guarantees that u is
smooth, i.e., u € C®(Q x [¢g, 00)) Ve > 0).

Theorem 10.2.
@) Ifug € H& (R2) then the solution u of (1), (2), (3) satisfies

u € C([0, 00); HE(2)) N L*(0, 00; H*(Q))

and
ou 5 2
m e L“(0, 00; L“(R2)).
Moreover, we have
Tlou |2 1 5 1 5
(7) 0 E(t) LZ(Q)dt + §|VM(T)|L2(Q) = §|VMO|L2(Q)-

(b) Ifug € H*(Q) N H} (), then
u € C([0, 00);: H*(R)) N L*0,00; H>(RQ))

and
u 2 1
m € L7(0, c0; Hy(R2)).

(¢) Ifug € H*(Q) Vk and satisfies the so-called compatibility conditions
®) u():Auo:~~=Aju0=~-=O onT’

for every integer j, then u € C*®(Q x [0, 00)).
Proof of (a). We work here in the space H| = H& (2) equipped with the scalar

product
(u, v)H, =/ Vu-Vv+/ uv.
Q Q

In H; consider the unbounded operator A| : D(A1) C H;y — Hj defined by
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D(Ay) = {u € H* () N Hy(Q); Au € H} ()},
Aju = —Au.

We claim that A; is maximal monotone and self-adjoint.

(i) Ay is monotone. For every u € D(A1) we have

(Au, v) g, :/ V(—Au)-Vu—i—/(—Au)u:/ |Au|2+/ [Vu|? > 0.
Q Q Q Q

(i1) Ay is maximal monotone. We know (by Theorem 9.25) that forevery f € H L)
the solution u € H(} (R2) of the problem

u—Au=f in€,
u=0 onT,

belongs to H3(Q). If, in addition, f € HJ() then Au € Hj (), and so
u e D(A]).
(iii) Ay is symmetric. For every u, v € D(A1) we have

(A1u, v)H, =/ V(—Au)~Vv+/(—Au)v
Q Q
:/ AuAv+/ Vu-Vv =, Ajv)g,.
Q Q

Applying Theorem 7.7, we see that if ug € H(} (£2) there exists a solution u of
(1), (2), (3) (which coincides with the one obtained in Theorem 10.1 because of
uniqueness) such that

u € C([0, 00); Hj(Q)).

Finally, set ¢(¢) = %Wu(t)l2 This function is C* on (0, o) and

L)
‘0 = (vu. v au. %) Ly
= u s _ = — AU , — = ——
¢ dt 12 dt 12 dt |2
It follows that for 0 < ¢ < T < o0, we have
T\ du 2
o(T) — p(e) + —(@®)| dt=0.
e df L2

2

12> and we conclude easily.

Ase — 0,¢(e) = %|Vuo|

Proof of (b). We work here in the space H, = H 2N Hol(SZ) equipped with the
scalar product
(u, V), = (Au, Av)p2 + (U, v);2
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(the corresponding norm is equivalent to the usual 2 norm; why?). In H, consider
the unbounded operator A, : D(A) C Hy — Hj defined by

D(A2) = {u € H*(Q); u € H}(RQ) and Au € H} (Q)},
Aru = —Au.

It is easy to show that A, is a self-adjoint maximal monotone operator in Hp.* We
may therefore apply Theorem 7.7 to A, in H». Finally, we set ¢(¢) = %|Au(z‘)|iz.
This function is C* on (0, co) and

du

¢'(1) = (Au(t), A

<t)> = (Au, A*u() 2 = —|VAu@®)3,.
L
Thus, for0 < ¢ < T < 00, we have
1 2 1 2 T 2
S8, = S1du@Ig + | IVAR@Ij2dt =0.
&

In the limit, as ¢ — 0, we see that u € L%(0, co; H3(R2)) (why?) and (because of
equation (1)), 4 € L2(0, oo; H'(Q)).

Proof of (c). In the space H = L?(2), consider the operator A: D(A)C H—~ H
defined by

D(A) = H*(Q) N H} (),
Au = —Au.

Applying Theorem 7.5, we know that if ug € D(Ak), k > 1, then
ue CkI(0,00); DAY Vj=0,1,... k.

Assumption (8) says precisely that ug € D(AX) for every integer k > 1. Therefore
we have

u e CKI ([0, 00); D(AY)) Vi > 1, Vji=0,1,...,k.

It follows (as in the proof of Theorem 10.1) that u € C*®(Q x [0, 00)).

e Remark 1. Theorem 10.1 shows that the heat equation has a strong smoothing effect
on the initial data ug. Note that the solution u(x, t) is C* in x for every r > 0 even
if the initial data is discontinuous. This effect implies, in particular, that the heat
equation is time irreversible. In general one cannot solve the problem

ou .
©) o —Au=0 inQ x (0, T),
4 More generally, if A : D(A) C H — H is a self-adjoint maximal monotone operator one may
consider the Hilbert space H = D(A) equipped with the scalar product (4, v) 5 = (Au, Av) +
(u, v). Then the operator A: D(A) cH - H defined by D(A) = D(A?) and Au = Auis a
self-adjoint maximal monotone operator in H.
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(10) u=~0 onI x (0,7),
with “final” data
(11) u(x,T) =ur(x) on£.
We would necessarily have to assume that
ur € C*°(Q) and Alur =0onl Vj=>0.

But even with this assumption there need not be a solution of the backward problem
(9), (10), (11). This problem should not be confused with the problem (9), (10),
(11), where

9
9 —8—?—Au=0 inQ x (0, 7),

which always has a unique solution for any data u7 € L?(2) (change ¢ into T — ¢
and apply Theorem 10.1).

Remark 2. The preceding results are also true—with some slight modifications—if
we replace the Dirichlet condition by the Neumann condition.

Remark 3. When 2 is bounded, problem (1), (2), (3) can also be solved by a decom-
position in a Hilbert basis of L?(2). For this purpose it is very convenient to choose
a basis (e; (x));>1 of L2() composed of eigenfunctions of —A (with zero Dirichlet
condition), i.e.,
—Aei =)Liei in Q,
e; =0 onT
(see Section 9.8). We seek a solution u of (1), (2), (3) in the form of a series >

oo

(12) u(x, 1) =Y ai(t)ei(x).

i=1
We see immediately that the functions g; (r) must satisfy

aj(t) + Aja;(t) =0,

so that a; () = a;(0)e ™. The constants a; (0) are determined by the relation

(.¢]
(13) uo(x) =Y ai(0)e; (x).

i=1

In other words, the solution u of (1), (2), (3) is given by

5 For obvious reasons this method is also called the method of “separation of variables,” or Fourier
method. In fact, Fourier discovered the Fourier series while studying the heat equation in one space
variable.
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(14) u(x, )=y ai(0)e'e;(x),

i=1

where the constants a; (0) are the components of ug(x) in the basis (¢;), i.e., ¢; (0) =
Jq uoei.

For the study of the convergence of this series (and also the regularity of u obtained
in this way) we refer to H. Weinberger [1]. Note the analogy between this method
and the standard technique used in solving the linear system of differential equations

du

+ Mu =0,
dt

where u(7) takes its values in a finite-dimensional vector space, and M is a symmetric
matrix. Of course, the main difference comes from the fact that problem (1), (2), (3)
is associated with an infinite-dimensional system.

Remark 4. The compatibility conditions (8) look perhaps mysterious, but in fact they
are natural. These are necessary conditions in order to have a solution u of (1), (2), (3)
that is smooth up to r = 0, i.e., u € C*®(Q x [0, co) (the assumption ug € C*®(RQ)
with u9 = 0 on 02 does not guarantee smoothness up to + = 0). Indeed, suppose
u € C®(Q x [0, 00)) satisfies (1), (2), (3). Then clearly,

8/ u .
(15) m:o onT x (0,00) Vj,

and by continuity, we also have

3lu
— =0 onI x[0,00) Vj.
a7) [ ) Vj
On the other hand,
0%u A ou A2 in 0
— = — ) =A“u inQ,
at2 ot
and by induction, '
d/u Aj inQ v/
_— = u mn .
ot /

By continuity once more we have

(16) Yu_ iy ing [0, 00)
— =Au inQ x [0, 00).
ot

Comparing (15) and (16) on I x {0}, we obtain (8).
Remark 5. Of course, there are many variants of the regularity results for u near

t = 0 if we make assumptions that are intermediate between the cases (b) and (c) of
Theorem 10.2.
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10.2 The Maximum Principle

The main result is the following.

e Theorem 10.3. Assume ug € L?(2) and let u be the solution of (1), (2), (3). Then
we have, for all (x,t) € Q,

min {O, igf uo} <u(x,t) < max {O, sup uo} .
Q
Proof. As in the elliptic case we use Stampacchia’s truncation method. Set
K = max {0, supuo}
Q
and assume that K < 4-o00. Fix a function G as in the proof of Theorem 9.27 and let
N
H(s) = / G(o)do, seR.
0
It easily checked that the function ¢ defined by
o(t) = / H@(x,t) — K)dx
Q

has the following properties:

(17) @ € C([0,00); R), ¢0)=0, ¢>0 onl0,00),
(18) ¢ € C'((0, 00); R,
and

o't = / Gu(x,t) — K)a—u(x, Hdx = / Gu(x,t) — K)Au(x, t)dx
Q ot Q

= _/ G'(u — K)|Vul*dx <0,
Q

since G(u(x,t) — K) € H(} (R2) for every ¢ > 0. It follows that ¢ = 0 and thus, for
every t > 0, u(x,t) < K a.e. on 2.

Corollary 10.4. Let ug € L*(Q). The solution u of (1), (2), (3) has the following
properties:

(1) Ifug > 0 a.e.on Q, thenu > 0in Q.
(i1) Ifug € L*°(2), then u € L*(Q) and

19 lullLeooy < lluollLe()-
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Corollary 10.5. Let ug € C_'(ﬁ) N L2(2) with ug = 0 on T.° Then the solution u of
(1), (2), (3) belongs to C(Q).

Proof of Corollary 10.5. Let (ug,) be a sequence of functions in C2°(S2) such that
uon — wug in L2() and in L2(2) (the existence of such a sequence is easily
established). By Theorem 10.2 the solution u,, of (1), (2), (3) corresponding to the
initial data uq, belongs to C*(Q). On the other hand (Theorem 7.7), we know that

lun(t) —u(®)|p2(q) < luon —uolz2qy vVt =0.
Because of (19) we have
lwn —umlizooo) < luon — tom |l Lo ()
Therefore, the sequence (u,) converges to u uniformly on Q, and so u € C(Q).

As in the elliptic case, there is another approach to the maximum principle. For
simplicity we assume here that  is bounded. Let u(x, #) be a function satisfying’

(20) ueC@Qx[0,T),

(21) u is of class C! in 7 and of class C? in x in  x (0, T),
)

22) a—L;—Aufo in Q x (0, T).

Theorem 10.6. Assume (20), (21), and (22). Then

23) _max u = maxu,
Qx[0,T] P

where P = (2 x {0}) U (" x [0, T) is called the “parabolic boundary” of the
cylinder Q2 x (0, T).

Proof. Setv(x,t) = u(x,t) + ¢|x|*> with ¢ > 0, so that

0
(24) 8—'; —Av<-26N <0 inQx(0,T).
We claim that
max v = maxuv.

Qx[0,T] P
Suppose not. Then there is some point (xg, fy) € Q x [0, T] such that (xq, ) ¢ P
and

max v = v(xg, #p).

Qx[0,T]

Since xg € Qand 0 < 19 < T, we have

6 If Q is not bounded we also assume that ug(x) — 0 as |x| = oo.
7 Note that we do not prescribe any boundary condition or any initial data.
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(25) Av(xg, 19) <0
and

v
26 —(x0,10) >0
(26) 57 (x0,10) =

(if t9 < T we have 8';(x0,t0) = 0, and if #p = T we have a't’(xo,to) > 0).8
Combining (25) and (26), we obtain (4% — Av) (xo, 7)) > 0, a contradiction with
(24). Therefore we have

~max v=maxv < maxu + ¢C,
Qx[0,T] P P

where C = sup, . |x|2. Since u < v, we conclude that

max u <maxu+&C Ve > 0.
Qx[0,T]

This completes the proof of (23).

10.3 The Wave Equation

Let © C RY be an open set. As above, we set
0=Qx(0,00) and ¥ =T x (0, 00).

Consider the following problem: find a function u(x, 1) :  x [0, 00) — R satisfying

27 u _ Au=0 inQ
a72 u= in Q,
@
(29) ]u(x, 0) =
ou
(30) E(x, 0) = vo(x) on 2,

where A = YN 13

variable, and ug, vo are given functions.

denotes the Laplacian in the space variables x, t is the time

Equation (27) is called the wave equation. The operator (;—:2 — A) is often denoted
by [J and is called the d’Alembertian. The wave equation is a typical example of a
hyperbolic equation.

8 To be safe one should work in © x (0, 7"y with T" < T and then let T’ — T, since v is of class
Clinronlyin Q x (0, T).
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When N = 1 and Q = (0, 1), equation (27) models the small® vibrations of
a string in the absence of any exterior force. For each ¢, the graph of the function
x € Q — u(x,t) represents the configuration of the string at time t. When N = 2
equation (27) models the small vibrations of an elastic membrane. For each t, the
graph of the function x € Q — u(x, t) represents the configuration of the membrane
at time ¢. More generally, equation (27) models the propagation of a wave (acoustic,
electromagnetic, etc.) in some homogeneous elastic medium  C RV .

Equation (28) is the (homogeneous) Dirichlet boundary condition; it could be
replaced by the Neumann condition or any of the boundary conditions encountered
in Chapter 8 or 9. The condition # = 0 on £ means that the string (or the membrane)
is fixed on I', while the Neumann condition says that the string is free at its endpoints.

Equations (29) and (30) represent the initial state of the system: the initial config-
uration (one also says initial displacement) is described by u(, and the initial velocity
is described by vg. The data (ug, vo) are usually called the Cauchy data.

To simplify matters we assume throughout this section that 2 is of class C*°, with
I" bounded.

e Theorem 10.7 (existence and uniqueness). Assume ug € H 2N Hé () and
vy € HOl (R2). Then there exists a unique solution u of (27), (28), (29), (30) satisfying

(31) u € C([0, 00); HX(Q)NHL(2))NC ([0, 00); HE (R2))NC2([0, 00); L2()).

Moreover, 10

ou 2
(32) ‘50)

2 _ 2 2
LZ(Q) + |VM(I)|L2(Q) - |U0|L2(Q) + |VM()|L2(Q) Vt 2 O

Remark 6. Equation (32) is a conservation law that asserts that the energy of the
system is invariant in time.

Before proving Theorem 10.7 let us mention a regularity result.
Theorem 10.8 (regularity). Assume that the initial data satisfy
ug € HY(Q), vy € HX(Q) Vk,
and the compatibility conditions

Ajuo =0 onl" Vj=>0, jinteger,
Alvy=0 onT Vj=>0, jinteger.

Then the solution u of (27), (28), (29), (30) belongs to C®(Q x [0, 00)).

9 The full equation is a very difficult nonlinear equation; equation (27) is a linearized version of

this near an equilibrium.
. . . . . 2 2
10 We use the same notation as in the preceding sections, that is, g—‘;(t) |L2(Q) = fQ |%—’; (x, t)| dx,

|Vu(z)|iz(9) =YV fol 2ol dx.
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Proof of Theorem 10.7. As in Section 10.1 we consider u(x, t) as a vector-valued
function defined on [0, 0co); more precisely, for each ¢t > 0, u(¢z) denotes the map
x — u(x, t). We write (27) in the form of a system of first-order equations:11

ou 0 ino
— —v= in O,
ot

(33) 5
-%—Au:OinQ

and we set U = (%), so that (33) becomes

(34) U L av=0
dt o

where

0 —1 0 I\ (u —v
o (e ()0 ()
We now apply the Hille—Yosida theory in the space H = HOl (Q) x L*(RQ) equipped
with the scalar product

Uy, Uz):/ Vu -Vuzdx—l—/ u1u2dx+/ vivadx,
Q Q Q

where Uy = (3!) and Uy = (32).
Consider the unbounded operator A : D(A) C H — H defined by (35) with

D(A) = (H*(Q) N Hy () x Hy ().

Note that the boundary condition (28) has been incorporated in the space H. The
condition v = %_‘; = 0 on X is a direct consequence of (28).

We claim that A + [ is maximal monotone in H:
(1) A + I is monotone; indeed, if U = () € D(A) we have

(AU, Uy + U4

=—/Vv-Vu—/uv—i—/(—Au)v—l—/uz—i—/|Vu|2+/v2
Q Q Q Q Q Q
=—/uv+/u2+/v2+/|Vu|220.

Q Q Q Q

(i1) A+ I is maximal monotone. This amounts to proving that A 421 is surjective.
Given F = (g) € H, we must solve the equation AU + 2U = F, i.e., the system

11 This is the standard device, which consists in writing a differential equation of order k as a system
of k first-order equations.
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(36) { —v+4+2u=f inQ,

—Au+2v=g in€Q,

with
ue H*(Q)NH}(Q) and ve H) (Q).

It follows from (36) that
(37 —Au+4u=2f+g.

Equation (37) has a unique solution u € H 2(Q) N HOl (£2) (by Theorem 9.25). Then
we obtain v € HO1 (£2) simply by taking v = 2u — f. This solves (36).

Applying Hille-Yosida’s theorem (Theorem 7.4) and Remark 7.7, we see that
there exists a unique solution of the problem

dUu
(38) E_I_AU =0 on]0, c0),
U(0) = Uy,
with
(39 U e C'([0,00); H) N C([0, 00); D(A)),

since Up = () € D(A). From (39) we deduce (31).
In order to prove (32) it suffices to multiply (27) by ‘;—’; and to integrate on €.

Note that
/ 8%u du 19
— —dx = - —
o 02 3t 20t Jo

/(A)aud /v 9 Vi 18/|V|2d
—AU)—dx = u- — u)ax = —-—— u X.
Q at Q at 20t Jo

Remark 7. When Q is bounded we may use on HO1 () the scalar product [ Vi - Vuy
(see Corollary 9.19), and on H = H(} () x L2() the scalar product

(U1, U2) 2/ Vuy - Vuy +/ viv2, Wwhere Uy = (ul) and U, = <u2> .
Q@ Q U1 V2

With this scalar product we have

3 2
™ dx
ot

(x,1)

and

(AU, U) = —f Vv - Vu +/(—Au)v =0 VU= (“) € D(A).
Q Q v

It is easy to check that:

(i) A and —A are maximal monotone,
(i) A* = —A.
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As a consequence we may also solve the problem

au

E —AU =00n [0, +OO), U(O) = UO’
or equivalently

dUu

o + AU =0o0n (—00,0], U(©) = Uy

).12

(just change ¢ into —¢).'~ Relation (32) may be written as

|U@®)|g = |Uglyg ¥t €R.

One says that the one-parameter family {U (¢)};cR is a group of isometries on H.

e Remark 8. The wave equation has no smoothing effect on the initial data, in contrast
with the heat equation. To convince oneself of this it suffices consider the case 2 = R.
Then there is a very simple explicit solution of (27), (28), (29), (30), namely

1 1 [t
40) ulx,r) = E(MO(X +1)+uolx —1)) + 2 / vo(s)ds.
x—t

In particular, if vg = 0, we have

ux,r) = %(uo(x + 1) +uolx —1)).

Clearly u is not more regular than uy. We can be even more precise. Assume ug €
C®°(R\{x0p}). Then u(x, t) is C* on R x R, except on the lines x + ¢t = x¢ and
x —t = xo. These are called the characteristics passing through the point (xg, 0).
One says that singularities propagate along the characteristics.

Remark 9. When 2 is bounded, problem (27), (28), (29), (30) can be solved by de-
composition in a Hilbert basis, as was done for the heat equation. It is very convenient
to work in the basis (¢;) of L2(2) composed of eigenfunctions of — A (with Dirich-
let condition), i.e., —Ae; = Aje; in 2, ¢; = 0 on I'; recall that A; > 0. We seek a
solution of (27), (28), (29), (30) in the form of a series

(41) (e, t) =Y ai(t)ei(x).

1

We see immediately that the functions g; (#) must satisfy
af' (t) 4 riai (1) = 0,

so that

a(0) . :
ai (1) = a; (0) cos(v/ Mit) + on sin(v/ Aif).

12 In other words, time is reversible; from this viewpoint there is a basic difference between the
wave equation and the heat equation (for which time is not reversible).
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The constants a; (0) and a;(0) are determined by the relations

wo(x) =Y _aiO)ei(x) and vo(x) =Y aj(0)ei(x).
i i
In other words, a;(0) and alf(O) are the components of u( and vy in the basis (e;).
For the study of the convergence of this series see, e.g., H. Weinberger [1].

Proof of Theorem 10.8. We use the same notation as in the proof of Theorem 10.7.
It is easy to see, by induction on k, that

|

In particular, D(Ak) C Hk+1(S'2) X Hk(Q) with continuous injection. Applying
Theorem 7.5, we see that if Uy = (ﬁg) € D(Ak), then the solution U of (38)
satisfies

ue H4'(Q)and A/u=0o0nT Vj, 0<j <[k/2]
ve HY(Q)and A/lv=00onT Vj, 0<j <[(k+1/2]—1|"

U e C¥/([0,00); D(AT)) Vj=0,1,... .k

Thus u € C*=7 ([0, 00); H/T1(Q)) Vj =0, 1,..., k. We conclude with the help of
Corollary 9.15 that under the assumptions of Theorem 10.8 (i.e., Uy € D(AX) Vi),
u € CK(Q x [0, 00)) Vk.

Remark 10. The compatibility conditions introduced in Theorem 10.8 are necessary
and sufficient in order to have a solution u € C*°(Q2 x [0, 00)) of the problem (27),
(28), (29), (30). The proof is the same as in Remark 4.

Remark 11. The techniques presented in Section 10.3 may also be used for solving
the Klein—Gordon equation
/ 82” 2 .
27" W—Au—}—mu:Oan, m > 0.
Note that (27’) cannot be reduced to (27) by a change of unknown such as v(x, t) =
i
eMu(x,t).

Comments on Chapter 10

Comments on the heat equation

1. The approach of J.-L. Lions.

The following result allows us to prove, in a very general framework, the existence
and uniqueness of a weak solution for parabolic problems. This theorem can be
viewed as a parabolic counterpart of the Lax—Milgram theorem. Let H be a Hilbert
space with scalar product (, ) and norm | |. The dual space H* is identified with H.
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Let V be another Hilbert space with norm || . We assume that V C H with dense
and continuous injection, so that

VCHCV*

(see Remark 5.1).
Let T > 0 be fixed; for a.e. t € [0, T'] we are given a bilinear form a(t; u, v) :
V x V — R satisfying the following properties:

(i) For every u, v € V the function ¢ — a(¢; u, v) is measurable,
(i) la(t; u,v)| < M|u|v || forae.t € [0,T],Vu,v eV,
(iii) a(t;v,v) = a|v||®> — C|v|* forae.t € [0,T],Yv € V,

where o > 0, M and C are constants.
Theorem 10.9 (J.-L. Lions). Given [ € L2(0, T;V*)and uy € H, there exists a

unique function u satisfying

2 . . d_u 2 LU
we LXO.T:V)NCUO0. T H). — € L*0.T: V")

<i—?(t), v> +a(t;u),v) =(f@),v) foraete(0,T), VveV,

and
u(0) = ugp.

For a proof see, e.g., J.-L. Lions—E. Magenes [1].
Application. H = L*(Q), V = Hj () and

du Jv ou
a(t;u,v):izj:/ga,-j(x,t)a—mgjdx—i—Xi:/Qai(x,t)a—xiv—i—/g;ao(x,t)uv dx

with a;;, a;, ap € L*°(Q x (0, T)) and
42) Zaij(x,t)éiéj > oz|«§|2 forae. (x,1) e 2 x (0,T), VE&e RN, a > 0.
iJ

In this way we obtain a weak solution of the problem

ou 9 ou au .
E_Zgj<aija—m)+2aia—xi+aou=f inQ x (0, 7),
(43) b l
u=~0 onI" x (0,7),

u(x,0) =ug(x) onQ.

Under additional assumptions on the data, the solution of (43) has greater regularity;
see the following comments.
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2. C*°- regularity. .
We assume here that 2 is bounded and of class C*°. Let a;;, a;, a0 € C*°(Q2x [0, T])
satisfy (42).

Theorem 10.10. Assume ug € L*(Q2) and f € C®(Q x [0, T1). Then the solution
u of (43) belongs to C*®(Q x [e, T)) for every ¢ > 0. If in addition ug € C*®(Q)
and { f, uo} satisfy the appropriate compatibility conditions'3 on T x {0}, then u €
C®(Q x[0,T).

For a proof, see, e.g., J.-L. Lions—E. Magenes [1], A. Friedman [1], [2], and
O. Ladyzhenskaya—V. Solonnikov—N. Uraltseva [1]; it is based on estimates very
similar to those presented in Chapter 7 and in Section 10.1.

Let us mention that there is also an abstract theory that extends the Hille—Yosida
theory to problems of the form ‘;—’; (t) + A(t)u(t) = f(t), where foreach t, A(¢) is a
maximal monotone operator. This theory has been developed by T. Kato, H. Tanabe,
P. E. Sobolevski, and others. It is technically more complicated to handle than the
Hille—Yosida theory; see A. Friedman [2], H. Tanabe [1], and K. Yosida [1].

3. L? and C%*-regularity.
Consider the problem!#

— —Au=f in 2 x (0,7),
“4) u=20 onI" x (0, 7),
u(x,0) =ug(x) on Q.
Assume, for convenience, that  is bounded and of class C*. Let us start with a
simple result.

Theorem 10.11 (L2-regularity). Given f € L*(Q x (0, T)) and ug € H} (),
there is a unique solution of (44) satisfying

ueC(0,T]; H(R)NL*0,T; H*(Q) N H} (R))
and
ou 5 2
5 € L*(0, T; L*(Q)).

The proof is easy; see, e.g., J.-L.. Lions—E. Magenes [1]. More generally, in L”
spaces, we have the following.

Theorem 10.12 (L?-regularity). Given f € L?(Q2 x (0, T)) with1 < p < oo and
uo = 0,13 there exists a unique solution of (44) satisfying

13 We do not write down explicitly these relations; they are the natural extensions of (8) (see also
Remark 4).

14 Of course, we could also prescribe an inhomogeneous Dirichlet condition u(x, t) = g(x, t) on
I' x (0, T'), but for simplicity we deal only with the case g = 0.

15 To simplify matters.
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ou Ju 9%u
u’ b 9
ot 0x; 3xiaxj'

e LP(Q2 x (0,T)) Vi,j.

Theorem 10.13 (Holder regularity). Let0 < o < 1. Assume that'® f € C**/%(Qx

[0, T1) and ug € C*t*(Q) satisfy the natural compatibility conditions
up=0o0nT and —Aug= f(x,0)onT.

Then (44) has a unique solution u such that

ou Jdu 9%u

,—, —, € C¥2(Q x [0,T]) Vi, j.
Y90 ax axax; (@ x10.7D ¥,

The proofs of Theorems 10.12 and 10.13 are delicate, except for the case p = 2
of Theorem 10.12. As in the elliptic case (see the comments at the end of Chapter 9)
they rely on the following:

(1) an explicit representation formula for u involving the fundamental solution of
5 — A. For example, if Q = RY and f = 0 then

4s) u(x. 1) = / Ex -y, Duo()dy = E % uo,
]RN

where  refers to convolution solely in the space variables x, and E is the heat
kernel, E(x, 1) = (4mt)~N/2e= /4, see, e.g., G. Folland [1].

(ii) atechnique of singular integrals.

On this topic see, e.g., O. Ladyzhenskaya—V. Solonnikov—N. Uraltseva [1], A. Fried-
man [1], N. Krylov [1], [2], P. Grisvard [1] (Section 9), D. Stroock-S. Varadhan [1].
A. Brandt [2], B. Knerr [1], and L. Simon [2] have devised more elementary argu-
ments for the Holder regularity.

The general * philosophy” to keep in mind is the following: if u is the solution of
(44) withup =0 then - and Au both have the same regularity as f .

Finally, we mention that the conclusions of Theorems 10.11, 10.12, and 10.13
still hold if A is replaced by

0
Z o, (a,] (x, t) ) Za, (x, t)— + ag(x, u
iJ
with smooth coefficients such that

(46) D aij(x,D&E; = vIEP Vx,1, VEERN, v>o0.
i,j

16 Thatis, | £ (x1, 1) — f(x2, )| < C(Ix1 — x2* + [t — 21)*/% Vx1, x2, 11, 2.
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In the case of irregular coefficients (i.e., a;; € L>(Q2 x (0, T)) satisfying (46)) a
difﬁcult_result of Nash—Moser asserts that there exists some « > 0 such that u €
C*2(Q x [0, T1); see, e.g., O. Ladyzhenskaya—V. Solonnikov—N. Uraltseva [1].

4. Some examples of parabolic equations.

Linear and nonlinear parabolic equations (and systems) occur in many fields: me-
chanics, physics, chemistry, biology, optimal control, probability, finance, image
processing etc. Let us mention some examples:

(i) The Navier-Stokes system:

ou; ou; op . :
4 T Au Y uit = i 2 in@x (0,T),1<i <N,
(47) U Mjaxj fi - mQ2x(0,7),1=<i=

ot - 0x;
j
N
) ou;

(48) divu = — =0 on 2 x (0,7),

i ax,‘
(49) u=>0 onI" x (0,7),
(50) u(x,0) =ugp(x) on €2,

plays a central role in fluid mechanics; see, e.g., R. Temam [1] and its references.
(i1) Reaction—diffusion systems. These are nonlinear parabolic equations or systems
of the form
ou

E_MAuzf(u) in Q2 x (0, T)

+ boundary conditions and initial data,

where u(x, ¢) takes its values in R™, M is an m x m (diagonal) matrix, and f is
anonlinear map from R™ into R™. These systems are used to model phenomena
occurring in various fields: chemistry, biology, neurophysiology, epidemiology,
combustion, population genetics, ecology, geology, etc.; see, e.g., P. Fife [1] and
its numerous references. The solutions of reaction—diffusion equations display
a wide range of behaviors, including the formation of traveling waves and self-
organized patterns.

(iii) Free boundary problems. For example, the Stefan problem describes the evo-
lution of a mixture of ice and water; see, e.g., the expository paper of E. Ma-
genes [1] and the book of A. Friedman [4].

(iv) Diffusion equations play a central role in probability (Brownian motion, Markov
processes, diffusion processes, stochastic differential equations, etc.); see, e.g.,
D. Stroock-S. Varadhan [1].

(v) Many other examples of semilinear parabolic problems are presented in D. D.
Henry [1], Th. Cazenave—A. Haraux [1].

(vi) An interesting use of the heat equation has been made in connection with the
Atiyah-Singer index; see, e.g., P. Gilkey [1].

(vii) More sophisticated nonlinear diffusion equations are used in image processing
(variants of the Perona—Malik model). The recent solution by G. Perelman of
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the celebrated Poincaré conjecture relies on R. Hamilton’s careful study of the
Ricci flow, which is a kind of nonlinear heat equation.

5. For further results concerning the maximum principle for parabolic equations,
see, e.g., A. Friedman [1], M. Protter—H. Weinberger-[1], R. Sperb [1]. For example,
if u is the solution of (1), (2), (3) with ug > 0 and ug # 0, then u(x,t) > 0
Vx € Q,Vt > 0. When = R" this follows easily from the explicit representation
formula (45).

Comments on the wave equation

6. Weak solutions of the wave equation.

There is a general abstract setting for the existence and uniqueness of a weak solution
of the wave equation. Let V and H be two Hilbert spaces suchthat V. C H C V* (as
in Comment 1). For each ¢ € [0, T'] we are given a symmetric continuous bilinear
forma(t; u, v) : V. x V. — R such that

(i) the function r — a(t; u, v) is of class Clvu,veVv,
(i) a(t;v,v) > a|v||> = Clv|*> YVt €[0,T], Yve V,a > 0.

Theorem 10.14 (J.-L. Lions). Given f € L>(0, T; H), ug € V, and vy € H, there
exists a unique function u satisfying

2

du d“u 5 N
ueC(0,T];V), EEC([O,T]QH), WGL(O,T;V),

d2
<d—t124(t), v> +a(t;u),v) = {(f@),v) foraet e (0,T), VYveV,
(©) a0
u =Uu an —_— = 10.
0 i 0
For a proof, see, e.g., J.-L. Lions—E. Magenes [1].

Application. Let H = L*(Q), V = H}(Q),

a(t; u,v):/ Za,j(x t)a” de-F/an(x,t) uvdx

with (42) and

dai; 5
%, a0, X e [%Qx(0.T), aj=aj Vij.

aij, a1

Then there is a unique weak solution of the problem

3%u 9 du _
52 Zax <a,ja )—i—aou:f in 2 x (0,7),

(28), (29), (30).
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Note that the assumptions on the initial data (ug € HO1 (2) and vg € L2(Q)) are
weaker than those made in Theorem 10.7. Under additional assumptions on f, u¢, and
vo (regularity and compatibility conditions) as well as on a;;, ag one gains regularity
on u.

7. The L?-theory for the wave equation is delicate and had been extensively studied
over the past 30 years. The Strichartz estimates are an important tool; see, e.g.,
S. Klainerman [1].

8. Maximum principle.

Some very special forms of the maximum principle hold for the wave equation; see,
e.g., M. Protter—H. Weinberger [1]. For example, let u be the solution of (27), (28),
(29), (30).

(1) fQ=R,ug > 0and vy > 0, then u > 0.
(i) If 2 = R2, up = 0 and vy > 0, then u > 0.

Assertion (i) follows from the representation formula (40). A similar but more com-
plicated formula holds in RY; see, e.g., S. Mizohata [1], G. Folland [1], H. Wein-
berger [1], R. Courant-D. Hilbert [1], and S. Mikhlin [1]. It implies (ii).

However, the reader is warned of the following:

(i) If @ = (0, 1), ug > 0, and vy = 0, then in general one cannot infer that u > 0.
(v) If @ = R2, uo > 0, and vp = 0, then in general one cannot infer that u > 0.

An unusual form of maximum principle for the telegraph equation (which re-
sembles the wave equation) has recently been devised by J. Mawhin-R. Ortega—
A. M. Robles—Perez [1].

9. Domain of dependence. Wave propagation. Huygens’ principle.
There is a fundamental difference between the heat equation and the wave equation:

(i) For the heat equation, a small perturbation"” of the initial data is immediately
felt everywhere, i.e.,Vx € Q, Vt > 0. For example, we have seen that if ug > 0
andug #£ 0,thenu(x,t) > 0 Vx € Q,Vt > 0. One says that the heat propagates
at infinite speed. '8

(i) For the wave equation, the situation is completely different. Assume for example
Q = R. The explicit formula (40) shows that u (X, f) depends solely on the values
of uy and vg in the interval [x — 7, X + 7]; see Figure 8.

One says that the interval [x —, X +] on the x-axis is the domain of dependence
of the point (¥, 7). The same holds for @ = RN (N > 2) : u(x, f) depends only
on the values of ug and v in the ball {x € R"; |x — ¥| < 7}. This ball in the
hyperplane RV x {0} is called the domain of dependence of the point (X, 7).
Geometrically it is the intersection of the cone

17 That is, localized in a small region.

18 Physically this is not realistic! However, the representation formula (45) shows that a perturbation
on the initial data localized near x = x( has negligible effects at the point (x, ) if ¢ is small and
|x — xo] is large.
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{(x,) eRNY xRy |x —%|<f—tandr <7}

with the hyperplane RY x {0}. The physical interpretation is that waves propagate
at speed less than 1.!° A signal localized in the domain® D at time t = 0 s felt at
the point x € RN only after time t > dist(x, D)(u(x,t) = Ofort < dist(x, D)).

When N > 1 is odd, for example N = 3, there is an even more striking effect:
u(x, 1) depends only on the values of ug and vo2! on the sphere {x € R¥;
|x —x| = t}. This is Huygens’principle. Physically, it says that a signal localized
in the domain D at time ¢ = 0 is observed at the point x € R" only during the
time [11, 1] with #; = infycp dist(x, y) and 1, = SUpPyep dist(x, y). After the
time #, the signal is not felt at the point x.

On the other hand, if the dimension N is even (for example N = 2) the signal
persists at x for all time ¢ > 1;.%?

An application to music. A listener placed in R? at distance d from a musical
intrument®3 hears at time 7 the note played at time (r — d) and nothing else!**
For more details on Huygens’ principle the reader may consult R. Courant—
D. Hilbert [1], G. Folland [1], P. Garabedian [1], and S. Mikhlin [1].

19 The speed 1 comes in because we have normalized the wave equation. Some readers may prefer
to work with the equation ‘;273 —c2Au=0.

20 That is, uo and vg have their supports in D.

21 And of some of their derivatives.

22 The effect is damped out with time but it does not vanish completely.

23 Of small dimension.

24 While in R? he would hear a weighted average of all notes played during the time [0,  — d].






Chapter 11
Miscellaneous Complements

This chapter contains various complements that have not been incorporated in the
main body of the book in order to keep the presentation more compact. They are
connected to Chapters 1-7. Some of the proofs are very sketchy. Several proofs have
been omitted, and the interested reader is invited to consult the references.

11.1 Finite-Dimensional and Finite-Codimensional Spaces

As is well known, every finite-dimensional space X of dimension p is isomorphic to
RP. In particular, X is complete, all norms on X are equivalent, and the closed unit
ball By is compact.

Proposition 11.1. Let E be a Banach space and let X C E be a finite-dimensional
space. Then X is closed.

Proof. Assume that (x,) is a sequence in X such that x, — x in E. Then (x,) is a
Cauchy sequence in X and thus (x,) converges to a limit in X. Hence x € X.

Proposition 11.2. Assume that X is finite-dimensional and F is a Banach space.
Then every linear operator T : X — F must be bounded.

Proof. Let (e;) be a basis in X and write x = Y /_, xje;. Then Tx = Y7, x;Te;,
sothat || Tx|| < 37 |xil ITei || < (max; | Te;ll) Y-F_, xi| < Clix].

In particular, all linear functionals on X are continuous. The dual space X* of a
finite-dimensional space X is also finite-dimensional, and dim X* = dim X. More
precisely, if (e;) is a basis of X then write x € E as x = Zle x;je; and set fi(x) =
xi, i =1,2,..., p. Clearly the functionals (f;) are linearly independent in X* and
they generate X*. Thus they form a basis of X*. What is less obvious is the following:

Proposition 11.3. Assume that X is a Banach space (with dim X < 00) such that
X™* is finite-dimensional. Then X is finite-dimensional and dim X = dim X*.

H. Brezis, Functional Analysis, Sobolev Spaces and Partial Differential Equations, 349
DOI 10.1007/978-0-387-70914-7 11, © Springer SciencetBusiness Media, LLC 2011
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Proof. We need Hahn—Banach, or more precisely Corollary 1.4. Let J : X — X**
be the canonical injection defined in Section 1.3. Since dim X* < oo, we deduce
from the above discussion that dim X** < oo. But X is isomorphic to J(X) C X**,
and thus dim X < dim X** = dim X*. Therefore dim X < oo, and we deduce (again
from the above discussion) that dim X* = dim X.

Proposition 11.4. Let E be a Banach space and let M C E be a closed subspace.
Assume that X C E is a finite-dimensional subspace. Then (M + X) is closed.
Moreover, (M + X) admits a complement in E if and only if M does.

[Warning: Recall that in general, the sum of two closed subspaces need not be
closed; see, e.g., Exercise 1.14.]

Proof. First, assume in addition that M N X = {0}. Write u,, = x, + y, withx,, € X,
Yn € M, and u, — u in E. We claim that (x,) is bounded. If not, then |x,, || — oo
for some subsequence ny — oo. Passing to a further subsequence, we may assume

that ”i’”‘ T~ & in X, with ||| = 1 (here we use the fact that dim X < o0).
ng

Thus ”ink = ”an T ”in" ; — —&; moreover, & € M (since M is closed). Thus
ny ny ny

& € M N X and we must have & = 0. Impossible. Hence we have shown that (x,)
is bounded. Passing to a subsequence, we may assume that x,, — x in X. Then
Yn = u —x € M (since M is closed). Therefore u € (M + X), and this completes
the proof that (M + X) is closed when M N X = {0}.

In the general case, let X be a complement of (M nx ) in X (this is ﬁmte-
dimensional stuff). Clearly X is finite- dimensional, M N X = {0}, and M + X =
M + X. We have already proved that (M + X) is closed, and so is (M + X).

Suppose now that M admits a complement, say N, in E. Let Py, and Py be the
projections onto M and N. Since Py (X) has finite dimension, it has a complement,
say N, in N (see Section 2.4). We claim that N is a complement of (M + X) in E.

First we have ~

M+ X)NN = {0}.

Indeed, if i = m + x with/i € N, m € M, and x € X, then
n=Pyn=Py(m+x)= Pyx € Py(X),

and thus i € N N Py(X) = {0}.
Next, we have _
(M +X)+N=E.

Indeed, any & € E may be written as
§ = Py& + Pné,
and Py & may be further decomposed as

PyE = Pyx + 1,
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for some x € X and some i € N. But x = Pyrx + Pyx, so that
Pné = (x — Pyx) +n,

and therefore N
E=Pyt+x—Pyx+ne(M+X)+ N.

Conversely, assume that (M + X) admits a complement, say W, in E.Let X be,
as above, a complement of (M N X) in X. We claim that (W + X) is a complement
of M.

First we have -

W+ X)NnM = {0}

Indeed, if m € M can be written as m = w + X with w € W and x e~)~(, then
w=m—x,sothatw € (M+X)NW = {0}. Thereforem = x € (MNX)NX = {0}.
Finally, we verify that ~
W+X)+M=E.

Indeed, it suffices to check that
(M +X) = (M + X)

(since W + (M + X) = E). Clearly M + XcM+X (since X cC X). Conversely,
any x € X can be written as x = x; + X withx; € M N X and X € X. Therefore
M+XCM+X.

Let M be a subspace of a Banach space E. Recall that M has finite codimension
if there exists a finite-dimensional space X C E such that M + X = E. We may
always assume that M N X = {0} (otherwise choose a complement of M N X in
X). The codimension M, codim M, is by definition the dimension of such X (and is
independent of the special choice of X); it coincides with dim(E/M).

[Warning: A subspace of finite codimension need not be closed. For example, if
dim E = oo, take any linear functional f on E that is not continuous (see Exer-
cise 1.5). Then M = f~1({0}) has codimension 1 but M is not closed (by Proposi-
tion 1.5); in fact, M is dense in E.]

Proposition 11.5. Let E be a Banach space and let M be a closed subspace of E of
finite codimension. Then any subspace M of E containing M must be closed.

Proof. The space M admits an algebraic complement in M ,say X. Clearly dim X <
00, and M = X + M. Applying Proposition 11.4, we see that M is closed.

Proposition 11.6. Let E be a Banach space and let M be a closed subspace of E of
finite codimension. Let D be a dense subspace of E. Then there exists a complement
X of M with X C D.

Proof. Let d be the codimension of M in E. If d = 0, we have M = E and we may
take X = {0}. Hence we may assume that d > 1._Fix any x1 € D with x| ¢ M; this
is possible, for otherwise D C M implies E = D C M # E; a contradiction. Let
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M| = M + Rx;. Then M is closed (by Proposition 11.4) and codim M} =d — 1.
Repeating this construction (d — 1) times yields a subspace X C D, of dimension
d,suchthat M + X = F and M N X = {0}.

Proposition 11.7. Let E be a Banach space and let G, L C E be closed subspaces.
Assume that there exist finite-dimensional spaces X1, X» C E such that

() G+L+X =E,
) GNLCX,.

Then G (resp. L) admits a complement.
Proof. We divide the proof into two steps.

Step 1: The conclusion of Proposition 11.7 holds when X, = {0}.
Let X 1 be acomplement of (G + L) N X in X;. We already know by Proposition
11.4 that (L + Xl) is closed. We claim that (L + Xl) is a complement of G.
First, we have ~
G+(L+X)=E

Indeed, any £ € E may be writtenasé = g+ {+hwithge G,£ € L,h € Xl,agld
h may be further decomposed as h = h| +hy withh; €e (G+L)NX and hy € X;.
Hence § € G+ L + X;.
Next we have ~
GN(L+Xp) ={0}.

Indeed, suppose that g =~£ +x; withg € G,£ € L,and x| € X;.Thenx; = g — ¢,
sothatx; € (G + L) N X1 = {0}. Hence g = £ € G N L = {0} (this is assumed in
Step 1).
Step 2: The general case.
Let G be a complement of (G N L) in G and let Lbea complement of (G N L)
in L (note that Gand L exist, since G N L is finite-dimensional; see Section 2.4).
We claim that

3) (G+L)+ (X1 +Xa) =
and
) (GNL)={0).

This will complete the proof of the proposition. Indeed, from Step 1 we deduce that
G admits a complement. Therefore G = G + (G N L) also admits a complement by
Proposition 11.4.

Verification of (3). Any £ € E may be written as

E=g+4L€+x with geG, £ e€L, and x| € X|.

Butg =g+ hy Withgeéandhl eGﬂL;similarlyZ=£~+h2with£~eZand
hy € G N L. Therefore
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E=@+O)+x1+ (i +h) e (G+L)+ (X1 + X2).

Verification of (4). Assume that g € GN L. Then g € (GNL)NL (since G C G
and L C L).But (GNL)NL={0}.

11.2 Quotient Spaces

Let E be a Banach space and let M be a closed subspace. We consider an equivalence
relation on E defined by x ~ y if x —y € M. The set of all equivalence classes is a
vector space, denoted by E /M, and is called the quotient space of E (mod M). The
canonical map that associates to every x € E its equivalence class [x] is denoted by
m: E — E/M. Clearly r is a surjective linear operator. The quotient space E/M
is equipped with the quotient norm

Ixlle/m = )l g/m = inf |yl = inf |lx —m].
yeE meM

y€lx]

It is clear that ||[x]||g/a is a norm on E/M (to check that ||[x]||g/» = O implies
[x] = 0, one uses the fact that M is closed). Moreover, 7 : E — E/M is a bounded
operator and ||| < 1. When there is no confusion we simply write || instead of

| E/m-

Proposition 11.8. The quotient space E/M equipped with the norm || gy is a
Banach space.

Proof. Let (7 (x)) be a Cauchy sequence in E/M. We have to show that (i (xy))
converges, and since (m(x;)) is Cauchy, it suffices to prove that a subsequence
converges. Passing to a subsequence (still denoted by (xx)), we may assume that
l7r (k1) — (x|l < 2]7 Vk (see the proof of Theorem 4.8). Hence there exists a
sequence (my) in M such that ||xg41 — xx —mg|| < 217 Write my = r4+1 — Uk With
w1 =0and ur € M Vk. Since (x; — k) is a Cauchy sequence in E, it converges
to a limit £ in E. Therefore 7 (x;) = 7 (xx — pg) also converges (to w(£)) in E/M.

Proposition 11.9. Let M be a closed subspace of E and let n* : (E/M)* — E*
be the adjoint of w : E — E/M. Then R(w*) = M™, and more precisely, 7* is
bijective from (E/M)* onto M+, with

I7* @ e = €Il e/my VE € (E/M)”.
In particular, (E /M)* is isomorphic and isometric to M.
Proof. With& € (E/M)* and x € E, write
(T (&), x) = (§, w(x)).

If x € M we have 7r(x) = 0 and thus (7*(£),x) =0 Vx € M,ie.,n*(&) € ML

Conversely, let f € M~*; we need to show that f = 7*(&) for some & € (E/M)*.
Given y € E/M, write y = m(x) for some x € E and then define §(y) = (f, x).



354 11 Miscellaneous Complements

Note that this definition does not depend on the special choice of x, since f € M.
Clearly £ is linear in y and we have |£(y)| < ||fllgxllx —m| Vm € M. Taking
the inf over all m € M gives |E(y)| < || flle=llw () lle/m = ILf |~ [yl £/m- Hence
& € (E/M)*,and clearly, (m* (&), x) = (§,7(x)) = (f, x) Vx € E,ie.,n* (&) = f.
Moreover, IElle/myx = I fllex = 7% (&)l e~

On the other hand, we know that

I7*E)les < €Nl e/pyrs

since ||7*|| = || || < 1. Consequently,

I7* @~ = 1§l E/m» V& € (E/M)”.

Let F, G be Banach spaces and let T € L(F, G). Consider the closed subspace
N(T) of F, the quotient space F/N(T), and the canonical map = : F — F/N(T).
The operator T can be factored as T = T om, where T : F/ N (T) - G; indee(’i\3
giveny € F/N(T), write y = m(x) for some x € F andset Ty = Tx. Clearly T
is well defined independently of the choice of x, and bijective from F/N(T') onto
R(T); moreover, ||T|| = ||T].

Consider now a special case of this setting. Let M be a closed subspace of a
Banach space E. Let T : E* — M™* be defined by

T(f)=fiu ¥fe€E"

Then N(T) = M+ and (by Hahn-Banach) R(T) = M*. *. Applying the above to
F = E* and G = M*, we obtain an operator T:E* /M~+ — M* that is bijective,
andsuchthat T o = T.

Proposition 11.10. For any Banach space E and any closed subspace M of E, the
operator T is a bijective isometry from E* /M~ onto M*.

Proof. We have only to show that T is an isometry. Given any f € E*, consider
the functional fjp on M. By Corollary 1.2 we know that there exists a functional

f € E*suchthat fiye = fiwr and || fllge = I fimllaae = 1T (H)llmae-

Since f — f € M, we have

17 ()l g pag = dist(f, M) < ILf — (f = Dlles = 1 flles = 1T f e
Hence we have proved that
I (O peypar <N T Sl Vf € E™.
But7 =T o 7, so that

1T (Ol geypar < NT@(DIme Vf € E*,

ie.,
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Y yps < IT O llaee Yy € E*/M*-.
On the other hand, it is clear that

1T o)l = T (H)llme < I flle= Vf € E*.

Replacing f by (f — g) with g € M~ and taking the infimum over g € M~ yields
T @D < Nl gejr VF € E*,

ie.,
1Tl < Iyllgeprr Yy € E*/M*.

We conclude that T is an isometry.

The quotient space E/M inherits many of the properties of the space E, e.g.,
reflexivity and uniform convexity.

Proposition 11.11. Assume that E is a reflexive Banach space and M is a closed
subspace. Then E /M is reflexive.

Proof. Weknow that E* is reflexive (see Corollary 3.21) and thus M L isalsoreflexive
(being a closed subspace of E*; see Proposition 3.20). On the other hand, M~ is
isomorphic to (E/M)* (by Proposition 11.9). Therefore (E /M)* is reflexive, and so
is E/M, again by Corollary 3.21.

Proposition 11.12. Assume that E is a uniformly convex Banach space and M is a
closed subspace. Then E /M is uniformly convex.

Proof. Let(x), w(y) € E/M be such that |z (x)|| <1, [x(»)]| < 1,and |7 (x) —
w(y)|| > e. Since E is reflexive, we know (see Corollary 3.23) that there exist
mi; € M and my, € M such that |[x — m|| < 1 and ||x — m2|| < 1. Moreover,
|(x —y) —m| > & Vm € M. The uniform convexity of E yields

(x —mi) + (y —m») ‘ “1-s
2
and thus
w(x) +7(y)
— <1-34.

Proposition 11.13. Let E be a Banach space and let M C E be a closed subspace.
Then

(a) dim M < oo if and only if codim M+ < oo, and in that case
dim M = codim MJ‘,
(b) codim M < oo if and only if dim M+ < 0o, and in that case

codim M = dim M*.
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Proof.

(a) We know by Proposition 11.10 that E* /M~ is always isomorphic to M*. Thus
dim M* < oo « dim(E*/M~') < oo. By Proposition 11.3 we know that
dimM < oo < dim M* < oo and then dim M = dim M*. On the other hand,
dim(E*/M™+) < 0o < codim M+ < co. Hence dim M < oo < codim M+ <
oo and dim M = dim M* = dim(E*/M~*) = codim M.

(b) Proposition 11.9 yields that dim M+ < co < dim(E/M)* < oo. Using once
more Proposition 11.3, this is equivalent to dim(E/M) < oo, i.e., codim M <
oo. Then dim M+ = dim(E/M)* = dim(E/M) = codim M.

A “dual” statement is partially true.

Proposition 11.14. Let N C E* be a closed subspace. Then dim N < oo if and
only if codim N+ < oo, and in that case dim N = codim N=L. It is also true that
dim Nt < codim N, but it may happen that dim N+ < codim N < oo.

Proof. Recall that
Nt ={xe€E; (f,x)=0 VfeN}

Clearly N C N; but it may happen that N # N+t (see Remark 6 in Chapter 1).
For example, take £ € E** withé ¢ Eandlet N = £~ '({0}) = {f € E*; (&, f) =
0}. Then N is a closed subspace of E* of codimension 1 (i.e., N is a hyperplane).
However, N+ = {0} (because the orthogonal of N in E** is R by Lemma 3.2 and
thus N+, the orthogonal of N in E, is reduced to {0}). In this case N = N # N+ =
E*, and dim N = 0, while codim N = 1.

We now return to the general case. Since N C N L1 we have codim N1+ <
codim N < oo. Set M = N+ C E. By Proposition 11.10 we have

codim M+ = dim(E*/M*') = dim M*,
and thus codim N++ = dim M < co. Therefore
dim N+ < codim N < oo.

We now prove that dim N < oo = codim N+ < oo and codim N+ = dim N.
We first claim that N++ = N. We already know that N C N+t Let S oo I
be a basis of N and let f € N1+, Since f =0on N+ = {x € E; (f;, x) = 0Vi},
we may apply Lemma 3.2 and conclude that f = ) A; f;. Therefore N L C N.As
above, set M = N+, Since dim M+ < 00, we deduce from Proposition 11.13 that
codim M < oo and that codim M = dim M2, i.e., codim N1 = dim N.

Conversely, assume codim N 1 < 00, and set againM = N L sothatcodim M <
oo. Applying Proposition 11.13 once more yields dim M+ < oo, i.e., dim N*+ <
00. Since N C N+, we deduce that dim N < oo and we are back to the previous
situation. Hence dim N = codim N-+.
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11.3 Some Classical Spaces of Sequences

Given a sequence x = (X1, X2, ..., Xk, -..), set
00 1/p
lxll, = (Z |xk|f’) . 1<p<oo,
k=1
% llco = supl|xk|
k

and consider the corresponding spaces

€7 = {x; lIxll, < o0}, 1< p < o0,

€% = {x; Ix]loc < 00},
which are Banach spaces for the £7 (resp. £°°) norms. This can be established directly
(and is quite easy); or one can rely on Theorem 4.8 applied to 2 = N equipped
with the counting measure, ;£ (E) = the number of points in a set E C N. Many

properties mentioned below are consquences of general results from Chapter 4. For
the convenience of the reader, we also present some direct proofs.

There are two interesting subspaces of £°°:

¢ = {x; lim x; exists
k—o00

and
co = {x; klim Xp = O} .

—>00

They are both equipped with the £°° norm. Clearly ¢y C ¢ C £°° with ¢¢ closed in
¢, and ¢ closed in £°°.

Holder’s inequality takes the form

[e¢]

D ko

k=1

, 11
%) < lIxlpliyll,y Vx etl, Vyetl with—+ — =1.
p P

The space £7 is a Hilbert space equipped with the scalar product
o0
(X, ) =Y Xy
k=1

It is clear that ¢ C ¢ with
Ixlloo < lxll, ¥Yp, 1<p<oo, Vxedt’

and this yields 7 C £9 when 1 < p < g < oo, with



358 11 Miscellaneous Complements
Ixllg < lxll, Vxet’.

Proposition 11.15. The space €7 is reflexive, and even uniformly convex, for
1<p<oo.

Proof. Apply Theorem 4.10 and Exercise 4.12 with 2 = N.
Proposition 11.16. The spaces c, co, and £P, with 1 < p < oo, are separable.
Proof. Let

D = {x = (x¢); xx € Q Vk, and x; = 0 for k sufficiently large} .

It is clear that D is countable; moreover, D is dense in £” when 1 < p < oo and in
co. Theset D + A(1,1,1,...), with A € Q, is countable and dense in c.

Proposition 11.17. The space £°° is not separable.

Proof. Assume that A C £ is countable. We will check that A cannot be dense
in £°°. Write A = (ak), where each a* € €%, so that a* = (a’f, a’z‘, ...). For each
integer k set

by = af +1 iflaf| <1,
0 if lak| > 1.

Note that b = (by) € £*° and |b; — allg| > 1 Vk. Therefore,

b — a*lloo > |bx —ak] = 1V,

and thus b ¢ A.

Proposition 11.18. Let 1 < p < oo. Given any ¢ € (£LP)*, there exists a unique
u € £? such that

[o,0]
(¢, x) = Zukxk Vx € ¢P,

k=1
Moreover,
lullpr = @l ery-

Proof. Leter = (0,0,..., 1,0,0,...).Setur = ¢(ex). We claim that u = (uy) €
¢”" and ®

(©6) lullp < Nl ery--
Inequality (6) is clear when p = 1, since
lurl < @l llexlin < l@lleny~  Vk.

We now turn to the case | < p < oo. Fix an integer N. Then for every x =
(x1,x2,...,xn,0,0,...) we have



11.3 Some Classical Spaces of Sequences 359

N N
@) D uxi =6 (Z xm) < liglleryxlp-
k=1

k=1

Choosing x; = |uk|"’/_2uk yields

N 1/p
(me’) < [l ery--
k=1

As N — oo we see that u € €7 and (6) holds. Moreover,

¢ (x) = Zuk xr VxeD,

k=1

where D is defined in the proof of Proposition 11.16. Since D is dense in £” we
obtain

o
$(x) =) uxp Vxell
k=1
Holder’s inequality yields

lpCO| < llullyllxll, Vx e€e€?,
and therefore ||¢||¢ry« < |lu|| . Combining with (6), we obtain

&l ery = llullp-

The uniqueness of « is obvious.

Proposition 11.19. Given any ¢ € (co)*, there exists a unique u € £' such that

o0
(P, x) = Zuk xr Vx € co.

k=1

Moreover,

llli = @1l oy
Proof. This is an easy adaptation of the proof of Proposition 11.18 (with p = oo
and p’ = 1); the last part of the proof holds since D is dense in c¢g (but not in £°°).

Proposition 11.20. Given ¢ € (c)*, there exists a unique pair (u, A) € 2! x R such

that
o0

,X) = + A lim Vx € c.
(¢, x) I;uk Xk k»ooxk X €

Moreover,
lullt + 121 = NPl ey
Proof. Applying Proposition 11.19 to ¢¢,, we find some u € ¢! such that
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o0
() =D iy ¥y e co.
k=1

If x € c write x = y +ae, where e = (1,1, 1,...),a = limy_, oxk, and y € cp.
Then

GO) =Y ur yk +adle) =Y ur(xk —a) +ap(e) =Y up xi + ra,
k=1

k=1 k=1

where A = ¢ (e) — Y ooy U.
Conversely, given any u € £! and A € R, the functional

o0
(8) Pp(x) = ;uk i limox, xec,

defines an element of (¢)*. We claim that

©)) ol ey = lluelln + [A].

It is clear that
(10) &l < llullr + |A].

Choosing x = (x) in (8), where N is a fixed integer and

sign (ug), 1<k=<N,
sign (&), k> N,

yields
N

o0
G() =Y luxl + sign 0) Y up + A < gl
k=1 k=N+1
As N — oo we obtain
lully + 1A < @l

which, together with (10), gives (9).
Proposition 11.21. The spaces €', £*°, ¢, and cq are not reflexive.

Proof. From Propositions 11.19 and 11.18 we know that (co)* is £ and (£1)* is £°.
Therefore the identity map from cq into £°° corresponds to the canonical injection
J :co = (co)*™ defined in Section 1.3. Since it is not surjective, we conclude that ¢
is not reflexive. Applying Corollary 3.21, we deduce that £! and £>° are not reflexive.
Moreover, ¢ cannot be reflexive; otherwise, co, which is a closed subspace of ¢, would
be reflexive by Proposition 3.20.

The following table summarizes the main properties discussed above:
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Reflexive|Separable Dual Space
€7 with 1 < p < 00| YES YES o
¢! NO YES £
co NO YES ¢!
c NO YES ' x R
£ NO NO  |[Strictly bigger than £!

11.4 Banach Spaces over C: What Is Similar and What Is
Different?

Throughout this section we assume that E is a vector space over C. Of course we
may associate to E a vector space over R simply by considering the product Ax with
A restricted to R, and x € E; the corresponding vector space over R will often be
denoted by ER to distinguish it from E.

A linear subspace M C E is a subset M satisfying Ax € Mandx +y € M
Vi € C,Vx,y € M. Of course a linear subspace M of E is also a linear subspace of
ERg. But the converse is not true. For example, a line L in R? containing 0 is a linear
subspace of R2. However, if we identify C with R?, the line L is no longer a linear
subspace of C because i L = L rotated by /2, is not contained in L.

A norm on E is by definition a function E with values in [0, +00) such that
X =0 < x =0, [lAx]| =[] [x]| VA € C,Vx € E,and |lx + y|| < llx[l + [[¥].
Clearly | is also anorm on  Ep, but the converse is not true.

A linear functional on E is amap f : E — C such that f(Ax) = Af(x) and
fx+y) = f(x)+ f(y) VA € C,Vx,y € E. The dual space E* is the space of
all continuous linear functionals on E; E* is a vector space over C and is equipped
with the norm

I fllex = sup |f(x)].
cE

X
llxll<1

The complex number f(x) is also denoted by (f, x), and we clearly have
(Af, ux) = Al f, x) VA, u € C,Vx € E.The correspondence between the complex
dual E* and the real dual EF; is given by the following simple but illuminating result.

Proposition 11.22. The map

I:feE*"—RefekEg

. T N .
is a bijective isometry from E* onto Eg.

Proof. Clearly,
IRe(f, )| = [, ) = I fle~llxll

and thus

Y IO Eey < IfllE=
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Itis also clear that / is injective because Re( f, x) = 0Vx € E impliesRe(f, ix) =0
Vx € E,i.e.,Im(f, x) = 0Vx € E,andthus f = 0. Nextwe claimthat / is surjective.
Indeed, given ¢ € Ey, set

(12) fx) =pk) —ipix) Vxek

[warning: ¢ (ix) is not equal to i (x), because both ¢(x) and ¢ (ix) belong to R]. It
is easy to check that f € E*,i.e., f(Ax) = Af(x) VA € C, Vx € E (please verify!)
and that /(f) = Re f = ¢. From (11) we have ”‘p”Eﬁi < || fllg. It is also clear
from (12) that

1/2
F@1 = (e +10G0R) " = V2lipleg vl

(since |lix]| = [|x]|). But we can do better. Assume f(x) # O andset A = I;‘(EX)I e C.

Then . x)
r@i=sr0 =7 () =e(3) i (%) |

Since |f(X)| € R’ (2 (%) € R’ and(ﬂ (%) € R, we see that % (%) = (0 and thus
| f(x)] = ¢ (). Therefore

X 1
P = llelle | 3] = mrllelleg 1l = gl .

|A]

Hence ”f”Eﬁz < ||<p||EH~§ = [[1(f) ”Eu'a' Combining this with (11), we conclude that
[ is an isometry.

Proposition 11.22 implies that there are very few changes in Chapters 1-5 when
we are dealing with vector spaces over C, except that we need to be a little careful
with Hahn-Banach (see below). A major change occurs in Chapter 6 when we deal
with eigenvalues and spectrum. This is already visible in finite dimension: any n X n
matrix M with entries in C admits eigenvalues in C; but it may have no eigenvalues
in R, even if the entries of M belong to R. We now describe chapter by chapter the
changes to be made.

Chapter 1. We select a few examples showing that some statements remain un-
changed while some others need slight modifications.

Proposition 11.23. Let G C E be a linear subspace. If g : G — C is a continuous
linear functional, then there exists f € E* that extends g, and such that

I fllE = lgliG=

Proof. Set ¢y = Reg, so that ¥ is an element of G and ¥y, = llgllg+- By
Corollary 1.2 there exists some ¢ € Ej, that extends ¥, and such that

lolles = 1¥l6s.-



11.4 Banach Spaces over C: What Is Similar and What Is Different? 363

Applying Proposition 11.22, we see that there exists f € E* such that ¢ = Re f and
Iflles = lleller = 1¥llgy, = llgllg-- In addition, we have ¢ = Re f = ¢ = Reg
on G, i.e., Re f(x) = Reg(x) Vx € G; taking ix instead of x yields Im f(x) =
Img(x) Vx € G, and thus f = g on G.

Next, we state one of the geometric forms of Hahn—-Banach. A closed real hy-
perplane H in E is a set of the form

H={xe€E;Re(f,x)=a}=[Re f =al,

for some f € E*, f # 0, and some o € R. We again warn the reader that if « = 0,
then H is a linear subspace of Eg, but it is not a linear subspace of E over C; for
example, in E = C, H is a line (and a line is not a linear subspace of E). We say
that H separates A, B C E if

Re(f,x) <a Vxe A and Re(f,x)>a Vxe€B.

Proposition 11.24. Let A, B C E be two nonempty convex subsets of E such that
ANB = (. Assume that one of them is open. Then there exists a closed real hyperplane
that separates A and B.

Proof. Applying Theorem 1.6 to ER yields a hyperplane H = [¢p = «] for some
¢ € Ep that separates A and B in the usual sense. Then use Proposition 11.23 to
assert that ¢ = Re f for some f € E*.

The definition of the orthogonal M of a linear subspace M of E is unchanged,
MY ={f € E* (f,x)=0 Vxe M),

and clearly we have M+ = {f € E*; Re(f, x) = 0 Vx € M} (since we may take i x

in place of x). It is easily seen that M-+ = M.

Given a function ¢ : E — (—00, +00], we define its conjugate ¢* on E* by

¢*(f) = sup{Re(f, x) — p(x0)}.

xeE

With obvious notation we have

o) =epUf) VfeE.

Proposition 11.25. Assume that ¢ : E — (—00, +00] is convex, L.s.c., and ¢ #*
+00. Then ¢** = ¢.

Proof. There are two methods. Either one can apply Theorem 1.11 to ¢ = ¢ viewed
on ER, in conjunction with Proposition 11.22. Or one can repeat the proof of The-
orem 1.11; when Hahn—Banach is used, one can separate the convex sets A and B
using a real hyperplane as above.

The definition of the indicator function /g is unchanged. If M is a linear subspace
of E and ¢ = Iy, then
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@*(f) = sup Re(f, x) = I 1.
xeM

Indeed if f € M+ we have (f, x) = 0 Vx € M and thus ¢*(f) = 0. Otherwise, if
f ¢ M there exists some xo € M such that {f, xo) # 0. Replacing x( by ixg if
needed we may assume that Re( f, xo) # 0. Replacing xo by —xq if needed we may
assume that Re( f, xo) > 0 and then sup, . o(f, Axg) = +00.

Chapter 2. All the statements are unchanged (in Corollaries 2.4 and 2.5 replace R
by C). Some proofs rely on the R-structure (e.g., formula (21) in the proof Theo-
rem 2.16). They can easily be adapted to C; alternatively, the C-statement can be
established by applying the R-version to ER.

Chapter 3. All the statements are unchanged (in Lemmas 3.2 and 3.3 replace R by
C). Some proofs require obvious modifications (e.g., the proof of Proposition 3.11).

Chapter 4. Totally unchanged.

Chapter 5. A Hilbert space over C is a vector space over C equipped with a scalar
product (u, v) € C. This is a map from H x H into C satisfying

(u,v) =(v,u) V(u,v)€H,
forevery v € H, u — (u, v) is linear,
(u,u) >0 Vu #0.

In particular, we have
(Au, uv) = Au(u,v) Vi, ueC, Vu,veH.
The quantity |u| = (u, u)l/2 is a norm; we have
lu+v> = |v]* +2Re(u, v) + [v|*> Vu,v € H,
and the Cauchy—Schwarz inequality becomes
|(u, v)| < |ullv] Yu,v € H.

A typical example is L*($2; C) equipped with the scalar product

(u,v) = f u(x)v(x)dpu.
Q

The connection between Hilbert spaces over R and over C goes as follows. Sup-
pose H is a Hilbert space over C. Then Hy equipped with the scalar product Re(u, v)
becomes a Hilbert space over R. Therefore all the statements of Chapter 5 apply to
Hp. Here are some examples.

Proposition 11.26. Let K C H be a nonempty closed convex set. Then for every
f € H there exists a unique element u € K such that
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|f —ul= géill(llf —v| = dist(f, K).
Moreover, u is characterized by the property
uekK and Re(f—u,v—u)<0 Vvek.
Proposition 11.27. Given any ¢ € H* there exists a unique f € H such that
o) =, f) YueH.

Moreover,
Lfl = llellas

Proof. Applying Theorem 5.5 to Re ¢ in Hr, we find some f € H such that
Reg(u) = Re(u, f) Vu € H.

Applying this to iu yields Im ¢ (#) = Im(u, f) and thus ¢(u) = (4, f) Vu € H.

Consider now a function a(u, v) : H x H — C satisfying

(13) Vv e H,u+ a(u,v) is linear and Yu € H, v — a(u, v) is linear,
(14) a is continuous, i.e., |a(u, v)| < Clu||lv| Yuv € H,

(15) a is coercive, i.e., Rea(u, u) > oz|u|2 Yu € H, for some o > 0.

Proposition 11.28. Assume that a satifies (13), (14), and (15). Let K be a nonempty
closed convex setin H. Then given any ¢ € H* there exists a unique u € K such that

(16) Rea(u,v —u) > Re{p,v—u) Vv eK.

Moreover, if a(v, w) = a(w, v) Yv, w € H, then u is characterized by the property
1 (1
uekK and —a(u,u) —Re(p,u) =min {-a(v,v) —Re(p,v)}.
2 vek | 2

When K = H, (16) becomes a(u, v) = (¢, v) Vv € H. In particular, we deduce
that any operator T € L(H) satisfying

17) Re(Tu,u) > alu|> Vu € H, for some o > 0,

is bijective from H onto itself. There is a variant that looks slightly more general
(see, however, Remark 1 below).

Proposition 11.29 (Lax-Milgram). Assume that T € L(H) satisfies
(18) [(Tu,u)| > oz|u|2 Yu € H, for some a > 0.

Then T is bijective.
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Proof. See Remark 8 in Chapter 5.

Remark 1. Clearly (17) implies (18). Conversely, assume that (18) holds. Then there
exists some & € C with |£] = 1 such that

(19) Re(§Tu,u) > alul> Vu € H.
Indeed, the numerical range
W(T) ={(Tu,u);u € H, |u| =1}

is a convex set (by Proposition 11.33 below). Moreover, by (18) we know that O ¢
W(T), and in fact dist(0, W(T')) > «. Let p denote the projection of 0 onto W (T')
(in C ~ R?). After a rotation in the plane (i.e., a multiplication by £ € C, || = 1)
bringing p to the point (0, | p|) on the x-axis, we conclude that (19) holds.

Chapter 6. Sections 6.1 and 6.2 are totally unchanged. The main difference occurs
in Section 6.3.
Let E be a Banach space over C and let T € L(E). The resolvent set is defined by

p(T) = {, € C; (T — Al) is bijective from E onto E}.

The spectrum is the complement of p(7T), i.e.,0(T) = C\ p(T). A number A € C
is an eigenvalue if the corresponding eigenspace N(T — AI) # {0} and the set of
all eigenvalues is denoted by EV (T'). Clearly EV (T) C o(T). It may happen that
EV(T) = 0 (e.g., the right shift Tu = (0, u1, uz, ...)). However, o(T) is never
empty.

Proposition 11.30. The spectrum o (T) is a nonempty compact set and
o(T) C{reClal < ITI}

Proof. The main novelty is that o (T") is nonempty. The proof relies on the theory of
analytic functions on C (more precisely Liouville’s theorem) and we will not present
it here. The interested reader may consult A. Taylor—-D. Lay [1], W. Rudin [2], or
A. Knaap [2].

The estimate |A| < ||T|| YA € o (T) is usually not sharp. For example, in C? the
operator T (uy, uz) = (uy, 0) satisfies 0 (T) = {0} and ||T|| = 1. The optimal bound
is given in terms of the spectral radius. We already know (see Exercise 6.23) that for
every operator T € L(E),

r(T) = lim |T"||"/" exists
n—od
and clearly »(T) < ||T||; »(T) is called the spectral radius.
Proposition 11.31. For every T € L(E) we have

r(T) = max{|A|; A € a(T)}.
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For the proof we refer again to A. Taylor-D. Lay [1], W. Rudin [2], or A. Knaap [2].
The argument relies heavily on the fact that E is a Banach space over C through the
theory of power series on C. When E is a Banach space over R we can say only
that max{|A|; A € o(T)} < r(T), and the inequality can be strict even if o (T) is
nonempty (see Exercise 6.23).

Another interesting difference between real and complex spaces concerns the so-
called spectral mapping theorem. Consider first the real case: let Q(¢) = Z/f:o ay t*
be a polynomial with coefficients ay € R and let T € L(E), where E is a Banach
space over R. We know (see Exercise 6.22) that

(20) Q(EV(T)) C EV(Q(T)) and Q(a(T)) C o(Q(T)),

and these inclusions might be strict (except, e.g., in the case of a Hilbert space when
T* = T). In the complex case these inclusions become equalities: Suppose Q(t) is
a polynomial with coefficients a;y € C andlet T € L(FE), where E is a Banach space
over C.

Proposition 11.32. We have

2D Q(EV(T)) = EV(Q(T))
and
(22) Q0 (T)) = (Q(T)).

Proof. We already know that (20) holds (the argument is the same as in Exer-
cise 6.22). Assume by contradiction that the inclusions are strict. Then there exists
uw e EV(Q(T)) such that u ¢ Q(EV(T)). Write

Q) —pu=alt —t){t —12)--- (1 —1p),

witha # OQandt; ¢ EV(T) Vi.In addition, we have some x # O suchthat Q(T)x =
ux. Since (T — t11) is injective, we deduce that (T' — #21) --- (T — t,1)x = 0, and
repeating the same argument yields x = 0. Impossible.

Similarly, suppose u € o (Q(T)) is such that u ¢ Q(o(T)). Write Q(t) — u as
above with t; ¢ o(T) Vi. Then Q(T) — nl can be written as a product of bijective
operators. Therefore Q(T) — 1 is bijective, i.e., u € p(Q(T)). Impossible.

In Hilbert spaces, a useful tool in the study of the spectrum is the numerical range.
Let H be a Hilbert space over C; the numerical range of an operator T € L(H) is
defined by

W(T)={(Tu,u);u € H and |u| = 1}.

Proposition 11.33. We have
o(T) C W(T),

and more precisely, if . ¢ W(T), then A € p(T) with
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(23) 1T = 2D~ < 1/ dist(h, W(T)).

In addition, W (T) is convex.

Proof. Assume that A ¢ W(T) and set o = dist(x, W(T)). We have
[(Tu,u) — Al > o VYu € H with |u| = 1.

Thus
[(Tu — Au,u)| > a|u|* Vu € H.

Applying Lax—Milgram (Proposition 11.29), we conclude that (T — A[) is bijective
and that |Tu — Au| > alu|Yu € H,ie., |[(T =AD" < 1/a.

The convexity of W (T) is a counterintuitive fact due to Toeplitz and Hausdorff.
For the proof we refer to P. R. Halmos [2].

In general, the numerical range W (T') can be much larger than the spectrum.
For example, with H = C? and T (u1, u2) = (u2,0) we have EV(T) = o(T) =
{0}, while W(T) = {A € C;|r] < 1/2}. However, if T is self-adjoint, or more
generally normal (see below), then W(T) = conv o(T), the convex hull of o (T)
(see P. R. Halmos [2] and Remark 2 below).

When H is a Hilbert space over C and T € L(H), a word of caution about the
concept of adjoint 7* is necessary. Following a general procedure, the adjoint of an
operator T € L(H) is defined via the relation

(T*fiu)p> g = {f, Tu)p»n YfeH*, YuecH,

and then T* € L(H*) (we emphasize that T*(Af) = AT*f VA € Cand Vf € H™).
Moreover, (AT)* = AT* VA € C (because f : H — Cis linear).

On the other hand, we may also identify H* with H (via the isomorphism in
Proposition 11.27), and view 7™ as an operator from H into itself defined through
the relation

(Tu,v) = (u, T*v) Yu,veH,

and we have T* € L(H) (we emphasize that T*(Av) = AT*v VA € Cand Vv € H).
However, we now have

(24) (AT)* = AT* VYreC

(as can be easily checked). This convention is commonly used, so that 7* and T live
in the same world: one can compare 7* and T, compose 7* and 7, etc.
We say that an operator T € L(H) is self-adjoint (or Hermitian) if T* = T, i.e.,

(Tu,v) = (u, Tv) Vu,v € H.

If T is self-adjoint, then (Tu, u) = (u, Tu) = (Tu,u) Vu € H,sothat (Tu,u) € R
Yu € H.Inparticular, the numerical range W (T') is asubsetof R and thus o (T') C R.



11.4 Banach Spaces over C: What Is Similar and What Is Different? 369

The spectral decomposition of compact, self-adjoint operators is exactly the same as
in Chapter 6.

Proposition 11.34. Let H be a separable Hilbert space over C and let T be a compact
self-adjoint operator. Then there exists a Hilbert basis composed of eigenvectors of
T (and the corresponding eigenvalues are real).

We say that an operator T € L(H) is normal if it satisfies T*oT = T oT*. Various
properties of normal operators are discussed in Problem 43 when the underlying space
H is a Hilbert space over R; they still remain valid when H is a Hilbert space over
C. But we have now much more:

Proposition 11.35. Let H be a Hilbert space over C and let T be a normal operator.
Then

(25) max{|Al; A € o(T)} = |T].
Proof. Since T is normal, we have
|T?| = ||T||? for every integer p > 1.

This is proved in Problem 43 when H is a Hilbert space over R, and the same
argument remains valid when H is a Hilbert space over C (alternatively apply the
real result to 7 on Hg). Therefore r(T) = lim,_, o0 | T"||'/" = | T ||. Combining this
with Proposition 11.31 yields (25).

Proposition 11.36. Let H be a separable Hilbert space over C andlet T be a compact
normal operator, then there exists a Hilbert basis composed of eigenvectors of T (but
the corresponding eigenvalues need not be real).

Proof. If T is normal, so is (T — A[I) for any A € C. Therefore (as in Problem 43)
we have N(T — AI) = N((T — AI)*) = N(T* — AI). It follows that N(T — AI)
and N(T — wl) are orthogonal when A # w. We may then proceed exactly as in
the proof of Theorem 6.11. We obtain a compact normal operator Ty on F1 with
o (Tp) = {0}. Instead of invoking Corollary 6.10 to conclude that Ty = 0, we apply
instead Proposition 11.35 and derive that Ty = 0. It is here that we make use of the
fact that H is a space over C (the same conclusion fails in real spaces).

Remark 2. Ttis easy to deduce from Proposition 11.36 that W (T') = conv ¢ (T') when
T is a compact normal operator. Indeed, choose a basis (e;) as in Proposition 11.36.
Givenu € H with |u| = 1 writtu = Y u;e; and Y |u;|> = 1. Then Tu = Y Aju;e;
and (Tu,u) = Zkilui|2. It is still true that W(T) = conv o (T) for any normal
operator T (not necessarily compact); see P. R. Halmos [2].

Let H be a Hilbert space over C. We say that an operator T € L(H) is an isometry
if |[Tu| = |u| Yu € H, and T is a unitary operator if T is an isometry that is also
surjective. Various properties of isometries and unitary operators are discussed in
Problem 44 when the underlying space H is a Hilbert space over R; most of them
remain valid when H is a Hilbert space over C, except a statement about the spectrum,
which needs to be modified as follows:
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Proposition 11.37. Let T be an isometry. Then
EV(T)C S'={reC; Al =1}.

If T is a unitary operator, then
o(T) C S,

and if T is not a unitary operator, then
o(T)={reC; A =1}
The proof is an easy adaptation of the one given in the solution of Problem 44,
question 6.

Anoperator T € L(H) is said to be skew-adjoint (or antisymmetric) if 7* = —T.
Clearly, T is skew-adjoint if and only if i T is self-adjoint (this follows from (24)).
Thus, for any skew-adjoint operator we have EV(T) C o(T) C W(T) C iR.

Chapter 7. Very little needs to be changed. In the definition of a monotone operator
replace the assumption (Av, v) > 0 Vv € D(A) by Re(Av,v) > 0 Vv € D(A).
Many computations in Sections 7.2, 7.3, and 7.4 rely on the following identity: if
¢ € C'([0, +00); H), then |p|> € C'([0, +00); R) and £ |p|?> = 2Re(j’1—f, 0),

since J J J J
a4, 2_4 _(%® a9
dtlgol —dt(go,w) (dt,<p)+(<p, dt)

do do do
= -, —— :2R I .
(dr “”)+(dr "’) e(dr “’)

Chapters 8 and 9. Interesting properties of the spectrum of second-order elliptic
operators that are not self-adjoint may be found in S. Agmon [1] (Section 16).



Solutions of Some Exercises

In this section the formulas are numbered (S1), (S2), etc, in order to avoid any
confusion with formulas from the previous sections.

1. The equality {f, x) = llx 1% implies that ||x|| < || f]|. Corollary 1.3 implies that
F (x) is nonempty. It is clear from the second form of F(x) that F(x) is closed
and convex.

2. In a strictly convex normed space any nonempty convex set that is contained in
a sphere is reduced to a single point.

3. Note that

1 2 1 2
(o = A0y = I+ Sy

Conversely, assume that f satisfies
TR
(S1) SIVIT =S lxl" = (f.y —x) ¥y € E.

Firstchoose y = Ax withA € Rin(S1); by varying A one sees that ( f, x) = ||x]|°.
Next choose y in (S1) such that || y|| = § > 0; it follows that

1 1

) < =82+ —|x|%.

(fiyv) = 3 + 2||x||
Therefore we obtain

1, 1 5

SIIfll = sup (f,y) < 56"+ EIIXII .

yeE — 2
Iyl=3

The conclusion follows by choosing § = ||x||.
4. If f € F(x) one has

H. Brezis, Functional Analysis, Sobolev Spaces and Partial Differential Equations, 371
DOI 10.1007/978-0-387-70914-7, © Springer Science+Business Media, LLC 2011
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1 1
§||y||2 - Enxn2 > (f,y —x)

and if g € F(y) one has

\

1 1
Enxn2 —~ 5||y||2 > (g, x — ).

Adding these inequalities leads to (f — g, x — y) > 0. On the other hand, note
that 5 s
(f=gx=y)=IxI"+lyl" = {f,y) — (g, x)

> lxI® + Iy 1> = 20xll yl.
5. By question 4 we already know that ||x| = ||y]|. On the other hand, we have
(F(x) = F(),x — y) = [Ix]I> = (F&), W1+ LIyI* = (F (), x)],

and both terms in brackets are > 0. It follows that || x||2 = ||y]|> = (F(x), y) =
(F(y), x), whichimplies that F'(x) € F(y)andthus F(x) = F(y) by question 2.

1(a).

| flle» = max|fi].
1<i<n

1(b). f € F(x) iff forevery 1 <i < n one has

£i= (signx;)|lx |1 ifx; #0,
-

anything in the interval [—||x]||1, +|x|[1] ifx; =0.
2(a).
n
Ifllee =Y 1fil-
i=1
2(b). Given x € E consider the set
I ={1 <i=<n;lxi|=|xlo}

Then f € F(x) iff one has

() fi=0 Vigl,
(i) fixi =0VielTand >, 1fil = [x]loo-

n 1/2
Ifllee = (Zmﬂ)
i=1

and f € F(x) iffone has f; = x; Vi = 1,2, ..., n. More generally,
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n 1/p
Iflles = (Dm!’) :
i=1

where 1/p +1/p' = 1, and f € F(x) iff one has f; = |x,~|"’_2xi/||x||§72
Vi=1,2,...,n.

1.

I £ller = 1 (note that f(t%) = 1/(1 + &) Va > 0).

2. If there exists such a u we would have fol (1 — u)dt = 0 and thus u = 1; absurd.

1.

Let P denote the family of all linearly independent subsets of E. It is easy to see
that P (ordered by the usual inclusion) is inductive. Zorn’s lemma implies that P
has a maximal element, denoted by (e;);es, which is clearly an algebraic basis.
Since e¢; # 0 Vi € I, one may assume, by normalization, that ||e;|| = 1 Vi € [.

. Since E is infinite-dimensional one may assume that N C 7. There exists a

(unique) linear functional on E such that f(e;) =i ifi € N and f(e;) = 0 if
i e I\N.

. Assume that / is countable, i.e., I = N. Consider the vector space F,, spanned by

(ei)i<i<n- Fnisclosed (see Section 11.1) and, moreover, UZO=1 F,, = E.lItfollows
from the Baire category theorem that there exists some ng such that Int(F,,) # 9.
Thus E = F,,; absurd.

. Letx,y € C, sothat x = limx, and y = lim y, with x,,y, € C. Thus tx +

(1 — 1)y = lim[tx, + (1 — t)y,] and therefore tx + (1 — )y € C Vt € [0, 1].
Assume x, y € Int C, so that there exists some r > 0 such that B(x, r) C C and
B(y,r) C C. It follows that

tB(x,r)+ (1 —t)B(y,r) C C Vt € [0, 1].

ButtB(x,r)+ (1 —1t)B(y,r) = B(tx + (1 — 1)y, r) (why?).

. Letr > 0 be such that B(y,r) C C. One has

tx+(1=0B(y,r)CC Vtel0,1],

and therefore B(tx + (1 —1¢)y, (1—t)r) C C.Itfollowsthattx+ (1 —t)y € IntC
vt € [0, 1).

. Fix any yg € Int C. Given x € C one has x = lim;,_, [(]l — %)x + %yo]. But

1- %)x + % yo € Int C and therefore x € Int C. This proves that C C Int C and
hence C C Int C.

1.

We already know that
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pAx) =Ap(x) VA >0, Vx e E and pkx+y) <px)+ply)Vx,yeE.

It remains to check that

(1) p(—x) = p(x) Vx € E, which follows from the symmetry of C.
(i) p(x) = 0 = x = 0, which follows from the fact that C is bounded. More
precisely, let L > 0 be such that || x|| < L Vx € C. Itis easy to see that

1
p(x) = Flixll ¥x € E.

2. C is not bounded. Consider for example the sequence u, (1) = +/n/(1 + nt) and

1/2
check that u,, € C, while ||lu, || = +/n. Here p(u) = (fol |u(t)|2dt) is a norm
that is not equivalent to ||u||.

1. Let

n
P=1{k= (0142, ...., ) € R %; > 0Viand Zx,:l},
i=1

so that P is a compact subset of R” and Cj, is the image of P under the continuous
map A > Y ' Aix;.

2. Apply Hahn—-Banach, second geometric form, to C,, and {0}. Normalize the linear
functional associated to the hyperplane that separates C,, and {0}.

4. Apply the above constructionto C = A — B.

1.10

(A) = (B) is obvious.

(B) = (A). Let G be the vector space spanned by the x;’s (i € I). Givenx € G
write x = ), ;Bix; and set g(x) = Y ;;Bia;. Assumption (B) implies that
this definition makes sense and that |g(x)| < M||x| Vx € G. Next, extend g to
all of E using Corollary 1.2.

(A) = (B) is again obvious.
(B) = (A). Assume first that the f;’s are linearly independent (1 < i < n). Set
o= (a1, 07,...,0,) € R Consider the map ¢ : E — R" defined by

p(x) = ((f1, %), (fu X)) -

Let C = {x € E; ||x|| < M + ¢}. One has to show that @ € ¢(C). Suppose,
by contradiction, that & ¢ ¢(C) and separate ¢(C) and {«} (see Exercise 1.9).
Hence, there exists some 8 = (81, B2, ..., Bn) € R"*, B # 0, such that

B-ox)<B-a VxeC, i.e.,<Zﬂ,~f,~,x>§Z,8ia,- Vx € C.
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It follows that (M +¢)|| Y B; fill < >_ Bia;. Using asumption (B) one finds that
> Bifi = 0. Since the f;’s are linearly independent one concludes that 8 = 0;
absurd.

In the general case, apply the above result to a maximal linearly independent
subset of (fi)1<i<n-

1.15

. Itis clear that C C C** and that C** is closed. Conversely, assume that xg € C**

and xo ¢ C.One may strictly separate {xo} and C, so that there exist some fy € E*
and some «( € R such that

(fo, x) < ag < (fo, x0) Vx € C.
Since 0 € C it follows that ag > 0; letting f = (1/ag) fo, one has
(fix)y <1< {(f, x0) Vx € C.

Thus f € C* and we are led to a contradiction, since xg € C**.

. If C is a linear subspace then

C*={feE*(f,x)=0VxeC}=C" .

(a)

(b)

(©)
(d)

(e)
)
(2)

(h)

®

e |0 iff=a,

v = +oo if f #a.
flogf—f iff>0,

P*(f) =40 if f =0,
~+00 if f <O.

o () = Ifl.

@*(f)=0.

ot (f) = 400 if f>0,

—1 —log|f| if f<0O.
P*(f) = (1+ fH/2

IfraflfI =1,

=00 i) o 1.

. R B |
" (f)==IfI" with—+ — =1
P p P

0 ifo< f <1,
+00  otherwise.

o*(f) =
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Lgp
. Lyr' it f =0,
* =17
) () {O NS
NN = if f >0,
®) v (f) = I_%lﬂp, “r=o
. [
M o () =111+ 1AV

The conjugate functions are defined on €7 with % + # =1by

1 : 1
Yoot el fl? i 3R gl fil® < oo,
00

otherwise.

1
* !
() </>(f)—{+

b oy = | i el il S a il D < oo,
+00 otherwise,
. (k—1)
with ay = W
0 if || fllee <1,
c * =
© v {—i—oo otherwise.

1.21

2. ¢* =1I4, where A = {[f1, fo]: f1 <0, fo <0,and 4 f; /> > 1}.
3. One has

;gg{w(x) + ¢y ()} =0
and
¢*=1Ip1, where DU ={[f1, fal; f»=0}.
It follows that
P (=) + Y (f) =+o0 VfeE",
and thus
sup {—¢*(—=f) = ¥*(f)} = —o0.

feE*
4. The assumptions of Theorem 1.12 are not satisfied: there is no element xo € E
such that ¢(xg) < 400, ¥ (x9) < +00, and ¢ is continuous at xg.
1.22
1. Write that
lx —all < llx =yl +Ily —all.
Taking inf,c 4 leads to ¢(x) < ||lx — y|| + ¢(y). Then exchange x and y.
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2. Letx,y € E and ¢ € [0, 1] be fixed. Given ¢ > 0 there exist some a € A and
some b € A such that

lx —all =@(x)+e and |y —bl =¢(y) +e.
Therefore
ltx + (A =0y —[ra+ (1 = 0)b]l| =te(x) + (1 —De(y) +e&.
Butta + (1 —t)b € A, so that

pitx + A =1y) <te(x) + (1 —-e(y) +& Ve >0.

3. Since A is closed, one has A = {x € E; ¢(x) < 0}, and therefore A is convex if

@ is convex.
4. One has .
¢*(f) = sup{(f, x) — inf |lx — all}

xeE

= sup sup{(f, x) — [lx —al}

xeE acA

= sup sup{(f, x) — [lx —all}
acA xeE

= (Ta)*(f) + Ip,. (f).

1. Let f € D(¢*) N D(¢¥*). For every x, y € E one has
(fix =y)—p(x —y) <¢™(f),
(Ly) =¥ Q) <y™ ().

Adding these inequalities leads to

(V) (x) = (f, x) — " (f) = ¥ (f).
In particular, (¢ Vi/)(x) > —oo. Also, we have

(@VY)*(f) = sup{(f, x) — }1,22[‘/)(" =)+

xeE

= sup sup{(f, x) — o(x —y) — ¥ (y)}
xe€E yeE

= sup sup{(f, x) —ox —y) = ¥ (y)}
yeE xeE

=" (H+ ¥ ().

2. One has to check that Vf, g € E* and Vx € E,

(fox) =) =¥ () <" (f =) +¥7(9).
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This becomes obvious by writing

(fix)=(f—g x)+ (g x).

3. Given f € E*, one has to prove that
(S1) sup{(f, x) —o(x) — ¥ ()} = inf {p*(f — &) + ¥ (g)}.
xeE geE”
Note that

sup{(f. x) — @(x) — ¥ (1)} = — inf {$(x) + ¥ (x)}

xeE

with ¢(x) = @(x) — (f, x). Applying Theorem 1.12 to the functions ¢ and v
leads to

inf {¢(x) + ¥ ()} = sup {—¢"(=g) — ¥"(9)},
xeE gEE*

which corresponds precisely to (S1).

4. Clearly one has

(@*"Vy)*(x) = sup {(f, x) — gier‘;[‘p*(f -8+ ¥ (@l

feE*

= sup sup {(f.x) —@*(f —g) —¥*(9)}
feEE* geE*

= sup sup {(f.x) —@*(f —g) — ¥ (9)}
geE* feE*

P (x) + Y (x).

1. One knows (Proposition 1.10) that there exist some f € E* and a constant C
such that ¢(y) > (f,y) — C Vy € E. Choosing n > | f||, one has ¢, (x) >
—nllx|| — C > —o0.

2. The function ¢;, is the inf-convolution of two convex functions; thus ¢, is convex
(see question 7 in Exercise 1.23). In order to prove that |¢,(x1) — @, (x2)] <
nllx; — x2||, use the same argument as in question 1 of Exercise 1.22.

3. (@n)* = Inpy. + ¢* (by question 1 of Exercise 1.23).

5. By question 1 we have ¢(y) > —| f|| y|| — C Vy € E, which leads to

nllx = yall < IFII yull +C +9(x) + 1/n.

It follows that |y,|| remains bounded as n — oo, and therefore lim,_ o
lx — yull = 0. On the other hand, we have ¢,(x) > ¢(y,) — 1/n, and since
¢ is l.s.c. we conclude that lim inf,_, oo ¢, (x) > @(x).

6. Suppose, by contradiction, that there exists a constant C such that ¢, (x) < C
along a subsequence still denoted by ¢, (x). Choosing y, as in question 5 we see
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that y, — x. Moreover, ¢(y,) < C 4+ 1/n and thus ¢(x) < liminf,_ o @(y,) <
C; absurd.

4. For each fixed ¢t > 0 the function

1 2 2]
— ty|* —
y = oI+ 1 = Il

is convex. Thus the function y — [x, y] is convex as a limit of convex functions.
On the other hand, G(x,y) = sup,>0{—2lt[||x + ty]|® — ||x||?]} is Ls.c. as a
supremum of continuous functions.

5. One already knows (see question 3 of Exercise 1.1) that

L+ o3l2 = Sxl2 = (. 19)
iR = ALY
and therefore

[x,y1={(f,y) Vx,yeE, Vf e F(x).
On the other hand, one has

* _1 2 +1 2
<P(f)—§||f|| (f. x) §||X||

and
0 if (f,y)+a <0,

v = {+oo if(f,y) +a > 0.

It is easy to check that inf,cg{¢(z) + ¥ (z)} = 0. It follows from Theorem 1.12
that there exists some fy € E* such that *(fo) +v*(—fo) =0, i.e., (fo,y) > o

and 3| foll®> — (fo. x) + Slx|I> = 0. Consequently, we have | fo| = x|l and
(fo,x) = Ix|% ie., fo € F(x).
3 1P 2 i
6. (a) 1l <p<oolx,y] =75
llxllp
(b) p=1,[x,yl = |xll [zx,.#o(signx»y,- +Y .o |yf|].
(¢) p=o00,[x,y] =maxjer{xiyi}, where I = {1 <i <n;|x;i| = ||x|loo}-

Let T : E — F be a continuous linear extension of 7. It is easy to check that
E =N(T)+ Gand N(T) NG = {0}, so that N(T) is a complement of G; absurd.

Without loss of generality we may assume that xo = 0.

1. Let X = {x € E; ||x|| < p} with p > 0 small enough that X C D(¢). The sets
F, are closed and | ;2| F, = X. By the Baire category theorem there is some
no such that Int(F,,) # ¥. Let x; € E and p; > 0 be such that B(x1, p1) C Fp,.
Given any x € E with ||x|| < p1/2 write x = %(xl +2x) + %(—xl) to conclude
that 9(x) < §n0 + 3@ (—x1).
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2. There exist some & € E and some constant ¢ € [0, 1] such that ||| = R and
xp = tx1 + (1 —1)&. It follows that

p(x2) <tp(x1) + (1 —n)M

and consequently ¢(x2) — ¢(x1) < (I — H))[M — ¢(x1)]. But xp — x1 =

(1 —t)(§ — x1) and thus ||x2 — x1|| > (1 — ¢t)(R — r). Hence we have

0(x2) — p(x1) < ”’“;;x‘”w — oG],
—r

On the other hand, if x, = 0 one obtains 7||x{|| = (1 — #) R and therefore

o]l 1
(1-n=—21"_<_
lxil+R ~ 2

It follows that ¢ (0) —@(x1) < %[M—(p(xl)], sothat M — @(x1) < 2[M — ¢(0)].

[2.2| We have p(0) < p(x) + p(—x,) — 0, 50 that p(0) < 0. On the other hand
p(0) = 2p(0) by (i). Thus p(0) = 0.

Next we prove that p(c,x,) — 0. Argue by contradiction and assume that
|p(anx,)| > 2¢ along a subsequence, for some ¢ > 0. Passing to a further sub-
sequence we may assume that o, — « for some o € R. For simplicity we still
denote (x,) and () the corresponding sequences.

The sets F, are closed and | J,. | F, = R. Applying the Baire category theorem,
we find some ng such that Int Fnoi;é #. Hence, there exist some A9 € R and some
8 > O such that |[p((Ao + t)xx)| < & Yk > ng, Vt with |t| < §. On the other hand,
note that

plagxr) < p((ho + ax — @)xi) + p((@ — Xo)xk),
—plagxk) < —p((ho + ax — @)xg) + p((Ao — )xg).

Hence we obtain | p(agxi)| < 2¢ for k large enough. A contradiction.
Finally, write

planxy) — plax) < pay(xp — x)) + p(oyx) — p(ax) — 0
and
plopx) < plan(x —x,)) + planx,),
so that

p(anxy) — p(ax) = —p(ap(x, — x)) + planx) — p(ax) — 0.

By (i) there exists a linear operator 7 : E — F* such that a(x,y) =
(Tx, y)r+,F Vx,y. The aim is to show that 7 is a bounded operator, i.e., T (Bg)
is bounded in F*. In view of Corollary 2.5 it suffices to fix y € F and to check that
(T (BE), y) is bounded. This follows from (ii).
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1. Onehas (Ax, —A(xg+x), x, —xo—x) > 0and thus (Ax,, x) < &,||Ax,||+C(x)
with &, = ||x, — xp|| and C(x) = ||A(xo +x)||(1 + ||x]|) (assuming &;,, < 1 Vn).
It follows from Exercise 2.5 that (Ax,) is bounded; absurd.

2. Assume that thereis asequence (x,) in D(A) suchthatx,, — x¢and ||Ax,| — oo.
Choose r > 0 such that B(xp, r) C conv D(A). For every x € E with ||x|| < r
write

m m
Xo+x=) fyiwitht; >0V, > 4=1, and y € D(A)Vi
i=1 i=1
(of course t;, y;, and m depend on x). We have
(Axy — Ayi, xy — i) >0

and thus #; (Ax,, x, — y;) > t;(Ay;, x, — y;). It follows that

m

i=1
which leads to

(Axp, x) < gnl|Axnll + C(x)

with &, = [lx, — xoll and C(x) = 37/ i | Ay [I(1 + llxo — yilD.
3. Letxp € Int D(A). Following the same argument as in question 1, one shows that
there exist two constants R > 0 and C such that

[ £l < C Vx e D(A) with lx — xo|| < Rand Vf € Ax.

For every x € £ set Tyx = Z?:l a;x;, so that T,,x converges to a limit for
every x € £, It follows from Corollary 2.3 that there exists a constant C such that

|Tux| < Cllx|ler Vx € €7, Vn.

Choosing x appropriately, one sees that o € ¢”" and || » =<C.

Method (ii). Let us check that the graph of T is closed. Let (x,) be a se-
quence in E such that x, — x and T'x,, — f. Passing to the limit in the inequality
(Txp, — Ty, x, —y) > 0leads to

(f=Ty,x—y)=0 VyekE.

Choosing y = x + ¢tz witht € R and z € E, one sees that f = Tx.

1. If T(M) is closed then M + N(T) = T~Y(T(M)) is also closed. Conversely,
assume that M+ N (T') is closed. Since T is surjective,onehas T (M +N(T))¢) =
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(T (M))¢. The open mapping theorem implies that 7 ((M + N (T))°) is open and
thus 7'(M) is closed.

2. If M is any closed subspace and N is any finite-dimensional space then M + N
is closed (see Section 11.1).

By the open mapping theorem there is a constant ¢ > 0 such that T (Bg) D
cBF. Let (e,) denote the canonical basis of e,

en =(0,0,...,0, 1,0,...).
()

There exists some u, € E such that |u,|| < 1/c and T (u,) = e,. Given y =
1, Y2, -« es Yns...) € 1, set Sy = Z;’ilyiei. Clearly the series converges and S
has all the required properties.

Without loss of generality we may assume that T is surjective (otherwise,
replace E by R(T')). Assume by contradiction that there is a sequence (x,) in E such
that

lxnlle =1 and [|Tx,llF + xn| < 1/n.

By the open mapping theorem there is a constant ¢ > 0 such that T(Bg) D c¢BF.
Since | Tx,||F < 1/n, there exists some y,, € E such that

Txn =Ty, and |yullg <1/nc.

Write x, = y, + z, with z, € N(T), |lyalle = 0 and ||z,]|g — 1. On the other
hand, |x,| < 1/n; hence |z,| < (1/n) 4 |yx| < (1/n) 4+ M| y,| E, and consequently
|zn| — 0. This is impossible, since the norms || g and | | are equivalent on the
finite-dimensional space N (T').

First,let T € O sothat T~! € L(F, E) (by Corollary 2.7). Then T + U € O
forevery U € L(E, F) with ||U]| small enough. Indeed, the equation Tx +Ux = f
may be written as x = T~ !(f — Ux); it has a unique solution (for every f € F)
provided Il vl <1 (by Banach’s fixed-point theorem; see Theorem 5.7).

Next, let T € Q. In view of Theorem 2.13, R(T) is closed and has a complement
in F.Let P : F — R(T) be a continuous projection. The operator PT is bijective
from E onto R(T') and hence the above analysis applies. Let U € L(E, F) be such
that |U| < §; the operator (PT + PU) : E — R(T) is bijective if § is small
enough and thus (PT + PU)~! is well-defined as an element of L(R(T), E). Set

= (PT 4+ PU) 'P.Clearly S € L(F, E) and S(T + U) = If.

2.14

1. Consider the quotient space E=E /N (T') and the canonical surjection 7 : E — E,
so that || x|z = dist(x, N(T )) Vx € E. T induces an injective operator T on

E. More precisely, write T = TomwithT e E(E F),sothat R(T) = R(T)

On the other hand, Corollary 2.7 shows that R(T) is closed iff there is a constant
C such that



Solutions of Some Exercises 383

lylz < CITyl ¥yc€kE,

or equivalently _
lrxllg < ClITwx| Vx € E.

The last inequality reads
dist(x, N(T)) < C|Tx|| Vx e E.

The operator T : E1 x Ey — F is linear, bounded, and surjective. Moreover,
N(T) = N(T1) x N(T») (since R(T1) N R(T>) = {0}). Applying Exercise 2.10 with
M = E| x {0}, one sees that T (M) = R(T}) is closed provided M + N (T') is closed.
But M + N(T) = E{ x N(T3) is indeed closed.

Let m denote the canonical surjection from E onto E/L (see Section 11.2).
Consider the operator T : G — E/L defined by Tx = wx for x € G. We have

dist(x, N(T)) = dist(x, G N L) < Cdist(x, L) = C|Tx|| V¥x € G.

It follows (see Exercise 2.14) that R(T) = 7 (G) is closed. Therefore 7 ~'[7(G)] =
G + L is closed.

Recall that N(A*) = R(A)L.

1. Letu € N(A) and v € D(A); we have
(A(u+1v),u+1v) > —C||Aw + tv)||> Vi € R,

which implies that (Av, u) = 0. Thus N(A) C R(A)™L.

2. D(A) equipped with the graph norm is a Banach space. R(A) equipped with the
norm of E* is a Banach space. The operator A : D(A) — R(A) satisfies the
assumptions of the open mapping theorem. Hence there is a constant C such that

Vf € R(A), Jv € D(A) with Av = £ and ||v]|pca) < CIIf]-

In particular, ||v]| < C|| f||. Givenu € D(A), the above result applied to f = Au
shows that there is some v € D(A) such that Au = Av and ||v|| < C||Au]|. Since
u—ve N(A) C R(A)*, we have

(Au,u) = (Av,u) = (Av,v) = —[|Av|| v|| = —C| Aull>.

1. Distinguish two cases:

Case (i): f(a) = 1. Then N(A) = Ra and R(A) = N(f).
Case (ii): f(a) # 1. Then N(A) = {0} and R(A) = E.

2. A is not closed. Otherwise the closed graph theorem would imply that A is
bounded and consequently that f is continuous.

3. D(A*) ={u € E*; (u,a) =0}and A*u =u VYu € D(A%).
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4. N(A*) = {0} and R(A*) = {u € E*; (u,a) = 0}.

5. R(A)* = {0} and R(A*) = Ra (note that N( f) is dense in E; see Exercise 1.6).
It follows that N(A*) = R(A)* and N(A) C R(A*)"L.
Observe that in Case (ii), N(A) # R(AML.

6. If A is not closed it may happen that N (A) # R(A*)L.

1. Clearly D(A) is dense in E. In order to check that A is closed let (u/) be a
sequence in D(A) such that u/ — u in E and Au/ — f in E. It follows that

u) — u, Vn and nu — fn Vn.
j—o0

j—o0

Thus nu, = f, Vn, sothatu € D(A) and Au = f.

2.
D(A") = {v = (vy) € £7; (nvy) € L7},

A*v = (nv,) and D(A*) = cy.

1. We have D(B*) = {v € G*; T*v € D(A*)} and B* = A*T"*.
2. If D(A) # E and T = 0, then B is not closed. Indeed, let (u#,) be a sequence in
D(A) such that u, — u withu ¢ D(A). Then Bu, — Obutu ¢ D(B).

2. By Corollary 2.7, T-le L(F, E). Since TIT = Igand TT~! = I, itfollows
that 7*(T~1H* = I« and (T~H*T* = Ip~.

We have

" (T f) = sup{{T" f.x) =)} = sup {{(f.y)—¥ (N} = —;Iellfp{W(y)+C(y)},

xeE YER(T)

where ¢(y) = —(f, y) + Ir)(y). Applying Theorem 1.12, we obtain

e (T f) = ;Iel%n*{é“*(g) + ¥ (=9}

0 if f+ge R,

CO= )0 ifftg¢ RTL,

and thus

"(T*f)= min_y*(—g)= min y¥*(f —h).

f+geN(T*) heN(T*)

Let G = E x X and consider the operator

Sx,y)=Tx+y:G — F.
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Applying the open mapping theorem, we know that S is an open map, and thus
S(E x (X \{0})) = R(T) + (X \ {0}) is open in F. Hence its complement, R(T),
is closed.

Apply Corollary 2.4.

Note that (f, o) = %er'l:l<f’ x;) VYf € E*. Since (f,x,) — (f, x),it
follows that { f, o,) — (f, x).

1. Set G, = conv (U?Sn {xi}). Since x,, — x for the topology o (E, E*) it follows

that x € Gno(E E% Vn. On the other hand, G, being convex, its closure for
the weak topology o (E, E*) and that for the strong topology are the same (see
Exercise 3.3). Hence x € G, Vn (the strong closure of G,) and there exists a
sequence (yy) such that y, € G, Vn and y, — x strongly.

2. Thereexists asequence (¢ ) in E such thatuy — x andu; € conv (Uf’il {x; }) Vk.
Hence there exists an increasing sequence of integers (n;) such that

ux € conv (U{xi}) Vk.

i=1

The sequence (z,) defined by z, = uy for ny < n < ny4+1 (and z, = x; for
1 < n < ny) has all the required properties.

1. Letx ¢ A+ B. We shall construct a neighborhood W of 0 for o (E, E*) such that
(x+W)N(A+B)=
For every y € B there exists a convex neighborhood V (y) of 0 such that
x+VONNA+y) =0
(since A 4+ yisclosed and x ¢ A + y).

Clearly
1
Bc | (y— EV(y)),

yeB

and since B is compact, there is some finite set / such that

BCU( ——V(y,)withyieB.

iel

Set

1
W= Von

iel
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We claim that (x + W) N (A + B) = . Indeed, suppose by contradiction that
there exists some w € W such that x + w € (A + B). Hence there is some i € [
such that

1
x+wGA+yi—§V(yi).

Since V(y;) is convex it follows that there exists some w’ € V(y;) such that
x +w' € A+ y;. Consequently (x + V(y;)) N (A + y;) # @; absurd.

Remark. If E* is separable and A is bounded one may use sequences in order to
prove that A 4+ B is closed, since the weak topology is metrizable on bounded
sets (see Theorem 3.29). This makes the argument somewhat easier. Indeed, let
Xn = an + b, be a sequence such that x,, — x weakly o (E, E*) witha, € A and
b, € B.Since B is weakly compact (and metrizable), there is a subsequence such
that b,, — b weakly o (E, E*) withb € B.Thusa,, — x —b weakly o (E, E™).
But A is weakly closed and therefore x — b € A,i.e,x € A+ B.

2. By question 1, (A — B) is weakly closed and therefore it is strongly closed. Hence
one may strictly separate {0} and (A — B).

1. Since V4 is a neighborhood of 0 for o (E, E*), one may assume (see Proposi-
tion 3.4) that V; has the form

Vi={x e E;[(f,x)| <& Vf € Fil},

where e > 0 and F} is a finite subset of E*. Hence the set F = U,fil Fy is
countable. We claim that any g € E* can be written as a finite linear combination
of elements in F. Indeed, set

V={xekE|gx)| <1}

Since V is neighborhood of 0 for o (E, E*), there exists some integer m such that
{x € E;d(x,0) < 1/m} C V and consequently V,, C V. Suppose x € E is
such that (f,x) =0V f € F,.Thentx € V,, Vt € Rand thustx € V Vt € R,
i.e., (g, x) = 0. Applying Lemma 3.2, we see that g is a linear combination of
elements in Fj,.

2. Use the same method as in question 3 of Exercise 1.5.

3. If dim E* < oo, then dim E** < oo; consequently dim E < oo (since there is a
canonical injection from E into E**).

4. Apply the following lemma (which is an easy consequence of Lemma 3.2): As-
sume that x1, x2, ..., x, y € E satisfy

[f € E*; (f.xi) =0Vil = [(f.y) =0].

Then there exist constants Aq, A2, ..., Ag such that y = Zle Aix;.

1. Apply Theorem 1.12 with
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@(x) = (fo,x) + Ipy(x) and Y (x) = Iy (x).

2. Note that Bg+ is compact for o (E*, E), while M- isclosed for o (E*, E) (why?).

It suffices to argue on sequences (why?). Assume x, — x strongly in E and
Ax, / Ax for o(E*, E), i.e., there exists some y € E such that (Ax,,y) /4
(Ax, y). We already know (by Exercise 2.6) that (Ax,) is bounded. Hence, there is
a subsequence such that (Ax,,,y) — £ # (Ax, y). Applying the monotonicity of
A, we have

(Axy, — A(x +ty), xy, —x —ty) > 0.

Passing to the limit, we obtain
—tl+1t{A(x +ty),y) >0,

which implies that £ = (Ax, y); absurd.

1. Assumption (A) implies that ¢*(f) > R| fll + (f,x0) = M VYf € E*. Con-
versely, assume that (B) holds and set ¥ (f) = ¢*(f) — (f, xo0). We claim that
there exist constants k > 0 and C such that

(S1H v()=klfl-C VfeE"

After a translation we may always assume that ¥ (0) < oo (see Proposition 1.10).
Fix o > ¢ (0). Using assumption (B) we may find some » > 0 such that

V() =a Vge E with|g| >r.

Given f € E* with || f|| > r write

v f) =ty (f) + A =0y 0) withr =r/[| f].

Since ||t f]|| = r, this leads to & — ¥ (0) < ”’W(W(f) — 1 (0)), which establishes
claim (S1). Passing to the conjugate of (S1) we obtain (A).

2. The function v is convex and l.s.c. for the weak* topology (why?). Assumption
(B) says that for every A € R the set {f € E*; ¥ (f) < A} is bounded. Hence, it
is weak* compact (by Theorem 3.16), and thus inf g« 1 is achieved. On the other
hand,

infyr = — sup {(f, x0) — ¢* ()} = =™ (x0) = —¢(x0).

E feE*
Alternatively, one could also apply Theorem 1.12 to the functions ¢ and I{y
(note that ¢ is continuous at xg; see Exercise 2.1).

1. For every fixed p we have x,,, € K, Vn. Passing to the limit (as n — 00) we
see that x € K, since K, is weakly closed (see Theorem 3.7). On the other hand,



388 Solutions of Some Exercises

let V be a convex neighborhood of x for the topology o (E, E*). There exists an
integer N such that x,, € V Vn > N. Thus K, C V V¥n > N and consequently
o2, K, C V. Since this is true for any convex neighborhood V of x, it follows
that (o2 Kn C {x} (why?).

2. Let V be an open neighborhood of x for the topology o (E, E*). Set K, =
K, N (VC). Since K, is compact for o (E, E*) (why?), it follows that K, is also
compact for o (E, E*). On the other hand, ﬂ;’lozl K ,/1 = ¢, and hence there is some
integer N such that Ky, =@, ie, Ky C V.

3. We may assume that x = 0. Consider the recession cone

Co = (1K

A>0

Since C,, C K, wededucethatﬂflo=1 C, ={0}.LetSg = {x € E; ||x|| = 1}.The
sequence (C, N S) is decreasing and ﬂ,fil (C, NS) = A. Thus, by compactness,
Cny NS = 0¥ for some ng. Therefore C,,, = {0} and consequently K, is bounded
(why?). Hence (x,) is bounded and we are reduced to question 2.

4. Consider the sequence x, = (0,0,..., n,0,...), when n is odd, and x, = 0
when 7 is even. @)

3.18

2. Suppose, by contradiction, that e™ — ain £! for the topology o (¢!, £°°). Thus

k— 00

we have (&, e"*) k—> (&, a) Y& € £°°. Consider the element & € £°° defined by
—00

£&=1(0,0,...,-1,0,..., 1,0,...,—1,0,...).
(n1) (n2) (n3)

Note that (£, ") = (—1)* does not converge as k — 00; a contradiction.

3. Let E = £, so that £ ¢ E*. Set fa = €", considered as a sequence in E*.
We claim that (f;,) has no subsequence that converges for o (E*, E). Suppose, by
contradiction, that f;, X fin E*foro(E*, E),ie., (fu.,n) — (f,n) Vn € E.
Choosing n = & as in question 2, we see that (f;,, &) = (—1)¥ does not con-
verge; a contradiction. Here, the set B+, equipped with the topology o (E*, E)
is compact (by Theorem 3.16), but it is not metrizable. Applying Theorem 3.28,
we may also say that E = £°° is not separable (for another proof see Remark 8
in Chapter 4 and Proposition 11.17).

3.19

1. Note that if x” — x strongly in £7, then

o0
Ve >0 3Isuchthat Y |x/'|” <&’ Vn.
i=I

2. Apply Exercise 3.17.
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3. The space B is metrizable for the topology o (E, E*) (by Theorem 3.29). Thus
it suffices to check the continuity of A on sequences.

1. Consider the map T : E — C(K) defined by
(Tx)(t) = (t,x) withx € Eandr € Bg» = K.

Clearly ||Tx| = sup;eg [(Tx)(@)] = llx].
2. Since K = B+ ismetrizable and compactforo (E*, E), there is adense countable
subset (#,) in K. Consider the map S : E — £*° defined by

Sx = ({t1, x), (t2, x), ..., {th, X),...).

Check that || Sx | ¢ = || x]|.

Let (a;) be a dense countable subset of E. Choose a first subsequence such
that ( f,,, a1) converges to a limit as k — oo. Then, pick a subsequence out of (n)
such that ( fn,’{f ap) converges, etc.
By a standard diagonal process we may extract a sequence (gx) out of the sequence
(fn) such that (gg, a;) k—) £; Vi. Since the set (a;) is dense in E, we easily obtain
— 00

that (gx, a) — €, Ya € E. It follows that g; converges for o (E*, E) to some g (see
Exercise 3.16).

(a) Bg is metrizable for o (E, E*) (by Theorem 3.29) and 0 belongs to the closure
of S = {x € E; ||x|| = 1} for o (E, E*) (see Remark 2 in Chapter 3).

(b) Since dim E = oo there is a closed subspace E( in E that is separable and
such that dim Eg = oo (why?). Note that Ey is reflexive and apply Case (a) (in
conjunction with Corollary 3.27).

Suppose, by contradiction, that C(K) is reflexive. Then £ = {u € C(K);
u(a) = 0} is also reflexive and sup, . B f(u) is achieved.

On the other hand, we claim that sup,,cp, f(u) = 1. Indeed, VN, 3u € E such
that 0 < u < lon K and u(a;) = 1Vi = 1,2,..., N. (Apply, for example, the
Tietze—Urysohn theorem; see, e.g., J. Munkres [1].) Hence there exists some u € Bg
such that f(u) = 1. This leads to u(a,) = 1 Vn and u(a) = 0; absurd.

1. Given y € B, there is some integer n1 such that ||y — a,, || < 1/2. Since the set
%(ai),->n, is dense in %Bp, there is some ny > ng such that

1

1
Hy —dny — Eanz

< —.
4

Construct by induction an increasing sequence n 1 oo of integers such that
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Yy =dn, +%anz+ian3+"'+2k%1ank+”' :
2. Suppose, by contradiction, that S € L(F, £!) is such that TS = Ir. Let (y,) be
any sequence in F such that ||y,|| = 1 Vr and y, — 0 weakly o (F, F*). Thus
Sy, — 0 for o (£, £>°) and consequently Sy, — 0 strongly in £! (see Problem
8). It follows that y, = T Sy, — 0; absurd.
Use Theorem 2.12.
4. T* : F* — £*° is defined by

(O8]

T"v = ((v,a1), (v,a2), ..., {v,a),...).

B+ is compact and metrizable for o (E*, E). Hence there exists a countable

subset of Bg« that is dense for o (E*, E).

1. Clearly | fI < I fIi <2l fIIVf € E*.

2. Set | f|> = Zzozl 2—1,,|(f, an)|?. Note that the norm | | is associated to a scalar
product (why?), and thus it is strictly convex, i.e., the function f +— |f|? is
strictly convex. More precisely, we have Vr € [0, 1],V f, g € E*,

(S1) ltf + (1 =gl +1(1 =0 f —gl* =t1f* + (1 —1)lgl*

Consequently, the function f — || f I + | ]2 is also strictly convex.
. Same method as in question 2. Note that if (b,, x) = 0 Vn, then x = 0 (why?).
4. Givenx € E set[x] = {Z,fozl 2%|(bn, x)|?}1/2, and let [ £] denote the dual norm
of [ ]on E*. Note that [ f] also satisfies the identity (S1). Indeed, we have

W

1 2 1 2
E[tf + (1 —0gl"=sup(tf + (A —1g, x)— E[x] )

xeE

f—er= (f — >—1[]2
2f gl =sup(f—gy MR

yeE
and thus

1 1
Slf + - Ngl* + S =0lf = gl

1 1
= Sup{<lf+ (I=0g x) +1(d=0(f —g.y) - z[x]2 —5t= t)[y]2}-

X,y

We conclude that (S1) holds by a change of variables x = t& + (1 — ) and
y = & — n. Applying question 3 of Exercise 1.23, we see that

2 _ _ 2] _ 2 2
1713 = ing {17 =l + 12} = min {17 = 813+ 12%)

We claim that the function f — || f ||% is strictly convex. Indeed, given f, g € E*,
fix hy, hp € E* such that

IFI3 = 11 f = kil + a1,
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gl = llg — h2lIT + [hal®.
For every ¢ € (0, 1) we have
Itf + (= 0gl3 < lltf + (1 =g = (thy + (1 = D=} +[thy + (1 = Dha
<tlI£13 + (1 = D)ligl3.
unless f —hy =g —hyand hy = hy,ie., f = g.

Since E isreflexive, sup, ¢ 5, (f, x) is achieved by some unique point xo € Bg.
Then x = x¢l| f|| satisfies f € F(x).

Alternatively, we may also consider the duality map F* from E* into E**. The
set F*(f) is nonempty (by Corollary 1.3). Fix any £ € F*(f). Since E is reflexive
there exists some x € E such that Jx = & (J is the canonical injection from E into
E**). We have

IEN=1£1=Illxl and (& f)=fI>=(f x).
Thus f € F(x).

Uniqueness. Let x| and x, be such that f € F(x1) and f € F(x2). Then ||x1] =

llx2ll = |l £, and therefore, if x; # x, we have
X1+ x2
3 < Il

On the other hand, (f, x1) = (f, x2) = || f||* and hence

X1+ x2

2 _
A1l —<f, 5

>< I£I% if x1 # x2.

1. Assume, by contradiction, that there exist My > 0, g9 > 0, and two sequences
(x1), (yn) such that

Xl < M, llynll = M, llxn — yall > &0,

and

2
Xn + Yn

2

(S1 el 4+ g2 = X
> — = - —.
) Xn ) Yn n

Consider subsequences, still denoted by (x,,) and (y,), such that ||x,|| — a and
lynll — b. We find that a + b > e and $a® + 1b? < (#)2. Therefore
a=b#0.

Set
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¥ = Xn y/ _Wn
" " all

For n large enough we have ||lx, — y, || > (go/a) + o(1) (as usual, we denote by
o(1) various quantities—positive or negative—that tend to zero as n — 00). By
uniform convexity there exists o > 0 such that

M <1_80
Thus
2D < 0l = 80) +o(D).
By (S1) we have
Xnp + Y 2
”2 = a®+ o).

Hence a2 < a®(1 — 80)% + o(1); absurd.

1. The infimum is achieved since E is reflexive and we may apply Corollary 3.23.
The uniqueness comes from the fact that the space E is strictly convex and thus
the function y — ||y — x||* is strictly convex.

2. Let (y,) be a minimizing sequence; set d, = ||x — y,|| and d = infycc |x — |,
so that d, — d. Let (y;,) be a sequence such that y,, — z weakly. Thus z € C
and ||x — z|| < d (why?). It follows that

X —yn —~x—zweakly and |[x —y, |l - d=Ix—z|,

and therefore (see Proposition 3.32) y,, — z strongly. The uniqueness of the limit
implies that the whole sequence (yy,) converges strongly to Pcx. The argument
is standard and we will use it many times. We recall it for the convenience of
the reader. Assume, by contradiction, that (y,) does not converge to y = Pcx.
Then there exist ¢ > 0 and a subsequence, (ymj), such that ||ym_l. —yll>¢e Vj.
From (y;;) we extract (by the argument above) a further subsequence, denoted
by (yn,), such that y,, — Pcx. Since (y,,) is a subsequence of (ym/.), we have
lyn, — yll = & Vkand thus || Pcx — y|| > &. Absurd.

3 and 4. Assume, by contradiction, that there exist some g9 > 0 and sequences
(x;,) and (yy,) such that

lxall <M, Alyull =M, |xp=yull >0, and || Pcx,—Pcyqll >¢eo Vn.

‘We have

Pcxy + Pcyy
2

Xn + Yn _Pan+Pcyn
2 2

lxn — Poxpll < |xn —

+o(1),

and similarly
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Xn + Yn Pcxy + Pcyn

2 2

lyn — Pcyull < + o(1).

It follows that

Xn + Yn Pcxy + Pcyn 2

2 2

+o(1).

! 2, 1 2
S S lxn=Pexall+Zllyn=Peyall™ =

On the other hand, if we set a, = x, — Pcx, and b, = y, — Pcyn, then
lan — byl > €0 + o(1) and |la,|| < M, ||b,|| < M’. Using Exercise 3.29, we
know that there is some 89 > 0 such that

a, + bn 1 )
- —1bnll* = 80,
5 2||n||+ L bl = 86
that is,
2
Xn+y Pcx, 4+ Pcy 1 1
(S2) ”2”— ’3 - sﬂm—&mw+ﬂm—&mW—

Combining (S1) and (S2) leads to a contradiction.
5. Same argument as in question 1.
6. We have

(S3) nllyn — x> + @) < nly —xlI* + @(») Vy € D(g).

Since ¢ is bounded below by an affine continuous function (see Proposition 1.10),
we see that (y,) remains bounded as n — oo (check the details). Let (ynk) be a
subsequence such that y,, — z weakly. Note that z € D(¢) (why?). From (S3)
we obtain ||z — x| < ||y —x|| Vy € D(¢), and thus Vy € D(¢). Hence z = Pcx,
where C = D(yp). Using (S3) once more leads to

lim sup||y, — x|l < |ly — x|| Yy € D(¢), and in particular for y = z.
n— o0

We conclude that y,, — z strongly, and finally the uniqueness of the limit shows
(as above) that the whole sequence (y,) converges strongly to Pcx.

2. Note that by = 5 (| fu — &nl + fu + &1) -

3. Note that f,gn — fg = (fu — f)&gn + f(gn — &) and that f(g, —g) — Oin
L?(£2) by dominated convergence.

1. Recall that L! (2)NL*® () C LP(L2) and more precisely ||f||p < ||f|| ||f||1
Since 2 is o-finite, we may write Q2 = U Q, with |Q,] < oo Vn. Given
f € LP(Q), check that f,, = xo, Tnf € L'(Q) N L%(Q) and that f, e fin
LP ().
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2. Let (f;) be sequence in LP(2) N L9(2) such that f, — f in LP(2) and
I full; < 1. We assume (by passing to a subsequence) that f,, — f a.e. (see
Theorem 4.9). It follows from Fatou’s lemma that f € L9(2) and that || f |, < 1.

3. We already know, by question 2, that f € L9(2) and thus f € L"(£2) for every r
between p and g. On the other hand, we may write % = % + 1_7“ with) <o <1,
and we obtain

1 fo = Flle < I fa = FIGIf = FILE < L = FI%QO) .

1. We have [ fll, < [Ifllool/"/? and thus limsup,_, o[l fllp < [l flloc. On the
other hand, fix 0 < k < || flc0, and let

A={xeQ|f(x)| >k}

Clearly |A| # O and || ||, > k|A|'/P. 1t follows that lim inf ,_ o || f|| , > k and
therefore liminf , o[l fllp = || fllco-

2. Fix k > C and let A be defined as above. Then kP |A| < ||f||§ < C? and thus
|A| < (C/k)? Vp > 1. Letting p — o0, we see that [A| = 0.

3. f(x) =log|x|.

Consider the operator T : LP(2) — L9(R2) defined by Tu = au. We claim
that the graph of T is closed. Indeed, let (u,) be a sequence in L?(2) such that
u, — wuin LP(Q) and au,, — f in L9(S2). Passing to a subsequence we may
assume that u, — u a.e. and au, — f a.e. Thus f = au a.e.,andso f = Tu. It
follows from the closed graph theorem (Theorem 2.9) that T is bounded and so there
is a constant C such that

(SD) laully < Cllull, Yu € LP(R).
Case I: p < oo. It follows from (S1) that
/Ial"lvl < CUvllpg Vv e LPH(Q).
Therefore the map v +— f |a|?v is a continuous linear functional on L?/9(2) and
thus |a|? € L/ (Q).

Case 2: p = oo. Choose u = 1 in (S1).

1. X equipped with the norm || ; is a Banach space. For every n, X,, is a closed
subset of X (see Exercise 4.5). On the other hand, X = Un X,,. Indeed, for every
f € X thereis some g > 1suchthat f € L9(2). Thus f € L't1/*(Q) provided
1+ (1/n) < g, and, moreover,
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oy, 1—a,

1
ra/m 1 ¢

n 1—ay :
Ifl1m < IFIF AN with

It follows from the Baire category theorem that there is some integer n¢ such that
Int X,,, # @. Thus X C L'*1/m0(Q).

2. The identity map I: X — LP (L) is a linear operator whose graph is closed. Thus
it is a bounded operator.

For every t € R we have
f)t < j(f(x))+ j*(¢) ae. on £,

and by integration we obtain

1 1 ) "
(@[Qf)tfﬁfgj(f)-iﬂ ().
Therefore

v RTal RS
’<|9|/Qf)_fé’£{(|9|fgf>’ ’(’)}SM o)

4.10

1. Letuy,ur € D(J)andlett € [0, 1]. The function x +— j(fu1(x)+ (1 —1)usz(x))
is measurable (since j is continuous). On the other hand, j(tu; + (1 — H)uz) <
tj(u1) + (1 —t)j(uz). Recall that there exist constants a and b such that j(s) >
as+b Vs € R (see Proposition 1.10). It follows that j (ru; + (1 +1)us) € L'(Q)
and that J (fu1 + (1 — Huo) < tJ(uy) + (1 —1)J (uy).

2. Assumefirstthat j > 0. We claim that forevery A € Rtheset{u € L?(Q2); J(u) <
A} is closed. Indeed, let (u,,) be a sequence in L?(2) such that u,, — u in LP(2)
and [ j(un) < A. Passing to a subsequence we may assume that u,, — u a.e. It
follows from Fatou’s lemma that j (1) € L'(€2) and that f Jj () < A. Therefore
J is L.s.c. In the general case, let f(s) = j(s) — (as + b) > 0. We already know
that J is 1.s.c., and so is J (u) = J (u) +a [ u + b|Q|.

3. We first claim that

TN = /j*(f) Vf € L” (%) such that j*(f) € L ().

Indeed, we have fu — j(u) < j*(f) a.e.on 2, VYu € LP(2), and thus

sup {/fu—f(u)} < /j*(f).
ueD(J)

The proof of the reverse inequality is more delicate and requires some “regular-
ization” process. Assume first that 1 < p < oo and set
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. N
Jn(®) = j(t) + ;Itl , teR.
We claim that
(s1) i = [ vrer@.

Indeed, let f € LP,(Q). For a.e. fixed x € Q,

, 1
sup {f(X)M —Jju) — ;Iulp}

ueR

is achieved by some unique element # = u(x). Clearly we have
1
Ju@)) + ;Iu(x)l” — f(u(x) < j(0).

It follows that u € L?(2) and that j(u) € LY(Q) (why?).
‘We conclude that

1
Jy(f) = sup {/fv—ln(v)} z/{fu—j(u)——lul”} Z/j;(f)-
veD(J) n

Since we have already established the reverse inequality, we see that (S1) holds.
Next we let n 1 oo. Clearly, J < J,, so that J; < J*, ie., fj;,'(f) < J*(f).
We claim that for every s € R, j (s) 1 j*(s) as n 1 oo. Indeed, we know that

ir=j'Vv (% | |p)* (see Exercise 1.23), and we may then argue as in Exercise 1.24.
We conclude by monotone convergence that if f € D(J*), then

J*(f) e L'(Q) and f () < I

Finally, if p = 1, the above method can be modified using, for example, j, () =
. 1.2
j@) + ;l‘ .

4. Assuming first that f(x) € dj (u(x)) a.e. on 2, we have

J) —jux)) = f(x)(v—ux)) Yv € R, a.e.on Q.

Choosing v = 0, we see that j(u) € L'(2) and thus
JW) —J(u) > /f(v —u) Yve D).

Conversely, assume that f € 9dJ(u). Then we have J(u) + J*(f) = f fu.
Thus j(u) € LY(Q), j*(f) € LY(Q), and [ {j ) + j*(f) — fu} = 0. Since
jw) + j*(f) — fu > 0 ae., we find that j(u) + j*(f) — fu = 0 ae, ie.,
f(x) € 9j(u(x)) ae.
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Set f =u®*, g =v%, and p = 1/a. We have to show that

o () o]
Seta = [ fand b = [ g, so that we have
aP 4+ bP = /apflf +bP g < /(ap + bDYVP(FP 4 gPyV/P
= (a? + b")V/" /(fp + gMHl/r.
It follows that (a? + bP)V/P < [(fP + gP)V/P,ie., (S).

1. It suffices to show that

P+ DI (P + 1= 2|57
inf (It ) (e Exip) -
re[—1,+1] [t — 1|7

or equivalently that

2
(P +1-2]4L
inf 1 | 2 | > 0.
te[—1,+1] [t —1]2

But the function ¢(¢) = [¢|P +1 -2 |% |P satisfies

() >0 Vie[-1,+1), o1)=¢'(1)=0 and ¢"(1) > 0.

397

1 and 2. Let g, = Xs,(«), SO that g, — 0 a.e. and |g,| < 1. It follows—by

dominated convergence (since |Q2| < oo)—that fgn — 0,1ie., |S;(x)] = 0.

3. Given any integer m > 1, we may apply question 2 with « = 1/m to find an
integer N,, such that |Sy,, (1/m)| < §/2™. Letting X,, = Sy,, (1/m), we obtain

o) — f() <~ VE> Ny, Vre 5.
m

Finally, set A = |, Zp, so that |A| < 8. We claim that f, — f uniformly

on 2\ A. Indeed, given ¢ > 0, fix an integer m( such that mo > 1/¢. Clearly,

[fk(x) = f)] <& Vk=Np,, VxeQ\Zy,,
and consequently

[fi(x) — f(x)| <& Vk> Np,, VxeQ\A.
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4. Given ¢ > 0, first fix some § > 0 using (i) and then fix some A using question 3.
We obtain that | A lful? <& Vnand f, — f uniformly on Q\A. It follows from
Fatou’s lemma that f 4 | f1P < & and thus

J.

13v).

2(iv).

4.16
1.

3.

Ifn—fl"=/A|fn—f|”+/Q\A|fn—f|” <26 +120 Ifu — FImierny

Note that [* f,¢ — 0 Vg € C.(Q). Suppose, by contradiction, that f,, — f
weakly o (LY, L®). It follows that f fo =0Vp € C.(R2) and thus (by Cor-
ollary 4.24) f =0a.e. Also [ fu, — [ f=0;but [ f,, = [(*e'dt — 1;
a contradiction.

Note that fg,,go — 0 Yo € C.(2) and use the fact that C.(S2) is dense in

L? () (since p’ < 00).

Let us first check that if a sequence ( f;) satisfies

(S fo — f weakly o(L?, L")
and

(S2) fo— fae.

then f = f ae.

Indeed, we know from Exercise 3.4 that there exists a sequence (g,) in L? (£2)
such that

(S3) gn € conv {fy, fu+l,---}
and
(S4) gn — f strongly in L? ().

It follows from (S2) and (S3) that g, — f a.e. On the other hand (by The-
orem 4.9), there is a subsequence (g,,k) such that g,, — f a.e. Therefore

f=fae.

Let us now check, under the asumptions (i) and (ii), that f,, — f weakly
o (LP, L?"). There exists a subsequence (fn,) converging weakly o (L”, LP")
to some limit, say f From the preceding discussion we know that f = f a.e.
The “uniqueness of the limit” implies that the whole sequence ( f;;) converges
weakly to f (fill in the details using a variant of the argument in Exercise
3.32).

First method. Write
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S5 Wfa= fllg = Wfa = Tifullg + 1T foo — Tifllg + 1Tk f — fllg-

Note that for every k > 0 we have

/m—kanw 5/ Ll
[l ful=k]

On the other hand, we have [ | f,|” < C” and thus k?~¢ f[\fn|>k] | fald < CP.

It follows that

cr 1/q
(S6) ||fn_kan||q < (kl’q> Vn.
Passing to the limit (as n — 00), with the help of Fatou’s lemma we obtain
cr \ V4
(S7) If = Tifllg < ( kM) .

Given ¢ > 0, fix k large enough that (Cl’/kl’_q)l/q < ¢. It is clear (by
dominated convergence) that || Ty f, — Ty f1l; —> 0, and hence there is some
n—>oo

integer N such that
(S8) ITefun — T fllg <& Vn>N.

Combining (S5), (S6), (S7), and (S8), we see that || f,, — fll; < 36 Vn > N.

Second method. By Egorov’s theorem we know that given § > 0 there exists
some A C 2 such that |[A| < § and f, — f uniformly on Q\A. Write

/Qlfn—f|q=/g\A+/A

<= £l o) | @1+ 1L — FUBIAI=@/P)

which leads to

limsup/ | fo — f19 < 20)18'@/P) vs > 0.

n—oo

4.17

1. By homogeneity it suffices to check that

It + 117 —t]P — 1|
sup =) <
re[—1,+1] [£|P~% + |1
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4.18

1. First, it is easy to check that fab up,(1)dt — (b—a) f (forevery a, b € (0, 1)).
This implies that u, — f weakly o (L”, L”/) whenever 1 < p < oo (since
p’ < oo, step functions are dense in LP/). When p = 1, ie., f € Llloc(R),
there is a T-periodic function g € L°(R) such that % fOT |f — gl < & (where
¢ > 01is fixed arbitrarily).

Set v, (x) = g(nx), x € (0, 1) and let ¢ € L°°(0, 1). We have

Vw—?/w 538||¢||oo+'/vn<p—§/¢‘

and thus limsup,_, o | [ un¢ — f [ ¢| < 3ellglloc Y& > 0. It follows that
u, — f weakly o (L', L®).

) — —,71/p
2. timysollen = 7l = [ 4 Jy 1F = F17]
3. (i) uy = 0 foro(L®, LY.

(i) un — (o + B) foro (L, LY.

4.20

1. Let (u,) be a sequence in L?(2) such that u, — u strongly in L?(2).
There exists a subsequence such that u,, (x) — u(x) a.e. and |u,, | < v Vk
with v € L?(2) (see Theorem 4.9). It follows by dominated convergence that
Auy,, — Au strongly in L9(€2). The “uniqueness of the limit” implies that the
whole sequence (Au,) converges to Au strongly in L9(2) (as in the solution
to Exercise 3.32).

2. Consider the sequence (u,,) defined in Exercise 4.18, question 3(ii). Note that
Uy — (o + B), while Au, — 1 (a(@) + a(B)). It follows that

a (“;ﬂ) - %(a(a) +a() Ya.peR,

and thus a must be an affine function.

1. Check that f ;1 un(t)dt — O for every bounded interval /. Then use the density

of step functions (with compact support) in LY (R).

2. We claim once more that f ; un(®)dt — 0O for every bounded interval /.
Indeeed, given ¢ > 0, fix 6 > 0 such that §(|luollcc + |I]) < &. Set
E = [|ug| > 8] and write

/un(t)dt =/ uo(t)dt =/ u0+/ uo.
I (I+n) (I4+n)NE (I4+n)NE€

Choose N large enough that |(/ +n) N E| < § Vn > N (why is it possible?).
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’/ u, ()dt
1

Then use the density of step functions (with compact support) in L' (R).
3. Suppose, by contradiction, that u,, — u weakly o (L', L*). Consider the
function f € L*°(R) defined by

‘We obtain

<dlluolloc +6l1l <& Vn=N.

£=) D X nmit)-
i

Note that f Up, f = (—=1)* does not converge.

422

1. In order to prove that (B) = (A) use the fact that the vector space spanned
by the functions xg with E measurable and |E| < oo is dense in L”/(Q)
provided p’ < oo (why?).

2. Use the fact that the vector space spanned by the functions xg (with E C Q
and E measurable) is dense in L*°(£2) (why?).

4. Given ¢ > 0, fix some measurable subset w C 2 such that |w| < oo and

) / f<e.

em@z;&—ﬁj+<ﬁf—ﬁﬁ>+aéﬂ—éf)

and therefore

(52) [ si= [ 4o bymanacen,
¢ ¢

On the other hand, we have

for=f o f  a=f ] e

and thus

(S3) /ﬂ—/f=/ o = f) + o(1).
F F FN(w)

Combining (S1), (S2), and (S3), we obtain

o)

<2e+o(l).
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4.23

1.

2.

4.24

1.
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It follows that [, f, — [ f. Finally, we use the fact that the vector space
spanned by the functions yr with F C 2, F measurable and |F| < oo, is
dense in L*°(2) (why?).

Let (u,,) be a sequence in C such that u,, — u strongly in L?(2). There exists
a subsequence (unk) such that u,, — ua.e. Thusu > f a.e.
Assume that u € L°°(2) satisfies

/Lup > /fw Vo € L'(Q) such that f¢ € L'(Q) and ¢ > 0.

We claim that u > f a.e. Indeed, write 2 = UnQn with |©2,,| < oo and set
Q, = Q,N[lf| < nl, sothat | J,2, = Q. Let A = [u < f]. Choosing
@ = xang,. we find that [, o |f —u| < 0and thus [AN Q| =0 Vn. It
follows that |A| = 0. !

Note that if ¢ € L'(Q) is fixed with fo € L'(S) then the set {u €
L>®(Q); [up > [ fe}is closed for the topology o (L>, L').

For every ¢ € L'(RM) we have

/Un¢=fu§n(ﬁn*¢)Z/ufn(ﬁn*‘p_w)“‘/u;n(p

and thus

[ [ o

The first term on the right side tends to zero by Theorem 4.22, while the second
term on the right side tends to zero by dominated convergence.

Let B = B(xg, R) and let x denote the characteristic function of B(xg, R+1).
Set v, = p,, * (¢ xu). Note that v,, = v, on B(xg, R), since

= lulloollon * ¢ = @lli + llullooll (G — Ol

supp(Un — vx) C B(0, 1/n) + B(xo, R+ 1)°.

On the other hand, we have

/Ivn_vlsz;i_XMS/ [T — xvl
B B RN

5/|m*@—0xﬂ+/lwwxw—ﬂl
RN RN

5/ mwfum+/|w*mrmw»0
RN RN
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4.25
1. Let u denote the extension of u by 0 outside 2. Let
Q, = {x € Q; dist(x, Q) > 2/n and |x| < n}.

Let ¢, (resp. ¢) denote the characteristic function of €2, (resp. €2), so that
& —> ¢ on RN, Let v, = Pn * (Lnt). We know that v, € C2°(£2) and that
f g lvn — u| — 0O for every ball B (by Exercise 4.24). Thus, for every ball B
there is a subsequence (depending on B) that converges to u a.e. on B. By a
diagonal process we may construct a subsequence (vn k) that converges to u
a.e.on RV,

4.26

1. Assume that A < oo. Let us prove that f € LY(Q) and that || f||; < A. We

have
fo

Let K C €2 be any compact subset and let ¢y € C.(£2) be a function such that
0 <y <landy = 1onK.Letu be any function in L>°(€2). Using Exercise
4.25 we may construct a sequence (u,) in C.(£2) such that ||u,]co < [#]lco
and u,, — u a.e. on Q. We have

e

Passing to the limit as n — oo (by dominated convergence) we obtain

oo

Choosing u = sign(f) we find that f x |f]1 < A for every compact subset
K C Q. It follows that f € L'() and that || f||; < A.
2. Assume that B < co. We have

< Alglloo Vo € Ce(£2).

< Allulloo-

< Alullo Yu € L¥(Q).

/ffﬂSBllwlloo Vo € Cc(), ¢ = 0.
Using the same method as in question 1, we obtain
fflﬂuSBllulloo Yu € L¥(Q), u > 0.

Choosing u = x| f~0j we find that [, f* < B.

Let us first examine an abstract setting. Let E be a vector space and let f, g
be two linear functionals on E such that f # 0. Assume that
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¢ € Eand f(¢) > 0] = [g(¢) = O].

We claim that there exists a constant A > 0 such that g = Af. Indeed, fix any ¢g € E
such that f(¢g) = 1. For every ¢ € E and every ¢ > 0, we have

flo— fle)oo+epy) =¢ >0

and thus g(¢ — f(@)po + epp) > 0. It follows that g(¢) > Af (¢) V¢ € E, and thus
g =Af, with A = g(go) = 0.

Application. E = C2°(Q), f(¢) = [ug, and g(p) = [ ve

1 and 2. Notethat + +— = l and that (1 —a)r = p, (1 — B)r = q. For
ae. x € RN wrlte

[f(x =g =o1(Me2(0)e3(y)

with p1(y) = [f(x = V)% @2(y) = lgI?, and ¢3(y) = [f(x —
W' g(['P. Clearly, 91 € L9 (RV) and ¢, € L? (RV). On the other
hand, |p3(»)|" = |f(x — ¥)IP|g(¥)]|9. We deduce from Theorem 4.15 that
for a.e. x € RV the function y — |@3(y)|" is integrable. It follows from
Holder’s inequality (see Exercise 4.4) that for a.e. x € RY, the function
y i | f(x —y)g(y)| is integrable and that

1/r
/If(x =Ml lgldy < IIfII‘;fIIgllg (/ |f(x —y)l”lg(y)l"dy> .
Thus
I(f * @) )] < IIfII‘}‘,’IIgIIq’g’ / [f(x =P lg(n)|dy,

and consequently

/I(f*g)(x)l’dx < A1 I IE 1A UGG = 1 £1 gl

3. Ifl < p <ooandl < g < oo, there exist sequences ( f;,) and (g,) in C.(RM)
suchthat f, - fin L?(RY)and g, — gin LY(RY).Then f,*g, € C.(RN),
and, moreover, ||(f; *x 1) — (f * g)|lco — 0. It follows that (f x g)(x) — 0
as |x| — oo.
Givenany ¢ > 0 there is a finite covering of F by balls of radius & in LP (RY),
Sany Ui B(fi. ©).

2. For each i there is some §; > 0 such that

o fi = fil oy <€ Vh € RY with k] < §;
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(see Lemma 4.3). Set § = min;<;<x 6;. It is easy to check that

Itaf — fll, <3¢ Vfe F, Vhe RN with |h| <.

3. For each i there is some bounded open set ©; € R" such that
”fi”LP(RN\QI-) <é&.
Set Q2 = Uf'(:l Q; and check that || fll pmv\@) <2¢ V[ €F.

4.37
1. Write

+n +n
/l un(e@)dx = | £@©) (w (%) - <p<0>) di+©) [ fdr

—n —n

= A, + By;

A, — 0 by Lebesgue’s theorem and B, — 0 since f:r:oo f(@®)dt =0.
2. Note that, for all § > 0,

S né %)
/|un<x>|dx=f lf(t)ldt—>/ \F(@)ldt > 0.
0 0 0

3. Argue by contradiction. We would have

/u(p =0 VgpeC(-1,+1]
i

and thus u = 0 (by Corollary 4.24). On the other hand, if we choose ¢ = x(0,1)

we obtain . oo
/u,,(p = / f)dt — f f@®dt > 0.
I 0 0

Impossible.
438
2. Check that, Vo € C1([0, 1]),

1
/un<p:/(p+0<—),asn—>oo.
1 I n

Then use the facts that ||u, ||; is bounded and C! ([0, 1]) is dense in C ([0, 1]).
3. The sequence (u,) cannot be equi-integrable since | supp u,| — 0 and

= fu= [l
1 supp un
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4. If u,, — u weakly o (L', L*®) we would have, by question 2 and Corollary
4.24,u = 1.Choose a further subsequence (uy) suchthat )", | supp | < 1.

Let ¢ = x4 where
A=1T\ (U suppun/k> ,
k

so that |A| > 0. We have

/Iun;cgo:O Vk

and thus 0 = [, ¢ = |A|. Impossible.
5. Consider a subsequence (i, ) such that

Z | supp uy, | < o0o.
k

Let By = szk(suppunj) and B = (") Bk. Clearly | Bx| — 0ask — oo, and
thus |[B| = 0. If x ¢ B there exists some ko such that u,, (x) = 0 Vk > k.

1. Using the parallelogram law with a = u# + v and b = v leads to (u, 2v) =
2(u, v).

2. Compute (i) — (ii) + (iii).

3. Note that by definition of ( , ), the map A € R +— (Au, v) is continuous.

Let A be a measurable set such that 0 < |A| < |2|, and choose a measurable
set Bsuchthat ANB = Jand 0 < |B| < |Q. Letu = x4 and v = xp.
Assume first that 1 < p < oo. We have |lu + v||h = [lu — v|h = |A| + |B]
and thus [u + v[|3 + [lu — v[|3 = 2(|A| + |B])*7. On the other hand, we have
2(llull3 4 1lvl|3) = 2(|A[*/? + | B|*/P). Finally, note that

@+ B > P + ¥P Va, > 0if p <2,
(@+B)*P < a?®P 4+ B¥P VYa, B> 0if p > 2.

Examine the case p = oo with the same functions u and v.

Check that

(S1) 2(tnttn — tyattm, tn = ) = (1 + t) |t = > + (tn = 1) (0 ]* = |t ),
which implies that

(tn — tw) (un|* — lum|*) <0 Vm,n.
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1.

Let n > m, so that t, > t,, and thus |u,| < |u,,|. (Note that if t,, = t,,, then
U, = U, in view of (S1)). On the other hand, we have for n > m,

2 2 2 2 2
(tn + ty)|un — ™ < (ty — L) (um|” — |upl”) <ty (lup ™ — lug)?)

and thus
2 2 2
ln — um|” < lum|” — luql”.

It follows that |u,| | £ as n 1 oo and that (u,) is a Cauchy sequence.

. Letn > m, sothatt,, > t, and |u,,| < |u,|. For n > m we have

2 2 2 2 2
(tn + ty)|up — ™ <t — t)(un|™ — lum!”) < tm(upl” — lum|”)

and thus
2 2 2
ln — um|” < |upl® — luml”.

We now have the following alternative:

(i) either |u,| 1 coasn 1 oo,
(ii) or |u,| 1 € < oo asn 1 oo and then (u,) is a Cauchy sequence.

On the other hand, letting v,, = t,u, and s, = 1/t,,, we obtain
(SnVn — SmVm, Up — V) <0,

and thus (v,) converges to a limit by question 1. It follows thatif#, — ¢ > 0
then (u,) also converges to a limit. Finally if #, — 0, both cases (i) and (ii)
may occur. Take, for example, H = R, u,, = C/t, for (i), u, = C for (ii).

Note that

1.

v—ul*=lv—fPF—lu—fPF+2(f —u,v—u.

Let K = ﬂn K, . We claim that u,, — u = P f. First, note that the sequence
dy = |f — u,| = dist(f, K,) is nondecreasing and bounded above. Thus
d, 1t £ < o0oasn 1 oo. Next, using the parallelogram law (witha = f — u,
and b = f — u,;,), we obtain

2
Up — Um

2

_un—f—um 2
2

+ = 3 (1 =P 17— unl?).

s

It follows that |u, — um|* < 2(d,%l — d,%) if m > n. Thus (u,) converges to
a limit, say u, and clearly u € K. On the other hand, we have | f — u,| <
| f —v| Yv € K, and in particular | f — u,| < |f — v| Vv € K. Passing to
the limit, we obtain | f —u| < |f —v| Vv € K.

Clearly K = |, K, is convex (why?). We claim that u, — u = Pk f. First,
note that the sequence d, = |f — u,| = dist(f, K,) is nonincreasing and
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thus d, — £. Next, we have (with the same method as above) |u, — uy|? <
2(d2 —d2) if m > n. Thus (u,) converges to a limit, say u, and clearly
u € K. Finally, note that | f — u,,| < |f — v| Yv € K, provided m > n.
Passing to the limit (as m — oo) leads to |f —u| < |f —v| Yv € |, K»,
and by density Yv € K.

The sequence (c;;) is nonincreasing and thus it converges to a limit, say «. We
claim that « = inf g ¢. First, it is clear that infx ¢ < @, and thus infg ¢ < «.
On the other hand, let u be any element in K and let u, = P, u. Passing to
the limit in the inequality o, < @(u,,), we obtain a < ¢(u) (since u, — u).
It follows that @ < infg ¢.

1. Consider, for example, the case that ||u|| > 1 and |Jv|| < 1. We have
ITu — T = ‘ L H _ = v) + @ =il
[Juell |

< llu —vll + lull = T < 2fu — vl

since [lull < [lu — vl + [[v]| < [lu —v] + 1.
2. Letu = (1,0) and v = (1, @). Then we have ||Tu — Tv| = 2|a|/(1 + |«|),
while ||u — v|| = |«|. We conclude by choosing « # 0 and arbitrarily small.
3. T coincides with Pg, . Just check that if ||| > 1. then

u u
<u——,v——) <0 VYve Bg.
fluell [lee]]

(i) = (ii). Write that
Fu)<F({(1—-tu+tv) Vte(@,1), VveKk,

which implies that

;[F(u—l—t(v—u))—F(u)]zO.

Passing to the limit as ¢+ — 0 we obtain (ii).
(ii) = (i). We claim that

F(v)— F(u) = (F'(w),v—u) Yu,v e H.

Indeed, the functiont € R — ¢(t) = F(u+1t(v—u))is of class C! and convex.
Thus ¢(1) — ¢(0) > ¢'(0).

T is surjective iff E is complete.

1. Transfer onto R(T') the scalar product of E by letting
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((T(w), T())) = m,v) VYu,veeE.

Note that [((f, )| < | fllellgllex Yf, g € R(T). The scalar product (( , )) can
be extended by continuity and density to R(T'), which is now equipped with the
structure of a Hilbert space.

2. Fix any f € E*. The map g € R(T) — (f,T~'(g)) is a continuous linear
functional on R(T'). It may be extended (by continuity) to R(7"). Using the Riesz—
Fréchet representation theorem in R(7") we obtain some element 4 € R(T') such
that ((h, g)) = (f, T_l(g)> Vg € R(T). Thus we have ((h, T (v))) = (f,v)
Vv € E.Onthe other hand, we have ((h, Tv)) = (h, v) Vh € R(T), Vv € E (this
is obvious when i € R(T)). It follows that f = h and consequently f € m,
ie., R(T) = E*.

3. We have constructed an isometry 7 : E — E* with R(T) dense in E*. Since E*
is complete, we conclude that (up to an isomorphism) E™* is the completion of E.

5.13

1. We claim that the parallelogram law holds. Indeed, let f € F(u) andletg € F(v).
Then f £+ g € F(u & v) and so we have

(f +gu+v)=lu+vl®> and (f—gu—v)=lu—v]
Adding these relations leads to

2(Jlull* + 1oll®) = llu + vll* + llu — ]I

2. Let T : E — E™ be the map introduced in Exercise 5.12. We claim that F (1) =
{T (u)}. Clearly, T («) € F(u). On the other hand, we know that E* is a Hilbert
space for the dual norm || g+. In particular, E* is strictly convex and thus (see
Exercise 1.1) F(u) is reduced to a single element.

The convexity inequality a(tfu + (1 — H)v,tu + (1 — t)v) < ta(u,u) +
(1 —t)a(v, v) is equivalent to ¢ (1 — t)a(u — v, u —v) > 0.

Consider the operator A € L(H) defined by a(u, v) = (Au, v) Yu, v € H. Then
F'(u) = Au + A*u, since we have

Fu+h) — Fu) = (Au + A*u, h) +a(h, h).

First, extend S by continuity into an operator S:G— F. Next,letT = So Pz,
where Pg denotes the projection from H onto G.

(ii)) = (i). Assumption (ii) implies that 7 is injective and that R(T) is closed. Thus
R(T) has a complement (since H is a Hilbert space). We deduce from Theorem
2.13 that T has a left inverse.
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(1) = (ii). Assumption (i) implies that 7 is injective and that R(T") is closed. Then,

use Theorem 2.21.

Notethat lim sup,,_, o, |un —ul? =lim supn_>oo(|un|2—2(un, u)+ul?) < 0.

1.

If u € N(S) we have (Sv,v — u) > 0 Vv € H; replacing v by fv, we see that
(Sv, u) = 0 Vv € H. Conversely, if u € R(S)" we have (Sv — Su,v) > 0Vv €
H; replacing v by tv, we see that (Su, v) = 0 Vv € H. (See also Problem 16.)

. Apply Corollary 5.8 (Lax—Milgram).
. Method (a). Setu, = (I +1tS)~' f.

If f e N(S), thenu, = f Vt > 0.
If f € R(S), write f = Sv, so that u; + S(tu; — v) = 0. It follows that

(uy, tu; — v) < 0 and thus |u;| < (1/1)|v]. Consequently u; — 0 ast — oo.
By density, one can still prove that u; — 0 ast — oo forevery f € R(S) (fill in
the details).

In the general case f € H, write f = f1 + f> with fi = Py(s)f and fo =
f R(S)f-

Method (b). We have u; + tSu; = f and thus |u;| < |f]|. Passing to a sub-
sequence #, — 0o we may assume that u;, — u weakly and that Su = 0 (why?),
ie., u € N(S). From question 1 we know that (Su;,v) = 0 Vv € N(S) and
thus (f — us, v) = 0 Vv € N(S). Passing to the limit, we find that (f — u, v)
= 0 Vv € N(S). Thus u = Py(s) f and the “uniqueness of the limit” implies
that u; — u weakly as ¢t — o0o. On the other hand, we have (Su;, u;) > 0, i.e.,
(f — us, us) > 0 and consequently lim sup,_, o, |ut|2 <(f,u) = |u|2. It follows
that u; — u strongly as t — oo.

5.21

1. Set S = I — T and apply question 1 of Exercise 5.20.

2. Write f = u — Tu and note that o, (f) = %(u — T"u).

3. First, check thatlim,_, o0, (f) =0V f € R(I — T).Next, splitageneral f € H

as f = fi+ fowith fi e N —T)and f, € NI —T)* = R(I — T). We then
have 0, (f) = 0, (f1) + 0 (f2) = f1 + on(f2).

. Apply successively inequality (1) to u, Su, S2u, ..., Su, ..., and add the result-

ing inequalities. Note that

1S"u — §" Ty < |Stu — S| Vi=0,1,...,n.

. Writing f =u — Tu = 2(u — Su), we obtain |u, (f)| < 2|u|/+/n + 1.
. Use the same method as in question 3.
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2. Letm > n. Applying Exercise 5.4 with f = u,, and v = Pxu,, one obtains

2 2 2
|Pgun — Prum|™ < |Pguy — upm|” — | Pty —

2 2
< |Pgun — unl” — |Prity — tp|”.

Therefore, (Pguy,) is a Cauchy sequence.

3. We may assume that u,, — u weakly. Recall now that (u, — Pxu,, v — Pguy)
< 0 Vv € K. Passing to the limit (along the sequence ny) leads to (w — £, v — £)
<0 Vv € K. Since u € K, we may take v = u and conclude that # = £. Once
more, the “uniqueness of the limit” implies that u,, — ¢ weakly.

4. Foreveryv € K, lim,,_, o0 |u,, — v|* exists and thus lim,,_, o (it,, v —w) also exists
forevery v, w € K.Itfollows that ¢ (z) = lim,— oo (u,, z) exists forevery z € H.
Using the Riesz—Fréchet representation theorem we may write ¢(z) = (u, z) for
some u € H. Finally, note that (u — ¢, v — £) < 0 Vv € K and thus £ = Pgu.

5. By translation and dilation we may always assume that K = By. Thus |u,]| | «.

If « < 1, then u, = Pxu, for n large enough (and we already know that Pgu,
converges strongly).

If ¢ > 1, then Pxu, = u,/|u,| converges strongly and so does u,,.

6. Recall that (u, — Pxu,,v — Pxu,) <0Vv € K and thus (u, — €, v —0) < ¢,
Yv € K, with ¢, — 0 (¢, depends on v). Adding these inequalities leads to
(0n—L,v—20) <¢g, Yv € K,withe], — 0. Assuming that o,,, — & weakly, then
o € K satisfies (0 — €, v—¥) <0 Vv € K. Therefore ¢ = ¢ and the “uniqueness
of the limit” implies that o,, — ¢ weakly.

3. Note that /nuy, is bounded, and that for each fixed j, (v/nu,, ej) — Oasn — oo.

Let F be the closure of the vector space spanned by the E,’s. We know (see
the proof of Theorem 5.9) that Z;’lil |PEnu|2 = |Ppu|2 Yu € H, and thus | Pru| =
lu| Yu € D.Itfollows that | Ppu|> = |u|? Yu € D and therefore Priu =0 Yu € D.
Consequently Priu =0 VYu € H,i.e., Fl = {0},and so FF = H.

1. V is separable by Proposition 3.25. Consider a dense countable subset (vy,) of V
and conclude as in the proof of Theorem 5.11.

2. If 2 < p < oo use the inequality [ull, < ||u||clx;2/p||u||§/p. Note that every
infinite-dimensional Hilbert space (separable or not) admits an infinite orthonor-
mal sequence.

6. Integrating over €2, we find that k < M?|2|, which provides an upper bound for
the dimension of E.
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1. For every fixed ¢ € [0, 1] consider the function u;(s) = p(s) x[0,:1(s) and write
that Y02 | [(ur, en)] < [lugll3.

2. Equalityin (2) implies equalityin (1) fora.e.t € [0, 1]. Thusu, = thil(ut, en)en
for a.e. t € [0, 1], and hence u; € E = the closure of the vector space spanned
by the e,’s. It remains to check that the space spanned by the functions (u;) is
dense in L2. Let f € L? be such that fol fu; = 0 for a.e. t. It follows that

Jo fp =0Vt €[0,1],andso fp =0 ae.

It is easy to check that (¢;, ¢;) = Ofori # j. Letn = 20+l 1 Let E

denote the space spanned by {¢o, ¢1, ..., ¢, } and let F' denote the space spanned by
the characteristic functions of the intervals (ﬁ, é;r—fl), where i is an integer with

0<i<2/F!l — 1. Clearly E C F,dimE =n + 1 = 2% and dim F = 27*!,
Thus E = F.

2. The function u = rr; is orthogonal to all the functions (r;);>0 and u # 0. Thus
(ri)i>0 is not a basis.

3. Itis easy to check that (wy),>0 is an orthonormal system and that wo = rg, wye =
re+1 Y€ > 0. In order to prove that (w,),>0 is a basis one can use the same
argument as in Exercise 5.31.

3. Consider the sequence of functions defined on [0, 1] by

0 if 0<r<l,
ua)={nt -5 if t<r<i+l
1 if j4+r<t=<1l

Note that T'(#,) — f,but f ¢ T(Bg), since f ¢ C]([O, 1.

Argue by contradiction. If the conclusion fails, there exists some § > 0 such
that ||Tullr > $S|lullg VYu € E. Hence R(T) is closed. Consider the operator
To : E — R(T) defined by Ty = T. Clearly Tp is bijective. By Corollary 2.6,
TO_1 € L(R(T), E). On the other hand, Ty € K(E, R(T)). Hence Bg is compact
and dim E < oo.

Let T : V — £2 be the operator defined by

Tu:(\/Eul,\/k_gug,...,\/Eun,...).

Clearly |Tul|p2 = |lullv VYu € V,and T is surjective from V onto £2. Since ¢2 is
complete, it follows that V is also complete.
Consider the operator J, : V — £ defined by
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Jou = (uy, uo, ..., u,,0,0,...).

It is easy to check that || J, — I|| LOV.2) = 0 and thus the canonical injection from
V into ¢2 is compact.

1. Assume that T is continuous from E weak into F strong. Then for every ¢ > 0
there exists a neighborhood V of 0 in E weak such thatx € V = ||Tx| < ¢. We
may assume that V has the form

V={(xeE |(f,x)|<8 Yi=12,...,n},

where f1, f2,..., f € E*and § > 0.
LetM ={x € E;(fi,x) =0Vi=1,2,...,n},sothat Tx =0 Vx € M. On
the other hand, M has finite codimension (see Example 2 in Section 2.4). Thus
E = M+ N withdim N < oo.Itfollowsthat R(T) = T (N) is finite-dimensional.
2. Note that if u, — u weakly in E then Tu,, — Tu weakly in F. On the other
hand, (T'u,) has compact closure in F' (for the strong topology). Thus Tu,, — Tu
(see, e.g., Exercise 3.5).
6. Note that T* € L(E*, (co)*). But (co)* = £! (see Section 11.3). Since E* is
reflexive, it follows from question 5 that 7* is compact. Hence (by Theorem 6.4)
T is compact.

1. There is a constant ¢ such that Bg(7y C ¢T (Bg) and thus the unit ball of R(T') is
compact.

2. Let Ep be a complement of N(T). Then Ty = T, is bijective from E( onto
R(T). Thus dim Eg = dim R(T') < oo.

1. (A) = (B):
Let Eo be a complement of N(7T') and let P : E — N(T) be an associated
projection operator. Then Ty = 7|, is bijective from Eq onto R(T'). By the open
mapping theorem there exists a constant C such that

lulle < CliTullF Vu € Ep.
It follows that Vu € E,
lulle < llu — Pullg + |Pulle < CllTullr + || Pullg.

©) = (A

(i) To check that the unit ball in N(7T') is compact, let (u,) be a sequence in
N(T) such that |lu,||g < 1. Since (Q(uy)) has compact closure in G, one
may extract a subsequence (Q(u,,)) converging in G. Applying (C), we see
that (u,, ) is Cauchy.
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(i) Introducing a complement of N(7) we may assume in addition that T is
injective. Let (u,,) be a sequence in E such that Tu,, — f. Let us first check
that (u,) is bounded. If not, set v, = u,/||u,ll. Applying (C), we see that a
subsequence (v, ) is Cauchy. Let v,, — v withv € N(T) and |jv|| = 1;
impossible. Therefore (u,) is bounded and we may extract a subsequence
(Q(up,)) converging in G. Applying (C) once more, we find that (u,,) is
Cauchy.

To recover the result in Exercise 2.12 write
lulle = CUITullr + 1Pullp) < CUITullr + |Pul),
since all norms on N (T') are equivalent. Moreover,
[Pul < |u— Pul+|u| < Cllu — Pullg + [u| = Cl|TullF + |ul.
2. Note that
lulle < CUITullr + 1 Pulle) = CUNT + S)ullr + [|Pulle + [|SullF)

and consider the compact operator Q : E — E x F defined by Qu = [Pu, Su].
6.10

1. Note that Vu € E,

[QMIllull = 1Q(Mu — Q(T)ull + | Q(T)Hu]
= 1Q(T)(u — Tw)|| + | Q(Tul|
< Cllu = Tull + [1Q(T)ul]).

2. Proof of the implication N(/ — T) = {0} = R({ — T) = E. Suppose by
contradiction that R(I — T) = E| # E.Set E,, = (I — T)"E. Then (E,) is a
decreasing sequence of closed subspaces. Choose u,, € E, such that |lu,| = 1
and dist(u,, E,4+1) > 1/2. Write

Q(Mun—Q(Tum = Q(Tup—Q(Dup+Q(Mup—Q(Dum+Q(Mum—Q(T)uy.

Thus, for m > n, we have

1Q(Tun — Q(Tum| = [Q(D)]/2,

and this is impossible.
For the converse, follow the argument described in the proof of Theorem 6.6.

3. Using the same notation as in the proof of Theorem 6.6, write S =T + A o P.
Here S ¢ KC(E),but A o P € K(E). Thus Q(S) € K(E) (why?). Then continue
as in the proof of Theorem 6.6.
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1. There exists an integer ng > 1 such that Int F,; # @ and thus B(ug, p) C Fy,.

2.

Forevery u € F and |A| < p/|u|| we have ug 4+ Au € Fy,. Therefore
A lu ) = u)] < luo(x) = uo(| +nod(x, )™ < 2nod (x, y)!/™.

It follows that

2ng
lu(x) — u(y)] < 7||u||d<x, wm vy yeK.

The theorem of Ascoli—Arzela implies that Br is compact.

Suppose, by contradiction, that there exist some ¢y > 0 and a sequence (i)
such that ||u,||g = 1 and || Tuy||r > €o+nluy|. Then |u,| — 0 and we may assume
that u,, — u weakly. But the function u > |u| is convex and continuous. Thus it is
Ls.c. for the weak topology and hence u = 0. It follows that Tu,, — 0. Impossible.

1.

~

fu= f+xT —ir"'f, wehave Au = T(u — f) and hence |A| |lu| <
T ([ Clleell + 11£1D-

. By the proof of Proposition 6.7 we know that if & € R is such that |u — A| ||(T —

AD7Y| < 1, then u € p(T). Thus dist(r, o (T)) > 1/|(T — 1)~

(U -D'=5T-D.

6. Note that the relation Uu — Au = f is equivalent to
A+1 1
Tu—(+)u= (f—=T1).
x-=1 r—=1
6.16
2. (T =AD" = L Y an=i=Iri,
3. (T =A™ ==Y ity
_ _ —1 i
4. A-T)'=q-TmH 'Y T
6.18
1. ISyl = |IS¢]l = 1. Note that Sg o S, = I and thus S, ¢ IC(E), S¢ ¢ K(E).
3. Forevery A € [—1, 41] the operator (S, — AI) is not surjective: for example, if
f=(-1,0,0,...) the equation S,x — Ax = f has no solution x € 02,
4. NS¢ — A1) =R(1, A, 22, ..0).
6. S} = Sgand S} = §,;.
7. Writing S,x — Ax = f, we have

x| = [S,x| = |Ax + f] < [Allx] + | f].

Thus
[Srx — Ax| = (1 —[A]]x],
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and hence R(S, — A[I) is closed. Applying Theorem 2.19 yields
e .
R(S, — M) = N(Sg — A" = ix € (% Zkl_lxi =0
i=1

and
R(S¢ —AI) = N(S, —AI)* = E.

8. Wehave R(S, £ 1) = N(S¢ £ ) = Eand R(S; £ 1) = N(S, £+ )+ = E.
We already know (see question 3) that R(S, £ I) # E. On the other hand,
R(S¢ 1) # E;otherwise, since Sy &/ is injective, we would have =1 € p(Sy).
Impossible.

9. EV(S,oM) =0ifa, #0 Vnand EV (S, o M) = {0} if o, = O for some n.

10. We may always assume that @ # 0; otherwise S, o M is compact and the
conclusion is obvious.
Let us show that (T — A[I) is bijective for every A with |A| > |«|. Note that
M = al + K, where K is a compact operator. Letting T = S, o M, we obtain
T =aS, +Kjand (T — AI) = (@S, — Al) + K1 = J o (I + K3), where
J = (aS, — AI) is bijective and K1, Ko are compact. Applying Theorem 6.6
(c), it suffices to check that N(T — AI) = {0}. This has already been established
in question 9.
Let us show that (T — A1) is not bijective for || < |«|. Assume by contradiction
that (T — A1) is bijective. Write (S, —21) = L (T —aD) - 1K = J' o (1 + K3),
where J' is bijective and K3 is compact. Applying once more Theorem 6.6 (c),
we see that

A A
<S, - —I) injective < (Sr — —I) surjective.
o o

But we already know (from questions 2 and 3) that (S, — %1 ) is injective and
not surjective, for |A| < |«|. Impossible.

11. 6 (S, o M) = [ — J/]ab], +./|ab|]. Indeed, if |A| < 4/|ab|, the operator

(S, o M — AI) is not surjective, since (for example)
f=(-1,0,0,...) ¢ R(S, o M — AI).

On the other hand, if |A| > \/|ab|, the operator (S, o M — AI) is bijective, since
(S, o M)?> = abS?. Thus ||(S, o M)?|| < |ab| and we may apply Exercise 6.16,
question 4.

1. Note that /
ITu(x) — Tu()| < |x — y["7 lullp.

If1 < p < oo we may apply Ascoli-Arzela to conclude that 7 (Bg) has compact
closure in C([0, 1]) and a fortiori in L” (0, 1). If p = 1, apply Theorem 4.26.
2. EV(T) = . Note first that 0 ¢ EV (T). Indeed, the equation Tu = 0 implies
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4.

1
/ Uxap =0 Va,bel0,1].
0

If 1 < p < 1 we may use the density of step functions in L?" to conclude that
u = 0. When p = 1, we prove that

1
/ up =0 VYo e C([0, 1])
0

by approximating uniformly ¢ by step functions. We conclude with the help of
Corollary 4.24 that u = 0.

For A # Oandfor f € C([0, 1]), setu = (T —AI)~! f. Then v(x) = f(f u(t)dt
satisfies:

v E Cl([O, 1) and v—1v' = f withv(0)=0.

Therefore

1 R
u) = = () = /0 (1) dt

The same formula remains valid for f € L? (argue by density).
(T*0)(x) = [} v(t)dr.

2.

Suppose, by contradiction, that there exists some u € Q(o(T)) such that u ¢
o(Q(T)). Then u = Q1) withA € o(T),and Q(T) — Q(1)I = S is bijective.
We may write

Q) = Q) = (=101 VreR,
and thus

(T —=2DQ(T) = Q(T)(T —Al) = S.

Hence T — X[ is bijective and A € p(T'); impossible.

. Take E=R2,T = (% })and Q1) = 12

Then EV(T) = o (T) =@ and EV(T?) = o(T?) = {—1}.
T2 + I is bijective by Lax—Milgram. Every polynomial of degree 2 without real
roots may be written (modulo a nonzero factor) as

2
o) =t>+at+b= (t+g)2+b—a—
2 4
with b — a®/4 > 0, and we may apply Lax—Milgram once more.
If a polynomial Q(¢) has no real root, then its roots are complex conjugates. We
may then write Q(¢) = Q1(¢) Q2(?) ... Q¢(t), where each Q; (¢) is a polynomial
of degree 2 without real roots. Since Q; (T') is bijective, the same holds for Q(T).

. (1) Suppose, by contradiction, that u € EV(Q(T)) and u ¢ Q(EV(T)). Then

there exists u # 0 such that Q(T)u = pu. Write
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QW) —pu=@—t)(t—1) - ({t—1,)00),

where the #;’s are the real roots of the polynomial Q(r) — i and Q has no real
root. Thent; ¢ EV(T) Vi, since u ¢ Q(EV(T)). We have

(T —t,I(T —t2])-- (T — 1 )O(T)u = 0.

Since each factor in this product is injective, we conclude that u = 0. Impossible.

(i1) Argue as in (i).

3. In E = R? take T'(u;, u2) = (uz,0). Then T? = 0, so that r(T) = 0, while
IT| =1.

5. In E = R3 take T (uy,uz,u3) = (uz, —uy, 0). Then o (T) = {0}. Using the fact
that 73 = —T itis easy to see that r(T) = 1.

Comment. If we work in Banach spaces over C the situation is totally different;
see Section 11.4. There, we always have r(T) = max{|r|; A € o(T)}. Taking
E = C3 in the current example we have o (T) = {0, +i, —i} and then r(T) =
max{|A|; A € o(T)} = 1.

6. Assuming that the formula holds for 7", we have

1 13 s a1
e 1)!/0 ds/o (s —0)" u(r)dr

1 t t
=0 1)'/0 u(t) U (s—r)"_lds:| dt

1 t
= —/ (t — )"u(r)dr.
n! 0

(T" M u) () =

7. Consider the functions f and g defined on R by

=1 gfo<r <,

1
f(t)={mt

0 otherwise,
u(t) if0<r<1,
) =
8 {O otherwise,

so that for 0 <t < 1, we have
1
(f*xg)®) Z/o (t = Du(t)dt = (T"u)(@).
‘We deduce that

1
If*gllroy < I f *gllLr@ < 1f L w)llgller@®) = m”u”LP(O,l)-
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8. Apply Stirling’s formula.

2. (v) = (vi). Forevery ¢ > 0, T, = T + ¢l is bijective and o (Ty) C [e, 1 + ¢].
Thus o (T, ) C [ L 11, Applying Proposition 6.9 to TS_1 yields

T+e’ &

lv|> Vv e H,

1
T v, v) >
o UU)_1+8

1
(Teu, u) > mmuﬁ Vu € H.

3. Set U = 2T — I. Clearly (vii) is equivalent to
(vil') lu| < |Uu| Yu e H.

Applying Theorem 2.20, we see that (vii) = (—1,+1) C p(U) = 2p(T) — 1.
Thus (vii) = (viii).

Conversely, (viii) = (—1,+1) C p(U). Thus o (U) C (—o0, —1] U [1, +00)
and o (U~!) ¢ [—1, +1]. By Proposition 6.9 we know that U= <1, ie.,
(vii’) holds.

By construction we have

Mo(I+K)=1 onX,
(I+K)yoM=1 onR(+K).

Given any x € E, write x = x1 + xp withx] € X and x, € N(I + K). Then
Mo(I+K)x)=Mo(I+K)(x;))=x;=x— Px

where P is a projection onto N (I + K).
For any x € E we have

(I+K)oM(x)=I+K)oMo Q(x) = Ox = x — Px,
where P is a finite-rank projection onto a complement of R(/ + K) in E.

4. We have
u, = Lo’ + ¢ u.
Clearly ¢,u’ — u’ in L? by dominated convergence. It remains to show that
{yu — 0in L?. Note that
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2/n
Il =€ [ nPlut Pdx,
1/n
where C = ||¢/]|] .
When p = 1 we have, since u € C([0, 1]) and u(0) = 0,
2/n
n/ lu(x)|dx < max |u(x)] - 0asn — oo.
1/n xe[1.2]
When p > 1 we have
2/n 2/n P 2/n p
np/ lu(x)|Pdx = np/ xpmdx < 2"/ de -0
1/n 1/n X 1/n X

by question 1.

1. By question 1 in Exercise 8.8 we know that @ € L?. On the other hand,

u(x) = /x ' (H)dt = xu'(x) — /X u” (H)edt,
0 0

and thus , Lo
% = @ — ;/ u” (t)tdt.
0
But
X 1 X
= / u’(Hedt| < ;/ lu”(t)|dt € L?,
0 0
as above.

2. We have v € C'((0, 1)) and

ux) u'(x)

V') = —— + eL?,
x

by question 1.

Moreover,
1 X
v(x) = u® _ _/ W (Hdt — 0 asx — 0,
X X Jo

since u € C'([0, 1]) and «’(0) = 0.
3. We need only to show that

1 ”
g,u'llp + 1S, ull, —> Oasn — 0.

But



Solutions of Some Exercises 421

2/n 2/n |u/(x)|p
a1 < cnr [T weopar <2vc [ dx
1/n in  XP
and
2/n 2/n p
e B T e
1/n 1/n x=p

and the conclusion follows since @ € L? and % eLP.

4. Letu € X,,. Thenu’ € X,,—1 and )% € L?(I) by the induction assumption.

Next, observe that
u(x 1 [ u(@
LA —/ LW gy,
xm xm tm—l

Applying once more Hardy’s inequality (see Problem 34, part C) we obtain

el _ 1/}( WOl e Loy,
0

xm T x gm=l
In order to prove that x”nsf)l € X, note that
u(x) Du(x) u(x) »

and that

1w !
|t ()] < / : (t)|fm_1dt§/ " (t)|dt—>0 asx — 0,
0 0

xm—l - xm—l tm—l tm—l

since ;‘,;—(f? e LP(I).

5. It suffices to check that Dfv € X for every integer £ such that 0 < ¢ < k — 1.
But D% is a linear combination of functions of the form %, where « is
an integer such that 0 < « < €. Then use question 4.

6. It suffices to show that (D%z,)(DPu) — 0 in LP?(I) when o + 8 = m and
I <a <m.But|D*,(x)] < Cn* and thus

2/n

B
DPu(x) ‘px“pdx
xO{

1
/ D% &, ()P |DPu(x)|Pdx < Cn“”/
0 !

2/n
<c|
1/n
since % € L?(I) by question 4.
8. To prove thatv € C([0, 1]), note that v(x) = %f(f u'(t)dt and thatu’ € C([0, 1])
with u’(0) = 0.
Next, we prove that v € W1 1(I). Integrating by parts, we see that

/n
Dﬂu(x)

xO[

['d
x— 0
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1 X
v'(x) = —2/ u” (t)edt,
X 0

and a straightforward computation gives
1
W= [ @ - nde < s
0

9. Set .
u(x):/ (1+ |logt])~'ds.
0

Itis clear thatu € W>'(I) with u(0) = u'(0) = 0, and, moreover, “ ¢ L1(1).
The relation
u(x) u'(x) /
= v,
X X

combined with question 8 shows that % ¢ L(D).

8.10
4. Clearly, asn — oo,
v, (x) = G'(nu(x)u'(x) > f(x) ae.,

where
0 if  u(x)#0,

f(x)z{u’(x) it u(x) =0.

6. We have 1 1
/ vng = _/ ve Ve e ).
0 0

Passing to the limit as n — oo yields
1
/ fe=0 VpeClD),
0
and therefore f = 0a.e.on I, ie., u'(x) =0a.e.on[u =0].
8.12

1. Use Exercise 8.2 and the fact that

lim infl|u, || Lr > [lu'||Lr.
n—o0

2. Consider the sequence (u,,) in Exercise 8.2. We have ||u, || ;1 < %and”u; I =1
Thus %u,, € Bj. On the other hand, %un — %u in L', where
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{o it xe(0,1/2),
u(x) = )
1 if xe1/2,1).

Butu ¢ W11 Thus B is not closed in L',
8.16

2. R(A)=L"7(0,1) and/N(A) = {0}.
3. v e D(A*) iff v € L? and there is a constant C such that

1
/ v’
0

In particular, v € D(A*) = v € Wl’p/, and then

< Clull, Vu € D(A).

1
(S u(l)v(l)—/ wv'| < Clull, Yu e D(A).
0

We deduce from (S1) that
lu(D )] < (C + V) lull, Yu € D(A).

It follows that v(1) = 0, since there exists a sequence (u,) in D(A) such that
u, (1) = 1and ||u,| , — 0. Hence we have proved that

ve DAY = ve W and w(l)=0.
It follows easily that
D(A*) = {v e W' and v(1) = 0},

with A*v = —v/.
4. We have

1
N = (0, RGA) = {f L. / Flydi = o} ,
0
and 5 N /
(A)*v = —v  with D((A)*) = Wh7',

In the determination of D(A*) it is useful to keep in mind the following fact.
Let/ = (0,1)and 1 < p < oco. Assume that u € L?(I) satisfies

(ShH ‘/ ug'
1

thenu € WhP(I).

< Cllelly VQDECCl(I) such that fgo:O,
I
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Indeed, fix a function ¥y € C Cl (I) such that |, ; Yo = 1. Let ¢ be any function in
CCl (I). Inserting ¢ = ¢ — (f[ £)Yo into (S1), we obtain

J el

where C’ depends only on u and vrg. Therefore u € wLlp (D) by Proposition 8.3.
When Au = u” — xu’ we have

< Cliglly +C'

A =v"+xv +v.
Note the following identity
)Cz .’(2
A*e"Tu)=e TAu Vue H*),
which allows to compute N (A*) under the various boundary conditions.
Given f € L?(0, 1), set F(x) = [i f(t)dt. Then

LI P2 odx i [ f(de =0,
+00 otherwise.

w*(f)={
Indeed, if [, f(r)dt =0, then [} fv= [} F'v=— [} Fv' Vve H'(0,1),and
1 1 1 1 1 1
sup {/ fv——/ v’z}: sup {—/ Fv/——/ v/z}
verr! LJo 2 Jo veH! 0 2 Jo
1 1 1 1 1
sup {—/ Fw——/ wz}z—f F>.
wel? 0 2Jo 2 Jo

©*(f)

2. Let U be any function satisfying

—(pU"Y +qU = f on(0, 1),
U(l) =0.

Then '
/o fvo = p0)(U'(0) — ko U(0)).

Therefore, if fol fvo = 0, any such function U satisfies U’(0) = ko U (0). Since
U (0) can be chosen arbitrarily we see that the set of solutions is one-dimensional.

8.22

1. The function p(x) = x belongs to H'(0, 1), but /o(x) = /x ¢ H'(0, 1).



Solutions of Some Exercises 425

2. For every p € H'(0,1), with p > 0 on (0, 1), set y. = /p + €. Since the
function ¢ —> /7 + ¢ is C! on [0, +00), we deduce that y, € H](O, 1) and,
moreover,

/

L p
2/p+e’
so that |y/| < u on the set [p > 0]. On the other hand, we know that p’ = 0
a.e. on the set [p = 0] (see Exercise 8.10) and thus |y.| < w a.e. on [p = 0].
Therefore |y,| < p a.e.on (0, 1).

Consequently, if u € L? we deduce that lyil2 < Case — 0.Since y. — /o,
ase — 0,in C([0, 1]) and y/ — w in L2%(0, 1), we conclude (see Exercise 8.2)
that \/p € H'(0, 1) and (\/p)' = p.

Conversely, if \/p € H'(0,1), set y = /p, so that p = y? and p’ = 2yy’.
Hence 4 = y’ a.e. on [p > 0] and, moreover, u = )’ a.e. on [p = 0] since
y'=0ae.on[y =0]=[p=0].

’
Ve =

8.24

1. One may choose C; =1+ 1/¢.
2. The weak formulation is

ue H\ (D,
a(u,v) = [ @'V +kuv) —u(lyp(l) = [} fv Vv e HY(I).

Clearly a(u, v) is a continuous bilinear form on H Lo, 1. By question 1 it is
coercive, e.g., if k > 2.

The corresponding minimization problem is

min {lfl(v/2+kv2)— l1)(1)2—f1fv}
veH! 2 0 2 0 .

3. Let g € L2(I) and let v € H%(I) be the corresponding solution of (1) (with f
replaced by g). We have

1 1
(Tf, 8)2 = / ug = / u(=v" + kv)
0 0
= —u(Hv'(1) + u0)v'(0) + u'(Hv(1) — u’(0)v(0)

1
+/ (—u” + ku)v
0
1
= —u(Dv(1) +u(DHv(1) +/0 Sv=(f,Tg .

Therefore T is self-adjoint. It is compact since it is a bounded operator from L2 (1)
into HY(I), and H'(I) c L2(I) with compact injection (see Theorem 8.8).
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4. By the results of Section 6.4 we know that there exists a sequence (u,,) in L3(I)
satisfying Tu, = wnu, with ||u,ll;2 =1, 0y > 0 Vn, and u, — 0. Thus we
have —u), + ku, = ﬁun, so that —u)) = (t — k)u, on 1.

5. The value A = 0 is excluded (why?). If A > 0 we have u(x) = Acos Vax +
B sin +/Ax, where the constants A and B are adjusted to satisfy the boundary
condition, i.e., B = 0 and A(cos vA ++/Asin+/A) = 0, so that A # 0iff VA isa
solution of the equation tant = —1/¢ (which has an infinite sequence of positive
solutions #,, — 00, as can be seen by inspection of the graphs). If . < 0 we have
u(x) = AeV*¥ 4 Be=VI*¥ Putting this together with the boundary conditions
gives A = B and A/[AJeV" — B/[Ae VI* = AeVI* + Be=VIM In order to
have some u # 0, A must satisfy /[A](eV* — e VI = V- 4 o=VIH e,
t = /TA] is a solution of the equation ¢* = 1. An 1nspect10n of the graphs
shows that there is a unique solution 7y > 1 and then A= —to.

8.25

2. Assume by contradiction that there is a sequence (u,) in H L(I) such that
a(u,,u,) — 0 and lunllgr iy = 1. Passing to a subsequence (u,,) we may
assume that u), — u’ weakly in L? and u, — u strongly in L. By lower
semicontinuity (see Proposition 3.5) we have lim inf f ] (u;lk)2 > f ] (u')? and
therefore a(u,u) = 0, so that u = 0. But fl(u;,k)2 =1-/ u,%k and thus

Al ny) = [;)p)* + (fol un)* =1— [jul + (fo1 Un,)? — 1. Impossible.
4. We have
/u’v’:/gv vu e H'(I),
I I

where g = f — (fol u)x,1). Therefore u € H?(I) and satisfies

—u” + (fo1 uw)xo,1 =f onl,
W (0) = u'(2) = 0.

5. We have u € C2(I) iff fol u = 0. This happens iff [, f =
8. The eigenvalues of T are positive and if 1/A is an eigenvalue, we must have a
function u 0 satisfying

—u’ + fol u=Au on (0, 1),
—u”" = \u on (1,2),
W(0) = u'(2) =0,

u(1=) = u(1+) and w'(1—) = u’(14).

Therefore

ulx) =— + Acos(x/_x) on (0, 1),
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u(x) = A'cos(vA(x —2)) on(1,2),
where the constants k, A and A’ are determined using the relations

u(l-) =u(l+) and v’ (1-) = u(1+),
k= fol u.

‘We conclude that either sin(«/X) =0,ie, A =n’7lwithn =1,2,...,0r A is
a solution of the equation tan(ﬁ) = 2\/X(1 —A).

8.26

3. Seta(v,v) = [, pv”* +qv2. We have (Sy f — Sp f, ) = [, f(un — up). We
already know that %a(uN,uN)—fI fuy < %a(up,uD)—fl fup.On the other
hand, a(uy,uy) = [; fuy and a(up,up) = [, fup. Therefore [, f(uy —
up) > 0.

6. Seta;(v,v) = a(v, v) + kv*(0),i = 1,2, and uy, = uy, uy, = us. Since u; is
a minimizer of (%ai(v, v) — fl fv) onV = {ve H'(I): v(l) = 0}, we have

1 1 1 1
—a(uy, uz) + =kou3(0) —/fug < —a(uy, uy) + —kou?(0) —fful.
2 2 ! 2 2 /

On the other hand, we have

a(uy, ur) + kju3 (0) = /1 fui,

and
a(uz, uz) + kau3(0) = /1 fus.
Therefore
1 - 1 1 i r 5 0
—E/Ifuz_z/lful-i-z(z— Du( )—/Iful,
so that
(St f =S f. f) = f fluz —uy) > (ki — ka)ut(0) > 0.
1
8.27

4. The solution ¢ of
—¢"+¢=1onl,
p(=1) =¢) =0,
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is given by ¢(x) = 1 + A(e* + e™*), where A = —e/(+1). By uniqueness
of ¢ we must have u = Au(0)¢p. Therefore

1 2+
S e (e D
5. Equation (1) becomes u = S(f + u(0)) = Sf +ru(0)S1 = Sf +ru(0)¢. Thus

u(©0)(1 = 1p(0)) = (S)(0), i.e.. u(0) = 22500 and yy = §f 4 HoEDO g
the desired solution.

AQ

6. When A = A, the existence of a solution u implies (Sf)(0) = O (just follow the
computation in question 5). Conversely, assume that (Sf)(0) = 0. A solution of
(1) must have the form u = Sf + A for some constant A. A direct computation

shows that any such u satisfies —u” +u = f+A.Butu(0) = (Sf)(O)—i—% = %.

Thus we have —u” 4+ u = f + Aou(0), i.e., (1) holds for any A. Therefore the set
of all solutions of (1) when A = Ag is Sf + Re.

8.29

2. The existence and uniqueness of a solution u € H'(0, 1) comes from Lax—
Milgram. In particular, u satisfies

1 1
/ u/v/=/ (f —uw)v Yve HJ 0, 1),
0 0

and therefore ' € H'(0, 1), i.e., u € H?(0, 1); moreover, —u” +u = f on
(0, 1). Using the information that u € H 2(0, 1), we may now write

a(u,v) = /1 (—u” +uyv+u'(Hv(1) — u’'(0)v(0)
+0 (u(1) —u(0))(v(1) —v(0))
=/01fv vv e HY(0, 1).
Consequently,
' (1) + u(l) — u(0))v(1) — @' (0) + u(1) —u(©)v(0) =0 Vv e H' (0, 1).
Since v(0) and v(1) are arbitrary, we conclude that
W' () +u(l) —u©) =0 and u'(0) +u(1) —u(0) = 0.

5. Using the same function G as in the proof of Theorem 8.19 we have, taking
v=G(—u),alu, G(—u)) = fol fG(—u) > Osince f > 0and G > 0. On the
other hand,
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1 1
a(u, G(—u)) = —/ WG’ (—u) —/ (—u)G(—u)
0 0

+ () = u )G (=u(1)) — G(=u(0)))
1
<- [ (—1)G (),
0

since G is nondecreasing. It follows that

1
/ (—u)G(—u) <0,
0

and consequently —u < 0.
7. Let 1/A be an eigenvalue and let u be a corresponding eigenfunction. Then

—u”"+u=2xu on(0,1),
u'(0) = u(0) — u(l),
W' (1) = u(0) — u(1).

Since a(u, u) = Af()l u? > fol u?, we see that A > 1. Moreover, A = 1 is an
eigenvalue corresponding to u = const. Assume now A > 1 andseto = /A — 1.
We must have

u(x) = Acosax + Bsinax.

In order to satisfy the boundary condition we need to impose

{Boz =A—Acosa — Bsina,

—Aasina + Bacosae = A — Acosa — Bsina.

This system admits a nontrivial solution iff 2(1 — cosw) + asina = 0, i.e,
sin(a/2) = 0 or («/2) 4 tan(e/2) = 0.

8.34

1. Let u be a classical solution. Then we have
1 1
—u'(DHv(1) + ' (0)v(0) +/ @'V + uv) =/ fv VYve HY 0, 1).
0 0
Let V ={ve H'(0,1); v(0) = v(1)}. If v € V we obtain
1 1
a(u,v) = / W'V +uv) = / fv+kv(0).
0 0
The weak formulation is

1
ueV and a(u,v):/ fv+kv) YvelV.
0
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. By Lax—Milgram there exists a unique weak solution # € V, and the correspond-

ing minimization problem is

'{1 W [ fo-ioo)
21;1‘1/12/0v+v —/Ofv—v}.

. Clearly, any weak solution u belongs to H2(0, 1) and satisfies

—u”" +u=f ae.on(0,1),
W' (Do) — 1’ 0)v(0) = kv(0) Vv eV,

ie.,
uw' (1) —u'(0) = k.

. The eigenvalues of T are given by A = 1/uy, where i corresponds to a non-

trivial solution of

—u" 4+u=pru ae.on(0,]1),
u(l) = u(0), u'(1) = u'(0).

Therefore ;> 1 and u is given by

u(x) = Asin (\/,u,k — lx) + B cos (\/,uk — lx)
with /ur — 1 =27k, k=0,1,....

2.

4.
6.

Suppose that Tu = Au withu € H*>(R) and u # 0. Clearly A # 0 and u satisfies
—u’ 4 u= lu on R
; .

If A = 1, we have u(x) = Ax + B for some constants A, B. Since u € L*(R) we
deduce that A = B = 0. Therefore 1 ¢ EV(T).

If (} = 1) > 0 we have u(x) = Asinax + Bcosax, with & = /1 — 1. The

condition u € L*(R) yields again A = B = 0. Similarly, if (% —1) < Owe
have no solution, except u = 0. Hence EV(T) = #. T cannot be a compact
operator. Otherwise we would have o (T') = {0} by Theorem 6.8 and then T = 0
by Corollary 6.10. But obviously 7' % 0 (otherwise any f in L*(R) would be
= 0).

.If A < 0,(T — AI) is bijective from H = L2(R) onto itself, for example by

Lax—Milgram and the fact that (T f, f) > 0Vf € H. Thus A € p(T).
If x> 1> |T| wehave A € p(T) by Proposition 6.7.
T is not surjective, since R(T) C H2(R).
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7. T — I is not surjective. Indeed, if we try to solve Tf — f = ¢ for a given ¢ in
L>(R) we are led to —u” +u = f (lettingu = Tf) and u = f + ¢. Therefore
u” = ¢ admits a solution u € H?. Suppose, for example, that suppe C [0, 1].
An immediate computation yields u(x) = 0Vx < 0and u(x) = 0Vx > 1. Thus
u'(0) = u'(1) = 0. It follows that 0 = u/(1) — u’(0) = fol @. Therefore the

equation Tf — f = ¢ has no solution f € L%(R) when fol ¢ #0.Hence T — 1
cannot be surjective.

8. T — Al is not surjective. Indeed, if we try to solve Tf — Af = ¢ we are led
to —u” +u = f (letting u = Tf) and u = Af + ¢. Therefore —u” + u =
%(u — ¢). Assume again that supp ¢ C [0, 1]. We would have u” = —u%u outside

[0, 1], with © = ,/% — 1. Therefore u = 0 outside [0, 1] and consequently
u(0) = u’(0) = u(l) = u/(1) = 0. The equation —u” + (1 — %)u = —%ga
implies that fol @v = 0 for any solution v of —v” = p?v on (0, 1); for example
fol @(x) sin ux = 0. Therefore the equation Tf — Af = ¢ has no solution f €
L?(R) when fol @(x) sin ux # 0. Consequently (T — A[I) is not surjective.

8.39

2. We have v2 < %v“ + % Vv € R, and thus

1 1
o) > Envnip =5~ If 2wl

Therefore ¢ (v) — oo as [|[v|| 1 — oo.

3. The uniqueness follows from the fact that ¢ is strictly convex on H!(0, 1); this
is a consequence of the strict convexity of the function ¢ — ¢* on R.

4. We have

1 1
o(u+ev) = 5/ u'? + 2eu'v + e2v'?)
0
1 1
+ I / (u* + deudv + 682U + 43uv® + et
0
1
— / f(u+ ev).
0
Writing that (1) < ¢(u + €v) gives
1
/ W'V +uPv— fv)+ A >0,
0
where A, — 0 as ¢ — 0. Passing to the limit as ¢ — 0 and choosing +v yields

v +udv— fu)y=0 VYue HY0,1).
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6. From the convexity of the function 7 — r* we have
l1)4 - l144 > u3(v —u) VYu,veR.
4 4 =

On the other hand, we clearly have

1 1
Ev/z - Eu’z >u'(v —u')ae on(0,1) VYu,ve H(01).

Thus Vu,v e H'(0,1)

1 1 1
<p(v)—<p(u)2/ u/(,/_u/)+f u%v—u)—/ f—u.
0 0 0

If u is a solution of (3) we have

1 1 1
fu’(v’—u/)Jr/ u3(v—u)=/ fv—u) YveH\ (01,
0 0 0

and therefore (1) < ¢(v) Yv € H'(0, 1).

9. We claim that ¢ (v) — 400 as ||[v]| g1 — o0. Indeed, this boils down to showing
that for every constant C the set {v € HLY0, 1): Y(v) < C} is bounded in
H'(0,1). If ¥ (v) < C write

1 1
/0 fv=/0 F@=v0) +v0) <[ fll2 (IVll2 + lw©)]),

so that ||v'||;2 and |v(0)| are bounded (why?). Hence ||v||;2 < ||v'||;2 + |v(0)]
is also bounded, so that ||v|| 51 is bounded. For the uniqueness of the minimizer
check that w(%) < %(W(ul) + ¥ (u2)), and equality holds iff u} = u/,, and
u1(0) = u2(0),i.e., u; = us.

We have

YU+ ev) = f u'? + 2eu'v + £20'%)
+5 (u (0) + 4eu3(0)v(0) + - - - + 841)4(0) / f(u+ ev).
If u is a minimizer of ¢ we write ¥ (1) < ¥ (u + ev), and obtain
1
f W'v' = fv) 4+ u*(0)v(0) + B, > 0,
0
where B, — 0 as ¢ — 0. Passing to the limit as ¢ — 0, and choosing %v yields

1
(S1) f v — fo)y+ud0)0) =0 VYve H(,1).
0
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Consequently, u € H 2(0, 1) satisfies
(S2) —u”" = f ae. on(0,1).
Returning to (S1) and using (S2) yields
u' (Hv(1) — o’ 0)v(0) + 1> (0)v©0) =0 Yve HY(O,1),
so that
(S3) u'(1) =0, u'(0)=u’0).
Conversely, any function u satisfying (S2) and (S3) is a minimizer of v: the

argument is the same as in question 6. In this case we have an explicit solution.
The general solution of (S2) is given by

ulx) = —/x(x — 1) f(t)dt + Ax + B,
0

and then (S3) is equivalent to
1
A=/fmm,wmA=#.
0

8.42

2. Differentiating the equation
(S1) v(x) = pH(Ou(r)
with respect to ¢ gives
1
v@pT 20 = 1 p7Op Ou@) + p 0w’ @),
Thus
1
pu' (1) =v'x)p'*(6) — < p'(Hu@)
4
(52) X
=v'@)p 0 = 1P Op ).
Differentiating (S2) with respect to ¢ gives

1 1
(83) (pu) = v")p~ )= 2" Op~ v + P OB,

Combining (S3) with the equation —(pu’) + qu = pu on (0, 1) yields
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1 1
v (x)p~ V) — Zp”(r)p‘”“(r)v(x) + Ep’mzp—”“(r)v(x)

=(q@) — wp v ).

(84)

Hence v satisfies
—v" +a(x)v=pvon (0, L),
where
a(0) = g0 + 2 p" 1) — L p 02 o),
4 16



Problems

The numbers in parentheses refer to the chapters in the book whose knowledge is
needed to solve the problem.

PROBLEM 1 (1, 4 only for question 9)
Extreme points; the Krein—-Milman theorem

Let E be ann.v.s. and let K C E be a convex subset. A pointa € K is said to be
an extreme point if

tx+(1—-t)y#a Vte(,1), Vx,ye K withx #y.

1. Check that a € K is an extreme point iff the set K \{a} is convex.

2. Let a be an extreme point of K. Let (x;)1<i<, be a finite sequence in K and let
(@i)1<i<n be a finite sequence of real numbers such that o; > 0 Vi, Y «o; = 1,
and Y o;x; = a. Prove that x; = a Vi.

In what follows we assume that K C E is a nonempty compact convex subset
of E. A subset M C K is said to be an extreme set if M is nonempty, closed, and
whenever x, y € K are such that tx + (1 —¢)y € M for some ¢t € (0, 1), then
xeMandy e M.

3. Leta € K. Check that a is an extreme point iff {a} is an extreme set.

Our first goal is to show that every extreme set contains at least one extreme
point.

4. Let A C K be an extreme set and let f € E*. Set

B = {xeA; (f,x):max(f,y)}.
yeEA

Prove that B is an extreme subset of K.

H. Brezis, Functional Analysis, Sobolev Spaces and Partial Differential Equations, 435
DOI 10.1007/978-0-387-70914-7, © Springer Science+Business Media, LLC 2011
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5. Let M C K be an extreme set of K. Consider the collection F of all the extreme
sets of K that are contained in M; F is equipped with the following ordering:

A<B if BCA.

Prove that F has a maximal element M.

6. Prove that My is reduced to a single point.
[Hint: Use Hahn—Banach and question 4.]

7. Conclude.

8. Prove that K coincides with the closed convex hull of all its extreme points.
[Hint: Argue by contradiction and use Hahn—Banach.]

9. Determine the set £ of all the extreme points of Bg (= the closed unit ball of E)
in the following cases:

(a) E = £,

(b) E=c,

() E = co,

(d) E=1¢',

(e) E={¢P withl < p < o0,
(f) E=L'R).

[For the notation see Section 11.3].

PROBLEM 2 (1, 2 only for question B4)

Subdifferentials of convex functions

Let E be an n.v.s. and let ¢ : E — (—00, +00] be a convex function such that
¢ # +o0. For every x € E the subdifferential of ¢ is defined by

dp(x) ={f € E*; 0o(y) —o(x) > (f,y —x) VyekE} if x € D(p),
dp(x) =¥ if x ¢ D(gp),

and we set
D(0¢) = {x € E; dp(x) # 0},

so that D(d¢) C D(gp). Construct an example for which this inclusion is strict.
-A -

1. Show that d¢(x) is a closed convex subset of E*.

2. Letx1,x2 € D(0¢), f1 € dp(x1), and f, € d¢(x2). Prove that

(fi — f2.x1 —x2) = 0.
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3.

4.

ey

Prove that
fedp) <= o(x) +¢*(f) = (f. x).

Determine d¢ in the following cases:

@ () = 5«7,

(®) o(x) = lxl,

(c) ¢(x) = Ik (x) (the indicator function of K), where K C E is a nonempty
convex set (resp. a linear subspace),

(d) ¢(x) is a differentiable convex function on E.

[Hint: In the cases (a), (b), d¢ is related to the duality map F defined in Remark 2
of Chapter 1; see also Exercise 1.1.]

. Let ¢y : E — (—o00, +00] be another convex function such that ¢ # 4o0.

Assume that D(¢) N D(yr) # @. Prove that
dp(x) + oY (x) Ca(p+v¥)(x) VxeE
(with the convention that A + B = J if either A = ¥ or B = (). Construct an

example for which this inclusion is strict.

-B-

Throughout part B we assume that xo € E satisfies the assumption

dM € R and 3R > Osuchthat p(x) < M Vx € E with ||x — xg|| < R.

. Prove that d¢(xg) # @.

[Hint: Use Hahn—-Banach in E x R.]

. Prove that || f|| < (M — ¢(x0)) V.f € dp(x0).
. Deduce that Vr < R, 3L > 0 such that

lo(x1) — @(x2)| < Lllx1 — x2ll Vx1,x2 € E with ||x; —xoll <r, i =1,2.

[See also Exercise 2.1 for an alternative proof.]

. Assume here that E is a Banach space and that ¢ is L.s.c. Prove that

Int D(0¢) = Int D(¢).

. Prove that for every y € E one has

limst)(onrty)—</)()co): max (f.y)
10 t fedplo) T
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[Hint: Look at Exercise 1.25, question 5.]
6. Lety : E — (—o00, +00] be a convex function such that xo € D(¥). Prove that
0p(x) + 0y (x) =d(p+¥)(x) Vx eE.

[Hint: Given fo € d(¢ + ¥)(x), apply Theorem 1.12 to the functions o(y) =
e(y) — o) = (fo,y —x)and ¥ (y) = ¥ (y) — ¥ (x).]
-C-

1. Let ¢ : E — R be a convex function such that p(x) < k||x|| + C Vx € E, for
some constants k > 0 and C. Prove that

lo(x1) —@(x2)| < kllx1 —x2ll Vxi,x2 € E.

What can one say about D(¢*)?

2. Let A C R" be open and convex. Let ¢ : A — R be a convex function. Prove
that ¢ is continuous on A.

-D-

Let ¢ : E — R be a continuous convex function and let
C={xekE; px) <0}

Assume that there exists some xg € E such that ¢(xg) < 0. Given x € C prove
that f € dlc(x) iff there exists some A € R such that f € Adp(x) with A = 0 if
¢(x) <0,and A > 0if p(x) = 0.

PROBLEM 3 (1)

The theorems of Ekeland, Bronsted—Rockafellar,
and Bishop—Phelps; the e-subdifferential

-A-

Let M be a nonempty complete metric space equipped with the distance d(x, y).
Lety : M — (—o0, +00] be an l.s.c. function that is bounded below and such that
Y # 4o00. Our goal is to prove that there exists some a € M such that

Y(x) — () +dx,a) >0 VxeM.
Given x € M set

S) ={yeM; y(y)—¥(x)+dx,y) <0}

1. Check that x € S(x), and that y € S(x) = S(y) C S(x).
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2. Fix any sequence of real numbers (e,) with ¢, > 0 Vr and ¢, — 0. Given
Xxp € M, one constructs by induction a sequence (x,) as follows: once x, is
known, pick any element x,4 satisfying

Xpt1 € S(xpn),
Y (xXn+1) < inf ¥ (x) + &n+1-
x€S8(xy)

Check that S(x,+1) C S(x,) Vn and that
VY (Xntp) — ¥ (xn) +d(xn, Xutp) <0 Vn, Vp.

Deduce that (x,) is a Cauchy sequence, and so it converges to a limit, denoted
by a.

3. Prove that a satisfies the required property.

[Hint: Given x € M, consider two cases: either x € S(x,) Vn, or AN such that
x ¢ S(xn).]

4. Give a geometric interpretation.

-B-

Let E be a Banach space and let ¢ : E — (—00, 400] be a convex L.s.c. function
such that ¢ £ +o00. Given ¢ > 0 and x € D(g), set

0(x) ={f € E*; o(x)+¢@*(f) — (f, x) <e&).

Check that d.¢(x) # 0.

Our purpose is to show that given any xg € D(¢) and any fo € 0d.¢(xo) the
following property holds:

Vi >0, Ax; € D(p) and 3 f1 € E* with f] € dp(x1)
such that [|x; — xoll < e/A and || f1 — foll < A.

(The subdifferential 9 ¢ is defined in Problem 2; it is recommended to solve Problem 2
before this one.)

1. Consider the function v defined by
Y (x) = @(x) + ¢ (fo) — (fo, x).
Prove that there exists some x| € E such that ||x; — xo|| < &/ and
Y(x)—y(x) +Alx —xi| =0 VxeE.

[Hint: Use the result of part A on the set
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M ={x € E; ¥ (x) < ¢¥(x0) — Allx — xoll}.]

2. Conclude.
[Hint: Use the result of Problem 2, question B6.]

3. Deduce that
D(@¢) = D(p) and R(d¢) = D(¢*),

where R(dp) = {f € E*; Jx € D(d¢) such that f € dp(x)}.

-C-

Let E be a Banach space and let C C E be a nonempty closed convex set.

1. Assuming that C is also bounded, prove that the set
{f € E*; sup(f, x)is achieved}
xeC
is dense in E*.
[Hint: Apply the results of part B to the function ¢ = I¢.]

2. One says that a closed hyperplane H of E is a supporting hyperplane to C at a
point x € C if H separates C and {x}. Prove that the set of points in C that admit
a supporting hyperplane is dense in the boundary of C(= C \ Int C).

PROBLEM 4 (1)
Asplund’s theorem and strictly convex norms

Let E be an n.v.s. and let ¢g, Yo : E — [0, 00) be two convex functions such
that ¢o(0) = ¥o(0) = 0and 0 < Yp(x) < po(x) Vx € E. Starting with ¢y and ¥
one defines by induction two sequences of functions (¢,) and () as follows:

1
Pnt1(X) = 5 (Pn(x) + Y (X))

and
1 1
Y1 (0) = 3 Inf (g, (x +3) + Y@ = )} = 5 (0 V) 2x).
yeE 2

[Before starting this problem solve Exercise 1.23, which deals with the inf-convolu-
tion V.]

-A-

1. Check that 0 < ¥, (x) < @n(x) ¥x € E, ¥n and that ¢, (0) = ,,(0) = 0.
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2. Check that ¢, and v, are convex.

3. Prove that the sequence (¢,) is nonincreasing and that the sequence (V) is
nondecreasing. Deduce that (¢,) and (y,) have a common limit, denoted by 6,
with Y9 < 6 < ¢, and that 0 is convex.

4. Prove that ¢ 1 6*.
5. Prove that ¢ | = %((p; + v), and deduce that vy | 6* when D(y;) = E™.

6. Assume that there exists some xo € D(¢p) such that ¢ is continuous at xg. Prove
that ¢, and v, are also continuous at x.

[Hint: Apply question 2 of Exercise 2.1.]
Deduce that
1

§02+1(f) = B

inf {¢)(f +8) + ¥ (f — &)}
geE
-B-

Let ¢ : E — [0, +00) be a convex function that is homogeneous of order two,
ie., p(Ax) = A%p(x) VA € R, Vx € E. Prove that

1 1
px+y) < ;(p(x) + :go(y) Vx,ye E, Vte(0,]1).

Deduce that the function x +— +/ ¢(x) is a seminorm and conversely. Establish
also that

1 1
(1) 4o(x) < ;gp(x +y) + :(p(x —y) Vx,yeE, Vte(,1).

In what follows we assume, in addition, that ¢g and 19 are homogeneous of order
two and that there is a constant C > 0 such that

po(x) < 1+ C)yp(x) Vx € E.

1. Check that ¢, ¥, and 6 are homogeneous of order two.

2. Prove that for every n, one has

Pn(x) < (1 + %) Yu(x) Vx eE.

[Hint: Argue by induction and use (1).]

3. Assuming that either ¢ or vy is strictly convex, prove that 6 is strictly convex
(for the definition of a strictly convex function, see Exercise 1.26).
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[Hint: Use the inequality established in question B2. It is convenient to split ¢,
as ¢, =6, + %(po, where 6, is some convex function that one should not try to
write down explicitly. Note that

1 C 1
On + T ¢0§9§9n+2—n<.00~]

-C-

Assume that there exist on E two equivalent norms denoted by || | and || ». Let
| 7and | 3 denote the corresponding dual norms on E*. Assume that the norms
| 1and | 3 are strictly convex. Using the above results, prove that there exists a
third norm | , equivalentto || | (andto | 1), thatis strictly convex as well as its
dual norm | *.

PROBLEM 5 (1, 2)
Positive linear functionals

Let E be an n.v.s. and let P be a convex cone with vertex at 0, i.e., Ax + uy € P,
Vx,y € P,VA,u>0.Set F = P — P, so that F is a linear subspace. Consider the
following two properties:

(1) Every linear functional f on E such that f(x) > 0 Vx € P, is continuous on E.
(ii) F is a closed subspace of finite codimension.

The goal of this problem is to show that (i) = (ii) and that conversely, (ii) = (i)
when E is a Banach space and P is closed.

-A -
Throughout part A we assume (i).
1. Prove that F is closed.

[Hint: Given any xo ¢ F, construct a linear functional f on E such that f(xg) =
land f =0on F.]

2. Let M be any linear subspace of E such that M N F = {0}. Prove that dim M <
+00.

[Hint: Use Exercise 1.5.]
3. Deduce that (i) = (ii).

-B-

Throughout part B we assume that E is a Banach space and that P is closed.
1. Assume here in addition that

(iii) P—P=E.
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Prove that there exists a constant C > 0 such that every x € E has a decompo-
sition x = y — z with y,z € P, ||y|| < C|lx|| and |Iz|| < C|x].

[Hint: Consider the set
K={x=y—zwithy,z€ P, |yl < 1land|z] <1}

and follow the idea of the proof of the open mapping theorem (Theorem 2.6).]
2. Deduce that (iii) = (i).

[Hint: Argue by contradiction and consider a sequence (x,) in E such that
lx, |l < 1/2" and f(x,) > 1. Then, use the result of question B1.]

3. Prove that (ii) = (i).

-C-

In the following examples determine F = P — P and examine whether (i) or (ii)
holds:

(a) E = C([0, 1]) with its usual norm and
P={ueFE,u(x) >0 Vrel0,l1]},
(b) E = C([0, 1]) with its usual norm and
P={ueE;u(t)>0 Vtel01], andu(0) = u(1l) =0},
(¢) E ={u e C'([0, 11); u(0) = u(1) = 0} with its usual norm and

P={uekE;ul)>0 Vtel0,l1]).

PROBLEM 6 (1, 2)

Let E be a Banach space and let A : D(A) C E — E™ be a closed unbounded
operator satisfying

(Ax,x) >0 Vx e D(A).

-A -
Our purpose is to show that the following properties are equivalent:
(i) Vx € D(A), 3C(x) € Rsuch that (Ay,y —x) > C(x) Vy e D(A),
@i1)) 3k > 0 such that
[(Ay, x)| < k(llx]l + IAxDv/(Ay, y) Vx,y € D(A).

1. Prove that (ii) = (i).
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Conversely, assume (i).

2. Prove that there exist two constants R > 0 and M > 0 such that

(Ay,x —y) <M ¥y e D(A) and Vx € D(A) with |x| + [|Ax] < R.

[Hint: Consider the function ¢(x) = sup,cp4)(Ay, x — y) and apply Exer-
cise 2.1.]

3. Deduce that

|(Ay,)c)|2 <4M({Ay,y) Vy e D(A) and Vx € D(A)with|x]|+]|Ax| < R.

4. Conclude.
-B-
In what follows assume that D(A) = E. Let o > 0.

1. Prove that the following properties are equivalent:

(iii) Ayl < ay/{Ay,y) Vy€E,
1
@iv) (Ay,y —x) > —Zot2||x||2 Vx,y € E.

[Hint: Use the same method as in part A.]

2. Let A* € L(E™, E™) be the adjoint of A. Prove that (iv) is equivalent to

1
({iv*) (A*y,y — x) > —Zot2||x||2 Vx,y € E.

3. Deduce that (iii) is equivalent to

(iii*) [A*y]l < ay/(A*y,y) Vye€E.
PROBLEM 7 (1, 2)

The adjoint of the sum of two unbounded linear operators

Let E be a Banach space. Given two closed linear subspace M and N in E, set

po(M,N) = sup dist(x, N).

xeM
lxlI<1

-A-

1. Check that p(M, N) < 1; if, in addition, N C M with N # M, prove that
p(M,N) =1
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[Hint: Use Lemma 6.1.]

2. Let L, M, and N be three closed linear subspaces.
Seta =p(M,N)and b = p(N, L). Prove that p(M, L) < a + b + ab.
Deduce thatif L € M,a <1/3,andb < 1/3,then L = M.

3. Prove that p(M, N) = p(N+, M1).
[Hint: Check with the help of Theorem 1.12 that Vx € F andVf € E*

dist(x, N) = sup (g, x) and dist(f, Ml) = sup (f,y).]

geN=+ yeM
llgli=<1 lIyli<1

-B-

Let E and F be two Banach spaces; E x F is equipped with the norm ||[u, v]||ExF =
llu|| g+1lv] F- Given two unbounded operators A : D(A) C E — FandB : D(B) C
E — F that are densely defined and closed, set

p(A, B) = p(G(A), G(B)).

1. Prove that p(A, B) = p(B*, A*).
2. Prove that if D(A) N D(B) is dense in E, then
A*+B*C (A+ B)".

[Recall that D(A + B) = D(A) N D(B) and D(A* + B*) = D(A*) N D(B*).]

It may happen that the inclusion A* + B* C (A + B)* is strict—construct such
an example. Our purpose is to prove that equality holds under some additional
assumptions.

3. Assume

H D(A) C D(B) and there exist constants k € [0, 1) and C > 0
such that | Bu|| < k||Au|| + C|lu|| Yu € D(A).

Prove that A 4+ B is closed and that p(A, A+ B) <k + C.

4. In addition to (H) assume also

(H) D(A*) C D(B*) and there exist constants k* € [0, 1) and
C* > O such that || B*v|| < k*[|A*v]|| + C*||v]| Vv € D(A%).

Lete > O be such that e(k + C) < 1/3 and e(k* + C*) < 1/3.
Prove that A + ¢ B* = A* + ¢ B*.
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5. Assuming (H) and (H*) prove that (A + B)* = A* + B*.

[Hint: Use successive steps. Check that the following inequality holds V¢ €
(0,1]:

k
1 Bul| < mllAu +tBu| + lull  Yu € D(A).]

11—k

PROBLEM 8 (2, 3, 4 only for question 6)
Weak convergence in £'. Schur’s theorem.

Let E = ¢!, so that E* = £ (see Section 11.3). Given x € E write
oo
X = (%, %,...) and xlh =) ll,
i=l

and given f € E™* write
fz(fl’fz""vfiv'”) and ”f”OO:SUp'fl'
1

Let (x") be a sequence in E such that x” — 0 weakly o (E, E*). Our goal is to
show that ||x"||; — O.

1. Given f, g € Bpx (i.e,, || flloo < 1 and ||gllcc < 1) set

oo

1
d(f,9) = 5 \fi — gl

i=1

Check that d is a metric on Bg+ and that Bg+ is compact for the corresponding
topology.

2. Given ¢ > 0 set
Fr={f € Bg~; (f,x")|<e Vn=k}.

Prove that there exist some f 0 ¢ Bpg+, a constant p > 0, and an integer k( such
that

[f € Ber and d(f, f°) < pl = [f € Fi,.
[Hint: Use Baire category theorem.]

3. Fix an integer N such that (1/ N1y < p. Prove that

N
X"l <e+2) " Ixf| Vn > ko.

i=1
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4. Conclude.

5. Using a similar method prove that if (x") is a sequence in £! such that for every
f € £ the sequence ({f, x"*)) converges to some limit, then (x") converges to a
limit strongly in £!.

6. Consider E = L'(0, 1), so that E* = L>(0, 1). Construct a sequence (u") in E

such that u” — 0 weakly o (E, E*) and such that [|u"|; = 1 Va.

PROBLEM 9 (1, 2, 3)
Hahn—Banach for the weak* topology and applications
Let E be a Banach space.
-A-

1. Let A C E* and B C E* be two nonempty convex sets such that AN B = .

Assume that A is open in the topology o (E*, E). Prove that there exist some

x € E, x # 0, and a constant « such that the hyperplane { f € E*; (f, x) = a}
separates A and B.

2. Assume that A C E*isclosedino (E*, E) and B C E* is compactin o (E*, E).
Prove that A 4+ B is closed in o (E*, E).

3. Let A C E* and B C E* be two nonempty convex sets such that A N B = @.
Assume that A is closed in o (E*, E) and B is compact in o (E*, E). Prove that
there existsomex € E,x # 0,and aconstant « such that the hyperplane { f € E*;
(f, x) = a} strictly separates A and B.

4. Let A C E* be convex. Prove that ZG(E ’E), the closure of A in o (E*, E), is
convex.

-B-
Here are various applications of the above results:

1. Let N C E™ be a linear subspace. Recall that
Nt={x€eE; (fx)=0 VfeN}

and
NY ={feE* (fx)=0 VxeN!}
Prove that N+ = NG(E*’E).
What can one say if E is reflexive?
Deduce that ¢ is dense in £°° in the topology o (£2°, £1).

2. Let ¢ : E — (—00, +00] be a convex l.s.c. function, ¢ #% +o00. Prove that
Y = ¢* is L.s.c. in the topology o (E*, E).
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Conversely, given a convex function ¢ : E* — (—00, +00] that is L.s.c. for the
topology o (E*, E) and such that y» # 400, prove that there exists a convex L.s.c.
function ¢ : E — (—o00, +00], ¢ # +00, such that ¢ = ¢*.

3. Let F be another Banach space and let A : D(A) C E — F be an unbounded

linear operator that is densely defined and closed. Prove that
i) RAHE = Nyt

G DAy’ =

What can one say if E (resp. F) is reflexive?

4. Prove—without the help of Lemma 3.3—that J(Bg) is dense in B« in the
topology o (E**, E*) (see Lemma 3.4).

5. Let A : Bg — E* be a monotone map, that is,

(Ax — Ay, x —y)>0 Vx,ye Bg.

Set Sg = {x € E; ||x|| = 1}. Prove that A(Bg) C ma(E*,E).

PROBLEM 10 (3)

The Eberlein-Smulian theorem

Let E be a Banach space and let A C E. Set B = a7 e

problem is to show that the following properties are equivalent:

. The goal of this
P) B is compact in the topology o (E, E*).

Q) Every sequence (x,) in A has a weakly convergent subsequence.

Moreover, (P) (or (Q)) implies the following property:

®) {For every y € B there exists a sequence (y,) C A

such that y, — y weakly o (E, E*).

-A-
Proof of the claim (P) = (Q).

1. Prove that (P) = (Q) under the additional assumption that E is separable.

[Hint: Consider a set (b;) in Bg» that is countable and dense in Bg» for the
topology o (E*, E) (why does such a set exist?). Check that the quantity d (x, y) =
Z,ﬁil Zikl(bk, x — y)| is a metric and deduce that B is metrizable for o (E, E™*).]

2. Show that (P) = (Q) in the general case.
[Hint: Use question Al.]
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-B-
For later purpose we shall need the following:

Lemma. Let F be an n.v.s. and let M C F* be a finite-dimensional vector space.
Then there exists a finite subset (a;)1<i<k in Br such that

1
max (g.ai) = S ligll Vg € M.

1<i<k

[Hint: First choose points (g;)1<i<k in Sy such that Sy C U _1 B(gi, 1/4),
where Sy = {g € M; |g| = 1}.]
-C-
Let & € E** be such that £ € A7 ETED, Using assumption (Q) we shall prove
that £ € B and that there exists a sequence (yx) C A such that yy — £ ino (E, E*).

1. Setn; = 1 and fix any f; € Bg+. Prove that there exists some x| € A such that

&, f1) — (fi,x) < 1.

2. Let My = [£, x1] be the linear space spanned by & and x1. Prove that there exist
(fi)1<i<n, in Bgs such that

max (7, fi) z—llnll Vn € M.

l<i<np

Prove that there exists some x, € A such that
. .
|<§,fi)—<fi,x2>l<§ Vi, 1 <i <np.

3. Iterating the above construction, we obtain two sequences (xz) C A and (f;) C
BEg~, and an increasing sequence of integers (nx) such that

1
(a) max (n, fi) = =lnll Vn € My =1[§, x1, x2, ..., xk],
ng<i<ng4i 2
1
(b) (&, fi) = (fis xi1)] < P Vi,1 <i <ngy.
4. Deduce from (a) that
o0
1
sup(n, fi) = Il Vne|JMi=M
izl 2 k=1

and then that
sup(n, fi) = = Inll Ve M,

[>
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where M denotes the closure of M in E**, in the strong topology.

5. Using (b) and assumption (Q), prove that there exists some x € BN M such that
&, fiy=_{fi,x) Vix=l

Deduce that £ = x and conclude.

1. Prove that (Q) = (P).
2. Prove that (Q) = (R).

PROBLEM 11 (3)
A theorem of Banach-Dieudonné—Krein-Smulian

Let E be a Banach space and let C C E™* be a convex set. Assume that for each
integer n, the set C N (nBg+) is closed in the topology o (E*, E). The goal of this
problem is to show that C is closed in the topology o (E*, E).

-A -

Suppose, in addition, that 0 ¢ C. We shall prove that there exists a sequence (x;)
in E such that

€)) Xzl = 0 and sup(f,x,)>1 VfeC.
n

Let d = dist(0, C) and consider a sequence d,, 1 +oo such that d; > d. Set

Cr=1{f€C; IfIl =di}

1. Check that the sets Cy are compact in the topology o (E*, E). Prove that there
exists some fp € C such thatd = || fo|| > O.

2. Prove that there exists some x| € E such that
(fix1) >1 VYfecC.

[Hint: Use Hahn-Banach for the weak* topology; see question A3 of Prob-
lem 9.]

3. Set A} = {x;}.Prove that there exists a finite subset Ay C E suchthat A, C % Bg
and sup,c4,u4,(fs X) > 1V f € Ca.
[Hint: For each finite subset A C E such that A C %BE consider the set

Ya=1f€Cy sup (f,x)= 1},
xeA|UA
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and prove first that Ny Y4 = 0.]
4. Construct, by induction, a finite subset Ay C E such that

1
Ay C ——Bfr and sup (f,x)>1 VfecCk.
dk_] xEUf.‘ lAi

5. Construct a sequence (x,) satisfying (1).

-B-
1. Assume once more that 0 ¢ C. Prove that there exists some x € E such that
(fix)=1 VfeC.

[Hint: Let (x,,) be a sequence satisfying (1). Consider the operator T : E* — ¢p
defined by T (f) = ({f, xn))» and separate (in c¢g) 7 (C) and the open unit ball of
co.]

2. Conclude.

PROBLEM 12 (1, 2, 3)
Before starting this problem it is necessary to solve Exercise 1.23.

Let E be a reflexive Banach space and let ¢, ¢ : E — (—00, +00] be convex
Ls.c. functions such that D(¢) N D(¥) # #. Set 8 = ¢*Vy*.

-A -

We claim that

D((¢p +v¥)*) = D(¢*) + D(¥™).

1. Prove that D(¢*) + D(¥*) C D((¢ + ¥)*).

2. Prove that & maps E* into (—o0, +00], 6 is convex, D(0) = D(¢*) + D(¢¥™*)
and 0* =+ .

3. Deduce that D((¢ + ¥)*) = D(#) and conclude.

-B-

Assume, in addition, that ¢ and i satisfy

(H) Urd(p) — D(y)) = E.

A=>0

‘We claim that

(@) (o +¥) =" Vy™,
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(ii) inf {p(x) + ¢ (x)} = max{—¢*(—g) — ¥*(g)},

xeE geE*
(iii) D((¢ +¥)*) = D(¢*) + D(¥).

1. Prove that for every fixed f € E* and « € R the set

M={geE" ¢"(f —8) +¥"(g) <a}

is bounded.
[Hint: Use assumption (H) and Corollary 2.5.]

2. Let o € R be fixed. Let (f,,) and (g,) be two sequences in E* such that (f;,) is
bounded and ¢*(f,, — gn) + ¥*(gn) < «. Prove that (g,) is bounded.

3. Deduce that 6 is l.s.c.

4. Prove (i), (ii), and (iii).
Compare these results with question 3 of Exercise 1.23 and with Theorem 1.12.

PROBLEM 13 (1, 3)

Properties of the duality map. Uniform
convexity. Differentiability of the norm

Let E be a Banach space. Recall the definition of the duality map (see Remark 2
in Chapter 1): For every x € E,

F(x)={f € E* | fI = x| and (£, x) = [Ix]*}.
Before starting this problem it is useful to solve Exercises 1.1 and 1.25.
-A-

Assume that E* is strictly convex, so that F(x) consists of a single element.

1. Check that
lim i(nx + 12 = Ix1?) = (Fx,y) Vx,y€E.
A—0 2\

[Hint: Apply a result of Exercise 1.25; distinguish the cases A > 0 and A < 0.]

2. Prove that for every x, y € E,the map ¢t € R — (F(x 4+ ty), y) is continuous at
t=0.

[Hint: Use the inequality %(||v||2 — ull®) = (Fu,v — u) with u = x + ty and
v=2x+Ay.]

3. Deduce that F is continuous from E strong into E* weak*.

[Hint: Use the result of Exercise 3.11.]
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Prove the same result by a simple direct method in the case that E is reflexive or
separable.

4. Check that
(FXx + Fy, x +y) + (Fx — Fy, x —y) = 2(IxI* + IyI*) Vx,y € E.
Deduce that

[Fx+ Fyl+lx —yll =2 Vx,y € E with x| = [yl = 1.

5. Assume, in addition, that E is reflexive and strictly convex. Prove that F is bijective
from E onto E*. Check that F~! coincides with the duality map of E*.

-B-

In this part we assume that £* is uniformly convex.

1. Prove that F is continuous from E strong into E* strong.
2. More precisely, prove that F is uniformly continuous on bounded sets of E.
[Hint: Argue by contradiction and apply question A4.]

3. Deduce that the function ¢(x) = %Hx |2 is differentiable and that its differential
is F, i.e., for every xo € E we have

@(x) — ¢(xo) — (Fxo, x — Xo)

lim =0,
X—>X0 —
< Jx = xol

-C-

Conversely, assume that for every x € E, the set F'x consists of a single element
and that F is uniformly continuous on bounded sets of E. Prove that E* is uniformly
convex.

[Hint: Prove first the inequality
1 2 10
If +gll = SUAI7+ Slgll” = (f = 8. y)+ sup {p(x +y) + ¢x — )

xeE
lIxlI<1

Vye E, Vf,ge E*]

PROBLEM 14 (1, 3)
Regularization of convex functions by inf-convolution

Let E be a Banach space such that E* is uniformly convex. Assume that ¢ : £ —
(—00, +00] is convex l.s.c. and ¢ # +oo. The goal of this problem is to show that
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there exists a sequence (¢,) of differentiable convex functions such that ¢, 1 ¢ as
n 1 4o00.

-A-

For each fixed x € E consider the function ®, : E* — (—00, +00] defined by
1 2 * *
cI>x(f)=§||f|| +o* ()= (fix), [feE"
1. Check that there exists a unique element f, € E* such that
q)x(fx) = ll’lf q)x(f)
feE*

Set Sx = f5.
2. Prove that the map x — Sx is continuous from E strong into E* strong.

[Hint: Prove first that S is continuous from E strong into E* weak*.]

-B-
Consider the function ¥ : E — R defined by

1
¥ =¥ (x) = inf {§||x —ylI*+ <p(y>} :

We claim that ¥ is convex, differentiable, and that its differential coincides with S.

1. Check that v is convex and that

1
@ W(X)=—f {Ellfllz+¢*(f)—<f,x>} Vx € E,

in
cE*
1
(ii) V=1 IP+e ) VS e B
[Hint: Apply Theorem 1.12.]

2. Deduce that
Y(x) + U (Sx) = (Sx,x) VxeE

and that

() =¥ x) = (Sx,y —x)[ = ISy = Sx|| y—x| Vx,y€kE.
3. Conclude.

-C-

For each integer n > 1 and every x € E set
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) = inf {25 = I+ o))
Pn AR y ey

Prove that ¢, is convex, differentiable, and that for every x € E, ¢,(x) 1 ¢(x) as
n 1 4o00.

[Hint: Use the same method as in Exercise 1.24.]

PROBLEM 15 (1, 5 for question B6)

Center of a set in the sense of Chebyshev. Normal structure.
Asymptotic center of a sequence in the sense of Edelstein. Fixed points
of contractions following Kirk, Browder, Gohde, and Edelstein.

Before starting this problem it is useful to solve Exercise 3.29.

Let E be a uniformly convex Banach space and let C C E be a nonempty closed
convex set.

-A -

Let A C C be a nonempty bounded set. For every x € E define

@(x) = sup |[x —y|.
yeA

1. Check that ¢ is a convex function and that

lo(x1) —e(x2)| < llx1 —x2ll Vx1,x2 € E.

2. Prove that there exists a unique element ¢ € C such that
¢(c) = inf ¢(x).
xeC
The point c is called the center of A and is denoted by ¢ = o (A).
3. Prove that if A is not reduced to a single point then

¢(0(A)) <diam A = sup ||x —y|.
Xx,yEA

-B-
Let (a,) be a bounded sequence in C; set
o0
A, = U{a,-} and ¢,(x) = sup ||x —y|| forx e E.
i=n

YEA,

1. For every x € E, consider ¢(x) = lim,— o0 ¢, (x). Prove that this limit exists
and that ¢ is convex and continuous on E.
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2. Prove that there exists a unique element o € C such that
@(0) = inf p(x).
xeC

The point o is called the asymptotic center of the sequence (a;).

3. Let 0, = 0(A,) be the center of the set A, in the sense of question A2. Prove
that

Jim @, (0n) = lim ¢(0n) = (o),
and that 0,, —~ o weakly o (E, E*).
4. Deduce that o;, — o strongly.
[Hint: Argue by contradiction and apply the result of Exercise 3.29.]
5. Assume a,, — a strongly. Determine the asymptotic center of the sequence (a;).

6. Assume here that E is a Hilbert space and thata, — a weakly o (E, E*). Compute
¢(x) and determine the asymptotic center of the sequence (ay).
[Hint: Expand squares of norms.]

-C-
Assume that T : C — C is a contraction, that is,
ITx =Tyl <llx—yll Vx,yeC.

Leta € C be given and let a, = T"a be the sequence of its iterates. Assume that
the sequence (a,) is bounded. Let o be the asymptotic center of the sequence (a;).
1. Prove that o is a fixed pointof T, i.e., To = 0.

2. Check that the set of fixed points of 7 is closed and convex.

PROBLEM 16 (2, 3)
Characterization of linear maximal monotone operators

Let E be a Banach space and let A : D(A) C E — E™* be an unbounded linear
operator satisfying the monotonicity condition

™M) (Au,u) >0 Yu € D(A).
We denote by (P) the following property:

Ifx € E and f € E* are such that
P) (Au — f,u —x) >0 Vue D(A),
then x € D(A) and Ax = f.
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-A -

1. Prove that if (P) holds then D(A) is dense in E.

[Hint: Show thatif f € E* and (f,u) =0 Vu € D(A), then f = 0.]
2. Prove that if (P) holds then A is closed.
3. Prove that the function u € D(A) — (Au, u) is convex.

4. Prove that N(A) C R(A)L. Deduce that if D(A) is dense in E then N(A) C
N(AY).

5. Prove that if D(A) = E, then (P) holds.
Throughout the rest of this problem we assume, in addition, that

(i) E isreflexive, E and E* are strictly convex,
(ii)) D(A) isdensein E and A is closed,

so that A* : D(A*) C E — E* and D(A*) is dense in E (why?).

The goal of this problem is to establish the equivalence (P) < (M*), where (M*)
denotes the following property:

(M) (A*v,v) >0 VYo e D(AY).
-B-

In this section we assume that (P) holds.

1. Prove that
(A*v,v) >0 Vv e D(A) N D(AY).

2. Letv € D(A*) with v ¢ D(A). Prove that Vf € E*, Ju € D(A) such that
(Au — f,u —v) <0.

Choosing f = —A*v, prove that (A*v, v) > 0. Deduce that (M*) holds.
3. Prove that N(A) = N(A*) and R(A) = R(A*).

-C-
In this part we assume that (M*) holds.

1. Check that the space D(A) equipped with the graph norm |[u|lpa)y = llullg +
|Au|| g~ is reflexive.

2. Given x € E and f € E*, consider the function ¢ defined on D(A) by

1 1
o) = )| Au — fI*+ 7l —x? 4+ (Au — f,u —x).
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Prove that ¢ is convex and continuous on D(A).
Prove that ¢ (1) — 400 as ||ull pay — oo.

3. Deduce that there exists some ug € D(A) such that p(ug) < ¢(u) Yu € D(A).
What equation (involving A and A*) does one obtain by choosing u = ug + tv
with v € D(A), t > 0, and letting t — 07?

[Hint: Apply the result of Problem 13, part A.]
4. Prove that M*) = (P).

5. Deduce that A* also satisfies property (P).
PROBLEM 17 (1, 3,4)
-A -

Let E be a reflexive Banach space and let M be a closed linear subspace of E.
Let C be a convex subset of E*. For every u € E set

@(u) = sup(g, u).
geC

1. Prove that for every f € M1 + C we have
pu) = (f,u) VYueM.

[Hint: Start with the case f € M+ + C.]
2. Conversely, let f € E* be such that

o) > (f,u) YueM.

Prove that f € ML + C.
[Hint: Use Hahn—Banach.]

3. Assuming that C is closed and bounded, prove that M+ + C is closed.

-B-

In this section we assume that £ = LP(Q2) with 1 < p < oo,

M = {ueL”(Q); /ju:O},
and )
C={gecLll(Q); |g)] <k(x) ae x e Q},
where j and k > 0 are given functions in LP/(Q).

1. Check that M is a closed linear subspace and that C is convex, closed, and
bounded.
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2. Determine M.
. Determine ¢ (u) for every u € L?(S2).
4. Deduce that if f € L? () satisfies

/k|u|2/fu YueM,

then there exist a constant . € R and a function g € C such that f = Aj + g.
5. Prove that the converse also holds.

[O]

-C-

Let M C L'(2) be a linear subspace. Let f, g € L>(2) be such that f < g a.e.
on Q. Prove that the following properties are equivalent:

@) EI(peMJ‘ such that f < ¢ < g a.e.on €,
(ii) /(fu+ —gu)<0 YueM,
where ™ = max{u, 0} and ¥~ = max{—u, 0}.

[Hint: Assuming (ii), check that [(g + f)u < [(g — f)lu| Yu € M and apply
Theorem 1.12 to find some ¢ € L°°(2) with |[/| < g — f,suchthaty — (g + f) €
Mt Take ¢ = 2(g + f — ¥).]

PROBLEM 18 (3, 4)

Let 2 be a measure space with finite measure. Let | < p < oo.Letg: R — R
be a continuous nondecreasing function such that

g < C(|P" ' 4+1) VreR, forsome constant C.
Set G(1) = [, g(s)ds.

1. Check that for every u € L?(2), we have g(u) € LP/(Q) and G(u) € L'(Q).
Let (u,) be a sequence in L?(2) and let u € LP(2) be such that

@) up — u  weakly o (L?, L?")
and
(ii) lim sup/G(un) < /G(u).

The purpose of this problem is to establish the following properties:

€))] g(u,) — g(u) strongly in L9 for every g € [1, p'),

@) {Assuming, in addition, that g is increasing (strictly),

then u, — u strongly in L4 for every q € [1, p).
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2. Check that G(a) — G(b) — g(b)(a — b) = 0 Va, b € R.
What can one say if G(a) — G(b) — g(b)(a — b) =07

3. Let (a;,) be a sequence in R and let b € R be such that
lim[G (an) — G (D) — g(b)(an — b)] = 0.

Prove that g(a,) — g(b).

4. Prove that [ |G (u,) — G(u) — g(u)(up — u)| — 0.
Deduce that there exists a subsequence (i, ) such that

G(u"lk) - G(u) - g(”)(unk - U) — Qa.e.on 2

and therefore g(u,,) — g(u) a.e. on Q.

5. Prove that (1) holds. (Check (1) for the whole sequence and not only for a subse-
quence.)

6. Prove that (2) holds.

In what follows, we assume, in addition, that there exist constants « > 0 and
C such that

&) lg()] > alt|P~' —C VreR.

7. Prove that g(u,) — g(u) strongly in LY.
8. Can one reach the same conclusion without assumption (3)?

9. If, in addition, g is increasing (strictly) prove that u,, — u strongly in L?.

PROBLEM 19 (3, 4)
Let E be the space L' (R) N L2(R) equipped with the norm

lulle = llullt + [lull2.

1. Check that E is a Banach space. Let f(x) = f1(x) + fa(x) with f1 € L®°(R)
and f> € L%(R). Check that the mapping u — fR f(x)u(x)dx is a continuous
linear functional on E.

2. Let 0 < o < 1/2; check that the mapping

u|—>/ : u(x)dx
R

| x|
is a continuous linear functional on E.

[Hint: Split the integral into two parts: [|x| > M] and [|x| < M].]
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3. Set
K = {u € E; u>0ae.onRand / u(x)dx < 1}.
R
Check that K is a closed convex subset of E.

4. Let (4,) be asequence in K and letu € K be such that #,, — u weakly in L*(R).
Check that u € K and prove that

1 1
/ —u,(x)dx — / —u(x)dx.
R 1X]¥ R |X]¥

Consider the function J defined, for every u € E, by

J(u) =/u2(x)dx—/ Lu(x)dx.
R R |[X|¥

5. Check that there is a constant C such that J(u) > C Yu € K.
We claim that m = inf,,cx J(u) is achieved.
6. Let (u,) be asequence in K such that J (u,) — m. Prove that ||u, || g is bounded.

7. Let (u,,) be a subsequence such that u,, — u weakly in L2(R). Prove that
J(u) = m.

8. Is E areflexive space?

PROBLEM 20 (4)
Clarkson’s inequalities. Uniform convexity of L?

-A -
In this part we assume that 2 < p < oo and we shall establish the following
inequalities:

) e+ 317 + |x — yI? < 20x” + [y1P)PP Vx,y eR,
@) 217" + PP < 2PN (x|P 4 |yIP)  Vx,y € R
1. Prove (2).

[Hint: Use the convexity of the function g(r) = |¢|P/ /’,.]

2. Set
F) =1 +xYP)P 41 —xVP)P xe(0,1).

Prove that
f(x) <0 Vxe(,1).

Deduce that
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3) fO<fOM+@—=nf») Vx,ye(,1).
3. Prove that / )
fx) <2(1+xP/PyPIP yx € (0,1).
[Hint: Use (3) with y = x?'.]
4. Deduce (1).

In what follows €2 denotes a o -finite measure space.
-B-
In this part we assume again that 2 < p < oo.

1. Prove the following inequalities:

@ I +glZ+If =gl <230 F15 + 18IE)P? Vf g e LP(R),
G 200F15 +1g1E)P? <227 (I F 1L + gl Vf. g € LP(S).

2. Deduce Clarkson’s first inequality (see Theorem 4.10).

-C-
In this part we assume that 1 < p < 2.

1. Establish the following inequality:

© If+glh +1F =gy <20 £15+IgI?/? Vi ge LP().

Inequality (6) is called Clarkson’s second inequality.
[Hint: There are two different methods:

(i) By duality from (4), observing that

sup
p.peLl?

{ [ (g +vy)

_ V4 P\1/p
[llel? +||1//||1’]1/p} = (lullp +lvlp)7.
P’ P

(i) Directly from (1) combined with the result of Exercise 4.11.]

2. Deduce that L?(2) is uniformly convex for 1 < p < 2.

PROBLEM 21 (4)
The distribution function. Marcinkiewicz spaces

Throughout this problem €2 denotes a measure space with finite measure . Given
a measurable function f : Q — R, we define its distribution function o to be
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a() =|[If] > t]] = meas{x € Q; [f(x)] >t} Vi=>0.

-A -

1. Check that « is nonincreasing. Prove that «(t + 0) = «(f) V¢ > 0. Construct a
simple example in which a(t — 0) # «(t) for some ¢ > 0.

2. Let (f;,) be a sequence of measurable functions such that f,, — f a.e. on Q. Let
(o) and o denote the corresponding distribution functions. Prove that

a(t) <lim infa, () <lim supo,(t) <a( —0) Vt>0.
n—>0o0 n—00
Deduce that o, (f) — «(2) a.e.
-B-
1. Letg € Ll (R) be a function such that g > 0 a.e. Set

loc

t
G(1) =/ g(s)ds.
0

Prove that for every measurable function f,

/ G(Ifdp < 00 = / (g (1)dt < 00
Q 0

and that ~
/Q G(f () dp = /0 (g ()dr.

[Hint: Use Fubini and Tonelli.]

2. More generally, prove that

o0

/ G(fx)Ddp = a(R)G) +/ a(t)g(t)dt Vi > 0.
[1£1>2] A
3. Deduce that for 1 < p < oo,
o0
feLl(Q) / a1 dt < 00
0
and that
o
/ | fO)|Pdp = a(MAP + p/ a()tP~ldt Vi > 0.
[ £1>2] A
Check that if f € LP(R2), then lim;_, ;o (£)t? = 0.

-C-
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Let 1 < p < oo. Forevery f € L'(Q) define
[f1p = sup {|A|]/1’,/ |fl; A C Q measurable, |A| > O} < 00,
A

and consider the set
MP(Q) = {f € L'(Q): [f]p < oo},

called the Marcinkiewicz space of order p. The space M? is also called the weak L?
space, but this terminology is confusing because the word “weak” is already used in
connection with the weak topology.

1. Check that M?(€2) is a linear space and that [ ], is a norm. Prove that
LP(Q) C MP(Q) and that [f], < || f|l, forevery f € LP(Q).
2. Prove that M?(£2), equipped with the norm [ ], is a Banach space.

Check that M?(2) C M4(S2) with continuous injection for 1 < g < p.

We claim that

[f € MP(Q)] [f is measurable and sup tPa(r) < ooi| )
t>0
3. Prove that if f € MP () then tPa(t) < [f]g vt > 0.

4. Conversely, let f be a measurable function such that

sup tPa(r) < oo.
t>0

Prove that there exists a constant C, (depending only on p) such that

[f1h <Cp sugt”oz(t).
>

[Hint: Use question B3 and write

fin="[ e [ s

AN[I f1>2] AN[I f1=A]
then vary A.]
5. Prove that M?(2) C L9(2) with continuous injection for 1 < g < p.

6. Letl <g <r <oocand@ € (0, 1); set
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Prove that there is a constant C—depending only on g, r, and 6—such that

Ifllp, < CLFAGLAL ™" Vf e M ().

7. Set @ = {x € RY; |x| < 1}, equipped with the Lebesgue measure, and let
f(x) = |x|7N/P with 1 < p < co. Check that f € MP(Q), while f ¢ L? ().

PROBLEM 22 (4)
An interpolation theorem (Schur, Riesz, Thorin, Marcinkiewicz)

Let 2 be a measure space with finite measure. Let
T:LY(Q) — LY(Q)

be a bounded linear operator whose norm is denoted by N1 = [T lz1 11y We
assume that
T(L™(R2)) C L™(R).

1. Prove that T is a bounded operator from L°°(£2) into itself. Set

Neo = IT | groe,1y-

The goal of this problem is to show that
T(LP(2)) C LP(2) foreveryl < p < o0

and that 7 : LP(Q2) — LP(R2) is a bounded operator whose norm N, =

1T |l zLr,Lry satisfies the inequality N, < ZNI]/pN;épl.

For simplicity, we assume first that No, = 1. Given a function u € LI(Q), we
set, for every A > 0,

u=v,+w, with v, = U X[u)>A] and w); = U X[u| <]
f=Tu, gn=Tvy, and hy =Tw,, sothat f =g, +h,.

2. Check that

lgalh < le uldi and o <% VA > 0.
[lu|>A]

3. Consider the distribution functions

a(t) = |[lul > 1], @) = |[If1 > t]l, ya(®) = [1ga] > 1].

Prove that
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o0

o0
/ ya(t)dt < Ni[a(A)r +/ a(t)dt] Vi >0,
0 A
and that
B(t) <yt —1) VYA>0, Vi>A
[Hint: Apply the results of Problem 21, part B.]
4. Assuming u € L?(2), prove that f € LP(2) and that

1
£, < 2NPlull,.

5. Conclude in the general case, in which Ny, # 1.

Remark. By a different argument one can prove in fact that N, < N]I/ P N;ép :
see, e.g., Bergh-Lofstrom [1] and the references in the Notes on Chapter 1 of

their book.

PROBLEM 23 (3, 4)

Weakly compact subsets of L' and equi-integrable families.
The theorems of Hahn—Vitali-Saks, Dunford—Pettis, and de la Vallée-Poussin.

Let ©2 be a o-finite measure space. We recall (see Exercise 4.36) that a subset
F C LY(Q) is said to be equi-integrable if it satisfies the following properties:

(a) F s bounded in L' (),
) Ve>0 38§ >0 suchthat [, |f|<e VfelF,
VA C Q with A measurable and |A| < 4,

© :\7’8 > 0 Jw C 2 measurable with |w| < oo
c

such that fQ\w |l < e.

The first goal of this problem is to establish the equivalence of the following
properties for a given set F in L!(Q):

(i) F iscontained in a weakly (o (LY, L)) compact set of LY(Q),
(i) F is equi-integrable.

-A -
The implication (i) = (ii).

1. Let (f,) be a sequence in L' () such that
/ fn— 0 VA C Q with A measurable and |A| < oo.
A

Prove that ( f;,) satisfies property (b).
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[Hint: Consider the subset X C L' (Q) defined by
X = {xa with A C 2, A measurable and |A| < oco}.

Check that X is closed in L'(£2) and apply the Baire category theorem to the

Sequence
/ Ji
A

2. Let (f,) be a sequence in L' () such that

Xn:{XA€X§

<e¢ szn},

where ¢ > 0 is fixed.]

/ fn— 0 VA C Q with A measurable and |A| < oo.
A

Prove that ( f;,) satisfies property (c).

[Hint: Let (£2;) be a nondecreasing sequence of measurable sets with finite mea-
sure such that 2 = Ui Q;. Consider on L*°(2) the metric d defined by

1
Ao =Y g [ 1 sl

SetY = {xa with A C , A measurable}. Check that Y is complete for the metric
d and apply the Baire category theorem to the sequence

/ Jk
A
where ¢ > 0 is fixed.]

3. Deduce that if (f,) is a sequence in L' (Q) such that f, — f weakly o (L', L™),
then (f,,) is equi-integrable.

Yn:{XAeYQ

<eg szn},

4. Prove that (i) = (ii).

[Hint: Argue by contradiction and apply the theorem of Eberlein-Smulian; see
Problem 10.]

5. Take up again question 1 (resp. question 2) assuming only that | 4 Jn converges
to a finite limit £(A) for every A C Q with A measurable and |A| < oo (resp.
|A] = 00).

The implication (ii) = (i).
1. Let E be a Banach space and let 7 C E. Assume that

Ve > 03F, C E, F. weakly (o (E, E*)) compact such that F C F, + ¢Bg.
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Prove that F is contained in a weakly compact subset of E.

y

[Hint: Consider G = 7~ & F7

2. Deduce that (ii) = (1).

[Hint: Consider the family (x, T f) reF With || < oo and T, is the truncation
as in the proof of Theorem 4.12.]

-C-

Some applications.

1. Let (f,) be a sequence in LY() such that fn — f weakly o (LY, L*®) and
fn — fae.Provethat| f, — fll1 — O.

[Hint: Apply Exercise 4.14.]

2. Let uy, ur € L'(Q) with u; < u» a.e. Prove that the set K = {f € LY(Q);
u; < f < uy ae.} is compact in the weak topology o (L', L>).

3. Let (f,) be an equi-integrable sequence in L' (). Prove that there exists a sub-
sequence ( fy,) such that f,;, — f weakly o (L', L®).

4. Let (f,) be a bounded' sequence in L' () such that f 4 fn converges to a finite
limit, £(A), for every measurable set A C 2. Prove that there exists some f €
L'(Q) such that f, —~ f weakly o (L', L™).

5. Let g : R — R be a continuous increasing function such that
lg®)] <C VteR.

SetG(t) = fot g(s)ds.Let (f,;) be asequence in LY(Q) suchthat f, — f weakly
o (LY, L*®) and limsup [ G(fn) < [ G(f).Prove that || f, — fli — O.

[Hint: Look at Problem 18.]
-D-
In this part, we assume that |Q2| < co. Let F C LY(Q).

1. LetG : [0, +00) — [0, +00) be acontinuous function such thatlim;_, ;oo G(2)/t =
+o00. Assume that there exists a constant C such that

/G(IfI)SC VfieF.

Prove that F is equi-integrable.

! In fact, it is not necessary to assume that ( f,,) is bounded, but then the proof is more complicated;
see, e.g., R. Edwards [1] p. 276-277.
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2. Conversely, assume that F is equi-integrable. Prove that there exists a convex
increasing function G : [0, 400) — [0, +00) such thatlim;—, 1 o, G(¢)/t = +00
and [ G(|f|) < CVf € F, for some constant C.

[Hint: Use the distribution function; see Problem 21.]

PROBLEM 24 (1, 3, 4)

Radon measures
Let K be a compact metric space, with distance d, and let E = C(K) equipped
with its usual norm

IfI'= max | £ (x)].

The dual space E*, denoted by M(K), is called the space of Radon measures on K.
The space M (K) is equipped with the dual norm, denoted by || a4 or simply ||
The purpose of this problem is to present some properties of M(K).

-A -
We prove here that C(K) is separable. Given § > 0, let UjEJB(aj, 6/2) be a
finite covering of K. Set

qj(x) =max{0,6 —d(x,a;)}, jeJ, xe€K,

and

q(x) =) qj(x).

jeJ
1. Check that the functions (g;) jes and g are continuous on K. Show that
qg(x)>6/2 VxeKk.

2. Set
q;(x)

q(x)’
Show that the functions (6;) je; are continuous on K,

6;(x) = jeld, xek.

[0j(x) #0] <= [d(x,a;) <],

and

D 0jx)=1 VxeK.

jeJ
The collection of functions (6;) je is called a partitition of unity (subordinate to
the open covering UjEJB(aj, 26), because supp 6; C B(aj, 29)).

3. Given f € C(K), set
Fo) =Y f@ps;).
jeJ

Prove that
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If— £l < w%|ﬂn—f@»
X,y€
d(x,y)<é

4. Choosing § = 1/n,the above construction yields a finite set J, now denoted by J,,,
a finite collection of points (a;) jey,, and a finite collection of functions (6;) je, -
Show that the vector space spanned by the functions (9;), j € J,,n =1,2,3...,
is dense in C(K).

5. Deduce that C(K) is separable.

-B-

In this part we assume that K = €, where Q is a bounded open set in RN Tt
is convenient to identify L'(R) with a subspace of M () through the embedding
T : L' (Q) — M(Q) defined by

(Tu, f) =/ uf YueL'(Q), VfeC®).
Q

1. Check that ||Tul[aq = |Jull;1 Yu € LY(RQ).
[Hint: Use Exercise 4.26.]

2. Let (v,) be a bounded sequence in L!(2). Show that there exist a subsequence
(Un,) and some p € M(Q) such that v, X win M(S) and

el am < liminf v, |1
k—o00
[Hint: Use Corollary 3.30.]

The aim is now to prove that given any o € M () there exists a sequence ()
in C2°(2) such that

) LWFMMJ)WGQQ
and
@) lamll = lollag Vo

Without loss of generality we may assume that | iol|oq = 1 (Why?).
Set
A={ueCrQ);llul <1}

—6(E*E
3. Prove that ug € AU( ’ ).

[Hint: Apply Hahn—Banach in E* for the weak* topology o (E*, E); see Problem
9. Then use Corollary 4.23.]

4. Deduce that there exists a sequence (v,) in A such that v, X Ho in o (E*, E).
Check that lim,,_, ||V || ;1 = 1.
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5. Conclude that the sequence u,, = v, /||v,| ;1 satifies (1) and (2).
We say that u > 0 if

(u, f)=0 VfeC®),f>=00nQ.

6. Check that if u > 0, then (i, 1) = |||, where 1 denotes the function f = 1.

7. Assume pug € M(Q), with po > 0 and ||ugll = 1 (such measures are called
probability measures). Construct a sequence (u,) in C2°(2) satisfying (1), (2),
and, moreover,

3) u,(x) >0 Vn, Vx € Q.

8. Compute |l + 64| A1, Where u € L' and 84, with a € Q, is defined below.

-C-

We now return to the general setting and denote by §, the Dirac mass at a point
a € K, i.e., the measure defined by

(8, f) = fla) V[ eCK).

Set

D=1pu= Zotjéa,.; J is finite, &; € R, and the points a;’s are all distinct
jelJ

1. Show that if u € D then
lell =) letj
jeJ
and
[u>0]© [a; >0 V/j].
Set
Dy ={w € D; |lull = 1}

2. Show that any measure ng € M(K) with ||io]] < 1 belongs to BT(E*’E).

[Hint: Use the same technique as in part B.]
3. Deduce that given any measure po € M() there exists a sequence (v,) in D

such that v, =~ 1o and ||, = |lxoll V7 .
4. Let uo be a probability measure. Prove that there exists a sequence (v,) of prob-

o . *
ability measures in D such that v,, — ug.

Remark. An alternative approach to question 4 is to show that the Dirac masses
are the extremal points of the convex set of probability measures; then apply
Krein—-Milman (see Problem 1) in the weak* topology; for more details see, e.g.,
R. Edwards [1].
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-D-

The goal of this part is to show that every u € M (K) admits a unique decompo-

sition u = w1 — po with uy, uo € M(K), p1, u2 > 0, and [[py [l + |2l = llull.
(The measures (| and py are often denoted by u* and ™)

Given f € C(K) with f > 0, set
L(f) =sup{{n,g);g € C(K)and0 < g < f on K}.
1. Check that O < L(f) < lullf NI, LOLf) = AL(f) VA >0, and

L(fi+ f2)=L(f)) +L(f2) Vfi, € C(K)with f{ > 0and f> > 0.

Given any f € C(K), set
pi(f) = L(f*) = L(f7), where f* = max{f,0} and f~ = max{—f, 0}.

2. Show that the mapping f +— w1(f) is linear on C(K) and that |u1(f)| <
Il fIIYSf e C(K),sothat u; € M(K). Check that i > 0.

3. Set ur = u1 — w and check that pp > 0. Show that ||| = |1l + [|x2]l-

4. Letv €e M(K)besuchthaty > Oandv > u (i.e.,v—pu > 0). Show that v > ;.
Similarly if v € M(K) and v > —pu, show that v > 5. Deduce the uniqueness
of the decomposition.

-E-

Show that all the above results (except question B6) remain valid when the space
E = C(Q) is replaced by the subspace

Eo = {f € C(Q); f = 0 on the boundary of Q}.
The dual of Ej is often denoted by M () (as opposed to M (RQ)).
-F-
Dunford—Pettis revisited

Let (f;;) be a sequence in L' (Q). Recall that ( f;,) is said to be equi-integrable if
it satisfies the property

Ve >0 38> Osuchthat [, |f,] <& Va,

4
@ and VA C Q with A measurable and |A| < 4.

The goal is to prove that every equi-integrable sequence ( f;;) admits a subsequence
(fn;) such that f,, — f weakly o (L', L®), for some function f € L'(Q).

1. Show that ( f;) is bounded in LY(Q).
2. Check that
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/Q|fn—kan|s / ful V. VE,

Q
[1fnl>k]

where T} denotes the truncation operation.
3. Deduce that Ve > 0 3k > 0 such that

/lfn_kanl <& Vn.
Q

[Hint: Use (4); see also Exercise 4.36.]

Passing to a subsequence, still denoted by (f»), we may assume that f, A 7
weak* in M (€2), for some measure u € M(S2).
4. Prove that Ve > 0 3g = g, € L°°(R2) such that

lw — gellm < &.

[Hint: For fixed k, a subsequence of (7% f;,) converges to some limit g weak* in
o(L>®,LY]
5. Deduce that . € L'(Q).

[Hint: Use a Cauchy sequence argument in L'().]
6. Prove that f, — u weakly o (L', L>).

[Hint: Givenu € L°°(£2), consider a sequence (u,,) in CS°(2) such that u,, — u
a.e.on Qand ||uy|leo < llu|lco Ym (see Exercise 4.25); then use Egorov’s theorem

(see Theorem 4.29 and Exercise 4.14).]

PROBLEM 25 (1, 5)

Let H be a Hilbert space and let C C H be a convex cone with vertex at 0, that
is,0 € C and Au + pv € C VA, u > 0, Vu, v € C. We assume that C is nonempty,
open, and that C # H.

Check that 0 ¢ C and that 0 € C. Consider the set

Y={ueH; u,v) <0 YveCl.

1. Check that X is a convex cone with vertex at 0, X is closed, and 0 € X. Prove
that C = {v € H; (u,v) < 0 Yu € £\{0}} and deduce that ¥ is not reduced to
{0}.

[Hint: Use Hahn—Banach.]

2. Let w € C be fixed and consider the set
K={ues; (u,w)=-1}.

Prove that K is a nonempty, bounded, closed, convex set such that 0 ¢ K and
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\(0} = | 2K.
A>0
Draw a figure.
[Hint: Consider a ball centered at w of radius p > 0 contained in C.]
3. Leta = PgO0. Prove thata € (—C) N X.
4. Prove directly, by a simple argument, that (—C) N X # @.

5. Let D C H be a nonempty, open, convex set and let xo ¢ D. Prove that there
exists some wqy € D such that

(wg — x9, w —x9) >0 VYw € D.

Give a geometric interpretation.

[Hint: Consider the set C = U0 u(D — x).]

PROBLEM 26 (1, 5)

The Prox map in the sense of Moreau
Let H be a Hilbert space and let ¢ : H — (—00, +00] be a convex l.s.c. function
such that ¢ # +o00.

1. Prove that for every f € H, there exists some u € D(¢) such that
l 2 . 1 2
P) SIf—ul®+ @) = inf yS|f —vI"+o@ =1
2 veH | 2

[Hint: Check first that / > —oo. Then use either a Cauchy sequence argument
or the fact that H is reflexive.]

2. Check that u satisfies (P) iff

(Q ueD(p) and (u,v—u)+o¢W) —ew) = (f,v-—u) Yve D).

3. Prove thatif u and u are solutions of (P) corresponding to f and f,then [u—ii| <
| f — f|. Deduce the uniqueness of the solution of (P).

4. Investigate the special case in which ¢ = Ik is the indicator function of a closed
convex set K.

5. Let ¢* be the conjugate function of ¢ and consider the problem
(P Lf Rt = inf {217 o + et | = 1
—|f—u u)y=inf 1 =|f —v v)p =1
2 ¢ veh | 2 v

Prove that the solutions u of (P) and u* of (P*) satisfy
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* * 1 2
u+u =f and I+1 :§|f|.

6. Given f € H and A > 0 let u, denote the solution of the problem
1 2 ) 1 2
(P) SIf —uwl” +rpuy) = inf §S1f —v|" +2Apv) ¢ .
2 veH | 2

Prove that lim .o u; = PW f = the projection of f on D(g).
[Hint: Either start with weak convergence or use Exercise 5.3.]

7. Let K = {v € D(¢p); ¢(v) = inf g ¢} and assume K # @.
Check that K is a closed convex set and prove that lim; _, oo 4y = Pg f.
What happens to (u,) as . — +o0o when K = (#?

8. Prove that limy _ 4o %uk = —PWO.

[Hint: Start with the case where f = 0 and apply questions 5 and 6.]

PROBLEM 27 (5)
Alternate projections

Let H be a Hilbert space and let K C H be a nonempty closed convex set. Check
that
|Pxu — Pxv|® < (Pxku— Pxv, u—v) < |u—v|> Vu,veH.

Let K1 C H and K, C H be two nonempty closed convex sets. Set P = Pk,
and P, = Pg,. Given u € H, define by induction the sequence (u,) as follows:

uo=u, uy = Py, up = Puy, ... ,uzy_1 = Pluy,—2, uzy = Poup,_1,

-A -

The purpose of this part is to prove that the sequence (12, — uz,—1) converges to
PO, where K = K> — K (note that K is convex, why?).

1. Given v € H consider the sequence (v,) defined by the same iteration as above
starting with vgp = v. Check that

2 2
[z, — v2,]° < (U2n — Vou, U2p—1 — V2u—1) < |U2p—1 — V2u—1|

and that

2 2
[2n4+1 — V2u11l” < U2n41 — Vontl, Un — V2n) < Uy — v2u|".

2. Deduce that the sequence (|u, — v,|) is nonincreasing and thus converges to a
limit, denoted by £.
Prove that lim,_ oc [ (21 — v24) — (2n—1 — V2p—1)|*> = 0.
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3. Check that the sequence (|u2, — u2,—1]) is nonincreasing.

Setd = dist(Ky, K») = inf{|la; — a2]; a1 € K| and a; € K»}.
We claim that lim,,— o (U2, — U2,—1] = d.

4. Given ¢ > 0, choose v € K5 such that dist(v, K;) <d + &.
Prove that vy, — vy,—1]| <d + ¢ Vn.
5. Deduce that lim,_, o |u2, — t2n—1| = d.
Set z = PgO.
6. Check that |z| = d and that |z]? < (z, w) Yw € K» — K].
7. Prove that the sequence (12, — uz,—1) converges to z.
[Hint: Estimate |z — (u2, — u2n,1)|2 using the above results.]

8. Give a geometric interpretation.

-B-

Throughout the rest of this problem we assume that z = Pg0 € K> — K. (This
assumption holds, for example, if one of the sets K| or K> is bounded, why?)

We claim that there exist a; € Ki and ap € Kj with ao — a; = z such that
uy, — ap and uz,—1 — a; weakly. Note that a; and a; may depend on the choice
of ug = u. Draw a figure.

1. Consider the Hilbert space H = H x H equipped with its natural scalar product.
Set K = {[b1,b2] € H ;b1 € K1,by € Ky and by — by = z}.
Check that K is a nonempty closed convex set.

2. Let b = [b1, by] € K . Determine the sequence (v,) corresponding to vy = bj.
Deduce that the sequences (|u2,—1 — b1|) and (Jup, — bz|) are nonincreasing.

3. Set x,, = [uz,—1, u2,] and prove that the sequence (x,) satisfies the following
property:

) For every subsequence (x,,) that converges weakly to some

element X € H, then X € K.

4. Apply Opial’s lemma (see Exercise 5.25, question 3) and conclude.

PROBLEM 28 (5)
Projections and orthogonal projections

Let H be a Hilbert space. An operator P € L(H) such that P> = P is called a
projection. Check that a projection satisfies the following properties:

(a) I — P is aprojection,
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(b) N(I — P) = R(P) and N(P) = R(I — P),
() N(P)NN( — P) = {0},
(d) H=N(P)+ N — P).

-A -

An operator P € L(H) is called an orthogonal projection if there exists a closed
linear subspace M such that P = Py (where Py is defined in Corollary 5.4). Check
that every orthogonal projection is a projection.

1. Given a projection P, prove that the following properties are equivalent:

(a) P is an orthogonal projection,
(b) P*=P,

© Pl =1,

(d N(P) LN — P),

where the notation X L Y means that (x,y) =0Vx € X,Vy e Y.
2. Let T € L(H) be an operator such that

T*=T and T?=1.

Prove that P = %(1 — T) is an orthogonal projection. Prove the converse.

Assuming, in addition, that (Tu,u) > 0Vu € H, provethat T = I.

-B-

Throughout this part, M and N denote two closed linear subspaces of H. Set
P = Py and Q = Py.

1. Prove that the following properties are equivalent:

(a) PQ=QP,
(b) PQ is a projection,
(c) QP is aprojection.

In this case, check that
(1) P Q is the orthogonal projection onto M N N,
(i) (P + Q — P Q) is the orthogonal projection onto M + N.

2. Prove that the following properties are equivalent:

(@ M LN,
(b) PO =0,
(©) QP =0,

(d) [Pul®>+|Qu|* < |ul> YueH,
(e) |Pu| <|u— Qu| YueH,
®) |Qu| < |u — Pu| Yu € H,
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(g) P+ Q is aprojection.

In this case, check that (P + Q) is the orthogonal projection onto M + N (note
that M + N is closed; why?).

3. Prove that the following properties are equivalent:

(a) M CN,
(b) PO=P,
(c) QP =P,

(d) |Pu| <[Qu|Vu € H,
(e) Q — P is a projection.

In this case, check that Q — P is the orthogonal projection onto M N N.

PROBLEM 29 (5)

Iterates of nonlinear contractions.
The ergodic theorems of Opial and Baillon

Let H be a Hilbert space and let T : H — H be a nonlinear contraction, that is,
|Tu — Tv| < |u—v| Yu,v € H.

We assume that the set
K={ueH; Tu=u}

of fixed points is nonempty. Check that K is closed and convex. Given f € H set

on=%(f+Tf+T2f+~-~+T"_1f)

Mn = (#) Ve

The goal of this problem is to prove the following:

and

(A) Each of the sequences (o;,) and (u,) converges weakly to a fixed point of T'.
(B) If, in addition, T is odd, that is, T(—v) = —Tv Vv € H, then (6,) and (u,)
converge strongly.

It is advisable to solve Exercises 5.22 and 5.25 before starting this problem. In
the special case that 7 is linear, see also Exercise 5.21.

“A-
Set
u, =T" f.

1. Check that for every v € K, the sequence (|u,, — v|) is nonincreasing. Deduce
that the sequences (o0,,) and (T 0,,) are bounded.
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2. Prove that |
oy — Ton| < —|f —To,| Vn>1.

Jn

[Hint: Note that |To, — Tu;|*> < |0, — u;|> and add these inequalities for
0<i<n-—1]

3. Deduce that the sequence (o) satisfies property (P) of Exercise 5.25. Conclude
that o, — o weakly, witho € K.

4. Prove that

|(u — Su) — (v — Sv)|* + |Su— Sv)> < lu—v|*> VYu,veH.

5. Deduce that for every v € K,
o
D lin = g P < 1f — o
n=0
and consequently

1
-9 <
[t4n Ml < \/m

|f —v| Vn.

6. Conclude that u,, — u weakly, with u € K.
-B-
Throughout the rest of this problem we assume that T is odd, that is,
T(—v) =—-Tv VYveH.
1. Prove that for every integer p,
2|(u, v) — (TPu, TPv)| < [ul* + |v]* — |TPul* — |TPv[* Vu,v e H.

[Hint: Start with the inequality |77u — T?v|? < |u — v|> Vu,v € H.]

2. Deduce that for every fixed integer i > 0,
L) = lim (u,, uyyi) exists.
n—0oo
Prove that this convergence holds uniformly in i, that is,

D |(up, up+i) —L@E)| <e, Vi and Vn, with lim ¢, =0.
n—>oo
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3. Similarly, prove that for every fixed integer i > 0,
m(i) = lim (uy, Un+i) €Xists.
n—o0

Prove that m(0) = m(1) =mQ2) =---.
[Hint: Use the result of question AS5.]
4. Deduce that u,, — u strongly.
We now claim that o, — o strongly.

5. Set
2
X, == L)
P iz
Prove that
2n 4
[(Un, Ontp) — Xpl §5n+?|f| Vn, Vp.

[Hint: Use (1).]
6. Deduce that

(i) X =limp_ X, exists,
(i) |o|* = X.

7. Prove that
2 n—1 ) n—1
2 . .
onl® < = g(n — DL+ ;gi_

8. Deduce that lim sup,_, o, |0,|*> < X and conclude.

PROBLEM 30 (3, 5)

Variants of Stampacchia’s theorem. The min—max theorem of von Neumann
Let H be a Hilbert space.

-A -

Leta(u,v) : H x H — R be a continuous bilinear form such that
a(v,v) >0 Vv e H.

Let K C H be a nonempty closed convex set. Let f € H. Assume that there exists
some vy € K such that the set

{fuekK; alu,vo—u) > (f, vo—u)}

is bounded.
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1. Prove that there exists some u € K such that
au,v—u)>(f,v—u) Vvek.

[Hint: Set f; = f + evp and consider the bilinear form a.(u, v) = a(u, v) +
e(u, v), ¢ > 0. Then, pass to the limit as ¢ — 0 using Exercise 5.14.]

2. Recover Stampacchia’s theorem.

3. Give a geometric interpretation in the case that K is bounded and a(u, v) = 0
Yu,v € H.

-B-
Let b(u, v) : H x H — R be a bilinear form that is continuous and coercive. Let

¢ : H — (—00, +00] be a convex l.s.c. function such that ¢ £ +o0.

1. Prove that there exists a unique u € D(¢) such that
b(u,v—u)+¢) —em) =0 Vv e D(p).

[Hint: Apply the result of question Al in the space H x R with K = epi ¢,
f=10,-1],a(U, V) = b(u,v) with U = [u, A] and V = [v, u]. Note that a
is not coercive.]

2. Recover Stampacchia’s theorem.

-C-
Let H; and H; be two Hilbert spaces and let A C Hy, B C Hj be two nonempty,
bounded, closed convex sets.

1. Let F _(k, ) : Hy x Hy — R be a continuous bilinear form. Prove that there
exist A € A and & € B such that

ey F(p) < FO,m) < FO.,) VYr€eA, VueB.

[Hint: Apply ﬂuestion Al with I;I = H x H, K = A x B,and a(u,v) =
F(A, ) — F(A, u), where u = [A, ], v = [A, ul.]

2. Deduce that

2) min max F (A, u) = max min F(A, u).
LEA uEB HEB A€A
Note that all min and max are achieved (why?).

[Hint: Check that without any further assumptions, max min < min max; use
(1) to prove the reverse inequality.]
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3. Prove that (2) implies the existence of some A € A and 71 € B satisfying (1).

-D-

Let E and F be two reflexive Banach spaces; let A C E and B C F be two
nonempty, bounded, closed convex sets. Let K : E x F — R be a function satisfying
the following assumptions:

(a) Forevery fixed v € B the function u — K (u, v) is convex and l.s.c.
(b) For every fixed u € A the function v — K (u, v) is concave and u.s.c., i.e., the
function v — —K (u, v) is convex and L.s.c.

Our goal is to prove that

min max K (u,v) = max min K (u, v).
ueA veB vEB ueA

We shall argue by contradiction and assume that there exists a constant y such
that

max min K (u,v) <y < min max K (u, v).
vEB ucA ueA veB

1. Forevery u € A, set
B, ={veB; K(u,v) >y}
and for every v € B, set
Ay ={ueA; Ku,v) <y}

Check that Nyca B, = ¥ and Nyep Ay, = 0.

2. Choose uy, us,...,u, € Aandvy,va,...,v, € B suchthatﬂ?leui = (Jand
ﬂ;.”zlAvj = { (justify). Apply the result of C1 with H; = R”, H, = R"™,

n
A = ik:(kl,kz,...,kn); A >0 Viand in =1},
i=1

m
B'= = (i p2. . pim)iptj =0 Vjand Y pj=1¢,
=1

and F(h, 1) = 3 ; i K (ui, vj). Setir = 3, 2iujand v = > T;v;j.Prove
that

K@,v) < K(ug,v) Yk=1,2,...,n, Ve=1,2,...,m.
3. Check that on the other hand,

mkin K(ug,v) <y and mzax K@, v) > vy.

[Hint: Argue by contradiction.]
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4. Conclude.

PROBLEM 31 (3, 5)
Monotone operators. The theorem of Minty—Browder

Let E be a reflexive Banach space. A (nonlinear) mapping
A:D(A)CE— E*
is said to be monotone if it satisfies
(Au — Av, u—v)>0 Vu,v e D(A)

(here D(A) denotes any subset of E).
-A-

Let A : D(A) C E — E*be amonotone mapping and let K C E be a nonempty,
bounded, closed convex set. Our goal is to prove that there exists some u € K such
that

(Av,u —v) >0 VYve D(A)NK.

For this purpose, set, for each v € D(A) N K,
Ky={ueKkK; (Av,v —u) > 0}.

We have to prove that Nyepa)nk Ky 7# ¥; we shall argue by contradiction and
assume that

N K, =9.
veD(ANK

1. Check that K, is closed and convex.
2. Deduce that there exist vy, vp, ..., v, € D(A) N K such that

n
N Ky =0.

1

Set B={A= (A1, A2,...,An);A; >0 Viand ) 7_, A; = 1}, and consider the
bilinear form
F:R"xR" >R

defined by
F(h, p) = Zﬁjzlkiuj(Avj, Vi — vj).
3. Check that F(A, 1) < 0 VA € R",
4. Prove that there exists some A € B such that F(A, u) <0 Vu € B.
[Hint: Apply question C1 of Problem 30.]
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5. Setu =Y ;_; A;jv; and prove that
(Av,T—v)) <0 Vj=12....n

6. Conclude.

-B-

Throughout the rest of this problem, we assume that D(A) = E, A: E — E*is
monotone, and A is continuous.

1. Let K C E be a nonempty, bounded, closed convex set. Prove that there exists
some u € K such that (Au, w —u) > 0Vw € K.

[Hint: Consider v; = (1 — t)u + tw with ¢t € (0, 1) and w € K.]

2. Let K be a closed convex set containing 0 (K need not be bounded). Assume
that the set {u € K; (Au, u) < 0} is bounded. Prove that there exists some
u € K such that
(Au,v—u) >0 VveKk.

[Hint: Apply B1 to the set Kg = {v € K;; ||v]| < R} with R large enough.]

3. Assume here that
(Av,v) _

i
lvl—o0 vl

Prove that A is surjective.

4. Assume here that E is a Hilbert space identified with E*. Prove that I + A is
bijective from E onto itself.

PROBLEM 32 (5)
Extension of contractions. The theorem of Kirszbraun—Valentine
via the method of Schoenberg
Let H be a Hilbert space and let  be a finite set of indices.
-A -

Let (y;)ics be elements of H and let (¢;);<; be elements of R. Set

o) =max{lu — y;|* —¢;}, ueH,
iel
and
Jw)={i € I; lu—yil*—c; = o).

1. Check that inf,c ¢(u) is achieved by some unique element ug € H.
2. Prove that max;e s () (v, up — yi) > 0 Vv € H.
3. Deduce that
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(D ug € conv U {vi}
ieJ(ug)

4. Conversely, if ug € H satisfies (1), prove that ¢ (ug) = inf,eg ¢ (u).
5. Extend this result to the case in which ¢ (1) = max;¢; {fi(#)} and each f; :
H — Ris a convex C! function.

-B-
Let (x;)ies and (y;)ic; be elements of Hsuch that
lvi —yjl < |xi —xj| Vi, jel
We claim that given any p € H, there exists some g € conv (Ul c I{yi}) such that

lg —yil <Ip—xi| Viel
1. Set P ={A = (A)iers2i =0Viand ) ;; A; = 1}.

Prove that for every p € H and for every A € P,

2

> (Zkiyi) —yi| =D Ajlp—xl
iel

jel jel
2
[Hint: Check that 3" ;, /\j‘ (Xier 2ivi) — yj‘ =32 e Mirjlyi =yt

2. Consider the function

o () = max{ju — il —1p — xil*).

Let ug € H be such that ¢(ug) = inf,cy ¢(u). Prove that ¢ (ug) < 0.
[Hint: Apply questions A3 and B1.]
3. Conclude.

-C-
1. Extend the result of part B to the case that / is an infinite set of indices.

2. Let D C H by any subset of H and let S : D — H be a contraction, i.e.,
|Su — Sv| <|u—v| Vu,veD.

Prove that there exists a contraction 7 defined on all of H that extends S and
such that
T(H) C conv S(D).

[Hint: Use Zorn’s lemma and question C1.]
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PROBLEM 33 (4, 6)

Multiplication operator in L?

Let 2 be a measure space (having finite or infinite measure). Set E = L? (2) with
I < p <oo.Leta: 2 — R be ameasurable function. Consider the unbounded
linear operator A : D(A) C E — E defined by

D(A) ={u € L?(Q);au € L?(Q)} and Au = au.

1. Prove that D(A) is dense in E.
[Hint: Given u € E, consider the sequence u, (x) = (1 +n " a(x)]) " u(x).]
2. Show that A closed.
3. Prove that D(A) = E iffa € L>®°(Q).
[Hint: Apply the closed graph theorem.]
4. Determine N(A) and N(A)~L.
5. Determine D(A*), A*, N(A*), and N(A*)L.
6. Prove that A is surjective iff there exists « > 0 such that |a(x)| > « a.e. on Q.
[Hint: Use question 3.]
In what follows we assume that a € L°°(2).

7. Determine the eigenvalues and the spectrum of A. Check that o (A) C [infg a,
supg a] and that infg a € o(A), supg a € o (A). Here infq and supg, refer to
the ess infq and ess supg, (defined in Section 8.5).

8. In case Q is an open set in RV (equipped with the Lebesgue measure) and
a € C(2) N L*®(L2), prove that 0 (A) = a(2).

9. Prove that 0 (A) = {0} iff a = 0 a.e. on Q.

10. Assume that €2 has no atoms. Prove that A is compact iff a = 0 a.e. on .

PROBLEM 34 (4, 6)
Spectral analysis of the Hardy operator Tu(x) = % f(;c u(t)dt
-A -

Let E = C([0, 1]) equipped with the norm [[u|| = sup,¢(g 1} lu(?)]. Givenu € E
define the function T'u on [0, 1] by

1 [u@mdt ifxe,1],

Tu) =110 ifx =0,
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Check that Tu € E and that | Tul| < ||u|| Yu € E,sothat T € L(E).
1. Prove that EV(T) = (0, 1] and determine the corresponding eigenfunctions.
2. Check that ||T||zgy = 1. Is T a compact operator from E into itself?

3. Show that o (T) = [0, 1]. Give an explicit formula for (7 — 2D~ when A €
p(T).Provethat (T —AT)is surjective from E onto E forevery A € R, A ¢ {0, 1}.
Check that T and (T — I) are not surjective.

4. In this question we consider T as a bounded operator from E = C([0, 1]) into
F=1L19(0,1) with1 < g < oo.Prove that T € K(E, F).

[Hint: Consider the operator (T,u)(x) = ﬁ f(f u(t)dt withe > 0 and estimate
I1Te — Tz Fyase — 0.]
-B-
In this part we set E = C'([0, 1]) equipped with the norm

lull = sup |u(®)|+ sup |u'(2)].
t€[0,1] te[0,1]

Given u € C'([0, 1]) we define Tu as in part A.
1. Check that if u € C'([0, 1]), then Tu € C'([0, 1]) and || Tu|| < |lu| Yu € E.
2. Prove that EV(T) = (0, 4] U {1}.
3. Prove that o' (T) = [0, ] U {1}.

-C-

In this part we set E = LP(0, 1) with 1 < p < oo. Given u € L?(0, 1) define
Tu by

Tu(x) = %/Ox u()dt forx € (0, 1].

Check that Tu € C((0, 1]) and that Tu € L4(0, 1) for every ¢ < p. Our goal is to
prove that Tu € L?(0, 1) and that

(nH ITullLro,1) < lullLr,1) Yu € E.

p—1
1. Prove that (1) holds when u € C.((0, 1)).

[Hint: Set ¢(x) = fg u(t)dt; check that |p|? € C'([0, 1]) and compute its
derivative. Estimate ||Tu||r» using the formula

1 1 dx 1 ! 1
/0 I Tu(x)|Pdx =/0 lp(oIP = = F/o lp)17d (—xp-l)

and integrating by parts.]
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N

Prove that (1) holds for every u € E.
In what follows we consider T as a bounded operator from E into itself.

- Show that EV(T) = (0, 5£7).

W

. Deduce that | T || zg) = ﬁ. Is T a compact operator from E into itself?

W

. Prove that o(T) = [0, %].
6. Determine T*.

7. In this question we consider T as a bounded operator from £ = L” (0, 1) into
F=L90,1)with1 <g < p < oo.Show that T € K(E, F).

PROBLEM 35 (6)
Cotlar’s lemma
Let H be a Hilbert space identified with its dual space.
-A -
Assume T € L(H), sothat T* € L(H).

1. Prove that [|T*T| = ||T 2.

2. Assume in this question that T is self-adjoint.
Show that
ITN| = ||IT ||V for every integer N.

3. Deduce that (for a general T € L(H)),

I(T*THYN | = |T|?V for every integer N.

-B-
Let (Tj), 1 < j < m, be a finite collection of operators in L(H). Assume that
Vi,kel{l,2,...,m},
(1) 1T Tl < w(j — k),
) 1T} < w(k = j),

where w : Z — [0, 00).
Set

m—1

o= Z w(i).

i=—(m—1)
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The goal of this problem is to show that

3

Set

and fix an integer N.

1. Show that

I T T T Ty -+ - T, Ty |
<ow(ji —kpwtky — oz —k2) - wlky-1 — jN)o(jn — kn),
for any choice of the integers ji, k1, ..., jn, kn € {1,2, ..., m}.
2. Deduce that
ZZ D 2T T T Ty | < mor ™,
Ji ki N kn

where the summation is taken over all possible choices of the integers j;, k; €
{1,2,...,m}.

3. Prove that
lw* )N < mo?N

and deduce that (3) holds.
PROBLEM 36 (6)
More on the Riesz—Fredholm theory

Let E be a Banach space and let T € KC(E). For every integer k > 1 set
Ny =N —T)% and Ry = R(I —T)").

1. Check that Vk > 1, Ri+1 C Ry, Ry is closed, T(Ry) C Ry, and (I — T)Ry C
Rit1.

2. Prove that there exists an integer p > 1 such that

Ri4+1 # Rr  Vk < p (no condition if p = 1),
Riy1 =R Vk=p.

3. Check that Yk > 1, Ny C Ngy1, dim N < oo, T(Ny) C N, and
(I = T)Ni+1 C Ni.
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4. Show that
codim Ry =dim N, Vk>1,

and deduce that

Ni41 # N Yk < p (no condition if p = 1),
Niy1 =N Vk = p.

5. Prove that
R, NN, = {0},
R, +N,=EL.

6. Prove that (I — T) restricted to R, is bijective from R, onto itself.

7. Assume here in addition that E is a Hilbert space and that T is self-adjoint.
Prove that p = 1.

PROBLEM 37 (6)
Courant—Fischer min—max principle. Rayleigh—Ritz method

Let H be an infinite-dimensional separable Hilbert space. Let T be a self-adjoint
compact operator from H into itself such that (Tx,x) > 0 Vx € H. Denote by
(ux), kK = 1, its eigenvalues, repeated with their multiplicities, and arranged in
nonincreasing order:

m1 > pp > >0,

Let (e;) be an associated orthonormal basis composed of eigenvectors. Let E; be
the space spanned by {e, ea, ..., ex}. For x # 0 we define the Rayleigh quotient

1. Prove that Vk > 1,

2. Prove that Vk > 2,

max R(x) = ug,
xEEk{l

x#0

and
maxR(x) = u.
xeH
x#0

3. Let X be any k-dimensional subspace of H with k > 1. Prove that

minR(x) < ug.
XEX
x#0
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[Hint: If k > 2, show that X N E 1<L—1 # {0} and apply question 2.]

4. Deduce that Vk > 1,

max minR(x) =
YCH xeXx
dim X =kx#0

5. Let X be any (k — 1)-dimensional subspace of H with k > 2. Prove that

max R(x) > k.

xext
x#0

[Hint: Prove that ¥+ N E; # {0}.]
6. Deduce that Vk > 1,

min  max R(x) =
zC
dim T=k—1"x£0
7. Assume here that N(T)

= {0}, so that R(x) # 0 Vx # 0, or equivalently
Wi > 0 Vk. Show that Vk > 1,

1 1
X R~ me
dlmCE k))cc;é ()C) Mk
and
1 1

max Hll[I\l R ) ,
ACH X€e X
codim A=k—1x#0 Mk

where ¥ and A are closed subspaces of H.
In particular, for k = 1,

and, moreover, Vk > 2,

min = .
xEEkli1 R(x) Mk
x#0
8. Let V be a closed subspace of H (finite- or infinite-dimensional). Let Py be the
orthogonal projection from H onto V and consider the operator S : V — V

defined by § = Py o Tjy. Check that S is a self-adjoint compact operator from
V into itself such that (Sx, x) > 0Vx € V.

9. Denote by (v;), k > 1, the eigenvalues of S, repeated with their multiplicities
and arranged in nonincreasing order. Prove that Vk with 1 <k < dim V,

max minR(x) = vg.
TCV xex
dim X=kx#0
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10.

ey

@)

3)

Problems

Deduce that vy < u Yk with1 <k <dim V.

Consider now an increasing sequence V™ of closed subspaces of H such that

Jv» =H.
n

Set §™ = Py oTjyw and let (v,in)) denote the eigenvalues of S™ arranged as

(n)
k

in question 9. Prove that for each fixed k the sequence n +— v, is nondecreasing

and converges, as n — 00, to k.
PROBLEM 38 (2, 6, 11)

Fredholm—Noether operators

Let E and F be Banach spaces and let T € L(E, F).
-A -

The goal of part A is to prove that the following conditions are equivalent:
(a) R(T) is closed and has finite codimension in F,
(b) N(T) admits a complement in E.

There exist S € L(F, E) and K € IC(F, F) such that
ToS=1Ir+K.

There exist U € L(F, E) and a finite-rank
projection P in F suchthat T o U = I — P.

Moreover, one can choose U and P such that dim R(P) = codim R(T).

1. Prove that (1) = (3)

4

[Hint: Let X be a complement of N(T) in E. Then Ty is bijective from X onto
R(T). Denote by Uy its inverse. Let Q be a projection from F onto R(T) and
setU =Upo Q.]

Prove that (2) = (3).
[Hint: Use Exercise 6.25.]
Prove that (3) = (1).

[Hint: To establish part (a) of (1) note that R(T) D R(Ir — P) and apply
Proposition 11.5. Similarly, show that R(U*) is closed and thus R(U) is also
closed. Finally, prove that there exist finite-dimensional spaces ¥ and X; in
E such that N(T) + R(U) + X; = E and N(T) N R(U) C X,. Then apply
Proposition 11.7.]

. Conclude.



Problems 493

-B-

Prove that the following conditions are equivalent:

@) (@) R(T) is closed and admits a complement,
(b) dim N(T) < oo.

) There exists S € L(F, E) and K e K(E, E) such that
SoT =1g+K.

©) There exist U € L(F, E) and a finite-rank
projection PinEsuchthatUoT = I — P.

-C-

One says that an operator T € L(E, F) is Fredholm (or Noether) if it satisfies

(a) R(T) is closed and has finite codimension,

(FN) .
(b) dimN(T) < oo.

(The property that R(T') is closed can be deduced from the other assumptions; see
Exercise 2.27.)
The class of operators satisfying (FN) is denoted by ®(E, F). The index of T is
by definition
ind 7T = dim N(T) — codim R(T).

1. Assume that 7 € ®(E, F )~. Show that there exist U € L(F, E) and finite-rank
projections P in F' (resp. P in E) such that

- {(a) ToU=Ir— P,
() UoT =1Iz—P,

with dim R(P) = codim R(T), dim R(ﬁ) =dim N(T).
[Hint: Use the operator U constructed in question Al.]

An operator V € L(F, E) satisfying

(8) (a) TOV:IF+K,
b)) VoTl=1I+K,

with K € K(F) and K e K(E), is called a pseudoinverse of T (or an inverse
modulo compact operators).

2. Show that any pseudoinverse V belongs to ®(F, E).

3. Prove that an operator T € L(E, F) belongs to ®(E, F) iff R(T) is closed,
dim N(T) < oo, and dim N (T*) < oo. Moreover,
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10.

11.

12.

Problems

ind T = dim N(T) — dim N(T™).

[Hint: Apply Propositions 11.14 and 2.18.]
Let T € ®(E, F). Prove that T* € ®(F*, E*) and that

ind7T*=—ind T.

[Hint: Apply Proposition 11.13 and Theorem 2.19.]

. Conversely, let T € L(E, F) be such that T* € ®(F*, E*). Prove that T €

O(E, F).

Assume that J € L(E, F) is bijectiveand K € K(E, F).ShowthatT = J+ K
belongs to ®(E, F)andind T = 0. Conversely,if T € ®(E, F)andind T = 0,
prove that T can be written as T = J + K with J and K as above (one may
even choose K to be of finite rank).

[Hint: Applying Theorem 6.6, prove that Ir +J ! o K belongs to ®(E, E) and
has index zero. For the converse, consider an isomorphism from N(7') onto a
complement Y of R(T).]

LetT € ®(E, F)and K € K(E, F).Provethat T + K € ®(E, F).

. Under the assumptions of the previous question, show that

ind(T + K) = ind T.

[Hint: Set E = ExY, F= FxN(T) andT E—)FdeﬁnedtlyT(x y) =
(Tx + Kx, O) Show that T = J + K where J is bijective from E onto F and
K e IC(E F ). Then apply question 6.]

. LetT € ®(E, F). Prove that there exists ¢ > 0 (depending on T') such that for

every M € L(E, F) with |M|| < e, wehave T + M € ®(E, F). Show that

ind(T + M) = ind T.

[Hint: Let V be a pseudoinverse of 7. Then W = Ig + (V o M) is bijective
if [M] < |V||~'. Check that T + M = (T o W)+ compact; then apply the
previous question. ]

Let (Hy), t € [0, 1], be a family of operators in L(E, F). Assume thatt — H; is
continuous from [0, 1] into L(E, F), and that H; € ®(E, F) Vt € [0, 1]. Prove
that ind H; is constant on [0, 1].

Let Eq, E>, and E3 be Banach spaces and let 71 € ®(Ey, E»), Th € ©(E», E3).
Prove that T, o T} € ®(E}, E3).

With the same notation as above, show that
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ind(7> o T1) = ind T} + ind 7T>.

[Hint: Consider the family of operators H; : E; x E; — E x E3 defined in
matrix notation, for ¢ € [0, 1], by

H — I0 1-nl I T; 0
7\ —tI (1-nI)\o1)’

where [ is the identity operator in E;. Check that ¢ — H; is continuous from
[0, 1] into L(E| x E3, E3 x E3). Using the previous question, show that for
eacht, H; € ®(E| x E», Ey x E3). Compute ind Hy and ind H;.]

13. Let T € ®(E, F). Compute the index of any pseudoinverse V of T.

-D-
In this part we study two simple examples.
1. Assume dim £ < oo and dim F < oo. Show that any linear operator 7 from E
into F belongs to ®(E, F) and compute its index.

2. Let E = F = £2. Consider the shift operators S, and S; defined in Exercise 6.18.
Prove that for every A € R, A # +1,A # —1, wehave S, — Al € CD(EZ,KZ),
and Sp — A1 € ®(£2, £%). Compute their indices.

Show that S, + I, S; + I do not belong to ®(£2, £2).

[Hint: Use the results of Exercise 6.18.]

PROBLEM 39 (5, 6)
Square root of a self-adjoint nonnegative operator

Let H be a Hilbert space. Let S € L(H); we say that S is nonnegative, and we
write § > 0, if (Sx,x) > 0Vx € H. When S1, S» € L(H), we write S| > S, (or
Sy <Spif S — 85 >0.

-A -
1. Let S € L(H) besuchthat $* = Sand 0 < § < I. Show that ||Sz|| = ||S||2 <1,
andthat0 < $2 < § < I.
[Hint: Use Exercise 6.24.]

2. LetS € L(H)besuchthat $* = Sand S > 0.Let P(t) = ) axt* be apolynomial
such that a; > 0 Vk. Prove that [P(S)]* = P(S) and P(S) > 0.

3. Let (S,) be a sequence in L(H) such that S = S, Vr and S, < S, Vn.
Assume that ||S, || < M Vn, for some constant M. Prove that for every x € H,
S,x converges as n — oo to a limit, denoted by Sx, and that S € L(H) with
S*=38.
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[Hint: Let n > m. Use Exercise 6.24 to prove that |S,x — Smx|2 <2M(Sy,x —
Spx,x).]
-B-

Assume that T € L(H) satisfies T* = T, T > 0, and ||T|| < 1. Consider the
sequence (S,) defined by

1
Swit = Sp+ 5 (T = 5P, n=0,

starting with So = 1.
1. Show that S; = S, Vn > 0.
2. Show that 1 {
=S =5 =S)*+ U =T),

and deduce that I — §,, > 0 Vn.
3. Prove that §,, > 0 Vn.

[Hint: Show by induction that I — S,, < I using questions A.1 and B.2.]
4. Deduce that || S, || < 1 Vn.

5. Prove that

Sp — Su+1 = [(I —S)+U - Snfl)] o (Sy—1—38u) Vn

N =

and deduce that S,,_; — S,, > 0 Vn.

[Hint: Show by induction that (/—S,) = P,(I—-T)and (S,—1—S,) = 0,(I—-T),
where P, and Q, are polynomials with nonnegative coefficients.]

6. Show that lim,,_, oo Sy,x = Sx exists. Prove that S € L(H) satisfies $* = S,
$>0,|IS| <1,and S>=T.
-C-

1. LetU € L(H)besuchthat U* = U and U > 0. Prove that there exists V € L(H)
suchthat V* =V, V > 0,and V2 = U.

[Hint: Apply the construction of part Bto 7 = U/||U|.]

Next, we prove the uniqueness of V. More precisely, if W is any operator
W e L(H) suchthat W* = W, W > 0,and W2 = U, then W = V. The operator
V is called the square root of U and is denoted by U'/2.

2. Prove that the operator V constructed above commutes with every operator X
that commutes with U (i.e., X o U = U o X implies X o V =V o X).

3. Prove that W commutes with U and deduce that V commutes with W.
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4. Check that (V — W) o (V + W) = 0 and deduce that V. = W on R(V + W).
Show that N(V) = N(W) = N(U) = N(V + W). Conclude that V = W on H.

[Hint: Note that V. = W on R(V + W) = N(U)L, and that V. = W = 0 on
NU).]

5. Show that |U2| = |U| /2.

6. Let Uy, Uy € L(H) be such that Uy = Uy, Uy = U, Uy = 0, U, > 0, and
UyoUy =Uj;oUj. Provethat Uy o Uy > 0.

[Hint: Introduce U 11 /% and U21 / 2.]

-D-
Let U € K(H) be such that U* = U and U > 0. Prove that its square root
V belongs to K(H). Assuming that H is separable, compute V on a Hilbert basis
composed of eigenvectors of U. Find the eigenvalues of V.
PROBLEM 40 4, 5, 6)
Hilbert—Schmidt operators
-A -

Let E and F be separable Hilbert spaces, both identified with their dual spaces.
The norms on E and on F are denoted by the same symbol | |. Let T € L(E, F), so
that T* € L(F, E).

1. Let (ex) (resp. (fr)) be any orthonormal basis of E (resp. F). Show that
S 1T (ep) | < o0 iff 352, IT*(fi)|* < oo, and that

oo oo

YT =Y IT*(fol*.

k=1 k=1

2. Let (ex) and () be two orthonormal bases of E. Show that 21311 IT (ep)]? < 00
iff 372, |T(é)|?> < oo and that

YT =) IT@)P.
k=1 k=1

One says that T € L(E, F) is a Hilbert—Schmidt operator and one writes T €
HS(E, F) if there exists some orthonormal basis (e) of E such that

DTl < oo,

k=1

3. Prove that HS(E, F) is a linear subspace of L(E, F) and that
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10.

11.

00 1/2
I lls = (Z |T<ek>|2>

k=1

defines a norm on HS(E, F). Let || denote the standard norm or L(E, F).
Show that
ITI < ITllns YT € HS(E, F).

Prove that HS(E, F) equipped with the norm || s is a Banach space. Show
that in fact, it is a Hilbert space.

Show that HS(E, F) C K(E, F).

[Hint: Given x € E, write x = Y o | xke and set T, (x) = Y j_; xiT (ex).
Show that |7, — T|| — Oasn — o0.]

Show that any finite-rank operator from E into F belongs to HS(E, F).
LetT € L(E, F).Provethat T € HS(E, F) iff T* € HS(F, E) and that

I1T*l1sr,E) = IT 1 1sS(E, F)-

Assume that T € K(E, E) with T* = T, and let (A;) denote the sequence of
eigenvalues of T'. Show that T € HS(E, E) iff Z,f":l )L% < o0 and that

(o8]
17 150s = D 2
k=1

Construct an example of an operator 7 € K(E, E) with E = ¢2 such that
T ¢ HS(E, E).

Let G be another separable Hilbert space. Let 7| € L(E, F) and T, € L(F, G).
Show that T o Ty € HS(E, G) if either Ty or T> belongs to HS.

LetT € HS(E, E) and assume N (I 4+ T) = {0}. Show that (1 + T) is bijective
and that (I +T)~! =1 + S with § € HS(E, E).

Let (ex) (resp. (fx)) be an orthonormal basis of E (resp. F'). Consider the operator
Tk : E — F defined by

Tio(x) = (x, ek) fe-
Show that (Tk_¢) is an orthonormal basis of HS(E, F).

-B-

Assume that  is an open subset of RY . In what follows we take E = F = L?().

Let K € L2(Q x ), and consider the operator

e))

(Tu)(x) = /Q K (e, yu(y)dy.
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1. Show that T € L(E, E) and that
1Tz By < 1K L2@x0)-
2. Show that T € HS(E, E) and that

1T nsEEy < 1K L2@x0)-

[Hint: Let (e;) be an orthonormal basis of L2(€2). Check that the family
ejr =ej e, where (ej ® ex)(x,y) = ej(x)ex(y), is an orthonormal basis of
L%(Q x ). Then write

IT €172 = D_I(T(er), el =D 1(K, e; @ ex)l.]

j=1 j=1

3. Conversely, let T € HS(E, E). Prove that there exists a unique function K €
L2(2 x ) such that (1) holds. K is called the kernel of T

[Hint: Let 1; x = (Tex, e;) and check that Y%, |¢; x|*> < oo. Define K =
Js j k=114,
ka:l tjkej ® ey and prove that (1) holds.]

4. Assume that 2 = (0, 1), E = L2(Q), and consider the operator

(Tu)(x) = /x u(t)dt.
0

Show that T € HS(E, E) and compute | T ||ys.

PROBLEM 41 (1, 6)
The Krein—Rutman theorem

Let E be a Banach space and let P C E be a closed convex set containing 0.
Assume that P is a convex cone with vertex at 0, i.e., Ax + uy € P VA > 0,
u>0,xe P,andy € P.

Assume that

(D IntP #9
and
2) P #E.

Let T € K(E) be such that

3) T(P\{0}) C IntP.



500

7.

Problems

. Show that (Int P) N (—P) = @.

[Hint: Use Exercise 1.7.]
In what follows we fix some u € Int P.

Show that there exists & > 0 such that

[|x +ul|l >a Vxe P.

[Hint: Argue by contradiction and deduce that —u € P.]

Check that there exists » > 0 such that

Tu—rueP.

. Assume that some x € P satisfies

T(x+u)=xrx forsomel € R.

Prove that A > r.

[Hint: It is convenient to introduce an order relation on E defined by y > z if
y — z € P. Show by induction that (%)nx >u,n=12,..]

Consider the nonlinear map

X+u
F(x):T(—), x € P.
llx + ull

Show that F : P — P is continuous and F(P) C K for some compact set
K C E. Deduce that there exists some x; € P such that

T(x14+u) =Arxg

with A; = ||x1 +u|| > r.
[Hint: Apply the Schauder fixed-point theorem; see Exercise 6.26.]

Deduce that for every ¢ > 0 there exists x, € P such that
T(xe 4+ eu) = Aexg

with A, = ||x; +eu|| >r.

Prove that there exist xo € Int P and g > 0 such that

Txo = poxo-
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[Hint: Show that (x.) is bounded. Deduce that there exists a sequence &, — 0
such that x;, — xo and A;, — o with the required properties. ]

-B-

1. Given two pointsa € Int P and b € E, b ¢ P, prove that there exists a unique
o € (0, 1) such that

(1—=ta+tbelntP Vtel0,0),
(1—0)a+obeP,
1—ta+tb¢ P vVt € (o, 1].
Then we set t(a, b) = o/(1 — o), with 0 < t(a, b) < oco.
2. Letx € P\ {0} be such that

Tx = pux forsome u € R.

Prove that u = o and x = mxg for some m > 0, where g and xg have been
constructed in question A7.

[Hint: Suppose by contradiction that x # mxp, Ym > 0. Show that © > 0,
x € Int P,and —x ¢ P.Sety = xo — tox, Where 19 = t(x0, —x). Compute
Ty and deduce that u < wg. Then reverse the roles of x¢ and x.]

3. Letx € E \ {0} be such that
Tx = ux forsome u € R.

Prove that either © = po and x = mxg withm € R, m # 0, or || < po-

[Hint: In view of question 2 one may assume thatx ¢ P and —x ¢ P.If u > 0
consider 7 (xg, x), and if i < 0 consider both t(xg, x) and 7 (xg, —x).]

4. Deduce that N(T — uol) = Rxp. In other words, the geometric multiplicity of
the eigenvalue ( is one.

5. Prove that N((T — uol Y¥) = Rxg for all k > 2. In other words, the algebraic
multiplicity of the eigenvalue j is also one.

[Hint: In view of Problem 36, it suffices to show that N((T — uol)?) = Rxg.]

PROBLEM 42 (6)
Lomonosov’s theorem on invariant subspaces

Let E be an infinite-dimensional Banach space and let T € IC(E), T # 0. The
goal of part A is to prove that there exists a nontrivial, closed, invariant subspace Z
of T,ie., T(Z) C Z,with Z # {0}, and Z # E.
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Set
A =span{l, T, T2,...}

= {ZA;Ti, with A; € R and [ is a finite subset of {0, 1, 2, ... }} .
iel

Forevery y € E, set Ay = {Sy; § € A)}. Clearly, y € A, and thus A, # {0}
for every y # 0. Moreover, A, is a subspace of £ and T(A4,) C \A,, so that

T(Ay) C Ay. If A, # E for some y # 0, then A, is a nontrivial, closed, invariant
subspace of T'. Therefore we can assume that

1) Ay, =E VyeE, y#0.
Since T # 0, we may fix some xg € E such that Txg # 0, and some r such that

;< ITxoll < llxoll
2|7 2

Set
C={x€eE; ||lx—xol <r}

1. Check that 0 ¢ C and that

ITx — Txoll < = ITxoll Vx €C,
so that

ITxll = 5 IITxoll Vx € C.

| =

Deduce that 0 ¢ T(C).

2. Prove that for every y € E, y # 0, there exists some S € A, denoted by S,
such that
1Sy — xoll <

[NSNE]

[Hint: Use assumption (1).]

3. Deduce that for every y € E, y # 0, there exists some ¢ > 0 (depending on y),
denoted by ¢y, such that

ISz —xoll <r Vze B(y,e),

where S is as in question 2.
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4. Consider a finite covering of 7'(C) by balls B(y;, %syj) with j € J, J finite.
Set,for j € Jandx € E,

q;(x) = max{0, &y, — [Tx — y;} and g(x) =) q;(x).
jedJ
Check that the functions ¢ j» J € J, and g are continuous on E. Show that
Vx e C,
1
>min{ — &y. 0.
q(x) = r]rggl{z Sy_,} >
Set

F(x) = pre )Zq,(x)S)](Tx) x €C.

5. Prove that F' is continuous from C into E and that

|F(x)—xoll <r VxeC.

[Hint: Use question 3.]

6. Prove that F(C) C K, where K is a compact subset of C. Deduce that there
exists £ € C such that F(§) = &.

[Hint: Apply the Schauder fixed-point theorem; see Exercise 6.26.]

7. Set

( ) —— > " gj()(Sy,; 0 T),
jeJ

with & as in question 6. Show that U € K(FE). Deduce that Z = N(I — U) is
finite-dimensional; check that & € Z.

8. Prove that T(Z) C Z and conclude.
[Hint: Show that U € A and deducethat T o U = U o T'.]

9. Construct a linear operator 7' : R?> — R? that has no invariant subspaces except
the trivial ones.

-B-

We now establish a stronger version of the above result. Assume that T € C(E)
and T # 0. Let R € L(E) be suchthat Ro T = T o R. Prove that R admits a
nontrivial, closed, invariant subspace.

[Hint: Set B = span {/, R, RZ, ...} and B, = {Sy; S € B}. Check that all the
steps in part A still hold with 4 replaced by B and A, by B, .]
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PROBLEM 43 (2, 4, 5, 6)

Normal operators

Let H be a Hilbert space identified with its dual space. An operator T € L(H) is
said to be normal if it satisfies

ToT*=T"oT.

1. Prove that T is normal iff it satisfies

|Tu| =|T*u| Yuc H.

[Hint: Compute |7 (u + v)|?.]
Throughout the rest of this problem we assume that 7" is normal.

2. Assume that u € N(T — AI) and v € N(T — pl) with A # . Show that
(u,v) =0.

[Hint: Prove, using question 1, that N(T* — ul) = N(T — ul), and compute
(Tu,v).]

3. Prove that R(T) = R(T*) = N(T)* = N(T*)*.
4. Let f € R(T). Check that there exists u € R(T*) satisfying f = Tu.
[Hint: Note that H = R(T) & N(T).]

5. Considerasequenceu, € R(T*)suchthatu, — uasn — oco.Writeu,, = T*y,
for some y, € H. Show that Ty, converges as n — oo to a limit z € H that
satisfies T*z = f.

[Hint: Use question 1 and a Cauchy sequence argument.]
6. Deduce that R(T) = R(T™).

[Hint: Use the fact that N(T) = N(T™*).]
7. Show that | 72| = ||T||>.

[Hint: Write |Tu|? < |T*Tul |u| = |T%u| |ul.]
8. Deduce that |T7| = ||T||? for every integer p > 1.

[Hint: Consider first the case p = 2X. For a general integer p, choose any k such
that 25 > p and write |T||% = |72 || = |T%~PTP].]

9. Prove that N(T?2) = N(T) and deduce that N(TP?) = N(T) for every integer
p=1

[Hint: Note that if 72u = 0, then Tu € N(T) N R(T).]
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PROBLEM 44 (5, 6)

Isometries and unitary operators. Skew-adjoint operators.
Polar decomposition and Cayley transform.

Let H be a Hilbert space identified with its dual space and let T € L(H). One
says that

(i) T is anisometry if |Tu| = |u| Vu € H,
(i) T is a unitary operator if T is an isometry that is also surjective,
(iii) T is skew-adjoint (or antisymmetric) if T* = —T.

-A-

1. Assume that T is an isometry. Check that | T|| = 1.
2. Prove that T € L(H) is an isometry iff T* o T = 1.

3. Assume that T € L£(H) is an isometry. Prove that the following conditions are
equivalent:

(a) T is a unitary operator,
(b) T* is injective,

(C) ToT*= 5

(d) T* is an isometry,

(e) T* is a unitary operator.

4. Give an example of an isometry that is not a unitary operator.
[Hint: Use Exercise 6.18.]

5. Assume that T is an isometry. Prove that R(T) is closed and that T o T* =
Pgr(r) = the orthogonal projection on R(T').

6. Assume that T is an isometry. Prove that
either T is a unitary operator and then o (T) C {—1, +1},
or T is not a unitary operator and then o (T) = [—1, +1].

7. Assume that T € C(H) is an isometry. Show that dim H < oo.
8. Prove that T € L(H) is skew-adjoint iff (Tu,u) =0Vu € H.
9. Assume that T € L(H) is skew-adjoint. Show that o (T') C {0}.
[Hint: Use Lax—Milgram.]
10. Assume that T € L(H) is skew-adjoint. Set

U={T+1Do(T—-D""

Check that U is well defined, that U = (T—1)"'o(T+1),andthat UoT = ToU.
Prove that U is a unitary operator (U is called the Cayley transform of T').
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11. Conversely, let T € L(H) be such that 1 ¢ o(T). Assume that U = (T 4+ 1) o
(T — I~ is an isometry. Prove that T is skew-adjoint.
-B-
We will say that an operator 7" € L(H) satisfies property (1) if

(1) there exists an isometry J from N (T) into N (T™).

The goal of part B is to prove that every operator T € L(H) satisfying property
(1) can be factored as
T=UoP,

where U € L(H)isanisometry and P € L(H) is a self-adjoint nonnegative operator
(recall that nonnegative means (Pu, u) > 0 Yu € H). Such a factorization is called
a polar decomposition of T. In addition, P is uniquely determined on H, and U is
uniquely determined on N (T)* (but not on H).

1. Check that assumption (1) is satisfied in the following cases:
(1) T is injective,
(i) dim H < oo,
(iii) T is normal (see Problem 43),
(iv) T =1— K with K € K(H).
2. Give an example in which (1) is not satisfied.
[Hint: Use Exercise 6.18.]
3. Assume that we have a polar decomposition 7 = U o P. Prove that P2 = T*oT.
4. Deduce that P is uniquely determined on H.
[Hint: Use Problem 39.]

5. Let T = U o P be a polar decomposition of 7. Show that U is uniquely deter-
mined on N(T)~.

6. Assume that 7 admits a polar decomposition. Show that (1) holds.
[Hint: Set J = Un(7).]
7. Prove thatevery operator T € L(H) satisfying (1) admits a polar decomposition.

8. Assume that T satisfies the stronger assumption
2) there exists an isometry J from N(T) onto N(T*).

Show that 7" admits a polar decomposition 7 = U o P, where U is a unitary
operator.

9. Deduce that every normal 7 € L(H) admits a polar decomposition 7 = U o P
where U is a unitary operatorand U o P = P o U.
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10. Show that every operator T € L(H) satistying (2) can be factored as T =
P o U, where U € L(H) is a unitary operator and P € L(H) is a self-adjoint
nonnegative operator.

[Hint: Apply question 8 to 7*.]

11. Show thatevery operator T € C(H) satisfying (1) admits a polar decomposition
T =Uo P,where P € K(H).

12. Assume that H is separable and 7 € IC(H) (but T does not necessarily sat-
isfy (1)). Prove that there exist two orthonormal bases (e;) and (f;) of H such
that

o0
Tu = Zan(u,en)fn Yu € H,

n=1

where («;,) is a sequence such that o, > 0 Vn and o, — 0 asn — oo. Compute
T*. Conversely, show that any operator of this form must be compact.

PROBLEM 45 (8)

Strong maximum principle

Consider the bilinear form
1
a(u,v) = / pu'v' + quv,
0

where p € cl(o, 1)), p>a>00n(0,1),and g € C([0, 1]). We assume that a is
coercive on HO1 (0, 1) (but we make no sign assumption on gq).

Given f € L%(0, 1), letu € H?(0, 1) be the solution of

o {_W)/ +qu=f on(0,1),

u(0) =u(l) =0.

Assume that f > O a.e. on (0, 1) and f # 0. Our goal is to prove that

2) u'(0) >0, u'(1) <0
and
3) ux) >0 Vx e (0,1).

1. Assume that ¢ € HY(0, 1) satisfies

a(¥,v) <0 Yve Hl(0,1),v>00n(0,1),

“
¥(0) <0, v(1) <0.

Prove that v < 0 on (0, 1).
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[Hint: Take v = ¥ in (4) and use Exercise 8.11.]
Consider the problem

5) —(p¢"Y' 492 =0 on(0,1),
¢(0)=0,¢(1)=1.

2. Show that (5) has a unique solution ¢ and that ¢ > 0 on (0, 1).
Check that u > 0 on (0, 1) and deduce that #’(0) > 0 and /(1) < 0.
4. Prove that

w

1
(6) p(u’(D)] =/0 fe.

[Hint: Multiply (1) by ¢ and (5) by u.]
Setp(x) = (eB* — 1), B > 0.
5. Check that if B is sufficiently large (depending only on p and ¢), then

@) —(p¢") +q9 <0 on(0,1).

In what follows we fix B such that (7) holds.
6. Let A = (eB - 1)_1. Prove that

£>A¢p on(0,1).
[Hint: Apply question 1 to ¢y = Ap — ¢. ]
7. Deduce that u/(1) < 0.

[Hint: Apply question 4.]
8. Check that u’(0) > 0.

[Hint: Change ¢ into (1 — 7).]
9. Fix 8 € (0, %) so small that

u(x) u(x )
u '0) Vxe(0,8) and —= | "M VYxed=34,1).
X 1—x

Why does such § exist? Let v be the solution of the problem

—(pv)' +qv=0 on(,1-9),
v(@) =v(l -6 =y,
where

1)
y=> min{u’(0), |u'(1)]}.

Show thatu > v > 0on (5,1 — §).
10. Prove that v > O on (§, 1 — §).
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[Hint: Assume by contradiction that v(xg) = 0 for some xg € (§, 1 — §), and
apply Theorem 7.3 (Cauchy—Lipschitz—Picard) as in Exercise 8.33.]
11. Deduce that u(x) > 0 Vx € (0, 1).

Finally, we present a sharper form of the strong maximum principle.

12. Prove that there is a constant @ > 0 (depending only on p and ¢) such that

1
ulx) > ax(l — x)/ f®r( —t)de.
0

[Hint: Start with the case where p = 1 and ¢ = k? is a positive constant;
use an explicit solution of (1). Next, consider the case where p = 1 and no
further assumption is made on ¢q. Finally, reduce the general case to the previous
situation, using a change of variable.]

PROBLEM 46 (8)
The method of subsolutions and supersolutions
Leth(t) : [0, +00) — [0, +00) be a continuous nondecreasing function. Assume

that there exist two functions v, w € C 2([0, 1]) satisfying

O<v=<w onl = (0, 1),
() —v" 4+ v < h(v) on/, wv(0)=uv()=0,
—w’"4+w>h(w) onl, w) >0, w()>0,

(v is called a subsolution and w a supersolution). The goal is to prove that there exists
a solutionu € C 2([0, 1]) of the problem

—u"+u=h@u) onl,
(2) u0) =u(l) =0,

v<u<w on /.
Consider the sequence (u,),>1 defined inductively by

—u) +up, =h@y—1) onl, n>1,

@ un(0) = u, (1) =0,

starting from ug = w.
1. Show thatv <u; <wonl.
[Hint: Apply the maximum principle to (u; — w) and to (| — v).]

2. Prove by induction that for every n > 1,

v<wu,onl and wuu41 <u, onl.
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10.

11.

Problems

Deduce that the sequence (u,) converges in L2(I) to a limit u and that 2 (u,,) —
h(u) in L2(1).
Show that u € H_ (1), and that

/u(p —l—/ up = /h(u)(p V(peHO(I)

Conclude that u € C2([0, 1]) is a classical solution of (2).

In what follows we choose h(t) = t“, where 0 < o < 1. The goal is to prove
that there exists a unique function u € C?([0, 1]) satisfying

—u" +u=u* onl/,
4) u(0) =u(l) =0,
ulx) >0 Vx € 1.
. Let v(x) = esin(wrx) and w(x) = 1. Show that if ¢ is sufficiently small,

assumption (1) is satisfied. Deduce that there exists a solution of (4).

We now turn to the question of uniqueness. Let u be the solution of (4)
obtained by the above method, starting with ug = 1. Let u € C2([0, 1]) be
another solution of (4).

Show thatu < 1on /.
[Hint: Consider a point xg € [0, 1] where i achieves its maximum.]

Prove that the sequence (u,),>1 defined by (3), starting with uo = 1, satisfies

u<uwu, onl,

1
/ @%u —u®n) =0.
0

[Hint: Write 7% — u®id = ui (7%~ — u®~1) and note that u*~! < 5%~1]

and deduce that u <wuon I.

. Show that

Conclude that # = u on 1.

We now present an alternative proof of existence. Set, for every u € HO1 ),

1 1 » ) 1
F(M)=§f0(u +M)—/O g(u),

where g(t) = a—il(ﬁ)"‘“, 0 <o < 1,and tT = max (¢, 0).
Prove that there exists a constant C such that

1
F(u) > Enuni,. Clullt vYu e Hy (D).
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12

13.

14.

15.

16.

17.

1.

2.

. Deduce that

m= inf F(v) > —o0,
veH] (I

and that the infimum is achieved.

[Hint: Let (u,) be a minimizing sequence. Check that a subsequence (uy,)

converges weakly in HOI(I) to a limit # and that fol g(up) — fol g(u). The
reader is warned that the functional F is not convex; why?]

Show that m < 0.

[Hint: Prove that F'(ev) < Oforall v € H(} (I) such that v # 0 and for all &
sufficiently small.]

Check that
g(b) —g(a) > (a")*(b—a) Va,beR.

Letu € HO1 (I) be a minimizer of F on H(} (I). Prove that
1 1
/WW+wﬁjwfﬁ;We%Uy
0 0

[Hint: Write that F (1) < F(u + tv), apply question 14, and let t — 0.]

Deduce that u € C%([0, 1]) is a solution of

(5) !—u” +u=@whH* onl,

u(0) = u(l) = 0.

Prove that u > O on I and u # 0.
Conclude that u > 0 on [ using the strong maximum principle (see Problem 45).

PROBLEM 47 (8)
Poincaré—Wirtinger’s inequalities
Let I = (0, 1).
-A -
Prove that
M e =allzeay < Nl Yu e WHT), wherew = /u
1
[Hint: Note that u = u(xg) for some xy € [0, 1].]

Show that the constant 1 in (1) is optimal, i.e.,

2 sup{llu — &l ooy u € WHI(D), and |1y =1} = 1.
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[Hint: Consider a sequence (u,) of smooth functions on [0, 1] such that u), > 0
on (0,1)Vn, u,(1) =1Vn, u,(x) =0Vx € [0,1 — %],Vn.]

3. Prove that the sup in (2) is not achieved, i.e., there exists no function u € W“(I )
such that
lu —ullpoy =1 and ”“/”Ll(l) =1.

4. Prove that

1
3) il < Sl Ve Wy (D).
[Hint: Write that [u(x) —u(0)| < [i |u’(t)|dt and [u(x) —u(1)] < fx‘ lu/(t)|dt.]

5. Show that % is the best constant in (3). Is it achieved?

[Hint: Fix a € (0, 1) and consider a function u € W(} o1 (1) increasing on (0, a),
decreasing on (a, 1), with u(a) = 1.]

6. Deduce that the following inequalities hold:

) lu —allpacry < Clldlley  Yu € WhP(D).
and

1,
) lullzacry < Cllw' ey VYu € WP (1)

withl <g <occand1 < p < o0.
Prove that the best constants in (4) and (5) are achieved when 1 < ¢ < oo and
1< p<oo

[Hint: Minimize ||u/||r(s) in the class u € WP (I) such that ||u — | L4y = 1,
resp. u € Wé’p(l) and |lullra(ry = 1]

-B-

The next goal is to find the best constant in (4) when p =g = 2, i.e.,
(6) le =@l g2y < Cllw' oy Yu € HY(D).
Set H={f e L*(I); [, f=0and V = {v e H'(I); [, v =0}.

1. Check that for every f € H there exists a unique # € V such that

/u/v’:/fv YvelV.
i I
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2. Prove that u € H?(I) and satisfies

—u" = f ae.onl,
u'(0)=u'(1)=0.

3. Show that the operator 7 : H — H defined by T'f = u is self-adjoint, compact,
and that [, fTf >0Vf e H.

4. Let Ay be the largest eigenvalue of T. Prove that (6) holds with C = /A| and
that 4/X1 is the best constant in (6).

[Hint: Use Exercise 6.24.]
5. Compute explicitly the best constant in (6).

-C-
1. Prove that
©) lu —ll g1y < 2/1 ' Ot(1 = dt  Yu e WHH(D).
2. Deduce that
(®) lu =%l iy < %llb/lluu) Vu e Wh(D).

3. Show that the constant 1/2 in (8) is optimal, i.e.,

_ 1
9 sup{flu — 14||L1(1)§ uec Wl’l(l), and ||"‘/||L1(1) =1} = 7

4. Is the sup in (9) achieved?

PROBLEM 48 (8)

A nonlinear problem

Let j : [—1,41] — [0, 4+00) be a continuous convex function such that j €
C*((—1,+1)), j(0) =0, j'(0) = 0, and

lim j'(t) = . lim j/(1) = —oc0.
tTlTl]() +oo ,jr_"lj() 00
(A good example to keep in mind is j(t) = 1 —~/1 — 2, t € [—1, +1].) Given

f € L*(0, 1), define the function ¢ : HO1 (0,1) — (—o0, +00] by

2 i@ = ) v ifve HEO,1) and [[ullze < 1,

1l
o= {20
+00 otherwise.
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Problems

. Check that ¢ is convex l.s.c. on HO1 (0, 1) and that lim||U”Hl_>+oO ¢(v) = 4o00.
0

Deduce that there exists a unique u € HO1 (0, 1) such that

e = min ().
veH(0,1)

The goal is to prove that if f € L°(0, 1) then |Ju||z~@,1) < 1, u € H2(0, 1),
and u satisfies

n —u"+jw)=f on(0,1),
u0) =u(l) =0.
Check that
JjO —j@ = j @ —a) Vte[-1+1], Vae(-1,+D).
[Hint: Use the convexity of j.]
Fixa € [0, 1).

. Set v = min(u, a). Prove that v € H(} (0, 1) and that

v =

, u' ae.onlu <al,
0 ae.onlu > al.

[Hint: Write v = a — (a — u)™ and use Exercise 8.11.]

1
5/ u? 5/ (f — /@) — a).
[u>a] [u>a]

[Hint: Write that ¢(#) < ¢(v), where v is defined in question 4. Then use
question 3.]

Prove that

. Choose a € [0, 1) such that f(x) < j'(a) Yx € [0, 1] and prove that u(x) < a

Vx € [0, 1].
[Hint: Show that fol w'? = 0, where w = (1 — a)™ belongs to HOl (0, 1); why?]

Conclude that ||| p<@,1) < 1.

[Hint: Apply the previous argument, replacing u by —u, j(¢) by j(—t), and f
by —f.]

Deduce that u belongs to H 2(0, 1) and satisfies (1).
[Hint: Write that ¢(u) < ¢(u + ev) with v € H(} (0, 1) and ¢ small.]
Check that u € C2([0, 1]) if f € C([0, 1]).
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10. Conversely, show that any function u € C2([0, 1]) such that lullLeo,1n < 1,
and satisfying (1), is a minimizer of ¢ on HO1 O, 1).

[Hint: Use question 3 with t = v(x) and a = u(x).]

Assume now that f € L%(0, 1). Set f, = T, f, where T}, is the truncation
operation (defined in Chapter 4 after Theorem 4.12). Let u,, be the solution of
(1) corresponding to f;,.

11. Prove that || j"(un)ll12(0,1) < C as n — oo.
[Hint: Multiply (1) by j'(uy).]
12. Deduce that |lus 20,1y < C.

13. Show that a subsequence (u,,) converges weakly in H 2(0,1) to a limit u €
H?(0, 1) with u,, — u in C'([0, 1]). Prove that |u(x)| < 1 a.e. on (0, 1), and
j'(u) € L¥(0, 1).

[Hint: Apply Fatou’s lemma to the sequence by j’(uy, )2.]

14. Show that j’(uy,,) converges weakly in L?(0, 1) to j'(u) and deduce that (1)
holds.

[Hint: Apply Exercise 4.16.]

15. Deduce that |Ju|| ~,1) < 1 if one assumes, in addition, that

limTilnfj/(t)(l —n3 >0 and limsup ;' (1)(1+n'73 <o.
! ri—1

[Hint: Assume, by contradiction, that u(xg) = 1 for some xo € (0, 1).
Check that |u'(x)] < |x — xo|'"?||u”|l;2 ¥x € (0,1) and |u(x) — 1| <
Z|x — x0*/2||u"|| 2 Vx € (0, 1). Deduce that j'(u) ¢ L*(0, 1).]

PROBLEM 49 (8)
Min—max principles for the eigenvalues of Sturm—Liouville operators

Consider the Sturm-Liouville operator Au = —(pu’)’ + qu on (0, 1) with
Dirichlet boundary condition #(0) = u(l) = 0. Assume that p € C Lo, 1),
px)>a>0Vx €[0,1],and g € C([0O, 1]). Set

1
a(u,v) = / (pu'v' + quv) Vu,v e HOI(O, 1).
0

Note that we make no further assumption on g, so that the bilinear form a need not
be coercive. Fix M sufficiently large that a(u, v) = a(u,v) + M fol uv is coercive
(e.g., M > —min,e[o,1]g(x)). Let (Ax) be the sequence of eigenvalues of A. The
space H = HO1 (0, 1) is equipped with the scalar product a(u, v), now denoted by
(u, v) g, and the corresponding norm |u|y = a(u, u)l/z. Given any f € LZ(O, 1),
letu HO1 (0, 1) be the unique solution of the problem
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1
&(u,v):/ fv Vuve HO,1).
0

Setu = T f and consider T as an operator from H into itself.
1. Show that T is self-adjoint and compact.
[Hint: Recall that the identity map from H into L?(0, 1) is compact.]

2. Let (Ag) be the sequence of eigenvalues of A (in the sense of Theorem 8.22) with
corresponding eigenfunctions (ex), and let (ix) be the sequence of eigenvalues
of T. Check that ;; > 0 Vk and show that

1
M=——M Yk and Tl(er) = urer Vk.
Mk
3. Prove that

1
(Tu),w)H=/ w? VYw e H,
0

and deduce that

L _aww) o vweH w0
— = w , W ,
R(w) fol w?
where R is the Rayleigh quotient associated with 7', i.e., R(w) = % (see

Problem 37).

4. Prove that

. Ja(w,w)
(D) A1 = min T ,
weH] 0 w?
w0
and Vk > 2,
A =
| a(w, w) . !
min ﬁ;weHO(O,l),wyéOand/ wej=OV]=1,2,,k—1
0 w 0

[Hint: Apply question 2 in Problem 37 and show that (w,e;)y = 0 iff
fol we; =0.]
5. Prove that Vk > 1,

: {a(u,u)}
Ak = min max ,

1
SCH} (0,1 uE u?

dimx=k "“#0 Jo
and
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10.

11.

: {a(u,u)}
A = max min ,

I
ACH©.1) ueA | [5y2
codim A=k—1 u#0 0

where ¥ and A are closed subspaces of Hé O, 1).
[Hint: Apply question 7 in Problem 37.]

Prove similar results for the Sturm-Liouville operator with Neumann boundary
conditions.

We now return to formula (1) and discuss further properties of the eigen-
functions corresponding to the first eigenvalue A;. In particular, we will see that
there is a positive eigenfunction generating the eigenspace associated to Aj.

Let wg € HO1 (0, 1) be a minimizer of (1) such that fol w(z) = 1. Show that
Awg = AMwgy on (0, 1).

Set w; = |wg|. Check that w; is also a minimizer of (1) and deduce that

) Aw; = Awy on (0, 1).

[Hint: Use Exercise 8.11.]

Prove that w; > 0 on (0, 1), w{(0) > 0, and w (1) < 0.

[Hint: Apply the strong maximum principle to the operator A + M; see Prob-
lem 45.]

Assume that w € HO1 (0, 1) satisfies
Aw = Aiw on (0, 1).

Prove that w is a multiple of wy.

[Hint: Recall that eigenvalues are simple; see Exercise 8.33. Find another proof
that does not rely on the simplicity of eigenvalues; use w?/w as test function
in (2).]

Show that any function ¢ € HO1 (0, 1) satistying

1
Ay =py on(0,1), ¥ >0 on(0,1), and / v2=1,
0
for some p € R, must coincide with wj.

[Hint: If 1 # A1, check that fol Yw; = 0. Deduce that i = A1.]
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PROBLEM 50 (8)

Another nonlinear problem

Let g € C([0, 1]) and consider the bilinear form

1
a(u,v) = / W'V + quv), u,ve HO,1).
0
Assume that there exists v; € H(} (0, 1) such that

(1) a(vy, v1) < 0.

1. Check that assumption (1) is equivalent to
2 r(A) <0,
where A (A) is the first eigenvalue of the operator Au = —u” + qu with zero
Dirichlet condition.

2. Verify that

1 1!
3) —oc0o<m= inf {—a(u,u)+—/ |u|4} <0.
ueH 0,1 |2 4 Jo

[Hint: Use u = vy with ¢ > 0 sufficiently small.]
3. Prove that the inf in (3) is achieved by some u.
[Warning: The functional in (3) is not convex; why?]
Our goal is to prove that (3) admits precisely two minimizers.

4. Prove that ug belongs to C 2([0, 1]) and satisfies

) —u" +qu+u’ =0 on(0, 1),
u(0) =u(l) =0.
5. Set u; = |ug|. Show that u; is also a minimizer for (3). Deduce that u; satis-
fies (4).

[Hint: Apply Exercise 8.11.]
6. Prove that u;(x) > 0 Vx € (0, 1), u}(0) > 0, and u/ (1) < 0.

[Hint: Choose a constant a so large that —u +a’u; = f > 0, f # 0. Then use
the strong maximum principle.]

7. Let ug € HO1 (0, 1) be again any minimizer in (3). Prove that either ug(x) > 0
Vx € (0, 1),orup(x) <0Vx € (0,1).

[Hint: Check that |ug(x)| > 0 Vx € (0, 1).]
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8. Let U; be any solution of (4) satisfying U; > 0 on [0, 1], and U; # 0. Set

pr=U 12 Consider the functional

! 1
@ (p) =/0 (wﬁ)w2 +qp + zpz)

defined on the set
K = |p € HL(0,1); p > 0on (0, 1) and \/p € H{ (0, 1)] .

Prove that
1 ! )
s) ®(p) - Dlp1) > 5/0 (o —p1)® Vpek.

[Hint: Let u € C!((0, 1)). Note that

Ujuu' _n Uu?
—— <u
1 U

2 on (0, 1),

and deduce (using integration by parts) that

1 1 U//
/ W?-Up) = —/ g’ = UD) Yue HyQ. D).
0 0

Then apply equation (4) to establish (5).]
9. Deduce that there exists exactly one nontrivial solution « of (4) such that u > 0
on [0, 1]. Denote it by Up.
[Comment: There exist in general many sign-changing solutions of (4).]
10. Prove that there exist exactly two minimizers for (3): Uy and —Uj.

PROBLEM 51 (8)
Harmonic oscillator. Hermite polynomials.

Let p € C(R) be such that p > 0 on R. Consider the space
+00
V={U€H1(R);/ pv2<oo}
—0oQ
equipped with the scalar product

+o00
(u,v)y = / @'V + uv + puv),
—00
. 1/2
and the corresponding norm |u|y = (u, u)V/ .

1. Check that V is a separable Hilbert space.
2. Show that CZ°(R) is dense in V.
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[Hint: Let ¢, be a sequence of cut-off functions as in the proof of Theorem 8.7.
Given u € V, consider ¢,u and then use convolution.]

Consider the bilinear form
+00
a(u,v) = / w'v' + puv, u,veV.
—00

In what follows we assume that there exist constants § > 0 and A > 0 such that

@))] p(x) >38 Vx € Rwith |x]| > A.

3. Prove that a is coercive on V. Deduce that for every f € L?(R) there exists a
unique solution u € V of the problem

+00
2) a(u, v) :f fv YveV.

—0o0
4. Assuming that f € L2(R) N C(R), show that u satisfies

u € C2(R),
3) —u"+pu=f onR,
u(x) — 0 as|x| - oo.

5. Conversely, prove that any solution u of (3) belongs to V and satisfies (2).

[Hint: Multiply the equation —u” + pu = f by ¢?u and use the fact that a is
coercive.]

In what follows we assume that

(€] lim p(x) = +o0.

|x]—00
6. Given f € L*(R), set u = Tf, where u is the solution of (2). Prove that T :
L*(R) — L%(R) is self-adjoint and compact.
[Hint: Using Corollary 4.27 check that V c L?(R) with compact injection.]

7. Deduce that there exist a sequence (A,) of positive numbers with A, — oo as
n — 00, and a Hilbert basis (e,,) of LZ(R) satisfying

) {%evmc%m,

—e) + pep = Ape, onR.

In what follows we take p(x) = x2.
8. Check that (5) admits a solution of the form e, (x) = e/ 2p,(x), where A, =
(2n + 1) and P,(x) is a polynomial of degree n.



Partial Solutions of the Problems

Problem 1

5. Inview of Zorn’s lemma (Lemma 1.1) it suffices to check that F is inductive. Let
(Aj)ier be a totally ordered subset of F. Set A = ﬂieIAi and check that A is
nonempty, A is an extreme set of K, A € F, and A is an upper bound for (A;);e;.

6. Suppose not, that there are two distinct points a, b € M. By Hahn—Banach
(Theorem 1.7) there exists some f € E* such that (f, a) # (f, b). Set

M = {x € Mo; (f, x) = max(f, y)}.
YEMp
Clearly M| € F and My < M. Since My is maximal, it follows that M| = M.
This is absurd, since the points a and b cannot both belong to M.
8. Let K be the closed convex hull of all the extreme points of K. Assume, by
contradiction, that there exists some point a € K such that a ¢ Kj. Then there
exists some hyperplane strictly separating {a} and K. Let f € E* be such that

(fix) <(f,a) VxeK;.

Note that
B = {x e K; (f x) =m%}?<f,y>}
ye

is an extreme set of K such that BN K| = @J. But B contains at least one extreme
point of K; absurd.
9. (@) € ={x=(x); |xi| = 1Vi},
(b) &€ = {x = (x); |x;| = 1 Vi, and x; is stationary for large i },
(c) €E=9,
(d) € ={x = (x;); 3j such that |x;| =1, and x; = 0 Vi # j},
() &={x=(x); ) |xP =1},
) £€=0.
To see that £ = @ in the case (f) let f € L' (R) be any function such that fR | fl =
1. By a translation we may always assume that f?oo [fl= fooo | f| = 1/2. Then

H. Brezis, Functional Analysis, Sobolev Spaces and Partial Differential Equations, 521
DOI 10.1007/978-0-387-70914-7, © Springer Science+Business Media, LLC 2011
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write f = (g + h)/2 with

2f on (—o0,0), 0 on (—o0,0),
g = and h =
0 on (0, +00), 2f on (0,400).
Problem 2
Determine d¢(x) for the function ¢ defined by ¢(x) = —./x for x > 0 and
¢(x) = 400 for x < 0.
-A-
4. (a) dp(x) = F(x),
(b) d¢(x) = T F(x) if x # 0 and 3¢(0) = Bg-,

[Eq]
ifx eIntk,
(©) dp(x) = .
outward normal cone at x  if x € Boundary of K,

dp(x) = KL if K is a linear subspace,
(d) dp(x) = Dep(x) = differential of ¢ at x.
5. Study the following example: In E = R? (equipped with the Euclidean norm),

g =1Ic with C = {lx, x2]; (1 = )* + x5 < 1},

and
Y =1Ip with D = {[x1, x2]; x; = 0}.

-B-

1. Let C = epi¢. Apply Hahn—Banach (first geometric form) with A = Int C and
B = [x9, ¢(x0)]. Note that A # @ (why?). Hence there exist some f € E* and
some constants k£ and a such that || f|| 4+ |k| # O and

(fs x) + kA > a = (f, xo0) + kp(xo) Vx € D(p), VA > ¢(x).

Check that k > 0 and deduce that — f € g (xo).

6. Note that inf g (¢ + V) = 0, and so there exists some g € E* such that $*(—g) +
¥*(g) = 0. Check that fo — g € dp(x), and that g € 9 (x); thus fy € dp(x) +
Y (x).

-C-
1. For every R > 0 and every xop € E we have
o(x) <k(|lxoll + R) + C = M(R) Vx € E with ||x — xo| < R.

Thus |
/1< 2 (klixoll + kR + C — @(x0)) V[ € dp(xo).
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Letting R — oo we see that || f|| < k Vf € dp(xp) and consequently
@(x) —@(x0) = —kllx — xol  Vx,xo € E.
We have D(¢p*) C kBg+. Indeed, if f € D(¢p*), write
(fix) < o(x) + @*(f) < klxll + C + @*(f).
Choosing || x|| = R, we obtain
R|fIl <kR+C+¢*(f) YR>0

and the conclusion follows by letting R — co.
2. Check, with the help of a basis of R”, that every point xo € A satisfies assump-
tion (1).
-D-
The main difficulty is to show that if f € dl¢(x) with ¢(x) = 0 and f # O,
then there exists some A > 0 such that f € Ld¢(x). Apply Hahn—-Banach (first
geometric form) in E x R to the convex sets A = Int(epi¢) and B = {[y, 0] €

E x R; (f,y — x) > 0} (check that A N B = ). Thus, there exist some g € E*
and some constant k such that ||g|| + |k| # O and

(g, y) +ku>(g,z) V[y,uleepip, V[z,0]€ B.

It follows, in particular, that £ > 0 and that

(g, y) +ko(y) > (g, x) VyekL.

In fact, & # O (since k = 0 would imply g = 0). Thus —% € dp(x) (since
¢(x) = 0). Moreover, g # 0 (why?). Finally, we have (g, x) > (g,z) V[z,0] € B
and consequently (g, u) < 0 Vu € E such that (f, u) > 0. It follows that g = 0
on the set f~1({0}). We conclude that there is a constant < 0 such that g = 6f
(see Lemma 3.2).

Problem 3
-A-

3. Either x € S(x,) Vn and then we have ¥ (x,+1) < ¥ (x) + &,41 Vn. Passing to
the limit one obtains ¥ (a) < ¥ (x) and a fortiori ¥ (x) — ¥ (a) + d(x,a) > 0.
Or 3N such that x ¢ S(xy) and then x ¢ S(x,) Vn > N. It follows that

Y(x) —Y(x,) +dx,x,) >0 VYn>N.

Passing to the limit also yields ¥ (x) — ¥ (a) + d(x,a) > 0.
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-B-

1. The set M equipped with the distance d(x, y) = A||x — y|| is complete (since
is 1.s.c.) and nonempty (xo € M). Note that iy > 0. By the result of part A there
exists some x; € M such that

Yx)—Py(x) +Alx — x| =0 Vxe M.

If x ¢ M we have ¥ (x) > ¥(xg) — A|lxo — x|| (by definition of M), while
Y (x0) — Allxo — x|l = ¥ (x1) — Allx — x1| (since x; € M).
Combining the two cases, we see that

Y(x) =) FAlx —x1| >0 VxekE.

On the other hand, since x; € M, we have ¥ (x1) < ¥(xo) — Allxo — x1]|. But
Y(xp) < e and ¥(x7) > 0. Consequently ||xo — x1|| < &/A.

2. Consider the functions w(x) = ¥ (x) — ¥ (x1) and 6(x) = Allx — x1||, so that
0 € d(w+ 6)(x1). We know that d(w + ) = dw + 96 and that 06 (x1) = ABEg~.
It follows that 0 € d¢(x1) — f + ABg*.

3. Let us check that D(¢) C D(d¢). Given any xo € D(¢p), we know, from the
previous questions, that Ve > 0,VA > 0,3x; € D(d¢) suchthat ||x; —xo|| < &/A.
Clearly R(dp) C D(¢*). Conversely, let us check that D(¢*) C R(d¢). Given
any fo € D(¢*) we know that Ve > 0, 3xg € D(¢) such that fy € 9,¢(xp), and
thus VA > 0,31 € R(d¢) such that || f1 — foll < A.

-C-

1. Let fo € E*. Since (I¢)*(fo) < oo, we know that Ve > 0, 3xg € C such
that fo € 9.1c(xp). It follows that VA > 0, Ix; € C,3f; € dlc(x1) with
I fi = foll < A. Clearly we have sup,.c(f1,x) = {f1, x1).

2. Let xo be a boundary point of C. Then Ve > 0, 3a € E,a ¢ C, such that
lla — xo|l < e. Separating C and {a} by a closed hyperplane we obtain some
fo € E* such that fy # 0 and (fp,x —a) < 0Vx € C. Of course, we may
assume that || fo|| = 1. Thus, we have ( fy, x —x0) < ¢ Vx € C and consequently
fo € 3:Ic(x0). Applying the result of part B with A = /¢ we find some x; € C
and some f1 € 0Ic(x1) such that ||x; — xo|| < +/¢ and || f1 — foll < /€. Since
f1 # 0 (provided ¢ < 1), we see that there exists a supporting hyperplane to C
at xq1.

Problem 4

2. Argue by induction and apply question 7 of Exercise 1.23.
3. Note that x = %[(x + y) + (x — y)], and so by convexity,

1 1
Yn(x) < [Ewn(x + )+ Yn(x — Y)] = E [n(x +¥) +¥u(x —y)] Vx,y.
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Thus ¥, (x) §~wn+l(x)- We have ¢, | 6, ¥ 1 6 and Pn+1 = %(Wn + Yn).
Therefore 6 = 6.

4. The sequence (g;;) is nondecreasing and converges to a limit, denoted by w.
Since 6 < @, it follows that ¢; < 6* and @ < 6*. On the other hand, we have
(f.x) = gu(x) < @3 (f) Vx € E,¥f € E*. Thus {f,x) —0(x) < o(f) ¥x € E,
Vf € E*, thatis, 6* < w. We conclude that v = 6*.

5. Applying question 1 of Exercise 1.23, we see that ¥, | = %((p; + ). The
sequence () is nonincreasing and thus it converges to a limit ¢ such that { =
2(0* 4 ¢). It follows that { = 6* (since { < 00).

-B-

From the convexity and the homogeneity of ¢ we obtain
Gty =p(t2+0-n-2
X = - —1)—
4 y 4 : 1—;
<o (2)+a-np () = 1o + Lo
— — — ) =—px)+ — .
=ty : ® 11— t‘P 1 _t€0 y
In order to establish (1) choose x = %(X +Y)and y = %(X —-Y).
2. Using (1) we find that Vx, y € E, Vt € (0, 1),

1
E{wn(x) + Y (x)}

@1 (x)

1(1 1
< 3 {E%(X +y)+ m%(x -y

1 1
+ an x+y+ i0-n
Applying A1 and the induction assumption we have Vx, y € E and V¢ € (0, 1),

Y (x —Y)}-

2 1 C
S5 g EN+ (2+ 4—n> Yn (x —y)}-

1
(pn+l(x)<_{4t 41—

Choosing ¢ such that 4% = 4(1+l)(2+4%),that is,t = 1/2(1—1—‘%), we conclude
that
1 C
@n—i—l(x)fi 1+m {on(x +y) +¥n(x —y)} Vx,y€E.

It follows that ¢, 41(x) < 5(1 + 757)¥nt1(x) Vx € E.
3. Withx # y and ¢ € (0, 1) write
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1
Otx + (1 =1)y) <6,(tx+ (1 —1)y) + z—nwo(tx + {1 —=0y)

1
< t0p(x) + (1 —=16,(y) + 2—,,<p0(tx + =0y
<t0(x)+ (1 =10

1
+ o [wo(tx + A =0y) —teo(x) — (I = Do (y)

C
+ z—n(ffﬂo(x) +(1 - t)fpo(y))}
<10(x) + (1 —1)0(y),

for n large enough, since gy is strictly convex.
-C-

Take @o(x) = %||x||% and Yo(x) = %(XZHXH%, with « > O sufficiently small. The
norm || is defined through the relation 6 (x) = 1||x/2.

Problem 5
-B-

1. It suffices to prove that there is a constant ¢ > 0 such that B(0, ¢) C K. By (iii)
we have | J0° | (nK) = E and thus | J2; (nK) = E. Applying Baire’s theorem,
one sees that Int(K) # ¢, and hence there exist some yg € E and a constant
¢ > 0 such that B(yg, 4c) C K. Since K is convex and symmetric it follows that
B(0,2¢) C K.

We claim that B(0,c) C K. Fix x € E with ||x| < c. There exist y;,z; € P
such that || y1|| < 1/2, ||z1]l < 1/2 and ||x — (y1 — z1)|| < ¢/2. Next, there exist
y2,22 € P such that ||y>|| < 1/4, ||z2]| < 1/4, and

lx = (y1 —z1) — (2 — 22) Il <c/4.

Iterating this construction, one obtains sequences (y,) and (z,) in P such that
[yl <172, |lzall < 1/2", and

X =Y (i —z)
i=1

Then write x =y —z withy = Y 2 y;andz = > ;0 ,z1, so that x € K.

2. Write x, = y, — z, wWith y,, z, € P, ||lysll < C/2", and ||z,]] < C/2". Then
1 < f(xp) < f(yn). Setu, = Y ¢ yiandu = > ;2,y;. On the one hand,
f(un) > n, and on the other hand, f(u — u,) > 0. It follows that f(«) > n Vn;
absurd.

3. Consider a complement of F (see Section 2.4).

<c/2".
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-C-

(a) One has F = P — P = E; one can also check (i) directly: if f > 0 on P, then
@I < llullos £ (1) Yu € E.

(b) Here F = {u € E; u(0) = u(1) = 0} is a closed subspace of finite codimension.

(c) One has F = E. Indeed, if u € E there is a constant ¢ > 0 such that |u(z)| <
ct(l —1t) Vt € [0, 1] and one can write u = v — w with w = ct(1 — t) and
v=u-+ct(l—1t).

Problem 7
-A-

2. Fix x € M with ||x|| < 1. Let ¢ > 0. Since dist(x, N) < a, there exists some
y € N such that || x — y|| < a+ ¢, and thus |y|| < 1 +a + €. On the other hand,
dist(m, L) <bandsodist(y, L) < b(||ly|l + &) < b(1 + a + 2¢). It follows
that dist(x, L) <a+¢&+ b(1 +a + 2¢) Ve > 0.

-B-

In order to construct an example such that A* + B* # (A + B)* it suffices to
consider any unbounded operator A : D(A) C E — F that is densely defined,
closed, and such that D(A) # E. Then take B = —A. We have (A + B)* = 0 with
D((A + B)*) = F*, while A* + B* = 0 with D(A* + B*) = D(A*). [Note that
D(A*) # F*; why?].

3. A + B isclosed; indeed, let (u,) be a sequence in E such that ¥, — u in E and
(A + B)u, — f in F. Note that

|Bul < k||Au + Bul| + k||Bu|| + C|lu]| Vu € D(A)

and thus

k
|Bu| < m”Au + Bu| + lul| Yu e D(A).

1—k
It follows that (Buj,) is a Cauchy sequence. Let Bu,, — g, and so u € D(B)
with Bu = g. On the other hand, Au, — f — Bu, and so u € D(A) with
Au + Bu = f. Clearly one has

p(A,A+B)=  sup inf {flu — vl + [|[Au — (Av + Bv)||}
ueD(A) veD(A)
llull+lAull<1

< sup |Bul| <k+C.
ueD(A)
llull+] Auf <1

4. The same argument shows that under assumption (H*), one has

p(A*, A* + B*) < k* + C*.
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[There are some minor changes, since the dual norm on E* x F* is given by
LS, glllexx px = max{[| fll£=, lIgll£+}.]

. Lett € [0, 1]. For every u € D(A) one has

[ Bull < kl|Aull + Cllull < k(||Au + t Bu|| 4+t Bul)) + Cllull,

and thus

C

ull.
—fu
e(k+C) 1
—% =

Fix any ¢ > 0O such that 1/e = n is an integer, <73 and

Set A} = A + ¢B, so that A} = A* + £ B* and, moreover,

k

ek*+CY) _ 1
e =3

k C
|Bull < = Al + ——llull Yu € D(A).
and also
* k* * * *
| B*v|l < mllz‘\lvll + & lvll Vv e D(A™).

It follows that (A| +&eB)* = A} +¢B*,ie., (A +2¢B)* = A* + 2¢B*, and so
on, step by stepwith A; = A+ jeBand j <n—1.

Problem 8

. Let T be the topology corresponding to the metric d. Since Bg+ equipped with

the topology o (E, E*) is compact, it suffices to check that the canonical injection
(Bg*,0(E*, E)) — (Bg*, T) is continuous. This amounts to proving that for
every fo € Bg~ and for every ¢ > 0 there exists a neighborhood V ( £9) of f° for
o (E*, E) such that

V(%) N B+ C{f € Bes d(f, f%) < &)
Let (¢') be the canonical basis of £!. Choose
V(D =(f € ESIF =[O e <8Vi=1,2,....n)

with 8 + (172" 1) < e.

. Note that (Bg~, d) is a complete metric space (since it is compact). The sets Fj

are closed for the topology 7, and, moreover, U,fil Fy = Bgx (since (f, x") — 0
for every f € E™). Baire’s theorem says that there exists some integer ko such
that Int(Fy,) # 9.

. Write f0 = (flo, f20,...,fl.0,...) and consider the elements f € Bps of the

form
F=U2 R fy L £ £ L),

so that
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o0

2
dif. = Y 5 <p

i
i=N+1

Such f’s belong to Fy, and one has, for every n > ko,

N 00
Do D @D
i=l

o0
VRSB EAE <e.
i=1 i=N+1
It follows that
00 N N
0
STl =e+ Y I e+ Y Ix,
i=N+1 i=1 i=1

and thus
o0

N
P <e+2) x| Vn = ko

i=1 i=1

4. The conclusion is clear, since for each fixed i the sequence xi” tends to O as
n — oQ.
5. Given ¢ > 0, set

Fie={f € Be; [(fox" —x™)| <& Vm,n > k}.

By the same method as above one finds integers kg and N such that

N
Ix" = x™h <e+2> |} —x"| Vm.n > k.
i=1

It follows that (x™) is a Cauchy sequence in £'.
6. See Exercises 4.18 and 4.19.

Problem 9
-A-

1. A is open for the strong topology (since it is open for the topology o (E*, E)).
Thus (by Hahn—-Banach applied in E*) there exist some & € E*, £ # 0, and a
constant « such that

(6. f) =a=(§g VfeA VgeB.

Fix fo € A and a neighborhood V of 0 for the topology o (E*, E) such that
fo+V C A. We may always assume that V is symmetric; otherwise, consider
VN (—=V). We have (£, fo + g) < o Vg € V, and hence there exists a constant
C such that [(§, g)| < C Vg € V. Therefore £ : E* — R is continuous for the
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topology o (E*, E). In view of Proposition 3.14 there exists some x € E such
that (¢, f) = (f,x) Vf € E*.

2. See the solution of Exercise 3.7.

3. Let V be an open set for the topology o (E*, E) that is convex, and such that
0e Vand VN (A— B) =0. Separating V and (A — B), we find some x € E,
x # 0, and a constant « such that

(fix)<a<(g—h,x) VYfeV, VgeA, VheB.

Since V is also a neighborhood of 0 for the strong topology, there exists some
r > Osuchthatr Bg» C V.Thusa > r|x|| > 0, which leads to a strict separation
of A and B. .

4. Let f, g € ZJ(E E) and let V be a convex neighborhood of O for o (E*, E). Then
(f+V)NA#Pand (g+V)NAZD.Thus ¢f + (1 —t)g+V)INA#D
vt € [0, 1].

-B-

1. If E is reflexive, then NJ(E"E) = N = the closure of N for the strong topology,

since o (E*, E) = o (E*, E**) and N is convex. Let E = ¢!, so that E* = £°°;
taking N = ¢o we have N* = {0} and Nt = ¢>°.

2. Foreveryx € E,set@(x) = sup s {(f, x) =¥ (f)}. Theng : E — (—00, +00]
is convex and l.s.c. In order to show that ¢ % +o0o and that ¢* = i, one may
follow the same arguments as in Proposition 1.10 and Theorem 1.11, except that
here one uses question A3 instead of the usual Hahn—Banach theorem.

3. (i) One knows (Corollary 2.18) that N(A) = R(A*)* and thus N(A)! =
R(AMEE = RGAYED 1t E is reflexive, then N(A)L = R(A%).

(ii) Argue as in the proof of Theorem 3.24 and apply question A3.

4. Suppose, by contradiction, that there exists some £ € Bpgs such that £ ¢
J(BE) £ ). Applying question A3 in E**, we may find some f € E* and a
constant « such that

(fix)<a < (&, f) VxeBg.

Thus [ fIl <« < (&, f) < |l fI; absurd.
5. Assume, by contradiction, that there exists some ug € E with |lug|| < 1 and

Aug ¢ conv A(SE)U(E*’E). Applying question A3, we may find some xo € E and
a constant « such that

(Au, x0) < a < (Aug, xo) Yu € Sg;

thus (Au — Aug, x0) < 0 Yu € Sg. On the other hand, there is some ¢ > 0 such
that ||ug +txg|| = 1, and by monotonicity, we have (A (ug +txg) — Aug, xo) > 0;
absurd.
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Problem 10
-A-

1. Bg» is compact and metrizable for the topology o (E*, E) (see Theorem 3.28). It

follows, by a standard result in point-set topology, that there exists a subsetin Bg+
that is countable and dense for o (E*, E). Let T denote the topology associated
to the metric d. It is easy to see that the canonical injection i: (Bg, o (E, E*)) —
(Bg,T) is continuous (see part (b) in the proof of Theorem 3.28). [Note that
in general, i~! is not continuous; otherwise, B £ would be metrizable for the
topology o (E, E*) and E* would be separable (see Exercise 3.24). However,
there are examples in which E is separable and E* is not, for instance E = L'()
and E* = L>®(Q).]
Since B is compact for o (E, E™), it follows (by Corollary 2.4) that B is bounded.
Thus B is a compact (metric) space for the topology 7 and, moreover, the topolo-
gies o (E, E*) and T coincide on B.

2. Consider the closed linear space spanned by the x;,’s.

-B-
For each i choose a; € Br such that (g;, a;) > 3/4.

-C-

4. For each n € E* set h(n) = sup;~;(n, fi); the function h : E** — R is
continuous for the strong topology on E**, since we have |h(n1) — h(n2)| <
I —n2ll ¥nu, 2 € E*.

5. A subsequence of the sequence (x,) converges to x for o (E, E*) (by assump-
tion (Q) and we have (&, f;) = (fi, x) Vi > 1.

On the other hand, x belongs to the closure of [x1, x2, . .., Xk, ... ] for the topology
o (E, E*) and thus also for the strong topology (by Theorem 3.7). In particular,
x € M and consequently § — x € M. It follows that £ = x since

1
0=sup(§ —x, fi) = SlI§ — xll.

i>1

-D-

1. A is bounded by assumption (Q) and Corollary 2.4. It follows that ZU(E“’E*) is

compact for the topology o (E**, E*) by Theorem 3.16. But the result of part C
shows that B = ZU(E £ ), or more precisely that J(B) = J(A)U(E - ).
Consequently J(B) is compact for the topology o (E**, E*). Since the map
J~1: J(E) — E is continuous from o (E**, E*) to o (E, E*), it follows that B
is compact for o (E, E*).

2. Already established in question C4.
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Problem 11
-A-

2. Separating {0} and C; we find some x| € E and a constant ¢ such that 0 < o <
(f, x1) Vf € Cy. If needed, replace x; by a multiple of x.

3. One has to find a finite subset A C E such that A C (1/d;)Bg and Y4 = . We
first claim that () . 7Y4 = ¥, where F denotes the family of all finite subsets A
in (1/dy) Bg. Assume, by contradiction, that f € ﬂAE]_—YA; we have

(fix1) <1 and (f,x) <1 Vx e (1/d1)BE.

Thus || f|| < dj and so f € Cy; it follows that ( f, x1) > 1; absurd.
By compactness there is a finite sequence A, A3, ..., A’; such that ﬂ{zl Yo =90.
Set A" = Aj U A, .- UA’ ltis easy to check that Y4 = .

4. For every finite subset A in (1/dy—1) B consider the set

k—1
Yi= ifeCk;sup{(f,x);x € (UA,-) UA} < 1}.
i=1

One proves, as in question 3, that there is some A such that Y4 = .
5. Write the set U,fi 1Ak as a sequence (x,) that tends to 0.

-B-
1. Applying Hahn—Banach in cg, there exist some 6 € £! (= (co)*; see Chapter 11)
with 6 # 0, and a constant « such that
(0,6) < =(0,T(f)) VEe€cowith|§]| <1, VfeC.
It follows that
0<ll6llp <a< 6ulfixs) VfeC.
Letting x = ) 6,x,, we obtain
(fix)>a>0 VfeC.

If needed, replace x by a multiple of x and conclude.

2. Fix any fo ¢ C; set C = C — fo. Then 0 ¢ C and for each integer n the
set C N (nBg+) isivclosed for o (E*, E). Hence, there is some x € E such that
(fix) >1VfeC.ThesetV ={f € E*; (f — fo,x) < 1} is a neighborhood
of foforo(E*, E)and VN C = 0.
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Problem 12
-A-
2. Apply the results of questions 1, 7, and 4 in Exercise 1.23 to the functions ¢*
and ¥*.
3. We have 0 = (¢ + ¥)*. Following the same argument as in the proof of

Theorem 1.11, it is easy to see that epi ** = epi 6 (warning: in general, 6 need
not be L.s.c.).

Therefore we obtain D(6**) C D(0), i.e., D((¢ + ¥)*) C D(¢p*) + D(y*).

-B-

1. It suffices to check that for every fixed x € E the set (M, x) is bounded. In fact,
it suffices to check that (M, x) is bounded below (choose +x). Given x € E,
x # 0, write x = A(a — b) with A > 0, a € D(¢), and b € D(yr). We have

(f—g.a) <gp@+¢*"(f -2,
(g, b) <Y (b) +v¥*(g),

and thus

~(e. ;ﬁ) <—(fia)+p@ +vy(b) +a VgeM.

Consequently (M, x) > C, where C depends only on x, f, and «.

2. Use the same method as above.

3. Leta e Rbefixed and let ( f,,) be asequencein E* suchthatf( f,) <« and f,, — f.
Thus, there is a sequence (g,) in E* such that ¢* (f;, — gn) + ¥ *(gn) < a+(1/n).
Consequently, (g,) is bounded and we may assume that g,, — g for o (E*, E).
Since ¢* and ¢* are L.s.c. for o (E*, E), it follows that o*(f — g) + ¥*(g) < «,
and s0 0(f) < «.

4. (i) We have 0 = 6™ = (¢ + ¥)*.

(ii) Write that (¢ + ¥)*(0) = (¢*V¢*)(0) and note that
inf {¢*(—g) + V" (g)}
geE*

is achieved by the result of question B1.

(iii) This is a direct consequence of (i).

Remark. Assumption (H) holds if there is some xo € D(¢) N D(y) such that ¢ is
continuous at xg.

Problem 13
-A-

1. By question 5 of Exercise 1.25 we know that
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: 1 2 2
lim = (Ibx + 217 = [x17) = (Fx. ).
A>0

If L < O0set u = —A and write
o (e 2 = 1x1?) = o (e -0 — el
21 21 '
2. Lett, — 0 be such that (F(x +t,y), y) — £. We have
1
5 (I 42917 = Ix + 1a312) = (Fr 4 13). G = 1)),

Passing to the limit (with A € R fixed) we obtain J (||lx + Ay[> — |lx[|?) > AL
Dividing by A (distinguish the cases A > 0 and A < 0) and letting A — 0 leads
to (Fx, y) = £. The uniqueness of the limit allows us to conclude that

}iirg)(F(x +1y),y) = (Fx,y)

(check the details).
3. Recall that F is monotone by question 4 of Exercise 1.1.

Alternative proof. It suffices to show thatif x,, — x then Fx, — Fx foro (E*, E).
Assume x, — x. If E is reflexive or separable there is a subsequence such that
Fx,, — f for o(E*, E). Recall that (Fx,, x,) = lx, 0% and || Fx, || = lxall.
Passing to the limit we obtain (f, x) = Ix/I? and || £|| < |lx||. Thus f = Fx;
the uniqueness of the limit allows us to conclude that Fx,, — Fx for o (E*, E)
(check the details).

-B-

1. If x, — x,then Fx,, — Fx foro(E*, E) and || Fx,| = ||lx.|| — lx|| = | Fx]|.
It follows from Proposition 3.32 that Fx, — Fx.

2. Assume, by contradiction, that there are two sequences (x,), and (y,) such that
IxXnll < M, llynll < M, |lxp — yull = 0, and || Fx, — Fy,ll > & > 0. Passing to
a subsequence we may assume that ||x,|| — ¢, and || y,|| — £ with ¢ < 2¢, so
that £ # 0. Set a, = xu/||xnll and by = yn/llynll. We have [la, || = [[ball = 1,
la, — byl — 0, and ||Fa, — Fby,| > ¢ > 0 for n large enough. Since E* is
uniformly convex there exists § > 0 such that

|Foet il i,

On the other hand, the inequality of question A4 leads to
2 < |\|Fap + Fbull + llan — bull;

this is impossible.
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3. We have
(x) — @(x0) = (Fxo, x — xq)

and
(x0) — @(x) = (Fx,x0 — x).

It follows that

0 < ¢(x) — @(x0) — (Fxo, x — x0) < (Fx — Fxo,x — xo)
and therefore

lo(x) — @(x0) — (Fxo,x —xo)| < [Fx — Fxoll x —xoll.

The conclusion is derived easily with the help of question B1.

-C-
Write
lf+gll= SUIE) (f +g.x)
<1
= sug {(fix+y)+{x—y+Egx—y)—(f—g M}
X€E
lxlI<1

1 1
< ZIfIP+ = lgl? = (f — g ¥) + sup {p(x +y) + ox — V).
2 2 N
Xl=

From the computation in question B3 we see that for every x, y € E,

lp(x +y) —o@) = (Fx, y)| < [[F(x +y) = F)I vl

and
lp(x —y) —o(x) + {(Fx, )| < |[F(x —y) = F()Il yl.

It follows that for every x, y € E,

p(x +y) +ox —y) =< 200) + IylI(IIF(x +y) = F)| + [1F(x —y) = F(x) ).

Therefore, if || f|| < 1and | g| < 1, we obtain for every y € E,

If+el=2—=(f—g )+l sup {IIF(x+y) = FOOI +1F(x —y) = FOo)ll}.
llxll<1

Fix ¢ > 0 and assume that || f — g|| > ¢. Since F is uniformly continuous, there
exists some o > 0 such that for ||y|| < o we have

Sug {IF(x+y) = FOI+1F(x —y) = F(x)ll} < &/2.
xXe
xll<1
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On the other hand, there exists some yg € E, yg # 0, such that { f —g, yo) > €|y,
and we may assume that || yg|| = «. We conclude that

2.

2.

& e
If +8ll <2 =elyoll + 5yl =2 = Ze

Problem 14

-A -

Assume that x,, — x in E and set f, = Sx,, sothatVf € E*,

1 1
(S1) Enfnu2 + @*(f) = {fas ) < §||f||2 +@*(f) = (f, xn).

It follows that the sequence ( f;,) is bounded (why?) and thus there is a subsequence

such that f,, A g foro (E*, E). Passing to the limit in (S1) (note that the function
f %Ilfll2 + @*(f) is Ls.c. for o (E*, E)), we find that

1 1
§||g||2 +¢*(g) — (g, x) < §||f||2 +@*(f) = (f,x) YfeE*

(one uses also Proposition 3.13). Thus g = Sx; the uniqueness of the limit implies

that f, A Sx (check the details). Returning to (S1) and choosing f = Sx, we
obtain lim supl|| Fall> < 1Sx]|2. We conclude with the help of Proposition 3.32
that f, — Sx.

-B-

. The convexity of ¢ follows from question 7 of Exercise 1.23. Equality (i) is

a consequence of Theorem 1.12, and equality (ii) follows from question 1 of
Exercise 1.24.
We have

(Sx,y) =Y () + ¥ (Sx) =¥ () + (Sx,x) — ¥ (x)

and thus
O0<y®-v&) —(Sx,y—x) Vx,yekE.

Changing x into y and y into x, we obtain
0=y —v) —(Sy,x—y) Vx,y€E.
We conclude that

0=y —¥&)—(Sx,y—x) = (Sy — Sx, y —x).
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Problem 15
-A -

2. Note that Y (x) > |x|| — |la|| with a € A being fixed and thus 1 (x) — +o00 as
lx]| — o0; therefore c exists. In order to establish the uniqueness it suffices to
check that

c1+
¢ <—

1 1
> ) < §¢2(61) + §¢2(62) Vei, ¢ € E with ¢p # c2.

Let c1,c2 € E with ¢ # ¢p. Fix some 0 < ¢ < |lc; — ¢2]|. In view of Exer-

cise 3.29, and because A is bounded, there exists some § > 0 such that

(c1—=y)+(c2—y)
2

1 1
< 5l ] Slle2 —yI? =8 VyeA,

since [[(c1 — y) — (c2 — y)|| > ¢. Taking sup, 4 leads to

sfc1+tc
¢ 2

< L2+ 202 ) — 8
—2(p C1l 2@ c2 .

3. We know that (0 (A)) < ¢(x) Vx € C, x # o(A). If A is not reduced to a
single point there exists some xg € A, xo # o (A), and we have

(0 (A)) < ¢(xp) = sup [lxo — y|| < diam A.
yeEA

-B-

1. Note that the sequence (¢, (x)) is nonincreasing.
3. We have

0(0) < @(oy) < gnlon) < eu(x) Vx eC.

Taking x = o, we find that all the limits are equal. It is easy to see that the sequence
(0n) is bounded, and thus for a subsequence, 0,, — ¢ weakly o (E, E*). Hence
we have

@(6) < liminf ¢(oy,) < @(x) Vx eC.

It follows that ¢ (6) = inf¢ ¢ and, by uniqueness, ¢ = o. The uniqueness of the
limit implies that o, — o (check the details).

4. Assume, by contradiction, that there exist some ¢ > 0 and a subsequence (o5, )
such that ||o,, — o|| > & Vk. Using once more Exercise 3.29 we obtain some
8 > 0 such that

2 1 1 2 1 2
on (5 0m +0) ) < Sen0u) + S0n (@) =5 VK,

and since ¢ < @,,, we deduce that
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9,1

2 1 1 2 1 2
0" (50om +0)) < 500000 + S0n0) =8 Vk.

This leads to a contradiction, since ¢ is l.s.c.

. Note that ¢(x) = ||x — a|| and thus ¢ = a.
. Write

¥ —an* = |x —a+a—ay)? =|x —al* +2(x —a,a —ay) + la — ay|?,
and thus

goz(x) = limsup |x — a,1|2 =|x— a|2 4+ lim sup |a, — a|2 =|x— a|2 + ¢2(a).
n—0od n— 00

It follows that o = a.

-C-

. Wehave ||a,4+1 —Tx| < |lan — x| VYn,Vx € C, and therefore ¢, +1(Tx) < ¢,(x)

Vx € C. Passing to the limit leads to ¢(Tx) < ¢(x) Vx € C. In particular
¢(To) <¢(o)andthus To =o.

. Letx, y € C be fixed points of T'; set z = tx + (1 —#)y with ¢ € [0, 1]. We have

Tz —x = =0)lly —x| and [Tz =yl <tlly— x|l

and therefore | Tz —x|| = (1 —t)|ly —x||, ITz—y|| = t||y — x||. The conclusion
follows from the fact that E is strictly convex. (Recall that uniform convexity
implies strict convexity; see Exercise 3.31).

Problem 16
-A -

. We have (Au — f,u) > 0 Vu € D(A) and using (P) we see that f = A0 = 0.
. Let (u,,) be a sequence in D(A) such that u,, — x in E and Au, — f in E*.

We have (Au — Au,,u —u,) > 0 Yu € D(A). Passing to the limit we obtain
(Au — f,u — x) > 0 Yu € D(A). From (P) we deduce that x € D(A) and
Ax = f.

. Itis easy to check that if ¢ € (0, 1), the convexity inequality

(Atu + (1 —)v), tu + (1 — t)v) < t{Au,u) + (1 —t)(Av, v)

is equivalent to (Au — Av,u —v) > 0.

. Letu € N(A); we have (Av,v —u) > 0, Yv € D(A). Replacing v by Av, we

see that (Av, u) = 0 Vv € D(A); thatis, u € R(A)L.

-B-

. Note that (A*v, v) = (Av, v) Yv € D(A) N D(A%).
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2.

The first claim is a direct consequence of (P) and the assumption that v ¢ D(A).
Choosing f = —A*v, we have some u € D(A) such that (Au+ A*v,u—v) <0
and consequently (A*v, v) > (Au, u) > 0.

. Applying question A4 to A* (this is permissible since A* is monotone), we see

that N(A*) C N(A*™) = N(A); therefore N(A) = N(A*). We always have
R(A) = N(A*)* (see Corollary 2.18), and since E is reflexive, we also have
R(A*) = N(A)*L.

-C-

. The map u € D(A) — [u, Au] is an isometry from D(A), equipped with the

graph norm, onto G(A), which is a closed subspace of E x E™*.

. Note that

(Au— fou—x) = —l[Aull x| = IfI ull 4+ (f, x).

. Using the properties below (see Problem 13)

1
lim —(|lx +tylI* — Ix|®) = (Fx,y)  Vx,y € E,
t—0 2t
1 i 2 _ 2y -1 v *
lim —(||f +rgll" = fII") =(¢g. F f) Vf.gekE™
t—0 2t
we find that for all v € D(A),
(Av, Ffl(Auo — )+ (F(up — x), v) + (Aug — f,v) + (Av,ug — x) = 0.
It follows that F~'(Aug — f) + ug — x € D(A*) and

(S1) A F Y (Aug — f) +uo — x1+ (Aug — f) + Fup — x) = 0.

. Letx € E and f € E* be such that (Au — f,u — x) > 0 Vu € D(A). One has to

prove that x € D(A) and Ax = f. We know that there exists some uy € D(A)
satisfying (S1). Applying (M*) leads to

(Aug — f + F(uo — x), F~"(Aug — f) +ug — x) <0,
that is,
| Ao — £+ lluo — x 11> + (Aug — f. uo—x) + (F (wo—x), F ' (Aug— f)) < 0.
It follows that
lAug — fII* + lluo — x> < lluo — x| Auo — £1I;

therefore ugp = x and Aug = f.

. Apply to the operator A* the implication (M*) = (P).
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Problem 18

2. [G(a) — G(b) — g(b)(a —b) =0] < [g(a) = g(b)].

3. Passing to a subsequence we may assume that a,, — a (possibly £00). We have
fb“(g(t)—g(b))dt = Oand therefore g(a) = g(b). It follows that g(a,,) — g(b).

4. Note that

05f|G<un>—G(u>—g(u><un—u>| =fG(w)—/G(u)—/g(u)(un—m

and use assumption (ii). Then apply Theorem 4.9.

5. Since g(uy) is bounded in LY (why?), we deduce (see Exercise 4.16) that
g(un,) — g(u) strongly in L7 for every ¢ € [1, p’). The uniqueness of the
limit implies that g(u,) — g(u).

6. If g is increasing then u,, — u a.e., and using once more Exercise 4.16 we see
that u,, — u strongly in L7 for every q € [1, p).

7 and 9. Applying question 4 and Theorem 4.9, we know that there exists some
function f € L' such that

(Sh |G (un) — Gu) — g(u)(up, —w)| < f Vk.

From (S1) and (3) we deduce that |u,, |7 < f for some other function f e L.
The conclusion follows by dominated convergence.
8. I don’t know.

Problem 19

4. Note that the set K = {u € LZ(R); u > 0 a.e.} is a closed convex subset of
L?(R). Thus, it is also closed for the weak L? topology. It remains to check that
u € L'(R) and that fR u < 1.Let A C R be any measurable set with finite
measure. We have [, u, — [, usince x4 € L*(R) and thus [, u < 1.Itfollows
that u € L'(R) and that Jgu < 1. Next, write

1 1 1
Ly — ) s/ L —u|+'/ -
‘/ xfe " lxj=a |x@ " lel<py Xl

< 2 +V ! ( )
< — —(uy, —u)|.
M« fej<an X1

For each fixed M the last integral tends to 0 as n — oo (since u,, — u weakly in
L2(R)). We deduce that
1
x| (up —u)

lim sup
n—od

2
<— VM=>0.
Ma

5. Write
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1 1 1
—u(x)dx :f —u(x)dx +/ —u(x)dx
x| [xl>1] 1X]¢ [xl<1y X[

§/u(x)dx+C||u||2§ 1+ Cllullz Yu € K.

8. E is not reflexive. Assume, by contradiction, that E is reflexive and consider the
Sequence U, = X[a,n+1]- Since (u,) is bounded in E, there is a subsequence u,,
such thatu,, — u weakly o (E, E*).Inparticular, [ fu,, — [ fuVf € L*(R)
and therefore [ fu = 0 for every f € L°(R) with compact support. It follows
that # = 0 a.e. On the other hand, if we choose f = 1 we see that fu =1,
absurd.

Problem 20
-A -
2. Note that

f”(x) — (1 _ l) x—2+(1/l’)[(1 _ xl/IJ)I’—2 —(1+ xl/P)P—2] <0.
p

-B-

1. Replacing x by f(x) and y by g(x) in (1) and integrating over €2, we obtain
ILf+gllp +11f —glp < 2/(If(x)|”/ + 10177

On the other hand, letting u(x) = | f(x)|” and v(x) = |g(x)|” and using the
fact that p/p’ > 1, we obtain

/(u + 0P = YA ol < (el + 10l py) 7

= (IF 15 + lglbHP'.

Applying (2) with x = || f||, and y = ||g||, leads to (5).
-C-
1. Method (i). By Holder’s inequality we have
/u¢+vw < llullp gl + Wl p Il
< (el + I gl + 1121,

Moreover, equality holds when ¢ = Iull’_2u||u||‘;‘7 and ¢ = |v|/’_2v||v||% with
a = p’ — p. Applying the above inequality tou = f + gandv = f — g, we
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obtain

(17 + 8+ 15— gl = sup {ff(‘” t)+ele— ) } |
o.WeL?

14 P11
ell?, + 1y 1217

Using Holder’s inequality we obtain

/f((ﬂ +V)+glo—v) = |fllple+ ¥y +lglplle =¥l
< (LG + UUD P g + 15 + g — w27

On the other hand, inequality (4) applied with p’ in place of p says that

le + w12 + lle = w2 < 20l + w1577,
and (6) follows.
Method (ii). Applying (1) with x — f(x), y — g(x) and p — p’, we obtain

1F )+ 801 +1£(x) = gIP <20 ()17 + g0)IP)P/7
and thus
(@) +gWI” + 1 (0) = gIPHPP <227 (| F (017 + 1g()1P).

Integrating over €2, we obtain, with the notation of Exercise 4.11,

[f+8l” +1f - g|p/]p/p’ <2(If1Ip + ||g||§)p//p-

The conclusion follows from the fact that [u + v],,, > [ulp/p + [v],/ (since
p/p' <.

Problem 21
-A -

. Use monotone convergence to prove that a(r + 0) = «(¢). Note that if f = x,

with @ C € measurable, then a(1 — 0) = |w|, while «(1) = 0.

. Givent > 0, letw, = [Iful > t], @ = [If] > t], Xn = Xw,> and X = Xo. It

is easy to check that x (x) < lim inf x,(x) for a.e. x € Q (distinguish the cases
x € w and x ¢ w). Applying Fatou’s lemma, we see that

a(t) =/ x < liminf/ Xn = liminf o, (2).
Q Q

On the other hand, let § € (0, ¢) and write
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/xn=/ Xn+/ an/ Xn + ot —9).
Q [If1=t=4] [1f1>1=3] [1f1=<t=4]

Since x, — 0 a.e. on the set [| f| <t — §], we have, by dominated convergence,
f[mq_é] xn — 0. It follows that lim sup fQ xn < a(t—8)Vs e (0,1).

-B-

1. Consider the measurable function H : 2 x (0, c0) — R defined by

et = {g(r) if (0] > 1,
0 if [f(0)] <1.
Note that
/ Hx,t)du = a(t)g(t) fora.e.t € (0, 00),
Q
while

0 [f 0l
/ H(x,s)ds = / g(s)ds = G(|f(x)]) forae.x € Q.
0 0

Then use Fubini and Tonelli. ~
2. Given A > 0 consider the function f : 2 — R defined by

fx) onl[|f|> Al

s = {o on [|f] <A,

so that its distribution function & is given by

G() = {a(k) %ft <A,
a(t) ift > A.

Apply to f the result of question B1.

-C-

3. Use the inequality fA Lfl < |A|1/P/[f],, with A = [|f] > ¢] and note that

Salf1 = ta().
4. Let C = sup,. ot a(r). We have

o0 1
/ lfl < a(k)k—l—/ at)dt+A|Al < C (1 + —1> kl_p+A|A| VA > 0.
A A p—

Choose A = |A|~/P.
6. Write
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o]

[ee) A
I £l = p/o a)tP~dr =p/0 Ol(t)tp_ldt~|—p/): am)tPdt

q A lp_l oo tp_l
< plfly 5 t—qdr+p[f]$A % dt

and choose A appropriately.

Problem 22

1. Apply the closed graph theorem.

3. We know, by Problem 21, question B3, that ||g, |1 = fooo v, (t)dt. Applying
question 2 and once more question B3 of Problem 21, we see that ||g)]l1 <
Nila (M)A + f)\ooa(t)dt]. On the other hand, since || f — gillcoc < A, we have

UfI >t Cllgrl >1—2l
4. By question 3 we know that

/Ooﬁ(s)ds < N [a(k)k + /ooa(t)dt] Vi > 0.
A A

Multiplying this inequality by A?~2 and integrating leads to

f AP72d) / B(s)ds
0 A

o0 o0 o0
<N [ / a (AP dA + / P24 / a(t)dz:|,
0 0 A

1 o0 1 00
p_l f B(s)sP~Vds < Ny <1 + ﬁ)/ a1l
—1Jo — A

From question B3 of Problem 21 we deduce that ||f||§ < pN; ||u||§; finally, we
note that pl/P <elle < 2Vp > 1.

that is,

Problem 23
-A -

1. The sets X,, are closed and Un X, = X. Hence, there is some integer n such that
Int(X,,) # @. Thus, there exists Ag C €2 measurable with |Ag| < oo, and there
exists some p > 0 such that

[XBGXﬁnd/|XB_XAo|<Pj|:>H/ S
Q B

We first claim that

<eg Vk2n0i|.

(S1) / | fx| <4e VA C Q2 measurable with |A| < p, and Yk > ng.
A
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Indeed, let A C 2 be measurable with |A| < p; consider the sets
By =AoUA and B; = Bj\A.

We have

/|XBl_XA0|§|A|<)0 and /IXBZ—XA0|§|A|</>,
Q Q

/Blfk /Bsz
/Afk /Blfk_/Bsz

Applying the preceding inequality with A replaced by A N [fx > 0] and by
AN [fr < 0], we are led to (S1). The conclusion of question 1 is obvious, since
there exists some p’ > 0 such that

and therefore

<e& and

<e¢g Vk > ng.

It follows that

<2e Vk > no.

/ | fx] < 4e VYA C Qmeasurable with |[A| < o/, Vk=1,2,...,np.
A

2. There is some integer ng such that Int(Y,,) # @. Thus, there exists Ay C
measurable and there exists some p > 0 such that

[xp € Y andd(xB, xa) < pl = [VB S

<egVk > noj| .

Fix an integer j such that 27/ < p. We claim that

(S2) / | fx| < 4e VA C Q measurable with AN Q; =@, Yk > no.
A

Indeed, let A C 2 be measurable with A N Q; = @; consider the sets
By =ApUA and B; = Bj\A.

We have d(xp,, xa,) =< 27/ < p and d(xBy» XAy) = 27/ < p; therefore
|f31 fil < e and | fBz fi| < &, Yk > ng. We then proceed as in question 1.

4. Letus prove, for example, that (i) = (b). Suppose, by contradiction, that (b) fails.
There exist some gy > 0, a sequence (A,) of measurable sets in €2, and a sequence
(fn) in F such that [A,| — 0 and f A, | ful = &0 Vn. By the Eberlein—-Smulian

theorem there exists a subsequence such that f;,, — f weakly o (L', L*). Thus
(see question 3) ( fy,,) is equi-integrable and we obtain a contradiction.
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5. Assume, for example, that f 4 fo — £(A) for every A C Q with A measurable
and |A| < oco. We claim that (b) holds.

Indeed, consider the sequence

/Afj—/Afk

In view of the Baire category theorem there exist ng, Ag C 2 measurable with
|Ag] < 00, and p > 0 such that

[XBGXand/QIXB—XAOI<,0]=>H/Bfk—€(3)

Let A C 2 be measurable with |A| < p; with the same method as in question 1
one obtains

‘/Afk

It follows that

Xn={XA€X;

<e Vj>n, Van}.

<eg Vk2n0:|.

Yk > ny.

<2¢+ |€(B2) —€(By)| = 4¢ + ‘/ Jno
A

/ | fx] < 8e + 2/ | faol VYA measurable with |A| < p, Yk > no,
A A

and the conclusion is easy.

-B-

1. We have F C F, + ¢Bg C F. + ¢Bp=. But F; + ¢ Bgx is compact for the
topology o (E**, E*) (since it is a sum of two compact sets). It follows that G is
compact for o (E**, E*). Also, since G C E + ¢Bg~ Ve > 0, we deduce that
G C E. These properties imply that G is compact for o (E, E*).

2. Given € > 0 choose w C 2 measurable with |w| < 0o such that fQ\w lfl<¢e/2
Vf € F, and choose n such thatf”f|>n] | f| <e/2 Vf € F (see Exercise 4.36). Set
Fe = (XoTu(f)) rerF. Clearly, F; is bounded in L>°(w) and thus it is contained in
a compact subset of L! (2) for a(Ll, L®°). On the other hand, for every f € F,
we have

/Qlf—wan(f)l s/w|f—Tnf|+/Q\w|f|s/“fl>n]|f|+/mw|f| <.

Thus, F C F, + ¢Bg with E = L1(Q).
-C-

4. Applying AS we know that (f;,) satisfies (b) and (c). In view of B2 the set (f;;)
has a compact closure in the topology o (L', L°). Thus (by Eberlein—Smulian)
there is a subsequence such that f,, — f weakly o (L', L®). It follows that
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LA = [ 4 f VYA measurable. The uniqueness of the limit implies that f;, — f
weakly o (L', L®) (check the details).

-D-

1. Apply Exercise 4.36.
2. Set

(1) = sup/ | f1,
feFJufI=n

sothat ® > 0, ® is nonincreasing, and lim;_, 5, ® (#) = 0. We may always assume
that ®(¢) > 0 Vr > 0; otherwise, there exists some 7 suchthat || f|oo < T, forall
f € F, and the conclusion is obvious. Consider a function g : [0, co) — (0, c0)
such that g is nondecreasing and lim;_, 50 g (#) = 00.Set G(¢) = fot g(s)ds,t >0,
so that G is increasing, convex, and lim;_, o, G(t)/t = +o0o. We recall (see
Problem 21) that for every f,

/G(|f|)=f a(t)g(t)dt and / | f] =a(t)t+/ a(s)ds.
0 [1f1>1] t

Set (1) = ftoo a(s)ds, so that B(¢) < ®(¢) and B'(¢) = —a(t). We claim that if
we choose g(t) = [D (1)]71/2, then the corresponding function G has the required
property. Indeed, for every f € F, we have

/G(m):/o “(’)g(’)dfffo —B B dt

o0 12 12
=2[ﬂ<0>]1/2=2[/ a(s)ds] =2[/|f|] -c
0

Problem 24
-B-

3. Clearly A is convex, and so is ZJ(E*'E) (see Problem 9, question A4). Suppose
by contradiction that po ¢ a’* ’E). By Hahn-Banach (applied in E* with the

weak* topology) there exist fy € C(2) and 8 € R such that

(s1) /Qufo < B < lno, fo) VueA
On the other hand, we have
(S2) SUP/ ufo = Il folloo;

ucA JQ

indeed, A is dense in the unit ball of L1 () (by Corollary 4.23) and L is the
dual of L' (see Theorem 4.14). Combining (S1) and (S2) yields
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[ folloo = B < (1o, fo) < Il follco:

since || (o]l < 1. This is impossible. .
4. Bg~ is metrizable because £ = C(£2) is separable (see Theorem 3.28). Since
—o(E*E . .
Ho € AU( B C Bg~ there exists a sequence (v,) in A such that v, X o. Then

apply Proposition 3.13.

6. Clearly (u, 1) < ||u|| Y. On the other hand, if || f|lcc < 1 and u > O we have
(w, f) = (w, 1) and thus [|p|| = supy gy <1 (s f) = (w, 1).

7. Set AT = {u € A;u(x) >0 Vx € Q). Repeat the same proof as in question 3
with A being replaced by A*; check that

sup f ufo =115 lloo
Q

ucAt+

and that
(1o, fo) < 155 llos-

8. We claim that ||u + 8,||am = |lullp1 + 1. Clearly |lu + 84llm < llullz1 + 1. To
prove the reverse inequality, fix any ¢ > 0 and choose r > 0 sufficiently small
tha:jt fB(a,r) lu| < &.Letw = Q\B(a, r) and pick ¢ € C¢(w) with [|¢| L) <1
an

/ ue Z ”I/l”Ll(w) — €&.
w

Then let & € C.(B(a, r)) be such that f(a) = 1 and ||0| =) < 1. Check that
lo +0llLo@ < 1and

U+ 809 +6) = llull 1) — 26 + 1.
-D-

1. Clearly L(f1) + L(f2) < L(f1 + f2). For the reverse inequality, note that if
0 < g < f1 + f>, then one can write g = g1 + g» with 0 < g1 < f and
0 < g» < f>; take, for example, g1 = max{g — f»,0} and go = g — g1.

2. If f =h+kwithh, k € C(K), we have

ff=f=ht—n +k" -k,

so that
fr4h +k =ht+kt+ 7,
and thus
L(fOY+Lh )+ Lk ) =LA+ L&) +L(f),
ie.,

w1 (f) = i (h) + i (k).
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Note that L(f*) < [lull f*ll and L(f7) < lull fII. Thus [ui(f)| <
leell fII. I f = 0 we have w1 (f) = L(f) = 0, so that u; > 0.

. If f = 0, we have (taking g = f) L(f) > (u, f), so that (u1, f) = L(f) =
(1, f), i€, o = w1 — > 0. Next, note thatif g € C(K)and 0 < g < 1, we
have —1 < 2g — 1 < 1 and thus

(u,2g — 1) < |lull.
Therefore

1
L(1) =sup{{u, g);0<g=<1} =< 5((% Ly + el
ie.,
2{ur, 1) =2L() < (u1, 1) — {ua, 1) + Il
Thus
el + 2l = (1 + p2, 1) < ]

and consequently |||l = |t |l + [zl

-E-

One can repeat all the above proofs without modification. The only change occurs

in question D3, where we have used the function 1, which is no longer admissible.
We introduce, instead of 1, a sequence (6,,) in Eq such that 6,, 1 1 asn 1 co. Note
that for every v € M(2), v > 0, we have (v, 6,) 1 ||v].

Ifge Epand 0 < g < 6, we have —6,, < 2g — 6, < 6, and thus (u,2g —6,) <

lle]l. Hence

1
L(On) = sup{{u. 8): 0 = g = On} = 5 ({1t On) + [l

ie.,

2(pr, On) = 2L(On) = (i1, 0p) — (12, On) + [l

Letting n — 0o yields [|u1]| + llpall < llel.

Rl

Problem 25

. Letvg € C and let u € X\{0}; if B(vg, p) C C then (u,vg + pz) <0Vz e H

with |z| < 1. It follows that (u, vg) + plu| < 0. Conversely, let vop € H be such
that (1, vo) < 0 VYu € \{0}. In order to prove that vy € C, assume by contradiction
that vg ¢ C and separate C and {vp}.

Ifu € X, then (u, w) + plu| < 0; therefore p|u| < 1 forevery u € K.

If (—C) N X = { separate (—C) and X, and obtain a contradiction.

. Since a € (—C) N X we may write —a = u(wo — xp) with u > 0 and wgy € D.

On the other hand, since a € X\{0} we have (a,v) < 0 Vv € C and thus
(a, w — x09) < 0Vw € D. It follows that (xo — wg, w — xg) < 0Vw € D.
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Problem 26

1. By Proposition 1.10 there exist some g € H and some constant C such that
o) > (g,v) + C Yv € H; therefore I > —oo. Let (u,) be a minimizing
sequence, that is, %|f — un|> + @(u,) = I, — I. Using the parallelogram law
we obtain

2
Up + Uy

2

Up — Um

2

‘f— = 5 (1F — w417 — unl?)

Uy + U
=y + Ln—@Wn) — @) < Iy + In —2¢ (%) .

It follows that WP <I,+1,—2I.
2. If u satisfies (Q) we have

1 2 1 2 1 2
5|f—vl +§0(U)25|f—u| +<p(u)+§|u—v| Yv € H.

Conversely, if u satisfies (P) we have

1 1
§|f—u|2+<ﬂ(u) < 5|f—v|2~|—g0(v) Yv € H;

choose v = (1 — H)u + tw with ¢ € (0, 1) and note that

1If |2—1|f P +e(f )+t2I 2
| f—=v|"==|f— — —w —lu—w
7 5 u u,u 2u ,

and
() < (1 =) +te(w).

3. Choose v = it in (Q), v = u in (Q), and add.
5. By (Q) we have

(f —u,v) —@) < (f —u,u) —epm) YveH

and thus ¢*(f —u) = (f —u, u) — ¢(u). It follows that
P+ g (f =) = —21f — ul — g + 2112
= —u)=—=\|f — —o(u = .
e W=l e ey
Letting u* = f — u, one obtains
L ut P ) = 1 — ul - g + 1P
> u W) = > u o(u 5 ,
and one checks easily that

1 2 12 1 2, »
—SIf —ulm e+ SIfIF = SIf ="+ ¢"w) Vv eH.
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(Recall that (4, v) < ) + ¢*(v).)
6. We have

1 1
(P2) S = wp |* + rp(uy) < S = v+ 1p(v) Vv e H.

Using that fact that ¢(u) > (g,u;) + C, it is easy to see that |u;| remains
bounded as A — 0. We may therefore assume that u;, — uo weakly (1, — 0)
with ug € D(¢) (why?). Passing to the limit in (P;,,) (how?), we obtain

! 2 _ 1 2
I —ul” = S1f —vI" Vv e Dg).

and we deduce thatug = Pry /- Theuniqueness of the limit implies thatu; — ug
weakly as A — 0. To see that u; — up we note that

1 1
—limsup|f —ux|®> < =|f —v|*> Vv e D(p),
2 A—0 2

which implies that lim sup, _,o| f — ux| < |f — uo| and the strong convergence
follows.

Alternative proof. Combining (Qj;) and (Q,,) we obtain

1 1
(X(Mx—f)—;(uu—f),ux—uu> <0 VA,u>0.

We deduce from Exercise 5.3, question 1, that (u, — f) converges strongly as
A — 0 to some limit. In order to identify the limit one may proceed as above.

7. We have %lf —u; |2+ rpuy) < %|f —v|?> 4+ 1p(v) Yv € H, and in particular,
|f —uxl < |f —v| Yv € K. We may therefore assume that u;, — us weakly
(Ap = +00) and we obtain | f — ux| < |f — v| Yv € K. On the other hand, we
have

1
o) = o If = v +ov) YuveH,

and passing to the limit, we obtain ¢ (1) < @(v) Yv € H.Thus, us € K, Uo =
Px f (why?), and u) — us weakly as A — +o0o (why?). Finally, note that
limsup; , (ool f —usl = [f — ool

If K = @, then |u;| — 0o as A — 400 (argue by contradiction).

8. If f = 0 check that (1/A)u; = —u‘l'/)\ VA > 0. In the general case (in which
f # 0) denote by u, and u,, the solutions of (P, ) corresponding respectively to f
and to 0. We know, by question 3, that |u; —u,| < | f| and thus |%u,\ - %ﬁﬂ -0
as A — +oo.

Problem 27

-A-

3. By definition of the projection we have
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[uont2 — uont1| = |Pattan+1 — u2n1l < |uon — uzp+1l
(since up, € K»), and similarly
[2n41 — uon| = | Pruzn — u2q| < luzp—1 — u2yl.
It follows that
[uon+2 — uon+1l < luzn — uzp—1l.

-B-

To see that a; and a; may depend on u( take convex sets K; and K> as shown in
Figure 9.

Fig. 9

Problem 28
A -
1. (a) = (b). Note that (u, Pv) = (Pu, Pv) = (Pu,v) Yu,v € H.
(b) = (c). Wehave |Pu|?> = (Pu, Pu) = (u, P*u) = (u, Pu) Yu € H.

(¢) = (d). From (c) we have ((u — Pu) — (v — Pv),u —v) > 0Vu,ve H
and therefore (u,u —v) > 0 Vu € N(P) and Vv € N(I — P).
Replacing u by Au, we obtain (d).

(d)= (@a). Set M = N(I — P) and check that P = Py,.

-B-

1. (b) = (c). Note that (P Q)2 = P Q and pass to the adjoints.
(¢c) = (a). QP isaprojection operator and ||Q P| < 1. Thus QP is an orthog-
onal projection and therefore (Q P)* = QP, thatis, PQ = QP.
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(i) Checkthat N(I — PQ) =M N N.
(i) Applying (i) to (I — P) and (I — Q), we see that (I — P)(I — Q) is the

orthogonal projection onto M+ N N+, Therefore I — (I — P)(I — Q) =
P 4+ Q — PQ is the orthogonal projection onto (M N N1t)* =M + N.

2. Itis easy to check that
(@) = (b) & (c) = (d) & (e) & () = (a).

Clearly (b) + (c) = (g). Conversely, we claim that (g) = (b) + (c). Indeed, we

have P Q + Q P = 0. Multiplying this identity on the left and on the right by P,

we obtain P Q — QP = 0; thus, PQ = 0. Finally, apply case (ii) of question B1.
3. Replace N by N+ and apply question B2.

Problem 29
-A-

5. Note that Y 7' |i — piv1* < | f —v|? and that |y — g1 | < | — pig1| Vi =
0,1,...,n.

-B-

2. Since 0 € K, the sequence (|u,|) is nonincreasing and thus it converges to some
limit, say a. Applying the result of B1 with u = u, and v = u,;, we obtain

2 2
20(un, tn+i) = Untps Untp+i)| < 2({un]” = [t p+il”)

< 2(juy|* — a?).
Therefore £(i) = lim;,— oo (4, Uy +;) exists and we have
|t ) = LD < Jun > = a® = g,
3. Applying to S the above result, we see that
| (Uns i) —m@)| < &, Vi, Vn.
In particular, we have
lual> =mO)] < &, and | (tn, pas1) = m(D| < g,

and therefore

Im(0) —m(D)| < 2¢, + |pnllttn — tns1l = 0 asn — oo.

It follows that m(0) = m(1) and similarly, m(1) = m(2), etc.
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4. We have established that | (i, tpti) — m(0)| < &, Vi, Vn. Passing to the limit
as i — oo we obtain |(u,, u) — m(0)| < &), and then, as n — oo, we obtain
|i|> = m(0). Thus, |,| — |u| and consequently , — pu strongly.

5. Applying (1) and adding the corresponding inequalities fori =0, 1,..., p — 1,

leads to
'(u (n+ p)a " o, ) X
9 + - - -
n » n+p » n P

< &y.

We deduce that
2
|(tn Ot p) = Xp| < &0 + %|un| (10wt p| + low]) < &0 + ;”|f|2

(since |u,| < |f| Vn).
6. We have

1 1
| Xp — Xql < 2, + 2n <; + g) |f|2 + |(Un, Ontp — Tutg)l

and thus limsup,, , o [Xp — Xg| < 2¢,, Vn.
7. Write that

n—ln—i—1

n’lo, | Zlul +2) 0D () )

i=1 j=0

and apply (1).
8. Note that ZL—(} n — LG = Z’}-:lej and use the fact that X; — X as
j — o0.

Problem 30
-C-

3. Choose A € A and ji € B such that

min max F (A, = max F )_», and maxmin F (A, =min F(A, ).
reA pneB ( M) HEB ( M) HEB LA ( M) reEA ( M)

-D-

2. The sets B, and A, are compact for the weak topology. Applying the convexity
of K in u and the concavity of K in v, we obtain

K (ZA.[IM,Uj) < Z)\'iK(uia vj)
i i

and
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K{uid g | = wiK @i, v)).
J J

It follows that

Z,LLjK(Z)\,iui,vj>SF()\,M)SZM‘K Ui,ZHjUj
j i i J
and in particular

> K@i vj) < Fp) VpebB,
i

Zm{(ui, 7)> F(A, i) VYaeA.

1
Applying (1), we see that
> wiK@v) <Y AiK(ui.b) Yae A, YueB
J i

Finally, choose A and u to be the elements of the canonical basis.

Problem 31
“A-
3. Note that Zi,j)‘l'}‘j (Avj,v; —v;) = %Zi,j)‘i)‘j (Avj — Av;, vi — vj).

-B-

2. Forevery R > Othere exists some ug € Kg suchthat (Aug,v —ug) >0Vv € Kg.
Choosing v = 0 we see that there exists a constant M (independent of R) such
that ||ug|l < M YR.Fixany R > M. Given w € K, takev = (1 — Hup + tw
with ¢ > 0 sufficiently small (so that v € Kg).

3. Take K = E. First, prove that there exists some u# € E such that Au = 0. Then,
replace A by the map v — Av — f (f € E* being fixed).

Problem 32
2. For ¢ > 0 small enough we have
@ (uo) < @ (uo +ev) = max{luo — yil* = ¢; +26 (v, uo — ui)} + O(e?)
= max {|ug — yiI* — ¢; +2&(v, uo — y)} + O(?)
ieJ(ug)
< @(uo) +2e max {(v,up — yi)} + O(?).
ieJ(ug)
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3. Argue by contradiction and apply Hahn—-Banach.
4. Note that for every u, v € H, we have

() — @(u) > max {[v— yi|* — |u — v} = 2 max {(u — y;, v — u)}.
ied(u) ied(u)

5. Condition (1) is replaced by 0 € conv (Uiejwo){f’(uo)}).

-B-

1. Letting ox = ) ;.; Aix; and oy = ) ;; A;yi, We obtain

1
D hjloy = yil? = =loy P+ 3 aslyil = 5 3 dikjlyi =yl

jel jel i,jel
1
2 2 2
<5 D dikjli = xjlP = —loeP 4 Y A1)l
i,jel jel
2 2
= —loy — pI> + Y _Ajlxj — pI*.
jel

2. Write ug = Y ;¢ j(uy)+j¥j- By the result of B1 we have
D rjlwo—yilP < Y0 rjlp—xj
jed (up) J€J (uo)

It follows that Zje](uo))‘j(p(u()) < 0 and thus ¢(ug) < 0.

Remark. One could also establish the existence of g by applying the von Neumann
min-max theorem (see Problem 30, part D) to the function

2
(ZM%‘) —Yj —Zlijlp—lezo

iel jel

K(w) = uj

Jjel

-C-

1. Set K; = {z € H;|z—yi| <|p—xi|} and K = conv (Uiel{yi})' One has to
show that (ﬂie 1K ,~) # . This is done by contradiction and reduction to a finite
set 1.

2. Consider the ordered set of all contractions T : D(T) C H — H that extend S
and such that 7 (D(T)) C conv S(D). By Zorn’s lemma it has a maximal element
Ty and D(Tp) = H (why?).
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1.

2.

6.

Problem 33

Note that |au,| < n|u|, so that u,, € D(A). Moreover, |u,| < |u| and u, — u
a.e.

Let u, — u and au, — f in LP. Passing to a subsequence, we may assume
that u, — u a.e. and au,, — f a.e. Thusau = f.

. If D(A) = E, the closed graph theorem (Theorem 2.9) implies the existence of

a constant C such that

/|au|p§C/ lul? VYuelL?.
Q Q

Hence the mapping v — fQ la|Pv is a continuous linear functional on L'. By
Theorem 4.14 there exists f € L* such that

/|a|1’v=/fv vue Ll
Q Q
Thus a € L.

N(A) ={ueLP;u=0ae. onla #0]}and N(A)* ={f € L”/; f =0ae.
on [a = 0]}.

To verify the second assertion, let f € N(A)*. Then fQ fu=0Vu € N(A).
Taking u = |f|p/_2f)([a:0], we see that f = 0 a.e. on [a = 0].

. DA ={v e L”/; av € Lp/} and A*v = av.

Indeed, if v € D(A*), there exists a constant C such that

‘/ v(au)
Q

The linear functional u € D(A) +— fQ v(au) can be extended by Hahn—Banach
(or by density) to a continuous linear functional on all of L?. Hence, by Theorem
4.11, there exists some f € L? such that

/v(au):/ fu Yue D(A).
Q Q

Given any ¢ € L?, take u = (1 + |a|) !¢, so that

/ av _ f
el+lal’ " Jor1+a”

< Cllull, Yu e D(A).

Thus f =av € L.

Assume that there exists « > 0 such that |a(x)| > « a.e. Then A is surjective,
since any f € LP can be written as au = f, where u = a~' f € D(A).
Conversely, assume that A is surjective. Then a # 0 a.e. Moreover, Vf € L7,
a~!f e LP. Applying question 3 to the function a !, we see that a=! € L.
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7.

10.

1.

EV(A) ={x e R; |[a = A]| > 0},
p(A) = {A € R; J¢ > O such that |a(x) — A| > ¢ a.e. on Q},

and

og(A)={rAeR; Ve>0,|[la—A <e] >0}

Set M = supga and let us show that M € o(A). By definition of M we
know thata < M ae.on Q and Ve > 0 |[a > M — ¢]| > 0. Thus, Ve > 0
|[[la — M| < &]| > 0 and therefore M € o (A).

Note that o (A) coincides with the smallest closed set F C R such thata(x) € F
a.e. in €2. (The existence of a smallest such set can be established as in Proposi-
tion 4.17.)

Let us show that 0 (A) = {0}. Let L € 0 (A) with A # 0. Then 1 € EV (A) (by
Theorem 6.8) and thus |[a = k]| >0.Setw =[a =XA]. Then N(A—Al)isa
finite-dimensional space not reduced to {0}. On the other hand, N(A — AI) is
clearly isomorphic to L? (w). Then w consists of a finite number of atoms (see
Remark 6 in Chapter 4) and it has at least one atom, since L” (w) is not reduced
to {0}. Impossible.

Problem 34
-A -

Clearly 0 ¢ EV(T). Assume that A € EV(T) and A # 0. Let u be the corre-
sponding eigenfunction, so that

l /x u(t)dt = Au(x).
X Jo

Thus u € C! ((0, 1]) and satisfies
u=iu+ rxu'.

Integrating this ODE, we see that u(x) = Cx~'*1/*_ for some constant C. Since
u € C([0,1]), we must have 0 < A < 1. Conversely, any A € (0, 1] is an
eigenvalue with corresponding eigenspace Cx~!+1/%,

. We already know that [0, 1] C o (T) C [—1, +1]. We will now prove that for any

A e R, A ¢ {0, 1}, the equation
(S1) Tu—) u=feckE

admits at least one solution u € E.

Assuming that we have a solution u, set ¢(x) = f(;c u(t)dt. Then

¢ — Ax¢' = xf,
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and hence we must have

1
p(x) = ‘“f 1~V fdt + Cx
X

for some constant C. Therefore
L i ! 1/x 1 C _1hn
(82)  u(x) =¢'(x) = Y f VR @0dn = < f e+ xR
X

If L < 0orif A > 1 we must choose
1 1

(S3) C = ——/ 1=V f()de
A Jo

in order to make u continuous at x = 0, and then the unique solution u of (S1) is
given by

(84  ux)=(T-rD7'f= —%x*”‘“ fo t=V2 f(yde — %f(x),

with
u(0) = —f( ).
It follows that o (T') = [0, 1] and p(T) = (—o00, 0) U (1, 00).

When 0 < A < 1, the function u given by

1
(S5) u(x) = —x~ A / =2 f(0de — %f(x),

with
u(0) = —f 0,

is still a solution of (S1). But the solution of (S1) is not unique, since we can add
to u any multiple of x~ 11/ Hence, for A € (0, 1), the operator (T — Al) is
surjective but not injective.

When L = 0, the operator T is injective but not surjective. Indeed for every
ueE, TueCl(O,1].

When A = 1, (T — ) is not injective and is not surjective. We already know
that N(T — I) consists of constant functions. Suppose now that u is a solution
of Tu —u = f. Then f(0) = u(0) — u(0) = 0 and therefore (T — I) is not
surjective.

4. A direct computation gives

el/a )
ITeu — Tullpa@,1) < (q_—]/qllullLOO(o,l) ifg > 1,

1y
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and

ITeu — TullL1(0,1) < €log(l + 1/&)llullL=(,1).-

Thus |Te — Tlize,ry — 0. Clearly Ty € KC(E, F) (why?), and we may then
apply Theorem 6.1 to conclude that T € KC(E, F).

-B-

1. It is convenient to write

X 1
Tu(x) = %/0 u(t)dt :/0 u(xs)ds

and therefore 1
(Tu)/(x)z/ u'(xs)sds.
0

2. Assume that A € EV(T). By question A1 the corresponding eigenfunction must
beu(x) = Cx~'*1/* This function belongs to C! ([0, 1]) only when0 < A < 1/2
ork=1.

3. We will show that if A ¢ [0, %] U {1}, then (T — AI) is bijective. Consider the
equation

Tu—ju= feC\0,1].

When A < 0 or A > 1 we know, by part A, that if a solution exists, it must be
given by (S4). Rewrite it as

N 1
u<x>=—ﬁf0 s /f(xs)ds—xf(x),

and thus u € C'([0, 1]).

When 1 > A > 1/2, we know from part A that (S1) admits solutions u €
C([0, 1]). Moreover, all solutions u are given by (S2). We will see that there is a
(unique) choice of the constant C in (S2) such thatu € C Lo, 17).

Write

_ 1t f(0) C
u(x) = x" 112 [ﬁfx t I/A(f(t)—f(O))dt+k2_k +ﬂ
_fx) )
A A2 =

A natural choice for C is such that

fO C
AZ— A

1 1
5 /O VRE @) — FO)dr +

and then u becomes
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U i (7 - fx) — fO
M(X)Z—ﬁx A () — fO)dt — T
Changing variables yields
Lt [ fO)
- —1/a _ _ L
uw) =~ fo s (fGes) = popds = 5 T
Direct inspection shows that indeed u € C 1[0, 11) with
1 1 /
W (x) = _ﬁ/o SV (es)ds — fix).
-C-
1. We have
: p 1 py P : p=1g; reey A%
/ |Tu(x)|Pdx = ——— (D" + lpC)|7 (sign g (x)¢ (x) ——,
0 p—1 p—1Jo xP
and therefore, by Holder,
p—1 1
1 1 p wE 1 ?
/ |Tu(x)|Pdx < P |:/ () dx:| |:/ Iw/(x)lpdx:| ,
0 p—1L1J | x 0
ie.,
P -1
Tu|lh < Tulb )
I1Tully < p—l” ullp llullp

3. Clearly O ¢ EV(T). Suppose that A € EV(T) and A # 0. As in part A we see
that the corresponding eigenfunction is u = Cx~'*1/* This function belongs to
LPO,1)iff0 <Xt < p/(p—1).

5. Assume that A < 0. Let us prove that A € p(T). For f € C([0, 1]), let Sf be the
right-hand side in (S4). Clearly

11 [ 1
ISFl = F;/o IS @ldt + Z1f ().

Therefore S can be extended as a bounded operator from L7 (0, 1) into itself.
Since we have

(T —AD)S=S(T —xI)=1 onC([0, 1]),

the same holds on L” (0, 1). Consequently A € p(T).

Suggestion for further investigation: prove that for A € (0, %) the operator
(T — A1) is surjective from L7 (0, 1) onto itself. Hint: start with formula (S5) and
show that [[u||, < C|| f|l, using the same method as in questions C1 and C2.



562 Partial Solutions of the Problems

6. (T*v)(x) = [} "Dar,

7. Check that T is a compact operator from L7 (0, 1) into C ([0, 1]) with the help
of Ascoli’s theorem. Then prove that

1
\Te — Tligr,La) < Cea ».

Problem 35
A -
1. Clearly |T*T| < |IT]/*. On the other hand,

ITx|? = (Tx, Tx) = (T*Tx, x) < |T*T|| |x|*.

Thus [|T* < [T*TI.
2. By induction we have

1T = 171V integer .

Given any integer N, fix k such that N < 2k,

Then ) ) . )
ITI* = 1T% 1 = I1T¥7* N < IV T 7,
and thus
1Ty <M.
-B-
Set

X = ||Tj*1 Ty, Tj*2 Ty - - - T/:v Ty .
By assumption (1) we have
X < o’ (j1 = k)@* (o = k2) -+~ 0 (v — k),
and by assumption (2),
X < |IT} o (ky — jo)w(ky — j3) -+ @ (kn—1 — jn)l| Ty |
< @? (O’ (ki — jpo’(ka = j3) -+ @ (k-1 — jn),

since || T3 || = I T T;||'/* < w(0).

Multiplying the above estimates, we obtain
X =00 —kDoks — ) o(jn—1 —ky-Dwokn-1 — jN)©(jN — kN).

Summing over ky, then over jy, then over ky_1, then over jy_1, ..., then over k»,
then over j», then over ki, yields a bound by o>V Finally, summing over j; gives
the bound mo 2N .
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3.

10.

‘We have
WM< D300 DD T T T T T Ty | < mo™™.
1ok 2k JN kn
Therefore

1ol <m'*No,

and the desired conclusion follows by letting N — oo.

Problem 36

. To see that Ry is closed, note that (I — T)K = I — S for some S € K(E) and

apply Theorem 6.6.

. Suppose R;4+1 = R, for some ¢ > 1. Then Ryy1 = Ry Vk > ¢g. On the

other hand, we cannot have Ryy| # Ry Yk > 1 (see part (c) in the proof of
Theorem 6.6).

. From Theorem 6.6(b) and (d) we have

Re = N((I =T+
and thus

codim Ry = dim N((I — T*)*) = dim N((I — T)*) = dim Ng.

. Letx e R, NNp. Thenx = (I —T)P& forsomeé € Eand (/ —T)Px =0.1It

follows that § € N3, = N, and thus x = 0. On the other hand,
codim R, = dim N ;

combining this with the fact that R, "N, = {0}, we conclude that £ = R, + N.

. (I =T)Rp = Rpy1 = Rp. Theorem 6.6(c) applied in the space R, allows us to

conclude that (/ — T') is also injective on R .

. Tt suffices to show that Np = Nj. Let x € N,. Then (I — T)%x = 0 and thus

(I = T)x?>= (I —-T)x,I —T)x)=(I—T)>2x,x)=0.

Problem 37

From question 9 we know that v,i") is nondecreasing in n and v,i") < ur Vk > 1

and Vn. Thus it suffices to prove that
(S1) lim inf v > .
n—0o0

In fact, using question 9, one has, Yk < n,

max min R(x) = v,ﬁ").

Scy®m xex
dim ©=k *#0
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Note that from the assumption on Y,

(S2) lim Pym(x) =x Vxe H.
n—>oo
Thus Py (er), ..., Pyw (ex) are linearly independent for n > N sufficiently

large (depending on k, but recall that k is fixed); this implies

(S3) v > min R(x),
xeE(n,k)
x7#0

where E(n, k) is the space spanned by { Py (e1), ..., Pym (ex)}. However, it is
clear from (S2) that

(S4) lim min R(x) = min R(x).
n—00 xeE(n,k) xeEy
x#£0 x#£0

Inequality (S1) follows from (S3), (S4), and question 1.

Problem 38
-A -

2. Use Exercise 6.25 or apply question 1 to the operator (I + K), that satisfies (1)
(why?). Then write
To(SoM)=1Ifr— P.

3. Clearly R(Ir — P) is closed and codim R(/r — P) is finite. By Proposition 11.5
we know that any space X D R(Ir — P) is also closed and has finite codimension.
In particular, (1)(a) holds.

Next, we have
U*oT* = Ip+ — P*,

where P* is a compact operator (since P is). Thus we may argue as above and
conclude that R(U™) is closed. From Theorem 2.19 we infer that R(U) is also
closed.

We now prove that N(T)+ R(U)+ X = E for some finite-dimensional space ;.
Givenany x € E,writex = x;+xy withx; = x—U(Tx) andx, = U(Tx).Note
that Tx; = Tx — (T o U)(Tx) = P(Tx) by (3). Therefore x| € 7! (R(P)) =
N(T) + X1, where X is finite-dimensional, since R(P) is. Consequently, any
x € E belongsto N(T) + R(U) + %1.

Finally, we prove that N(T) N R(U) C X, with ¥, finite-dimensional. Indeed,
letx e N(T)NR(U).Thenx = Uy forsomey € Fand Tx = (T oU)(y) = 0.
Thus, by (3), y— Py = 0and therefore y € R(P).Consequentlyx € U(R(P)) =
Y, which is finite-dimensional, since R(P) is. Applying Proposition 11.7, we
conclude that N(7T') admits a complement in E.
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-B-

(4) = (6). Let Uy be as in question 1 of part A. Then Uy o T = I on X. Given
any x € E write x = x1 + xp withx; € X and x € N(T). Then

(UpoT)(x) = (Upo T)(x1) = x| =x — x3 = x — Px,

where P is a finite-rank projection onto N (T).
(5) = (6). Use Exercise 2.26.

(6) = (4). From (6) it is clear that dim N(7T) < oo. Also, since T* o (17)* =
I+ — (P)*, we may apply part A ((2) = (1)) to T* in E* and deduce that R(T*) is
closed in E*. Therefore R(T) is closed in F.

As in question 3 of part A, we construct finite-dimensional spaces X3 and ¥4 in
F such that -

NWU)+R(T)+ X3 =F,
N@)NR(T) C Za,

and we conclude (using Proposition 11.7) that R(T") admits a complement.

-C-

Note that Qo T = T andthus U o T = Upo Qo T = Upo T =1 — P.

2. Use (2) = (1) and (5) = (4).

3. Let Z C F be a closed subspace. From Proposition 11.13 we know that Z has
finite codimension iff Z< is finite-dimensional, and then codim Z = dim Z-L.
Apply this to Z = R(T), with Zt = N (by Proposition 2.18).

4. We already know that dim N(T*) = codim R(T) < oo. Next, we have
dim N(T) < oo, and thus codim N(T)*+ < oo (by Proposition 11.13). But
N(T)* = R(T*) (by Theorem 2.19). Therefore codim R(7T*) < oo and, more-
over, codim R(T*) = dim N(T).

5. From Theorem 2.19 we know that R(T) is closed. Since N(T*) = R(T)L
is finite-dimensional, Proposition 11.11 yields that codim R(T) < oo. Since
R(T*) = N(T)* and codim R(T*) < oo, we deduce from Proposition 11.11
that dim N(T') < oo.

6. Write T = J(Ig + J ™' o0 K). By Theorem 6.6 we know that (Ir + J ! 0 K) €
®(E,E)andind(Ig+J 'oK)=0.Thus T € ®(E, F) andind T = 0, since
J is an isomorphism.

Conversely, assume that 7 € ®(E, F) andind T = 0. Let X be a complement
of N(T) in E and let Y be a complement of R(T) in F. Since ind T = 0, we
have dim N(T) = dim Y. Let A be an isomorphism from N (7) onto Y. Given
x € E, write x = x; + xp withx; € X and xp € N(T). Set Jx = Tx| + Axp.
Clearly J is bijective and Tx = Tx; = Jx — Ax; is a desired decomposition.

7. Use a pseudoinverse. ~ _

8. Let X and Y be as in question 6. Set E = E x Y and F = F x N(T'). Consider
the operator 7' : E — F defined by

[
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T(x,y) = (Tx + Kx,0).

Clearly -
R(T) = R(T + K) x {0},

N(T)=N(T +K) x Y.
Thus T € ®(E, F) and
codim R(T) = codim R(T + K) + dim N(T),
dim N(T) = dim N(T + K) + dim Y = dim N(T + K) + codim R(T).

We claimthat T = J~+E, where J is bijective from E onto I::, andK € IC(E, I::).
Indeed, writing x = x1 + x, with x; € X and x, € N(T), we have

T(x,y) = (Tx1 4+ Kx,0) = J(x, y) + K(x, y),

where _
J(x,y) = (Tx1+y,x2)

and -
K(x’ }’) = (va 0) - (y’x2)~

Clearly T is bijective and K is compact (since y and x; are finite-dimensional
variables). Applying question 6, we see that

ind7T = 0 = dim N(T) — codim R(T).
It follows that

ind(T + K) = dim N(T 4+ K) — codim R(T + K) = dim N (T) — codim R(T).

. Let V be a pseudoinverse of 7 and set ¢ = ||V||~! (any ¢ > 0 if V = 0). From

(8)(b) we have _
Vo(T+M)=Ig+(VoM)+K.

If IM]| < eweseethat ||[VoM| < 1,and thus W = Ig 4+ (V o M) is bijective
from E onto E (see Proposition 6.7). Multiplying the equation

VoI +M)=W+K
on the left by T and using (8)(a) yields
T+M=(ToW)+(ToK)—Ko(T + M).
Since W is bijective, it is clear (from the definition of ®(E, F)) that T o W €
®(E, F)andind(T o W) = ind T. Applying the previous question, we conclude

that T + M € ®(E, F) and ind(T + M) =ind(T o W) =ind T.
Check that V| o V; is a pseudoinverse for 7> o T7.
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12. Note that Hy(xy, x2) = (T1x1, Trx2), so that ind Hy = ind T} + ind 73. On the
other hand, Hj(x2, x2) = (x, —T>(T1x1)), so thatind H; = ind(7T> o T}).
13. ind V = —ind T by (8), questions 6 and 12.

-D-

1. ind T = dim E—dim F,sincedim R(T) = dim E—dim N (T)and codim R(T) =
dim F — dim R(T).

2. When |A| < 1, ind(S, — AI) = —1 and ind(Sy — A1) = +1. When |A| > 1,
(S —A[I) and (S, —A[l) are bijective; thus ind (S, —A7) = Oand ind(S¢—A1) = 0.

Problem 41
A -

1. Assume by contradiction that a € (Int P) N (—P). From Exercise 1.7 we have
0= %a + %(—a) € Int P and this implies P = E.

2. Suppose not; then there exists a sequence (x,) in P such that x, +u — 0. Since
(xp,+u)—u = x, € P,weobtain atthe limit —u € P.This contradicts question 1.

3. Clearly u # 0 (since 0 ¢ Int P by (2)). From (3) we have Tu € Int C and thus
B(Tu, p) C C for some p > 0. Then choose 0 < r < p/|lull.

4. Since Ax =T (x +u) > Tu > ru, we have %x > u. Assuming (%)”x > u, we
obtain (%)"Tx > Tu and thus (%)”(Ax —Tu) > Tu > ru. Hence (%)”Ax > ru,
ie., (2)"!x > u. On the other hand, Ax = T'(x 4+ u) € Int P, which implies
that A > 0 (by question 1). If we had 0 < A < r we could pass to the limit as
n — oo and obtain —u € P, which is impossible (again by question 1).

5. The map x — (x + u)/|lx + u]| is clearly continuous on P (by question 2).
F(P) C T(Bg) C Ksince T € K(E).

6. When replacing u by eu, the constant « in question 2 may change, but the constant
r in question 3 remains unchanged.

7. We have A ||x|| = |T (xe +eu)|| < |IT|| xe + eu|l and therefore ||x:|| < ||T||.
Hence 1. < ||T|| + ¢|lul||. Passing to a subsequence &, — 0, we may assume
that A, — po and Tx,, — £ (since T € K(E)). Hence x,, — xo with
x0 € P, uo = |lxoll = r and Tx9 = woxo, so that xo € Int P by (3).

-B-

1. The set ¥ = {s € [0,1]; (1 — s)a + sb € P} is a closed interval (since P is
convex and closed). Then 0 = max {s; s € X} has the required properties by
Exercise 1.7.

2. We cannot have © = 0 (otherwise, 0 € Int P) and we cannot have © < 0
(otherwise, —x € (Int P) N (—P)). Thus © > 0, and then x € Int P, which
implies —x ¢ P.Notethatxgandx play symmetricroles: xg, x € Int P, —xp ¢ P,
—x ¢ P, Txo = poxo with g > 0,and Tx = pux with u > 0. Sety = xo — 70X,
where 1) = t(x9, —x). Then y € P (from the definition of ¢ and 7). Moreover,
y # 0 (otherwise x = mxg withm = 1/79). Thus Ty € Int P. But
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Ty =Txo—tTx = (Loxo — ToLX.

Hence xg + 22 (—x) € Int P. From the definition of 79 we deduce that TO—O" <1
and therefore i < po. Reversing the roles of xg and x yields po < u. Hence we
obtain a contradiction. Therefore x = mxg for some m > 0 and then © = .

3. If x € P or —x € P we deduce the first part of the alternative from question 2.
We may thus assume that x ¢ P and —x ¢ P.We will then show that || < uo. If
u = 0 we are done. Suppose that . > 0 and let 19 = t(xg, x). Set y = xg + tox,
so that y € P. We have y # 0 (otherwise —x € P) and thus

Ty = poxo + topux € Int P.

Hen Tomn
ence xo + 0

and thus < uo.
Suppose now that u < 0.Let 79 = 7(x0, x) and T = t(xg, —x).Set y = xo+7ox
and y = xo — Tox, sothat y, y € P and y # 0, ¥y # 0. As above, we obtain

x € Int P. From the definition of ty we deduce that % < 10,

T T
x0 + O—Mx e€elntP and xg— O—Mx € Int P.
1220] o

Thus

T T
OIM'(—)c)elntP and xg + ol

Mno Hno
From the definition of 7y and 7y we deduce that

X0 + x € Int P.

Tolul . ol
<79 and

1o 1o

[T T
M < mln{—o, TO} <1.
Mo T0 70

4. Using question 3 with u = ug yields N(T — puol) C Rxy.

5. In view of the results in Problem 36 it suffices to show that N((T — uol)?) =
N(T —uol).Letx € E be such that (T — puol)%x = 0. Using question 4 we may
write Tx — pox = axp for some o € R. We need to prove that « = 0. Suppose
not, that o # 0. Set y = £, so that Ty — poy = xo. Then T?y = poTy + Txo =

<7

Therefore

u(z)y + 2uox0. By induction we obtain T"y = ugy + nugflxo foralln > 1,
which we may write as

n+1
Tn (.XO _ MOY) — _I'LO y.
n n

Since xp € Int P, we may choose n sufficiently large that xo — "nﬂ € P. Since
T"(P) C P, we conclude that —y € P. Thus T"(—y) € P. Returning to the
equation 7"y = pugy + nu,gflxo Vn > 1, we obtain —y — Mloxo € P,ie,
—xo — 58y € P. Asn — 400 we obtain —xq € P. Impossible.
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Thus we have established that the geometric multiplicity of g (i.e., dim(N —
uol)) is one, but also that the algebraic multiplicity is one.

Problem 42
1. We have, Vx € C,
1
ITx = Txoll = IT1 x = xoll = ITllr = 5 T xoll.
and by the triangle inequality,
1
ITxoll = WTxll = ITx = Txoll = 5 ITxoll.

Thus || y|| > % ITxo|| Yy € T(C), and therefore alsoVy € T (C). Since Txg # O,
we see that 0 ¢ T(C).

2. By assumption (1), A, is dense in E, and consequently A, N B(xg, r/2) # 9,
i.e, there exists S € A such that ||Sy — xo|| < r/2.
3. We have, Vz € B(y, ¢),

,
15z = xoll = ISz =M+ ISy — xoll = ISlle + 5.

Then choose ¢ = m

4. If x € C, then Tx € B(yj, % 8yj) for some j € J. Therefore g;(x) > % &y, and
thus g (x) > minjej{% &y -

5. The functions g; are continuous on E and the function 1/g is continuous on C.
Thus F is continuous on C. Write

1

F)—x0= = le;CIj () [Sy, (Tx) — xo] .-

Note that gj(x) > 0 Vx € E and g;(x) > O implies || Tx — y;|| < &y;. Using the
result of question 2 with z = Tx and y = y; yields

ISy, (Tx) = xoll < 7.
Therefore
qj NSy (Tx) —xoll <gqj(x)r VxeE, Vjel,

and thus
| F(x) —xoll <7

6. Let 0 = T(C), so that Q is compact. Thus R; = Syj(Q) is compact, and
so is [0, 1]R; (since it is the image of [0, 1] X R; under the continuous map
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(¢, x) > tx). Finally, > jes[0, 11R; is also compact (being the image under the
map (x1, x2,...) — Zjej xj of a product of compact sets).

7. Each operator Sy, o T is compact by Proposition 6.3. Since C(E) is a subspace
(see Theorem 6.1), we see that U € K(E) (¢g;(§) is a constant). From Theorem
6.6 we know that F = N (I — U) is finite-dimensional.

Writing that F'(§) = £ gives

1
@qu(asy_,@s) =,

jeJ
and by definition of U,
1
UE)=—— (8)S,.(T&) =E&.
&) q(é);qj(é) v (T§) =&

8. We need to show that Ta = U(Ta) Ya € Z. Note that S, ;i € A (by the construc-
tion of question 2; thus Sy, o7 € Aand U € A. From the definition of A itis clear
that UoT =T oU.Leta e Z,sothata =Ua.ThenTa = T(Ua) = U(Ta).

The space Z is finite-dimensional and thus Z # E (this is the only place where
we use the fact that E is infinite-dimensional). Clearly Z is closed and Z # {0},
since £ € Z (and & € C implies & # 0 by question 1). Thus Z is a nontrivial
closed invariant subspace of 7.

9. Nontrivial subspaces have dimension one. Thus the only nontrivial invariant sub-
spaces are of the form Rxg with xo # 0and Txg = axg for some o € R. Therefore
it suffices to choose any T with no real eigenvalue, for example a rotation by 7 /2.

Problem 43

LT u+v)> = |Tul>+|Tv*+2(T*Tu, v) and |T*u+v)|? = |T*ul*+|T*v|*+
2(TT*u, v).

3. By Corollary 2.18 (and since H is reflexive) we always have R(T) = N(T*)*
and R(T*) = N(T)*.

4. Since f € R(T), we have f = Tv for some v € H. Using question 3 we may
decompose v = v1 4+ vy with vy € R(T) and vy € N(T). Then f = Tv = T
and we choose u = vy.

5. We have by question 1 |u, — up| = | T*n — Ym)| = | TOn — ym)| — O
as m,n — oo. Thus Ty, is a Cauchy sequence; let z = lim,— o7 y,. Then
T*Ty, = TT*y, with TT*y, = Tu, — Tu = f and T*Ty, — T*z. Thus
Tz = f.

6. In question 5 we have proved that R(T) C R(T™*). Applying this inclusion to 7T*
(which is also normal) gives R(T*) C R(T).

7. Clearly || T?|| < ||T?||. For the reverse inequality write |Tu|> = (T*Tu,u) <
|T*Tu| |ul. Since T is normal, we have |T*Tu| = |TTu| < ||T?|| |u|. Therefore

2 _ |Tu|? 2
171" = sup ,xo = 1=
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8. When p = 2 we argue by induction on k. Indeed, ||Tszrl I = |IS?|l, where
S = T2, Since S is normal, we have ||S2|| = ||S||%. But ||S|| = ||T|%" from the
induction assumption. Therefore ||T2k+] | = ||T||2k+1.

For a general integer p, choose any k such that 25 > p. We have
N7 = 172 = | T¥PTe) < IT¥P) TP < TP TR.

Thus ||T||P” < ||IT?], and since ||T?|| < ||T||?, we obtain ||T?| = ||T|".

9. Letu € N(T?). Then Tu € N(T)N R(T) C N(T) N N(T)* by question 2.
Therefore Tu = 0 and u € N(T). The same argument shows that N(T?) C
N(TP~Y) for p > 2, and thus N(T?) c N(T). Clearly N(T) C N(T?) and
therefore N(T?) = N(T).

Problem 44
-A -

2. Clearly T*oT = I implies |Tu| = |u| Yu € H.Conversely, write |T (u+v)|> =
lu + v|2 and deduce that (Tu, Tv) = (u,v) Vu,v € H,sothat T* o T = 1.

3. (@ = (). T*oT = I and T bijective imply that T* = T~!, so that T* is

also bijective.

(b) = (c). T*oT = I implies that T* is surjective. If T* is also injective,
then T* is bijective and T = (T*)~'. Hence T o T* = I.

(c) = (d). Obvious.

(d)=(e). T*oT = I implies that T™* is surjective. If 7* is an isometry, it
must be a unitary operator.

()= (a). Apply (a)= (e)to T™.

4. In H = ¢? the right shift S, defined by S, (x1, x2, x3,...) = (0, x1, x2, ...) is
an isometry that is not surjective.

5. Let f, € R(T) with f, — f. Write f,, = Tu, and |u, — upw| = |fu — fnl,
so that (u,) is Cauchy sequence and u,, — u with f = Tu. Given v € H, set
g =TT*v.Then g € R(T) and we have Vx € H,

(v—g,Tx)=w,Tx)— (TT*v,Tx) = (v, Tx) — (v, TT*Tx) =0,

since T* o T = I. Thus v — g € R(T)* and consequently g = Pr(ryv.

6. Assume that T is an isometry. Write (T — AI) = (I — AT*) o T. Assume
M| < 1. Then ||AT*|| < 1 and thus (I — AT™) is bijective. When T is a unitary
operator we deduce that (T — AI) is bijective; therefore (—1,+1) C p(T)
and hence o (T) C (—oo, —1] U [+1, +00), so that o (T) C {—1, +1} (since
o(T) C [—1, 4+1]). On the other hand, if T is not a unitary operator and |A| < 1,
we see that (T — AI) cannot be bijective; therefore (—1, 4+1) C o(T), so that
o(T) =[—1,+1] (since o (T) is closed and o (T) C [—1, +1]).
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7.

9.

10.

11.

3.
4.

Partial Solutions of the Problems

T is an isometry from H onto T (H). If T € K(H) then T(By) = Brm) is
compact. Hence dim T (H) < oo by Theorem 6.5. Since T is bijective from H
onto T (H), it follows that dim H < oo.

If T is skew-adjoint then (T'u, u) = (u, T*u) = —(u, Tu) and thus (T'u, u) = 0.
Conversely, write 0 = (T'(u + v), (v +v)) = (Tu,v) + (Tv,u) Yu,v € H, so
that Tu + T*u =0Vu € H.

Assume A # 0. Then (T —X11) = —)\(I—%T),and the operator(I—%T) satisfies
the conditions of the Lax—Milgram theorem (Corollary 5.8). Thus (T — A[I) is
bijective.

From question 9 we know that 1 ¢ o (T), and thus (T — 1 )~!is well defined.
From the relation (T — I) o (T + 1) = (T + I) o (T — I) we deduce that
U= (T -D"'o(T+.Similatly UoT = (T —I)"'o(T+1)oT =
To(T+I)o(T—I)"' = ToU because (T+1)oTo(T—1) = (T—1)oTo(T+I).
Next, we have U* = (T* —= )" Lo (T*+ ) and thus U* o U = (T* = )1 o
(T*+1D)o(T+I1)o(T—1)"" =1,since (T*+1)o(T+I) = (T*—1)o(T —1)
because T* + T = 0.

Thus U is an isometry. On the other hand, U = (T + ) o (T — I)~! is bijective
since —1 € p(T) by question 9.

By assumption we have U* o U = I. Thus (T* — ) "' o (T* + 1) o (T + 1) o
(T — I)~! = I. This implies (T* + 1) o (T + 1) = (T* = 1) o (T — 1), i.e.,
T+ T =0.

(i) Trivial.
(i) If dim H < oo, standard linear algebra gives dim N(7') = dim N (T™).

(iii) If T is normal, then N(T) = N(T*).

(iv) dim N(T) = dim N(T*) < oo by Theorem 6.6.

If T = Sy, aleft shift, then dim N(T) = 1 and T* = S, satisfies N(T*) = {0}.
We have T* = PoU* andthus T*oT = PoU*oU o P = P2 by question A.2.
From the results of Problem 39 we know that P must be a square rootof 7*o T,
and that P is unique.

Suppose that T = U o P = V o P are two polar decompositions. Then U = V
on R(P) and by continuity U = V on R(P). But PX=T*cT implies N (P) =
N(T). Thus R(P) = N(P*)* = N(P)* = N(T)* (since P* = P).

From the relation T = U o P we see that U(R(P)) C R(T). In fact, we have
U(R(P)) = R(T); indeed, given f € R(T) write f = Tx for some x € H,
and then U(Px) = f,sothat f € U(R(P)).

By continuity U maps m = N(T)* into m = N(T*)*. Since U is an
isometry, the space U (N (T)%) is closed (by the standard Cauchy sequence argu-
ment). But U(N(T)1) > R(T) and therefore U(N(T)1) = R(T) = N(T*)*.
Using the property (Ux, Uy) = (x,y) Vx,y € H we find that (Ux,Uy) =
0Vx € N(T)L, Yy € N(T). Thus U(y) € N(T*)*+ = N(T*) Vy € N(T).
Consequently J = U|n(r) is an isometry from N (T') into N (T™*).
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7. Let P be the square root of 7* o T. We now construct the isometry U . First define
Up : R(P) — R(T) as follows. Given f € R(P), there exists some u € H (not
necessarily unique) such that f = Pu. We set

Upf =Tu.

This definition makes sense; indeed, if f = Pu = Pu’,thenu —u’ € N(P) =
N(T), so that Tu = Tu’. Moreover,

IUofl = Tul =[Pul =|f] VYfeRP).

In addition we have Up(R(P)) = R(T). Indeed, we already know that
Uo(R(P)) C R(T). The reverse inclusion follows from the identity Ug(Pu) =
TuVu € H.

Let 170 be the extension by continuity of Uy to W)V Then 170 is an isometry
from R(P) = N(T)* into R(T) = N(T*)*. But R(Up) D R(Up) = R(T) and
therefore (as above) R(Ug) D R(T) = N(T*)*. Hence Uy is an isometry from
N(T)* onto N(T*)*.

Finally, we extend ﬁo to all of H as follows. Given x € H, write
X =x1+x2
with x; € N(T)* and x» € N(T). Set
Ux = ﬁoxl + Jx3.
Then
Ux|? = |Uox1|* + 2(Uox1. Jx2) + | x2* = |x1] + |xal? = [x[,
since Upx; € N(T*)* and x» € N(T*) (by (1)).

Clearly U (Pu) = Up(Pu) = Tu Yu € H, and therefore we have constructed a
polar decomposition of 7.

8. The construction of question 7 shows that R(U) = N(T*)* & R(J). Thus
R(U)=H if R(J) = N(T*), and then U is a unitary operator.

9. If T is a normal operator then N(T) = N(T*) (see Problem 43). Thus (2) is
satisfied and we may apply question 8. Next, we have T* = P o U*, and since
T is normal we can write

(PoUNoWUoP)=T"oT=ToT*"={UoP)o(PoU"),

which implies that
P>’=Uo P?oU",

and thus
P?oU =Uo P2
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10.

1.

12.

12.

Partial Solutions of the Problems

Applying the result of question C2 in Problem 39 we deduce that PoU = Uo P.
We have P2 =T*0oT € K(H). This implies that P € IC(H). Indeed, let (u,)
be a sequence in H with |u,| < 1. Passing to a subsequence (still denoted by
uy), we may assume that u, — u and P24, — P2%u. Then |P(u, — u)|2 =
(P%(up — u), uy — u) — 0, so that Pu, — Pu.Hence P € K(H).

We have T* o T € K(H), since T € K(H) and its square root P is compact
(see part D in Problem 39).

Let (e,) be an orthonormal basis of H consisting of eigenvectors of T*T, with
corresponding eigenvalues (1,), so that A, > 0 Vn and A,, — O asn — oo. Let
I = {n € N; %, > 0}. Consider the isometry Uy defined on R(P) with values
in R(T') constructed in question 7; we have Upo P = T on H.

Set f, = Uy(e,) for n € I; this is well defined, since Pe, = +/A,e,, so that
e, € R(P) whenn € I. Then (f,),es is an orthonormal system in H (but it is
not a basis of H, since f,, € R(Uy) C R(T) # H in general). Choose any basis
of H, still denoted by ( f;;)neN, containing the system ( f;;)nes. Foru € H, write

W=y (u en)en,

neN
so that
Pu = Z V An(u, ep)e, = Z\/ An(U, ey)ey,
neN nel
and then
Tu=Uo(Pu) =Y N n(u,en) fo =Y hn(u, en) fr-
nel neN

Clearly

T v = Z\/kn(v, fen.

neN

Set

N
Tyu =Y ay(u, en) fu,

n=1

so that Ty € K(H) (since it is a finite-rank operator). Then ||[Ty — T| <
max,>n+1|o,l|, so that ||[Ty — T|| — 0 as N — oo, provided o, — O as
n — oo;thus T € KC(H) by Corollary 6.2.

Problem 45

Consider the equation

—u"+ku=f on(0,1),
u(0) =u(l) =0.

The solution is given by
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sinh (kx)

u(x) = / f(s)sinh(k(1 — 5))ds — —/ f(s)sinh(k(x — 5))ds.
ksinhk

A tedious computation shows that

1
x(1 —x)/ f(s)s(1 —s)ds.
k 0

(x) = .
u(x

~ sinh
Next, suppose that p = 1 and u satisfies

—u"+qu=f on(0,1),
u(0) = u(l) = 0.

Write
—u" +ku = f+ k* - q)u.

We already know that # > 0. Choosing the constant k sufficiently large we have
f + (k> — g)u > f, and we are reduced to the previous case.

In the general case, consider the new variable

1
=—/ —dt where L = / Ldt.
p() o p@)

Set v(y) = u(x). Then
1
uy(x) = Uy(y)m
and

(p(Xux)y = v)‘y()’)m.

Therefore the problem

—(pu') +qu=f on(0,1),
u(©0) = u(l) =0

becomes

—vyy(y) + L2p(x)g(x)v(y) = L?p(x) f(x) on (0, 1),
v(0) =v(1) =0,

and we are reduced to the previous case, noting that x (1 — x) ~ y(1 — y).

Problem 46

12. Let (u#,) be a minimizing sequence i.e., F'(4,) — m. We have
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F(u)—lfl(u’2+u2)—/l (uy) < C
n—20 n n Ogn_ .

On the other hand we may use Young’s inequality (see (2) in Chapter 4, and the
corresponding footnote) with a = (r7)**! and p = 2/(a + 1), so that p > 1
since @ < 1. We obtain

g(uy) < eug +C, Ve>O0.

Choosing, e.g., ¢ = 1/4 we see that (u,) is bounded in H (I). Therefore we
may extract a subsequence (u,,) converging weakly in H (I ), and strongly in
C(I) (by Theorem 8.8), to some limit u € H0 ). Therefore

1
hmlnf/ (u +u%k) 2/ (u’2+'42)
0

1 1
lim / §lun) = [ 2.
k—o00 Jo 0

Consequently F(u) < m, and thus F(u) = m.

and

Problem 47
-A -

2. Choose a sequence (u,) proposed in the hint. We have

1
Uy =/ 1 un(x)dx
1—

n

and thus |u,| < 1/n. On the other hand
_ _ 1
lup — upllpoory = up(l) —upy > 1 — .
and X
sy = [ 09 = (1) = 0,00) = 1.
0

3. Suppose, by contradiction, that the sup is achieved by some function u €
wbilD),ie.,
||u —ﬁ”Lw([) =1 and ||u’||L1(1) =1.

We may assume, e.g., that there exists some xg € [0, 1] such that
(SDH u(xg) —u = +1.

On the other hand,
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1
(S2) u= / (u(x) mln u) dx + minu > minu = u(yp),
0 1] [0,1] [0,1]

for some yg € [0, 1]. Combining (S1) and (S2) we obtain

u(xo) —u(yo) > 1.
But |
u(xo) — u(yo) < /O W ) ldx = 1,

Therefore all the inequalities become equalities, and in particular ¥ = minfg, 1] u
This contradicts (S1).
6. Set
m = inf{l|u'||Lrry; w € WP (1) and flu — @ Loy = 1),

and let (u,) be a minimizing sequence, i.e., ||lu} ||Lr (1) — m and |lu, — Wy || La(r)
= 1. Without loss of generality we may assume that u,, = 0. Therefore (u,,) is
bounded in W7 (I). We may extract a subsequence (u,, ) converging weakly in
WP (I) when p < oo (and (u;k) converges weak* in L>°(/) when p = o0) to
some limit u € W17 (I). By Theorem 8.8 we may also assume that Up, —> U in
C(T) (since p > 1). Clearly we have

lu' Loy <m, u=0, and ||ullLe) = 1.

-B-

1. Apply Lax—Milgram in V equipped with the H'-norm, to the bilinear form
a(u,v) = [, u'v'. Note that a is coercive (e.g., by question A6).
2. Letw € CC] (). Choosing v = (w — w) we obtain

/u’w’:/f(w—ﬁ):/fw Yw e CH(I).
I I I

We deduce that u € H>(I) and —u”" = f. Similarly we have

/u’u/:/fw vw e H'(I)
1 i

and thus u'(0) = u’(1) = 0 (since w(0) and w(1) are arbitrary).
4. We have o (T /A1) C [0, 1]. Applying Exercise 6.24 ((v) = (vi)) we know that

M(Tf f) = ITfI> YfeH

1 1
)L]/ u’ZZ/ w? YueWw,
0 0

and we deduce that

where
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1
W= {u € H*(0,1); u'(0) = u’(1) = 0 and / U= 0} )
0

On the other hand, given any u € V, there exists a sequence u, € W such that
u, — u in H'. (Indeed let On € Cg (1) be a sequence such that ¢, — u’ in
L2(1) and set u, (x) = f(f @, (t)dt + c,,, where the constant ¢, is adjusted so that

fol u, = 0.) Therefore we obtain

”u”LZ(I) =v )\'l”I/l/”LZ(I) YuelV.

Choosing an eigenfunction e of T corresponding to A, and letting u; = Te; we
obtain

il 2y = v/l 2y

The eigenvalues of T are given by Ay = kziﬂ .k =1,2,.... Therefore the best
constant in (6) is 1/7.

1. Write, foru € Wh1(I),

1 1 1 1 1
f lu(x) —uldx :/ | (x) —[ u(y)dyldx S/ / lu(x) —u(y)ldxdy
0 0 0 0 Jo

1 X X 1 1 )
5/ dx/ dy/ |u/(t)|dt+/ dx/ dy /) |t (1)|dt
0 0 y 0 X X
1
=2/ lu' (1))t (1 — t)dt
0

by Fubini.

3. Choose a function u € W1!(I) such that u(x) = —1 ¥x € (0,1 —¢), u(x) =
+% Vx € (% +e&,1),u =0and u’ > 0, where ¢ € (0, %) is arbitrary. Then
'l = 1and [lull, = 5 —e.

4. There is no function u € W1 () such that |lu — | ;1 ;) = 3 and [lu/]| .1 ;) = 1.
Suppose, by contradiction, that such a function exists. Then

1 _ 1 1
5 = lu—=alg = 2/1 W Ol (1= Ddt < 5 /1 lu'(ldt = 3,

since 2t(1 —¢t) < % vVt € (0, 1). All the inequalities become equalities and
therefore (7 —t(1 — 1)) |u(t)| = 0 a.e. Hence u’ = 0 a.e. Impossible.

Problem 49

7. We have
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A1 = a(wg, wo) <

10.

a(wo + tv, wo + tv)
2
||w0 + tU“LZ

Yv € HO1 (0, 1), Vt sufficiently small.

Therefore we obtain
1 1
A (1 +2t/ wov + t2/ v2) < A + 2ta(wg, v) + tza(v, v),
0 0
and consequently
1
kl/ wov = a(wg, v) Vv e HO1 O, D),
0

i.e., Awg = Aqwg on (0, 1).

. We know from Exercise 8.11 that wy = |wg| € H(} (0, 1) and |w}| = |w| a.e.

Therefore a(w;, wi) = a(wg, wp), and thus w; is also a minimizer for (1). We
may then apply question 7.

Here is another proof which does not rely on the fact that all eigenvalues are
simple. (This proof can be adapted to elliptic PDE’s in dimension > 1.) Itis easy
to see (using question 9) that w?/w; belongs to HOl (0, 1). Therefore we have

1 w2 1 1
/ (Awl)—=A1/ w2=/ (Aw)w.
0 w1 0 0

Integrating by parts we obtain

1 2uww’ w2 1
/ pwi | —— — —wj | +qv’ = f pw’? + qu?,
0 wi wy 0

and therefore
1 ’ 2
/ < , ww )
plw — =0.
0 wq

Consequently (3-)" = u—fl(w’ — u;i—:”) = 0, and therefore w is a multiple of w;.

Problem 50

2. Note that

1/2

1 1 1/2 1 1 1
/Iq|u2§</ q2> (/ u“) ESf u4+Cg/ q°
0 0 0 0 0

Choosing ¢ = 1/8 we deduce that, Vu € HO1 0, 1),

1 1! 1! 1!
—a(u,u)—}——/ u4z—/ u’z—i-—/ ut —C.
2 4 0 2 0 8 0
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3. Let (u,) be a minimizing sequence, i.e., %a(un, u,)+ JT fol ufl — m. Clearly (u,)
is bounded in HOl (0, 1). Passing to a subsequence, still denoted by u,, we may
assume that u, — ug weakly in HOl 0, 1) and u;;, — ug in C([0, 1]). Therefore

. 1 1 1 1 9 1 1 4
liminf, oo fy u)> > [y up?, [y qu2 — [y qui and [y u}t — [; u3. Conse-
quently a(ug, ug) + % f lug|* < m, and thus ug is a minimizer.

4. We have

1 1! 1 1!
~a(ug, ug) + —/ ug < ~alug +tv, ug + tv) + —/ (o + tv)*
2 4 Jy 2 4 J,

1 1 /!
= Ea(uo, up) + ta(ug, v) + Z/ (ué + 4u8tv) +0@?).
0

Taking t > 0 we obtain

1
a(uo,v)+/ ugv > 0(1).
0

Letting t — 0 and choosing v we are led to
1
a(uo, v) +/ ugv =0 Yv e H} (0, 1).
0

6. Recall that u; s 0 since %a(ul, uy) + %fol u‘f = m < 0. On the other hand we
have
—uf + a’u; = (a® — q— u%)ul =f=>0

and f # 0 (provided a®> — ¢ — u% > 0). We deduce from the strong maximum
principle (see Problem 45) that u; > 0 on (0, 1), u}(0) > 0, and u/ (1) < 0.
8. Letu € CLI, ((0, 1)); we have, using integration by parts,

1 2 1 / 207/ 1
2 u-U
_/ {/Uu ./U1/< T 21>§/ ",
0 1 0 Ui Uj 0

and therefore

1 1 U// 1
(s1) /0 W UpP > —/0 T = U = —fo (g + UH@? - UD).

By density, inequality (S1) holds for every u € HOl (0, 1). Assume p € K and set
u=,/p.Thenu € H(} (0, 1), and we have

1
1 1
D (p) — D(p1) = /O u? + qu* + 5u“ —~U? —qU} — 5Uf‘.

Using (S1) we see that
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1
1
o) =00 = [ = (a+07) (s = UF) +au + 5 - qU - 50

0

1 1

1 1 1 2
=/ —u4+—Uf‘—U12u2=—/ (uz—Ulz) .

0 2 2 2 0

Problem 51

1. The mapping v = Tv = (v, v, ,/pv) is an isometry from V into L*(R)3. It
is easy to check that 7' (V) is a closed subspace of L%(R)3, and therefore V is
complete. V is separable since L?(R)? is separable.

3. Letu € C°(R). We have Vx € [—A, +A],

+A
(S1) |u(x) — u(—A)| s/ ' (0)|dt < V24U || 2 g)-

On the other hand u2(—A) =2 f :0'2 uu’ and therefore
(52)

—A +oo 1 +o0 +o00
lu(—A)|? 5/ |u|2+/ u'|? < —/ p|u|2+/ lu'|? < Ca(u, u).

oo —0o0 8 —0o0 oo

Combining (S1) and (S2) we obtain

(S3) lu(x)| < Ca(u,u)'’? Vx e[—A, +A],

+A
f lul* < Ca(u,u).
—A

and consequently

Next, write that
+o0
/ up? sf |u|2+/ uPdx < Cau, u).
—00 |x|<A |x|>A

—+00 +0o0
/ lu'|> < a(u,u) and / plul® < au,u),
—0o0 —00

Since

we conclude that a(u, u) > (x||u||%, Yu € CX(R), for some o > 0.

4. It is clear that u € H?(I) for every bounded open interval I and u satisfies
—u" + pu = f ae.on I.Since p,u and f are continuous on I we deduce that
u € C2(I). On the other hand, u(x) — 0 as |x| — oo by Corollary 8.9 (recall
that V. c H'(R)).

5. We have

(S4) / W20 Gt + £2') + / e = / Feu.
R R R
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But
aGutt, Luut) = / ot + Gou)* + / peau* = / f&iu+ / g ?u® by (S4).
R R R R

Thus (since |, | < 1)

C
a(Guu, o) < |1 fll 2@y llSnull 2Ry + n_2/ u’.

n<|x|<2n
Since u(x) — 0 as |x| — 0o we see that n_2fn§|x|§2n” — 0asn — oo. Using

the fact that a is coercive on V we conclude that ||, u|ly < C. It follows easily
that u € V. Returning to (S3) we obtain

+o00
a(u,v) = fv YveCM),
o

and by density the same relation holds Vv € V.

6. Let F = {u € V; |lully < 1}. We need to show that F has compact closure in
L*(R). For this purpose we apply Corollary 4.27. Recall (see Proposition 8.5)
that

lTnie — ull 2@y < 1R M2 gy

and therefore

lim |Izqu — ul|;2@r) = O uniformly inu € F.
|h|—0

On the other hand, given any ¢ > 0 we may fix a bounded interval / such that
lp(x)| > 5% Vx € R\ 1. Therefore

/ |u|2582/p|u|2582||u||2v582 Vi e F.
R\/ R



Notation

General notations

A€ complement of the set A

E* dual space

(,) scalar product in the duality E*, E
[f=al={x; f(x) =0}

B(xg, 1) open ball of radius r centered at xg

Bp ={x e E;|lx|| = 1}
epi ¢ = {[x, A]; o(x) = 2}

o* conjugate function

L(E, F) space of bounded linear operators from
E into F

M+ orthogonal of M

D(A) domain of the operator A

G(A) graph of the operator A

N(A) kernel (= null space) of the operator A

R(A) range of the operator A

o(E, E*) weak topology on E

o(E*,E) weak* topology on E*

— weak convergence

J canonical injection from E into E**

p conjugate exponent of p, i.e., % + # =1

a.e. almost everywhere

|A] measure of the set A

supp f support of the function f

fxg convolution product of f with g

On sequence of mollifiers

(Tt fHx) = f(x+h) shift of the function f

o CC R w strongly included in €2, i.e., @ is compact
and w C Q2

Pk projection onto the closed convex set K
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| Hilbert norm

p(T) resolvent set of the operator T
o(T) spectrum of the operator T
EV(T) the set of eigenvalues of the operator T
J=T+r4)71 resolvent of the operator A
A, = AJ, Yosida approximation of the operator A
Vu = (5’—;41, aij—);‘z, o 3‘1—‘:\1) gradient of the function u
glaly, N
D= ————— o= (a1, 02, ...,0N), || = ., a;
ax(lyl 8x(2)(2 8)(?\(/\/ ( 1 2 N) | | Zl—l ]

N 92
Au = — Laplacian of u

P p

RY = {x = (', xy) e RN "I x R; xy > 0}
0={x="xy) e RN xR; |x'| < 1and |xy| < 1}
01 =0NnRY

Qo=1{x¢ Q;IXN =0}

(Dpu)(x) = W (u(x +h) — u(x))

Ju

o outward normal derivative
n

Function spaces

QCRV open set in RV

Q=T boundary of 2

LP(Q2) = {u : 2 — R: u is measurable and fQ ul? <oo0},1 <p<oo

L®(R2) = {u : 2 — R: u is measurable and |u(x)| < C a.e. in Q for some
constant C}

C.(Q2) space of continuous functions with compact
support in
c(Q) space of k times continuously differentiable

functions on 2,k > 0
C®(Q) = kmock ()
>

ckQ) functions in C¥(2) such that
for every multi-index « with |¢| <k,
the function x +— D%u(x) admits a continuous
extension to
C®(Q) = N Q)
k>0

CO,a(ﬁ) =Jue C(ﬁ), sup |u(-x) - M()’)|
X, yEQ |~x - y|“
_ XEY _
Ck¥(Q) = {u e CK(Q); D/u € CO¥(Q) Vj,|jl <k}

Whr(Q), Wy P (Q), WP (Q), H(Q), H} (), H"(Q)  Sobolev spaces

<oy withD <o <1
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