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Chapter 1

Introduction

Calculus of variations or “variational calculus’ is one of the old-
est parts of mathematics and it has influenced the development
of mathematics in many ways. The name for this theory goes
back to L. Euler’s publication A method for finding curves enjoying
certain maximum or minimum properties in 1744. But the theory
is much older, due to its intimate relation to problems humans
encountered from early days of existence, namely to find ‘opti-
mal’ solutions to practical problems, for instance to “minimize
losses" and to “maximize benefits (profits)". In this wider sense
of finding optimal solutions it is nearly 3000 years old (see next
subsection).

1.1 History

Here we mention only the most important dates in the history
of variational calculus. For a concise account we recommend
the introduction to the book BB92 where one finds also further
references. The following table presents some highlights:
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Legend of Queen Dido; first recorded
solution of an isoperimetric problem (i.e.,
the problem of finding the curve which
encloses the largest area for a given length)
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ancient Greece; several extreme value prob-
lems were solved, in particular it was shown
that the shortest path joining two points is
the straight line through the given points.

~ 250 B.C.

Fermat: Principle of least time for the propa-

1662 gation of light.

birth of modern variational calculus: Johann
Bernoulli presented the brachystochrone prob-
lem in the Acta Eruditorum Lipsiae. The
problem: A point mass glides without fric-
July 1696 tion along a curve joining a point A with a
lower point B. Which curve gives the short-
est travel time if the point mass is moving
only under the influence of gravity (accord-
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July 1696

1684

1744

1753

1786
1788

1837

~ 1850

ing to Newton’s law). Very soon many solu-
tions were propoesed by well known math-
ematicians, among them by Jakob Bernoulli,
Newton, Leibniz, and "'Hopital.

Leibniz - first publication on differential cal-
culus: Nova methodus pro maximis et minimis
itemque tangentibus; beginning of a mathe-
matical theory of optimization.

L. Euler: first textbook entitled A method
for finding curves enjoying certain maximum or
minimum properties.

L. Euler: Dissertatio de principio minimae
actionis.

Legendre: How to distinguish stationary
points? Second necessary condition for an
extremum, in terms of ‘second variation.

Lagrange: Mécanique analytique.

Jacobi: Theory of variational calculus and differ-
ential equations; completed Legendre’s study
on the second variation.

Dirichlet problem: Dirichlet and Riemann
took the existence of extreme value problems
for granted, thus ‘solving’ the Dirichlet prob-
lem: Find a solution to the potential equation

Au=0 ingG,

G C R?, with given values f on the smooth
boundary oG of G, i.e., u | dG = f, by argu-
ing that the potential equation is just the
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Euler-Lagrange equation of the Dirichlet inte-
gral

~ 1850 D(H)Z/G[(g—;l)zﬂg—;)z] dxdy

which has a minimum and this minimum u

solves the Euler-Lagrange equation.

K. Weierstrafd: Dirichlet, Gaufs, Riemann
...are wrong by producing examples show-
ing that in general

1870
inf £ min.
D. Hilbert: Talk On the Dirichlet Principle
1901 at a DMV conference; proved correctness of

this principle by establishing weak lower semi-
continuity arguments.

Carathéodory, the ‘Isopérimaitre incompara-
ble’, further extension of variational methods

1935 for partial differential equations in his book
Variational Calculus and First-order Partial Dif-
ferential Equations.

F. Browder: systematic theory by solving
(systems of) nonlinear partial differential
equations by variational methods; mono-
tonicity arguments, monotone operators.

~ 1965

1.2 Classical approach and direct methods

While the various solutions of the brachystochrone problem were
based on ad hoc methods a systematic approach to solving vari-
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ational problems started with Euler and Lagrange. They con-
sidered typically functionals of the form

Flu) = / "E( u(t), o (1))t (1.1)

and tried to find a real-valued function u on the interval [a, b]
which minimizes this integral. (Recall that at Euler and La-
grange times no integration theory had been developed and
thus they worked with an approximation which we would call
an approximating Riemann sum). They found that the function
u has to satisty the well-known “Euler condition”

ou _diow

In general, this is a nonlinear second order ordinary differential
equation for u and certainly some regularity has to be assumed
about the integrand F.

In the classical approach to this variational problem one tries
to solve this Euler equation and uses additional arguments to
show that solutions of this equation indeed give a minimum
of the functional f(u) by looking at the “second variation" (see
later) as started by Legendre. In contrast, the direct methods
of the calculus of variations use arguments of (infinite dimen-
sional) nonlinear analysis, functional analysis and topology to
find minima (maxima) of the functional directly and show that
these extremal points are solutions of the corresponding Euler
equation. In this way the direct methods of the calculus of vari-
ations have been established as a very powerful method to solve
(systems of) nonlinear partial differential equations. In this case,
for second order partial differential equations, one studies func-
tionals of the form

f(u):/QF(x,u(x),Du(x))dx (1.2)

where () C R" is an open nonempty subset and u is a real-
valued function on ().



10

CHAPTER 1. INTRODUCTION



Chapter 2

Direct methods in the calculus of
variations

The basic problem one wants to solve is the following.

Given a nonempty set M and a real-valued function f :
M — R one wants to know under which conditions
on the pair (M, f) there is at least one u € M such that

f(u) = inf £(0) 1)

veM

holds.

If such a point u € M exists then the function f attains its mini-
mal value at the point u and we say that u is a minimizer for f
on M; and the minimization problem has been solved.

Clearly, when we know to solve minimization problems we
also know to solve maximization problems for (M, f),i.e., prob-
lems in which we are looking for points u € M at which f at-
tains its maximal possible value. Just note that the maximization
problem for (M, f) is the minimization problem for (M, —f).

In order to get some idea what is involved in solving a mini-
mization problem it helps to recall an old well-known result of
Weierstrafs:

A continuous function f attains its minimum and its
maximum on a closed and bounded interval [a, b].

11
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We recommend that you have a careful look at the proof of this
fundamental result. Then you will see that the above result “‘con-
tains’ the result

A lower semi-continuous function f attains its minimum
on a closed and bounded interval [, b].

And a straight forward inspection of the proof of this result
shows that one should expect the following statement to hold:

A lower semi-continuous real-valued function f attains
its minimum on a (sequentially) compact set M.

We recall the proof, assuming that the sequential characteriza-
tion of lower semi-continuity is known.

In a first step one shows that f is bounded from below on M
so that f has a finite infimum. Assume that f is not bounded
from below. Then there is a sequence of points x, € M such that
f(x,) < —n. Since M is sequentially compact there is a sub-
sequence (x,(j))jen Which converges to a point y € M. Lower

J
semi-continuity of f implies

Fly) < timinf  (x,)).

By construction, f(x,;) < —n(j) — —oc0asj — oo, a contra-
diction. Hence f has a finite infimum on M:

[=1(f,M) = z;lgz\ljlf(v) > —o0.

In the next step one constructs a ‘minimizing sequence’ which
converges to a point in M. By definition of the infimum there is
a sequence of points x, € M such that

lim f(x,) =1

n—-»o0

Such a sequence is called a minimization sequence. (Note that
in general a minimizing sequence will not converge in M). As
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above, by sequential compactness of M we can find a subse-
quence (X,(j))jen Which converges to some point y € M.

In the final step step one shows that the limit y of the con-
vergent minimizing sequence (x,(j));en is the minimizer we are
looking for. Again lower semi-continuity of f implies

fly) < li}rr_lgonff(xn(f))'

Observe I < f(y), since y € M. For a subsequence of a mini-
mizing sequence one knows
liminf f(x,()) = lim f (x,,) = 1,
]—0 ]—00
and hence I < f(y) < I,i.e, f(y) = I, and y is a minimizer.

Remark 2.0.1 In this proof compactness of the set M played a decisive
role. It implied: (a) there is a finite infimum; (b) there are minimizing
sequences which are bounded; (c) there are convergent minimizing se-
quences; (d) the limit of a convergent minimizing sequences belongs to
the set M.

Nevertheless, as we will learn later, one can do without compactness
of the set if some additional restrictions are imposed on the function.

2.1 Outline of general strategy

As we had just seen compactness plays a decisive role in the
proof of the minimization results given above. However this
result is not useful in infinite dimensional minimization prob-
lems since in an infinite dimensional Banach space for instance
there are nearly no compact sets as they occur in minimiza-
tion problems (recall that in such a space compact sets have an
empty interior). Therefore we need to develop a theory which
does not rely on compactness of the set M (for the norm topol-

0gy)-
Here are the basic steps of a minimization theory.
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1. Suppose M is a subset of the domain of the functional f and
we want to find a minimum of f on M.

2. Through assumptions on f and/or M, assure that f has a
finite infimum on M, i.e.,

inf f(u) = 1(f,M) = > —co. (2.2)

Then there is a minimizing sequence (u,)en C M, i.e., a se-
quence in M such that

lim f(u,) = L. (2.3)

n—00

3. Suppose that we can find one minimizing sequence (1, ),en C
M such that

u= 1i_r>n u, € M, (2.4)
f(u) < linlinff(un); (2.5)

then the minimization problem is solved since then we have

I < f(u) <liminf f(u,) =1

n—00

where the first inequality holds because of u € M and where
the second identity holds because (u,,),en is @ minimizing
sequence. Obviously, for equation (2.4) a topology has to be
specified on M.

4. Certainly, it is practically impossible to find one minimiz-
ing sequence with the two properties given above. Thus in
explicit implementations of this strategy one works under
conditions where the two properties hold for all convergent
sequences, with respect to a suitable topology. If one looks
at the proof of Weierstrass” theorem one expects to get a
convergent minimizing sequence by taking a suitable subse-
quence of a given minimizing sequence. Recall: The coarser
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the topology is, the easier it is for a sequence to have a con-
vergent subsequence and to have a limit point, i.e., to have
equation (2.4). On the other hand, the stronger the topology
is the easier it is to satisfy inequality (2.5) which is a condi-
tion of lower semi-continuity.

5. The paradigmatic solution of this problem in infinite dimen-
sional spaces is due to Hilbert who suggested using the weak
topology, the main reason being that in a Hilbert space
bounded sets are relatively sequentially compact for the weak
topology while for the norm topology there are not too many
compact sets of interest. Thus suppose that M is a weakly
closed subset of a reflexive Banach space and that minimiz-
ing sequences are bounded (with respect to the norm). Then
there is a weakly convergent subsequence whose weak limit
belongs to M. Thus in order to conclude one verifies that in-
equality (2.5) holds for all weakly convergent sequences, i.e.,
that f is lower semi-continuous for the weak topology.

In the following sections the concepts and results which have
been used above will be explained and some concrete existence
results for extremal points will be formulated where the above
strategy is implemented.

Suppose that with the direct methods of the calculus of vari-
ations we managed to show the existence of a local minimum
of the functional f and that this functional is differentiable (in
the sense of the classical methods). Then, if the local minimum
occurs at an interior point uy of the domain of f, the Euler-
Lagrange equation f'(uyp) = 0 holds and thus we have found
a solution of this equation. If the functional f has the form (1.1)
(or 1.2), then the equation f'(uy) = 0 is a nonlinear ordinary
(partial) differential equation and thus the direct methods be-
come a powerful tool for solving nonlinear ordinary and partial
differential equations. Some modern implementations of this
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strategy with many new results on nonlinear (partial) differen-
tial equations is described in good detail in the following books
[Dac82, Dac89, BB92, JLJ98, Str00], in a variety of directions.
Note that a functional f can have other critical points than
local extrema. These other critical points are typically not ob-
tained by the direct methods as described above. However there
are other, often topological methods of global analysis by which
the existence of these other critical points can be established.
We mention the minimax methods, index theory and moun-

tain pass lemmas. These methods are developed and applied
in [Zei85, BB92, Str00].

2.2 General existence results

From the Introduction we know that semi-continuity plays a
fundamental role in direct methods in the calculus of variations.
Accordingly we recall the definition and the basic characteriza-
tion of lower semi-continuity. Upper semi-continuity of a func-
tion f is just lower semi-continuity of —f.

Definition 2.2.1 Let M be a Hausdorff space. A function f : M —

R U {+0o0} is called lower semi-continuous at a point xo € M if,
and only if, xo is an interior point of the set {x € M : f(x) > f(x9) — €}
for every € > 0. f is called lower semi-continuous on M if, and
only if, f is lower semi-continuous at every point xo € M.

Lemma 2.2.2 Let M be a Hausdorff space and f : M — R U {40}
a function on M.

a) If f is lower semi-continuous at xo € M, then for every sequence
(xn)nen C M converging to xo, one has

f(xo) < liminf f(x,). (2.6)

n—00
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b) If M satisfies the first axiom of countability, i.e., if every point
of M has a countable neighborhood basis, then the converse of a)
holds.

Proof. For the simple proof we refer to the Exercises. o

In the Introduction we also learned that compactness plays a
fundamental role too, more precisely, the direct methods use se-
quential compactness in a decisive way.

Definition 2.2.3 Let M be a Hausdorff space. A subset K C M is
called sequentially compact if, and only if, every infinite sequence
in K has a subsequence which converges in K.

The following fundamental results proves the existence of a min-
imum. Replacing f by —f it can easily be translated into a result
on the existence of a maximum.

Theorem 2.2.4 (Existence of a minimizer) Lef f : M — RU {+o0}
be a lower semi-continuous function on the Hausdorff space M. Sup-
pose that there is a real number r such that

a) [f<rl={xeM: f(x) <r} #*QDand
b) |f < r]is sequentially compact.

Then there is a minimizing point xo for f on M:

f(x0) = inf f(x) 27)

Proof. We begin by showing indirectly that f is lower bounded. If f is not bounded from below there is a
sequence (x,),en such that f(x,) < —n for all n € IN. For sufficiently large n the elements of the sequence
belong to the set [f < 7], hence there is a subsequence y; = x,,(;) which converges to a point y € M. Since f
is lower semi-continuous we know f(y) < liminf; ., f(y;), a contradiction since f(y;) < —n(j) — —oco. We
conclude that f is bounded from below and thus has a finite infimum:

- I =1I(f,M) = inf <r.
co < 1=1(f,M) = inf f(x) <r
Therefore there is a minimizing sequence (x),cN Whose elements belong to [f < 7] for all sufficiently large

n. Since [f < r| is sequentially compact there is again a subsequence y; = x,,( j) which converges to a unique
point xo € [f < r]. Since f is lower semi-continuous we conclude

I < f(x) < lijrgglff(yj) = ].li_?(}of(?/j) =1L
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Sometimes one can prove

Theorem 2.2.5 (Uniqueness of minimizer) Suppose M is a con-
vex set in a vector space E and f : M — R is a strictly convex
function on M. Then f has at most one minimizing point in M.

Proof. Suppose there are two different minimizing points xp and o in M. Since M is convex all points x(t) =
txg+ (1 —t)yp, 0 < t < 1, belong to M and therefore f(xg) = f(yo) < f(x(t)). Since f is strictly convex we
know f(x(t)) < tf(xg) + (1 —t)f(yo) = f(x0) and therefore the contradiction f(xo) < f(xg). Thus there is at
most one minimizing point. O

2.3 Minimization in Banach spaces

In interesting minimization problems we typically have at our
disposal much more information about the set M and the func-
tion f than we have assumed in Theorem 2.2.4. If for instance
one is interested in minimizing the functional (1.2) one would
prefer to work in a suitable Banach space of functions, usually a
Sobolev space. These function spaces and their properties are an
essential input for applying them in the direct methods. A con-
cise introduction to the most important of these function spaces
can be found in [LLO1].

Concerning the choice of a topology on Banach spaces which
is suitable for the direct methods (compare our discussion in
the Introduction) we begin by recalling the wellknown result of
Riesz: The closed unit ball of a normed space is compact (for
the norm topology) if, and only if, this space is finite dimen-
sional. Thus, in infinite dimensional Banach spaces compact sets
have an empty interior and therefore are not of much interest for
must purposes of analysis, in particular not for the direct meth-
ods. Which other topology can be used? Recall that Weierstrass’
result on the existence of extrema of continuous functions on
closed and bounded sets uses in an essential way that in finite
dimensional Euclidean spaces a set is compact if, and only if, it
is closed and bounded. A topology with such a characterization
of closed and bounded sets is known for infinite dimensional
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Banach spaces too, the weak topology. Suppose E is a Banach
space and E’ is its topological dual space. Then the weak topol-
ogy ¢ = o(E, E’) on E is defined by the system {g,(:) : u € E'}
of semi-norms g, q,(x) = |u(x)| for all x € E. In most applica-
tions one can actually use reflexive Banach spaces and there the
following important result is available.

Lemma 2.3.1 In a reflexive Banach space E every bounded set (for the
norm) is relatively compact for the weak topology o(E, E').

A fairly detailed discussion about compact and weakly compact
sets in Banach spaces, as they are relevant for the direct meth-
ods, is given in the Appendix of [BB92]. Prominent examples
of reflexive Banach spaces are Hilbert spaces (see Chapter 18),
the Lebesgue spaces L? for 1 < p < oo, and the corresponding
Sobolev spaces W"?, m =1,2,...,1 < p < c0.

Accordingly we decide to use mainly reflexive Banach spaces
for the direct methods, whenever this is possible. Then, with
the help of Lemma 2.3.1, we always get weakly convergent min-
imizing sequences whenever we can show that bounded mini-
mizing sequences exist. Thus the problem of lower semi-continuity
of the functional f for the weak topology remains. This is un-
fortunately not a simple problem. Suppose we consider a func-
tional of the form (1.2) and, according to the growth restric-
tions on the integrand F, we decide to work in a Sobolev space
E = WP(Q) or in a closed subspace of this space, ) C R open.
Typically, the restrictions on F, which assure that f is well de-
fined on E, imply that f is continuous (for the norm topology).
However the question when such a functional is lower semi-
continuous for the weak topology is quite involved, neverthe-
less a fairly comprehensive answer is known (see [Dac82]). Un-
der certain technical assumptions on the integrand F the func-
tional f is lower semi-continuous for the weak topology on E =
WP (Q) if, and only if, for (almost) all (x,u) € Q x R™ the
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function y — F(x,u,y) is convex (if m = 1), respectively quasi-
convex (if m > 1).

Though in general continuity of a functional for the norm
topology does not imply its continuity for the weak topology,
there is a large and much used class of functionals where this
implication holds. This is the class of convex functionals and
for this reason convex minimization is relatively easy. We prepare
the proof of this important result with a lemma.

Lemma 2.3.2 Let E be a Banach space and M a weakly (sequentially)
closed subset. A function f : M — R is (sequentially) lower semi-
continuous on M for the weak topology if, and only if, the sub-level
sets [f < r] are weakly (sequentially) closed for every r € R.

Proof. We give the proof explicitly for the case of sequential convergence. For the general case one proceeds
in the same way using nets.

Let f be weakly sequentially lower semi-continuous and for some r € R let (x,),en be a sequence in
[f < r] which converges weakly to some point x € M (since M is weakly sequentially closed). By Lemma 2.2.2
we know f(x) < liminf, e f(x,) and therefore f(x) <r,ie. x € [f < r|. Therefore [f < r] is closed.

Conversely assume that all the sub-level sets [f < 7|, r € R, are weakly sequentially closed. Suppose f is
not weakly sequentially lower semi-continuous on M. Then there is a weakly convergent sequence (x;),eN C
M with limit x € M such that liminf, ;. f(x,) < f(x). Choose a real number r such that liminf, e f(Xn) <
r < f(x). Then there is a subsequence y; = x,,(j) C [f < r]. This subsequence too converges weakly to x
and, since [f < r] is weakly sequentially closed, we know x € [f < r], a contradiction. We conclude that f is
sequentially lower semi-continuous for the weak topology. O

Lemma 2.3.3 Let E be a Banach space, M a convex closed subset and
f + M — R a continuous convex function. Then f is lower semi-
continuous on M for the weak topology.

Proof. Because f is continuous (for the norm topology) the sub-level sets [f < r|, r € R, are all closed. Since
f is convex these sub-level sets are convex subsets of E (x,y € [f < r],0 <t < 1= f(tx+ (1 —-t)y) <
tf(x)+ (1 —1t)f(y) < tr+ (1 —t)r =r). As in Hilbert spaces one knows that a convex subset is closed if, and

only if, it is weakly closed. We deduce that all the sub-level sets are weakly closed and conclude by Lemma
2.3.2. O

As a conclusion to this section we present a summary of our
discussion in the form of two explicit results on the existence of
a minimizer in reflexive Banach spaces.

Theorem 2.3.4 (Generalized Weierstrass theorem I) A weakly se-
quentially lower semi-continuous function f attains its infimum on a
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bounded and weakly sequentially closed subset M of a real reflexive
Banach space E, i.e., there is xo € M such that

F(x0) = inf f(x).

Proof. All the sub-level sets [f < 7], r € R, are bounded and therefore relatively weakly compact since we are
in a reflexive Banach space (see Lemma 2.3.1). Now Lemma 2.3.2 implies that all hypotheses of Theorem 2.2.4
are satisfied. Thus we conclude by this theorem. O

In Theorem 2.3.4 one can replace the assumption that the set
M is bounded by an assumption on the function f which im-
plies that the sub-level sets of f are bounded. Then one obtains
another generalized Weierstrass theorem.

Theorem 2.3.5 (Generalized Weierstrass theorem II) Let E be a
reflexive Banach space, M C E a weakly (sequentially) closed subset,
and f : M — R a weakly (sequentially) lower semi-continuous func-
tion on M. If f is coercive , i.e., if ||x|| — oo implies f(x) — oo,
then f has a finite minimum on M, i.e., there is a xo € M such that

F(x0) = inf f(x).

Proof. Since f is coercive the sub-level sets [f < r] are not empty for sufficiently large r and are bounded. We
conclude as in the previous result. O

For other variants of generalized Weierstrass theorems we re-

fer to [Zei85]. Detailed results on the minimization of function-
als of the form (1.2) can be found in [Dac89, JLJ98, Str(00].

2.4 Minimization of special classes of functionals

For a self-adjoint compact operator A in the complex Hilbert
space H consider the sesquilinear function Q : H x H — C de-
fined by Q(x,y) = (x, Ay) +r(x,y) forr = || Al| + ¢ for some ¢ >
0. This function has the following properties: Q(x,x) > c||x||°
for all x € H and for fixed x € H the function y — Q(x,y) is
weakly continuous (since a compact operator maps weakly con-
vergent sequences onto norm convergent ones). Then f(x) =
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Q(x, x) is a concrete example of a quadratic functional on H which
has a unique minimum on closed balls B, of H. This minimiza-
tion is actually a special case of the following result on the min-
imization of quadratic functionals on reflexive Banach spaces.

Theorem 2.4.1 (Minimization of quadratic forms) Let E be a re-
flexive Banach space and Q a symmetric sesquilinear form on E hav-
ing the following properties: There is a constant ¢ > 0 such that
Q(x,x) > c||x||* for all x € E and for fixed x € E the functional
y — Q(x,vy) is weakly continuous on E. Then, for every u € E' and
every r > 0, there is exactly one point xo = xo(u, r) which minimizes
the functional

f(x) =Q(x,x) —Reu(x), x € E
on the closed ball B, = {x € E: ||x|| < r}, ie,

f(x0) = inf f(x).

xeBr

Proof. Consider x,y € Eand 0 < t < 1, then a straightforward calculation gives

fltx+ (1 =8y) = tf(x) + (1= 1) f(y) =1 = HQ(x —y,x —y) < tf(x) + (1 = 1) f(y).

forallx,y € E, x # y, since then (1 — t)Q(x — y,x —y) > 0, hence the functional f is strictly convex and thus
has at most one minimizing point by Theorem 2.2.5.

Suppose a sequence (X, )N in E converges weakly to xg € E. Since Q(xy, xn) = Q(x0, X0) + Q(x0, X —
xg) + Q(xn — x0,%9) + Q(x — x0, x4 — X0) and since Q is strictly positive it follows that

Q(x”/ x”) > Q(X(), XO) + Q(xﬂ — Xo, XO) + Q(X(), Xn — xO)

for all n € IN. Since Q is symmetric and weakly continuous in the second argument the last two terms converge
to 0 as n — oo and this estimate implies

liminf Q(xy, x,) > Q(x0, Xg).

n—o0

Therefore the function x — Q(x, x) is weakly lower semi-continuous, thus, for every u € E/, x — f(x) =
Q(x,x) — Reu(x) is weakly lower semi-continuous on E and we conclude by Theorem 2.3.4 (Observe that the
closed balls B, are weakly closed, as closed convex sets). O

Corollary 2.4.2 Let A be a bounded symmetric operator in complex
Hilbert space H which is strictly positive, i.e., there is a constant ¢ > 0
such that (x, Ax) > c(x,x) forall x € ‘H. Then, for every y € H the
function x — f(x) = (x, Ax) — Re (y, x) has a unique minimizing
point xo = xo(y,r) on every closed ball B,, i.e., there is exactly one
Xo € B, such that

f(x0) = inf f(x).

xeBr
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Proof. Using the introductory remark to this section one verifies easily that Q(x,y) = (x, Ay) satisfies the
hypothesis of Theorem 2.4.1. O

2.5 Exercises

1. Prove Lemma 2.2.2.

2. Show without the use of Lemma 2.3.2 that the norm ||-|| on
a Banach space E is weakly lower semi-continuous.

Hints: Recall that [|xo[| = sup,cp /<1 [#(x0)] for xo € E. If
a sequence (x,),en converges weakly to xg, then for every
u € E' one knows u(xg) = limy,_,o u(x,).

3. Prove: The functional

f) = [ ey,

defined on all continuous functions on [0, 1] which have a
weak derivative u’ € L?(0,1) and which satisfy u(0) = 0
and u(1) = 1, has 0 as infimum and there is no function in
this class at which the infimum is attained.

4. On the space E = C!([—1,1],R) define the functional

flu) = [ (e ce)yar

and show that it has no minimum under the boundary con-
ditions u(£1) = +1.

Hints: This variation of the previous problem is due to Weier-

strass. Show first that on the class of functions u., € > 0,
defined by

arctan g
Ue(X) = ———,
arctan c

the infimum of f is zero.






Chapter 3

Differential Calculus on Banach Spaces

and extremal Points of differentiable Functions

As is well known from calculus on finite dimensional Euclidean
spaces, the behavior of a sufficiently smooth function f in a
neighborhood of some point x( is determined by the first few
derivatives f (”)(xg), n < m, of f at this point, m € IN depend-
ing on f and the intended accuracy. For example, if f is a twice
continuously differentiable real valued function on the open in-
terval () C R and x; € (), the Taylor expansion of order 2

F(x) = o) + FO o) (v~ x0) + 56 (30) (x — )
+ (X — Xo)sz(X, XQ) (31)

with lim,_,,, Ro(x, x9) = 0 is available, and on the basis of this
representation the values of f(!)(xq) and f(?(x,) determine whether
X is a critical point of the function f, or a local minimum, or a
local maximum, or an inflection point.

In variational problems too one has to determine whether a
function f has critical points, local minima or maxima or in-
flection points, but in these problems the underlying spaces are
typically infinite dimensional Banach spaces. Accordingly an
expansion of the form (3.1) in this infinite dimensional case can
be expected to be an important tool too. Obviously one needs
differential calculus on Banach spaces to achieve this goal.

25
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Recall that differentiability of a real valued function f on an
open interval () at a point xo € () is equivalent to the existence
of a proper tangent to the graph of the function through the
point (xo, f(x9)) € R? A proper tangent means that the dif-
ference between the values of the tangent and of the function
f at a point x € () is of higher order in x — x( than the linear
term. Since the tangent has the equation y(x) = f(xg)(x —
x0) + f(xo) this approximation means

f(x) =y (x) = f(x) = fVx0) (x = x0) — f(x0) = 0(x — x0) (3.2)
where o0 is some function on R with the properties 0(0) = 0 and
limy, 0 520 (h). In the case of a real valued function of several
variables the tangent plane takes the role of the tangent line. As
we are going to show, this way to look at differentiability has
a natural counterpart for functions defined on infinite dimen-
sional Banach spaces.

3.1 The Fréchet derivative

Let E, F be two real Banach spaces with norms |||z, respectively
|-]|z- As usual L(E, F) denotes the space of all continuous lin-
ear operators from E into F. In Functional Analysis one shows
that the space L(E, F) is a real Banach space too. The symbol o
denotes any function E — F which is of higher than linear order
in its argument, i.e., any function satisfying

0(0) =0, lim ot = 0. (3.3)
n-0heE\{0}  ||B|g

Definition 3.1.1 Let U C E be a nonempty open subset of the real
Banach space E and f : U — F a function from U into the real Banach
space F. f is called Fréchet differentiable at a point x, € U if, and
only if, there is an ¢ € L(E, F) such that

f(x) = f(x0) + £(x — x0) + 0(x0; x — x0) VxeU. (34)
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If f is differentiable at xo € U the continuous linear operator £ &
L(E, F) is called the derivative of f at x( and is denoted by

f'(x0) = Dy f = Df (x0) = £. (3.5)

If f is differentiable at every point xo € U, f is called differentiable
on U and the function Df : U — L(E, F) which assigns to every
point xo € U the derivative D f (x¢) of f at x is called the derivative
of the function f.

If the derivative Df : U — L(E, F) is continuous, the function
f is called continuously differentiable on U or of class C1 also

denoted by f € C1(U, F).
This definition is indeed meaningful because of the following

Lemma 3.1.2 Under the assumptions of Definition 3.1.1 there is at
most one ¢ € L(E, F) satisfying equation (3.4).

P T’OOf. Suppose there are (1, ¢, € L(E, F) satisfying equation (3.4). Then, for all 1 € B, where B, denotes an
open ballin E with center 0 and radius r > 0 such that xo + B, C U, we have f(xq) + ¢1(h) 4+ 01(x, 1) = f(xo+
h) = f(x0) + €2(h) + 02(xp, h) and hence the linear functional ¢ = ¢, — (1 satisfies £(h) = 01(xo, h) — 02(x0, h)
for all 1 € B,. A continuous linear operator can be of higher than linear order on an open ball only if it is the

null operator (see Exercises). This proves ¢ = 0 and thus uniqueness. O

Definition 3.1.1 is easy to apply. Suppose f : U — F is con-
stant, i.e., for some a € F we have f(x) =aforallx € U C E.
Then f(x) = f(xo) for all x,xg € U and with the choice of
¢ = 0 € L(E,F) condition (3.4) is satisfied. Thus f is contin-
uously Fréchet differentiable on U with derivative zero.

As another simple example consider the case were E is some
real Hilbert space with inner product (-, -) and F = R. For a con-
tinuous linear operator A : E — E define a function f : E — R
by f(x) = (x,Ax) for all x € E. For x,h € E we calculate
f(x+h)=f(x)+ (A*'x+ Ax,h) + f(h). h — (A*x + Ax, h) is
certainly a continuous linear functional E — R and f(h) = o(h)
is obviously of higher than linear order (actually second order)
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in h. Hence f is Fréchet differentiable on E with derivative
f'(x) € L(E,R) givenby f'(x)(h) = (A*x+ Ax, h) forallh € E.

In the Exercises the reader will be invited to show that the
above definition of differentiability reproduces the wellknown
definitions of differentiability for functions of finitely many vari-
ables.

The Fréchet derivative has all the properties which are well
known for the derivative of functions of one real variable. In-
deed the following results hold.

Proposition 3.1.3 Let U C E be an open nonempty subset of the
Banach space E and F some other real Banach space.

a) The Fréchet derivative D is a linear mapping C*(U, F) — C(U, F),
ie., forall f,¢ € CY(U,F)andall a,b € R one has

D(af +bg) =aDf + bDg.

b) The chain rule holds for the Fréchet derivative D: Let V. C F
be an open set containing f(U) and G a third real Banach space.
Then forall f € CY(U,F)andall g € CY(V,G) we have go f €
CY(U,G) and forall x € U

D(go f)(x) = (Dg)(f(x)) o (Df)(x).

P T’OOf. The proof of the first part is left as an exercise.
Since f is differentiable at x € U we know

f(x+h)—f(x) = f'(x)(h)+01(h) VheB, x+B CU
and similarly, since g is differentiable aty = f(x) € V,

gly+k)—gly) =& (y)(k) +oa(k)  Vke€B, y+B,CV.

Since f is continuous one can find, for the radius p > 0 in the differentiability condition for g, a radius » > 0
such that f(B,) C B, and such that the differentiability condition for f holds. Then, for allk € B,, the following
chain of identities holds, taking the above differentiability conditions into account:

gof(x+h)—gof(x)=glf(x+h)]—glf(x)]

= glf(x) + f(x)(h) + o1 ()] = g[f (x)]
=8 (W) (f'(x)(h) +o01(h)) + 02 (f'(x) (h) + 01(h))
=8 (W) (f'(x)(h)) +o(h)

where
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is indeed a higher order term as shown in the Exercises. Thus we conclude. O

Higher order derivatives can be defined in the same way. Sup-
pose E, F are two real Banach spaces and U C E is open and
nonempty. Given a function f € C'(U,F) we know that f’ €
C(U,L(E,F)),i.e., the derivative is a continuous function on U
with values in the Banach space L(E, F). If this function f’ is
differentiable at xo € U (on U), the function f is called twice
differentiable at xo € U (on U) and is denoted by

D*f(x0) = f® (x0) = D f = D(f") (x0). (3.6)

According to Definition 3.1.1 and equation (3.6) the second deri-
vative of f : U — F is a continuous linear operator E — L(E, F),
i.e., an element of the space L(E, L(E,F)). There is a natural
isomorphism of the space of continuous linear operators from
E into the space of continuous linear operators from E into F
and the space B(E x E, F) of continuous bilinear operators from
E x Einto F,

L(E,L(E,F)) = B(E x E, F). (3.7)

This natural isomorphism is defined and studied in the Exer-
cises. Thus the second derivative D*f(x,) at a point xo € U
is considered as a continuous bilinear map E x E — F. If the
second derivative D*f : U — B(E x E, F) exists on U and is
continuous, the function f is said to be of class C* and we write
f e C*(U,F).

The derivatives of higher order are defined in the same way.
The derivative of order n > 3 is the derivative of the derivative
of order n — 1, according to Definition 3.1.1:

D" f(x0) = D(D" ) (xp). (3.8)

In order to describe D" f(xy) conveniently we extend the iso-
morphism (3.7) to higher orders. Denote by E*" = E X --- X E
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(n factors) and by B(E*", F) the Banach space of all continu-
ous n-linear operators E*" — F. In the Exercises one shows for
n=3,4,...

L(E,B(E*""' F)) = B(E*",F). (3.9)

Under this isomorphism the third derivative at some point x €
U is then a continuous 3-linear map E*® — F, D3f(xo) € B(E*3, F).
Using the isomorphisms (3.9) the higher order derivatives are

D"f(xo) € B(E*", F) (3.10)

if they exist. If D"f : U — B(E*", F) is continuous the function
f is called n-times continuously differentiable or of class C". Then
we write f € C"(U, F).

As an illustration we calculate the second derivative of the
function f(x) = (x, Ax) on a real Hilbert space E with inner
product (-, -), A abounded linear operator on E. The first Fréchet
derivative has been calculated, f'(xo)(y) = ((A + A*)xq,y) for
all y € E. In order to determine the second derivative we evalu-
ate f'(xo+h) — f'(x0). For all y € E one finds through a simple
calculation

(f'(xo+1) = f(x0))(y) = ((A+ A")h, y).

Hence the second derivative of f exists and is given by the con-
tinuous bilinear form (D?f)(x0) (y1,y2) = ((A + A*)y1, v2),
y1,y2 € E. We see in this example that the second derivative is
actually a symmetric bilinear form. With some effort this can be
shown for every twice differentiable function.

As we have mentioned, the first few derivatives of a differen-
tiable function f : U — F at a point xop € U control the behavior
of the function in a sufficiently small neighborhood of this point.
The key to this connection is the Taylor expansion with remain-
der. In order to be able to prove this fundamental result in its
strongest form we need the fundamental theorem of calculus
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for functions with values in a Banach space. And this in turn re-
quires the knowledge of the Riemann integral for functions on
the real line with values in a Banach space.

Suppose E is a real Banach space and u : [a,b] — E a con-
tinuous function on the bounded interval |4, b]. Roughly, a par-
tition Z of the interval [a, b] is an ordered family of points a =
to <t < tp < --- < t, = b and of some points t;- € (ti—1, tjl,
j =1,...,n. For each partition we introduce the approximating
sums

£(u,2) = Y u(E)(t— ).
j=1

By forming the joint refinement of two partitions one shows, the
following result: Given € > 0 there is 6 > 0 such that

15(0,2) - 5, Z)|; < ¢
for all partitions Z, Z' with |Z|, |Z] < ¢,
Z| =max {tj—tj1:j=1,...,n}.

This estimate implies that the approximating sums X(u, Z) have
a limit with respect to partitions Z with |Z| — 0.

Theorem 3.1.4 Suppose E is a real Banach space and u : [a,b] — E
a continuous function. Then u has an integral over this finite interval,
defined by the following limit in E:

b

/ u(t)dt = lim S(u, Z). (3.11)
a |Z|—0

This integral of functions with values in a Banach space has the stan-

dard properties, i.e., it is linear in the integrand, additive in the in-

terval of integration, and is bounded by the maximum of the function

multiplied by the length of the integration interval:

/a (bt

< (b— Bl
S (b—a) max[lu(t)];




32 CHAPTER 3. DIFFERENTIAL CALCULUS ON BANACH SPACES

P T’OOf. It is straightforward to verify that the approximating sums X(u, Z) are linear in u and additive in
the interval of integration. The basic rules of calculation for limits then prove the statements for the integral.
For the estimate observe

100, 2)1; < 3 o)
-

n

(=) < sup [u(t)]lg -0~ 1)

a<t<b j=1

which implies the above estimate for the approximating sums. Thus we conclude. O

Corollary 3.1.5 (Fundamental theorem of calculus) Let E be a real
Banach space, |a, b a finite interval and u : [a,b] — E a continuous
function. For some e € E define a function v : |a,b] — E by

= ¢ +/ s)ds Vs € [a,b]. (3.12)

Then v is continuously differentiable with derivative v’ (t) = u(t) and
one thus has foralla < c <d <b,

o(d) — v(c) = / ()t (3.13)

P T’OOf. We prove differentiability of v at some interior point t € (a,b). At the end points of the interval the
usual modifications apply. Suppose T > 0 such that t + T € [a, b]. Then, by definition of v,

v(t+71)—o(t) = /tﬂu(s)ds - /tu(s)ds = /ttﬂu(s)ds

/atﬂu(s)ds = /atu(s)ds + /ttﬂu(s)ds

The basic bound for integrals gives

t+T
/t [u(s) — u()]ds

since

<7 sup |u(s)—u(t)|g

E t<s<t+4T

and thus proves that this integral is of higher order in 7. We deduce v(t + ) = v(t) + Tu(t) + o(7) and con-

clude that v is differentiable at t with derivative v/(t) = u(t). The rest of the proof is standard. O

Theorem 3.1.6 (Taylor expansion with remainder) Suppose E, F
are real Banach spaces, U C E an open and nonempty subset, and
f € C*"(U,F). Given xg € U choose r > 0 such that xo + B, C U
where B, is the open ball in E with center 0 and radius r. Then for all
h € B, we have, using the abbreviation (h)* = (h, ..., h), k terms,

f(xo+h) = Z k' xo) (W)* + R, (x0; ) (3.14)
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where the remainder R,, has the form

RaCoih) = gy [ 0= 0 ) = £ ) )"
(3.15)
and thus is of order o((h)"), i.e.,

i R0 )l _

0.
nsoheE\{0}y  ||h]|E

P rOOf. Basically the Taylor formula is obtained by applying the fundamental theorem of calculus repeat-
edly (n times) and transforming the multiple integral which is generated in this process by a change of the
integration order into a one-dimensional integral.

However there is a simplification of the proof based on the following observation (see [YCB82]). Let v be
a function on [0, 1] which is n times continuously differentiable, then

n—1 AT _ p\n—1
%k‘:o - %”(")(ﬂ Ve o).

The proof of this identity follows simply by differentiation and grouping terms together appropriately.
Integrate this identity for the function v(t) = f(xo + th). Since f € C"(U, F) the application of the chain
rule yields for i € B,,

o® (1) = F0 (xg + th) (n)

and thus the result of this integration is, using Equation 3.13,

n—1
fro+h) = ¥ P (o) () + R
k=0 """

with remainder

/0 1(1 — )"0 (xg + th) (h)"dt

which can be written as

R = £ (xg) ()" + ﬁ ,/:(1 = 1)"HF (o + th) — £ (o)) () "dt.

n!

The differentiability assumption for f implies that the function & — f(")(xy + th) from B, into B(E*", F) is
continuous, hence
L o 4 ) = 0 o)

%
B(E*n,F)

as h — 0. Thus we conclude. O

3.2 Extrema of differentiable functions

Taylor’s formula (3.14) says that a function f : U — F of class
C" is approximated at each point of a neighborhood of some
point xo € U by a polynomial of degree n, and the error is of
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order o((x — x9)"). We apply now this approximation for n = 2
to characterize local extrema of a function of class C? in terms of
the first and second derivative of f. We begin with the necessary
definitions.

Definition 3.2.1 Let E be a real Banach space, M C E a nonempty
subset, and f : M — R a real valued function on M. A point xo € M
is called a local minimum (maximum) of f on M if there is some
r > 0 such that

f(xo) < f(x), (f(x0) > f(x)) VxeMn(xo+ B).

A local minimum (maximum) is strict if

flx0) < f(x), (F(xo) > f(x))  ¥xeMn(xo+B), ¥ £ x.
If f(xo0) < f(x), (f(x0) > f(x)) holds for all x € M, we call xy a

global minimum (maximum).

Definition 3.2.2 Suppose E, F are two real Banach spaces, U C E
an open nonempty subset, and f : U — F a function of class C*. A
point xo € U is called a regular (critical) point of the function f if,
and only if, the Fréchet derivative D f (xo) of f at xq is surjective (not
surjective).

Remark 3.2.3 For the case F = R the Fréchet derivative D f(xg) =
f'(x0) € L(E,R) is not surjective, if and only if, f'(x¢) = 0; hence
the notion of a critical point introduced above is nothing else than the
generalization of the corresponding notion introduced in elementary
calculus.

For extremal points which are interior points of the domain M
of the function f a fairly detailed description can be given. In
this situation we can assume that the domain M = U is an open
set.

Theorem 3.2.4 (Necessary condition of Euler — Lagrange) Sup-
pose U is an open nonempty subset of the real Banach space E and
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f € CHU,R). Then every extremal point (i.e., every local or global
minimum and every local or global maximum) is a critical point of f.

P rOOf. Suppose that xg € U is a local minimum of f. Then there is an r > 0 such that xo + B, C U and
x0) < f(xo+h) forall h € B,. Since f € C1(U,R) Taylor’s formula applies, thus
y PP
f(xo) < f(xo+h) = f(xo) + f'(x0) (h) + Ra(xo, )~ Vh € B,

0<L f/(XO)(h) + R1<XO,]’Z) Vh e B,.

Choose any h € B,, h # 0. Then all th € B,, 0 < t < 1 and therefore 0 < f’(xo)(th) + Ry(xo,th). Since
lim; 0t~ 'Ry(xg,th) = 0 we can divide this inequality by ¢+ > 0 and take the limit t — 0. This gives 0 <
f'(x0)(h). This argument applies to any & € B,, thus in particular to —h and therefore 0 < f'(xo)(—h) =
—f"(x0)(h). We conclude that 0 = f’(x()(h) for all h € B,. The open nonempty ball B, absorbs the points of E,
i.e., every point x € E can be written as x = Ah with some I € B, and some A € R. It follows that 0 = f'(xg)(x)
for all x € E and therefore f'(xyg) =0 € L(E,R) = E'.

If xp € U is a local maximum of f, then this point is a local minimum of — f and we conclude as above. O

Theorem 3.2.5 (Nec. & suff. conditions for local extrema) Suppose
U C E is a nonempty open subset of the real Banach space E and
f e C*(U,R).

a) If f has a local minimum at xo € U, then the first Fréchet deriva-
tive of f vanishes at xo, f'(xo) = 0, and the second Fréchet deriva-
tive of f is nonnegative at xo, f? (x0)(h,h) > 0 forall h € E.

b) If conversely f'(xo) = 0 and if the second Fréchet derivative of f
is strictly positive at xy, i.e., if

inf{f(z)(xo)(h,h) heE, |h|, = 1} —c>0,

then f has a local minimum at x.

PrOOf. Suppose xqg € U is a local minimum of f. Then by Theorem 3.2.4 f'(xg) = 0. Since f € C*>(U,R)
Taylor’s formula implies

Flxo) < f(xo+h) = Flxo) + % FO(xo)(h) + Ro(xo, ) Vh € B, (3.16)

for some r > 0 such that xo + B, C U. Choose any i € B,. Then for all 0 < ¢t < 1 we know 0 <
%f(z) (x0) (th, th) + Ra(xq, th) or, after division by > > 0.

0 < fP(xo)(h, 1)+ %Rz(xo,th) Vo<t <1

Since Ry (xg, th) is a higher order term we know t~2R,(xg, th) — 0 as t — 0. This gives 0 < f(?)(xo)(h, ) for
all € B, and since open balls are absorbing, 0 < f(?)(xq)(h, h) for all h € E. This proves Part a).
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Conversely assume that f/(xo) = 0 and that f()(xg) is strictly positive. Choose r > 0 such that xy + B, C
U. The second order Taylor expansion gives

fxo+h) — f(x0) = 5o f D () (b, 1) + Ralmo,h) W e B,

and thus for all 1 € E with |||y = 1landall0 <s <7,

Flo+ sh) = Flx0) = 7@ (x0) (s, sh) + Ra o, o)

= 2103 (x0) (1) + 5 Raxp, ).

Since Ry (xo, sh) is a higher order term there is an sg € (0, 7) such that [s~2Ry(xq,sh)| < c¢/2 forall0 < s < s,
and since 4 f?)(xg)(h,h) > c/2forallh € E, ||h]|p = 1, we get [ f?) (xo)(h, ) + s~2Ry(xg,sh)] > 0 for all
0<s<spandallh € E, ||h||p = 1. It follows that f(xo+h) — f(x9) > 0 for all i € By, and therefore the

function f has a local minimum at xj. O

As we mentioned before a function f has a local maximum at
some point x if, and only if, the function —f has a local mini-
mum at this point. Therefore Theorem 3.2.5 easily implies nec-
essary and sufficient conditions for a local maximum.

3.3 Convexity and monotonicity

We begin with the discussion of an interesting connection be-
tween convexity of a functional and monotonicity of its first
Fréchet derivative which has far-reaching implications for op-
timization problems. For differentiable real valued functions of
one real variable these results are well known.

The following theorem states this connection in detail and
provides the relevant definitions.

Theorem 3.3.1 (Convexity — Monotonicity) Let U be a convex open
subset of the real Banach space E and f € C1(U,R). Then the follow-
ing statements are equivalent:

a) f is convex, i.e., forall x,y € Uand all 0 < t < 1 one has
fltx+ (1 —t)y) <tf(x)+ (1 —1t)f(y); (3.17)



3.3. CONVEXITY AND MONOTONICITY 37

b) The Fréchet derivative f' : E — E’ is monotone, i.e., for all
x,y € U one has

f'x) = fy)x—y) =0 (3.18)
where (-, -) denotes the canonical bilinear form on E' X E.

P T’OOf. If f is convex inequality (3.17) implies, for x,y € Uand 0 < t <1,

fly+tx—y) = fly) <tf(x) + (A= 1)f(y) = fy) = t(f(x) = f(¥))-

If we divide this inequality by ¢t > 0 and then take the limit t — 0 the result is

(f')x—y) < f(x) = f(y).

If we exchange the roles of x and y in this argument we obtain

(f'(x)y —x) < fy) = f(x).

Now add the two inequalities to get

fW)x—y) +{f(x)y-x) <0,

thus condition (3.18) follows and therefore f’ is monotone.

Suppose conversely that the Fréchet derivative f : E — E’ is monotone. For x,y € Uand 0 < t < 1
consider the function p : [0,1] — R defined by p(t) = f(tx+ (1 —t)y) — tf(x) — (1 — ) f(y). This function
is differentiable with derivative p/(t) = (f'(x(t)),x —y) — f(x) + f(y), x(t) = tx + (1 — t)y, and satisfies
p(0) = 0 = p(1). The convexity condition is equivalent to the condition p(t) < 0 for all t € [0,1]. We prove
this condition indirectly. Thus we assume that there is some point in (0, 1) at which p is positive. Then there is
some point ty € (0,1) at which p attains its positive maximum. For ¢t € (0,1) calculate

(t=to)(p'(t) = p'(t0)) = (t — to) {f'(x(t)) = f'(x(t0)), x — y)
= (f'(x(t)) = f(x(to)), x(t) — x(t))-

Since f’ is monotone it follows that (t — to) (p’(t) — p’(to) > 0. Since p attains its maximum at to, p’(tg) = 0,

and thus (t —ty)p'(t) > 0, hence p/(t) > 0 for all ty < t < 1, a contradiction. We conclude p(t) < 0 and thus

condition (3.17). O

Corollary 3.3.2 Let U be a nonempty convex open subset of the real
Banach space E and f € C1(U,R). If f is convex, then every critical
point of f is actually a minimizing point , i.e., a point at which f has
a local minimum.

P T’OOf. If xo € U is a critical point, there is an r > 0 such that xo + B, C U. Then for every h € B, the points
x(t) = xo +th,0 < t <1, belong to xo + B,. Since f is differentiable we find

14 1
Flro+h) = f(x0) = [ LAxO)t= [ (7 x(e)), mat.

0

Since x(t) — xo = th the last integral can be written as:

dt
-

1
=tim [ (' (x(1)) = £ (x0), x(5) — x0)

el0
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Theorem 3.3.1 implies that the integrand of this integral is non-negative, hence f(xo + h) — f(xg) > 0 for all

h € B, and f has a local minimum at the critical point x. O

Corollary 3.3.3 Let U be a nonempty convex open subset of the real
Banach space E and f € C1(U,R). If f is convex, then f is weakly
lower semi-continuous.

P T’OOf. Suppose that a sequence (x,),en C U converges weakly to xg € U. Again differentiability of f
implies

14 1
Flon) = flx0) = [ G Gro+ = xa))dt = [[1(f(x0 4 Hxn = 30)), %0 — o)t

= /01 (f'(xo + t(xn — x0)) = f'(x0), X0 — x0)dt + (f'(x0), xn — X0)-

As in the proof of the previous corollary, monotonicity of f’ implies that the integral is not negative, hence

f@xn) = f(x0) = (f'(x0), xn — x0)-

As n — oo the righthand side of this estimate converges to 0 and thus liminf, e f(x,) — f(x9) > 0 or
liminf, e f(x4) > f(xp). This shows that f is weakly lower semi-continuous at xq. Since xg € U was ar-

bitrary, we conclude. U

Corollary 3.3.4 Let U be a nonempty convex open subset of the real
Banach space E and f € C*(U,R). Then f is convex if, and only if,
F@)(xq) is non-negative for all xo € U, i.e., f?(x0)(h, h) > 0 for all
h € E.

P T’OOf. By Theorem 3.3.1 we know that f is convex if, and only if, its Fréchet derivative f’ is monotone.

Suppose f’ is monotone and xy € U. Then thereisanr > Osuch thatxo+ B, C Uand (f'(xo+h) — f'(xp), h) >
0 forall h € B,. Since f € C*(U,R), Taylor’s Theorem implies that

(f'(xo+ 1) — f'(x0), 1) = fP(x0) () + Ro (0, h),

hence
0 < f@(x0)(h,h) + Ro(xo,h)  Yh € By

Since Ry(xo,1) = o((h)?) we deduce, as in the proof of Theorem 3.2.5, that 0 < () (xq) (I, ) for all i € E.
Thus f(?) is nonnegative at xo € U.
Conversely assume that f(?) is nonnegative on U. For x,y € U we know

1
F@) = x=y) = [ FO@+t—y)—yx -yt

By assumption the integrand is nonnegative, and it follows that f’ is monotone. O
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3.4 Gateaux derivatives and variations

For functions f : R" — RR one has the concepts of the total dif-
ferential and that of partial derivatives. The Fréchet derivative
has been introduced as the generalization of the total differen-
tial to the case of infinite dimensional Banach spaces. Now we
introduce the Gateaux derivatives as the counterpart of the par-
tial derivatives.

Definition 3.4.1 Let E, F be two real Banach spaces, U C E a nonempty
open subset, and f : U — F a mapping from U into F. The Gateaux
differential of f at a point xo € U is a mapping 6f (xo,-) : E — F
such that, for all h € E,

lim S(F(xo+th) — F(xo)) = 6f (xo k). (3.19)

t—0,t40 t

df(xo,h) is called the Gateaux differential of f at the point x
in the direction i € E. If the Gateaux differential of f at xg is a
continuous linear map E — F, one writes

Of (%o, h) = bxyf (h)
and calls 5, f the Gateaux derivative of f at the point x.

Basic properties of the Gateaux differential, respectively deriva-
tive, are collected in the following

Lemma 3.4.2 Let E, F be two real Banach spaces, U C E a nonempty
open subset, and f : U — F a mapping from U into F.

a) If the Gateaux differential of f exists at a point xo € U, it is a
homogeneous map E — F, i.e., f(xo, Ah) = Adf(xo, 1) for all
A€ Randallh € E;

b) If the Gateaux derivatives exist at a point x € U, they are linear
in f,ie., for f,g:U— Fandwa, B € R one has é,(a«f + Bg) =
aoxf 4 BOxg;
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c) If f is Giteaux differentiable at a point x € U, then f is continu-
ous at x in every direction h € E;

d) Suppose G is a third real Banach space, V. C F a nonempty open
subset such that f(U) C Vand g : V — G a mapping from
V into G. If f has a Gateaux derivative at x € U and ¢ has
a Gdteaux derivative at y = f(x), then go f : U — G has a
Giteaux derivative at x € U and the chain rule

0x(gof) = 0yg 0 Oxf
holds.

P T’OOf: Parts a) and b) follow easily from the basic rules of calculation for limits. Part c) is obvious from the
definitions. The proof of the chain rule is similar but easier than the proof of this rule for the Fréchet derivative

and thus we leave it as an exercise. O

The following result establishes the important connection be-
tween Fréchet and Gateaux derivatives, as a counterpart of the
connection between total differential and partial derivatives for
functions of finitely many variables.

Lemma 3.4.3 Let E, F be two real Banach spaces, U C E a nonempty
open subset, and f : U — F a mapping from U into F.

a) If f is Fréchet differentiable at a point x € U, then f is Giteaux
differentiable at x and both derivatives are equal: 6, f = D,f.

b) Suppose that f is Giteaux differentiable at all points in a neigh-
borhood V of the point xy € U and that x — 6.f € L(E,F)
is continuous on V. Then f is Fréchet differentiable at xo and

5x0f =D xof '

PT’OOf. If f is Fréchet differentiable at x € U we know, forall i € E, f(x +th) = f(x) + (Dxf)(th) + o(th),
hence
lim 2 (F(x -+ #h) — £(x)) = (D<) () + lim “U2) — (D, ) (),

t—0

and Part a) follows.
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If f is Gateaux differentiable in the neighborhood V of xy € U, there is an » > 0 such that f is Gateaux
differentiable at all points xo + &, h € B,. Given h € B, it follows that g(t) = f(x¢ + th) is differentiable at all
points t € [0,1] and g'(t) = (x4 f)(h). This implies

8~ = [ ¢t = [ Graf) )t

and thus

fxo +1) = f(x0) = (6x.f) () = g(1) = &(0) = (dxof) (1) = /01 [(Gxgrenf) (R) = (9xo f) ()]t
The integral can be estimated in norm by

Supl ||<‘5x0+thf) - (‘5xof)Hc(E,p) 7]l

0<t<

and therefore

| f(x0+h) — f(x0) — (5xof)<h)“p < 05351 ||(5xo+thf) - (5x0f)H£(E,F) [hllg-

Continuity of (éxf) in x € xo + By implies f(xg +h) — f(x0) — (6x,f)(h) = o(h) and thus f is Fréchet

differentiable at xg and (Dx,f)(h) = (dx,f)(h) for all i € B, and therefore forallh € E. O

Lemma 3.4.3 can be very useful in finding the Fréchet deriva-
tive of functions. We give a simple example. On the Banach
space E = LP(IR"),1 < p < 2, consider the functional

Flu) = /R u(x)|Pdx,  VucE.

To prove directly that f is continuously Fréchet differentiable on
E is not so simple. If however Lemma 3.4.3 is used the proof be-
comes a straightforward calculation. We only need to verify the
hypotheses of this lemma. In the Exercises the reader is asked
to show that there are constants 0 < ¢ < C < co such that

cls|P <[1+s|FP—1—ps <C|s|]F  VselR.

Inserts = +4% for all points x € R” with u(x) # 0 and multiply

with |u(x) VL; ( x'i"he result is
clth(x)|F <
[u(x) + th(x) [P = Ju(x)|" — pth(x)[u(x)[" sgn(u(x))
< Clth(x)|".
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Integration of this inequality gives

clE|"f () < flu+th) = fu) = pt | h(x)o(x)dx < CIHf(h)

where

o(x) = |u(x) [P~ 'sgn(u(x)).
Note that v € L1(IR"), % + % = 1 and that L7(IR") is (isomorphic
to) the topological dual of E = LP(IR"). This estimate allows us
to determine easily the Gateaux derivative of f:

Sf(u,h) = lim%[f(u +th)— f(u)]=vp ]an(x)h(x)dx.

t—0

Holder’s inequality implies that the absolute value of this inte-
gral is bounded by |||, |||, hence h — f(u,h) is a continu-
ous linear functional on E and

/
16uf 1l 2ery = N1l = llully" -

Therefore u + 6, f is a continuous map from E — L(E,R) and
Lemma 3.4.3 implies that f is Fréchet differentiable with deriva-

tive D, f(h) = 6,f(h).

Suppose that M is a nonempty subset of the real Banach space
E which is not open, for instance M has a nonempty interior
and part of the boundary of M belongs to M. Suppose further-
more that a function f : M — R attains a local minimum at the
boundary point xyp. Then we cannot investigate the behavior of
f in terms of the first few Fréchet or Gateaux derivatives of f
at the point xy as we did previously since this required that a
whole neighborhood of xj is contained in M. In such situations
the variations of the function in suitable directions are a conve-
nient tool to study the local behavior of f.

Assume that # € E and that there is some r = r;, > 0 such
that x(f) = xo+th € M for all0 < t < r. Then we can study
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the function f,(t) = f(x(f)) on the interval [0,7). Certainly,
if f has a local minimum at xo, then f,(0) < f,(¢) for all t €
0, 7) (if necessary we can decrease the value of r) and this gives
restrictions on the first few derivatives of f, if they exist. These
derivatives are then called the variations of f.

Definition 3.4.4 Let M C E be a nonempty subset of the real Banach
space E and xo € M. For h € E suppose that there is an r > 0 such
that xo +th € M for all 0 < t < r. Then the nth variation of f in
the direction h is defined as

dn
A" f(xo,h) = ﬁf(xo +th)limo n=12,... (3.20)

if these derivatives exist.

In favorable situations obviously the first variation is just the
Gateaux derivative:

Lemma 3.4.5 Suppose that M is a nonempty subset of the real Banach
space E, xo an interior point of M, and f a real valued function on M.
Then the Gateaux derivative o, f of f at xq exists if, and only if, the
first variation A\ f(xo, h) exists forall h € Eand h — A f(xo,h)isa
continuous linear functional on E.

In this case one has A f(xo, h) = Oy, f.

P rOOf. A straightforward inspection of the respective definitions easily proves this lemma. O

3.5 Exercises

1. Complete the proof of Lemma 3.1.2.

2. Let E and F be two real normed spaces and A : E — F
a continuous linear operator such that Ax = o(x) for all
x € E, ||x|| < 1. Prove: A = 0.
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. For a function f : U — R™, U C RR" open, assume that it

is differentiable at a point xo € U. Use Definition 3.1.1 to
determine the Fréchet derivative f'(xo) of f at xo and relate

it to the Jabobi matrix %(xo) of f at xo.

. Prove Part a) of Proposition 3.1.3.

. Prove that o(h) = ¢'(y)(01(h)) + 02(f'(x)(h) + 01(h)) is a

higher order term, under the assumptions of Proposition
3.1.3, Part b).

. Let I = [a, b] be some finite closed interval. Equip the space

E = CY(I,R) of all continuously differentiable real valued
functions (one-sided derivatives at the end points of the in-
terval) with the norm

lu||;1 = sup {\uf)(t)\ tel j= 0,1}.

Under this norm E = C!(I,R) is a Banach space. For a given
continuously differentiable function F : I x R x R — R,
define a function f : E — R by

Flu) = [ E(u(e) (o)

and show that f is Fréchet differentiable on E. Show in par-
ticular

b
£ (@) = [ [Ealtu(e), /(1)) = 4t u(e), (1)) o (1)
+ F(t,u(t), o' (£)o(t) ]l
for all v € E. F,, denotes the derivative of F with respect to

the second argument and similarly, F,, denotes the partial
derivative with respect to the third argument.

Now consider M = {u € E: u(a) =c, u(b) =d} for some
given values ¢,d € R and show that the derivative of the
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restriction of f to M is

b d
f'(u)(v) :/a Fu(t,u(t), u' () — 2 Eu(t,u(t), u'(t))]o(t)dt

(3.21)
forallv € E, v(a) = 0 = v(b). Deduce the Euler — Lagrange
equation

Fult,u(t),1(5) — LEu(bu(t), () =0 (322)

dt

Hints: Use the Taylor expansion with remainder for F.

7. Suppose that E, F are two real Banach spaces. Prove the ex-

istence of the natural isomorphism L(E, L(E,F)) = B(E x
E,F).
Hints: For h € L(E,L(E,F)) define i € B(E x E,F) by
]:1(81, 62) = h(el)(€2) for all e;.eo € E and for b € B(E X E, F)
define b € L(E,L(E,F)) by b(e1)(ez2) = b(ey, e2) and then
show that these mappings are inverse to each other. Write
down the definition of the norms of the spaces L(E, L(E, F))
and B(E x E, F) explicitly and show that the mappings h —
Ji and b — b both have a norm < 1.

8. Prove the existence of the natural isomorphism (3.9) for n =
2,3,4,....

9. Prove the chain rule for the Gateaux derivative.
10. Complete the proof of Part d) of Lemma 3.4.3.

11. Let V be a function R?> — R of class C!. Find the Euler —

Lagrange equation (3.22) explicitly for the functional I(u) =
ff(%(u’(t))z — V(u(t)))dt on differentiable functions u : [a, b] —
R3, u(a) = x, u(b) = y for given points x,y € R°.

12. Consider the function g(s) = |1+S"Z|_¢,1_PS, s € R\ {0}, and
show ¢(s) — las |s| = oo, g(s) — 0 ass — 0. Conclude
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that there are constants 0 < ¢ < C < oo such that c|s|V <
2(s)|s|P < C|s|? forall s € R.



Chapter 4

Constrained Minimization Problems

(Method of Lagrange Multipliers)

In the calculus of variations we have often to do with the fol-
lowing problem: Given a real valued function f on a nonempty
open subset U of a real Banach space E, find the minimum (max-
imum) of f on all those points x in U which satisfy a certain re-
striction or constraint. A very important example of such a con-
straint is that the points have to belong to a level surface of some
function g, i.e., have to satisfy ¢(x) = ¢ where the constant c
distinguishes the various level surfaces of the function g. In ele-
mentary situations, and typically also in Lagrangian mechanics,
one introduces a so-called Lagrange multiplier A as a new vari-
able and proceeds to minimize the function f(-) + A(g(-) — ¢)
on the set U. In simple problems (typically finite dimensional)
this strategy is successful. The problem is to prove the existence
of a Lagrange multiplier.

As numerous successful applications have shown the follow-
ing setting is an appropriate framework for such constrained
minimization problems:

Let E, F be two real Banach spaces, U C E an open
nonempty subset, ¢ : U — F a mapping of class C?,
f : U — R a function of class C?!, and vy some point
in F. The optimization problem for the function f under the

47
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constraint g(x) = yp is the problem of finding extremal
points of the function f),; : M — R where M = [g =
is the level surface of ¢ through the point yy.

In this chapter we present a comprehensive solution for the
infinite dimensional case, mainly based on ideas of Ljusternik
[Lju34]. A first section explains in a simple setting the geomet-
rical interpretation of the existence of a Lagrange multiplier. As
an important preparation for the main results the existence of
tangent spaces to level surfaces of C!-functions is shown in sub-
stantial generality. Finally the existence of a Lagrange multiplier
is proven and some simple applications are discussed.

In the following chapter, after the necessary preparations, we
will use the results on the existence of a Lagrange multiplier
to solve eigenvalue problems, for linear and nonlinear partial
differential operators.

4.1 Geometrical interpretation of constrained minimization

In order to develop some intuition about constrained minimiza-
tion problems and the rdle of the Lagrange multiplier we con-
sider such a problem first on a space of dimension two and dis-
cuss heuristically in geometrical terms how to obtain the solu-
tion. Let U C R? be a nonempty open subset. Our goal is to
determine the minimum of a continuous function f : U — R
under the constraint g(x) = ¢ where the constraint function
¢ : U — R is continuous. This means: Find xy € U satistying
2(x9) = cand f(xg) < f(x) for all x € U such that g(x) = c. In
this generality the problem does not have a solution. If however
both f and g are continuously differentiable on U, then the level
surfaces of both functions have well-defined tangents, and then
we expect a solution to exist, because of the following heuristic
considerations.
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Introduce the level surface

g=c={xecl:g(x)=c}

and similarly the family of level surfaces [f = d|, d € R, for
the function f. If a level surface [f = d| does not intersect the
level surface [¢ = c], then no point on this level surface of f
satisfies the constraint and is thus not relevant for our problem.
If for a certain value of d the level surfaces [f = d| and [g = ¢]
intersect in exactly one point (at some finite angle), then for all
values d’ close to d the level surfaces [¢ = ¢| and [f = d'] also
intersect at exactly one point, and thus d is not the minimum
of f under the constraint g(x) = c. Next consider a value of d
for which the level surfaces [¢ = ¢] and [f = d] intersect in at
least two distinct points (at finite angles). Again for all values
d’' sufficiently close to d the level surfaces [f = d'] and [g = (]
intersect in at least two distinct points and therefore d is not the
minimum of f under the given constraint. Finally consider a
value d for which the level surfaces [¢ = c] and [f = dy] ‘touch’
in exactly one point xo, i.e., [¢ = ¢|]N[f = do] = {x0} and the
tangents to both level surfaces at this point coincide. In this sit-
uation small changes of the value of d lead to an intersection
which is either empty or consists of at least two points, hence
these values d’ # dy do not produce a minimum under the con-
straint ¢(x) = c. We conclude that d; is the minimum value of f
under the given constraint and that x; is the minimizing point.
The following figure shows in a two dimensional problem three
of the cases discussed above. Given the level surface [¢ = c]
of the constraint function g, three different level surfaces of the
function f are considered.

Recall that the level surfaces [¢ = c] and [f = d] are level sur-
faces of smooth functions over an open set U C RR% Assume
(or prove under appropriate assumptions with the help of the
implicit function theorem) that in a neighborhood of the point
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[f = di] [f = do] [f = do]
V[g — ] \/[g i \\/[g —

Figure 4.1: Level surface [§ = c] and [f = d;],i = 0,1,2;dy < dy < dp; i = 1 two points of
intersection, i = 0 touching level surfaces; i = 2 no intersection.

xo = (x}, x9) these level surfaces have the explicit representation

x2 = y(x1), respectively x, = ¢(x1). Under these assumptions it
is shown in the Exercises that the tangent to these touching level
surfaces coincide if, and only if,

(Df)(x0) = A(Dg)(x0) (4.1)
for some A € R = L(RR,R).

4.2 Tangent spaces of level surfaces

In our setting a constraint minimization problem is a problem
of analysis on level surfaces of C! mappings. It requires that
we can do differential calculus on these surfaces which in turn
relies on the condition that these level surfaces are differential
manifolds. The following approach does not assume this but
works under the hypothesis that one has, at the points of inter-
est on these level surfaces, the essential element of a differential
manifold, namely a proper tangent space.

Recall that in infinite dimensional Banach spaces E a closed
subspace K does not always have a topological complement, i.e.,
a closed subspace L such that E is the direct sum of these two
subspaces (see for instance [RR73]). Thus in our fundamental
result on the existence of a proper tangent space this property is
assumed but later we will show when and how it holds.

Theorem 4.2.1 (Existence of a tangent space) Let E, F be real Ba-
nach spaces, U C E a nonempty open subset, and g : U — F a map-
ping of class C. Suppose that x is a point of the level surface [¢ = ]
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of the mapping g. If xo is a reqular point of g at which the null-space
N(g'(x0)) of the derivative of g has a topological complement in E,
then the set

Tyl =vo) = {x €E:3Jue N(g'(x0)), x=x0+u}
Yo+ N(g (1)) 42

is a proper tangent space of the level surface |¢ = yo| at the point
Xo, i.e., there is a homeomorphism x of a neighborhood U’ of xy in
Ty,|g = yo] onto a neighborhood V of xo in [§ = yo| with the follow-
ing properties:

a) x(xo+u) =xo+u-+ ¢(u)forall xo+u € U';

b) @ is continuous and of higher than linear order in u, (u) = o(h).

Proof. Since x is a regular point of g, the derivative g’(xp) is a surjective continuous linear mapping from E
onto F. By assumption the null-space K = N(g'(xp)) of the mapping has a topological complement L in E so
that the Banach space E is the direct sum of these two closed subspaces, E = K+ L. It follows (see [RR73])
that there are continuous linear mappings p and g of E onto K and L, respectively, which have the following
properties: K =ranp = N(q),L = N(p) =ranq, p> = p,¢* =q, p+q = id.

Since U is open there is ¥ > 0 such that the open ball B, in E with center 0 and radius r satisfies xo + B, +
B, C U. Now define a mapping ¢ : KN B, x LN B, — F by

P(u,v) =g(xo+u+0) Yue KNB,, Yove&LNB,. (4.3)

By the choice of the radius r this map is well defined. The chain rule implies that it has the following properties:
(0,0) = g(x0) = yo, ¥ is continuously differentiable and

$u(0,0) = g'(x0) |k = 0 € L(K,F),  $0(0,0= g (x0)) € L(L,F).

On the complement L of its null-space the surjective mapping ¢’(xo) : E — F is bijective, thus ¢,(0,0) is a
bijective continuous linear mapping of the Banach space L onto the Banach space F. The inverse mapping
theorem (see Appendix 34.5) implies that the inverse 1,(0,0)~! : F — L is a continuous linear operator too.
Thus all hypotheses of the implicit function theorem (see, for example, [Die69]) are satisfied for the problem

¥(u,v) = yo-

This theorem implies that there is 0 < § < r and a unique function ¢ : KN Bs — L which is continuously
differentiable such that
vo=19(u,@(u)) Yue KNBs and ¢(0)=0.

Since in general ¢'(0) = —1,(0,0) "' ¢ ,(0,0) we have here ¢'(0) = 0 and thus ¢(u) = o(u).

Define a mapping x : xo + KN Bs — M by x(xo+u) = xo+ u+ ¢(u). Clearly x is continuous. By
construction, yo = P(u, ¢(u)) = g(xo +u + ¢(u)), hence x maps into M = [g = y]. By construction, u and
¢(u) belong to complementary subspaces of E, therefore x is injective and thus invertible on

V={xg+u+e¢(u):uecKNBs} C M.
Its inverse is x ! (xo + u + @(u)) = x + u. Since ran p = K and N(p) = L the inverse can be represented as
X (xo+u+ p(u) = xo+ pu+ p(u))

and this shows that x ! is continuous too. Therefore x is a homeomorphism from U’ = xy + KN Bs onto
V C M. This concludes the proof. O
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Apart from the natural assumption about the regularity of the
point xy this theorem uses the technical assumption that the
nullspace K = N(g'(xo)) of g'(x9) € L(E,F) has a topolog-
ical complement in E. We show now that this assumption is
quite adequate for the general setting by proving that it is auto-
matically satistied for three large and frequent classes of special
cases.

Proposition 4.2.2 Let E, F be real Banach spaces and A : E — F a
surjective continuous linear operator. The nullspace K = N(A) has a
topological complement in E , in the following three cases:

a) E is a Hilbert space;
b) F is a finite dimensional Banach space;

c) N(A) is finite dimensional, for instance A : E — F is a Fredholm
operator (i.e., an operator with finite dimensional null-space and
closed range of finite codimension).

Proof. 1f K is a closed subspace of the Hilbert space E, the projection theorem guarantees existence of the
topological complement L = K+ and thus proves Part a).

If F is a finite dimensional Banach space, there exist linearly independent vectors ey, ..., e, € E such that
{f1 = Aey, ..., fu = Aey} isabasis of F. The vectors ey, .. ., e;; generate a linear subspace V of E of dimension

m and it follows that A now is represented by Ax = Z;”:] a;(x) f; with continuous linear functionals a; : E — RR.

Define px = Y3 aj(x)ej and gx = x — px. One proves easily that p?>=p,q*> =q,p+q=id, V = pE and that
both maps are continuous. Thus V = pE is the topological complement of N(A) = gE. This proves b).

Suppose {e1, ..., en} is a basis of N(A). There are continuous linear functionals a; on E such that a;(e;) =

djjfori, j=1,...,m. (Use the Hahn—Banach theorem). As above define px = 2}":1 aj(x)ej and gx = x — px for

all x € E. Now we conclude as in Part b). (See the Exercises) O

Corollary 4.2.3 Suppose that E, F are real Banach spaces, U C E a
nonempty open set and ¢ : U — F a map of class C . In each of the
three cases mentioned in Proposition 4.2.2 for A = ¢'(xo) the tangent
space of the level surface [§ = yo| at every reqular point xo € (g = Yo
of g is given by equation (4.2).

Proof. Proposition 4.2.2 ensures the hypotheses of Theorem 4.2.1. O
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4.3 Existence of Lagrange multipliers

The results on the existence of the tangent spaces of level sur-
faces allow us to translate the heuristic considerations on the
existence of a Lagrange multiplier into precise statements. The
result which we present now is primarily useful for the explicit
calculation of the extremal points once their existence has been
established, say as a consequence of the direct methods dis-
cussed earlier.

Theorem 4.3.1 (Existence of Lagrange multipliers) Let E, F be real
Banach spaces, U C E open and nonempty, g: U — Fand f : U —
R of class Ct. Suppose that f has a local extremum at the point xo € U
subject to the constraint ¢(x) = yo = g(x0). If xo is a reqular point
of the map g and if the null-space K = N(g'(xo)) of ¢'(x0) has a
topological complement L in E, then there exists a continuous linear
functional ¢ : F — R such that xq is a critical point of the function
F=f—/log:U— R, thatis

f'(x0) = £ o g (x0). (4.4)

Proof. The restriction H of g’(xg) to the topological complement L of its kernel K is a continuous injective
linear map from the Banach space L onto the Banach space F since x is a regular point of g. The inverse
mapping theorem (see Appendix) implies that H has an inverse H~! which is a continuous linear operator
F— L

According to Theorem 4.2.1 the level surface [¢ = yo] has a proper tangent space at xg. Thus the points x
of this level surface, in a neighborhood V of xy, are given by x = xo + u + ¢(u), u € KN Bs where § > 0 is
chosen as in the proof of Theorem 4.2.1. Suppose that f has a local minimum at xy (otherwise consider —f).
Then thereis anr € (0,6) such that f(xo) < f(xo+u+ ¢(u)) for all u € KN By, hence by Taylor’s theorem

0 < f'(x0) (u) + f'(x0) (@(u)) + 0o(u+ @(u)) Vue€KnNB,.

Since we know that ¢(u) = o(u), this implies f’(xo)(u) = 0 for all u € KN B,. But u € KN B, is absorbing in
K, therefore f'(xg)(u) = 0forallu € K, i.e.,

K = N(g'(x0)) S N(f'(x0))- (45)

By assumption, E is the direct sum of the closed subspaces K, L, E = K 4 L. Denote the canonical projec-
tions onto K and L by p respectively g. If x1, xo € E satisfy q(x1) = g(x2), then x; — x, € K and thus equation
(4.5) implies f'(xq)(x1) = f'(x0)(x2). Therefore a continuous linear functional f’(xp) : L — R is well defined
by f'(x0)(gx) = f'(x0)(x) for all x € E. This functional is used to define

(= f(xg)oH':F =R
as a continuous linear functional on the Banach space F which satisfies equation (4.4), since for every x € E

Cog(x0)(x) = Log'(x0)(qx) = Lo H(qx) = f'(x0)(qx) = f'(x0)(x).

We conclude that x is a critical point of the function F = f — ¢ o g, by using the chain rule. O
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To illustrate some of the strengths of this theorem we consider
a simple example. Suppose E is a real Hilbert space with inner
product (-,-) and A a bounded self-adjoint operator on E. The
problem is to minimize the function f(x) = (x, Ax) under the
constraint ¢(x) = (x,x) = 1. Obviously both functions are of
class C!. Their derivatives are given by f'(x)(u) = 2(Ax, u), re-
spectively by ¢'(x)(u) = 2(x,u) for all u € E. It follows that
all points of the level surface [¢ = 1] are regular points of g.
Corollary 4.2.3 implies that Theorem 4.3.1 can be used to infer
the existence of a Lagrange multiplier A € R if x( is a minimiz-
ing point of f under the constraint g(x) = 1: f'(x9) = Ag'(x0) or
Axy = Axy, i.e., the Lagrange multiplier A is an eigenvalue of the
operator A and x is the corresponding normalized eigenvector.
This simple example suggests a strategy to determine eigenval-
ues of operators. Later we will explain this powerful strategy in
some detail, not only for linear operators.

In the case of finite dimensional Banach spaces we know that
the technical assumptions of Theorem 4.3.1 are naturally satis-
fied. In this theorem assume that E = R" and F = R". Every
continuously linear functional ¢ on IR" is characterized uniquely
by some m-tuple (A4,..., Ay) of real numbers. Explicitly Theo-
rem 4.3.1 takes now the form

Corollary 4.3.2 Suppose that U C IR" is open and nonempty, and
consider two mappings f : U — Rand ¢ : U — R™ of class C.
Furthermore assume that the function f attains a local extremum at a
reqular point xo € U of the mapping g (i.e., the Jacobi matrix g'(xo)
has maximal rank m) under the constraint g(x) = yo € R™. Then
there exist real numbers Ay, ..., A,, such that

%(xo) _ 2A-i{(xo), i=1,...,n (4.6)

Note that equation (4.6) of Corollary 4.3.2 and the equation
2(x0) = yo € R™ give us exactly n + m equations to determine
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the n 4+ m unknowns (A, xo) € R" x U.

Theorem 4.3.1 can also be used to derive necessary and suffi-
cient conditions for extremal points under constraints. For more
details we have to refer to chapter 4 of the book [BB92].

4.3.1 Comments on Dido’s problem

According to the brief discussion in the introduction to Part
C Dido’s original problem is a paradigmatic example of con-
strained minimization. Though intuitively the solution is clear
(a circle where the radius is determined by the given length)
a rigorous proof is not very simple even with the help of the
abstract results which we have developed in this section. Natu-
rally Dido’s problem and its solution have been discussed much
in the history of the calculus of variations (see [Gol80]). Weier-
strass solved this problem in his lectures in 1872 and 1879. There
is also an elegant geometrical solution based on symmetry con-
siderations due to Steiner.

In the Exercises we invite the reader to find the solution by
two different methods. The first method suggests parametrizing
the curve we are looking for by its arc length and using Parse-
val’s relation in the Hilbert space H = L*([0,27]). This means
that we assume that this curve is given in parametric form by
a parametrization (x(t),y(t)) € R? 0 < t < 27 where x,y
are differentiable functions satisfying %(t)* + y(t)*> = 1 for all
t € [0,27]. With this normalization and parametrization the to-
tal length of the curveis L = fozn VX(t)2+ y(t)2dt = 27t and the
area enclosed by this curve is

A= /0 (Bt

Proposition 4.3.3 For all parametrizations of the form described above
one has A < 7. Furthermore, A = 7t if, and only if, the curve is a
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circle of radius 1.

Proof. See the Exercises. O

The second approach uses the Lagrange multiplier method
as explained above. Suppose that the curve is to have the total
length 2Ly. Choose a parameter a such that 2a < L. In a suitable
coordinate system the curve we are looking for is given as y =
u(x), —a < x <a,and u(x) > 0, u(+a) = 0 with a function u
of class C!. Its length is [* /1 -+ u/(x)2dx = L(u) and the area
enclosed by the x-axis and this curveis A(u) = [* u(x)dx. The
problem then is to determine u such that A(u) is maximal under
the constraint L(u) = Ly.

Proposition 4.3.4 For the constrained minimization problem for A(u)
under the constraint L(u) = L there is a Lagrange multiplier A satis-

fying \/117 = ¢ forsomes € Randasolutionu(x) = A[/1 — (5)>—

1—(%)?*, —a < x < a. Onehas Ly = 2A0(a) with 6(a) =
arcsin § € [0, 5]. For this curve the area is

A(u) = A*0(a) — avVA? — a2

Proof. See the Exercises. O

Since Ly = 2A0(a) the Lagrange multiplier A is a function of
a and hence one can consider A(u) as a function of a. Now it
is not difficult to determine a so that the enclosed area A(u) is
maximal. Fora = A = L—7$ this area is maximal and is given
by A(u) = a*7/2. This is the area enclosed by a half-circle of
radius a = L—7$

Remark 4.3.5 There is an interesting variation of Dido’s problem which
has found important applications in modern probability theory (see
[LT91]) and which we mention briefly. Let A C R" be a bounded do-
main with a sufficiently smooth boundary and for t > 0 consider the
set

Ai={x e R"\A: |[x—y|| <t Vye A}.



4.4. EXERCISES 57

Now minimize the volume | A;| of the set A; under the constraint that
the volume |A| of A is fixed. The answer is known: This minimum
is attained when A is a ball in R". This is of particular interest in
the case of very high dimensions n — oo since then it is known that
practically the volume of Ay U A is equal to the volume of A;. For the
proof of this result we refer to the book [BZ88] and the article [Oss78].

4.4 Exercises

1. Let U C IR? be open and nonempty. Suppose f, ¢ € C(U,R)
have level surfaces [¢ = c| and [f = d]| which touch in a
point xo € U in which the functions f, ¢ have nonvanish-
ing derivatives with respect to the second argument. Prove
Equation 4.1.

2. Prove in detail: A finite dimensional subspace V of a Banach
space E has a topological complement.

3. Prove Corollary 4.3.2.

4. Prove Proposition 4.3.3.

Hints: Use the Fourier expansion for x, y:

x(t) = EO Z ay cos kt + by sin kt)
y(t) = % + Y (axcoskt + Bisinkt).
k=1

Calculate x(t),y(t) and calculate fozn[fc(t)z + y(t)?]dt as
((8), %(t) )2+ (y(£), y(t))2

using (cos kt, sin jt), = 0 and (cos kt, cos kt), = (sinkt,sinkt), =

7. Similarly one can calculate A = (x, )> = 7w Y ;- 1 k(axBx —
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bk ). This gives

2w —2A =1 Y (k> — k)[a; + by + o + B+
k=1

+7Tki k[(ax — Br)* + (ax + by)?).

Now it is straightforward to conclude.

. Prove Proposition 4.3.4.

Hints: 1. Calculate the Fréchet derivative of the constraint
functional L(#) and show that all points of a level surface
[L = Lo| are regular points of the mapping L, for 2a < L.
2. Prove that |u(x)| < L(u) for all x € [—a,a] and hence
A(u) < 2aL(u) = 2aLy. 3. Prove that A(u) is (upper semi-
) continuous for the weak topology on E = Hj(—a,a). 4.
Conclude that a maximizing element u € E and a Lagrange
multiplier A exist. 5. Solve the differential equation A’(u) =
AL'(u) under the boundary condition u(—a) = u(a) = 0. 6.
Calculate L(u) for this solution and equate the result to L.
7. Calculate the area A(u) for this solution.



Chapter 5

Surjectivity of monotone coercive
operators

In the theory of linear operators on Hilbert spaces there is a fa-
mous result by Lax-Milgram which says that strictly positive
continuous sesquilinear forms are given by continuous surjec-
tive linear operators. This results reads

Theorem 5.0.1 (Lemma of Lax-Milgram) Let a be a continuous ses-
quilinear form on a (complex) Hilbert space H which is positive in the
sense that for some ¢ > 0 one has

a(u,u) > cllul|®> forall ueH.
Then there is exactly one bounded linear operator A on H such that
a(u,v) = (Au,v) forall u,ve H.

The operator A is bijective and has a continuous inverse A~ "

5.1 The result of Browder and Minty

Around 1963 this result has been extended considerably to non-
linear operators by F. E. Browder and independently by G. Minty
and is known as the surjectivity of coercive monotone operators
in real Banach spaces. We discuss here only the case of separable
Banach spaces

59
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Definition 5.1.1 Let E be a real Banach space and E' its topological
dual. A (not necessarily linear) map T : E — E'is called monotone
if, and only if, for all u,v € E one has

(T(u) —T(v),u—0v) >0. (5.1)
Here (-, -) denotes the duality between E' and E.

Definition 5.1.2 Let E be a real Banach space and E’ its topological
dual. A (not necessarily linear) map T : E — E’ is called coercive
if, and only if, for all u € E one has

(T(u),u) = C([[u]) [Jul] (52)

for some function C : [0, 00) — R with the property C(s) — oo as
5 — o0.

With these definitions the surjectivity of continuous coercive
monotone maps follows.

Theorem 5.1.3 (Browder-Minty) Let E be a separable reflexive Ba-
nach space with topological dual E' and let T : E — E’ be a contin-
uous, coercive, monotone mapping. Then T is surjective, i.e.,

T(E)=E'

For fixed f € E' the solution set T~1(f) is a bounded, convex, closed
subset of E.

Remark: The proof of this important result relies mainly on
three facts:

a) Continuous coercive operators on finite dimensional Banach
spaces are coercive (this follows from Brouwer’s fixed point
theorem as we will see);

b) a convenient characterization of the solution set T~!(f) for
given f € E';
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c) as a result of monotonicity a generalized Galerkin approxi-
mation converges.

Accordingly we prepare the proof of the Theorem of Browder-
Minty by the following lemmas.

Lemma 5.1.4 Let T : F — F' be a continuous coercive mapping on
the finite-dimensional Banach space F. Then T is surjective: T(F) =
F'.

Lemma 5.1.5 Let E be a Banach space and T : E — E’ be a mono-
tone mapping.

a) If T is continuous, then for given f € E', every solution u of
T(u) = f is characterized by the inequality
(T(v) — f,v—u)y >0 forall veE. (5.3)

The set of solutions T} (f) = {u € E: T(u) = f} is closed and
convex.

b) If T is coercive, then the solution set T~1(f) is bounded for every

f eE" A
TH(f) S {ueE: Jull <CUFIN},
where C(s) = sup {r € [0,00) : C(r) < s}.

5.2 The proofs

5.2.1 The proof of the Browder-Minty theorem

a) In order to show that a given continuous, monotone, and co-
ercive functional Ty : E — E' is surjective, we proceed as fol-
lows: Given f € E’ consider the functional T(-) = Ty(-) — f and
show that 0 € E’ belongs to the range of T, i.e., there is uy € E
such that T(u) = 0. Then obviously Ty(ug) = f.

It is straightforward to see that with Tj also the functional T
is continuous, monotone, and coercive. Thus in order to prove
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the theorem we proceed to show that 0 € T(E).

b) Definition of a suitable Galerkin approximation: Since E is
separable, there is an increasing sequence of finite-dimensional
subspaces E, whose union is dense in E. Let ®, : E, — E
denote the identical embedding and let &), : E' — E; denote
adjoint projection. Then for given T : E — E’ introduce the
sequence T, : E, — E; of auxiliary mappings by

T, =® oTod,. (5.4)

Clearly, all the mappings T}, are continuous. A straightforward
calculation shows that they are monotone: For arbitrary u,v &
E,, we have

(Tu(u) — Ty(v),u —v) = (D (Tod,(u) — Tod,(v)),u—0)
= (T(® (1)) — T(Pn(0)), Pu(u) — Pp(v)) > 0.

Coerciveness of T implies uniform coerciveness of the mappings
T,: For all u € E, the following estimate holds:

(Ta(u), u) = (T(Pn(u)), Pn(u))
> C([|@n () [|) [|Pn(ue) | = CC[[a]]) [J]] -

c) Proof of surjectivity of the auxiliary mappings: For every n €
IN T, : E, — Ej, is a continuous coercive mapping on the
finite-dimensional Banach space E,,. Hence Lemma 5.1.4 applies
and proves that T, is surjective, i.e., there is u,, € E, such that
T.(u,) = 0. Part b) of Lemma 5.1.5 gives the uniform estimate

lunl] < M = C(0).

d) Passage to the limit: Since E is a reflexive Banach space the
bounded sequence of the solutions u, has a weakly convergent
subsequence which we denote in the same way. Thus there is
up € E such that w — lim,,_, 4, = ug. We claim T (ug) = 0.
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To prove this take any v € E,;, m € IN, arbitrary but fixed. By
construction, for all n > m we know E,, C E,, and thus, because
of monotonicity of T,, on E,,,

0 < (Ty(v) — Tu(uy),v—uy) = (T, (v),v—uy) = (T(v),v— uy).

Taking the limit gives 0 < (T(v),v — up), and since v was arbi-
trary, we conclude

0 <(T(v),v—upy) forall vé& UyenEn.

Since T is continuous and U,,cNE,; is dense in E, we can extend
this estimate by continuity to all of E and thus get

0<(T(v),v—uy) forall ve€eE.

Now we apply Part a) of Lemma 5.1.5 to conclude T (1) = O,
i.e., 0 € T(E) and therefore T(E) = E'.

5.2.2 Proof of Lemma 5.1.4

a) As discussed above it suffices to show 0 € T(F). Note further-
more that the hypotheses of this lemma remain true if we pass
to an equivalent Banach space (the function C of the coercivity
hypothesis might change but not its properties). In particular
we can assume that F is a finite-dimensional Hilbert space so
that F and its dual F’ can be identified.

b) For sufficiently large R > 0 we know C(R) > 0. For such a
number R we thus have, for s(1) = u — T(u),

(s(u),u) < ||lu|*> forall ucF, ||ul|=R.

The radial retraction r of the space F to the closed ball By =
{u € F: ||u|| <r}isdefined by

{v for v € Bg,
r(v) =

ﬁv for v ¢ Bg.
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It follows that r(B%) C 0dBr and that f(u) = ros(u) is a con-
tinuous mapping from Br into Br. By Brouwer’s fixed point
theorem, f has a fixed point u in Bg.

If ||up|| < R then the definition of the retraction map r and the
fixed point property f(uy) = uo show that f(ug) = s(ug) = uy
since then it follows s(up) € Bg. The last identity s(uy) = uy
implies T (up) = 0 and thus proves the lemma for this case.

The case ||ug|| = R can be excluded: If

luoll = R

then ugp = f(up) implies that s(ug) € B% U0dBg and thus p =
|s(uo)|| > R. The definition of the retraction then says f(ug) =
r(s(uo)) = %s(ug) and therefore, by choice of R,

©
R R
R* = ||uo||”> = (f(uo), uo) = ;<S(”0)/”0> < 0 |uo||* < R?,

a contradiction.

5.2.3 Proof of Lemma 5.1.5

a) Suppose T(u) = f holds; then by monotonicity of T we get
forallv € E

(T(v)— f,o—u) =(T(v) —T(u),v—u) >0,

hence condition (5.3) holds. Conversely assume that (5.3) holds.
Apply itfor v = u + tz, z € E arbitrary. It follows

0 <(T(u+tz)— f, tz).

Divide by t > 0to get 0 < (T(u + tz) — f,z) and take the limit
t — 0. Continuity of T implies 0 < (T(u) — f,z). Since z € E
is arbitrary, we conclude T(u) — f = 0.

By condition (5.3) the solution set has the representation

T Yf)=Npeg{u € E: (T(v) — f,v—u) >0}.
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This represents T !(f) as an intersection of closed half-spaces
and therefore T~1(f) is closed and convex.

b) Suppose u € T~1(f); coerciveness of T implies

ol CCllull) < (TCw),u) = (Fu) < I ull;
hence C(|lul)) < || £ or [[u]] < C(I ).

5.3 An important variation of the Browder-Minty result

Note that in the proof of the Browder-Minty Theorem mono-
tonicity of T was used only in the last step of the proof, to con-
clude that uy = w — lim,,_,« u, implies T'(19) = lim,,—,0o T (11y,).
Accordingly one expects that every other property of T which
allows to reach this conclusion also implies surjectivity of co-
ercive continuous maps T. We present such a result which is
based on the Smale condition.

Definition 5.3.1 Let E be a Banach space with topological dual E' and
T a mapping from E into E'. T is said to satisfy the Smale condition
if, and only if, for every sequence (u,)nen C E the two conditions

u=w— nll_r>noo u, and n11_I>noo<T(um) —T(u),uny—u) =0

imply

u= lim u,.
n—->00

Remark: If a mapping T satisfies the Smale condition then weak
convergence of a sequence implies strong convergence under
the hypothesis lim,, oo (T (u,) — T(1), u, — ) = 0. Accordingly
itis a kind of compactness condition. This additional hypothesis
can be viewed as a generalized monotonicity condition.

Theorem 5.3.2 Let E be a reflexive separable Banach space and T :
E — E’ a continuous coercive mapping which is bounded (i.e., T
maps bounded sets into bounded sets) and which satisfies the Smale
condition. Then T is surjective: T(E) = E’
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Proof. Similar to the proof of the previous result. For details see [BB92].



Chapter 6

Sobolev spaces

6.1 Motivation

As we explained in the Introduction all major developments
in the calculus of variations were driven by concrete problems,
mainly in Physics. In these applications the underlying Banach
space is a suitable function space, depending on the context
as we are going to see explicitly later. Major parts of the ex-
istence theory of solutions of nonlinear partial differential use
variational methods (some are treated in Chapter 7). Here the
function spaces which are used are often the so-called Sobolev
spaces and the successful application of variational methods
rests on various types of embeddings for these spaces. Ac-
cordingly we present here the classical aspects of the theory of
Sobolev spaces as they are used in later applications. We assume
that the reader is familiar with the basics aspects of the theory
of Lebesgue spaces.

6.2 Basic definitions

Let (3 C IR" be a nonempty open subset, and for k = 0,1, 2, ...
and 1 < p < oo introduce the vector space

Ckr (Q) = {u € C*(Q) : D*u € LP(Q), |a| < k}.

67



68 CHAPTER 6. SOBOLEV SPACES

Here o = (a1, ..., ay) is an n-tuple of number o; = 0,1,2, ... and

] . .
| = Y, a;, and D*u = a"‘? g‘an On this vector space define a
1

norm for 1 < p < co by

1/p
[l = (Z HD"‘MH5> : (6.1)

la| <k

and for p = co by
fllkeo = 2= ID*fll ooy - (6.2)

la| <k

The Sobolev space W*? (Q)) is by definition the completion of C*?(Q))
with respect to this norm. These Banach spaces are naturally
embedded into each other according to

WEP(Q) c WEIP(Q) - ¢ WOP(Q) = LP(Q).

Since the Lebesgue spaces L*(()) are separable for 1 < p < oo
one can show that these Sobolev spaces are separable too. For
1 < p < oo the spaces LP(Q)) are reflexive, and it follows that for
1 < p < oo the Sobolev spaces W57 (Q)) are separable reflexive
Banach spaces.

There is another equivalent definition of the Sobolev spaces in

term of weak (or distributional) derivatives due to Meyers and
Serrin (1964):

WEP(Q) = {f € LP(Q) : D*f € LP(Q) (weakly) for all |a| < k}.
(6.3)

Here D*f stands for the weak derivative of f, i.e. for all ¢ &

C(Q)) one has in the sense of Schwartz distributions on ()

(D*f,9) = (=) [ f(x)D"¢
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Theorem 6.2.1 Equipped with (6.1) respectively (6.2) the set WP (Q))
is a Banach space. In the case p = 2 the space W**(Q)) = H*(Q) is
actually a Hilbert space with the inner product

(f, &) uk) = ) / Dtf - D*gdx. (6.4)

la| <k

The spaces WP (Q)) are called Sobolev spaces of order (k,p).

Proof. Since the space L?(Q) is a vector space, the set W*"(Q) is a vector space too, as a subspace of L7 (Q).
The norm properties of ||-[| () easily imply that [|-[|,yx,q) is also a norm.

The local Sobolev spaces Wlko’f (Q)) are obtained when in the above
construction the Lebesgue space L”(Q)) is replaced by the local
Lebesgue space L; (Q). Elements in a Sobolev space can be ap-
proximated by smooth functions, i.e., these spaces allow molli-
fication. In details one has the following result.

Theorem 6.2.2 Let Q) be an open subset of R", k € Ny = IN U {0}
and 1 < p < co. Then the following holds:

a) For u € Wllf)’f(ﬂ) there exists a sequence u,, € CZ®(Q)) of C*
functions on () which have a compact support such that u,, — u
in WP (Q).

loc
b) C=(Q) N WK?(Q)) is dense in WEP(Q)).
¢) C=(R") is dense in W*P (IR™).

Proof. Here we have to refer to the literature, for instance [Ada75] or the PDE lecture notes by B. Driver (see
his home page at www.math.ucsd.edu).

Naturally, the space C°(Q)) is contained in W*? (Q)) for all k =
0,1,2,...andall1 < p < co. The closure of this space in W*? (Q))
is denoted Wg’p (Q0). In general Wg’P (Q)) is a proper subspace of
WEP(Q)). For Q = R" however equality holds.

The fact that Wg’p (Q) is, in general, a proper subspace of W? (Q)
plays a decisive role in the formulation of boundary value prob-
lems. Roughly one can say the following: If the boundary I' =
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0Q) is sufficiently smooth, then elements u € W*P(Q) together
with their normal derivatives of order < k — 1 can be restricted
to I'. And elements in Wg’p (Q)) can then be characterized by the
fact that this restriction vanishes. (There is a fairly technical the-
ory involved here). A concrete example of a result of this type is
the following theorem.

Theorem 6.2.3 Let (3 C IR" be a bounded open subset whose bound-
ary T = 0Q) is piecewise C'. Then the following holds:

(a) every u € HY(Q)) has a restriction you = u|T to the boundary;
(b) Hi(Q) = keryy = {u € H'(Q) : yo(u) = 0}.

Obviously, the Sobolev space W*?(()) embeds naturally into
the Lebesgue space LP(Q)). Depending on the value of the ex-
ponent p in relation to the dimension # of the underlying space
R" it embeds also into various other functions spaces, express-
ing various degrees of smoothness of elements in W*?(Q)). The
following few sections present a number of (classical) estimates
for elements in W*?(Q)) which then allow to prove the main
Sobolev embeddings.

A simple example indicates what can be expected. Take ¢ €
CP(IR") such that (x) = 1 for all |x| < 1 and define f(x) =
|x|9p(x) for x € R", for some g € R. Then Vf € LP(R") re-
quires n + (g —1)p > 0, or

n

>1——.

7=1-7
Therefore, it 1 < p < n then g < 0 is allowed and thus f can
have a singularity (at x = 0). If however p > n, then only
exponents g > 0 are allowed, and then f is continuous at x =
0. The following estimates give a much more accurate picture.
These estimates imply first that we get continuous embeddings
and at a later stage we will show that for exponents 1 < p < n

these embeddings are actually compact.
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We start with the case n < p < +co0.

6.3 Morrey’s inequality

Denote the unit sphere in R” by S and introduce for a measur-
able set I' C S with 0(S) > 0 (¢(S) denotes the surface measure
of S) the sets

[, ={x+tw:wel,0<t<r}, xeR", r>0.

Note that for measurable functions f one has

Fly)dy = / dte"! / Flx+ tw)do(w). (65
Ly 0 r
Choosing f = 1 we find for the Lebesgue measure of I',
Ty,| =1"0(T)/n. (6.6)
Lemma 6.3.1 If S, x, r are as above and u € C1(T, ) then

[ ) —ueoay <= [T, )

n ylt

PrOOf. Fory=x+tw,0 <t <rand w € I one has
t
u(x +tw) —u(x) :/ w - Vu(x +sw)ds,
0

thus integration over I' yields

./r‘\u(x+tw) u(x)|do(w / /\w x + sw)|de(w)ds

/ -1 \Vu X+ sw)| Vuletsw)l o yas
T |x+sw—x|*—1

Vu)l - |Vu(y)|
1Y \y—x|”_1 T T \y—x|”_1

If we multiply this inequality with "1 and integrate from 0 to r and observe Equation (6.5) we get (6.7).

Corollary 6.3.2 Foranyn < p < 400, any 0 < r < oo, any x € R"
and any Borel measurable subset T C S such that o(T') > 0, one has,
forallu € CY(Ty,)

u(x)| < Cla(I), 7,1, p) lullwrpr,,) (68)
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with

pl=n/p n—1/p —1\"
C(c(T),r,n,p) = o) ) T (;}j— n)

Proof. Clearly, |u(x)| < |u(y)| + |u(x) — u(y)|, for any y € T'y,; integration over I'y, and application of (6.7)
gives

T [u(x)] = / lu(x)|dy < / lu(y)|dy + ﬁ Mdy

Ty Ty n Ty ‘X - ]/‘”71 '

Now apply Holder’s inequality to get

r'" 1
< ||lu 1 + —||Vu —_— 6.9
lellr o) 1Mascrs + 5 Wellore,) | r== . (6.9)
where ¢ is the Holder conjugate exponent of p, i.e., g = %. Calculate
1 N
H = =l <U(F) L ) ' (6.10)
|- 1"l Lar,) p—n

and insert the result into (6.9). A rearrangement and a simple estimate finally gives (6.8).

Corollary 6.3.3 Consider n € N and p € (n, 4o0|. There are con-
stants A = A, and B = By, such that for any u € C*(R") and any
x,y € R" one has (r = |x — y|, B(x, r) is the ball with center x and
radius r)

p—1
—1\ 7 _n
lu(y) —u(x)] < 2BAYP (773_—7/1) IV ull Lo s nB ) x—y|' 7.
6.11)

Proof. Certainly, the intersection V = B(x,r) N B(y, r) of the two balls is not empty. Introduce the following
subsets of the unit sphere in R": T = 1(9B(x,7)) N B(y,r) and A = 1(9B(y,r)) N B(x,r) = —T so that we have
x+1T = (dB(x,7)) N B(y,r) and y + rA = (dB(y,r)) N B(x,r). It is instructive to draw a picture of the sets
introduced above and of the related sets I'y» and Ay, .
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A
/

W =Ty NIy, r= |x—y| V=B(x,r)ﬂB(y,r)

Since I'y, = 1T’y 1 and Ay, = rA, 1 we find that

B, — ‘rx,r ﬁAy,r| . |rx,1 mAy,l|
! |rx,r| |rx,1|

is a number between 0 and 1 which only depends on the dimension n. It follows [T'y,| = |Ay,| = By|W|,
W — rx,r N Ay,r.
Now we estimate, using Lemma 6.3.1 and Holder’s inequality

u(@) = u@IIWI < [ u(x) =u@ldz+ | 0@ —u@)ldz< [ u(n) —u@)ldz+ [ |u(z) - u(y)ldz

x,r Ay’r

. n
Yl LTI iy N LT

n Ty ‘x_y| " Ay,r ‘Z_y|

rh L 1
. e L
<= <|vu|LP(Tx/r) |x — ,‘n—l 19(Ta) + HVM”LP(AW) Iy — -‘”—1 LQ(Ay,r)>

rh 1
<2— [ |1 .
= 25 IVl |7ty

Taking (6.10) and (6.6) into account and recalling r = |x — |, estimate (6.11) follows with A = (')~

Theorem 6.3.4 (Morrey’s inequality) Suppose n < p < +oco and
u € WYP(IR"). Then there is a unique version u* of u (i.e., u* = u

almost everywhere) which is Halder continuous of exponent1— -, i.e.,
u* e Co’l_%(lR”) and satisfies
1571 g1 gy < € e 6.12)

where C = C(n, p) is a universal constant. In addition the estimates
in (6.7), (6.8) and (6.11) hold when u is replaced by u*.
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Proof. At first consider the case n < p < o0. For u € C}(IR") Corollaries 6.3.2 and 6.3.3 imply (BC(R") denotes
the spaces of bounded continuous functions on IR")

u — u(X
il e < Clullwingn and B ZUN < ooy
ly—x| P
This implies
HuHCO/l—%(]R,,) <C H”lem(w)- (6.13)

If u € WLP(R") is given, there is a sequence of functions uj € CL(R"™) such that uj — uin WLP(R"). Estimate

(6.13) implies that this sequence is also a Cauchy sequence in cop (R") and thus converges to a unique
element ™ in this space. Clearly Estimate (6.12) holds for this limit element u* and #* = u almost everywhere.
The case p = co and u € WP (IR") can be proven via a similar approximation argument.

Corollary 6.3.5 [Morrey’s inequality] Let () be an open bounded sub-
set of R" with smooth boundary (C') and n < p < co. Then for every

u € WYP(Q) there exists a unique version u* in co b (Q) satisfying

7]l oa-n ) = Cllullwry - (6.14)

P(QY)
with a universal constant C = C(n, p, Q).

Proof. Under the assumptions of the corollary there exists a continuous extension operator | : W?(Q) —

WLP(R"). Then, given u € W7(Q), Theorem 6.3.4 implies that there is a continuous version U* € oy (R™)
of Ju which satisfies (6.12). Now define u* = U*|q. It follows

H“*HCOJ—ﬂ

by S MU 01 ey < C MWy < Clllwiogy -

P (IR")

6.4 Gagliardo-Nirenberg-Sobolev inequality

This very important inequality is of the form
lulle < ClIVully, ue (R (6.15)

for a suitable exponent g for a given exponent p, 1 < p < n.
This exponent is easily determined through the scale covariance
of the quantities in this inequality. For A > 0 introduce u, by
setting 1, (x) = u(Ax). A simple calculation shows |[u,|;; =
A7 ||, and || Vupll;, = AP || Vu||,p. Thus inserting u,
into (6.15 gives

AT 1]l < CAl=/P V|| p
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for all A > 0. This is possible for all u € C!(RR") only if

. 1 1 1
1—n/p+n/q=0, ie, 5 n—l—q. (6.16)
It is a standard notation to denote the exponent g which solves
(6.16) by p*, i.e.,
x«_ _np
P=_ p

with the understanding that p* = co if p = n.

Since the case 1 < p < 1 can easily be reduced to the case p =
1, we have to prove this inequality for p = 1,1ie, p* = 1* = L

n—1°
Theorem 6.4.1 Forall u € WY(IR") one has

1
n n 1
fulle =l o, <TT( [, Pnolax)” < n-d|val, (617
=1

Proof. According to Theorem 6.2.2 every element u € W1 (IR") is the limit of a sequence of elements uj €

C!(R™). Hence is suffices to prove this inequality for u € C!(R"), and this is done by induction on the dimen-
sion 7.
We suggest that the reader proves the GNS inequality for n = 1 and n = 2. Here we present first the case
n = 3 before we come to the general case.
Suppose that u € C!(R3) is given. Observe that now 1* = 3/2. Introduce the notation x! = (y1, x5, x3),
= (x1,Y2,x3), and ¥ = (x1,x2,y3). The fundamental theorem of calculus implies fori =1,2,3

uEl < [ puldy < [ () dy;

hence multiplication of these three inequalities gives

i <T1(/ |aiu<xf>dyi)%

Now integrate this inequality with respect to x; and note that the first factor on the right does not depend on

x1:
/R lu(x)|2dx; < (/o:o |alu(x1)dyl) 2 /Rg (/o:o |aiu(xi)|dyz‘) : dxq

Apply Holder’s inequality (for p = g = 2) to the second integral, this gives the estimate

1

z2

3

< /_Zalu<x>|dxl)%1‘[( [ Pty

=2

Next we integrate this inequality with respect to x, and apply again Holder’s inequality to get

1

1 1
/ [ (x deldxz (/ |0pu( )dxldx2> / (/ Blu(xl)dxl)z </ |83u(x3)dx1dy3>2 dxy
R - —©
%
< (/ |0pu(x dxlde) (/ |0 u(x |dx1dx2) (/3 agu(x)|dx1dx2dx3>
R
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A final integration with respect to x3 and applying Holder’s inequality as above implies

. 5 3 . 3 .
./]R3 u(x)|2dx1dxpdxs < g (./]R3 aiu(x)|dx1dx2dx3) < (./IR3 Vu(x)dxldaqug,)

which is the GNS inequality for n = 3.
n

The general case uses the same strategy. Naturally some more steps are necessary. Now we have 1* = 2.

Forx = (x1,...,x,) € R"introduce the variables xt = (X1,++-,Xi_1,Yi,Xi41, - -, Xn). The fundamental theorem
of calculus implies fori =1,...,n

0| < [ o) lay

and thus .

< ]‘[ (/ 9y |dyl> o 6.18)

Recall Holder’s inequality for the product of n — 1 funct1ons in the form

I1s
i=2 1

< ]1 [ fill o (6.19)

and integrate (6.18) with respect to x1 to get

1

1
pr n pro |
/ ‘u n 1dx1 (/ ‘alu |dx1) ! (/ ‘au dyl) ldx]
R7

i=

< (/}Ralu(xﬂdxl)n ﬁ(/ |0ju(x |d951dyz)’111

=2

i
i

1

[9114(x)|dx1 - , [02u(x) |dxydx; H‘n 2\8iu(xf)\dx1d]/i .
< (U [ ()

1=

Now integrate this inequality with respect to x; and apply (6.19) again. This implies
1

/R\u(x)\ﬁdxldng </]R2|82u(x)dx1dx2)nl_l/lk(/R|alu<x)|dxl>”l‘lﬁ</ (s |dx1dyl)_1dx2

i=3
1

1 1
: n—1 =1 _n ) =
< (./Rz |62”(x)dx1dx2) ( /]R . |a1u(x)|dx1dx2) ]j ( /]R , |aiu(xl)dx1dx2dyi) .

i=3

Obviously one can repeat these steps successively for x3,...,x; and one proves by induction that for k ¢
{1,...,n} we get the estimate

0 AT
/k [u(x)|n-1dxydxy - - - dxg < H (/ |0;u(x)|dx1dxy - - dxk)
R

n

x 1 </1Rk+1 |aiu(x)dx1dx2"'dxkdyi>

i=k+1

n

—1

where naturally for k = n the second product does not occur. Thus for k = n one has

/ lu(x)| 7 Tdxydxy - - - dxy, < H (/ |0;1(x)|dx1dxy - - dxn) T
Tt
< H ( IRZE dx) . (6:20)

In order to improve this estimate recall Young's inequality in the elementary form [T/ ; A; < 1 Y | A", where
A; > 0. Thus we get

n . 1 n
n 1
n < : < — .
Il < TT( [, Polax)” < 23 [ e

and by Holder’s inequality one knows Y7 ; |0;u(x)| < /n |Vu(x)|, hence HuH |Vull;.

<l
<L
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Remark 6.4.2 The starting point of our estimates was the identity
= [M_Qu(x)dy; and the resulting estimate

u(x)] g/ () |dy;, i=1,...,m.
R

If we write

u(x) = % (/xolo o;u(x")dy; —/x

we can improve this estimate to

1 i .
lu(x)] §§/]R\8iu(x)|dyi, i=1,...,n.

Next we look at the case 1 < p < n. As we will see it can easily
be reduced to the case p = 1.
Theorem 6.4.3 If 1 < p < n then, for all u € WYP(R"), with

¥ __ np

P =

oiu(x )dy1> ,

1

1
lull < =P =2 v, 621

Proof. Since elements in W'#(R") can be approximated by elements in C!(IR") it suffices to prove Estimate
(6.21) for u € C}(R™). For such a function u consider the function v = |u[* € C!(R") for an exponent s > 1 to
be determined later. We have Vo = s|u|*~!sgn(u)Vu and thus by applying (6.17) to v we get

1 s
e < = IV bl = = [t~ vl < ], (6.22)

where g is the Holder conjugate exponent of p. Note that this estimate can be written as

s —1
i3 < 7 lll{s=a)g 1Vl -
Now choose s such that s1* = (s — 1)g. This gives s = q_L‘ = ’i’—: and accordingly the last estimate can be
written as )
lully < \f [l V]
Inserting the value s = 22— (n of s now yields (6.21).

Corollary 6.4.4 Suppose that () C R" is a bounded open set with C'-

boundary. Then forall p € [1,n)and 1 < q < p* there is a constant
C = C(Q, p,q) such that for all u € WP (Q))

lull,
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Proof. Under the given conditions on ) one can show that every u € W'?(Q) has an extension to Ju €
WLP(R") (i.e., Ju|Q = uand ] : WHP(Q) — WP (IR?) is continuous). Then for u € C1(Q) N WP(Q)

[l ey < C Il gy < CHVUT) [ Lr ey < C lltllprrqy - (6.23)

Since C!(Q) is dense in W'7(Q), this estimate holds for all u € W'?(Q). Ifnow 1 < g < p* a simple
application of Holder’s inequality gives

el oy < Nl oy 1Ll sy = Nl oy 1QIYS < CIOMS [l
(@) (@) Q) (@) (©)

1

1,1 _
wheres—i-p* i

6.4.1 Continuous Embeddings of Sobolev spaces

In this short review of the classical theory of Sobolev spaces we
can only discuss the main embeddings results. In the literature
one finds many additional cases.
For convenience of notation let us introduce, for a given num-
ber r > 0,
r if r % No

ro =
r+0 ifr € INj

where 6 > 0 is some arbitrary small number.

Lemma 6.4.5 Fori € Nandp > nandi > n/p(ie,i > 1lifp > n
and i > 2 if p = n) one has

WP (Q) — C=0/P+ ()
and there is a constant C > 0 such that for all u € W (Q))

litllgorone gy < € lull, (6.24)

Proof. For anumber r = k + a with k € Np and 0 < a < 1 we write C’(Q) for Cke. As earlier it suffices to
prove (6.24) for u € C*(Q)). For such u and p > n and |a| < i— 1 apply Morrey’s inequality to get

HD“uHCO,l—n/p(Q) <C HDauHi,p

and therefore with C'="/P(Q)) = C!=117"/7(Q), we get (6.24).

If p = n (and thus i > 2) choose q € (1,7) close to n so thati > n/q and q* = ;1% > n. Then, by the first
part of Theorem (6.4.6) and what we have just shown

W (Q) — WH(Q) — WM (Q) — 21717 ().
As g 1 nimplies n/q* | 0, we conclude W' (Q) < C'=2%(Q) for any a € (0,1) which is written as

W (Q) < ¢ (VM4 (Q).
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Theorem 6.4.6 (Sobolev Embedding Theorems) Assume that () =
R" or that Q) is a bounded open subset of R" with a C1-boundary; fur-
thermore assume that 1 < p < oo and k,m € N with m < k. Then
one has:

(D) If p < n/m, then WeP(Q) — WE™4(Q)) for g = —E— or

n—pm
1 1 m

i 0, and there is a constant C > 0 such that

[1lly_pg < Cllully, forallue WEP (). (6.25)

(2) If p > n/k, then WEP(Q)) < C*=("/P)+(Q)) and there is a con-
stant C > 0 such that

[l greiorone oy < Cllully, forallu € WH(Q).  (6.26)

Proof. Suppose p < n/m and u € WP (Q); then D*u € WP (Q) for all [a| < k — 1. Corollary 6.4.4 implies
D*u € LP"(Q) for all [a| < k — 1 and therefore WP (Q) < W*~17"(Q) and there is a constant C; > 0 such
that

[tlle—1,p, = Cullullep (6.27)

for all u € WKP(Q), with py = p*. Next define pj, j > 2, inductively by p; = p;_1- Thus pl,- = ﬁ -1
and since p < n/m we have lm = % — 2 > 0. Therefore we can (6.27 repeatedly and find that the following
inclusion maps are all bounded:

WRP(Q) — WELP1(Q) s WE=2P2(Q)) ... s WETTPm ()

and part (1) follows.
In order to prove part (2) consider p > n/k. For p > n the statement follows from Lemma 6.4.5. Now
consider the case n > p > n/k and choose the largest m such that 1 < m < kand n/m > p. Define g > n by
np 1 m

1= 5=mp (ie., % =5 % > 0). Then, by what we have established above, the following inclusion maps are

all bounded:
WEP(Q) s WEma(Q) s chm=(0/0)+ () = Ck—m—(%—m)+(0) = ck=(/p)+()

which is the estimate of Part (2).

In the case p = 2 and () = R" one has the Fourier transform
F available as a unitary operator on L?(IR"). This allows to give
a convenient characterization of the Sobolev space H¥(R") =
W¥2(IR") and to prove a useful embedding result.

Recall that for u € H*(IR") one has F(D*u)(p) = i*p*F(u)(p).
Hence we can characterize this space as

H*(R") = {u € L*(R") : p*F(u) € L*(R"), |a| < k}
{u e L3(R") : (14 p)"2F(u) € LZ(IR”)}.



80 CHAPTER 6. SOBOLEV SPACES

This definition can be extended to arbitrary s € R and thus we
can introduce the spaces

HS(R") = {u e L2(R) : (14 p»)¥2F(u) € LZ(IR”)}.

As we are going to show this space can be continuously embed-
ded into the space

la| <k xeR"

CER") = {f & CH(R") 1 ||f .0, = sup sup [D*f(x)| < oo} .

Theorem 6.4.7 For k € IN and s > k + n/2 the Sobolev space
HE(IR") is continuously embedded into the space Cy(R") and one has
forall u € H*(R")

|

koo < Cllullyy,  lim [D%u(x)]| =0, |a| <k

| x| —00

Proof. Recall that the Lemma of Riemann-Lebesgue says that the Fourier transform of an L! (IR") function is
continuous and vanishes at infinity. For || < kand s > k + /2 one knows

/ |p2”‘| dp=C2<oo
Jro T oy P = o=

Thus, for u € H°(R") we can estimate

1/2
Jo @)y < o ([ @ g IFupPap) = Cllul,
and therefore for all x € R”
|D%u(x)| = I/Rn ePXp*(Fu)(p)dp| < Callull,,-

It follows |[ull; o, < [lull;,- By applying the Lemma of Riemann-Lebesgue we conclude.

6.4.2 Compact Embeddings of Sobolev spaces

Here we show that some of the continuous embeddings estab-
lished above are actually compact, that is they map bounded
subsets into precompact sets. There are various ways to prove
these compactness results. We present a proof which is based

on the characterization of compact subsets M C L7(IR"), due to
Kolmogorov and Riesz [Kol31, Rie33].
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Theorem 6.4.8 (Kolmogorov-Riesz compactness criterion) Suppose
1 < g < co. Then a subset M C L1(IR") is precompact if, and only if
M satisfies the following threes conditions:

(a) M is bounded, i.e.,
EIC<oo erM Hf” <G
(b)

Ve>0 JrR<co VieMm Hnﬁqu <€

(c)

Ves0 3r>0 erM Vye]R” ‘Ty(f) _qu < E.

lyl<r
Here the following notation is used: 7rx is the operator of multi-
plication with the characteristic function of the set {x € R" : |x| > R}
and T, denotes the operator of translationby y € R",i.e., 7,(f)(x) =

flx+y).

Remark 6.4.9 If () C R" is an open bounded subset we can consider
L9(Q)) as a subset of L1(IR") by extending all elements f € L1(Q))
by 0 to all of R". Then the above characterization provides also a
characterization of precompact subset M C L1(Q)) where naturally
condition (b) is satisfied always and where in condition (c) we have to
use these extensions.

There are several versions of compact embedding results de-
pending on the assumptions on the domain () C R" which
are used. The following version is already quite comprehensive
though there are several newer results of this type.

Theorem 6.4.10 (Rellich-Kondrachov compactness theorem) Let
() C R" be a bounded domain. Assume that the boundary of () is suf-
ficiently smooth and that 1 < p < coand k = 1,2,.... Then the
following holds:

(a) The following embeddings are compact:
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(i) kp <n: WP (Q) — L1(Q), 1 < g < p* = 7%
(ii) kp = n: WoP(Q)) — L1(Q),1 < g < oo;
(iii) kp > n: WP (Q)) < CY(Q).

(b) For the subspaces Wg’p (Q) the embeddings (i) - (iii) are compact
for arbitrary open sets ().

Proof. Because of time constraints we discuss here only the proof of embedding (i) of part (a) for k = 1.
According to Corollary 6.4.4 the inclusion mapping W57 (Q) < L1(Q) is continuous for 1 < g < p*. We have
to show that every bounded subset M C WK?(Q) is precompact in L1(Q) for 1 < g < p*. This is done by
the Kolmogorov-Riesz compactness criterion. By Remark 6.4.9 only conditions (a) and (c) have to be verified
for M considered as a subset of L7(Q}). Since we know that this inclusion map is continuous, it follows that M
is bounded in L7(Q2) too and thus Condition (a) of the Kolmogorov-Riesz criterion is verified and we are left
with verifying Condition (c).
Observe that for 1 < g < p* Holder’s inequality implies

- Lp"—q
laelly < Mull§ Hluell o, &= = F—1 € (0,1).
T qpr—1

Now let M € W'?(Q) be bounded; then this set is bounded in LP" (Q) and hence there is a constant C < oo
such that for all u € M we have
[ully < Cllully

and it follows

||Tyu—u||q < 2C ||ty Vuec M. (6.28)

Therefore it suffices to verify condition (c) of Theorem 6.4.8 for the norm ||-||;. For i = 1,2,... introduce the
sets

O, ={xeQ:d(x,00)>2/i},

where d(x, Q) denotes the distance of the point x from the boundary 0Q) of Q). Another application of Holder’s
inequality gives, forall u € M,

1

1/p* 17?
J g e < ( ) (| )
O\ Q\Q O\

1-%
< Jlull,- 1O\ < OV
where C); is a bound for M in LP* (Q). Given € > 0 we can therefore find iy = i(€) such that

'/Q\Qi lu(x)|dx < e/4

holds for all # € M. Extend u € M outside () by 0 to get

a(x) = {u(x), xeQ,

0, otherwise.

For a fixed i > iy and y € R", |y| < 1/i, we estimate

e =l = [ luxty) —uCldes [ jate+y) i)l

g./0| w(x 1) — u(x )|dx+e/2

i
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And the integral is estimated as follows:

1
_/ |/ L (x +ty dt\dx—/ \/ Y- Vu(x + ty)dt|dx < \y\/ﬁ Vuu(x)|dx
Q; Jo 2i
1 1 1
< Yl P [[Vull ) < 191127 C < [y[lQ["C

It follows that there is o > 0 such that ||7yu — qu < e for all |y| < ry. By estimate (6.28) we conclude that
Condition (c) of Theorem 6.4.8 holds and therefore by this theorem M C W'7(Q) is precompact in L1(Q)).

Remark 6.4.11 The general case of WP (Q) with k > 1 follows from
the following observation which can be proven similarly.
Form > 1 and % > % — ™ > 0 the inclusion of WEP(Q)) into
WHE=ma((Y) is compact.
In the proof of compactness of the Sobolev embeddings the
fact that the underlying set (3 C R" is bounded entered in an im-

portant way. We now mention a result for the pre-compactness
in L9(IR") of certain bounded sets M C WL7(IR").

Theorem 6.4.12 Let M C WP (IR") be bounded and suppose that
Veso Treeo Vuem ||z, <€ (6.29)

holds. Then M is pre-compact in L1(IR") provided

P

1<
p

(R
n n_n
q
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Chapter 7

Some Applications

7.1 Spectral Theory for compact Operators

This chapter serves to illustrate how the variational methods
can be used in a variety of mathematical problems. Naturally,
in this introduction on we only consider those which are typical
and technically not too involved. We begin with two classical re-
sults. Then we proceed to solve partial differential equations by
variational methods. Here we distinguish between linear and
nonlinear problems and between those which are defined over
bounded and unbounded domains (2 C R".

Theorem 7.1.1 (Spectral Theorem for compact self-adjoint Ops.)
Let H be a separable Hilbert space and A # 0 a compact self-adjoint
operator on H. Then there are an orthonormal system {e; : j € IN}
of eigenvectors and a system of real eigenvalues {A; : j € N}, i.e,
Ae; = Ajej, with the following properties.

a) The eigenvalues are arranged in descending order of magnitude,
i.e., ‘)\1‘ 2 cee ‘)L]‘ 2 ‘)\j—kl‘ Z ce

b) Either finitely many of the eigenvalues are nonzero, or all eigen-
values are nonzero, and lim; ,, A; = 0, i.e., 0 is the only cluster
point of the eigenvalues.

c) The multiplicity of each nonzero eigenvalues is finite:
dimker(A —A;I) < oo forall je&IN.

85
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d) The orthonormal system of eigenvectors {e; : j € IN} is complete
if, and only if, A is injective.

Proof. Naturally we discuss here only the ‘variational part’ of the proof. In a first step we collect some basic
facts about operators on Hilbert spaces. Recall that a compact operator in a separable Hilbert space # is char-
acterized by the property that, for every weakly convergent sequence (x,),eN in H, the sequence of images
(Axy)nen converges strongly. This fact implies immediately that the functions

x — [J[Ax|| and x — (x, Ax)

are weakly continuous on H.
Recall furthermore that the norm of an operator A can be calculated as follows:

|All = sup [|Aull = sup [lAul = [|Allp),
llGB](H) MGS1(H)

Bi(H)={xeH: x| <1}, Si(H)={xeH: |x|=1}

In the second step we determine the largest (in absolute value) eigenvalue of A. Since the closed unit ball
By () of a Hilbert space is weakly (sequentially) compact and the functions u — ||Au|| and u — |(u, Au)| are
weakly continuous, Theorem 2.3.4 can be applied. Hence there is e; € By () such that

[Aer] = sup [[Aul = [lA]l.
uEBl(H)

A # 0implies e; # 0, and so |je1]| = 1, since if 0 < ||e;|| < 1 then

|[Aed]

| Aey || < =
el

| Aéy]],
a contradiction to &; = Hel_ll\el € 51(H).

In the third step it is shown that the maximizing element e; € S;(#) is an eigenvalue of A. To this end
we note that the function x — Q(x) = (x, Ax) is differentiable on H with the Fréchet derivative Q'(x)(h) =
2(Ax, h) for all h € H (here we use self-adjointness A* = A of A) and, as we had mentioned above,

sup Q(x) =+ [l All.
XES](H)

The constraint ¢(x) = (x,x) — 1 = 0is defined by a mapping ¢ which is regular at all points of the level surface
¢~1(0) = S1(H), since ¢’ (x)(h) = 2{(x,h) forallh € H.

Since we know that e; € ¢~!(0) is an extremal point of the functional Q, Theorem 4.3.1 (existence of a
Lagrange multiplier) assures that there is A; € R such that

Q'(e1) = M’ (eq).

It follows Ae; = Aqeq and |Aq| = [|A].

In a fourth step a reduction of the problem to a ‘smaller” space H; = {61}L C H is done. Since A is
self-adjoint, it maps the space H; into itself. Thus the restriction A1 = A [ H; of A to the subspace H; is
well defined. It also is self-adjoint and compact. Its norm is not larger than that of A: [|A1|/g(5,) < Al ()

If A; # 0, then our considerations from above apply to the compact self-adjoint operator A; in the reduced
Hilbert space H;. Hence there are a normalized eigenvector e; € H; of A; for an eigenvalue A, such that

(A2 = [[A1llper,) < 1 Allgzy = [A1] and  (ez,e1) =0
hold. This reduction can be iterated and produces a sequence of subspaces H; = {¢j_; }L C M1 and oper-

ators Aj = A | H;. Obviously this iteration stops for j when A; = 0; otherwise it continues. The rest of the
proof does not use anymore variational arguments is omitted.

The above result establishes the existence and some of the prop-
erties of eigenvalues of a compact self-adjoint operator. The
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question arises whether there is some method to calculate these
eigenvalues. And indeed such a method has been worked out
long ago and is known as the classical minimax principle of Courant—
Weyl-Fischer—Poincaré—Rayleigh—Ritz.

Theorem 7.1.2 (Minimax Principle) Let ‘H be a real separable Hilbert
space and A > 0 a self-adjoint operator on ‘H with spectrum o(A) =
{Am : m € N} ordered according to size, Ayy < Ayy1. For m
1,2,... denote by &,, the family of all m-dimensional subspaces E,,
of H. Then the eigenvalue A, can be calculated as

, (v, Av)
Ay = min max ————. (7.1)
Enjeé;n ZMEEn1 <Z),ZJ>
Proof. The proof is obtained by determining the lower bound for the values of the Rayleigh quotient R(v) =
%2. In order to do this we expand every v € H in terms of eigenvectors ¢; of A. This gives v = ). a;e; and

(v,0) = ¥°, a2. In this form the Rayleigh quotient reads

© Aja?
R(v) = 721;} 121 .
Y14

Denote by V, the linear subspace generated by the first m eigenvectors of A. It follows that

m 2
i—1 Aid;

2
i

max R(v) =  max

= Au = R(e
vEViy (a1,...,.am)ER™ }:lm:la " ( m),

and thus we are left with showing max,cg, R(v) > Ay, for every other subspace E;; € Ey. Let Ey # Vi be
such a subspace; then E,, N V- # {0} and therefore

max R(v) > max R(v).
vEEp UGEWHV#

Every v € E, NV, is of the form v = ;=1 a;¢; and for such vectors we have

Zi>m+l Aiaz
= EEMT > N 2 A

Yismt14;

R(v)

This then completes the proof. O

Theorem 7.1.2 implies for the smallest eigenvalue of the oper-
ator A the simple formula

A
A1 = min M

7.2
veE, v#0 <U, U> ( )
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7.2 Some linear boundary and eigenvalue problems

7.2.1 The Dirichlet-Laplace operator

The goal of this section is to illustrate the application of the gen-
eral strategy and the results developed thus far. This is done
by solving several relatively simple linear boundary and eigen-
value problems. The typical example is the Laplace operator
with Dirichlet boundary conditions on a bounded domain ().
Naturally, for these concrete problems we have to use concrete
function spaces, and we need to know a number of basic facts
about them. In this brief introduction we have to refer the reader
to the literature for the proof of these facts. We recommend the
books [LLO1, JLJ98, BB92].

For a bounded domain (2 C R" with smooth boundary d()
consider the real Hilbert space L?(Q)) with inner product (-, -)».
Then define a space H!(Q)) as

HY(Q)={uel*(Q):0uecl*(Q),j=1,...,n}. (73)

Here naturally the partial derivatives d;u are understood in the
weak (distributional) sense. One shows that H'(Q)) is a Hilbert
space with the inner product

(u,v) = (u,v) + (Du,Dv)y  VYu,vec H(Q) (7.4)

where Du = (9d1u,...,9,u) and where in the second term the
natural inner product of L*(Q)*" is used. This space is the
Sobolev space W2(Q)) as introduced in Chapter 6. Next define a
subspace H}(Q) of this space as the closure of the space D(Q)
of C*-functions on () with compact support:

H}(Q) = closure of D(Q) in H'(Q)). (7.5)

Intuitively, Hj(Q) is the subspace of those u € H'(Q) whose
restriction to the boundary d() vanishes, u5qn = 0.
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The Sobolev space H'(Q)) is by definition contained in the
Hilbert space L?(Q)), however for us of much greater impor-
tance is the fact that the following embeddings for 2 < n,

2n
n—2"

H'(Q) = L1(Q), 1<g<2"= 2<n (7.6)

and
H'Y(Q) = L1(Q), 1<g<co, 2=n (7.7)
are compact (see Theorem 6.4.10). This means that every weakly

convergent sequence in H'(Q)) converges strongly in L7(Q)). In
addition we are going to use the important Sobolev inequality

lull, < S|IDull, = S} [jou|))/?  Yue H(Q), (7.8)
j=1

where S is the Sobolev constant depending on g,n and where
g is in the range indicated in (7.6) respectively (7.7) (compare
Corollary 6.4.4) .

Now we are in the position to show that the famous Dirichlet
problem has a solution.

Theorem 7.2.1 (Dirichlet problem) Let () C IR" be a bounded open
set with smooth boundary and vy € H'(Q)) some given element. Then
the Dirichlet integral

(o) = /Q Do(x)[2dx = /Q Xn:\ajv(x)\zdx (7.9)
j=1

is minimized on M = vy + H}(Q) by an element v € M satisfying
Av=0 in Q) and Ujaa = Yojpqr- (7.10)

Proof. Observe that f(u) = Q(u,u) with the quadratic functional Q(u,v) = (Du, Dv),. This quadratic form
satisfies, because of inequality (7.8), the estimate

2 2
¢ flull® < Q(u,u) < [|uf

for some ¢ > 0. It follows that Q is a strictly positive continuous quadratic form on H'(Q) and thus f is a
strictly convex continuous function on this space (see the proof of Theorem 2.4.1). We conclude, by Lemma
2.3.2 or Theorem 2.4.1, that f is weakly lower semi-continuous on H'(Q).
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As a Hilbert space, H}(Q)) is weakly complete and thus the set M = vy + H} (Q)) is weakly closed. There-
fore Theorem 2.3.5 applies and we conclude that there is a minimizing element v for the functional f on M.

Since the minimizing element v = vy + u € M satisfies f(v) = f(vg +u) < f(vo+w) for allw € H}(Q)
we deduce as earlier that f'(v)(w) = 0 for all w € H}(Q) and thus

= /QDv(x) Dw(x)dx  Vw e D(Q).

Recalling the definition of differentiation in the sense of distributions, this means —Av = 0 in the sense of
D'(Q)). Now the Lemma of Weyl (see [JLJ98, BB92]) implies that —/Av = 0 also holds in the classical sense, i.e.,
as an identity for functions of class C2.

Because for u € H}(Q)) one has 30 = 0 the minimizer v satisfies the boundary condition too. Thus we
conclude. O

As a simple application of the theory of constrained mini-
mization we solve the eigenvalue problem for the Laplace op-
erator on an open bounded domain () with Dirichlet boundary
conditions, i.e., the problem is to find a number A and a function
u # 0 satisfying

—Au=Au in Q, Upn = 0. (7.11)

The strategy is simple. On the Hilbert space H}(Q)) we min-
imize the functional f(u) = 2(Du, Du), under the constraint
g(u) = % for the constraint functional g(u) = 2(u,u),. The
derivative of ¢ is easily calculated; it is ¢'(u)(v) = (u,v), for
all v € Hj(Q)) and thus the level surface [¢ = 1] consists only of
regular points of the mapping g.

Since we know that f is weakly lower semi-continuous and
coercive on H}(Q)) we can prove the existence of a minimizer for
the functional f on [¢ = 3| by verifying that [¢ = 3] is weakly
closed and then to apply Theorem 2.3.5.

Suppose a sequence (1;)jen converges to u weakly in H}(Q)).
According to the Sobolev embedding (7.6) the space H}(Q) is
compactly embedded into the space L?(Q)) and thus this se-
quence converges strongly in L*(Q) to u. It follows that g(u;) —
¢(u) as j — oo, i.e., ¢ is weakly continuous on H}(Q) and its
level surfaces are weakly closed.

Theorem 2.3.5 implies the existence of a minimizer of f un-
der the constraint g(1) = 1/2. Using Corollary 4.2.3 and Theo-
rem 4.3.1 we deduce that there is a Lagrange multiplier A € R
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for this constrained minimization problem, i.e., a real number A
satisfying f'(u) = Ag'(u). In detail this identity reads

/ Du(x) - Dv(x)dx = )\/ o(x)dx  Vove Hy(Q),

and in particular for all v € D(Q)), thus —Au = Au in D'(Q));
and by elliptic regularity theory (see for instance Section 9.3
of [BB92]) we conclude that this identity holds in the classical
sense. Since the solution u belongs to the space H}(Q) it satis-
fies the boundary condition u 3 = 0. This proves

Theorem 7.2.2 (Dirichlet Laplacian) Let () C R" be a bounded
open set with smooth boundary 0C). Then the eigenvalue problem for
the Laplace operator with Dirichlet boundary conditions (7.11) has a
solution.

The above argument which proved the existence of the lowest
eigenvalue A1 of the Dirichlet-Laplace operator can be repeated
on the orthogonal complement of the eigenfunction u; of the
first eigenvalue and thus gives an eigenvalue A, > A; (some ad-
ditional arguments show A, > A4). In this way one proves actu-
ally the existence of an infinite sequence of eigenvalues for the
Dirichlet-Laplace operator. By involving some refined methods
of the theory of Hilbert space operators it can be shown that

these eigenvalues are of the order Ay ~ constant (| Q|) (see for
instance [LLO1]).

7.2.2 Linear elliptic differential operators

Next we consider more generally the following class of second
order linear partial differential operators A defined on suffi-
ciently smooth functions u by

Au = Aou — Y 9;()_a;iou). (7.12)
=1 =1
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The matrix a of coefficient functions aj; = a;; € L*(Q)) satisfies
for almost all x € (Y and all ¢ € R”,

m Zgj < Z (:]61]1 x)¢; < MZQ (7.13)

for some constants 0 < m < M. Apis a bounded symmetric
operator in L*(Q)) which is bounded from below, (u, Agu), >
—7 ||u|)5 for some positive number r satisfying 0 < r < 7. Here
m is the constant in condition (7.13) and c is the smallest con-
stant for which |[u||, < ¢ ||Du||, holds for all u € H}(Q).

As we are going to show, under these assumptions, the ar-
guments used for the study of the Dirichlet problem and the
eigenvalue problem for the Dirichlet-Laplace operator still ap-
ply. The associated quadratic form

Q(u,v) = (u, Agv) + Y _(9j0,a;0),  Vu,v e Hy(Q)
ij=1
is strictly positive since the ellipticity condition (7.13) and the
lower bound for Ay imply

Q(u,u) = (u, Agu)s + /Q i div(x)aji(x)dju(x)dx
i,j=1

2 : 2 2
> —rulf+ [ m Y (@u(x))dx = —r [Jull3-+ m | Dul

> (—rc2 +m) || Dul5 = co || Dull5, co= —rc®+m > 0.

As earlier we deduce that the functional f(u) = Q(u, u) is coer-
cive and weakly lower semi-continuous on H*(Q). Hence Theo-
rem 2.3.5 allows us to minimize f on M = vy + H}(Q) and thus
to solve the boundary value problem for a given vy € H'(Q) or
on the level surface [¢ = %] for the constraint function g(u) =
1(u,u), on H}(Q)). The conclusion is that the linear elliptic par-
tial differential operator (7.12) with Dirichlet boundary conditions
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has an increasing sequence of eigenvalues, as it is the case for
the Laplace operator.

7.3 Some nonlinear boundary and eigenvalues problems

In order to be able to minimize functionals of the general form
(1.2) we first have to find a suitable domain of definition and
then to have enough information about it. We begin with the de-
scription of several important aspects from the theory of Lebesgue
spaces. A good reference for this are paragraphs 18-20 of [ Vai6t4].
Let (3 C R" be a nonempty opensetand 7 : O xR — R a
function such that k(- y) is measurable on () for every y € R
and y — h(x,y) is continuous for almost every x € ). Such
functions are often called Carathéodory functions. If now u : () —
R is (Lebesgue) measurable, define /i(u) : Q0 — R by fi(u)(x) =
h(x,u(x)) for almost every x € Q). Then /1(u) is measurable too.
For our purposes it is enough to consider /1 on Lebesgue inte-
grable functions u € L (Q) and we need that the image /(1) is
Lebesgue integrable too, for instance /(1) € L1(Q)) for some ex-
ponents 1 < p, g. Therefore the following lemma will be useful.

Lemma 7.3.1 Suppose that (3 C IR" is a bounded open set and h :
QO x R — R a Carathéodory function. Then h maps LF(Q) into
L1(QY) if, and only if, there are 0 < a € LI(Q)) and b > 0 such that
foralmost all x € Qandally € R,

1(x,y)| < a(x) + bly|"". (7.14)
If this condition holds the map I : LP(Q) — L1(Q) is continuous.

This result extends naturally to Carathéodory functions & :
Q x R" — R. Foru; € LFi(Q),j=0,1,...,n define

h(ug, ..., u,)(x) = h(x,up(x), ..., u,(x))
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for almost every x € Q. Then /1 : LP(Q) x --- x LP*(Q)) —
L1(Q) if, and only if, there are 0 < a € L7(Q)) and b > 0 such
that

h(x, Yo, yn)| < alx) +b Y [y P71, (7.15)
j=0

And T1 is continuous if this condition holds.

As a last preparation define, for every u € W7(Q), the func-
tions y(u) = (yo(u),y1(u),...,ys(u)) where yo(u) = uand y;(u)
oju for j = 1,...,n. By definition of the Sobolev space W*(Q})
we know that

Y WLP(Q) — LP(Q) N % LP(Q) _ LP(Q)x(n—H)

is a continuous linear map.
Now suppose that the integrand in formula (1.2) is a Carathé-
odory function and satisfies the bound

[F(x,y)| < a(x)+b) |yl (7.16)
=0

for all y € R and almost all x € (), for some 0 < a €
L'(Q)) and some constant b > 0. Then, as a composition of con-
tinuous mappings, F o y is a well-defined continuous mapping
WP (Q) — LY(Q). We conclude that under the growth restric-
tion (7.16) the Sobolev space W?(Q)) is a suitable domain for
the functional

Flu) = /Q F(x, u(x), Du(x))dx. (7.17)

For 1 < p < oo the Sobolev spaces W'?(Q)) are known to be

separable reflexive Banach spaces, and thus well suited for the
direct methods ([LLO1]).

Proposition 7.3.2 Let (3 C IR" be a bounded open set and F : () X
R"*! — R a Carathéodory function.
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a) If F satisfies the growth restriction (7.16), then a functional f :
WP (Q)) — Ris well defined by (7.17). It is polynomially bounded
according to

f)] < llall, + b [lullh +b[Dullh  Vuc WH(Q).
(7.18)

b) If F satisfies a lower bound of the form
F(x,y) > —a(x) — Blyol" + cly|? (7.19)

forall y = (yo,y) € R"™ and almost all x € Q, for some

0<aeclQ),B>0c>0and0 < r < p, then the
functional f is coercive.

c) If y — F(x,y) is convex for almost all x € Q), then f is lower
semi-continuous for the weak topology on WP(Q)).

Proof. To complete the proof of Part a) we note that the assumed bound for F implies that |F o y(u)(x)| <
a(x) + by |yj(u)(x)|’ and thus by integration the polynomial bound follows.

Integration of the lower bound F(x,u(x), Du(x)) > —a(x) — Blu(x)|" + ¢|Du(x)|? for almost all x € Q
gives f(u) > — ||al[; — B |[ull; + c | Dull},. By inequality (7.8), [[ul|, < S"||Dul[}, hence f(u) — o as ||Dul|, —
oo since ¥ < pand ¢ > 0.

For any u,v € WP (Q) and 0 < t < 1 we have F(y(tu + (1 —t)v)) = F(ty(u) + (1 — t)y(v)) < tF(y(u)) +
(1 —t)F(y(v)) since F is assumed to be convex with respect to y. Hence integration over Q) gives f(tu + (1 —
t)v) < tf(u) + (1 —t)f(v). This shows that f is a convex functional. According to Part a), f is continuous on
WP (Q), therefore Lemma 2.3.2 implies that f is weakly lower semi-continuous on W7 (Q)). O

Let us remark that the results presented in Part c) of Proposi-
tion 7.3.2 are not optimal (see for instance [Dac82, JLJ98, Str00]).
But certainly the result given above has the advantage of a very
simple proof. The above result uses stronger assumptions inso-
far as convexity with respect to u and Du is used whereas in fact
convexity with respect to Du is sufficient.

Suppose we are given a functional f of the form (7.17) for
which parts a) and c) of Proposition 7.3.2 apply. Then, by The-
orem 2.3.4 we can minimize f on any bounded weakly closed
subset M C W» (Q)). If in addition f is coercive, i.e., if Part b)
of Proposition 7.3.2 applies too, then we can minimize f on any

weakly closed subset M C Wl7(Q)).
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In order to relate these minimizing points to solutions of non-
linear partial differential operators we need differentiability of
the functional f. For this we will not consider the most gen-
eral case but make assumptions which are typical and allow a
simple proof.

Let us assume that the integrand F of the functional f is of

class C! and that all derivatives F; = g; are again Carathéodory

functions. Assume furthermore that there are functions 0 < a; €
L7 (Q) and constants b; > 0 such that for all y € R**! and al-
most all x € ),

Byl < aj(x) +0;) |yl j=01...,n (7.20)
=0

where p’ denotes the Holder conjugate exponent, % + % = 1.
Since (p — 1)p’ = p we get for all u € WP(Q) the simple iden-
tity Hy]’(u)HZj = H%(u)”i and it follows that Fj(y(u)) € L' (Q)
for all u € Wl» (Q)and j = 0,1,...,n. This implies the esti-
mates, for all u,v € WLP(Q),

Eiy ()i )|, < [|Ey )], lvi@)]],
and thus

j=0,1,...,n

v|—>/ ZF x, y(u) (x))yi(v) (x)dx (7.21)

is a continuous linear functlonal on W (Q)), for every u € WP(Q)).
Now it is straightforward (see Exercises) to calculate the deriva-
tive of the functional f, by using Taylor’s Theorem. The result
is the functional

/ZF x,y(u)(x))yj(v)(x)dx Yu,0oe W (Q).

(7.22)
As further preparation for the solution of nonlinear eigen-
value problems we specity the relevant properties of the class
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of constraint functionals
o(u) = / Glx,u(x))dx, ueWW(Q)  (7.23)
0

which we are going to use. Here G is a Carathéodory function
which has a derivative Gy = 2 which itself is a Carathéodory
function. Since we are working on the space W7 (()) we assume
the following growth restrictions. There are functions 0 < «a €
L'(Q) and 0 < &g € LP(Q) and constants 0 < B, By such that
for all u € R and almost all x € (),

G, u)| < a(x) +Blul?,  |Go(x, u)| < aox) + Bolul "
(7.24)
with an exponent g satistying 2 < g < p*. Because of Sobolev’s
inequality (7.8) the functional g is well defined and continuous
on W (Q)) and its absolute values are bounded by |¢(u)| <
el + B
Since 2 < g < p* there is an exponent 1 < r < p* such that
(g —1)r" < p* (in the Exercises the reader is asked to show that

any choice of r with f:_ ;<r<p satisfies this requirement).
Then Holder’s inequality implies || [u[1 ||, < || |u]7Y]|, ||o]],.
Therefore the bound for Gy shows that for every u € W (Q)
the functional v — [, Go(x, u(x))v(x)dx is well defined and
continuous on W7 (Q)). Now it is straightforward to show that
the functional g is Fréchet differentiable on W*(Q)) with deriva-

tive

¢ (u)(v) = /QGO(x,u(x))v(x)dx Yu,o € W'P(Q). (7.25)

Finally we assume that ¢ has a level surface [¢ = c| with the
property that ¢’(u) # 0 forall u € [¢ = ¢].

A simple example of a function G for which all the assump-
tions formulated above are easily verified is G(x,u) = au?® for
some constant a > 0. Then all level surfaces [¢§ = c|, ¢ > 0, only
contain regular points of g.
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The nonlinear eigenvalue problems which can be solved by
the strategy indicated above are those of divergence type, i.e.,
those which are of the form (7.26) below.

Theorem 7.3.3 (Nonlinear eigenvalue problem) Let (2 C IR" be
a bounded open set with smooth boundary 9Q and F : Q x R*™1 —
R a Carathéodory function which satisfies all the hypotheses of Propo-
sition 7.3.2 and in addition the growth restrictions (7.20) for its deriva-
tives F;. Furthermore let G : () X R — R be a Carathéodory function
with derivative Gy which satisfies the growth conditions (7.24). Fi-
nally assume that the constraint functional ¢ defined by G has a level
surface (¢ = c| which consists of reqular points of g. Then the nonlin-
ear eigenvalue problem

Fo(x,u(x), Du(x)) — i diF;(x,u(x), Du(x)) = AGo(x, u(x))
j=1

(7.26)
with Dirichlet boundary conditions has a nontrivial solution u €
1,p
Wo ().

Proof. Because of the Dirichlet boundary conditions we consider the functionals f and g on the closed sub-
space

E= Wé/p(ﬂ) = closure of D(Q) in WP (Q)). (7.27)

Proposition 7.3.2 implies that f is a coercive continuous and weakly lower semi-continuous functional on E.
The derivative of f is given by the restriction of the identity (7.22) to E.

Similarly, the functional g is defined and continuous on E and its derivative is given by the restriction of
the identity (7.25) to E. Furthermore the bound (7.24) implies that g is defined and thus continuous on L7(Q}).

Now consider a level surface [¢ = c¢] consisting of regular points of g. Suppose (u#,),eN is a weakly
convergent sequence in E, with limit u. Because of the compact embedding of E into L7(Q)) this sequence
converges strongly in L7(Q2). Since g is continuous on L7(Q2) we conclude that (g(u,)),eN converges to g(u),
thus g is weakly continuous on E. Therefore all level surface of g are weakly closed.

Theorem 2.3.5 implies that the functional f has a minimizing element u € [¢ = c| on the level surface
(¢ = c]. By assumption, u is a regular point of g, hence Theorem 4.3.1 on the existence of a Lagrange multiplier
applies and assures the existence of a number A € R such that

£ (u) = Ag' (u). (7.28)

In detail this equations reads: f'(u)(v) = Ag’(u)(v) for all v € E and thus for all v in the dense subspace D(Q)
— Wk
of E = W,"(Q).
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For v € D(Q) we calculate

f/(u)(v):/()Fo(x,u(x),Du(x))v(x)dx—i—/ iFj(x,u(x),Du(x))ajv(x)dx

—/Foxu()Du dx+/za (x, u(x), Du(x))o(x)]dx
/Zanu , Du(x)))o(x)dx
—/ [Fo(x,u(x), Du(x i 0;Fj(x, u(x), Du(x))]o(x)dx

since the second integral vanishes because of the Gauss divergence theorem and v € D(Q)). Hence equation
(7.28) implies

n

/Q [Fo(x,u(x), Du(x)) = Y _(9;Fj(x, u(x), Du(x)) — AGo(x, u(x)]v(x)dx = 0

j=1

for all v € D(Q)). We conclude that u solves the eigenvalue equation (7.26). O

Remark 7.3.4 1. A very important assumption in the problems we
solved in this section was that the domain () C IR" on which we
studied differential operators is bounded so that compact Sobolev
embeddings can be used. Certainly, this strategy breaks down if
() is not bounded. Nevertheless there are many important prob-
lems on unbounded domains () and one has to modify the strategy
presented above. In the last twenty years considerable progress
has been made in solving these global problems. The interested
reader is referred to the books [BB92, LLO1] and in particular to the
book [Str00] for a comprehensive presentation of the new strate-
gies used for the global problems.

2. As is well known, a differentiable function can have other criti-
cal points than minima or maxima for which we have developed
a method to prove their existence and in favorable situations to
calculate them.For these other critical points of functionals (sad-
dle points or mountain passes) a number of other, mainly topo-
logical methods have been shown to be quite effective in proving
their existence, such as index theories, mountain pass lemmas,
perturbation theory). Modern books which treat these topics are
[Str00, JL]98] where one also finds many references to original
articles.
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3. The well-known mountain pass lemma of Ambrosetti and Rabi-
nowitz is a beautiful example of results in variational calculus
where elementary intuitive considerations have lead to a power-
ful analytical tool for finding critical points of functionals f on
infinite dimensional Banach spaces E.

To explain this lemma in intuitive terms consider the case of a
function f on E = R?* which has only positive values. We can
imagine that f gives the height of the surface of the earth over a
certain reference plane. Imagine further a town Ty which is sur-
rounded by a mountain chain. Then, in order to get to another
town Ty beyond this mountain chain, we have to cross the moun-
tain chain at some point S. Certainly we want to climb as little
as possible, i.e., at a point S with minimal height f(S). Such
a point is a mountain pass of minimal height which is a saddle
point of the function f. All other mountain passes M have a
height f(M) > f(S). Furthermore we know f(Ty) < f(S) and
f(Ty) < f(S). In order to get from town T to town Ty we go
along a continuous path vy which has to wind through the moun-
tain chain, y(0) = Tp and (1) = Ty. As described above we
know sup,.,., f(y(t)) > f(S) and for one path vy we know
supy-;«1 f (v0(t)) = f(S). Thus, if we denote by I the set of all
continuous paths vy from Ty to Ty we get

f(8) = inf sup f(7(t)),

Tl p<i<1

i.e., the saddle point S of f is determined by a ‘minimax’ principle.

4. If u € E is a critical point of a differentiable functional f of the
form (7.17) on a Banach space E, then this means that u satisfies
f'(u)(v) = 0 forall v € E. This means that u is a weak so-
lution of the (nonlinear) differential equation f'(u) = 0. But in
most cases we are actually interested in a strong solution of this
equation, i.e., a solution which satisfies the equation f'(u) = 0 at
least point-wise almost everywhere. For a classical solution this
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equation should be satisfied in the sense of functions of class C*.
For the linear problems which we have discussed in some detail
we have used the special form of the differential operator to arque
that for these problems a weak solution is automatically a classical
solution. The underlying theory is the theory of elliptic reqular-
ity. The basic results of this theory are presented in the books
[BB92, JL]98].

7.4 Generalized Dirichlet Forms and variational BVPs

Suppose we want to solve a quasi-linear differential equation in
divergence form, i.e., an equation of the form

A(u)(x) = Aog(x, u(x), Du(x)) — iajAj(x,u(x), Du(x)) = f(x)
j=1

(7.29)
using variational methods over an open subset G C R" un-
der suitable growth restrictions on the coefficient functions A;
and the inhomogeneous term f. According to these growth re-
strictions we determine an exponent p and work in the Sobolev
space E = W'?(G). Using the map y : W'?(G) — LP(G)""!
defined by y(u) = (u,01u,...,0,u) we introduce the general-
ized Dirichlet form on W*(G) by

a(u,v) = (Ao(-,y V) + Z ),0/0)2 (7.30)

with the abbreviation
(F.8)2= [ fR)g(x)"s

assuming real valued functions.
Under suitable growth restrictions on the coefficient functions
one can establish an estimate of the form

a(u,0)| < h(|lull,,)[v],, forall u,veE (7.31)
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with the norm

1/p
H””Lp = (Z /G|D“”(x)\pd”x>

<1

on E, for some bounded function’ : R, — R.. If (7.31) holds,
then for fixed u € E, v — a(u,v) is a continuous linear form
on E which thus can be written as

(T(u),v) =a(u,v) forall u,v€E, (7.32)

where T is a (nonlinear) operator E — E’ and where (-, -) indi-
cates the canonical duality between E’ and E.

Boundary conditions are introduced in an abstract way by us-
ing a closed subspace V of E = WI?(G) satisfying

Wy?(G) €V C WY (G) (7.33)

and the form (7.30) is restricted to V, equipped with its natural
relative topology. Then the operator T maps from V into V'.

Definition 7.4.1 (Variational boundary value problem) Given a
generalized Dirichlet form a under boundary conditions expressed by
a Banach space V satisfying (7.33) and an element f € V', determine
all u € V which satisfy

a(u,v) = (f,v) forall veV. (7.34)

Next we formulate a set (H1), (Hz), (H3) of hypotheses on the
coefficient functions A; under which the variational boundary
value problem can be solved.

(H1) Growth restrictions. The coefficient functions A; are Carathéodory
functions on G x R"*! having polynomials bounds in the
variables y with exponents < p — 1 (for details see page 180
of [BB92]).
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(H,) Monotonicity. For almost all x € G and all v,y € R"™! we

have
n

Y [Ai(x,y) — Aj(x, )]y —yi] > 0. (7.35)

j=0

(Hj3) Coerciveness. There are a constant « > 0 and there are non-
negative functions g; € LV’ P=ri)(G), 0 < ri < p, such that
for almost all x € G and all y € R"*! we have

XP*xy >WZWM—237\MJ (7.36)

Theorem 7.4.2 (Solution of variational bvp’s) Let G C R" be a
nonempty open subset and V a closed subspace satisfying condition
(7.33). Suppose that the coefficient functions A; in (7.30) satisfy the
hypotheses (H;), i = 1,2,3. Then the variational boundary value
problem (7.34) has a solution for every f € V'. For fixed f € V' the
family of all solutions is a closed convex and bounded subset of V.

Proof. For details we refer to pages 182ff of [BB92]. Here we just give some comments. This result follows
from the Browder-Minty Theorem and the proof consists in showing that the hypotheses (H;),i = 1,2,3 imply
the hypotheses of the Browder-Minty Theorem. The growth hypothesis (H;) implies that T : V — V'isa
bounded continuous mapping. Hypothesis (H) implies that T is monotone while hypothesis (Hz) guarantees
coerciveness of T.

7.5 Some global problems

The problems we discussed thus far relied in an essential way
on at least one of the following assumptions:

1. The domain O C R? over which the problem is studied, is
bounded.

2. The exponents which are used in the bounds for the nonlin-

ear terms are strictly smaller than the critical Sobolev exponent p*
defined by

11 1 o dp (7.37)
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when one looks for solutions in the Sobolev space W7(Q)), 1 <
p <d.

Recall that the reason for this restriction was that in the proofs
we wanted to be able to use compact Sobolev embeddings. In
this section we are discussing problems where the underlying
domain () is not assumed to be bounded. Naturally this re-
quires some new tools some of which will be presented here.

Depending on time which is available more details will be
discussed.

7.6 Problems with critical growth

7.7 Problems not treated here
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