Chapter 18

Topics of Functional
Analysis

In Chapter 14 there have been introduced the important concepts such
as

1) Lineality of a space of elements,
2) Metric (or norm) in a space,

3) Compactness, convergence of a sequence of elements and Cauchy
sequences,

4) Contraction principle.

As the examples we have considered in details the finite dimensional
spaces R™ and C" of real and complex vectors (numbers). But the
same definitions of lineality and norms remain true if we consider as
another example a functional space (where an element is a function)
or a space of sequences (where an element is a sequence of real or
complex vectors). The specific feature of such spaces is that all of
them are infinite dimensional. This chapter deals with the analysis of
such spaces which is called " Functional Analysis".

Let us introduce two important additional concept which will be
use below.

Definition 18.1 The subset V of a linear normed space X is said to
be dense in X if its closure is equal to X .

507



508 Chapter 18. Topics of Functional Analysis

This property means that every element x € X may be approx-
imated as closely as we like by some element v € )V, that is, for
any r € X and any € > 0 there exists an element v € V such that
|z — | <e.

All normed linear spaces have dense subsets, but they need not be
obligatory countable subsets.

Definition 18.2 A normed linear space X is said to be separable if
it contains at least one dense subset which s countable.

The separable spaces have special properties that are important
in different applications. In particular, denoting the elements of such
countable subset by {ei}@':L... it is possible to represent each element
x € X as the convergent series

xr = ifiei (18.1a)
i—1

where the scalars §; € R are called the coordinates of the element x
in the basis {e;}

i=1,...°

18.1 Linear and normed spaces of func-
tions

Below we will introduce the examples of some functional spaces with
the corresponding norm within. The lineality and main properties of
a norm (metric) can be easily verified that’s why we leave this for a
reader as an exercise.

18.1.1 Space m,, of all bounded complex numbers

Let us consider a set m of sequences = := {z;},~, such that

z; € C" and sup [|z]| < o0 (18.2)

n
where ||z;|| :== /> is%;s and introduce the norm in m as
s=1

] :== sup [|;]] (18.3)
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18.1.2 Space [; of all summable complex sequences

By the definition

0o 1/p
l;‘::{x: {wi}2, |2 € C, Hm”l;; = (; ||:L’1Hp> } < oo| (18.4)

18.1.3 Space C'[a,b] of continuous functions

It is defined as follows

C'la,b] :={f(t) | f is continuous for all ¢ € [a,b],
1 fll ooy = max |f(2)] < oo} (18.5)

t€la,b]

18.1.4 Space C* [a, b] of continuously differentiable
functions

It contains all functions which are k-times differentiable and the k-th
derivative is continuous, that is

C*la,b) == {f(t)] f®) exists and continuous

E | (18.6)
for all 7 € [aab]a Hf“Ck[ab] = Ztrn[a’}b(]|f(1) (t)| <0
’ i=0 t€la,

18.1.5 Lebesgue spaces L, [a,b] (1 <p < 00)

For each 1 < p < ¢ it is defined by the following way:

b

Llotl= {0 latl = €] [If@F <o
t=a

(here the integral is understood in the Lebesgue sense), (18.7)

If,= (S 17 a) l/p}

Remark 18.1 Sure, here functions f (t) are not obligatory continu-
ous.
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18.1.6 Lebesgue spaces L [a, ]

It contains all measurable function from [a, b] to C, namely,

Lo [a,b] :=A{f (t) : [a,b] — C |

||f”oo = esssup |f (t)| < oo (18.8)
tela,b]

18.1.7 Sobolev spaces S, (G)

It consists of all functions (for the simplicity, real valued) f (¢) defined
on G which have p-integrable continuous derivatives f@ (¢) (i=1, ...,1),
that is,

SUG) = {f(t): G —R|<oo (i=1,..1)

(the integral is understood in the Lebesgue sense),

. 1/p (18.9)
flsor = (7 @F a3 [ 1500 ) }

1=1teG

More exactly, the Sobolev space is the completion (see definition be-
low) of (18.9).

18.1.8 Frequency domain spaces ]LZ”’“ , R]LZ‘X’“, Lk
and RL"*

By the definition

1) The Lebesgue space IL,;”‘X"C is the space of all p-integrable complex
matrices, i.e.,

ILZ”]C = {F :C — Cmxk |

) 1/p
[Plagoi= (% T (riF o) P~ () do) <w}

(here F~ (ju) = T (—jw))
(18.10)



18.1. Linear and normed spaces of functions 511

2) The Lebesgue space R]LZZX’“ is the subspace of ]LZLX’“ containing
only complex matrices with rational elements, i.e., in

F=|F;(s)

”izl,_m; =Lk

each element F; ; (s) represents the polynomial ratio

P

Fii(s) ay; + a8+ o+ apys)
i \S) = ——
(2% 0 1 9i,j qi,j
0O, + bl s+ ...+ b st (18.11)

pi; and ¢, ; are positive integer

Remark 18.2 If p;; < g;; for each element F;; of , then F (s)
can be interpreted as a matriz transfer function of a linear
(finite-dimensional) system.

3) The Lebesgue space L™ is the space of all complex matrices with
bounded (almost everywhere) on the imaginary axis elements,
i.e.

Lok .= {F:C— C™*k |
[ |l mxr := esssup A2 LF (s) F~ (s)} < oo} (18.12)

s:Res>0
= esssup A2 {F (jw) F~ (jw)} < 0o

max
we(—00,00)

(the last equality may be regarded to as a the generalization of
the Maximum Modulus Principle 17.10 for matrix functions).

4) The Lebesgue space RL™** is the subspace of L7** containing
only complex matrices with rational elements given in the form

(18.11).

18.1.9 Hardy spaces H"*, RH"*, H?** and RH,*"

The Hardy spaces HZ”'C, RH;TXI‘:, H7™** and RH"™** are subspaces of

the corresponding Lebesgue spaces ]L;”Xk, ]RL;”X’“, L™*F and R]L&Xk
containing complex matrices with only regular (holomorphic) (see De-
finition 17.2) elements on the open half-plane Re s > 0.
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Remark 18.3 If p;; < q;; for each element F;; of , then F (s) €
]R]H[;”X’c can be interpreted as a matrixz transfer function of a
stable linear (finite-dimensional) system.

Example 18.1

1 1—
—— €RL, :=RL}, ® € RLy := RLL!
2—35 12—3

€ HL, := HL}*?, ° € RHL, := RH™X!
2+s 2+ s

e’ e’

Lo :=L1x! H, := H*!

21— s € Lo 2 21+S € M 2
o5 2 € Lo :=LL1, ¢ —° € Hy, := HLX!

2—5 2+s

18.2 Banach spaces

18.2.1 Basic definition

Remember that a linear normed (topological) space X is said to be
complete (see Definition 14.14) if every Cauchy (fundamental) se-
quence has a limit in the same space X. The concept of a complete
space is very import since even without evaluating the limit one can
determine whether a sequence is convergent or not. So, if a metric
(topological) space is not a complete it is impossible talk about a
convergence, limits, differentiation and so on.

Definition 18.3 A linear, normed and complete space is called a Ba-
nach space.

18.2.2 Examples of incomplete metric spaces
Sure that not all linear normed (metric) spaces are complete. The

example given below illustrates this fact.

Example 18.2 (of a noncomplete normed space) Let us consider
the space C'L[0,1] of all continuous functions f : [0,1] — R which are
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absolutely integrable (in this case, in the Riemann sense) on [0, 1], that

18, for which
1

1 Fllenon = j/ 1 (O] dt < oo (18.13)

Consider the sequence {f,} of the continuous functions

[t if tel0,1/n]
f“'—{ U if tel/m1]

Then forn >m

1fn = fm||CL[0,1] :t:fo | (t) = fr (£)] dt =

1/n 1/m 1
[ Int—mt|dt+ [ |L—mt|dt+ [ |1—1]dt
t=0 t=1/n t=1/m
2
(n—m) (Q—m/m)® 1(1 1\
2n2 2m 2\m n

asn,m — 00. So, {fn} is a Cauchy sequence. However, its pointwise
limit 1s ;
1 +f 0<t<1
f"(t)ﬁ{ 0 if t=0
In other words, the limit is a discontinuous function and, hence, it is
not in CL[0,1]. This means that the functional space C'L[0,1] is not
complete.

Example 18.3 By the same reason, the spaces CL, [0, 1] (the space
of continuous and p-integrable functions) are not complete.

18.2.3 Completion of metric spaces

There exist two possibilities to correct the situation and to provide
the completeness property for a linear normed space if initially bit is
not a complete:

e try to change the definition of a norm;

e try to extend the class of considered functions (it was suggested
by Cauchy).
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Changing of a norm

To illustrate the first approach related to changing of a norm let us
consider again the space of all functions continuous at the interval
0, 1], but instead of the Lebesgue norm (18.13) we consider the Cheby-
shev’s type norm || f{|¢(,; @s in (18.5). This means that instead of the
space C'L0,1] we will consider the space C'[a,b] (18.5). Evidently,
that this space is complete, since it is known that uniform convergent
sequences of continuous functions converges to a continuous function.
Hence, C'[a, b] is a Banach space under this norm.

Claim 18.1 By the same reasons it is not difficult to show that all
spaces C* [a,b] (18.6) are Banach.

Claim 18.2 The spaces L, [a,b] (1 < p < 00) (18.7), L [a,b] (18.8),
Ly><¥, (238.19) and L% (18.12) are Banach too.

Completion

Theorem 18.1 Any linear normed space X with a norm ||z||, can
be considered as a linear manifold which is complete in some Banach
space X. This space X is called the completion of X.

Proof. Consider two fundamental sequences {x,} and {z/,} with
elements from X. We say that they are equivalent if ||z, — x| — 0
as n — oo and we will write {x,} ~ {2/,}. The set of all fundamental
sequences may be separated (factorized) at non crossed classes: {x,}
and {z],} are included in the same class if and only if {z,} ~ {2} }.
The set of all such classes X; we denoted by X. So,

.)%Z: UXZ, Xz QXJZQ
- 7]

Let us make the space X a normed space. To do that, define the
operation of summing of the classes X; by the following manner: if
{z,} € &, and {y,} € X then class (&; + X;) may be defined as the
class containing {z, + y,}. The operation of the multiplication by a
constant may be introduced as follows: we denoted by AX; the class
containing { Az, } if {z,} € X;. Tt is evident that X is a linear space.
Define now the norm in X as

1] = Tzl ({ra) € &)
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It easy to check the norm axioms for such norm and to show that
a) X may be considered as a linear manifold in X;

b) X isdensein X, i.e., there exists {x, } € X such that ||z, — Xj||
— 0 as as n — oo for some X; € X;

¢) X is complete (Banach).

This complete the proof. m
This theorem can be interpreted as the following statement.

Corollary 18.1 For any linear norm space X there exists a Banach
space X and a linear, injective map T : X — X such that T (X) is
dense in X and for all v € X

1Tz]| ¢ = ]l

18.3 Hilbert spaces

18.3.1 Definition and examples

Definition 18.4 A Hilbert space H is an inner (scalar) product
space that is complete as a linear normed space under the induced
norm

[2]l3 = /{2, 2) (18.14)

Example 18.4 The following spaces are Hilbert

1. The space 13 of all summable complex sequences (see (18.4)
for p =2) under the inner product

(o yhy = 3 @il (18.15)

2. The Lebesgue space Lo |a,b| of all integrable (in Lebesgue sense)
complex functions (see (18.7) for p = 2) under the inner product

(T, Y) 1yfan) = f x(t)g(t)dt (18.16)

t=a
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3. The Sobolev’s space S, (G) of all | times differentiable on G
quadratically integrable (in Lebesque sense) complex functions
(see (18.9) for p = 2) under the inner product

L/ d
_Ljd 18.1
(T, v) st () .Z<dt%x’ dt’y>L2[a,b] o

=0

4. The frequency domain space 7" of all p-integrable complex
matrices (23.19) under the inner product

(@) = | (X (o) V™ ()} doo (18.18)

wW=—00

5. The Hardy spaces H}* (the subspace of LI containing only
holomorphic in the right-hand semi-plan C* := {s € C|Res > 0}
functions) under the inner product (18.18).

18.3.2 Orthogonal complement

Definition 18.5 Let M be a subset of a Hilbert space H, i.e., M C
H. Then the distance between a point x € H and M is defined by

pla M) = mnf [lz —y] (18.19)

The following claim seems to be evident.

Claim 18.3 Ifxz € M, then p(x, M) =0. Ifx ¢ M and M is closed
set (see Definition 14.7), then p(x, M) > 0.

Corollary 18.2 If M C 'H is closed convexr set and © ¢ M, then
there exists a unique element y € M such that p (x, M) = ||z — y||.

Proof. Indeed, suppose that there exists another element y* € M
such that

ple, M) =llz—yl =llz -y’ :=d
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['hen
4d% = 2 ||z — gé||2 + 2|z — y*||2 = [z — y*H2 +
Yy y* 2 : 2
4z — > ||z — y*||* + 4 in —y|]* >

Iz — y7||* + 44
that gives ||z — y*||> < 0, or equivalently, y = y*. m

Corollary 18.3 If M C H is a subspace of H (this means that it is
closed conver linear manifold in H ) then for any x € H there exists a
unique element xpg € M such that

plo, M) = mnf |lz —y| =z — 2l (18.20)

This element xpr € M s called the orthogonal projection of the
element x € 'H onto the subspace M C H.

Lemma 18.1 Let p(x, M) = || — x| where M is a subspace of a
Hilbert space H with the inner product (x,y),,. Then (v —xp) L M,
that 1is, for anyy € M

(Tt —2p0,9)9 =0 (18.21)

Proof. By the definition (18.20) for any A € C (here z, + \y €
M) we have
[ = (zam+ Ayl = [z = 2]

that implies

Az — fEMay>7-( + A (y, v — xM>7—( + A\ ||y||2 >0

2
e =z

lyl1* ly®
to the equality (x — zq,¥),, = 0. Lemma is proven. m

T — m./\/hy)’}-{

Taking A = —< > 0 that leads

Definition 18.6 If M is a subspace of a Hilbert space H then the
orthogonal complement M= is defined by

ML ={z eH|(x,y);, =0 for all y € M} (18.22)
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It is easy to show that M is a closed linear subspace of and that
‘H can be uniquely decomposed as the direct sum

H=MaoM" (18.23)

This means that any element x € H has the unique representation

|2 =2+ T | (18.24)

where 2, € M and 2, € M* such that ||z]|* = [|Jzm” + |z |-

Theorem 18.2 Let If M is a subspace of a Hilbert space H. M is
dense in 'H if and only if M+ = {0}.

Proof. a) Necessity. Let M is dense in H. This means that
M = H. Assume that there exists o, € H such that z; L M. Let
{yo} € Mand y, — y € H. Then 0 = (y,,x9) — (y,zo) = 0 since
M is dense in ‘H. Taking y = zo we get that (rg,z9) = 0 that gives
zo = 0. b) Sufficiency. Let M+ = {0}, that is, if (y, o) = 0 for any
y € M, then zy = 0. Suppose that M is not dense in H. This means
that there exists 79 ¢ M. Then by the orthogonal decomposition
Ty = Yo + 2 where yo € M and z, € (/\;l)L = M. Here z # 0 for
which (z9,y),, = 0 for any y € M. By the assumption such element
2o = 0. We get the contradiction. Theorem is proven. m

18.3.3 Fourier series in Hilbert spaces

Definition 18.7 An orthonormal system (set) {¢,} of functions
in a Hilbert space H is a nonempty subset {¢,, | n > 1} of H such that

1 if n=m

1. The series Y oy, is called the series in H with respect of the
n=1
system {¢,} (18.25);

2. For any x € H the representation (if it exists)

o0

()= and, () (18.26)

n=1

is called the Fourier expansion of x with respect to {¢,}.
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Lemma 18.2 In (18.26)

o = (T, Op) gy (18.27)

Proof. Premultiplying (18.26) by ¢, and using (18.25) we find

(@, )y = Z@n (Dr Pn)y = Zak5k,n =y
n=1 k=1

that proves (18.27). Lemma is proven. m

Corollary 18.4 (the Parseval equality)

ol = 3 I el (18.29
Proof. It follows from the relation
@90 = 2 3 {000 T B B B =
> 5 (o0 o bmdidam = 3 (o 00l
u
Example 18.5
1) Classical Fourier expansion. In H =L|[0,1] the corre-

sponding orthogonal basis {¢,} is

{o.} = {1, V2sin (2nt) , V/2cos (2rnt), n > 1}

that implies
o0 o0
z(t) =aog+ \/52 ay, sin (2mnt) + NG Z by, cos (2mnt)
n=1 n=1

where

ap = jx(t) dt, a, = }m(t)\/ﬁcos (2mnt) dt

t=0 t=0

b, = fl x (t) v/2sin (27nt) dt
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2) Legandre expansion. In H =L,|0,1] the corresponding or-
thogonal basis {¢,,} is {¢,,} = {pn} where

1
Pk = 9kg1 qik

[(tQ—l)k} Jk>1

18.3.4 Linear n-manifold approximation

Definition 18.8 The collection of the elements

n

Up =S crodp €H, € C (k>1) (18.29)

k=1

is called the linear n-manzifold generated by the system of functions

{0 btz

Theorem 18.3 The best Lo-approximation of any elements x € H
by the element w,, from the n-manifold (18.29) is given by the Fourier
coefficients ¢, = oy, (18.27), namely,

inf ||z — > aonll =|lr— > gy (18.30)
cp:k=1n k=1 Lo k=1 Lo
Proof. It follows from the identity
N 2
2
[z = unllz, = ||z — 22 adp|| =
k=1 ) Lo
> andy, (1) — D0 gyl =
n=1 k=1 Lo
s 2 2 - 2 2
> el @, + 22 low — cul” |04,
k=n+1 k=1
that reaches the minimum if ¢, = ) (cx: k=T1,n). Theorem is

proven. m
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18.4 Linear operators and functionals in
Banach spaces

18.4.1 Operators and functionals

Definition 18.9

1. Let X and Y be be linear normed spaces (usually, either Banach
or Hilbert spaces) and T : D — Y be a transformation (or
operator) from a subset D C X to Y. D =D (T) is called the
domain (image) of the operator T and values T (D) constitute
the range (the set of possible values) R (T') of T'. If the range of
the operator T is finite-dimensional the we say that the operator
has the finite range.

2. If YV is a scalar field F (usually R) then the transformations T
are called functionals.

3. A functional T is linear if it is additive, i.e., for any x,y € D

Tx+y)=Tx+Ty

and homogeneous, i.e., for any x € D and any A € F

T (A\x) = \Tx

4. Operators for which the domain D and the range T (D) are in
one-to-one correspondence are called tnvertible. The inverse
operator is denoted by T~ : T (D) — D, so that

D 2T (T (D))

Example 18.6

1. The shift operator Ty, : I — [} defined by

foranyi=1,2,....
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2. The integral operator T, : Ly [a,b] — R defined by

fO’T’ any fvg € L2 [aab]‘

3. The differential operator T, : D(T) = C'[a,b] — Cla,b]
defined by

Tdf = %f (t)

for any f € C'[a,b] and any t € [a,b).
It is evident the following statement.

Claim 18.4

1. T s invertible if and only if it is ingective, that is, Tz = 0
implies v = 0. The set {x € D | Tx =0} is called the kernel of
the operator and denoted by

kerT:={x € D|Tx =0}

So, T is injective if and only if ker T = {0}.

2. If T is linear and invertible then T is also linear.

18.4.2 Continuity and boundedness
Continuity
Definition 18.10

1. Let T : D(T) — Y be a map (operator) between two linear
normed spaces X (with a norm [|-|| ) and Y (with a norm [|-[|,).
It is said to be a continuous at o € X if, given € > 0, there
exists a 6 = d (¢) > 0 such that | T(x) — T(xo)l|;, < €, whenever
I — oll < 5.
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2. T is semi-continuous at a point xy € X if it transforms any
convergent sequence {x,} C D(T), x, — xg, n — 00 in to a
sequence {T (z,)} C R(T') weakly convergent to T (zy), i.e.,

T (z,,) = T (x0)|| — 0 when n — oc.

3. T is continuous (or semi-continuous) on D (T) if it is con-
tinuous (or semi-continuous) at every point in D (T).

Lemma 18.3 Let X and Y be Banach spaces and A be a linear op-
erator defined at X. If A is continuous at the point 0 € X, then A
1§ continuous at any point xo € X.

Proof. This result follows from the identity Ax—Axg = A (x — x).
If x — xp, then z := x — g — 0. By continuity at zero Az — 0 that
implies Ax — Ary — 0. Lemma is proven. =

So, a linear operator A may be called continuous, if it is continuous
at the point z¢y = 0.

Boundedness

Definition 18.11

1. A linear operator A : D (A) C X — Y between two linear normed
spaces X (with a norm [|-||) and Y (with a norm [|-||y,) is said
to be bounded if there exists a real number ¢ > 0 such that for

allz € D(A)

[Az]ly < cllz]] (18.31)

The set of all bounded linear operators A:D(A) C X — )Y
is usually denoted by L (X,)).

2. A linear operator A : D(A) C X — Y is called a compact
operator if it maps any bounded subset of X onto a compact set

of V.

3. The induced norm of a linear bounded operator A : D (A) C
X — Y may be introduced as follows

[ A|]
|A]| ;= sup Y = sup | Az|],, (18.32)
z€D(A), z£0 [Edpe z€D(A), ||zl »=1
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(here it is assumed that if D (A) = {0} then by the definition
|Al| = 0 since A0 = 0).

It seems to be evident that the continuity and boundedness for
linear operators are equivalent concepts.

Claim 18.5 A linear operator A : D(A) C X — Y is continuous if
and only if it is bounded.

Example 18.7

1/q

1. If g = Z |ai;|? < 00 (¢ > 1), then the "weighting"”
3,j=1

operator A defined by

y=Ax; =) a;;; (18.33)
j=1

making from 1, tol, (p~" + ¢~ = 1) is linear and bounded since
by the Holder inequality (16.134)

q a/p
<3 (z | ) (z |xj|p>

q/p

—# (i’é o) = Bl

[ Azil|7, = Z

=1

Z Q5T

Jj=

boob
2. If3:= [ [|K 9 dsdz < oo, then the integral operator
A:X =1L,ab }—>y—L [a,b] =Y (p 4+ ¢ =1) defined
by
b
y=Af = [ K(z,s)[f(s)ds (18.34)

is linear and bounded since by the Hoélder inequality (16.134)

q

| K (x,s) f(s)ds| dx <

sS=a

b

AL oy = S

Tr=aqa

b b a/p
(f |K (z,5)|"ds (f |f (s |pd8> d$:5||f||qu[a,b]

=a

(=
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l
3. If := max > |as (t)| < oo, then the differential operator A
teD 4=0
:DCX =CFla,b] =Y = Cla,b] = defined by

Y= Af = Y aa () £ (1) (18.35)

1s linear and bounded since

l%@ﬂwﬂs

a=0

l l
max (2 [on (0 5 179 ) < 811

teD

A =
14 e = max

Sequence of linear operators and uniform convergence

It is possible to introduce several different notions of a convergence in
the space of linear bounded operators £ (X)) acting from X to ).

Definition 18.12 Let {A,,} C L(X,)) be a sequence of operators.

1. We say that

- A, uniformly converges to A € L(X,Y) if ||A, — Al = 0
whenever n — oo. Here the norm || A, — A|| is understood as in
(18.32);

- A, strongly converges to A € L(X,)) if |A.f — Afll;, — 0
whenever n — oo for any f € X.
2. If the operator A is dependent on the parameter o € A, then

- A(a) is uniformly continuous at oy € A, if

|A () — A(w)]] = 0 as a — ag

- A(a) is strongly continuous at oy € A, if for all f € X

|A(a) f— A(ao) flly — 0 as a — ag

In view of this definition the following claim seems to be evident.
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Claim 18.6 A, uniformly converges to A € L(X,Y) if and only if
A, f — Af uniformly on f € X in the ball || f||, < 1.

Theorem 18.4 If X is a linear normed space and Y is a Banach
space, then L (X,Y) is a Banach space too.

Proof. Let {A,} be a fundamental sequence in the metric of
L(X,Y), that is, for any £ > 0 there exists a number ng = ng (¢)
such that for any n > ng and any natural p we have || 4,4+, — 4| <e.
Then the sequence {4, f} is also fundamental. But ) is complete,
and hence, {A, f} converges. Denote y := 7}1_1}20 A, f. By this formula

any element f € X is mapped into an element of ), and, hence, it
defines the operator y = Af. Let us prove that the linear operator A is
bounded (continuous). First, notice that {||A,||} is also fundamental.
This follows from the inequality |||Anip| — [JAull] < || Anspy — Asll-
But it means that {||A,||} is bounded, that is, there exists ¢ > 0 such
that ||A,|| < ¢ for every n > 1. Hence, ||A,f|| < c||f]|. Taking the
limit in the right-hand side we obtain ||[Af|| < c||f|| that shows that
A is bounded. Theorem is proven. m

Extension of linear bounded operators

Bounded linear operators that map into a Banach space always have
a unique extension to the closure of their domain without changing of
its norm value.

Theorem 18.5 Let A: D (A) C X — Y be a linear bounded operator
(functional) mapping the linear normed space X _into a Banach space
Y. Then it has a unique bounded extension A : D (A) — Y such that

1. Af = Af for any f € D (A);
2, HAH — 1Al

Proof. If f € D(A), put Af = Af. Let f € X, but = ¢ D (A).
By the density of D (A) in X, there exists the sequence {f,} C D (4)
converging to x. Put Af = lim Af,,. Let us show that this definition is
correct, namely, that the limit exists and it does not depend on the se-
lection of the convergent sequence { f,,}. The existence follows from the
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completeness property of Y since ||Af, — Afnll < 1Al [|fn — finll %
Hence, lim Af,, exists. Supposing that there exists another sequences

n—oo

{f'} € D(A) converging to f we may denote a := lim Af, and
b:= lim Af]. Then we get

n—oo

la—bll < lla— ALl + | AF, — AT + [AF, — bl — 0

But [|Af ]| < [lAI|full that for n — oo implies |[Af] < Al
UE

or equivalently, HAH < ||Al|. We also have HAH = sup
Iflx<1

sup ‘flfH = ||A4||. So, we have H/IH = [|A||. The linearity
feD(A), I fllx<1

property of A follows from the linearity of A. Theorem is proven. m

Definition 18.13 The operator A constructed in the theorem 18.5 is
called the extension of A to the closure D (A) of its domain D (A)
without increasing its norm.

The principally more complex case arises when D (A) = X. The
following important theorem says that any linear bounded functional
(operator) can be extended to the whole space X without increasing
into norm. A consequence of this result is the existence of nontrivial
linear bounded functionals on any normed linear space.

Theorem 18.6 (The Hahn-Banach theorem) Any linear bounded
functional A : D (A) C X — Y defined on a linear subspace D (A) of
a linear normed space X can be extended to a linear bounded func-
tional A defined on the whole X with the preservation of the norm,

i.e., Af = Af for any f € D(A) such that ‘AH = ||4]|.

Proof. Here we present only the main idea of the proof.
a) If X' is separable, then the proof is based on the theorem 18.5
using the following lemma.

Lemma 18.4 Let X is a real normed space and L is a linear manifold
in X where there is defined a linear functional A. If fo & L and L =
{f+tfol feL,teR} is a linear manifold containing all elements
f+tfo, then there exists a linear bounded functional Ay defined on L4
such that it coincides with A on L and preserving the norm on Lq,
namely, || A = [ Al
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Then, since X" is separable, there exists a basis {f,},, such that
we can construct the sequence of s-manifolds

L1 = {Z&fi | fie X, N € R}
=1

connected by Ls11 = Ls + {fus1}, Lo :== &. Then we make the
extension of A to each of the subspaces L£,>; based on the lemma
above. Finally we apply the theorem 18.5 to the space X = L>Jl£5

using the density property of X.
b) In general case, the proof is based on the Zorn’s lemma (see
(Yoshida 1979)). m

Corollary 18.5 Let X be a normed (topological) space and x € X,
x # 0. Then there exists a linear bounded functional f, defined on X,
such that its value at any point x is equal to

fx) = (2, [) = |l=| (18.36)

and

Ifll:=="sup (2,f)=1 (18.37)

zeD(f),[lxll<1

Proof. Consider the linear manifold £ := {tz}, t € R where we
define f as follows: (tz, f) = t||z||. So, we have (z, f) = ||z||. Then
for any y = tz it follows |(y, f)| = |t| - [|z]| = ||tz| = ||y|| - This means
that || f|| = 1 and completes the proof. m

Corollary 18.6 Let in a normed space X there is defined a linear

manifold L and the element xo ¢ L having the distance d up to this

manifold, that is, d := in£ |lx — xzo||. Then there exists a linear func-
e

tional [ defined on the whole X such that
1. (x, f)y =0 forany v € L
2. (zo, fY =1
3.l =1/d
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Proof. Take £; := L+ {xp}. Then any element y € £; is uniquely
defined by y = x + tzy where x € £ and ¢t € R. Define on £; the
functional f : =t. Now, if y € £, then ¢t = 0 and (y, f) = 0. So, the
statement 1 holds. If y = xg, then ¢t = 1 and, hence, (xo, f) = 1 that
verifies the statement 2. Finally,

O =t = = <

that gives ||f|] < 1/d. On the other hand, by the "inf" definition,
there exists a sequence {z,,} € £ such that d = lim ||x,, — x¢||. This
implies o

L= (w0 = an, f) < lzn — w0l - | £]]

Taking limit in the last inequality we obtain 1 < d||f|| that gives
|l > 1/d. Combining both inequalities we conclude the statement
3. Corollary is proven. m

Corollary 18.7 A linear manifold L is not dense in a Banach space
X if and only if there exists a linear bounded functional f # 0 such
that (x, f) =0 for any x € L.

Proof. a) Necessity. Let £L# X. Then there exists a point
xo € X such that the distance between xy and L is positive, namely,
p(zo,L) = d > 0. By the Corollary 18.6 there exists f such that
(xo, f) =1, thatis, f # 0 but (z, f) = 0 for any x € L. b) Sufficiency.
Let now £ = X. Then for any z € X, in view of the density property,
there exists {z,,} € L such that z, — x when n — oco. By the
conditions that there exists f # 0, = 0 for any x € L, we have
(x, f) = 11113)10 (xn, f) = 0. Since x is arbitrary, it follows that f = 0.

Contradiction. Corollary is proven. m

Corollary 18.8 Let {x}] be a system of linearly independent ele-
ments in a normed space X. Then there exists a system of linear
bounded functionals { f,}], defined on the whole X, such that

<33'k, fl) = 5kl (k,l = 1, ,TL) (1838)

These two systems {xy}, and {fi}} are called bi-orthogonal.
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Proof. Take z; and denote by L; the linear span of the elements
Tg,...,T,. By the linear independency, it follows that p (21, L;) > 0.
By the Corollary 18.6 we can find the linear bounded functional f;
such that (z1, fi) = 1, (x, fi) = 0 on L,. Iterating this process we
construct the desired system {f;}]. =

18.4.3 Compact operators

In this subsection we will consider a special subclass of bounded linear
operators having properties rather similar to those enjoyed by opera-
tors on finite-dimensional spaces.

Definition 18.14 Let X and Y be normed linear spaces. An operator
A€ L(X,)) is said to be a compact operator if A maps bounded
set of X onto relative compact sets of Y, that is, A is linear and for
any bounded sequence {x,} in X the sequence { Az, } has a convergence
subsequence in ).

Claim 18.7 Let X and ) be normed linear spaces and A : X — ) be
a linear operator. Then the following assertions holds:

a) If A is bounded, that is, A € L(X,)) and dim (Az) < oo, then

the operator A is compact.
b) If dim (X') < oo, then A is compact.
c) The range of A is separable if A is compact.

d) If{A,} is a sequence of compact operators from X to Banach space
Y that converges uniformly to A, then A is a compact operator.

e) The identity operator I on the Banach space X is compact if and
only if dim (X) < oo.

£) If A is a compact operator in L (,Y) whose range is closed subspace
of Y, then the range of A is finite-dimensional.

Proof. It can be found in (Rudin 1976) and (Yoshida 1979). =
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Example 18.8

1. Let X =1y and A : Iy — [y is defined by Ax := (xl, %, %, )
Then A is compact. Indeed, defining A, by

Apx = (xl,@ % ﬁ,0,0,...)

2 ,3’...7 n
we have
ldr— Al = 3 Lpap < 2l
k=n+1 k (n+1)

and, hence, |A— Ay|| < (n+1)"". This means that A, con-
verges uniformly to A and, by the previous claim (d), A is com-
pact.

2. Let k(t,s) € Ly ([a,b] X |a,b]). Then the integral operator K :
Ly ([a,b]) — Lo ([a,b]) defined by (Ku) (t) :== [ k(t,s)u(s)ds

s=a

is a compact operator (see (Yoshida 1979)).

Theorem 18.7 (Approximation theorem) Let® : M C X — )
be a compact operator where X,) are Banach spaces and M is a
bounded nonempty subset of X. Then for every n = 1,2, ... there
exists a continuous operator ®, : M — Y such that

sup ||® () — @, (z)]] < n~! and dim (span®,, (M)) < oo| (18.39)
reM

as well as ®,, (M) C co® (M) - convex hull of  (M).

Proof (see (Zeidler 1995)). For every n there exists a finite (2n) '

net for A(M) and elements u; € ® (M) (j =1,...,J) such that for
all z € M

. —1
min [ () = | < (20)

Define for all x € M the, so-called, Schauder operator A, by

, (x) == a; () u <Z a; (l‘)>
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where
a; (z) = max {n"" — [|© (z) — u;;0}

are continuous functions. In view of this A, is also continuous and,
moreover,

< Z%‘ () [I(u; = @ ()] (Z a; (l’)>
< Zaj (x)n1 (Z a; (x)) =n1

Theorem is proven. m

18.4.4 Inverse operators

Many problems in Theory of Ordinary and Partial Differential equa-
tions may be presented as a linear equation Ax = y given in functional
spaces X and ) where A : X — ) is a linear operator. If there ex-
ists the inverse operator A~! : R (A) — D (A), then the solution of
this linear equation may be formally represented as x = A~'y. So,
it seems to be very important to notice under which conditions the
inverse operator exists.

Set of nulls and isomorphic operators

Let A: X — )Y be a linear operator where X’ and ) are linear spaces
such that D(A) C X and R (A) C ).

Definition 18.15 The subset N (A) C D (A) defined by

N (A):={x eD(A)| Az =0} (18.40)

is called the null space of the operator A.

Notice that
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1. N (A) # @ since 0 € N (A).

2. N (A) is a linear subspace (manifold).

Theorem 18.8 An operator A is isomorphic (it transforms each
point x € D(A) only into unique point y € R(A)) if and only if
N (A) = {0}, that is, when the set of nulls consists only of the single
0-element.

Proof. a) Necessity. Let A be isomorphic. Suppose that N (A) #
{0}. Take z € N (A) such that z # 0. Let also y € R(A). Then
the equation Az = y has a solution . Consider a point z* + z. By
lineality of A it follows A (z* 4 z) = y. So, the element y has at least
two different image x* and z* + z. We have obtained the contradiction
to isomorphic property assumption. b) Sufficiency. Let N'(A) = {0}.
But assume that there exist at least two xq,x2 € D (A) such that
Axy = Azy = y and x1 # 5. The last implies A (x; — 22) = 0. But
this means that (x; — z2) € N (A) = {0}, or, equivalently, x; = z.
Contradiction. m

Claim 18.8 Fuvidently that

e if a linear operator A is isomorphic then there exists the inverse
operator A1,

e the operator A~! is a linear operator too.

Bounded inverse operators

Theorem 18.9 An operator A~ exists and, simultaneously, is
bounded if and only if the following inequality holds

[Az|| > m ||| (18.41)

for all z € D(A) and some m > 0.

Proof. a) Necessity. Let A~! exists and bounded on D (A™!) =
R (A). This means that there exists ¢ > 0 such that for any y € R (A4)
we have ||[A~y|| < cl|y||. Taking y = Az in the last inequality, we
obtain (18.41). b) Sufficiency. Let now (18.41) holds. Then if Az =0
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then by (18.41) we find that = 0. This means that A/ (A) = {0} and
by Theorem 18.8 it follows that A~! exists. Then taking in (18.41) =
= A1y we get ||[A7Yy| < m~1||y|| for all y € R (A) that proofs the
boundedness of A™'. m

Definition 18.16 A linear operator A : X — ) is said to be contin-
uously invertible if R (A) =Y, A is invertible and A~ € L (X,))
(that is, it is bounded).

Theorem 18.9 may be reformulated in the following manner.

Theorem 18.10 An operator A is continuously invertible if and
only if R (A) =) and for some constant m > 0 the inequality (18.41)
holds.

It is not so difficult to prove the following result.

Theorem 18.11 (Banach) If A € L(X,)) (that is, A is linear
bounded), R (A) = Y and A is invertible, then it is continuously in-
vertible.

Example 18.9 Let us consider in C'[0,1] the following simplest inte-
gral equation

1

(A7) () = (1) — / tsz (s)ds = y (1) (18.42)
5=0
The linear operator A : C'[0,1] — C'[0,1] is defined by the left-hand
1
side of (18.42). Notice that x (t) = y (t) + ct, where ¢ = [ sz (s)ds.
s=0

Integrating the equality sz (s) = sy (s) + cs* on [0,1], we obtain ¢ =

3 1

5 [ sy(s)ds. Hence, for any y(t) in the right-hand side of (18.42)
s=0

1
the solution is x (t) = y (t) —i—% [ tsy(s)ds := (A~'y) (t). Notice that
s=0

A1 is bounded, but this means by the definition that the operator A
18 continuously invertible.
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Example 18.10 Let y(t) and a;(t) (i =1,...,n) are continuous on
[0,T]. Consider the following linear ordinary differential equation

(ODE)
(Az) () := 2™ (t) +ay () 2D () + ..+ a, () 2 () = y (1) (18.43)

under the initial conditions x(0) = 2/ (0) = ... = 20" (0) = 0 and
define the operator A as the left-hand side of (18.43) which is, evi-
dently, linear with D (A) consisting of all functions which are n-times
continuously differentiable, i.e., x (t) € C™[0,T]. We will solve the
Cauchy problem finding the corresponding x (t). Let z (t), x2 (1), ...,
Ty, (t) be the system of n linearly independent solutions of (18.43) when
y (t) = 0. Construct the, so-called, Wronsky’s determinant

n(t) e ()
W] 40 A0
ORI AN

It is well known (see, for example (El’sgol’ts 1961)) that W (t) # 0
for allt € [0,T]. According to the Lagrange approach dealing with the
variation of arbitrary constants we may find the solution of (18.43)
for any y (t) in the form

x(t)=c(t)m (t) +ca(t)z2(t) + ... + ¢y (t) (1)
that leads to the following ODE-system for ¢; (t) (i =1,...,n):

AW (t)+ b ) (t)+ ...+, (H)z, (t) =0
AWy () + L) ay () + ...+, (t) ), (t) =0

(&) () + (1) 2V () + o+ ()l (1) =y (y)

wy (t)
= <Tt)y(t)
(k = 1,...,n) where wy (t) is the algebraic complement of k-th ele-
ment of the last n-th row. Taking into account the initial conditions
we conclude that

Resolving this system by the Cramer’s rule we derive ¢}, (t)

t

v =3 n ) [ Gy (A7) )
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that implies the following estimate ||z|[o7 < |yl with ¢ =

max 3" |z, (1) f

t€0,T) =1
tinuously invertible.

wy (s)
W (s)

ds that proofs that the operator A is con-

Bounds for |[[A7|

Theorem 18.12 Let A € L(X,)) be a linear bounded operator such
that ||I — A|| < 1 where I is the identical operator (which is, obviously,
continuously invertible). Then A is continuously invertible and the
following bounds holds:

1
A1 <L 18.44
T
11— A <2 Al (18.45)
| I= 1=

Proof. Consider in £ (X,)) the series (I +C + C? + ...) where
C:=1—A. Since ||C¥|| < |C||* this series uniformly converges (by
the Weierstrass rule), i.e.,

S, =I+C+C*+..C" - S

n—oo

It is easy to check that
(I-0C)S,=1-Cn"
S, (I -C)=1-C"!
crtt — 0

n—o0

Taking the limits in the last identities we obtain
I-C)S=1, SUI-C)=1

that shows that the operator S is invertible and S~! =1 — C = A.
So, S = A"! and

> . l=c"!
HSn” < ||IH + ||C|| + ||C|| + ... HC” = 1_ ||C||
o I e
I=S.<Cl+C)f+ ... [[C|" = |
| I <lcl+ICl 1l =

Taking n — oo we obtain (18.44) and (18.45). m
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18.5 Duality

Let X be a linear normed space and F be the real axis R, if X is real,
and be the complex plane C, if X is complex.

18.5.1 Dual spaces

Definition 18.17 Consider the space L (X, F) of all linear bounded
functional defined on X . This space is called dual to X and is denoted
by X*, so that

X* =L (X,F) (18.46)

The value of linear functional f € X* on the element x € X we will
denote by f (x), or (x, f), that is,

f (@) = (. f) (18.47)

The notation (x, f) is analogous to the usual scalar product and
turns out to be very useful in concrete calculations. In particular,
the lineality of X and X* implies the following identities (for any
scalars oy, s, 31, 85, any elements x1,x5 € X and any functionals

[ fi fa € &%):

(ur1 + o, f) = aq (1, f) + az (z2, f)
<117,51f1 + 52f2> =0 <51;7 f1> + B,y <:L’, f2> (18.48)

(3 means the complex conjugated value to 3. In real case B = 3). If
(x, f) =0for any x € X, then f = 0. This property can be considered
as the definition of the "null"-functional. Less trivial seems to be the
next property.

Lemma 18.5 If (x, f) =0 for any f € X*, then x = 0.

Proof. It is based on the Corollary 18.5 of the Hahn-Banach
theorem 18.6. Assuming the existence of z # 0, we can find f € X™*
such that f # 0 and (z, f) = ||z|| # 0 that contradicts to the identity
(x, f) =0 valid for any f € X*. So,z=0. m

Definition 18.18 In X* one can introduce two types of convergence.
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e Strong convergence (on the norm in X*):

e Weak convergence (in the functional sense) :

In nfoof (fu, [ € X*), if for any x € X one has
(@, fu) — (2, f).

n—oo

Remark 18.4

1. Notice that the strong convergence of a functional sequence
{fn} implies its weak convergence.

2. (Banach-Shteingauss): f, — f if and only if
a) {||f.ll} is bounded;

b) (z, fn) — (x,f) on some dense linear manifold in X .

Claim 18.9 Independently of the fact whether the original topological
space X is Banach or not, the space X* = L (X, F) of all linear
bounded functional is always Banach.

Proof. It can be easily seen from the definition 18.3. =
More exactly this statement can be formulated as follows.

Lemma 18.6 X™* is a Banach space with the norm

IFII=171

v = sup |f(x)] (18.49)

zEX, |lz]| <1

Furthermore, the following duality between two norms ||-||, and |||
takes place:

X*

[zl = sup  |f(2)] (18.50)

FEX NIl <1

Proof. The details of the proof can be found in (Yoshida 1979).
u
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Example 18.11 The spaces L, [a,b] and L, |a,b] are dual, that is,

Ly [a,b] = Ly [a,b] (18.51)

where p™t 4+ ¢' =1, 1 < p < co. Indeed, if x(t) € Lyla,b] and
y(t) € L, [a,b], then the functional

f(z) = j z () y (t) dt (18.52)

is evidently linear, and boundedness follows from the Holder inequality
(16.137).

Since the dual space of a linear normed space is always a Banach
space, one can consider the bounded linear functionals on A*, which
we shall denote by A**. Moreover, each element = € X gives rise to a
bounded linear functional f* in X* by f*(f) = f(x), f € &*. It can
be shown that X C &A™, that called the natural embedding of A" into
X**. Sometimes it happens that these spaces coincide. Notice that
this is possible if X' is Banach space (since X** is always Banach).

Definition 18.19 If X = X", the the Banach space X is called re-
flexive.

Such spaces play important role in different applications since they
possess many properties resembling ones in Hilbert spaces.

Claim 18.10 Reflexive space are all Hilbert spaces, R", I}, and
Lp>]_ (G) .

Theorem 18.13 The Banach space X is reflexive if and only if any
bounded (by a norm) sequence of its elements contains a subsequence
which weakly converges to some point in X.

Proof. See (Trenogin 1980) the section 17.5, and (Yoshida 1979)
(p.264, the Eberlein-Shmulyan theorem) m
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18.5.2 Adjoint (dual) and self-adjoint operators

Let A € L(X,)) where X and ) are Banach spaces. Construct the
linear functional ¢ (z) = (z, ) := (Az, f) where x € X and f € Y*.

Lemma 18.7 1) D(p) = X, 2) ¢ is linear operator, 3) ¢ is bounded.

Proof. 1) is evident. 2) is valid since
@ (@1 + apx2) = (A(a1z1 + aa2) , f) =

ar (A(z1), f) + ag (A(x2), f) = a1p (21) + aap (22)

And 3) holds since | ()| = [(Az, f)| < [[Az[|[[f] < A Lf] ]| =
From this lemma it follows that ¢ € X*. So, there is correctly
defined the linear continuous operator p = A*f.

Definition 18.20 The operator A* € L (Y*, X*) defined by

(x,A*f) = (Az, f) (18.53)

is called adjoint (or dual) operator of A.

Lemma 18.8 The representation (Ax, f) = (x, @) is unique (¢ € X'*)
for any x € D(A) if and only if D(A) = X.

Proof. a) Necessity. Suppose D (A) # X. Then by the corollary
18.7 from the Hahn-Banach theorem 18.6 there exists ¢, € X™*, ¢,
# 0 such that (z,¢,) = 0 for all x € D(A). But then (Az, f) =
(x, 0+ @) =0 for all z € D (A) that contradicts with the assumption
of the uniqueness of the presentation.

b) Sufficiency. Let D(A) = X. If (Az, f) = (r,¢1) = (x,0,)
then (z,¢; — py) = 0 and by the same corollary 18.7 it follows that
©1 — @5 = 0 that means that the representation is unique. m

Lemma 18.9 If A € L(X,)) where X and Y are Banach spaces,
then [|A*]| = [|A].
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Proof. By the property 3) of the previous lemma we have ||¢|| <
WAl || ]I, i-e., [|[A*]] < ||A]|. But, by the corollary 18.5 from the Hahn-
Banach theorem 18.6, for any xzy such that Axy # 0 there exists a
functional fy € Y* such that || fy|| = 1 and |(Axy, fo)| = ||Axo| that
leads to the following estimate:

[Azoll = [(Awo, fo)| = [{zo, A"fo)| < [IA[[ [ foll lzoll = [[A™][ lzo
So, ||[A*|| > ||A]| and, hence, ||A*|| = ||A|| that proves the lemma. m

Example 18.12 Let X =) = R" be n-dimensional Fuclidian spaces.
Consider the linear operator

y = Ax (yZ = apxy, i =1, ,n) (18.54)

k=1

Let z € (R")" = R™. Since in Euclidian spaces the action of an
operator is the corresponding scalar product, then (Ax,z) = (Ax,z) =

(x,ATz) = (z, A*2) . So,
(18.55)

Example 18.13 Let X = ) = Ly |a,b]. Let us consider the integral
operator y = Kx given by

y(t) = fb k(t,s)x(s)ds (18.56)

S=a

with the kernel k (t,s) which is continuous on |a,b] X [a,b]. We will
consider the case when all variables are real. Then we have

(f k(tvs)ﬂf(s)ds)z(t)dt:

:,,/\\
IS)
o~
—~
»
~
~—
N
—~
VA
~—
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N———
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—~
~
~—
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~
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—~
8
%3
N
~

that shows that the operator K* (w = K*z) is defined by

w(t) = fb k(s,t) z(s)ds (18.57)

S=a
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that is, K* is also integral with the kernel k (s,t) which is inverse to
the kernel k (t,s) of K.

Definition 18.21 The operator A € L(X,)), where X and Y are
Hilbert spaces, is said to be self-adjoint (or Hermitian) if A* = A,
that is, if it coincides with its adjoint (dual) form.

Remark 18.5 Ewvidently that for self-adjoint operators D (A) = D (A*).
Example 18.14

1. In R™, where any linear operator A is a matrixz transformation,
it will be self-adjoint if it is symmetric, i.e., A = AT, or, equiv-
alently, Qi5 = Q-

2. In C", where any linear operator A is a complex matriz trans-
formation, it will be self-adjoint if it is Hermitian, i.e., A = A*,
or, equivalently, a;; = Gj;.

3. The wntegral operator in the example 18.13 the integral operator

K is self-adjoint in L [a,b] if its kernel is symmetric, namely,

if k(t,s) = k(s,t).

It is easy to check the following simple properties of self-adjoint
operators.

Proposition 18.1 Let A and B be self-adjoint operators. Then

1. (A + BB) is also self-adjoint for any real o and 5.

2. (AB) is self-adjoint if an only if these two operators commute,
i.e., if AB = BA. Indeed, (ABzx, f) = (Bx, Af) = (x, BAf).

3. The value (Ax, x) is always real for any x € F (real or complez).

4. For any self-adjoint operator A we have

[All = sup |(Az, z)] (18.58)

llz]|<1
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18.5.3 Riesz representation theorem for Hilbert
spaces

Theorem 18.14 (F. Riesz) IfH is a Hilbert space (complex or real)
with a scalar product (-,-), then for any linear bounded functional f,
defined on 'H, there exists the unique element y € H such that for all
x € 'H one has

F (@) = (@, f) = (,9) (18.59)
and, furthermore, || f1| = |-

Proof. Let L be a subspace of H. If L. = H, then for f = 0 one
can take y = 0 and the theorem is proven. If L # H, there there exists
2o L L, z9 # 0 (it is sufficient to consider the case f (29) = (20, f) = 1;
if not, instead of zy we can consider zy/ (2o, f)). Let now x € ‘H. Then
x — (x, f) 20 € L, since

(x = (2, f) 20, f) = (&, [) = (2, [) (20, /) = (@, /) = (&, [) = 0

Hence, [z — (x, f) z0] L 2o that implies

0= (z— (x, f) 20, 20) = (2, 20) — (z, ) || 20

or, equivalently, (z, f) = (z, 20/ ||20H2). So, we can take y = 2o/ ||zo0]|>.
Show now the uniqueness of y. If (x, f) = (x,y) = (2,9), then
(z,y —§) = 0 for any « € H. Taking © = y—§ we obtain ||y — 7[> =0
that proves the identity y = 3. To complete the proof we need to prove
that ||f|| = [|y|]|. By the Cauchy-Bounyakovski-Schwartz inequality
(=, /)l = [(z,9)| < [[fIlllyll. By the definition of the norm ||f|| it
follows that [| f[| < ||y[|. On the other hand, {y, f) = (y,y) < [ /]| [[y||
that leads to the inverse inequality |ly|| < || f||. So, ||f]| = |ly||. Theo-
rem is proven.

Different application of this theorem can be found in (Riesz &
Nagy 1978 (original in French, 1955)).

18.5.4 Orthogonal projection operators in Hilbert
spaces

Let M be a subspace of a Hilbert space H.
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Definition 18.22 The operator P € L (H, M) (y = Px), acting in H
such that
y = argmin |z — 2|| (18.60)

15 called the orthogonal projection operator to the subspace M.

Lemma 18.10 The element y = Px is unique and (x —y,z) = 0 for
any z € M.

Proof. See Subsection 18.3.2. m
The following evident properties of the projection operator hold.
Proposition 18.2

1. x € M if and only if Px = .

2. Let M* be the orthogonal complement to M, that is,

M*+:={zeH izl M} (18.61)

Then any x € H can be represented as x = y + z where y € M
and z L M. Then the operator P+ € L (H, ML), defining the
orthogonal projection any point from H to M=, has the following
representation:

Pr=I1-P (18.62)

3. x € M+ if and only if Px = 0.

4. P s linear operator, i.e., for any real o and 3 one has

P (axy + Bxo) = aP (x1) + SP (x9) (18.63)

1P| =1 (18.64)

Indeed, ||z||* = ||Pz + (I — P)z|* = ||Pz||> + ||(I — P) z||” that
implies || Pz||> < ||z||* and thus ||P|| < 1. On the other hand, if
M # {0}, take xo € M with ||xo|| = 1. Then 1 = ||xo|| = ||Pxol|
< |IP|| ||xol| = ||P||- The inequalities |P|| < 1 and ||P|| > 1 give
(18.6]).
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since for any x € M we have P? (Pz) = Px.

7. P is self-adjoint, that is,

8. For any x € H

(Pz,z) = (P2x,z) = (Px, Pz) = | Pz|

that implies

(Pz,2) >0

9. ||Pz|| = ||=|| if and only if x € M.

10. For any x € H

(Pz,x) < |||

045

(18.65)

(18.66)

(18.67)

(18.68)

(18.69)

that follows from (18.67), the Cauchy - Bounyakovsky - Schwartz

inequality and (18.64).

11. Let A = A* € L(H,H) and A> = A. Then A is obliga-
tory an orthogonal projection operator to some subspace M =
{r e H|Ax =2} C H. Indeed, since x = Ax+ ([ —A)x it
follows that Ax = A%r = A(Az) € M and (I — A)z € M*.

The following lemma can be easily verified.

Lemma 18.11 Let P, be the orthogonal projector to a subspace M
and Py be the orthogonal projector to a subspace Ms. Then following

b statements are equivalent:

1.
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3. || Pox|| < ||Prz|| for any x € H.

4. (Pyx,z) < (Pyz,z) for any x € 'H.
Corollary 18.9

1. My L My if and only if P,P, = 0.

2. PP is a projector if and only if PLPy = Py P;.

N
3. Let P, (1=1,...,N) be a projection operators. Then ZH is a
i=1
projection operator too if and only if

PPy = oyl

4. Pi — Py is a projection operator if and only if PLP, = P, or
equivalently, when Py > Ps.

18.6 Monotonic, nonnegative and
coercive operators

Remember the following elementary lemma from Real Analysis.

Lemma 18.12 Let f : R — R be a continuous function such that
=y [f @) -fW] =0 (18.70)
for any x,y € R and
xf () — oo when |x| — oo (18.71)

Then the equation f (z) = 0 has a solution. If (18.70) holds in the
strong sense, i.€.,

(@ —y)[f (x) = f(y)] > 0 when = #y (18.72)

then the equation f (x) =0 has a unique solution.



18.6. Monotonic, nonnegative and coercive operators 547

Proof. For z < y from (18.70) it follows that f(z) is non-
decreasing function and, in view of (18.71), there exist numbers a
and b such that a < b, f(a) < 0 and f(b) < 0. Then, considering
f (z) on [a,b], by the theorem on intermediate values, there exists a
point £ € [a,b] such that f () = 0. If (18.72) is fulfilled, then f (x) is
monotonically increasing function and the root of the function f (x)
is unique. m

The following definitions and theorems represent the generalization
of this lemma to functional spaces and nonlinear operators.

18.6.1 Basic definitions and properties

Let X be a real separable normed space and X* be a space dual to
X. Consider a nonlinear operator T': X — X* (D (T) = X, R(T) C
X*) and, as before, denoted by f (z) = (z, f) the value of the linear
functional f € A* on the element x € X.

Definition 18.23

1. An operator T is said to be monotone if for any x,y € D (T)

(r -y, T(x) =T(y) 20 (18.73)

2. It is called strictly monotone if for any v # y

(x —y,T(x) —T(y)) >0 (18.74)

and the equality is possible only if x = y.

3. It is called strongly monotone if for any x,y € D (T)

(# —y, T(x) = T(y)) = a(llz —yl) ll= -yl (18.75)

where the nonnegative function « (t), defined at t > 0, satisfies
the condition o (0) = 0 and a (t) — oo when t — oo.

4. An operator T is called nonnegative if for all x € D (T)

(x,T(x)) >0 (18.76)
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5. An operator T is positive if for all x € D (T)

(x,T(z)) >0 (18.77)

6. An operator T is called coercive (or, strongly positive) if for
all z € D(T)

(z, T(x)) =~ (||=]]) (18.78)

where function 7 (t), defined at t > 0, satisfies the condition
v (t) — 0o when t — co.

Example 18.15 The function f (z) = 2° + x — 1 is the strictly
monotone operator in R.

The following lemma installs the relation between monotonicity
and coercivity properties.

Lemma 18.13 If an operator T : X — X* is strongly monotone
then it is coercive with

v (IE) = e @) — 1T (0)]] (18.79)

Proof. By the definition (when y = 0) it follows that
(@, T(x) =T(0)) = e ([l[]) [l
This implies

(z,T(x)) = (, T((|))

+a(llz]) =]l > o ((l]) =] —
2] T ()] = [«

() = 1T )1 ||

that proves the lemma. m

Remark 18.6 Notice that an operator T : X — X* is coercive then
IT (x)|| — oo when ||x|| — oo. This follows from the inequalities

|17 () ] = (=, T(x)) = v (lz[]) ||z
or, equivalently, from ||T (z)|| > v (||z]]) — oo when ||z|| — oc.

Next theorem generalizes Lemma 18.12 to the nonlinear vector-
function case.
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Theorem 18.15 ((Trenogin 1980)) Let T : R" — R" be a nonlin-
ear operator (a vector function) which is continuous everywhere in R"
and such that for any x,y € X

(r—y,T(x) - T(y)) >cllz—yl* c>0 (18.80)

(i.e., in (18.75) o (t) = ct). Then the system of nonlinear equations

T(x) =0 (18.81)

has a unique solution x* € R".

Proof. Let us apply the induction method. For n = 1 the re-
sult is true by Lemma 18.12. Let it be true in R"™! (n > 2). Show
that this results holds in R". Consider in R" a standard orthonormal
basis {e;}"_, (e;i = (di)r—;). Then T'(x) can be represented as T'(x)

n

= {T;(x)} ,, v = x;e;. For some fixed t € R define the opera-
{Ti(2)} Z 3¢5 P

i=1>
j=1
n—1
tor T, by T; : Rt — R*! for all 2 = ijej acting as Ty(x) :=
j=1
{Ti(x +te,)}'—. Evidently, Tj(z) is continuos on R*~! and, by the
induction supposition, for any x,y € R"! it satisfies the following
inequality

(v =y Tulw) = Tily)) = (t =) [Tlw +ten) = Tuly +ten) | +

S" (21 — ) [T + tea) — Tily + tea)] > clle -yl

t=1

This means that the operator 7} also satisfies (18.80). By the induction
supposition the system of nonlinear equations

Ti(x+te,) =0,i=1,.,n—1 (18.82)

has a unique solution & € R""!. This exactly means that there exists
n—1

a vector-function & = ijej : R — R™! which solves the system
j=1

of nonlinear equations 7} (z) = 0. It is not difficult to check that the
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function & = Z (¢) is continuous. Consider then the function ¢ (¢) :
T, (x +tey). It is also not difficult to check that this function satisfies
all conditions of Lemma 18.12. Hence, there exists such 7 € R that
¥ (1) = 0. This exactly means that the equation (18.81) has a unique
solution. m

It seems to be useful the following proposition.

Theorem 18.16 ((Trenogin 1980)) Let T': R™ — R" be a contin-
uous monotonic operator such that for all x € R™ with ||z|| > X the
following inequality holds:

(z,T(x)) >0 (18.83)

Then the equation T (x) = 0 has a solution x* such that ||z*|| < \.

Proof. Consider the sequence {g}, 0 < & e 0 and the as-

sociated sequence {7}, T : R" — R™ of the operators defined by
Ty (z) = exx + T (z). Then, in view of monotonicity of 7', we have
for all z,y € R”

(z =y, Ti(z) = Ti(y)) = (. —y, Ti(z) — Ti(y)) =
er(@—y.(z—y) + (@ —y,T(z) = T(y) > exllz -yl

Hence, by Theorem 18.15 it follows that the equation Ti(z) = 0 has
the unique solution z} such that ||z} < A. Indeed, if not, we obtain
the contradiction: 0 = (zF, Ti(x%)) > ex||x%]|* > 0. Therefore, the
sequence {z}} C R" is bounded. By the Bolzano-Weierstrass theorem
there exists a subsequence {x,’gt} convergent to some point ¥ C R"
when k; — oo. This implies 0 = T}, (z},) = €a; T, + T (z},)- Since
T () is continuous then when k; — oo we obtain 7' (Z). Theorem is
proven. ®

18.6.2 Galerkin method for equations with
monotone operators

The technique given below presents the constructive method for find-
ing an approximative solution of the operator equation 7' (x) = 0
where T : X — X" (D(T) = X, R(T) C X*). Let {¢,},—, be a com-
plete sequence of linearly independent elements from X', and X, be a
subspace spanned on ¢y, ..., ©,,.
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Definition 18.24 The element x,, € X having the construction

Ty = Z 1o, (18.84)
=1

is said to be the Galerkin approximation to the solution of the
equation T (x) = 0 with the monotone operator T if it satisfies the
following system of equations

(P T (20)) =0,k =1,...,m (18.85)

or, equivalently,

> T (wn)) 9y =0 (18.86)

Remark 18.7

1. It is easy to prove that x,, is a solution of (18.85) if and only if
(u, T (x,)) =0 for any u € X,.

2. The system (18.85) can be represented in the operator form J,c,,
= 1z, where the operator J, is defined by (18.85) with ¢, =

n
(¢1,...,¢cn). Notice that || J,|| < Z e |I?. In view of this, the
I=1

equation (18.85) can be rewritten in the standard basis as

(00 T (Jnl)) =0,k =1,...,n (18.87)

Lemma 18.14 If an operatorT : X — X* (D(T) =X, R(T) C X*)
is strictly monotone (18.74) then

1. The equation (18.81) has a unique solution.

2. For any n the system (18.85) has a unique solution.
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Proof. If u and v are two solutions of (18.81), then T'(u) = T'(v) =
0, and, hence, (x — y,T(u) — T'(v)) = 0 that, in view of (18.74), takes
place if and only if v = v. Again, if 2/, and x! are two solutions of
(18.85) then (z,, T (x7)) = (wp, T (7)) = (a7, T (2,)) = (a7, T (7))
= 0, or, equivalently,
(@ =2, T (2,) = T () = 0

n

that, by (18.74), is possible if and only if 2/, = 2. m

Lemma 18.15 ((Trenogin 1980)) Let an operator T : X — X*
(D(T) = X, R(T) C X*) is monotone and semi-continuous, and
there exists a constant X > 0 such that for all x € X with ||z| > A
we have (x,T (x)) > 0. Then for any n the system (18.85) has the
solution x, € X such that ||x,| < A.

Proof. It is sufficient to introduce in R™ the operator T,, defined
by

T, (€n) == {1, T (Jnf_fn)>}2:1

and to check that it satisfies all condition of Theorem 18.16. m
Based on these two lemmas it is possible to prove the following
main result on the Galerkin approximations.

Proposition 18.3 ((Trenogin 1980)) Let the conditions of Lemma
18.15 be fulfilled and {z,} is the sequence of solutions of the system
(18.85). Then the sequence {T (x,)} weakly converges to zero.

18.6.3 Main theorems on the existence of solu-
tions for equations with monotone opera-
tors

Theorem 18.17 ((Trenogin 1980)) LetT : X — X* (D (T) = X,
R(T) C X*) be an operator, acting from a real separable reflexive
Banach space X in to its dual space X*, which is monotone and semi-
continuous. Let also there exists a constant A\ > 0 such that for all x
€ X with ||z|]| > X\ we have (x,T (x)) > 0. Then the equation T (z) =
0 has the solution x* such that ||z*|] < A.
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Proof. By Lemma 18.15 for any n the Galerkin system (18.85) has
the solution x,, such that ||z, || < \. By reflexivity, from any sequence
{z,} one can take out the subsequence {z, } weakly convergent to
some zp € X such that [|zo|| < A. Then, by monotonicity of 7', it
follows that

S = —xp, T (x) =T () >0

But S,y = (z —x,,T (x)) — (x,T (v,)), and, by Proposition 18.3,
(x,T (z,)) — 0 weakly if n” — oo. Hence, S,, — (v — z0, T (x)), and,
therefore for all z € X

(x — 20, T (x)) >0 (18.88)

If T'(x9) = 0 then the theorem is proven. Let now T'(zg) # 0. Then,
by the Corollary 18.5 from the Hahn-Banach theorem 18.6 (for the
case X = X™"), it follows the existence of the element zy € X such
that (z9,T (x0)) = ||T (x0)||. Substitution of z := z¢ — tzo (t > 0)
in to (18.88) implies (zp, T (zo —tz0)) < 0, that for ¢ — +0 gives
(20, T (z0)) = || T (z0)]| < 0. This is equivalent to the identity 7" (z() =
0. So, the assumption that 7" (xo) # 0 is incorrect. Theorem is proven.
n

Corollary 18.10 Let an operator T' be, additionally, coercive. Then
the equation

T(zx)=y (18.89)

has a solution for any y € X*.

Proof. For any fixed y € X* define the operator F(z) : X — X"
acting as F'(x) := T (z) — y. It is monotone and semi-continuous too.
So, we have

(@, F (2)) = (2, T (2)) =z, 9) = v (l=]]) [z} = Nyl 1=l =
[y () = Nyl i

and, therefore, there exists A > 0 such that for all x € X with ||z| > A
one has (x, F' (z)) > 0. Hence, the conditions of Theorem 18.17 hold
that implies the existence of the solution for the equation F'(z) = 0.
n
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Corollary 18.11 If in Corollary 18.10 the operator is strictly
monotone, then the solution of (18.89) is unique, i.e., there exists the
operator T~ inverse to T.

Example 18.16 (Existence of the unique solution for ODE
boundary problem) Consider the following ODE boundary problem

Dx(t)— f(t,z) =0, t € (a,b) )

Dr(t):=Y (=1)'D'{P (v) D'z (t)},
lzz; (18.90)
D := — s the differentiation operator

Dz (a) = D*x (b) =0, 0<k<m—1 )

in the Sobolev space SY' (a,b) (18.9). Suppose that f (t,x) for all x4
and x5 satisfies the condition

Lf (t,21) = f(t,22)] (21 —22) 2 0

Let for the functions P, (x) the following additional condition is fulfilled
for some a > 0:

/ (ZPz (z) [D'z (t)]Z) dt > o ||z]| gy g

t=a

Consider now in S5 (a,b) the bilinear form

b(z,2) = /zm:Pl (z) [D'z (t)] [D'= ()] dt + /f (t,x (1)) =z (t)dt

defining in S5 (a,b) the nonlinear operator
(T (JI) ) Z)Sé"(a,b) =b (‘I7 Z)
which 1s continuos and strongly monotone since
b(xy,2) = b(x2,2) 2 |z — 32| g o)

Then by Theorem 18.17 and Corollary 18.10 it follows that the problem
(18.90) has the unique solution.
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18.7 Differentiation of Nonlinear Opera-
tors

Consider a nonlinear operator ® : X — ) acting from a Banach space
X to another Banach space ) and having a domain D (®) C X and a
range R (T) C V.

18.7.1 Fréchet derivative

Definition 18.25 We say that an operator ® : X — Y (D (®) C
X, R (®) C V) acting in Banach spaces is Fréchet-differentiable in
a point xg € D (P), if there exists a linear bounded operator @' (xq) €
L(X,)) such that

O (x) — P (x9) =P (20) (x — w0) + w (z — x0)
oo (2 — 20)| = oz — ] (18.91)
or, equivalently,
xhj? P(z) - (55‘()‘;—_(;3 [ o, @' (20)) —0 (18.92)

Definition 18.26 If the operator ® : X — Y (D (®) C X ,R(®) C
Y), acting in Banach spaces, is Fréchet-differentiable in a point
xo € D (P) the expression

d® (xg | h) = (h, D' (x0)) (18.93)

1s called the Fréchet differential of the operator ® in the point
xo € D (P) under the variation h € X, that is, the Fréchet-differential
of ® in xq is, nothing more, then the value of the operator ®' (xq) at
the element h € X.

Remark 18.8 If originally ® (x) is a linear operator, namely, if
¢ (z) = Ax where A € L(X,)), then ' (xy) = A in any point xy €
D(A).

Several simple propositions follows from these definitions.
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Proposition 18.4

1. If F,G: X — Y and both operators are
Fréchet-differentiable in xq € X then

(F + Q) (20) = F' (20) + G’ () (18.94)

and for any scalar o

(aF) (z0) = aF" () (18.95)

2. If F : X — Y is Fréchet-differentiable in xo € D (A) and G :
Z — X is Fréchet-differentiable in zy € D (G) such that G (2) =
xo then is well-defined and continuous in the point zy the super-
position (F o G) of the operators F' and G, namely,

F(G(2) = (FoG)(2) (18.96)

and

(F @) G)l (20) = I (:L’()) G’ (Zo) (1897)

Example 18.17 In finite-dimensional spaces F : X = RF — Y = R!
and G : Z=R™ — X = R*we have the systems of two algebraic
nonlinear equations

and, moreover,

of; (x
5’%

where A is called the Jacobi-matrix. Additionally, (18.97) is con-
verted in to the following representation:

(FoG) (20) = '|Z afé';jo) 89(;;50)
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Example 18.18 If F' is the nonlinear integral operator acting in
C'|a,b] and is defined by

then F'(ug) exists in any point ug € C'[a,b] such that

F'luo)h = h (x) — / Wh(ﬂdt

t=a

18.7.2 Gateaux derivative

Definition 18.27 If for any h € X there exists the limit

li 2o+ t) = ®(@0) _ 5o (zo | ) (18.98)

t——+0 t

then the nonlinear operator 6P (xq | h) is called the first-variation
of the operator ® (z) in the point xo € X at the direction h.

Definition 18.28 If in (18.98)

0P (-CCO | h) = Axo (h) :<h’7 Axo) (1899)

where Ay, € L(X,)) is a linear bounded operator then ® is Gateaux-
differentiable in a point xy € D (P) and the operator A,, = ¥ (xo)
is called the Gdteaux derivative of ® in the point xo (independently
on h). Moreover, the value

d® (zo | h) := (h, Ayy) (18.100)

is known as the Gateaux differential of ® in the point xy at the
direction h.

It is easy to check the following connections between the Gateaux
and Fréchet differentiability.
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Proposition 18.5
1. The Fréchet-differentiability implies the Gateaux-differentiability.

2. The Gateaux-differentiability does not guarantee the Fréchet-
differentiability. Indeed, for the function

_ [ 1 if y=2a?
f(xvy)_{o ny;é.iﬁ

which is, evidently, is not differentiable in the point (0,0) in the
Fréchet sense, the Gateauz differential in the point (0,0) exists
and equal to zero since, in view of the properties f(0,0) =0 and
th,tg) — £(0,0
f(th,tg) =0 for any (h,g), one has f(th, g>t (0.0 = 0.
3. The existence of the first variation does not imply the existence
of the Gateaux differential.

18.7.3 Relation with "Variation Principle"

The main justification of the concept of differentiability is related with
the optimization (or, optimal control) theory in Banach spaces and is
closely connected with the, so-called, Variation Principle which allows
us to replace a minimization problem by an equivalent problem in
which the loss function is linear.

Theorem 18.18 ((Aubin 1979)) Let & : U — Y be a functional
Gateaux-differentiable on a convex subset X of a topological space U.
If x* € X minimizes ® (x) on X then

(x*, @' (z*)) = min (x, P’ (z*)) (18.101)

reX

In particular, if x* is an interior point of X, i.e., x* € intX, then this
condition implies

® (2*) =0 (18.102)

Proof. Since X is convex then § = z* + A (x — z*) € X for any
A € (0,1] whenever z € X'. Therefore, since x* is a minimizer of ® (z)
®(y) — @ (2)

3 > 0. Taking the limit A — 40 we deduce

on X, we have
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from the Géteaux-differentiability of ® (z) on X’ that (x — z*, &' (z*))
> 0 for any x € X. In particular if 2* € intX then for any y € X there
exists ¢ > 0 such that z = 2* + ey € &, and, hence, (v — z*, ' (z*))
= e (y,®' (z*)) > 0 that is possible for any any y € X if ¢’ (z*) = 0.
Theorem is proven. m

18.8 Fixed-point Theorems

This section deals with the most important topics of Functional Analy-
sis related with

e The existence principle

e The convergence analysis

18.8.1 Fixed-points of a nonlinear operator

In this section we follows ((Trenogin 1980)) and ((Zeidler 1995)).
Let an operator @ : X — Y (D (®) C X/R (®) C )) acts in Banach
space X. Suppose that the set Mg := D (®) N R (P) is not empty.

Definition 18.29 The point x* € Mg is called a fixed point of the
operator ® if it satisfies the equality

® (%) = a* (18.103)

Remark 18.9 Any operator equation (18.81): T (z) = 0 can be trans-
formed to the form (18.103). Indeed, one has

T(x)=T(x)+x==x

That’s why any results, concerning the existence of the solution to the
operator equation (18.81), can be considered as ones but with respect
to the equation T (x) = x. The inverse statement is also true.

Example 18.19 The fived points of the operator ® (x) = x3 are
{0,—1,1} that follows from the relation 0 = 2® —z = x (22 — 1) =
z(x—1)(z+1).
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Example 18.20 Let try to find the fized-points of the operator
1
P (x) := /x(t)x(s) ds+ f(t) (18.104)
s=0
1
assuming that it acts in C'[0,1] (which is real) and that / f@)ydt <

t=0
1

1/4. By the definition (18.103) we have x (t) /x (s)ds+f (t) = x ().

s=0
Integrating this equations leads to the following:

/1:c(t)dt 2+/1f(t)dt:/lx(t)dt

= =0

that gives

1 1
1 1

/x (it =5+ |7~ /f () dt (18.105)

=0 t=0

So, any function x (t) € C'[0,1] satisfying (18.105) is a fized point of

the operator (18.104).

The main results related to the existence of the solution of the
operator equation

O (x)=2x (18.106)

are as follows:

e The contraction principle (see (14.17)) or the Banach the-
orem (1920) which state that if the operator ® : X — X (X
is a compact) is k-contractive, i.e., for all x,x' € X

1@ () =@ ()| <k lz ="l k €[0,1)
then
a) the solution of (18.106) exists and unique;

b) the iterative method x,1 = ® (x,) exponentially converges to
this solution.
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e The Brouwer fixed-point theorem for finite-dimensional Ba-
nach space.

e The Schauder fixed-point theorem for infinite-dimensional
Banach space.

e The Leray-Schauder principle which state that a priory es-
timates yield existence.

There are known many others versions of these fixed-point theorem
such as Kakutani, Ky-Fan and etc. related with some generalizations
of the theorems mentioned above. For details see (Aubin 1979) and
(Zeidler 1986).

18.8.2 Brouwer fixed-point theorem
To deal correctly with the Brouwer fixed-point theorem we need the

preparations considered below.

The Sperner lemma

Let

SN ($0a axN) =

N N
{xGX |$=Z)\ix,~, i >0, Z/\i: } (18.107)

be an N-simplex in a finite-dimensional normed space X and
{S1,...,5;} be a triangulation of Sy consisting of N-simplices S;
(j=1,...,J) (see Fig.18.1) such that

J
a) Sy = jL:JlSj;

b) if j # k, then the intersection S; Qk Sk or empty or a common face
J
of dimension less than N.
Let one of the numbers (0, 1, ..., N') be associated with each vertex

v of the simplex S;. So, suppose that if v € S; := S; (24, ..., Tiy ), then
one of numbers iy, ...,iy is associated with v.
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Figure 18.1: N-simplex and its triangulation.

Definition 18.30 S; is called a Sperner simplex if and only if all
of its vertices carry different numbers, i.e., the vertices of Sy carry
different numbers 0, 1, ..., N.

Lemma 18.16 (Sperner) The number of Sperner simplices is al-
ways odd.

Proof. It can be easily proven by induction if note that for N =1
each S; is a 1-simplex (segment). In this case a 0-face (vertex) of S;
is called distinguished if and only if it carries the number 0. So, one
has exactly two possibilities (see Fig.18.2 a): i) S; has precisely one
distinguished (N — 1)-face, i.e., S; is a Sperner simplex; ii) S; has pre-
cisely two or more distinguished (N — 1)-face, i.e., S; is not a Sperner
simplex. But since the distinguished 0O-face occur twice in the interior
and once on the boundary, the total number of distinguished O-faces
is odd. Hence, the number of Sperner simplices is odd. Let now
N =2 (see Fig.18.2 b). Then S, is 2-simplex and a 1-face (segment)
of S; is called distinguished if and only if it carries the numbers 0, 1.
The the conditions i) and ii) given above are satisfied for N = 2.
The distinguished 1-faces occur twice in the interior and, by the case
N =1, it follows that the number of the distinguished 1-faces is odd.
Therefore, the number of the Sperner simplices is odd. Now let N > 3.
Supposing that the lemma is true for (N — 1), as in the case N = 2,
we easily obtain the result. m
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X Xy 0 1 0 1

(a)

-
2

Sperner
simplex

(b}

Figure 18.2: The Sperner simplex.

The Knaster-Kuratowski-Mazurkiewicz (KKM) lemma

Lemma 18.17 (Knaster-Kuratowski-Mazurkiewicz) Let
SN (zg, ..., xn) be a N-simplex in a finite-dimensional normed space
X. Suppose we are given closed sets {Ci}ﬁil n X such that

Sy (20, zn) C U G (18.108)

for all possible systems of indices {ig, ...,ix} and allk =0,...,N. Then
there exists a point v € Sy (2o, ...,xn) such that v € C; for all j =
0,..,N.

Proof. Since for N = 0 the set Sy (xg) consists of a single point
xop, and the statements looks trivial. Let N > 1. Let v be any
vertex of S; (j=0,...,N) (for a triangulation S, ..., Sy) such that
v € S;(xiy, ..., Tiy). By the assumptions of this lemma there exists
a set C} such that v € C,. We may associate the index k with the
vertex v. By the Sperner lemma 18.16 it follows that there exists a
Sperner simplex S; whose vertices carry the numbers 0, ..., N. Hence
the vertices wg, ..., vy satisfy the condition v, € Cj (k=0,...,N).
Consider now a sequence of triangulations of simplex Sy (o, ..., Zx)
such that the diameters of the simplices of the triangulations tend to
zero (selecting, for example, a sequence barycentric subdivisions of
S). So, there are points v,i") €Cr(k=0,...,N; n=1,2,...) such that
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lim diamSy <v(()”), ...,v}?) = 0. Since the simplex Sy (7o, ..., Txn) i8

n—o0
(s

a compact, there exists a subsequence {vk )} such that v,(f) — v E

S§—00

Sy (zg, ..., zn) for all k =0, ..., N. And since the set C}, is closed, this
implies v € Cy, for all £k = 0, ..., N. Lemma is proven. m
Now we are ready to formulate the main result of this section

The Brouwer theorem

Theorem 18.19 (Brouwer, 1912) The continuos operator ® : M
— M has at least one fixed point when M is a compact, convex, non-
empty set in a finite-dimensional normed space over the field F (real
or complex).

Proof. a) Consider this operator when M = Sy and demonstrate
that the continuos operator ® : Sy — Sy (N =0,1,...) has at least
one fixed point when Sy = Sy (g, ..., xy) is a N-simplex in a finite-
dimensional normed space X. For N = 0 the set Sy consists of a single
point and the the statement is trivial. For N = 1 the statement is
also trivial. Let now N = 2. Then Sy = S5 (x¢, x1, 22) and any point
x in S5 can be represented as

2

2
=Y M@z A >0,) N=1 (18.109)

i=0 i=0
We set

Since \; (z) and ® are continuous on Sy, the sets C; are closed and the

k
condition (18.108) of Lemma 18.17 is fulfilled, that is, Sy € L{OC’,-W
(k=0,1,2). Indeed, if it is not true, then there exists a point = €
k

S (244, Ty, Tiy) such that x ¢ QOCi ie., A, (Px) > A, () for all
m = 0,...,k. But this is in the contradiction to the representation
(18.109). Then by Lemma 18.17 there is a point y € S, such that y €
C; (j =0,1,2). This implies \; (Py) < \; (y) for all j =0,1,2. Since
also &y € Sy we have

m )

2 2
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and, hence, \; (Py) = \; (y) for all j =0, 1,2 that is equivalent to the
expression &y = y. So, y is the desired fixed-point of ® in the case
N =2. In N > 3 one can use the same arguments as for N = 2.

b) Now, when M is a compact, convex, non-empty set in a finite-
dimensional normed space, it is easy to show that M is homeomorphic
to some N-simplex (N =0, 1,2, ..). This means that there exist home-
omorphisms ® : M — B and C': Sy — B such that the map

Clod: MBS 5y

is the desired homeomorphism from the given set M onto the simplex
Sy. Using now this fact shows that each continuos operator ® : M
— M has at least one fixed point. This completes the proof. m

Corollary 18.12 The continuous operator B : K — K has at least
fized point when IC is a subset of a normed space that is homeomorphic
to a set M as it is considered in Theorem 18.19.

Proof. Let C': M — K be a homeomorphism. Then the operator
C'oBoC: MSKEKS M

is continuous. By Theorem 18.19 there exists a fixed point z* of the
operator ® := C~'o Bo C, ie., C7'(B(Cz*)) = x*. Let y = Cx.
Then By = y, y € K. Therefore B has a fixed point. Corollary is
proven. m

18.8.3 Schauder fixed-point theorem

This result represents the extension of the Brouwer fixed-point theo-
rem 18.19 to a infinite-dimensional Banach space.

Theorem 18.20 (Schauder, 1930) The compact operator ® : M —
M has at least one fixed-point when M is a bounded, closed conver,
nonempty subset of a Banach space X over the field F (real or com-

plex).
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Proof ((Zeidler 1995)). Let x € M. Replacing x with = — xg, if
necessary, one may assume that 0 € M. By Theorem 18.7 on the ap-
proximation of compact operators it follows that for every n = 1,2, ...
there exists a finite-dimensional subspace X, of X and a continuous
operator ®,, : M — X, such that ||®, () — @, (z)|| < n~! for any z
€ M. Define M,, :== MNZX,. Then M,, is a bounded, closed, convex
subset of X,, with 0 € M,, and ®, (M) C M since M is convex. By
the Brouwer fixed-point theorem 18.19 the operator ®,, : M,, — M,
has a fixed point, say x,, that is, for all n = 1,2, ... we have ®,, (z,)
=z, € M,. Moreover, ||®(x,) —z,|| < n~!. Since M,, C M, the
sequence {x,} is bounded. The compactness of ® : M — M implies
the existence of a sequence {Z,} such that ® (x,) — v when n — oc.
By the previous estimate

[ — anll = [[lv — @ (2n)] + [® (20) — 4] || <
Ifo =@ ()] +[|® (2n) = 20l — 0O

So, x, — v. Since ¥ (z,,) € M and the set M is closed, we get that v
€ M. And, finally, since the operator ® : M — M is continuous, it
follows that ® () = © € M. Theorem is proven. m

Example 18.21 (Existence of solution for integral equations)
Let solve the following integral equation

u(t) = A/F(t,y,u(y»dy (18.110)

y=a
—o0o<a<b<ooté€lab,N€eR

Define
Qr = {(t7y7u) S Rg | t7y € [a’b]’ ’U‘ S 7“}

Proposition 18.6 ((Zeidler 1995)) Assume that
a) The function F : Q, — R is continuous;
b) A pu < = F(t ;
) A p<r, p b—a(t,ﬁ?gg,,.| (t, @, u)l;

Setting X := C'[a,b] and M = {u € X |||u|| < r}, it follows that
the integral equation (18.110) has at least one solution u € M.
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Proof. For all ¢ € [a, b] define the operator

(Au) (1) == A / F (. u(y)) dy

y=

Then the integral equation (18.110) corresponds to the following fixed-
point problem Au = u € M. Notice that the operator A : M — M
is compact and for all u € M

b
JAul < N mae | [ Pty u)) dy] < N <r

=a

Hence, A (M) C M. Thus, by the Schauder fixed-point theorem 18.20
it follows that the equation (18.110) has a solution. m

18.8.4 The Leray-Schauder principle and a priory
estimates

In this subsection we will again concern the solution of the operator
equation

Q(x)=0eX (18.111)

using the properties of the associated parametrized equation

td(z)=x€ X, tel01) (18.112)

For t = 0 the equation (18.112) has the trivial solution x = 0, and for
t = 1 coincides with (18.111). Assume that the following conditions
holds:

(A) There is a number r > 0 such that if = is a solution of (18.112),
then

]| < r (18.113)

Remark 18.10 Here we do not assume that (18.112) has a solution
and, evidently, that the assumption (A) is trivially satisfied if the set
¢ (X) is bounded since ||® (x)|| < r for all x € X.
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Theorem 18.21 (Leray-Schauder, 1934) If the compact operator
®: X — X given on the Banach space X over the field F (real or com-
plex) satisfies the assumption (A), then the original equation (18.111)
has a solution (non obligatory unique).

Proof ((Zeidler 1995)). Define the subset
M ={x e X ||| < 2r}
and the operator

O(z) i @ (2)] <27

B (x) = r ® (z) i T r
2 %) f | ()] >2

Obviously, ||B (z)|| < 2r for all z € X that implies B (M) C M.
Show that B : M — M is a compact operator. First, notice that
B is continuous because of the continuity of ®. Then consider the
sequences {u,} € M and {v, } such that a) {v,,} € Morb) {v,} ¢ M.
In the case a) the boundedness of M and the compactness of ® imply
that there is a subsequence {v,, } such that B (v, ) = ® (v, ) — =
as n — oo. In the case b) we may choose this subsequence so that
1/||® (vp,)|| = o and @ (v, ) — 2. Hence, B (v, ) — 2raz. So, B is
compact. The Schauder fixed-point theorem 18.20 being applied to the
compact operator B : M — M provides us with a point z € M such
that = B (x). So, if ||® (z)| < 2r, then B (z) = ® (z) = = and we
obtain the solution of the original problem. Another case ||® (x)| > 2r
is impossibly by the assumption (A). Indeed, suppose ® (z) = z for
|® (z)|| > 2r. Then © = Bx =t® (z) with ¢ := 2r/||® (z)|| < 1. This
forces ||z|| = t||® (z)|| = 2r that contradicts with the assumption (A).
Theorem is proven. m

Remark 18.11 Theorem 18.21 turns out to be very useful for the
Justification of the existence of solution for different types of partial
differential equations (such as the famous Navier-Stokes equations for
viscous fluids, quasi-linear elliptic and etc.).



