Chapter I. Mathematical Prerequisites

. Mathematical Prerequisites

1.1.

Analysis in one and several Real Variables

We list a few topics from analysis in one and in several real variables that we assume the reader
to be familiar with:

1.2

Real numbers R, complex numbers C, and their d-fold cartesian products R¢ and C¢,
d e N.

Real and complex sequences, series, their convergence, and criteria to decide for con-
vergence or divergence.

Basic topological notions such as inner points, accumulation points, open sets, closed
sets, compact sets in R, C, R¢, and C“.

Continuity of maps and its various characterizations.

Differentiability and basic rules of differentiation, such as Leibniz rule and the chain
rule.

(Riemann) Integration, integration by parts, the fundamental theorem of calculus.
Partial derivatives, gradient, and Jacobi matrix.

Local extrema, local extrema under constraints, method of Lagrange multipliers.
Integration of several variables.

Basic inequalities: Cauchy-Schwarz, Holder, Minkowski.

Introductory Linear Algebra

We also list a few topics from linear algebra that we assume the reader to be familiar with:

Real numbers R, complex numbers €, and their d-fold cartesian products R? and €,
d € N.
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Vector spaces, subspaces, linear span and their generating sets.

Linear dependence, linear independence, basis, and dimension.

* Linear maps and their matrix representations.

* Matrices, matrix product, deteminants, equivalence of invertibility of a matrix to the

nonvanishing of its determinant.

Eigenvalues and eigenvectors, diagonalizability.

I.3. Norms and Scalar Products

1.3.1. Banach Spaces

In this section we define Banach spaces and collect some of their basic properties. We recall
that K denotes the field R of real numbers or the field R of complex numbers. Statements

made involving K hold for both K = R and K = C.

Definition L.1. Let X be a K-vector space. Amap || - || : X — R is called Norm (on X)
=
@)
Vre X : {lz]| =0 & z=0} (L1)
(i)
Vee X, e K: Azl = |A]- [z, (1.2)
(iii)
Ve,ye Xl +yll < llzfl -+l (1.3)
In this case (X, || - ||) is said to be a normed (vector) space. We denote by

Bx(z,7) = {y eX }||:E—y|| < T}

the open ball about x € X of radius » > 0.

Definition I.2. Let (X, || - ||) be a normed vector space over KK.

(i) A sequence (r,)>2; € XN is convergent :&

JreXVe>0dnge NVn>ng: |a, —z| <e.

(i) A sequence (7,)%, € XN is called Cauchy sequence :<

Ve>0dng e NVm>n>ng: |z, — | <e.

1.4)

(L5)

1.6)
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(iii) If every Cauchy sequence in X is convergent, (X, || - ||) is said to be complete, and we
call (X, | -||) a Banach space.

(iv) A subset S C X is dense, if S = X or, equivalently, if

VeeX,e>03y. €85 |z — vy < e. (I.7)

Remarks and Examples. We first list a few examples of Banach spaces.

e For d € N the K-vector space (K% || - ||2) is a Banach space with respect to the
euclidean/unitary norm ||z|, := (z]z)"/2, with (z|y) = S* 2,5, (K = R) or
(2ly) = Xy Tuy (K = ©).

« Ford € Nand 1 < p < oo, the vector space (K% || - ||,) is a K-Banach space with

respect to the p-norm ||z|, := (|z1[P+. ..+ |zq|?) 7 The triangle inequality ||z+y/||, <
|z|l, + |yl is the classical Minkowski inequality in analysis.

* For d € N, the vector space (K%, - ||») is a IK-Banach space with respect to the
supremum norm or co-norm ||z /o := max (|z1], ..., |z4]). This corresponds to the
case p = 0.

* Recall that a subspace of a [K-vector space X is a subset Z C X which itself is a K-
vector space. If (X, || - || x) is a Banach space and Z C X is a subspace then (Z, || - || x)
is itself a Banach space if, and only if, it is a closed subset of X.

1.3.2. Linear Operators
Definition I.3. Let (X, || - ||x) and (Y, ]| - ||y-) be two IK-Banach spaces. Wir denote by
B(X:Y) = {A X oY ) Aiis linear, ||Al|sxay) < oo} (L8)

the space of bounded (linear) operators (from X to Y'), where

Ax
R & = (VR 19)
zeX\{0} ]| x r€X,|z|| x=1
is the operator norm of A. If no confusion is possible, we frequently write || - ||zx,y) =:

I~ Hlop-

Remarks and Examples.

* (B(X;Y),| - lsx;yy) is itself a IK-Banach space, where the vector space structure is
defined by (A + AB)(z) := A(z) + AB(x).

o If (X, - ||x)and (Y, || - ||y) are two Banach spaces over K and A : X — Y is linear,
then the following two statements are equivalent:

{1 Allaxy) < oo} & {A: X — Y is continuous }. (I.10)
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1.3.3. Hilbert Spaces

In this section we define (complex) Hilbert spaces and collect some basic facts about these
and about the spectral theory of bounded operators on Hilbert spaces.

Definition 1.4.
(i) Let X be an C-Vector space. A map (:|-) : X x X — R is called sesquilinear form
(on X)
= Va,feRVr,y,w,z€ X : (I.11)
(ax +y | Pw+z) = afle|w) +alz|z) + Bylz) + (y]2)-
If furthermore

e Vr,ye X (zy) = (ylo), (L12)

holds true, the sesquilinear form (-|-) is called symmetric.

(ii) A symmetric sesquilinear form (-|-) : X x X — C is called positiv definite
& Vxe X\{0}: (z|x) > 0. (1.13)

If only (x|x) > 0 holds true, for all z € X (but possibly there are = # 0 with (z|z) = 0),
then (-|-) : X x X — C is called positiv semidefinite.

(iii) If X is a C-vector space and (:|-) : X x X — C is a symmetric, positive definite
sesquilinear form on X, then (-|-) is called scalar product ( X) and (X, (-|-)) is called
a pre-Hilbert space.

Theorem L.5 (Cauchy-Schwarz Inequality). If X is a C-vector space equipped with a sym-
metric, positiv semidefinite sesquilinear form (-|-) : X x X — C then

vry € X [{aly)| < Vi{ale) Viyly). (I.14)
Corollary L.6. If (H, (-|-)) is a C-pre-Hilbert space then
|- :H — Ry, ] = (x|z)"/ (L15)
defines a norm on ‘H, the norm induced by (-|-).

Definition 1.7. If a pre-Hilbert space (7, (-|-)) over € is complete with respect to the norm
induced by (-|-), then we call (H, (-|-)) a Hilbert space.

Remarks and Examples.
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* For d € N, the space (C% (-|-)unit) is a (complex) Hilbert space, where

d
VE=(21,ma) s G = v €O (@R) = > Ty, (WL16)
v=1

defines the unitary scalar product.

* Let (Q,, ;1) be a measure space. Then (L*(Q; C), (-|-)) is a Hilbert space with scalar
product

Vige IX%C):  (flg) = / @) () du(w). (L17)

Definition L.8. Suppose that (7, (-|-)) is a Hilbert space.
(i) Two vectors x,y € H are orthogonal, z L y < (z|y) = 0.
(i) If A C H is a subset then
At = {zeH|Vae A: (az) =0} (1.18)

is the orthogonal complement to .A.

(iii) A subset B C H is called orthonormal :<
Ve,y e B, x £y : (x|z) = (yly) =1, (z]y) =0. (1.19)
(iv) A subset & C H is called an orthonormal basis (ONB) (of H)

& Eisorthonormal and span(€) =H
< Eisorthonormal and forany givenxz € Hande > 0 (1.20)

deq,...,exn €&, ay,...,ay € C: Hx—(aleljt...—i—a]\;e]\;)H < e.

Remarks and Examples.
* For any subset A C # its orthogonal complement A~ is a closed subspace.
e For any subset A C H, we have that A N A+ C {0} is a closed subspace.
If A C B C Hthen A+ D B
If a subset A C H is orthonormal then it is linearly independent.

The canonical basis {e1, ..., eq} € C9, with

1 0 0
0 1 0

€1 = <;>7 €2 = (;)7 €d = <;>7 (121)
0 0 i

is an ONB in C¢ with respect to the euclidean or unitary scalar product, respectively.
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Theorem 1.9 (Gram-Schmidt Orthonormalization Procedure). Suppose that (H,(:|-)) is a
separable Hilbert space. Then there exists a countable ONB {e,}:_, C H, where L =
dimg(H) € N U {oc} denotes the dimension of H. If {e, }t_, C H is such an ONB, then

L
VeeM: oz =) (er)e,. (1.22)
n=1

Remarks and Examples.

* Eq. (I.22) says that the coefficients in the approximation (I.20) can be computed by
taking scalar products a,, = (e, |x).

* For ¢,1 € H we use Dirac’s ket-bra notation and define |¢)(v)| € B(H) by
Veet:  [p)(¥l(x) = (Ylz)e. (1.23)
* Note that, given ¢, v € H and A € B(#H), we have for all x € H that
[Aole)(W]](z) = A[(W]x) o] = (V]x) Alp) = |Ap)(¥|(z) (1.24)
and

(vlodwl@) = (y|win)e) = Wl wle) = (el vfe) = (ENel®)|r).
(1.25)
Egs. (1.24) and (I.25) imply that

Aolo)wl = [Ap)(Wl, (le)(wl)" = [¥){(el, and o) (Yo A = |p)(A™)].
(1.26)

* If L € NU{oo} and {¢1,...,pr} C H is an ONB then (I.22) can be written by means
of Dirac’s ket-bra notation as a decomposition of the identity,

L
Ly = > la)(wnl. (1.27)
n=1

e If N < oo and {my,...,my} C M is an ONB then the orthogonal projection P €
B(#) onto M is given by

N
P =Y |m,)(m,. (1.28)
n=1

Theorem 1.10 (Riesz Representation Theorem). Let (H, (-|-)) be a Hilbert space and H* :=
B(H; C) its dual space (see Definition I.11). Then, for every bounded linear functional { €
H*, there exists exactly one vector y, € H, such that { = (y,|-), i.e.

Ve e H: U(x) = (yo|x). (1.29)
e = |yells and

veeH: = s {lll |y e M, Iyl =1}, (130)

Furthermore |||
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Proof. We only give a proof of Eq. (I.30) because the argument is instructive. Note that (1.30)
holds trivially true for x = 0, and we may assume that z # 0. We abbreviate the right side of
(1.30) by

N() = sup {|(gla)] |y € #. vl =1}. (1.31)

If y € H with ||y|| = 1 then the Cauchy-Schwarz inequality implies that

[(yle)] < =l - Mlyll = [l - (1.32)

Taking the supremum over all y € H with ||y|| = 1, we obtain N(z) < ||z||. Next we define
T = ﬁx € H, which is possible thanks to  # 0, and observe that ||Z|| = 1. Hence,

=l (z]z) A A
2l = ol = Tl (#lz) < [{#fx)] < N(z), (1.33)
which yields ||z|| < N(z). Hence ||z|| = N(z). O

1.4. SUPPLEMENTARY MATERIAL

1.4.1. Banach Spaces

Remarks and Examples.
* For a normed space (X, || - ||)

* Let (X, || - ||) be a normed space. The norm topology is the topology generated by the
system of open balls in X.

e Two norms || - ||1, ]| - |l2 : X — Ry on a K-vector space X are called equivalent, if
there exists a constant ¢ > 0, such that

Vere X: cllzlly < |lzlls < || (1.34)
holds true. In this case || - ||; and || - || induce the same topology on X.
« If (X, || - ||) is a Banach space, which contains a countable dense set, then (X, || - ||) is
called separable.
Remarks and Examples. We illustrate the notion of separablity on examples.
e The subset of vectors (1, . .., z4) € K? with rational coefficients z,, € K is countable

and dense in K?. Here, Kg = Q,ifK =R, and Kg := Q+:Q, if K = C. Therefore,
(K, || - ||2) is separable.
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Next, for 1 < p < oo, we define

PN) = {z e K| izl = (Y lel) " < oo}, (135)
v=1

(®(N) := {g c KN ‘ |z]| 0o := sup |z,| < oo}. (1.36)
veN

Then (¢7(N), || - ||,) is a K-Banach space, for 1 < p < co. We further define

cf?n(]N) = {g € lKg dJvy e NV >1y: 1z, = 0} , 1.37)
can(N) 1= {g eKN I eNw>w: z, = 0} , (138)
co(N) = {g e KN | Tim , = o} , (1.39)
and observe that
¢ (N) C can(N) C P(N) C P(N) C ¢(N) C £2°(N), (1.40)

where 1 < p < p < o0.

Both (¢y(N), || - [|sc) and (¢so(N), || - || ) are Banach spaces with respect to the supre-
mum norm || - ||o. Note that ¢o(N) C /(. (N) is a strict inclusion because, e.g.,
(1,1,1,...) € loo(N) \ co(N).

The set cf?n(lN) = U2, lKﬁfQ is a countable union of countable sets and, hence, countable

itself.

The countable subset ¢ (N) C ¢q,(N) is dense in cg, (N) with respect to the supremum

norm || - || so-

If x € ¢y(N) and € > 0, there exists an N € N, such that |z,| < ¢, forall v > N.
Moreover, for all v € N and z, € K, we can find a 7, € Kq with |z, — 7,| < e.

Defining Z := (%1, %5, ..., %n,0,0,...), we hence obtain Z € ¢ (N) and ||z — Z||oc <
e. In other words, cg,(N) C ¢o(N) is dense, and the Banach space (co(N), || - [|oo) is
separable.

If € (°(N) and £ > 0, then there exists an N € N, such that Y ° |z, [P < &?/2P.
Moreover, to every v € N and z,, € KK we can find an 7, € K, such that |z, — 7,| <
e/2N. Setting Z := (T, Ta, ..., T4,,0,0,...), we observe that Z € cs,(N) and

N
~ £ p g g £
HE_QHp S |:Z (ﬁ) } + 5 = W + 5 S E. (141)

v=1

It follows that ¢z (N) C ¢7(N) is dense, and that the Banach space (¢*(N), | - ||,) is
separable.
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Let {z®}” C (>(N) be a countable subset, where z(¥) = (;L'(Vk))yzl_ We define
= (xl’)u 1 S £OO< )by

<
PO lf|x | L (1.42)
0, if [z > 1.

Then, for all £ € IN, we have that

> |3 — 2| > 1. (143)

Consequently, {g(k) }zozl C ¢>(IN) is not dense. Since {g(k)}zozl is an arbitrary count-
able subset, />°(N) cannot be separable.

1.4.2. Linear Operators

Definition I.11. Let (X, || - ||) be a Banach space over IK. The K-Banach space B(X; K)
of the bounded linear operators from X to K is called dual space X* := B(X;K) (of
X). Elements y* € X* of X* are called bounded linear functionals or continuous linear
functionals [according to (I.10)]. For the value y*(z) of y* € X* at the point x € X we write

e (144)
Remarks and Examples.
e If y* € X* then
. y,
e = sp {20 145)
rex\{o} U lzllx
 For X = K%, with d € N and norm || - ||, the dual space X* is isomorph zu X, that is
X* = K% More specifically,
o If {xl, . ,xd} C X is a basis then there exists a unique basis {x’{, . ,xz}} C X7,
such that
This fact motivates the notation (1.44) z* <:c , ).

o If (X, || - ||) is a K-Banach space and Y Q X is a closed subspace (and hence a Banach
space itself), then X* C Y*. Namely, if £* € X* then z* ]y € Y.

* A K-Banach space (X, || - ||) is reflexive, if the dual space of its dual space is X itself,
(A1) = (XD

* For d € N, the Banach spaces (K% || - |,) are reflexive, for all 1 < p < oo, since
(]Kda | - ||p)* - (]Kda | - ||q) with % + % =L
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*

* For 1 < p < oo, the Banach spaces (¢*(N), || - ||,) are reflexive, with (¢?(N), || - [|,,)
(¢7(N), || - [l4) with % + % = 1. This is essentially a consequence of Holder’s inequality,

00 0o 1/p 0o 1/q
> Ty < (Z \:cy\p) (Z \yy\q) : (147)
v=1

v=1

1.4.3. Hilbert Spaces

Lemma L.12. Suppose that (M, (-|-)) is a Hilbert space, M C H is a closed subspace, and
x € H. Then there is a unique vector z € M, such that

— || = inf ||z —y]. 14
lz =2l = inf i =yl (148)

Theorem L.13. If (#,(:|-)) is a Hilbert space and M C H is a closed subspace, then M is
complementable, namely,

H=Mao M. (1.49)

Corollary 1.14. Suppose that (H, <|>) is a Hilbert space and M C H a closed subspace.
Define P : H — H by P(x) € M and ||z — P(2)|| = infyepm ||z — y||. Then P = P? € B(H)
is an idempotent bounded linear operator on H with RanP = M and || P||o, = 1, provided
M # {0}, and P = 0 otherwise. The operator P is called orthogonal projection onto M.
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