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CHAPTER 1

Topological, metric, and normed
spaces

Definition 1.1 (Sequence).
A sequence (z,,) = (z1,22,23,...) in a set X is a map:

z:N—> X, n— T

Definition 1.2 (Convergence of a sequence).
A sequence (z,,) in R converges to x € R, if

Ve >03dN. e NVn > N.: |z, —x|<e

(if for every € > 0 it holds ’eventually’ that |z, — z| < ¢)
A sequence (z,,) in R¥ converges to z € R¥, if

Ve >03dN. e NVn > N.: |z, —z| <e
A sequence (z,) in a metric space converges to x in the metric space:
Ve >03dN. e NVn > N.: d(zp,z) <e¢,

where d(-, ) is called the metric of the space.
A sequence (z,) in a topological space converges to z in the topological space, if
for every neighbourhood U of x eventually z,, € U.

Definition 1.3 (Norm and normed space).
Let V be a vector space either over R or C. A norm || - || on V is a map:

[-1[:V =10,00), x|
with the properties:
L |lzl=0 < x=0
2.VzeV, AekK: IAz|| = |A| - ||zl

1



1. TOPOLOGICAL, METRIC, AND NORMED SPACES 2

3. Va,y e Voo o 4yl < lzf| + [yl

The pair (V, || - ||) is called a normed space.

Example 1.4. 1. On V =R"” or C" the following maps are norms:

|z|l2 = \/|951’2+ |zo|? 4+ ... + |zp|? euclidean norm
||| = max{|z1],...,|znl} maximum norm
zll1 = |z1] + |22 + ... + |24 1-norm

or, more generally, for p € [1,00), we obtain:

1

n
oy = (D lat?)” p-norm

j=1
2. Let X aset, (Y, - |ly) a normed space, and

Vi={f: X->Y]| Su§‘|f($)|’Y < o0}
[AS
Then || f|joo = sup || f(z)||y is a norm on V.
zeX

Exercise 1.1. Show Item 2 of Example 1.4.

Definition 1.5 (Metric and metric space).
Let X be a set. A metric d on X is a map:

d: X xX —[0,00)
with the following properties:

1. d(z,y)=0 < x=y
2. Symmetry: Va,y € X :  d(x,y) = d(y,x)

3. Triangle inequality: Vz,y,z € X :  d(z,z) <d(z,y)+ d(y, 2)

The pair (X, d) is called a metric space

Example 1.6. 1. Let (V| -||) be a normed space. Thend: V xV — [0, 00),
(z,y) = d(z,y) := ||z — y|| defines a metric on V.

2. Let X be as set. The discrete metric on X is defined by:

0 ifx=y
dlz,y) =
(z,9) {1 otherwise
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3. The euclidean unit sphere S? := {z € R? | ||z||2 = 1} with the metric:
d(z,y) := arccos((z, y|z,y))

is a metric space.

Definition 1.7 (Open sets in a metric space).
Let (X, d) be a metric space.

1. For zg € X and r > 0 the set:
By (zo) :={x € X | d(x,x0) < r}
is called the open ball, with the radius r and the centre xg.

2. A subset of U C X is called a neighbourhood of xg € X, if U contains an
open ball around g, i.e.

Ir>0: B.(xg) CU.

Then x is called an interior point of U.

3. A subset U C X is called open, if it contains only interior points, i.e.
VeeU3ar>0: B.(x)CU.

Example 1.8. 1. Let (X,d) be a metric space. Then for any x € X and
r > 0 the set B,(x) is open. (Exercise 2: Prove this!)

2. Let X be equipped with the discrete metric. Then any subset U C X is
open: B1 ={z} VereX
2

Ezercise 1.2. Show Item 2 of Example 1.8.

Proposition 1.9. Let (X,d) be a metric space. Then:

1. 0 and X are open.
2. If U,V C X are open, then also UNV is open.

3. If U; C X is open for all i € I, then also |J U; is open.
el

Exercise 1.3. Proof Proposition 1.9.

Item 2 implies that intersections of finitely many open sets are open. However,
this does not hold for infinite intersections: Let U, = (—%,1) C R, n € N. Then

() U, = {0} is not open.
neN
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Definition 1.10 (Closed set).
A subset A C X of a metric space is closed, if its complement is open, i.e.
AY ={z € X |x ¢ A} is open.

Example 1.11. 1. Let X = R and a,b € R with a < b. Then |a,b], [a,00)
are closed, but [a,b) is neither open nor closed.

2. For any metric space (X, d) the sets ) and X are open and closed.

Definition 1.12 (Topology).
Let X be a set. A topology T on X is a collection 7 C P(X) of subsets of X
with the following properties:

1. 0,XeT
2.0VeT = UnNVeT

3.U;eTforallicl = U eT
el

The sets U € T are called the open sets and (X, T) is called a topological space.
A C X is closed, if A° € T. U C X is called a neighbourhood of a xo € X (and

xg is an interior point of U), if:
30T with 2z0€ O CU.

Example 1.13. According to Proposition 1.9, the open sets in a metric space
form a topology.

Definition 1.14 (Relative topology).

(X, T) a topological space and Y C X a subset of X. Then T|y ={0ONY | O C
T} is a topology on Y, the subspace or relative topology. The elements U C T |y
are called relative open sets.

Example 1.15. 1. X =R, Y =[0,1]. Then Y € Tly, i.e. Y is relatively

open in itself. Also [0,1) C Y is relatively open, since [0,3) = (-1,2)NY

2. (X, d) a metric space and Y C X a subset. Then (Y,d|y) is a metric space.

dy : Y xY = [0,00], (y1,92) — dly(y1,y2) = d(y1, y2)

3. (V]| - ||) normed space and U C V a vector subspace. Then (U, | - |||v) is
a normed space.

Definition 1.16 (Interior, closure, boundary).
Let (X, 7) be a topological space and Y C X.

1. Theset Y = |J U is called the interior of Y.

ueT
Uucy
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2. Theset Y = () UY is called the closure of Y.

UET
vcyC

3. The set Y = Y\Y is called the boundary of Y.
Proposition 1.17. 1.YCYCY.
2. 'Y is the largest open set contained in Y .

3. Yisopen&s Y =Y.
4. Y is the smallest closed set containing Y .

5. Y isclosed < Y =Y.

6. (V)¢ = (¥C) and (Y©)° = (¥)“ !
Proposition 1.18. Let (X,T) be a topological space and Y C X. Then:

1. Y is the set of interior points of Y.
2. x€dY <&  for any neighbourhood U of x UNY # 0 and UNYC # (.

3. Y =Y\0Y andY =Y U9dY

Example 1.19. 1. For Y = [a,b) C R we have 10’ = (a,b), Y = [a,b], OY =
{a,b}.

2. For@C]Rwehave@z@,@:R, oQ =R.

Definition 1.20 (Convergence in a topological space).
Let X be a topological space. A sequence (z,,) in X converges to a € X and we
write:

lim z,, = a,
n—oo

if for any neighbourhood U of the point a there exists N € N such that x, € U
for alln > N.

Remark 1.21. In general convergence points are not unique: On any set X with
the indiscrete topology
7-::{®7)(}

any sequence (zp) in X converges to every point in X!

!This can be proven using de Morgan’s laws: For a family of sets (A;)icz it holds
© c
(@ (N4) =Uaf,

i€l el

0 (Ua) =nas

i€l i€l
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Definition 1.22 (Hausdorff spaces).
A topological space (X, T) is Hausdorff, if:
Ve,ye X,z 4y, 30,VeT: xzelUyecV, UNY =0.
Remark 1.23. 1. In Hausdorff spaces, sequences have at most one limit.

2. Metric spaces are Hausdorff: For z,y € X, x # y, we have d(z,y) =7 >0
and Br(z) N Bz (y) = 0.

Definition 1.24 (Cluster point).
A point a € X is called a cluster point of a sequence (x,,) if any neighbourhood
U of a contains infinitely many elements of (z,,).

Proposition 1.25. Let X be a metric space and A C X. Then

acA < Iz, inA: limz,=a
n—oo

Remark 1.26. The implication < of Proposition 1.25 holds also in topological
spaces.

Definition 1.27 (Cauchy sequence).
A sequence (z,,) in a metric space X is called Cauchy sequence, if

Ve > 03N e NVn,m > N :  d(zp,zm) <€

Proposition 1.28. Fvery convergent sequence in a metric space is also a Cauchy
sequence.

Ezxercise 1.4. Proof Proposition 1.28.

Definition 1.29 (Complete metric space, Banach space). 1. A metric space
X is called complete if every Cauchy sequence in X converges.

2. A complete normed space (the norm induces the metric) is called a Banach
space.

Example 1.30. 1. R,C,R" C™ (with e.g. the Euclidean norm) are Banach
spaces.

2. (Q,]-|) is not complete, as there exists a Cauchy sequence (z,,) C Q with

lim x, = v/2 but V2 ¢ Q.

n—00



CHAPTER 2

Continuity, compact sets,
connected sets

Definition 2.1 (Continuity and sequential continuity).
Let X,Y be topological spaces, f : X — Y a map, and a € X

1. We say that f is sequentially continuous at a, if for a sequence (x,),

lim z,, = a implies that
n—oo

lim f(zn) = f(a).

n—00
2. We say that f is continuous at a, if
YU €U (f(a))3V €U(a): f(V)cCU!
If a function is (sequentially) continuous at all points a € X, then we say that f
is (sequentially) continuous on X.

Proposition 2.2. If f: X — Y is continuous at a € X, then f is also sequen-
tially continuous at a.

Ezxercise 2.1. Proof Proposition 2.2.

Proposition 2.3 (e-d-continuity in metric spaces). A function f : X — Y
between metric spaces X,Y is continuous at a € X, if and only if

Ve>036>0: f(Bs(a)) C B:(f(a))
Ezxercise 2.2. Proof Proposition 2.3.

Proposition 2.4. A function f: X — Y between metric spaces X,Y is contin-
uous at a € X, if and only if it is sequentially continuous at a.

Proof. = Proposition 2.2

'U(x) is the set of all neighbourhoods of the point .

7



2. CONTINUITY, COMPACT SETS, CONNECTED SETS 8

< (by contraposition A = B < —B = —A)
Assume that f is not continuous at a, i.e.

Je>0V5 >0: f(Bs(a)) ¢ B-(f(a)).

For § = 1 choose z,, € Bs(a)\f~!(B:(f(a))) # 0. Then li_)m xn = a, but
f(xn) ¢ B(f(a))¥n = f is not sequentially continuous.
O

Theorem 2.5. Let X,Y be topological spaces. A map f: X =Y is continuous
(on X ), if the preimage f~1(O) C X of any open set O CY is open.

Example 2.6. 1. In a metric space (X, d) the distance function to a point
be X,
dy: X —[0,00), x> dp(z):=d(z,b)
is continuous.?
2. In a normed space (V| -||) the norm:

1=V = [0,00),

addition:
+: VXV =V, (r,y)—z+y,

and multiplication by scalars:
2 KxV =V, (Av)—=Awv
are all continuous.

3. The composition of continuous functions is continuous. If f : X — Y and
g :Y — Z are continuous then also go f : X — Z is continuous.
Proof. Let O C Z be open ? Qe g 1(O) C Y is open f aqnt. (g7 H0)) =
(go f)~1(O) C X is open. = go f cont. O

Remark 2.7. 1. Let (X,dx) and (Y,dy) be metric spaces. Then a metric on
X xY is for example

d((xlvyl)a (3727192)) = (daC(‘TlamQ)p + dy(ylayQ)p)l/p 1< p < o0

2. Let (X, Tx) and (Y,7y) topological space. Then the (product) topology
on X XY is generated by

{01 x02 + O1€Tx, 02 €Ty}

also called bose topology.

2Also d : X x X — [0, 00) is continuous using a suitable metric on X x X. For the definition
of this metric, see Remark 2.7.
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3. Let (X;,T;), i € I, be topological spaces. Then the product topology on
[ X; is generated by
1€l
{HOi : O; € T; and O; # X; only for finitely many i € I}.
el

Definition 2.8 (Lipschitz continuity).
Let X,Y be metric spaces. A function f : X — Y is called Lipschitz-continuous,
if there exists L > 0 such that

Ve, zo € X 0 dy(f(z1), f(x2)) < L-dx(z1,x2).

Then L is called a Lipschitz-constant for f. If f has a Lipschitz-constant L < 1,
then f is called contraction.

Example 2.9. 1. f(z) = ax + b is Lipschitz continuous with L = a.

2. f € CY(R) then L = sup |f'(z)].
zeR

3. f(x) = 2% is continuous but not Lipschitz continuous.

4. f(x) = y/|z| is continuous but not Lipschitz continuous, as its derivative
around 0 diverges.

Definition 2.10 (Homeomorphic functions, isometries and isometric isomor-
phisms).

1. Two topological spaces X,Y are homeomorphic if there exists a bicontinu-
ous bijection
f: X =Y ahomeomorphism

2. A map f: X — Y between metric spaces is an isometry, if
Vo, ap € X oo dy (f(21), f(22)) = da(21,22) -
X and Y are isometric, if there exists a bijective isometry f: X — Y.

3. Two normed spaces V and W are isometrically isomorphic, if there exists
a linear bijection (isomorphism) A : V' — W such that

YoeV: |Av|lw =|v|v.

Example 2.11. The isometries of Euclidean space (R™, d2) are translations, ro-
tations and reflections and compositions thereof (euclidean group).
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Definition 2.12 (Pointwise and uniform convergence).
Let X be a set, Y a metric space and

fm:X—=>Y neN and f: X =Y

both functions.

1. We say that f,, converges pointwise to f, if

Ve e X : Jingody(fn(x),f(x)) =0. & lim fu(z) = f(z)

n—oo

2. We say that f,, converges uniformly to f, if
lim sup dy (fn(2), f(z)) =0
n—oo zeX
If (Y,]| - ||) is a normed space, then f,, — f uniformly, if and only if
Tim (£ floo =0
Example 2.13. f, :[0,1] — [0,1], z — f,(z) = 2", then pointwise

0 forxz<1

fal2) = fx) = {1 forz=1"

However, (f,) does not converge uniformly to f since sup |f,(z)— f(z)| =1
z€[0,1]

Definition 2.14 (Uniform limits of continuous functions are continuous).

Let (X, 7) a topological and (Y, d) a metric space. Let f,, : X — Y be a sequence

of continuous functions and let f,, — f uniformly. Then f is continuous.

Corollary 2.15. Let X be a topological space, (Y,|| - |ly) a complete normed
space and Cy(X,Y") the space of continuous bounded functions equipped with the
| - lloo-noTm.

1flloe = sup [|f(z)[ly
zeX

Then the normed space (Cp(X,Y), | - |loc) s complete.

Definition 2.16 (Open cover and finite subcover).
Let (X,T) be a topological space and Y C X. A family (U;);er of open sets,
U; € T Viel,is called an open cover of Y, if

Y c|Jus
el
A set K C X is called compact, if any open cover (U;);er of K admits a finite
subcover, i.e. there exists i1,...,1, € I such that:

K C U U;

i=i1,... in
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Example 2.17. 1. Every finite subset K = {z1,...,2,} of a topological
space is compact.

o0
2. (0,1] C R is not a compact set. The open cover (0,1] C |J (%,2) admits
n=2
no finite subcover.

Theorem 2.18 (Bolzano-Weierstrah). Let K C X be compact. Then any se-
quence in K has a cluster point in K.

Exercise 2.3. Proof Theorem 2.18.

Remark 2.19. In metric spaces also the converse is true.

Proposition 2.20. Let f : X — Y be a continuous function and K C X a
compact set. Then also f(K) CY is compact.

Proposition 2.21. 1. Let X be a topological space and K C X compact.
Then any close subset A C K 1is also compact.

2. If X is a Hausdorff space and K compact, then K is closed.

Definition 2.22 (Bounded sets and the diameter of a set).
Let X be a metric space.

1. A subset B C X is bounded, if

AC e RVz,y € B: d(z,y) <C

2. The diameter of the set Y C X is
diam(Y) = sup{d(z,y) | z,y € Y} € [0,00) U {o0}

Theorem 2.23.
Let X be a metric space and K C X compact. The K is bounded and closed.

Theorem 2.24 (Heine-Borel). A subset K of a finite-dimensional normed space
1s compact if it is bounded and closed.

Theorem 2.25 (Weierstral). Let f : K — R be a continuous function and K
compact. Then f is bounded (f(K) C R is bounded) and attains its mazimum
and its minimum.

Definition 2.26 (Equicontinuity).
Let X,Y be metric spaces and A C C(X,Y). Then the set A is called equicon-
tinuous at x € X, if

Ve>030 >0VfeA: [f(Bs(x)) C B(f(x)).
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Theorem 2.27 (Arzela-Ascoli). Let X be a compact metric space and consider
C(X,C) equipped with the || -||co-norm. A subset K C C(X,C) is compact, if and
only if it is closed, bounded pointwise (i.e. Vx € X :

sup [ f(x)] < o0)
fekK

and equicontinuous.

Definition 2.28 (Connected, disconnected and path connected spaces).
Let X be a topological space. If X is the union of two disjoint, open, non-empty
sets, then X is disconnected, otherwise connected.
X is path-connected, if any two points zg,x1 € X can be connected by a contin-
uous path, i.e. there exists
v:[0,1] = X
continuous, with y(0) = g and (1) = z;.
Proposition 2.29. If X is path-connected then X is connected.

Proposition 2.30. Let O be an open subset of a normed space. Then O is
connected, if and only if it is path connected.

Proposition 2.31. Let f : X — Y be continuous and A C X (path) connected.
Then also f(A) CY is (path) connected.

Definition 2.32 (Domain).
A non-empty, open, connected subset D C X of a topological space X is called
domain.

Definition 2.33 (Bounded functions).
A function f: X — Y with X a set and (Y, d) a metric space, is called bounded,
if and only if f(X) C Y is bounded.

Definition 2.34 (Bounded linear maps and their norms).
A linear map A : V' — W between normed spaces is called bounded, if A(B1(0))
is bounded, i.e.

AC eRVz eV |Az||lw < C|lz|v.
The smallest such constant C' is called the operator norm of A, i.e.
1Allop := sup{[| Az[lw | = € B1(0)}
The space of bounded linear maps V' — W is denoted by
LV, W) or B(V,W)
and || - ||op is @ norm on L(V,W).
Remark 2.35. 1. If Ae L(V,W) we have for all z € V

1Az (lw < [[Allop - ]IV

2. If (W,|| - |lw) is a Banach space, then (L(V, W), || - |lop) is also complete.

3. If dim V' < oo, then all linear maps V' — W are bounded.



CHAPTER 3

Differential calculus

Remark 3.1. Recall that for a function f : R D> D — R

f'(wo) = lim f(x:z = j;(()%)
— lim f(zo+h) — f(zo)
h—0 h

This can also be formulated with sequences:

V(zyn) C D\{zo}, lim =, =z¢: lim lan) = Flwo)
n— 00 n—oo Ty — X0
Definition 3.2 (Partial derivative).
Let n € N, D C R" open, (W, ||-]|) a normed space. For z € D and j € {1,...,n}
a function f : D — W is called partially differentiable in the j** coordinate
direction at x, if the limit:

lim f(x+hej)—f(x) . f(‘rlaan"'axj_Fha"'axn)_f(xlw"a'rn)
h—0 h h—0 h

exists. One writes:

0
(%J;(x) =0;f(x) := lim

and calls the vector 9;f(z) € W the j* partial derivative at z.

If f is partially differentiable and the partial derivatives d;f : D — W are
continuous functions, then f is called continuously partially differentiable. The
vector space of the continuous partially differentiable functions on D C R” is
denoted by C'(D,W). The gradient of f at x is

Vi) = (01f(x),...,0nf(x)) € W"

Definition 3.3 (Vector field).
A map f:R®” DD — R" is called a vector field.

13



3. DIFFERENTIAL CALCULUS 14
Example 3.4. The gradient Vf : D — R" of a function f : R” D D — R defines
a vector field.

Definition 3.5 (Higher order partial derivatives). A function f:R" D D — W
(with W being a K vector space) is called r-times continuously partially differ-
entiable, if for all j = (j1,...,J4r), ji € {1,...,n}

1. fisc.p.d.
2. 0;,f is c.p.d.
3. 05,05, is c.p.d.

4. 0j,...0j [ is continuous

The K vector space of r-times c.p.d. functions is denoted by C" (D, W).
Definition 3.6. Let D C R"*, g € CY(D,R"), f € C*(D,R). Then:

893

divg: D — R, x = divg(x 28
Lj

is called the divergence of g,

D2g3(x) — O3g2(x)
curlg : D — R", x—curlg(x) = | O3g91(x) — 0193(x)

A g2(x) — O291(x)
for n = 3 is called the curl of g, and:

Af:D—R,  z— Af(z)=div(VS)(z Z

is called the Laplace of f.

Example 3.7. Let g : R" - R", x+ g(z) =2 (g =1id) and f: R"\{0} = R,
x + ||z]]2. Compute divg and Af.

Theorem 3.8 (Schwarz).
Let f € C*(D,W), D CR*. ThenVx € D, j,ic€{l,...,n}

0;0i f(x) = 0;0;f(x) .

Corollary 3.9. Let D C R3, f € C?(D,R) and g € C?(D,R3). Then curl(Vf) =
0 and div(curl g) = 0.
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Definition 3.10 (Directional derivative). Let V be a real, normed space, W a
normed space, D C V open and f : D — W. Then the directional derivative of
f at © € D in the direction v € V is defined

z + hv) — f(x
30 $(0) = iy L2 1) = 10

d
= %f(:z + hv)‘hzo,
if the limit exists.

Example 3.11. For f:R" — W we have 0, f(z) = 0; f(z).

3.1 The derivative as linear approximation

For f: R — W differentiability at zg € R means

i (FOZLE ) = iy A0

T—T0 T — X T—=T0 T — XQ
where ¢(z,x0) = f(z) — f(xo) — f'(z0)(x — x¢) or, after reshuffling

f(x) = f(zo) + f'(x0)(z — z0) + @(z, z0)

where

_ . . |90(IE,QL’0)| _
go(a:,a:o) —O(|JJ—1U0|) = xli{lxlom =0
The map R — W, x — f'(xg) - z is R-linear and the map R — W, =z
f(zo)+ f(x0)(x —x0) is affine-R-linear. Hence, we think of f(z¢)+ f'(x0)(x —x0)
as the (affine) linear approximation to f near x.

Definition 3.12 (Total derivative).

Let V be finite-dimensional real vector space, W a normed space, G C V open
and f: G — W. We call f differentiable at xg € G, if there exists an R-linear-
map A : V — W such that:!

lim f(z) = f(x0) — A(z — 0)

=0
@0 [l = wollv

Then A is uniquely determined by the above equation, is denoted by D f|,,, and
called the total derivative or the differential of f at z.
If f:G — W is differentiable at all x € G, then f is called differentiable on G
and:

Df:G— L(V,V), x+— Df|,

is a function on G taking values in the linear maps from V to W.

"Here || - ||v is any norm on V, since V is a finite-dimensional vector space
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Ezxercise 3.1. Show that the R-linear map A in Definition 3.12 is unique.

Remark 3.13. f : G — W is differentiable at g = f(z) = f(x0) + Df|z,(x —
o) + o([[z — xollv)

Example 3.14. Let L : V — W be a R-linear map. Then
L(z) = L(zg + © — x9) = L(x0) + L(z — x9) = L(x0) + DL|y,(z — x0)
and hence DL|;, = L.

Theorem 3.15 (Jacobi matrix).
Let G C R™ and let f : G — K™ be differentiable at a point g € G. Then

ofi
(Dke)is = 5

(zo)

J
or, more explicitly
I fi(zo) ... Onfilzo) V fi(zo)

Dfls, = : : = :

the Jacobian matriz.
Theorem 3.16. Let G C R" open and f € C*(G,K™)2. Then f is differentiable.

cont. part. diff. = differentiable = part. diff.
U

continuous

None of the implications holds in the reversed direction! But cont. part. diff. <
differentiable with continuous derivative.

Theorem 3.17 (Chain rule). Let U,V be finite dimensional real vector spaces,
W a normed space, G CU, HCV open and g: G =V, f: H— W maps with
9(G) C H, i.e.

U-¢- LS Hcv Lw

If g is differentiable at x € G and f is differentiable at g(x) € H, then fog :
G — W s differentiable at x and

D(fog)l.= Df‘g(:v) - Dyl

2continuously partially differentiable
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Corollary 3.18. For a function f € CY(G,W), GCV, 20 € G, andv € V we
have

Ouf(x0) = D flagv
Exzxercise 3.2. Proof Corollary 3.18.

We now want to state the Taylor theorem. To do so we, however, have to
understand higher-order differentials. For f : G — W, with G C V an open
subset, the differential D f is a map

Df:G— L(V,W).
Thus the second derivative D(Df) is a map
D(Df): G — L(V,L(V,W)) 22 La(V x V, W)
(= bilinear maps V' x V — W) and the k" derivative:

DFf:G—= LV x...xV,W)

k-times

Theorem 3.19 (Taylor). Let G C V open, xg € G, and 6 > 0 such that Bs(xg) C
G. Then for any function f € C*(G,W) and x € Bs(x)

£(@) = F(@0) + Dflag(w — 70) + 5 D Fleg( — 70,7 — 0)
+ 5D Flao(w = a0, = 20) + o = o)

Definition 3.20 ((Strict) local maximum). Let X be a topological space and
f: X = R. A point g € X is called a (strict) local maximum of f, if

3 C Ulwo) Vr € UNaok () fzo)

The definition for a local minimum is analogous.

Theorem 3.21. Let G CV and f € CY(G,R) have a local extremum at xo € G.
Then Df|y, = 0.

Theorem 3.22. Let G C V and f € C*(G,R) and x9 € G such that Df|,, = 0.

1. If D*f|u(h,h) > 0 Vh € V\{0}, then f has a strict local minimum at xg
2. D?f|zo(h,h) < 0 Vh € V\{0}, then f has a stric local mazimum at x

3. If D%f|,, is indefinite, then f has no local extremum at x

Theorem 3.23 (Mean value theorem in one dimension). For a function f :
[a,b] = R continuous and differentiable on (a,b). Then Jxy € (a,b):

f(0) = f(a)

f'(wo) = b—a
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Theorem 3.24. Let G C R" and f : G — K" be continuously differentiable. Let
v : la,b] = G continuously differentiable. Then

b
F6O) - f0@) = [ Dilw /(0 d
@ KneRn €R™

Theorem 3.25 (Mean value theorem). G C R", f € CY(G,K™). Let x € R"
such that {x +th |t € [0,1]} C G. Then

1
fa+ ) = f@) = | [ Dfloemat ] b
0
Corollary 3.26. The setup is as in the Theorem 3.25. Then

1
15@) = £ < | [ DA\ende] 1w
0

sup ||Df]:||
zZETY
For f: R™ — R we obtain again

fy) = f(x) =Dfl. - (y —z)

Definition 3.27 (Equivalence of norms).
Two norms || || and || - || on a vector space V' are equivalent, if 3¢, C' > OVx € V:

cllzfla < flzllo < Cllafla-
Theorem 3.28. On finite dimensional vector spaces, all norms are equivalent.

Theorem 3.29. All finite dimensional normed spaces are complete (Banach
spaces).

Definition 3.30 (Frechet derivative). Let X and Y be Banach spaces and G C X
open. A map f: G — Y is differentiable at © € G, if there exists a continuous
linear map A : X — Y such that

f(x+h) = f(x) + Ah + o(|[h] x)
for h in a neighbourhood of 0 € X. The notation A = D f|, remains.

Example 3.31. X = C%([0,7],R"). An element x € X is amap z : [0,T] — R".
We can equip this space with a norm

l2]lx = llzlleo + %[00 + 1]l
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an turn it into a Banach space with respect to that norm. The action is given by
T
S X SR 20 S) = /L(a:(t),a‘c(t)) dt,
0

where L: R"xR" - R, (q,v) = L(q,v) € C? (e.g. L(q,v) = 3m|[v||> =V (q)).
We compute the derivative DS|; of S: z,h € X

St~

S(x+h) = L(()+h() #() + (1)) di

T

/ )+ { DuLla(o.a0 - ht) + DuLliatiatey - A1) }) + o(11%)
0

T
)+ / (DqL!(w@),r(t))‘h(t)+Dle(m(t>,¢<m -h(t)) +o(||hl%)
0

DSlah
= S(2) + Do Ll(z(1)a(1)) - P(T) — Dy L] (2(0),3(0))

+/T<D Lo ( Dy L] >> h(t) dt + o(|[h[%)

for h € X such that h(0) = h(T) =0

d
— =Dy L|(z(2),6()) = 0

DS|zh=0 & DqLl@)em) — 5

the Euler-Lagrange equation.

Definition 3.32 (Dense subspace).
A subset A C X of a topological space (X,7T) is called dense, if and only if
A=X.

Remark 3.33. If A C X is dense, then ANO # ) for any O € T\{0}

Proposition 3.34. Let f,g : X — Y be continuous functions, Y a Hausdorff
space, and A a dense set. Then

flai=gla = f=g

Exzxercise 3.3. Proof Proposition 3.34.



CHAPTER 4

Implicit functions and ordinary
differential equations

4.1 Implicit function theorem

We ask the question of when it is possible to smoothly parameterise the level sets
of a function.
F:R"xR™ — R™, z,y) — F(x,
(z,y) = F(z,y)
Rn+m

If F'is "smooth", then we expect the level sets to be n-dimensional submanifolds
of the domain R ie. sets that locally looks like the graph of a smooth
function g : R® — R™

Theorem 4.1 (Implicite). Let G C R™*™ be open, F € C1(G,R™), and
N = {(e,5) € G | Fla,y) =0},

If for (a,b) € N it holds that the matriz:

OF; o

8y1 e 6y'm
DyF|qp = : : (a,b)

OFm OFm

8y1 e 6y'm

s inwvertible, then there exists open neighbourhoods Uy C R™ of a and Uy € R™
of b with Uy x Uy C G and a function g € C1(Uy,Us) such that

N N (Uy x Ug) = graph(g)

=vy)
0)

-1
Dgly = = (DyF|(zg(xy))  * DaFl(zg(a))

(more explicit: ¥(z,y) €e Uy x Uy : F(z,y) =0 <& g(x)
(< one can solve F(x,y) = g(x) locally for y, F(x,g(x)) =
Moreover,

20
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Definition 4.2. Let G, H C R" be open. A map C!(G, H) is called a diffeomor-
phism, if it is bijective and also the inverse f~! € C1(H,G).

FEzercise 4.1. 1. Prove that the differential Df|, : R" — R" of a diffeomor-
phism f is always invertible for all x € G.

2. Give an example of a bijection f € C! such that f~! is not continuously
differentiable.

Theorem 4.3 (Inverse function theorem). Let G C R™ be open and f € C*(G,R").
If for a € G it holds that Df|, is invertible then there exists an open neighbour-
hood U of a such that f|y : U — f(U) C R™ is a diffeomorphism.

Definition 4.4 (Local extremum under constraint).

Let G C R" be open and f,h € C}(G,R). Let N = {z € G | h(z) = 0} and
a € N. We say that f has a local extremum (maximum or minimum) at the point
a under the constraint h = 0 if f|y has a local extremum at a.

Theorem 4.5 (Necessary condition for local extremum under constraint). Let
G, f,h,N as above. If a € N is a regular point of h (i.e. Vh|, # 0) and a local

extremum of f under the constraint h = 0, then there exists A € R such that:
Vf(a) = AVh(a) (4.1)
with \ being the Lagrange parameter.

Theorem 4.6 (Sufficient condition for local extremum under constraint). Let
G C R™ be open, f,h € C?(G,R). Let fora € N the necessary condition Eq. (4.1)
be satisfied, i.e. there exists A € R such that VF(a) = V(f — Ah)(a) =0, then:

1. If D*F|,(v,v) > 0 for all v € R"\{0}, Dh|av = 0, then f has a strict local

mintmum at a under the constraint h = 0.

2. If D?F|4(v,v) <0 for allv € R™\{0}, Dh|av =0, then f has a strict local
maximum at a under the constraint h = 0.

3. If D*F|,(v,v)0 is indefinite, then f has no local extremum at xg.

Remark 4.7. If h : G ¢ R® — RF then N = {h = 0} is a n — k-dimensional
submanifold. In this case, the necessary condition for extremum under constraint
N becomes

Vf(a) € span{Vhi(a), Vha(a),..., Vhg(a)}
& MeRF: V(- AR)e=0 & Vf=MVhi+...4+M\Vh.
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4.2 Ordinary differential equations

Definition 4.8 (Autonomous first order ODE). Let G C R™ open, v € C(G,R")
a continuous vector field, and I C R an open interval containing 0 € R. A curve
v € CYHI,G) is a solution of the autonomous first order ODE

v = v(vy) with initial datum zo € G,

if v =wvon,ie v (t) =v(y(t)) vVt € I, and v(0) = x¢. In this context, v is also
called an integral curve of v.

Ezercise 4.2. Determine and draw some integral curves for the vector fields

VR SR, (5,y) o vl y) = <‘yx) ,

wiR2 SR (z,y) — w(z,y) = <";> .

Definition 4.9 (Autonomous m’th-order ODE). Let m € N. An autonomous
n' order ODE on a domain D C R™ is given by a continuous function

f:DxR"x...xR" - R"
—_—————
(m—1)-copies
and the equation
V™ = f A A Y).
Now v € C™(1, D) is called a solution with initial datum (xg,y1,- .., Ym—1), if
() = F(y(),7 (1), (@) VEeT
and 7(0) = zg and Y (0) =y; Vi =1,...,m — 1.

Definition 4.10 (Non-autonomous first order ODE). Let J C R be an open
interval. A continuous map

v:JxD—=R" (t,x)—v(t,x)
is called a time-dependent vector field. The ODE

v =v(t),

is called a non-autonomous first order ODE. If I C J is an open subinterval,
to €I, x9p € D then v : I — D is a solution with initial value xq for initial time
to, if

V() =v(t () VEel

and y(tg) = xo.
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Remark 4.11. Non-autonomous first-order and autonomous m’th-order ODEs all
reduce to autonomous first-order ODEs.

Definition 4.12 (Local and global Lipschitz condition). Let U C R x R™ and
ve C(U,RY)

1. We say that v satisfies a Lipschitz condition, if there exists L > 0 such that

V(t,2),(ty) €U lo(t,z) —o(t,y)ll < Lz -y

2. We say that v satisfies a local Lipschitz condition, if every (t,x) € U admits
a neighbourhood V' C U such that v|y satisfies a Lipschitz condition.

Theorem 4.13 (Picard-Lindeldf). Let U C R x R™ be a domain and let v €
C(U,R"™) satisfy a local Lipschitz condition.

1. Local existence: For any (to,zo) € U there exists § > 0 and a curve v €
C((to — 6,to + 0),R™) that is a solution of ¥' = v(t,v) with initial datum
~(to) = xo.

2. Uniqueness: If J C R is an interval with to € J and 5 : J — R" solves
~' = w(t,v) with (tg) = zg, then

) =~(t)  Vte TN (to— bt +5).

Definition 4.14 (Maximal solution). Let v € C(J x G,R") satisfy a local Lip-
schitz condition. A solution v : I — G of 7/ = v(¢,7) is called maximal solution,
if the following holds: If I ¢ I ¢ J and 4 : I — G is a solution of v/ = v(t,z)
with 4|7 = ~, then I = I.

Corollary 4.15. Under the conditions of the Picard-Lindeldf-theorem, there ex-
ists for any initial value a unique mazimal solution.

Theorem 4.16. Let J = (j_,j+) C R, G C R™ a domain, and v € C(J x G,R"™)
satisfy a local Lipschitz condition. Let v : (t_(to,zo),t+(to,x0)) — G be the
unique mazimal solution of v = v(t,x) for the initial value (to,z9) € J x G. If
t4(to,x0) < j4, then for any compact C G there exists 0 < T < ty(tg,x0) such
that

’y(t) Qé K vVt € (TK,t+(t0,.CCO)) .

Definition 4.17. A locally Lipschitz vector field v € C(G,R") is complete, if
there exists a global solution v,, € CY(R, G) of 7/ = v(7) with v,,(0) = x¢ for
any initial value xg € G. The associated flow is:

®:RxG—G, (t,z) = D(t,x) = v2(t)

and
v :G— G, = Oy(x) = O(t, 2)



4. IMPLICIT FUNCTIONS AND ORDINARY DIFFERENTIAL EQUATIONS 24

is called the flow map at time ¢. It satisfies
(I)to(I)s:(I)t+s Vi,s € R

i.e.
R — Bij(G — G), t+— P

is a groups action of (R,+) on the set G.

Theorem 4.18. If v satisfies a local Lipschitz condition and is complete, then
the corresponding flow maps ®; : G — G are continuous. If v € C', then the
flow maps ®; : G — G are also C".

4.3 Linear ordinary differential equations

Definition 4.19 (Non-autonomous homogeneous linear system). Let J C R
open interval, A : J — £L(R") is continuous.

1. The ODE
Y =Atyy  (v(y) = A(t)y)

is called a non-autonomous, homogeneous, linear system.

2. If b: J — R" is continuous, then
Y = Aty + b(t)
is called a non-autonomous, inhomogeneous, linear ODE.
Example 4.20. In the homogeneous autonomous case
v = Ay
the unique global solution with initial datum x, € R" is

~y(t) = e

o
At _ tn A"
where e** = §0 el
n=

Theorem 4.21. J C R open, A:J — L(R™) and b: J — R™ continuous. Then
for very tg € J and xg € R™ there exists a unique maximal solution v : J — R™
of the ODE

7 = A(t)y + b(t), with v(to) = w0 -
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Lemma 4.22 (Gronwall). Let a < b and u : [a,b] — [0,00) continuous. Assume
dL,C > 0 such that fort € [a,b]:

u(t)§C+L/u(s)ds.

a

Then
u(t) < celtt=a)

Theorem 4.23 (The propagator of a non-autonomous, homogeneous linear sys-
tem). J C R open, A : J — L(R™) continuous constituting a non-autonomous,
homogeneous linear system. For fized to € J we define

O, R" 5 R, x> g (t) VEET (4.2)
with v, (to) = xo and call it the flow map (Eq. (4.2)) or the propagator.

Theorem 4.24. &, : R" — R"™ from Eq. (4.2) is a linear isomorphism.

We hence get that the solutions {y € C1(J,R™) | v' = A(t)y} with A as in
Theorem 4.23, form a n-dimensional subspace of C*(J,R™).

Theorem 4.25 (Variation of constants). Let ®; : R™ — R™ be the propagator of
a homogeneous linear system v = A(t)y and b : J — R™ continuous. Then the
solution of the inhomogeneous equation:

vV =AMy +b(t)  with  y(to) =z
18

v(t) = P (Ilfo + /Cbs_lb(s) ds) :

This approach is called the variation of constants.



CHAPTER 5

Measure and integration theory

Remark 5.1. 1. Idea of the Riemann Integral: Approximate f by "stair func-

tions", i.e. decompose the domain into intervals (rectangles, cubes, ...) and
use

g(SL') = Z Qi Xas,a541] (:E)
i=1
where for A C R the characteristic function of A is defined:

- {4 z¢!

The integral of a stair function is:

/g(:z;)dx = Zai(aiﬂ —a;)

i=1

. Idea of the Lebesgue integral: Decompose the range of the function into
intervals [a;, aj+1) and approximate by "simple functions"

g(@) = aixa,(@)
i=1

e.g. A; = fY(Jay, aiv1)) (not interval in general).
The integral of a simple function is given by:

/g(l‘) dx = Z aA(4;)
i=1

where A(4;) is the "length" of A; (area, volume, measure).

Example 5.2. f(z) = xgn,1)(z) is not Rieman integrable, but it is Lebesgue
integrable:

1
/f(:n)dx — 1 AQ@N[0,1]) 4+ 0- A0, 1\Q) = 0
0

26
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Remark 5.3. Two advantages of the Lebesgue integral:

1. There are more integrable functions, meaning spaces of Lebesgue integrable
functions are complete.

2. The Lebesgue integral can be defined on all spaces where one can define a
measure A (not only on R or R™).

5.1 Basic notions of measure theory

In 1924 Banach and Tarski managed to prove that there exists no volume map
vol : P(R?) — [0, 00) such that

1. vol(0) = 0, vol(]0,1]3) =1
2. X1,..., Xx € P(R?) pairwise disjoint, then
k k
vol( Ux) =" vol(X,)
i=1 i=1

3. Invariant under transformations. Let v € R®, A € O(3), X € R?, then

vol{Az+v : € X}) =:vol(A- X +v) = vol(X)

To circumvent this problem og-algebras and measure theory was created.

Definition 5.4 (o-algebra). A family A C P(X) of subsets of a set X is called
o-algebra, if

1.he A
2. Aec A = ACeA

3. A€ A forkeN = UAkE.A
k=1

The elements of A are called the A-measurable sets.

Proposition 5.5. Let A be a o-algebra on X. Then

1. XeA

2. Ae AforkeN = ﬂAkEA
k=1

3. ABeA = AUBeA AnBecA and AABe A
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Exercise 5.1. Proof Proposition 5.5.
Example 5.6. 1. P(X) and {0, X} are o-algebras on X

2. If Aj,j €I are, o-algebras on X, sois [ 4;
Jel

Theorem 5.7 (Generating system). Let F C P(X). Then the o-algebra gener-
ated by F is:

Ar= () B
B is o-alg.
FCB

Any F C P(X) that generates A is called generating system for A.
Definition 5.8 (Borel o-algebra). Let (X,7) be a topological space. Then
Ar =B
is called the Borel o-algebra on X.
Definition 5.9 (Measure). Let A C P(X) be a o-algebra. A map u : A — [0, 0]
is called a measure, if
L. p(@) =0

2. For pairwise disjoint sets Ay € A, k € N,
M( U Ak> = w(4y)  (o-additivity)
k=1 k=1

We further call p
1. a finite measure, u(X) < oo,

o0
2. a o-finite measure, if there exists a decomposition X = |J Ay such that

k=1
w(Ag) < oo Vk.

The pair (X,.A) is called a measurable space, the triple (X, A, u) is called a
measure space.

Example 5.10. Let X be a set and g € X. Then

|A| if A is finite

) "counting measure"
oo otherwise

v:P(X)—=[0,00], A v(A) _{

and

1 if A
dzo : P(X) = [0,00], A~ y0(A) = { T s "Dirac measure at xp”

0 otherwise

are measures.
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Proposition 5.11. Let p be a measure on (X, A) and A,B € A. Then
n(AU B) + (AN B) = pu(A) + u(B)
and if AC B
W(B) = i(A) + p(B\A) = p(A) < u(B).  monotony
For A; € A, j €N,

,u( [j Aj) < i p(Aj) sub-additivity

j=1 j=1
and if Aj - Aj+1 Vj, then

Jim p(4;) = u(j@l Aj)

Definition 5.12 (Measurable function and the push-forward of a measure).
Let (X,A) and (Y,C) be measure spaces. A map f : X — Y is called A-C-
measurable, if

cec = flHo)eA
If 1 is a measure on (X,.A) then

fru:C = 0,00, C = ffu(C)=pn(f1(C))
is called its push-forward under f.

Remark 5.13 (Terminology from probability theory). A measure space (X, A, i)
with p(X) =1 is called a probability space. Then the elements A € A are called
events and p(A) the probability of the event. Measurable functions f : X —
Y, (Y,C) a measurable space, are called random variables and the probability
measure f*u is called the distribution of f.

Theorem 5.14 (Lebesgue measure). There is a unique measure X on (R™, B) that
is translation invariant (i.e. N(A+ z) = A\(A), YA € BVYz € R") and normalised
to M((0,1)™) = 1. It is called the Lebesque-Borel measure and its completion is
called the Lebesgue measure.

FEzercise 5.2. Show that A(Q) = 0.
5.2 Basic notions of integration theory
Definition 5.15 (Simple function).

A function g : X — R = RU {—o00, +00} is called simple, if g(X) = {a1,...,ax}
is finite, i.e.

k
g(z) = Z%’XA]- () with A; N A; =0 for i # j
j=1
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Definition 5.16 (Integral of non-negative measurable functions).
Let (X, A, ) be a measure space and ¢ : X — [0, 00| a simple and measurable,

then .
/9 ="y aju(A;)
X i=1

For a measurable function f: X — [0, o0]

/fdu = sup { /gd,u ‘ g: X — [0, 00] simple, measurable and g < f}
X X

Definition 5.17 (Integral of measurable functions).
A measurable function f : X — R is integrable, if for f, = max{f,0} and
f— = max{—f,0} it holds that

/f+d/1,<oo /f_du<oo.

[ran= [ redn- [ £-au

Proposition 5.18. Let f,g : X — R be measurable and integrable and o € R.
Then

Then

1 [afdp=aof fdu
2. [(f+g)du= [ fdu+ [gdpu
8. f<g = [fdu< [gdu

Theorem 5.19 (Beppo-Levi, Monotone convergence). Let f, : X — [0,00]
measurable and fp, < fn+1 for alln € N. Let f := lim f, (pointwise), then
n—oo

JLI&/fndM:/fdu
Corollary 5.20. Let f, : X — [0,00] be measurable. Then
/liminf fndp <lim inf/fn du
n— o0 n—oo

Definition 5.21 (Almost everywhere).
We say that a property of a point z € X holds almost surely or almost everywhere
with respect to a measure p on X, if it holds for x € A C X and

p(X\A) =0,

i.e. if it fails to hold a null set only.



5. MEASURE AND INTEGRATION THEORY 31
Example 5.22. 1. A real number is almost surely irrational with respect to

Lebesgue’s measure on R.

2. Let f: X — [0, 00] be measurable. Then

/ fdu=0 <« f =0 almost everywhere
X

3. Changing an integrable function f on a null set does not change [ f dpu.
4. For integrable functions we do not include oo into the range anymore.

Remark 5.23. 1. Every Rieman integrable function f : [a,b] — R is also
Lebesgue integrable and the integrals coincide.

2. A function f: X — C is integrable, if | f| is integrable and

/fd,u:/Refd,u—Fi/Imfdu

3. Analogously for f: X — W (W-finite dimensional).

4. For f: X — W, W a Banach space, the generalisation is called the Bochner
integral.

Definition 5.24 (LP-spaces).
Let (X, A, 1) be a measure space and 1 < p < co. Then

LP(X,pu) ={f:X — C | f is measurable and |f|? is integrable}

1l = (/f\pdu)p <o

Moreover, LP(X, u) = LP(X, )/ ~ with respect to the equivalence relation

and for f € LP(X, p)

f~g <& f=galmost everywhere.

Theorem 5.25 (Completeness of LP-spaces). Let (X, A, 1) be a measure space
and 1 < p < oo. Then (LP(X,p),| -|/z,) is a Banach space.

Theorem 5.26 (Dominated convergence). Let f,, : X — C be measurable, n € N,
and assume that f(x) = li_)rn fn(x) exists for almost all x € X. If for some
n o

g € LP(X, ), 1 <p < oo itholds that | f,| < |g| almost everywhere and for all
n € N then f,, f € LP(X, 1) and

lim |[fp, — fllz» =0
n— 00

i.e. fn— fin LP(X, pu).
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Definition 5.27 (L and the essential supremum).
Let (X, A, 1) be a measure space. For measurable f: X — C (|f| : X — [0, 00])

we define
| fll Lo = inf {O <A< 0| ,u,(]f\_l((/\,oo])) = 0} = esssup |f].
Using this definition one can define

LX) ={f:X — C| f measurable and || f||p= < oo}

and
L®(X) = £2(X)/ ~

Example 5.28. 1. If u(X) < oo and f € L*™(X), then

/ fldu < / 1l di = ||l - ()
X

X =[lflleo

In particular L*°(X) C L'(X) in this case. Actually, LP(X) C L4(X) if
p>qand u(X) < oo.

2. X =R" p= A", then u(X) = oo and Item 1 does not apply. We prove
this by the following: Let @ € R

fa :R"\{0} = R, z— folz) = H;Ha

(a) A= B1(0) C R". Then for o > 0,

1

1 1
Jdv= [ ——dx=C, [ =14
/ ’f | / ||x||a+p C TOépT T
B (0) Bi1(0) 0

1
1 < ifa<
_On/ro‘pﬂndr_{:oo o>
0

We also could have used LP(B1(0)) € L%(B1(0)) for p > gq.
(b) A=R"\B;(0). Then

1 71
A= | ——d\=¢C, | —r"1d
/’f’ /”J;’a+p /TapT r
A A 1

1 <oo ifa>
:C"/Tap+1ndrz{:oo if o<

BISBIS

BISBIS
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Putting both together we can conclude that neither LP(R™) C L9(R"™) nor
L4(R™) c LP(R™) for p # q.

3. At last we want to show that pointwise convergence does not imply conver-
gence in the LP-norm. Let f, : R — R, 2+ X[pn41](7). Then for all p > 1

fn € LP with an||p =1land f, 25 £ =0, but

an - fHLP = anHLp =1.

This is because there exists no dominating function.

Theorem 5.29 (Hoélder inequality). Let f,g : X — C be measurable and 1 <
p,q < 00 such that % + % =1 (conjugated exponents) where é = 0. Then

Ifglley < [ fllze - llgllza

Remark 5.30. For p = g = 2 this is the Cauchy-Schwarz inequality on the Hilbert
space L?. Hence for f,g € L? = fg € L', since

‘/fgdu

=[(f.91£.9) 2]

< / Foldu < If 12 - llglce

Theorem 5.31 (Minkowski inequality). Let f,g : X — C be measurable and
1 <p<oo. Then
1+ glly < 11fllp + lgllp -

5.3 Product measures and Fubini’s theorem

Definition 5.32 (Product o-algebras).

Let (Xi,A1) and (X2, A2) be measurable spaces. Then A; ® Ay denotes the
product o-algebra on X x Xo generated by sets of the form A; x Ay C X1 x Xo
with A1 € Ay and As € A,, the so called product o-algebra.

Example 5.33. Let B® C P(R") be the Borel-c-algebra. Then B" = B'®...®
Bl

Theorem 5.34. Let (X1, A1, 1) and (Xa, Ag, u2) be o-finite measure spaces.
There exists a unique measure i on Ay ® As such that for all Ay € Ay, Ay € Ao

(AL x Ag) = p1 (A1) - pa(Az),
called the product measure and denoted by = p1 ® po.
Example 5.35. The Lebesgue-Borel measure

ANM=A®...oA.
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Theorem 5.36 (Tonelli). Let (X1, A1, p1) and (Xa, Aa, u2) be o-finite measure
spaces. Let f: X1 x X9 — [0,00] be A1 ® Ag-mensurable. Then

[t = [ ([ o dus )i

X1><X2 Xl X2
—_———
fet. of x1
—/(/fxz dul>dﬂz
X X

where fu, : Xo = R, 29— f(x1,22).

Example 5.37. X1 = X5 = [0,1], 41 = A, 2 = v the counting measure. Hence
(X2, p2) is not o-finite.

f:X1><X2—>[0,00]

1 if 21 = a9
— 0 = i
(21, 22) 1,22 { 0 otherwise

Now the results for the integrals. For the first integral, we calculate

/f(th) dpy =0
—_—
=fap (1)

/(/f”’f?(xl)dﬂl)duzzo

For the second integral, we calculate

and obtain

T1,x2) dus =0 - )+ 1- ) =1

/f( 1,72) dpz 12(X{r=0}) 12(X{r=1})
le(xQ)

hence obtain

/</f~"31($2)d/~02> dpr = 1.

I.e. the two integral do not agree.

Theorem 5.38 (Fubini). Let (X1, A1, 1) and (Xa, Az, 2) be o-finite measure
spaces and [+ X1 x Xo — C measurable. Then the following two statements hold.

1. We find the following equivalence:

/(/’fx1’dﬂ2)dﬂl<oo or /(/|fx2\d,u1>d,u2<oo

X1 Xo X2 X1
if and only if
fe (X1 x Xo, 1 @ pa).
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2. If f € LY (X1 x Xo, 41 @ ug), then

[t = [ ([ fodos)dm
Xo

X1><X2 Xl

=/<)Z fzgdﬂl)dNQ

X2

Example 5.39. X = N, A = P(N),u = v counting measure. f : X — R,
n — f(n) (real sequences). The integral is then defined as:

[an=> )
X n=1

Now we consider g : X x X — R, (n,m) — g(n,m). There appears the question
of whether it is possible to change the order of summation. Fubini’s theorem
allows us to answer yes to that question in the case of absolute convergence.
Hence if > > |g(n, m)| < oo, or equivalently with the summation order changed,

m n
we can change the summation.



CHAPTER 6

Physics preface

A physical theory is a (mathematical) model for how (parts of) the physical world
could work. Physics is about

1. inventing or discovering good "theories",
2. collecting empirical data (experiments),

3. comparing the empirical facts about our world with our theoretical worlds.
Quote from Democrit (400 B.C.):

"Apparently there is colour, apparently sweetness, apparently bitterness, while
in reality there are only atoms and empty space."

Modern physics uses mathematical models of the world, because (at least in
good models) empirical predictions can be deduced by mathematical methods
(computing, simulating, proving) in an unambiguous way.

6.1 Classical mechanics of point particles

6.1.1 Newtonian mechanics

Newton established a mathematical model for the motion of N particles (ap-
ples, planets, atoms, bullets, ...) in physical space and time. The Newtonian
representation of the physical space is E® (three-dimensional euclidean space),
R? after the choice of an origin and an orthonormal basis. The time in Newto-
nian mechanics is described by E* (euclidean line), R after the choice of an origin.

Definition 6.1 (Configuration space of N point particles).

ge RN =R3 x ... x R® = configuration space.
—————

N-copies

36
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q=(q1,92,.--,qn), qj € R3 position of the 4t particle.

In this model, the "world" is completely specified by the position of all par-
ticles at all times, i.e. by a curve

YRR, (1)

in configuration space.

The physical "law" is a second-order ODE for v, Newton’s law:
§=M"F(t,7,9)

with M being the mass matrix, F'(t,~,") the force field and 4 the acceleration.
Only the solutions to this ODE are possible worlds, according to Newtonian
mechanics. Assuming sufficient regularity of F', a unique solution is determined
by specifying the positions ~y(ty) and the velocities ¥(ty) at some time ¢y € R =
predictions of the theory.

The explicit specification of M and F is also part of the law.

Example 6.2 (Gravitating bodies).
mq 0
M =

0 mpy

with m; being the mass of the i body,

mim;(¢ — q )
Fy(tg.0) = Fy(g) = 6y il — ) 6.)
P

For N = 2 one finds Kepler’s ellipses as special solutions, meaning Kepler’s laws
follow from Newtonian gravitation.

The gravitational force is an example of a conservative force field, i.e. a force
F :R3N — R3¥ that is the negative gradient of a scalar function V : R*V — R,
the so-called potential, F = —VV.

Ezercise 6.1. Check that a Newtonian potential for Eq. (6.1) is given by V(q) =
¢y
2 < lgi—gll®
]

For conservative forces, Newtonian mechanics display "conservation of en-
ergy”. This means the function

E:R¥NV xRN SR

N

E(q,v) =Y Sl + V(o)

Jj=1
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is constant along solutions of ¥ = —M~'VV (y), i.e.

E(y(t),7(t)) = E(y(to),¥(to)) ~ ViR (6.2)

Exercise 6.2. Show the above assertion, i.e. if ¥ = —M~!VV (y), then Eq. (6.2)
holds.

In other words, the solutions of the Newtonian evolution stay on level sets of
the function E! If V' is translation invariant, i.e.

Vg +a,q2+a,....qv +a) =V(q,...,qn) Va € R3

then also the total momentum:
N
P(q,v) = P(v) = ijvj €R3
j=1

is conserved. If V is invariant under rotations of R?, i.e.

V(qu,,RQN) :V(Q1aan)

then angular momentum
N
L(g,v) =) mjgj x vj
j=1

is conserved. This observation of symmetries leading to the conservation of func-
tions in ¢ and p is more than by accident but follows the so-called conservation
laws. As is the case for any 2nd-order ODE, one can write Newton’s equation as
a first-order ODE on R% leading to the concept of Hamiltonian mechanics.

6.1.2 Lagrangian mechanics

Another very popular and useful formalism is the Lagrangian formulation of
classical mechanics as a variational problem: A Lagrangian function is a function

L:R¥N xRN SR, (q,0) = L(g,v)
N .
(e.g. L(g,v) = Zl Sllvill* = V(g)). Let
‘]:

= {y:C*([0,T),R*")}

the space of C2-paths in configuration-space on time interval [0, T]. The action
of such a path is
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Then the principle of least action asserts that the physically possible paths are
those for which S (when adding appropriate constraints) is critical, i.e.

D(S—-X-H)y,=0 Euler-Lagrange equation (6.3)

DSlyh = DoLlty(r)5(r)) - MT) = DuLl3(0),5(0)) - MO)

T

d
/{D Ll — (dtD L ()))}h(t)dt
0

a part of Eq. (6.3) is often (when h is only contained at single points)

d
G P Elewsm =0 vt

For £ =3 %2 ||vj||> — V(g) these are exactly Newton’s equations.

Dy L) 5(8)) —

6.1.3 Hamiltonian mechanics

Another approach is the one of Hamiltonian mechanics. The phase space of N
particles in R? is
P=R" zeP,
where
xr = (Q17-~-aQJ\QP1’--~7pN)

positions momenta

(in general, P is a symplectic space or manifold). The canonical symplectic form
on P =R ig

J: RGN X R6N — R, (ZE1,$2) — <l’1|[1‘2>

_ 0 idRSN T _
I_(—idR3N 0 )7 ==

with

The law of motion is the first-order ODE on P where the vector field is the
symplectic gradient of a function. H : P — R, the Hamiltonian:

a&=IVH(a), «a:R—P=RW
With a(t) = (Q(t), P(t)) this reads

(50) = (S 3) oty mon)

:<VVI}[{ ,PP( >
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J
Let : R x P

one has

N

For H(q,p) = > ﬁj”ijQ + V(q) one finds again Newton’s equation.
=1
%

P, (t,x) — ag(t) be the flow of a Hamiltonian system. Then

1. conservation of energy: Ho®;, = H VteR

2. conservation of phase space volume (Liouville’s theorem):
Qi =\ (ie. M(@(A)) =A(A) VA€ B(P))

with A the Lebesgue measure, respectively Liouville measure.

6.2 Non-relativistic quantum mechanics

We would hope for a mathematical model for the motion of IV particles (electrons,
nuclei, atoms, ...) in physical space and time. However, quantum mechanics fall
short of this expectation. Strictly speaking, quantum mechanics is a mathe-
matical formalism that allows making empirical predictions about such systems,
which are confirmed by experiments very well. The physical nature of those par-
ticles moving in space and time (also when we do not perform experiments or
"observations" on them) is an ongoing debate for almost 100 years.

6.2.1 Quantum mechanics of N interacting spin-less point par-
ticles

1. The state of the system at time ¢ € R is completely described by the wave-
Sfunction

w(ta ) R - C,
where
[0t N, = [ it a¥g =1

R3N

is assumed. The physical meaning of (¢, ) is that

p(t,q) = |v(t,q)

is a probability density: The probability that the configuration Q(¢) is (or is
found to be when someone measures) in a subset A C R3" of configuration
space is given by

Prow(@(t) € A) = P*(8) = [ 1ot )P e,
A
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Thus, the wave-function 9;(-) = 1(t,-) defines a probability measure P¥t
on configuration space. It should be noted that the wave function does
not provide a mass- or charge density. Quantum mechanics is about point
particles, not about smeared-out "stuff"!

2. The dynamical law specifying the time-evolution of the state ¥(¢,-) is the
Schradinger equation

ihdw(t, q) —EQZ b(t,q) + V(a)v(t,q)

= (H Q/))(75, Q)

where the linear operator (to be defined on suitable function spaces)

N
1
2
=1

is called the Hamiltonian. The Schréodinger equation is a linear partial
differential equation (PDE) for a function on configuration space R3"V.

Definition 6.3 (Definition). Square integrable solutions of the time-independent
Schrodinger equation

(HYg)(q) = EYE(q) for some E € R
are called eigenstates of H (or energy eigenstates), and
U(t,q) = e "Fp(q)

is a stationary solution of the time-dependent Schrédinger equation.
Typically, only for a discrete set {E£;} C R solutions of the time-independent
Schrédinger equation in L? exist.

Example 6.4. 1. Free particle in a box:

d2
— ot @) = Bv(@) v e L2(0,1])
with Dirichlet boundary conditions ¥ (0) = (1) = 0.
= y(z) = V2sin(n -7 - 2) neN
2.2

with the "energy eigenstates" E, = n* - 7~

2. Hydrogen atom:

C
H=—-—A,— — on L*(R?
2me ! ’CI‘ ( )
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with the energy eigenstates of F,, = —n% for n € N. The differences E,,— E,,
correspond to energies of spectral lines of hydrogen atoms, i.e. to photons
absorbed or emitted by hydrogen. The corresponding eigenfunctions are
called orbitals.

3. Harmonic oscillator:

For the time-independent Schrodinger equation

1
Hy, = E2p,  one gets En:hw<n—|—2> n € Ny

1 mw 1/4 [w mwz?
n = _— Hn _— - 1
'lﬁ (SL‘) Sl (Wﬁ) < 5 .1‘) e 2h

with H,(-) being the Hermite polynomials.

and

6.2.2 "Axiomatic" formulation of the quantum measurement for-
malism

1. State space: The possible states of a quantum system are described by
normalised vectors ¢ € H in a Hilbert space H.

2. Observables and operators: Every physical observable A corresponds to a
self-adjoint operator A on H.

3. Measurement process:

(a) Possible outcomes: The measurement of an observable A yields as an
outcome one of the eigenvalues of the corresponding operator A.

(b) Probabilities: Let A be an observable and a; an eigenvalue of the
associated operator A and F,, the spectral projection on the corre-

sponding eigenspace. The probability for obtaining the result a; when
measuring the observable A on a system in the state 1 is

Prob(A = a; | ¥) = | ot

(c) State after the measurement: If the measurement of the observable A
on a quantum system in the state v yields the outcome a;, then after
the measurement the state of the system is

P,

Yeoll. = w5
“ | Pa; 2|

"collapse of the wave function".
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4. Dynamic law: In between measurements the state ¢ of the system evolves
according to the Schrédinger equation:

. d -
ih-C() = Ho(?),

where H is the Hamilton operator (the operator corresponding to the "en-
ergy observable")

5. Correspondence principle: Let A: RN — R, (q,p) — A(g,p) be a classi-
cal observable. Then the corresponding operator A is the given

A = A(q,—ihV,)
acting on L2(R3V) = H.
Example 6.5 (Examples of the applied correspondence principle).

N
1. H = H(q,—ihV,) = —h? 21 o Ag, +V(a)
J:

2. pj = —ihVy,; the momentum operator
3. ¢j = q; the position operator

4. [dj,pi] = ihdi; <> ih{q;,p;}, i.e. the Poisson bracket of classical mechanics
is replaced by the commutator.

Remark 6.6 (Dirac notation). It has turned out to be quite advantageous in the
context of quantum mechanics to use the notation of Paul Dirac (1902 - 1984).

1. Vectors ¢ € H are written as [¢)) ("ket")

2. The linear functional Jy : H — C, ¢ — Jy(¢) = (¥|p),, is written as (i)|
(Hbra||>

3. The inner product of ¥, p € H then becomes:
(plv) = ()
4. while "ket bra" is a rank one operator:

WXl - H —=H, x—=[vXelx = (elx)y -

5. A bounded linear operator A € £(#) can be written in terms of an ONB
(1) as

A=Y 1) (wslidus) @l = X (o dws syl

Jri=1 ij
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Definition 6.7 (Spin). Particles with "spin" are described by C"-valued wave
functions:

1. The wave function for one particle with spin % (m € Np)
w . RSN N (Cm+1
(e.g. for electrons m = 1, but for nuclei m = 0 or m > 1 are possibilities).

2. wave function for N particles with spin

RN — DY
(e.g. 6 electrons of a carbon atom: 1 : R1® — C%4).

3. The Pauli Hamiltonian for N =1, m = 1 is given by

Hy = o (<iV + eA@)* ¥ — ¢ (ol Bla)) s b
N———
eL(C?)

with o being Pauli matrices, A(q) the vector potential and B(q) the mag-
netic field (B = curl A).

Definition 6.8 (Bosonic and fermionic wave functions). Let us consider N iden-
tical particles, i.e. ¢ = (q1,...,qn). We then distinguish two cases.

1. m even — bosons — 9 : R3N — Ccm+D¥ symmetric under permutation of
arguments,

1/}((]77(1)7"‘7(1#(%)):Uﬂ'w(qla"'an) V’]TESN

2. m odd — fermions — 1 : R3N — Cm+)¥ anti-symmetric under permuta-
tion of arguments

w(QTr(l% sy qﬂ'(N)) = Sgn(ﬂ—)Uﬂw(QM cee 7QN) v € SN



CHAPTER 7

Math of (finite dimensional)
quantum system

We have discussed in the previous chapter that a quantum system is described
using a normalised vector in a Hilbert space. Further, we have seen that using
the correspondence principle we can turn a classical observable into a quantum
one, by just replacing ¢ — ¢ and p — —ihV, in the function that is an observ-
able. Up to this point, it is, however, completely unclear what we mean by the
function of operators on a Hilbert space, including also differential operators. All
inconsistencies and hand-wavy arguments given so far can be moulded into a solid
mathematical framework which you will come to know under the name functional
calculus. In this chapter, we will develop the simplest version of a functional cal-
culus namely it being defined on a finite-dimensional Hilbert space. Note that in
this section, although we try to be as abstract and general as possible, we will
always assume that H is finite-dimensional.

Definition 7.1 (Inner product space). Let H be a complex vector space. We
define the following

1. A sesqui-linear form on H is a map
B:HxH—>C
that is

(a) linear in the second argument, i.e. Y, ¢, x € H, A € C:

B¢, A¢ + x) = AB(¢, ¢) + B(¢, x) ,

(b) and conjugated symmetric, i.e. satisfies B(v,¢) = B(¢,) for all
v, €H.

2. A sesqui-linear form
() H—->H—C

45
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that is positive definite, i.e. (¢[¢p) > 0 for ¢p € H\{0}, is called inner
product or scalar product. The pair (H, (:|-)) is called inner product space

or pre-Hilbert space. We say that two vectors ¢, € H are orthogonal, if
and only if (|¢) = 0.

Theorem 7.2 (Norm induced by the inner product). Let (H,(:|-)) be an inner
product space. The map

[ : H = [0,00), =[] := /()
18 a norm on H.

Definition 7.3 (Hilbert space). We call an inner product space (H, ||-||) a Hilbert
space if it is complete with respect to the norm induced by the inner product.

Remark 7.4. Remember that finite dimensional normed spaces are complete.
Thereby every finite-dimensional inner product space is a Hilbert space.

Definition 7.5 (Dual of a Hilbert space). Let (H, (-|-)) a Hilbert space. We call
the space L(H,C) (i.e. the set of bounded linear maps from H — C) the space
of linear functionals on H or dual space of H and denote it by #H'.

Theorem 7.6 (Riesz representation theorem). Let H be a Hilbert space. The
map
JiH =M, e J@) with J()(p) = (¥lp)y ,

is an anti-linear isometric isomorphism.
Definition 7.7 (Adjoint operator). Let A € B(H), then the adjoint A* € B(H)
of A is implicitly defined by
(W[Ap) = (A™plp) Vi, p e .
We call A € B(H) self adjoint, if A* = A.

Remark 7.8. In the above definition, we have swiped many things under the
rock. Indeed it is neither clear that the adjoint operator is well-defined, linear
and bounded and one needs to prove those assertions. To prove those we can
immediately apply the Riesz-representation theorem.

Proof of Definition 7.7. For better understanding, we indicate in the subindex of
the norm, the space they act on.

1. Well defined: For ¢ € H the map ¢ — (|Ayp) is a bounded linear func-
tional, since using Cauchy-Schwarz

WlAw) < 1913l Aellz < 115l Al 1@l - (7.1)
=C

This means, however, that there exists a unique ¢ = J Y ((|A-)) and we
can just define A*y := 1.
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2. Linear: Using the representation from above, for 1,12 € H, a € C, we
find that

A (1 + athp) = TN (1 + agha|A)) = T ((¢1]A-) + @ (o] A-))
= J 7 (1] A)) + aT T ((¢2]A)
= A% + A"y

where we used the anti-linearity of the inner product and the anti-linearity
of J71.

3. Bounded: Since J is an isometric isomorphism, i.e. preserves the norm.

For ¢ € H

1A%l = (|77 (AN, = IK1A Y g < 1Al 19115 -

To conclude the last inequality, we just used Eq. (7.1).

O

Definition 7.9 (Projection). A bounded linear operator P € B() on a Hilbert
space H, satisfying
p*=p

is called a projection. If P in addition is self adjoint, i.e. P* = P then P is called
an orthogonal projection.

Theorem 7.10. FEvery finite-dimensional Hilbert space of dimension n is iso-
metrically isomorphic to C™. By fizing a basis, we also can identify the linear
maps on H with matrices from C"*".

Theorem 7.11 (Spectral theorem in finite dimensions). Let H be a finite Hilbert
space of dimension n, and A € B(H) a linear, self-adjoint operator. Then there
exist real eigenvalues ay, . .., ay of A and corresponding eigenspaces E(ay), ..., E(ay)
as well as orthogonal projections P(ay), ..., P(ag) onto those subspaces with k <

n satisfying the following properties:

k
1. It holds that H = @ E(a;).
i=1

2. The projections are mutually orthogonal P(a;)P(a;) = P(aj)P(a;) = 6;P(a;)
fori,j=1,... k,

k
3. and sum to one Y P(a;) = 1.
i=1

k
4. The linear operator can be written as A =Y a;P(a;).
i=1
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Remark 7.12. In other words: For every self-adjoint operator on a finite-dimensional
Hilbert space, there exists an orthonormal basis of eigenvectors.

We now come to the part where we sketch a mathematical framework which
allows us to insert self-adjoint operators into functions. In this context, some
natural requirements appear, that directly relate structures in the function space
with structures in the operator space. Those requirements are the defining prop-
erties of a functional calculus.

Definition 7.13 (Definition of a functional calculus). Let (#, (:|]-)) a seperable!
Hilbert space. Let A € B(H) self adjoint. A mapping that maps each element
f:R — C from a sub-algebra &£ of

B(R):={f:R—C : fis Borel measurable and bounded, i.e. sup|f(z)| < co}.
zeR

to an operator f(H) € B(H), i.e.
Ta: €= BM),  femalf)=[f(4),

is called a functional calculus if it satisfies the following properties:

1. 74 is an algebra-homomorphism, i.e.

TA(f + ag) = (f + ag)(A) = f(A) + ag(A) = ma(f) + amalg)
and
Ta(f-9)=(f-9)(A) = f(A)g(4)
forall f,ge &, aeC.
2. mA(f) = f(A) = f(A)* = ma(f)* for all f €€&.
3. lma(HIl < [ flloo for all fe€&.

4. For z € C\R and r,(z) := (z — 2)~! we recover the resolvent, i.e. r,(A4) =

(A—2)~L.

5. f € C3°(R) satisfies supp fNo(A) = (), i.e. the map is zero on the spectrum
of A, then f(A)=0.

Theorem 7.14 (An "almost" functional calculus for polynomials). Let H be a
finite Hilbert space of dimension n, and A € B(H) a linear, self-adjoint operator.
Let further p € Clx] a polynomial, i.e.

d
p(z) = chacj c;eC.
j=1

1Seperable means that the Hilbert space admits for a dense countable subset, i.e. a set D
which has countably many elements and D = H.
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Then
d k
p(A) =D ;A7 =" pla;)Plas).
=1 i=1

defines "almost" a functional calculus on the polynomials Clz] (without the ful-
filment of Item 4 as x — (x — \)~! is not a polynomial).

Theorem 7.15 (Cauchy’s integral formula). Let f : D — C analytic with D C C
a simply connected domain®. For «y : [0,1] — D a closed curve (continuous) with
no self-intersections, then

1 1
f(2) == jéf(W) dw Yz in the interior of vy,
2mi w— 2
g

where 7y is oriented counterclockwise.

Cauchy’s integral formula can now be used to define a proper functional cal-
culus using the resolvent of a self-adjoint bounded operator as a building block.

Theorem 7.16 (Functional calculus for analytic functions). Let H be a finite-
dimensional Hilbert space of dimension n, and A € B(H) a linear, self-adjoint
operator. Let further f: D+ C a holomorphic function on the simply connected
domain D which contains the spectrum o(A) of A. Then

FA) = 5 § F0) 2

211
5

for any non self-intersecting path going anti-clockwise in D\o(A) and containing
o(A), defines a functional calculus. Here ﬁ is the resolvent of A. We can
further simplify

k

=Y (57 P 1)) Pla) = 3 fla)Pla).

i=1 i=1

Remark 7.17. The path in the above theorem does not matter and neither does
the shape of D. We just need that 0(A) C D and that the path "encircles"
the spectrum whilst not hitting any eigenvalues. Note further that the above
definition of a functional calculus agrees on polynomials with Theorem 7.14.
Note that under a further assumption on the functional calculus, one can show
that it is indeed unique.

2The set D is open and further every continuous closed path can be shrunk to a point
continuously.
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