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Groups and Fields




Definition of a group
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Definition 1 (Group)

A set GG of elements with an operation + : G x G — G is called a group if the
following properties hold:

(G1) Associativity: Va,b,c € G: (a+b)+c=a+ (b+c¢)
(G2) Identity element: Je € GVg e G e+g=g+e=g
(G3) Inverse elements: Va € G 3be G: a+b=b+a=e

The group is called a commutative group (Abelian group) if we have additionally that
(G4) Commutativity: YVa,be G:a+b=b+a




Examples of groups
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e (R",+), (RT,-) are groups.

e (R7,:) is not a group (why?)

g

o Set S, :={m:{1,...,n} = {1,...,n} | 7 is bijective}
Operation o : S, X S,, = S,,, m 0ma(i) = m (m2(7))
Together, (S,,,0) is a group (called the symmetric group with n elements).
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Definition of a field
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Definition 2 (Field)

A set F' with two operations +, - : F' X F' — F'is called a field if the following
properties hold:

(F1) (F,+) is a commutative group, with identity element 0.
(F2) (F\ {0},-) is a commutative group with identity element 1.
(F3) Distributivity: Ya,b,c€ F: a-(b+c¢)=a-b+a-c




Examples of fields
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e The real numbers with standard addition and multiplication: (R, +,-)
e The complex numbers (see also below): (C,+,-)
e For n € Z consider the set Z,, :== {0,1,...,n — 1}

Define addition: a +, b := (a+b) mod n

Define multiplication: a -, b := (a - b) mod n

Then (Z,,, +x, ) is a field if and only if n is prime.

In this lecture, we will only deal with the fields R and C.
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Complex Numbers




Motivation
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In machine learning, our data is often represented by real numbers: R.

In linear algebra, however, it often helps if we extend the real numbers to complex
numbers: C.

g

We are not going to use a lot of maths of complex numbers, but at least use them to
factorize polynomials.
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Here are the very basics:

Ulrike von Luxburg: Math

11




Quadratic equations over R
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Quadratic equation: For given parameters a, b, c € R, we want to find z € R that
satisfies the quadratic equation:

ax’+br+c=0

In school you learned the formula:

g

—b+Vb? —4dac
T2 =
’ 2a

It has solutions in R if b> — 4ac > 0, otherwise it doesn't.
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Imagine...
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Imagine that \/—1 exists, let's give it a name: i := \/—1 (i for "imaginary number").

We can now define a new field of numbers, the complex numbers:

Definition 3 (Complex number)

o _

A complex number is a number of the form a + bi where a,b € R. We call a the real
part and b the imaginary part of the number. Write C for the space of all such
numbers:

C ={a+ibla,b € R}.

8
&
H
8
s
&
8
g
3
s
®
3
F
3
H

Ulrike v¢




Imagine... (2)
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We define addition and multiplciation in the natural way:

(a+bi)+ (c+di) == (a+c)+ (b+d)i
(a+bi) - (c+di) := (ac — bd) + (ad + be)i

With these operations, C is a field.
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Quadratic equations over C

Consider the quadratic equation again: az? 4 bz + ¢ = 0.

Observe that it now always has a solution in C:

—b+Vb? —4dac

2a

T12 =

Case 1: b?> — 4ac > 0. Then solutions x12 € R "as usual”.
Case 2: b> — 4ac < 0. Then can write
V% — dac = —1(4ac—b2):\/—1-\/4ac—b2

—_——
<0 >0 i >0,eR

=i-r , where r =+v4ac—b% €R.

This leads to solutions in C.

eC
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Fundamental theorem of algebra

Theorem 4 (Fundamental theorem of algebra)

Consider a polynomial ag + a;z + asx? + ... + a,z" (where the a; can be real or
complex numbers). Assume that a, # 0, so we have a polynomial of degree n.

Then, any such polynomial has exactly n roots 7, ...,7, € C (not necessarily
distinct) such that

g+ mz+ -+ apx” = an(x — )@ —72) - (T — V).



More notation
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For a complex number z = a + ib we define its “complex conjugate” by  := a — b.
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Outlook
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Dealing with complex numbers is a rich field in mathematics, but we will not touch it
any futher.
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Definition of a vector space
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Definition 5 (Vector space)

Let F' be a field with operations &, ® with identity elements 0 and 1. A vector space
over the field F is a set V' with two mappings
+:V xV — V ("vector addition”)

: ' x V — V ("scalar multiplication”) such that:
(V1) (V,+) is a commutative group.
(V2) Multiplicative identity: Yo € V: 1-v = .
(V3) Associativity of scalar multiplication: Va,b € F and Vv € V: (a®b)-v = a-(b-v).
(V4) Distributive properties: Va,b € F and Vu,v € V:

a-(u+v)=a-u+a-v
(a@b)~u:a~u—i—b-u

A
D

(Careful, we have four different operations: &,® on F and +,- on V)



Vector space
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Elements of V are called vectors, elements of F' are called scalars.

A vector space is sometimes called a real vector space if f = R and a complex vector
space if F'=C.
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Examples of vector spaces

IS
S
g
2
8
g
8
g
H

e R™ with the standard operations.

e Function spaces:

e RY:={f: X — R} (the space of all real-valued functions on a set X') with
operations

+:RYxRY = RY, (f +g)(x) == f(z) + g(2)

G RxRY = RY, (M) =X (f(2)

Then (RY, +,-) is a real vector space.
o C(X):={f: X —R| fis continuous}.

e C"([a,b]) :={f :]a,b] = R | f is r times continuously differentiable}.




Subspaces

Definition 6 (Subspace)

Let V' be a vector space, U C V non-empty set.

Winter 2026/27

We call U a subspace of V' if it is closed under linear combinations:

g

Vipe FVYuoeU: AN-u+p-vel.

Examples:
e C(X) is a subspace of R?,

e The set S of symmetric matrices of size n X n is a subspace of the space of all
n X n-matrices R™*".
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Basis and dimension
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Linear combinations

Definition 7 (Linear combination)

Let V' be a vector space over a field F', uy,...,u, € Vand A\,..., A\, € F. Then
Z?:l A;u; is called a linear combination.

The set of all linear combinations of w1, ..., u, is called the span (linear hull) of

Upy ooy Up:
span (ug, ..., uy,) == {Z)"U” | A € F}
il

The set U := {uy,...,u,} is called the generator of span(U).




Linear independence
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Definition 8 (Linear independence)

A set of vectors vy, ..., v, is called linearly independent if the following holds:

g

zn:)\sz:O = )\1::)\n:0
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Linear independence (2)
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Examples:

e The vectors (é), (%) (%) € R3 are linearly independent.

g

e The functions sin(z) and cos(z) € RR are linearly independent
e Any set of d + 1 vectors in R is linear dependent

e Any set that contains the O-vector is not linearly independent
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Basis of a vector space
Definition 9 (Basis)

A subset B of a vector space V is called a (Hamel) basis if:
(B1) span(B) =V
(B2) B is linearly independent
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Examples
1 0 0
e The canonical basisof R*is {0 ], [1],(0
0 0 1
e Another basis of R3 is given by
1 1 1 0.5 1.8 —2.2
oj,11],11 or 08],103],1-1.3

0 0 1 0.4 0.3 3.5




Basis of a vector space (2)
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Does every vector space have a basis? Not obvious!

We proceed in two steps:

g

e We first consider vector spaces for which we assume that a finite basis exists.

e Later we briefly touch on the general case.
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Finite-dimensional vector spaces
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Definition 10 (finite-dimensional vector space)

A vector space is called finite-dimensional if it has a finite basis.

g

Can you come up with an example of a space that is not finite-dimensional?

(Note that we have not have defined the dimension of a space. So far we can only
define the notion of “finite-dimensional”.)

g
3
H
s
3
3
g
k]
=
)
3
F
3
H

Ulrike v¢




ML Keywords: dictionary learning

Reducing a set to a basis

Proposition 11 (Reduction of a set to a basis)

g

If U ={ui,...,u,} spans a vector space V, then the set U can be reduced to a basis
of V.
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Proof sketch
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e If U is already linearly independent: done.

e If U is linear dependent:
I, ..., Ay not all 0 such that > \iu; = 0.
Pick some k with \; # 0. Then:
U = = i f\‘—;uz
Denote U := U \ {uy}. It is clear that span(U) = span(U).

g

If U is not linearly independent, we repeat this process until the remaining set is
linearly independent.

Note that this will eventually be the case, at the latest if the set only consists of
one vector.
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Extending a set to a basis

Proposition 12 (Extension of a set to a basis)

Let U = {uy,...,u,} CV be a set of linearly independent vectors and let V' be a
finite-dimensional vector space. Then U can be extended to a basis of V.

Proof sketch. Let wy, ..., w,, be a basis of V' (exists by definition of finite-dim).
Consider the set {uy, ..., u,, wy, ..., w,}. Remove vectors "from the end” until the
remaining vectors are linearly independent.

e remaining set spans V'
e remaining set is linearly independent by construction

e remaining set contains U.



Two finite bases have the same length

Winter 2026/27

Corollary 13 (Length of basis of same vector space)

Let V be a finite-dimensional vector space. Then any two bases of V have the same
length.

Proof.
: o Let B:={by,...,b,} and C:={c;.... ¢, } be two bases, n < m. Consider the
set {b1,...,b,, 1 }. By construction it is linear dependent.

e By the same procedure as before, we can find a vector b; such that
{b1,...,bi1,bis1,...,b,, 1} is linearly independent.

e We now apply this procedure iteratively: add vectors from C', remove vectors
from B. Note that in each of the iterations, it is really possible to remove one of
the b;-vectors (because the ¢,-vectors that we already added are linearly
independent). We keep on iterating until we removed all the vectors b;.
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Two finite bases have the same length (2)
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e At the end, this results in a set of n vectors {c;,,...,¢;, } C{c1,...,cm}. By
construction, this set is a basis (linearly independent, spans V') and has n
elements. Adding one more vector would turn the set linearly dependent. So we

z found a subset {¢;,,...,¢;, } C C that is already a basis, and any any more
vector will turn it linearly dependent. But because C'is a basis as well, it needs to
be the case that {¢;,,...,¢;, } = C, thusn =m.
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Dimension of a vector space

Finally we are ready to define:

Definition 14 (Dimension of a vector space)

The length of a basis of a finite-dimensional vector space V' is called the dimension of
V.
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Does every vector space have a basis?

What if a VS is not finite-dimensional?

One can prove that every VS has a basis, but this needsithe axiom of choice / Zorn's
lemma, which is deep maths beyond this lecture.

Just for those who are curious about it, thesargument goes as follows:

Consider all linearly independent subsets’of V', ordered by inclusion. Zorn's lemma
states that if each ordered chain hasyan upper bound (a set of independent vecotrs
that contains all subsets in the chain), then there exists a maximal set B. In our case,
the upper bound of a chain can be constructed as the union of all subsets in the
chain. It is still linearly independent, as linear independence is only defined for finite
linear combinations. This set also spans V' because otherwise we could extend it
further, so it would not have been maximal. So B is a basis.



Sum of vector spaces
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Definition 15 (Sum of vector spaces)

Let Uy, U, be subspaces of V. The sum of the two spaces is defined as

g

U+ U, = {u1 + Us | U € Ul,UQ € Uz}

The sum is called a direct sum, if each element in the sum can be written in exactly
one way. In this case we denote the sum by U, & U,.
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Complement of a subspace

Proposition 16 (Complement of a subspace)

Suppose V' is finite-dimensional, and U C V' is a subspace, U # {0}. Then there
exists a subspace W C V such that U@ W = V.

Proof sketch. Let the set {uy,...,u;} be a basis of U. Extend it to a basis of V,
say the resulting set is
{ur, . ug,vn, o )
U W

Define
W = span{vy,...,vm}.

Does the job (one needs to prove it).
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Linear Mappings
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Linear mapping
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Definition 17 (Linear mapping)

Let U,V be a VS over F'. A mapping f : U — V is called linear if
Yuq,us € UV € F:

flur +ug) = flur) + f(uz)
fAur) = Af(ur)

The set of all linear mappings from U to V' is denoted by £(U, V). If U =V, then we
write L(U).




Linear mapping (2)
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Examples:
e T:Cla,b] = R, [~ fabf(m) dz  (Integration)
e D:C®[a,b] = C*®[a,b], [+ f" (Differentiation)
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Linear mapping (3)

Definition 18 (Kernel and range)
T € L(U,V). Then kernel or null space of T is defined as

ker(T) :=null(T) :={u e U |T(u) =0} CU
The range or image of T is defined as

range(T) :=Im(T) :={Tu |ue U} CV




Properties of kernel and range
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Proposition 19 (Properties of kernel and range)

e ker(T') and range(T") are subspaces.
e T is injective < ker(7T) = {0}.
e T is surjective < range(T) = V.

Proof sketch. Exercise. ®




Pre-image

Definition 20 (Pre-image)

T e L(UV), V' CV,V"any set. The pre-image of V' is defined as

~
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TV :={ueU|T(u) € V'}.

& -




Pre-image (2)

Proposition 21 (Pre-image subspace)

If V! C V is a subspace of V, then T~(V"’) is a subspace of U.

Proof sketch. Exercise. ®




Fundamental theorem for linear mappings
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Theorem 22 (Fundamental theorem for linear mappings)

Let V' be finite-dimensional, W any VS, T' € L(V, ).
Let ui,...,u, be a basis of ker(T) C V.

Let ‘wy, ..., Wy, be a basis of range(T) C W.

Let 2, € T Y wi),...,2m € T Hwy) .

Then uy, ..., Uy, 21,...,2,m C V form a basis of V.

In particular,
dim(V') = dim(ker(7")) + dim(range(T")).




Fundamental theorem for linear mappings (2)

N
5
g
3
g
]
S
g
H




IS
S
L
2
8
g
8
g
H

Proof of the fundamental theorem for linear mappings

Step 1: V C span{uy, ..., Up, 21, -, 2Zm }

Let v € V, consider T'v € range(T'). By definition of the w;, there exist Ay, ...

such that

Tv = wi + ...+ \,wpy,
=MT(z1)+ ...+ AT (20)
=TMz1+ ...+ Anzm)
=Tv—-—TMzn+...+ Apzm) =0
=T — Mz +...+ Anzm))
ek;RT)
= 3, St — (M2 o Azm) = g +

= v=M21+ ...+ A2+ U+ Uy

coe T g,

s Am
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Proof of the fundamental theorem for linear mappings (2)

’Step 2 Uy, .., Uy, 21, -, 2 are linearly independent‘
Assume that pquy + ...+ ppu, + A2+ A2, =00 (%)

)\1w1 + ...+ )\mwm :)\1T(2’1) + ...+ )\mT(Zm)

dd hi
et oS N ) o AT (o) + T () T )

~—
(because in kernel) =0

=T (Mz1+ ...+ Ap2m + 11 + ...+ pipt,) = 0
exploit linearity ~ (Quz Vﬂl ! K )/

=0 by (*)
> MU+ ... F A, =0 = M=...=),=0
W1 yeeny Wm,
basis
:>:U’1u1++,unun:0 by (*)
= [y = ... = p, = 0 because uq, ..., u, basis.



Finite-dim: Injective < Surjective < Bijective
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Proposition 23 (Equivalent properties of finite-dim. linear mapping)

T € L(V,V), V finite-dimensional. Then the following three statements are
equivalent:

(i) T is injective.
(i) T is surjective.
(iii) T is bijective.

Proof sketch. Direct consequence of fundamental theorem. (Can you see why?
Exercise!) ® /\ Does not work in co-dim spaces!
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Matrices and linear maps




Recap matrix notation
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e Matrix A € R™*™ with entries a;;:

a1 - Qip
A= oo, m rows

Am1  * Amn

g
¢

/

vV
n columns

e For matrix A € R"*", vector = € R", the matrix-vector multiplication Az € R" is
defined component-wise by (Az); = }~7_, a;;z;.

e For two matrices A € R™™ and B € R™** the product AB € R is defined
component-wise by (AB);; = >, a;sbs;.
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But how exactly are these related to linear mappings?




Matrices represent linear maps
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Consider V, W finite-dimensional, vy, ..., v, be a basis of V', and wy,...,w,, be a
basis of W, and T' € L(V,W). We now want to derive a concise notation for this
linear map, a matrix:

o If we know the results of 71" applied to the basis vectors v;, then we can express
T'(v) for arbitrary v = A\jvy + ...+ A\v, € V by

g

TW) =T vy + ...+ Avn) = MT(v1) + ...+ XNT(vn).

e For each basis vector v;, we now express the image T'(v;) in basis wy, . .., Wy,
There exist coefficients a1, ..., an; s.t.
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Matrices represent linear maps (2)
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e We now store these coefficients in a matrix called M(T'):

a/l]_ o« s P a/]_n m rOWS
M(T) = : : one for each

- . basis vector of W
ti o [l o
. v

Vv
n cols, one for each basis vector of V

g

e This matrix describes the linear mapping 7" w.r.t. the bases vy,...,v, of V and
Wiy ewny Wy of W.
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Matrices represent linear maps (3)
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e The result of T'(v) can now be expressed by a matrix-vector multiplication:

v) = Z A T(vy)
= 2_: /\j 2_: aij Ww;
-3 (an)m

=1 7j=1

(L))

The red term is the i-th entry of the product of matrix M(T') with vector \.
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Matrices represent linear maps (4)
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Notation:

Let T : V — W be linear, let B be a basis of V', and C a basis of W. We denote by
M(T, B, C) the matrix corresponding to 7" w.r.t. bases 3 and C.

g

If it is clear which bases we are using, we often drop the bases from the notation and
simply write M(T).
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Properties of matrices
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Let V, W be vector spaces, and consider the bases fixed. Let S, T € L(V,W). Then:
e M(S+T)=M(S)+ M(T)
o M(AS) = IM(S)
o IfT:U—V,S:V — W linear, then composition of linear mappings correspond
to matrix multiplication:

M(SoT) = M(S) - M(T).




Notation for particular matrices

] a4, o
j&!uh'hf wafﬁk : (0 '.4)
MQ‘in‘oM: 3, 3,4' -]J)

’ }4. o
(D-'usoual watn' x 5 .."\n

Upper 1‘/\'%'43«1'0\: waelx; Aa %)
0 ',\w

Lowrr 'l‘(-’uusufw :



Matrix transpose

Definition 24 (Matrix transpose)

Given a matrix A = (a;;) € F™", the transpose matrix is given as

Winter 2026/27

(A% = Ajs.

g

Notation: differs, typical are A?, AT, AT, A, ..
If I = C, then the conjugate transpose matrix is defined as

(A*)i; = ajs.
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Linear mapping corresponding to the matrix transpose
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The transpose matrix also has an interpretation as a transpose linear mapping, but it
is beyond of our current knowledge to really understandit/(] just put it here for
completeness in case somebody wants to know thé keywords):

e To each vector space V' we can associate its “dual space” V* that consists of all
linear mappings from V' to K.

g

e Given a linear map T : V = W, the transpose is the linear map T : W* — V*
such that (T f)(v) = f(Tw).

e For real vector spaces, if M(T) = A, then M(T*) = A’

e For complex vectorspaces, if M(T) = A, then M(T™) = A*.
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Invertible maps and matrices




Inverse of a linear map

Definition 25 (Inverse of a linear map)

T € L(V,W) is called invertible if there exists a linear map S € L(W, V) such that

Winter 2026/27

SOT=|dV and TOS:|C|W

g

The map S is called the inverse of T', denoted by 7.

Remarks:

e Inverse maps are unique
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e Not every linear map is invertible

Ulrike v¢




Characterizing invertability

Proposition 26 (Characterizing invertability)

A linear map is invertible iff it is injective and surjective.

Proof.

="

e Invertible = injective:
Suppose T'(u) = T'(v). Then

Thus T is injective.




Characterizing invertability (2)
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e Invertible = surjective:
Consider w € W. Then

w=T(T""w)) = w€ErangeofT.

Thus T is surjective.
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Characterizing invertability (3)
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<~ :
Injective & surjective = invertible.

o Let w € W. There exists a unique v € V such that 7T'(v) = w (existence because
T is surjective, uniqueness because T is injective). Define the mapping: S(w) = v.
Then clearly, we have

ToS=Id

e Let v € V. Then by associativity
T(SoT)(v)=(ToSoT)(v)=(ToS)T(v)=IdoT(v)="T(v).
Because 7' is injective, from the blue statement we can conclude:

(SoT)(v) = v

which implies that S o T = Id.



Characterizing invertability (4)
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e Linearity of S:
(1) By linearity of T" and because T'o S = Id, we get

T(Swy + Sws) = T'Swy + T'Swy = wy + w.

From this statement, by injectivity of 1", Sw; 4+ Sws is the unique element in V
that 7" maps to wy + ws.

(2) The other way round, we know that S maps w; + ws to S(w; + ws).

(3) Using the fact that S is the inverse of T, (1) and (2) imply that Sw; + Sw,
and S(w; + ws) need to be the same element, thus

S(wy + wg) = S(wy) + S(ws).

A similar argument shows that we have S(Aw) = AS(w). Thus S is linear.




Inverse matrix
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Definition 27 (Inverse matrix)

A square matrix A € F™*™ is invertible if there exists a square matrix B € F™*™ such
that

g

1 --- 0
A-B=B-A=ld=|: -.. :
0 --- 1

The matrix B is called the inverse matrix, and is denoted by A~
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Inverting maps = inverting matrices
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Proposition 28 (Inverting maps = inverting matrices)

The inverse matrix represents the inverse of the corresponding map, that is:
T:V >V

g

M @Y=M @

matrix of inyerse map of the original map

- 7

Vv
inverse Matrix

In particular, a matrix is invertible iff the corresponding map is invertible.

Proof sketch. Exercise. ®
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Properties of inverse matrices

The inverse matrix does not always exist!!!

(A H)t=A (A-B)y'=B"1 A%

A invertible < A invertible

(AN~ = (A7)

A € F™ " invertible < rank(A) = n (see later)

The set of all invertible matrices is called the general linear group:

GL(n,F)={A e F"™" | Ainvertible}.
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Change of basis




Representing the identity
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Consider the identity mapping Id : V' — V. Assume we fix a basis of V' (both in
source and target space), then the corresponding matrix looks as follows:

1 -+ 0
M(Id,B,B) = :
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Representing the identity (2)

Now consider A = {as,...,a,} and B = {by,...,b,}, both bases on V. How does
the matrix M(Id, A, B) of the identity mapping look like?

Because B is a basis, we can write each of the vectors in A as linear combinations:

@ = tubittaby b

ag = ...

Now we form the corresponding matrix 7"



Representing the identity (3)
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Sanity check: this matrix really represents the identity mapping:

e In the basis .4, the first basis vector a; has the representation (1,0, ..,0)" because
alzl-al—i—O-ag—l—...—l—O-an
e Now observe that 7' (1,0, ...,0)" = (t11,t21, ..., tn1) -

e This vector gives us T'a; expressed in basis B because
t1101 +ta1ba + ... + 1510, = a1 by definition of coefficients ;;

g

e Hence, T'a; = ay, so T is the identity mapping.
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Change of basis is invertible
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Proposition 29 (Change of basis is invertible)

Let A, B be two bases of V. Then the matrices M(Id, A, B) and M(Id, B, A) are
invertible and each is the inverse of the other.

Proof sketch. Exercise. ®




Change of basis for an arbitrary mapping
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Proposition 30 (Chance of basis for an arbitrary mapping)

Let A, B be two bases of V. Consider the transformation matrices
A= M(d, A B), A'=M(d,B,A).

Let T:V — V be linear, and X := M(T, A, A). ThenY := A- X - A~ represents
T in basis B, that is Y = M(T, B, B).




Change of basis for an arbitrary mapping (2)

Id wag.

L=="""T " =~

(V ( l*’) wahny 4™ (V ' ‘3)

M-W-'-a T l uqf*n'.! ny - T'l w.h.':-




Change of basis for an arbitrary mapping (3)
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In machine learning, we often use basis transforms, for example to represent a data
matrix in a more convenient representation using PCA or SVD.
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Rank of a matrix




Rank of a matrix

Definition 31 (Rank of a matrix)

Let A € ™" The column rank of A is

dim(span(column vectors of A)).

The row rank is defined accordingly.

In machine learning, the rank describes how "complex” a matrix is. In low-rank
methods, we try to only use matrices of a low rank (for example, to approximate
matrices of high rank). This has advantages both computational and from the
statistics / generalization point of view. Further keywords are recommender systems,
compressed sensing, ...




Rank of a matrix (2)

Proposition 32 (Row rank equals column rank)

For a matrix, the row and column rank always coincide. We thus call it the rank of the
matrix.




Rank of a matrix (3)
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Proposition 33

T € L(V,W). Then the rank of the matrix that represents the map coincides with the
dimension of the range of the linear mapping: rank(M(T)) = dim(range(T)).
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The determinant




Motivation to study the determinant: geometry!
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1 0 0
Consider the standard basis of R?: e = [0 |, ea=[|1],e3= |0
0 0 1
A 000
Consider a linear mapping that just stretches these vectors: T'= [ 0 Ay 0
0 0 s

Let U be the unit cube and P = T'(U) its image under T'.

The volume of P is then A\; - Ay - A3.
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Motivation to study the determinant: geometry! (2)

» P
g

.--—-"-') A.T A 2

A
il {U.'I.::d ﬁl(P)L Ay Aq f{j

We want to define a quantity (the determinant) that tells us how volumes change
under arbitrary linear mappings.
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Motivation to study the determinant: geometry! (3)

Which properties would such a quantity, let's call it d, have to satisfy?
N oo 0
e Assumethat T'=| : ..t | with respect to standard basis. Then we would
0 - A\,
like to get d(T') = A1+ ... - A\ (D1)
e If the linear mapping does not have full rank (the image vol(U) is not

“full-dimensional”, but for example the cube in R? is just mapped to a “plane” in
2 dim), then volume is 0, hence we would like d(7") = 0. (D2)

e vol(U) = 1, so we would like that d(/d) = 1. (D3)



Motivation to study the determinant: geometry! (4)
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Now let us relate this to the matrix 1" of the linear mapping. For simplicity, assume we
work in the standard basis. The columns tq,...,t, of T are the images of the standard
basis vectors. They describe the edges of the parallelotope obtained by applying 7" to

the unit cube. With this intuition, let us rephrase the properties D1 - D3:

e (D1) Linearity in each column: If we stretch one edge by a factor A > 0, the
volume changes by the same factor. Similarly, adding two (non-negative) vectors
in one column adds their signed volumes. More generally, we aim for linearity, the
“volume” needs to allow for negative values, otherwise linearity is not possible;
hence we use a “signed” volume, allowing d to be positive and negative.

g

e (D2)| If two edges are identical, the parallelepiped is flat and has volume zero.
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e (D3)| The unit cube has volume 1, hence d(Id) = 1.

ike ve

Ulri

This is pretty much already the definition of the determinant, which we present now:

87




Definition of the determinant
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Definition 34 (The determinant)

Consider a mapping det : F™*™ — F'. Then det is called a determinant if:

- det is linear in each column of the matrix: Let A be a matrix with columns

ai,...,a,. Consider column a;, assume a; = a, + a} for some a},a) € F™*!.
Then it holds that

g

det ((ag,...,ai...,a,)) =det ((ag,...,a,...,a,)) +det ((ag,...,a;,...,a,))
det ((a1,...,Aaj, ... a,)) = Adet ((ar,...,a;,...,a,)).

- If A has two identical columns, then det(A) = 0.

- det is normalized: det (1 . 0) =1
0 - 1
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Existence and uniqueness

Theorem 35 (Existence and uniqueness determinant)

The mapping det exists and is unique.

g

Proof sketch. Skipped. ©)
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Properties of the determinant
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Based on (D1), (D2), (D3) we can now prove many important properties of the
determinant:

e The determinant of a linear mapping 7" : V' — V does not depend on the basis.
e det (c- A) = c"det(A) with n the dimension of the vector space.

det(A - B) = det(A) - det(B).

det(AT) = det(A).

If A is invertible, then det(A™!) = detl(A)

A invertible < det(A) # 0.

In general, det(A + B) # det(A) + det(B).




Properties of the determinant (2)
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e Upper / lower triangular matrices:

Aok L%
A=|0 " = det(A) = A -\,
0 0' An

g

Geometric intuition in case of 2 dimensions (and inductively for more dimensions):

Vo= (o(

4= (3 9) M/

Vol = A
° vol=a-ol
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Alternative definition of determinant

There exists a more straightforward definition of determinant. However, starting from
this definition, proving the geometric properties is more cumbersome (and we haven't
defined eigenvalues yet, so read this slide again towards the end of the linear algebra

part):

Definition 36 (Alternative definition of determinant)

e If V is a vector space over C and 7' : V' — V/, then det(T") is the product of all
eigenvalues, repeated according to multiplicity.

e If V is a vector space over R and 7' : V' — V, then det(7") is the product of its
eigenvalues over C, repeated according to multiplicity.

Proof sketch. We skip the proof that this is the same object as “our” determinant.
But in terms of intuition, | like this definition more than the previous one. ®
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Computing the determinant (in theory)
e Forn=1:
det(a) = a

e Forn=2:

d 11 aiz\
et = 11022 — G12021
21 A2

e Forn=3:

a b c
det |d e f]| =a-det ¢ f —b-det d f + ¢ - det d e
g h i h 1 g 1 g h

?

In general, there exists the formula of Laplace that expresses the determinant of an
n X n matrix as a linear combination of determinant of many (n — 1) x (n — 1)
submatrices. We will not need it in this lecture.
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Computing the determinant (in practice)

In practice, determinants are typically computed by first bringing the matrix of interest
in a particular form, such as an LU decomposition, Choleski decomposition, QR
decomposition, etc. Depending on the type of the matrix, one or the other might be
possible / simpler / more appropriate.

Example: Under certain conditions, a matrix admits an “LU-decomposition”, in
particular if the matrix is symmetric and positive definite (see later):
e Try to write matrix A as a product A = L - U where L is a lower triangular matrix
and U upper triangular.
e The we can easily compute the determinant as product of the diagonal entries.
e If the matrix does not directly admit an LU decomposition, we can use a more

general form, LU with pivoting, where we represent PA = LU where P is a
permutation matrix (which has det(P) = +£1).



Geometric intuition again
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Theorem 37 (Geometric intuition again)

Consider an n x n matrix A with columns (a; | as | ... | a,) = A.
Consider the unit cube U = {cie1 + ... + cpen | 0 < ¢; < 1} and its image P under
the mapping A:

g

U~ P:={ca+...+cua, | 0<¢ <1} parallelotope.

Then | det(A)| gives us the volume of P.
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Applications to integrals

Proposition 38 (Change of variable formula)

Let €2 C R™ be an open subset, o : {2 — R" a differentiable mapping, and
f:0(2) = R. Then:
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fo) dy, = [ flo@)det(o' @) d.

vqume vqume element

o ()

element

where ¢’ denotes the matrix of all partial derivatives (0x;/0x;);; of o.

Remark: change of variables: y = o(x)




Applications to integrals (2)
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Intuition:

o differentiable, that is we can locally (on a small ball B around x) approximate o by
a linear function expressed by the derivative.

g

Then local volumes get stretched by the |det(o”)
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Application to normal distribution
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1 1 Tx—1
p([)?) = (27T)d/2 det(E)l/Q exp <_§(l‘ - :U’> by (CL’ - H))

Normalization with det(3)!/?:

e Consider a random variable Z ~ N(0, Id) (standard multi-variate Gaussian)

e Apply a linear mapping to the random variable: X =+ AZ. Then
X ~ N(p,X) where ¥ = AA',

e The linear mapping changes the volume by a factor of | det(A)|, which coincides
with v/det 2

e To make sure that the density still integrates to 1, we need to recale it by this
factor.
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Eigenvalues, eigenvectors, eigenspaces
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. ML Keywords: PCA, SVD,
ElgenValues Spectral Clustering, ...

Definition 39 (Eigenvalues)

Let T:V — V. Ascalar A € F'is called an eigenvalue if there existsa v € V, v #£ 0,
such that Tv = Av. A vector v # 0 with this property is called an eigenvector
corresponding to eigenvalue A. The set of all eigenvectors of A\, together with the zero
vector, is called the eigenspace E(\,T).

Observe that the eigenspace can be written as E(\,T") = ker(T' — A\I) because
Tv=XM <= Tv—X =0 <= Tv—-ANMv=0 <= ([T —-XN)v=0



Geometric intution
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e Eigenvalue/eigenvector realizes a “stretching” v +— Av.

e Many mappings do not have eigenvectors, for example, a rotation.




Eigenvectors are not unique

Winter 2026/27

If X is an eigenvalue, it has many eigenvectors. For example, if v is an eigenvector,
then also a - v (a € K) is an eigenvector:

g

Ta-v)=a-Tw)=a-Iv=>Aa-v)
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Linear (in)dependence of eigenvectors?

e Eigenvectors corresponding to different eigenvalues are linearly independent.
( Easy exercise: assume they are dependent and derive a contradiction)

e Eigenvectors that correspond to the same eigenvalue do not need to be
independent. (Simple example: v eig. = ¢-v eig. (for ¢ #0), but v and ¢ - v are
not linearly independent)

But they can be linearly independent. ( Easy example: A = I, then every vector
v # 0 is an eigenvector of eigenvalue 1.)

e The eigenspace F(\,T) is always a linear subspace of V.



Tool: Polynomials of linear operators
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In the following we will repeatedly use the following construction:

Let p(z) = Y i, a;z" be a polynomial. For a linear operator 7', define

g

p(T) = Z a;T"
i=0

Example:

p:R—= R, p(z) =2 — 32° 4+ 4, then
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p(T):V =V, p(T)(v) = (T" =315+ 4I)v =T"v — 3T°v + 4v
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Tool: Polynomials of linear operators (2)

Now let p, g be two polynomials. Then it is easy to see:

e If the polynomial p is a product of two polynomials, then the same holds true for
the linear operators:  (p- q)(T) = p(T)q(T)

e In particular, if we consider a factorization of a polynomial p(x), then the same
factorization applies to the linear operator p(7').

p(x) =ag+amz+---Faz" =c-(x—=A\)(x—Xo)...(x—\p)
= p(T)=ao+a; T+ - +a,T"=c- (T —MI)(T = XI)...(T =\, 1)

e The order of factors does not matter: any two polynomials of the same operator
commute: p(T')q(T') = (pg)(T) = (gp)(T') = q(T')p(T)



Tool: Polynomials of linear operators (3)
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Observe that because composition of injective maps in injective, we have:

p(T) injective and ¢(T") injective = (pq)(T') injective

g

Or, the contrapositive statement:
(pq)(T) not injective = p(T’) or q(T") not injective.

We will repeatedly exploit this statement in the following.
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Existence of eigenvalues

Theorem 40 (Existence of eigenvalues)

Every operator 7' : V' — V on a finite-dimensional, complex vector space V' has at
least one eigenvalue.
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Existence of eigenvalues (2)
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Proof.

Step 1: Getting started
Let n = dim V. Choose a vector v € V', v # 0. Then the set

g

v, Tv, T*v, ..., T™

has to be linearly dependent (it consists of 7 4 1 vectors in an n-dim space). So we
can find coefficients ag, ay, ..., a,, not all zero, such that

p(T) :==apv + ayTv+ -+ a,T"v = 0.
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Existence of eigenvalues (3)
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Step 2: Factorization
Consider the polynomial on C with the same coefficients ag, aq, ..., a,:

p(z) :=ap+arz+ -+ apz".

g

On C, we can factorize it into m linear factors (m could be smaller than n because a,
might be zero):

p(z)=c-(z—=XM)(z—=A2) ... (2 — Amn)

Hence we can also factorize p(T'):
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p(T)=ag+ T+ +a,T" =c- (T = MI)(T = X)) ... (T = A\ )
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Existence of eigenvalues (4)
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Step 3: Putting it together

O=aw+aTv+---+a,T"v=c- (T = MNI)(T —=XoI)...(T—M\pD)-v
= v eker(c (T = MI)T = NoI) ... (T = A\pl))
= There must exist i € {1,...,m} such that (T" — \;) not injective
= ), is an eigenvalue of T'!




Existence of eigenvalues (5)

/\ The corresponding eigenvector is not necessarily v!

Construction of an eigenvector:

Apply the factors to v, starting from the right hand side of the polynomial:
Consider (T — A1), then (T — A1 I)(T — A )v, etc. The product might be
non-zero for a while, but eventually there has to be a first index j such that

(T — NI)(T = Ajgad)...(T — A)v = 0 (because at latest when we have applied all
factors, the result is 0). Then we found the eigenvector:

T MIT = ) (T = M) (T = M) .o (T = Ad) -0 = 0

=: the eigenvector
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Characteristic polynomial




Motivation: an alternative characterization of eigenvalues
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Observe the following identities: A is an n x n-matrix

J#£0: Av= >
& A0 (A-A)v=0
& J#0: veker(A—A)
& rank(A— M) <n
o det(A— ) =0

We now use this to build a tool to find eigenvalues, the characteristic polynomial.




Characteristic polynomial

Definition 41 (Characteristic polynomial)

The characteristic polynomial of an n x n-matrix A is defined as

pa:R—=R, pa(t) :=det(A—t-1)




Characteristic polynomial (2)
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Example:

A — (au CL12)
Q21 Q22
det(A —tI) = det AL R AR det [ 1 -t  an
a1 Qa2 01 a1 gy —t

= (a1 — t)(az — t) — arpaz = t* — t(an + az) + (a11a2 — a12a21)
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Characteristic polynomial (3)

Observations

e The characteristic polynomial does not depend on the basis. To see this, consider
a matrix A and basis transformation matrix U. Then the characteristic polynomial
of UAU ! is:

det(UAU ™ —t- 1) =det(UAU ' —t-UU ) =det(U(A—t- 1)U

=det(U) - det(A — tI) - det(U™"') = det(A — tI)
e The roots of the characteristic polynomial correspond exactly to the eigenvalues of
A because Av = v <= det(A— ) =0.

e Over C, the characteristic polynomial always has n roots, so the matrix has n
eigenvalues (not necessarily distinct).



Geometric and algebraic multiplicity

Winter 2026/27

Definition 42 (Geometric and algebraic multiplicity)

For an operator A with eigenvalue \, we define:
e Geometric multiplicity: the dimension of the corresponding eigenspace FE (), A).
e Algebraic multiplicity: the multiplicity of the root A in the characteristic polynomial.

g

In general, the two notions do not coincide. Example:

The matrix A = (} 1) has the characteristic polynomial pa(t) = (1 —t)?, thus
eigenvalue 1 has algebraic multiplicity 2. To compute the eigenspace, we solve for
Av = v, leading to eigenspace spanned by the vector (1,0)" only, so geometric
multiplicity is 1.
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Compute eigenvalues/vectors by hand

Winter 2026/27

e Write down the characteristic polynomial, find the roots ~ eigenvalues

e To compute the eigenvectors, then solve the linear systems that correspond to the
eigenvalues that you found: Az = Ax.

g

In practice ... see later (numerics)
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Diagonalization and Triangulization

g

8
&
H
8
s
&
8
g
3
s
®
3
F
3
H

Ulrike v¢




Diagonizable matrices
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Definition 43 (Diagonizable matrices)

An operator T' € L(V) is diagonalizable if there exists a basis B of V' such that the
corresponding matrix is diagonal:

g

AN oo 0
M(T,B,B)=| : .
0 - A,

/\ Not always the case, neither over R nor C. We will later see some special cases
where it always works (real symmetric matrices).

8
K
2
8
=
5
8
]
5
2
B
2
E
a
S
S
2
=




Diagonizable matrices (2)
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Prime example for a matrix that is not diagonalizable over C is the matrix A= ({1).

e To find the eigenvalues we solve the characteristic polynomial

pa(A) =det(A— X)) =...= (1 - \)?

g

and find that the only solution / eigenvalue is A = 1, with algebraic multiplicity
2. The eigenvalues are even in R, we don’t even need C to solve this.

e To find the eigenvectors we solve Av = v and find that all vectors of the form
(x,0)" are eigenvectors. We thus have a 1-dim eigenspace spanned by vector
(1,0)" (the geometric multiplicity is 1). Hence A is not diagonalizable, neither
over R nor over C.
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When is a matrix diagonizable?
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Proposition 44 (When is a matrix diagonizable)

Let T be an operator on a finite-dimensional vector space V. Let \{,..., \,, denote
the distinct eigenvalues of T". Then the following statements are equivalent:

(a) T is diagonalizable.

(b) V' has a basis consisting of eigenvectors of T'.

(c) dimV = dim(eigenspace(A;)) + - - - + dim(eigenspace(\,,)).

(d) V has n eigenvalues (if counted with multiplicity), and for all of them, the algebraic
and geometric multiplicities are the same.

(We skip the proof.)

Nice in theory. But hard to verify for a given matrix ...




Triangular matrices
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Proposition 45 ( Triangular matrices and invariant subspaces)

Let T € L(V), B={vy,vs,...,v,} a basis. Then the following are equivalent:
(a) M(T,B) is upper triangular.
(b) Vj=1,...,n: Tv; € span{vy,...,v;}




Triangular matrices (2)
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Proof idea (illustrated on a small example): Consider an upper triangular 3 x 3 matrix.

Al aip a3 1 At
Tvr=10 X aos 0] =10 | =A-v €span(vy)
0 0 A 0 0
Al a2 ais 0 12 1 0
TUQ = 0 )\2 ass 1 = )\2 = 12 0 +)\2 1 € span(vl, UQ).
0 0 X3 0 0 0 0
——
V1 v

Tz € span(vy, va,v3)

(Formal proof follows this argument to prove (a) = (b); other direction easy.)




When are triangular matrices invertible?

Proposition 46 (Invertability of triangular matrices)

Let 7' : V — V have an upper-triangular matrix. Then 7' is invertible if and only if all

entries Ay, ..., A\, in the diagonal are non-zero.
;% )\1 *
£ 0 An




When are triangular matrices invertible? (2)
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Proof.

<"
Let vy, ..., v, be the basis for which T" is upper-triangular. Assume all \; # 0.

ass.

e By triangular form, Tvy = A\v; # 0, thus 0 # vy € range(T).

e By triangular form, Twvy = ajv; +Ayvy for some scalar a;.

g

Thus \vy € range(T') and because Ay # 0, then v, € range(T"). Similarly for
V3y...,Un.
In this way, we see that vy, ..., v, are all non-zero and in range(T"). Hence T is
surjective, thus injective, and hence invertible.
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When are triangular matrices invertible? (3)
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="
Assume T is invertible.

e Clearly A\; # 0, otherwise T'v; = 0, contradicting invertibility.

g

e Suppose A; = 0. Then T maps span(vy,...,v;) into span(vy,...,v;_1).
J J J

e Thus T is not injective on the subspace spanned by vy, ..., v;, so there exists v in
this subspace such that T'v = 0.

But then T is not invertible. O
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Entries of diagonal are eigenvalues

Winter 2026/27

Proposition 47 (Entries of diagonal are eigenvalues)

Suppose T' € L(V'), V any finite-dimensional vector space. T has an upper triangular
form. Then the entries on the diagonal are precisely the eigenvalues of T'.

ng

Remark: Holds both over R and C.
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Entries of diagonal are eigenvalues (2)
Proof. Fix any A\ € F and consider T — \I, which is also upper triangular:

Al % e % Al — A *
0 X -+ x 0 Ay — A
0O 0 - A, 0 0 e A — A

A is an eigenvalue of 7' <= T — A is not invertible
<= by previous proposition, one of the diagonal entries
(A= X;) of T'— A is zero
<= A\ = )\, for some 1.



Over C each matrix can be triangularized
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Proposition 48 (Triangularization over C)

Let V' be a complex finite-dimensional vector space, T € L(V'). Then there exists a
basis B such that M(T, B, B) has an upper triangular form.

g

A Does not hold over R!
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Over C each matrix can be triangularized (2)

Proof by induction on n:

Base case: n =1, clear.

Inductive hypothesis: statement holds for all dimensions up to n — 1.
Inductive step: from n — 1 to n:

e Already know that one complex eigenvalue exists: .

e Consider subspace U := range(T — \I)

e Because 7' — AI is not surjective we have that dim(U) < n

e The subspace U is invariant under T" because for u € U we have

Tu=Tu— M u+ A= (T —A)u+ \u

and both terms on the rhs live in U.

e Apply the induction hypothesis to the operator 7' : U — U exists basis u, .

(in U) such that T'|y has upper triangular form.
e Extend uq,...,u,,, say with vectors wy,...,wy, to a basis of V.

sy Um
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Over C each matrix can be triangularized (3)

e Now we need to show the triangular form still holds:

Tw1 = Tw1 — )\U)l + )\U)l = (T — )\I)’IL'] + )\wl € span(ul, vy Uy, 'LUl).
Twy = Twy — Awg + Awy = (T — N )ws + Awy € span(uy, ..., Uy, ws)
.. etc ...

So in general we have Tw; € span(uy,. .., Uy, w,...,w;) and the matrix is

triangular with the following structure:
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Over C each matrix can be triangularized (4)

I.Wllcf 9‘ '.‘N\O'( 0‘
uq.-. uw‘ uq--o “k

Thus T is upper triangular w.r.t. basis {u, ..., w,, wy, ..., W}



Over C each matrix can be triangularized (5)
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Side remark:

e the dimension k of the blue part equals
k = dim(V) — dim(range(T — X)) = dim(ker(T — X)),

which gives the geometric multiplicity of the eigenvalue \.

g

e But the number of times \ appears on the diagonal could be larger that £k,
because some of the y; could also equal A\. The number of times A\ appears on
the diagonal is the algebraic multiplicity of the eigenvalue and is always larger or
equal to the geometric one.

e If the algebraic multiplicity is larger than the geometric one, we cannot

diagonalize the matrix: an eigenvalue appears more often on the diagonal than
we have dimensions of the eigenspace. This cannot be fixed by moving into C.
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Normed spaces
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Definition 49 (Metric space)

Let X be a set. A function d: X x X — R is called a metric if the following
conditions hold for all u,v,w € X:

(1) d(xz,y) > 0if z # y and d(x,x) = 0,
(2) d(z,y) = d(y, ) (symmetry),
(3) d(u,v) + d(v,w) > d(u,w) (triangle inequality).




Norm on a vector space
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Definition 50 (Norm on a vector space)

Let V' be a vector space. A norm on V is a function || - || : V' — R such that for all
r,yeV, Aek:

(N1) ||Az]| = |A| - ||z|| (homogeneous)

(N2) ||z +y|| < ||z]| + ||y|| (triangle inequality)

(N3) [|z]| =0 <= z = 0 (definiteness)

(N4) ||z|| =0 = x = 0 (definiteness)

|| - || is a semi-norm if conditions (N1) — (N3) are satisfied.




Euclidean norm on R?
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Definition 51 (Euclidean norm on R?)

The Euclidean norm on R? is defined as:

Joll = (Z) -

i=1

g

Intuition: The norm ||z|| represents the "length of 2" or the "distance between z and
the origin”.
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Euclidean norm on R? (2)
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Easy to see: Every norm induces a metric through

g

d(z,y) == [lz =yl

However, not every metric arises from a norm (try to find a counterexample).
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p-Norms on R?
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Definition 52 (p-Norms on RY)

i

Let = | : | € R% Define the p-norm as:
Zq

g

d 1/p
el = (z |xi|p) P,
=1

e The case p = 2 coincides with the Euclidean norm.
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o |||/ = max|x;| is also a norm.
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e ||z||o := number of non-zero coordinates of x is not a proper norm (see later).




Unit ball of a norm
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Definition 53 (Unit ball of a norm)

The unit ball of a norm is the set of points such that the norm is < 1:

g

B, :={x eR?||z], < 1}.
The unit sphere is the set of points such that the norm equals 1:

Sp:={z € R| |lall, = 1}.
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lllustration: Unit balls on R?
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Case p > 1 (convex balls):
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lllustration: Unit balls on R? (2)

Case p < 1 (balls not convex):




When is a "p-norm” a norm?

Proposition 54 (When is a " p-norm” a norm?)

The p-norm || - ||,, is a norm on R? if and only if p > 1.
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Proof sketch:

e Definiteness (N3) and (N4) hold for any p > 0.
e Homogeneity holds for any p > 0.

e Triangle inequality: This is the critical point. It only holds for p > 1. This is due
to the famous Minkowski inequality, which holds iff p > 1:

(i s + y|> e (Z |wz~|p> L (Z |yz-|p) N

=1 i=1 i=1




All norms on R" are equ%@KIPPED)
N




Equivalent norms

Definition 55 (Equivalent norms)

Let V' be a vector space and || - ||, and || - lo/Wo norms on V. These two norms are
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Equivalent norms (2)

Theorem 56 (Norm equivalence on R")

All norms on R™ are (topologically) €quivalen




Equivalent norms (3)
Proof.
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W.l.o.g., we prove that if || - || is any norm on R%sthen,it is'equivalent to || - ||co-

First inequality: 3c; > 0: Vo ||z]| < a1z
Let = ). x;e; be the representation of 2”in the standard basis of R?. Then:

Z%@i S Z ||| = Z |||
Since |z;| < [|z||o, it follows;

lzll <2 Mllocllesll = llzlloo D lleill = llllos - 1,
7 %

)l = ‘

where ¢; := )" ||e;.



Equivalent norms (4)
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Second inequality: 3c; > 0: V2 ||z]|o < coflz|
Let S := {z € R?| ||z]|.c = 1} be the unit sphere,with respect to || - ||o. Consider the
function:

f:S—=R, a—z|.

e The mapping f is continuous with respect/to || - ||, since:

g

[f () = F@)l =2 Ayl < lle =yl < el = ylleo-

e The set S is closed and bounded. “Thus, by the theorem of Heine-Borel, S is
compact. Any continuousimapping on a compact set attains its minimum and
maximum. Define:
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¢y :=min{f(z) | z € S}.
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e Because 0 ¢ S (sphere, not ball), we can conclude from definiteness that ¢, # 0.




Equivalent norms (5)
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e Now compute: let x € R?, x # 0, be arbitrary., Then ol “ € S, so by definition of
¢ and homogeneity of || - |[|:

¢ H N

e

g

Thus:

1 . 1
|%]| o <0|l]|  with g := —,
&) Co

and for x = 0 the inequality holds trivially.
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Norms can be characterized b}Q)@ets (SKIPPED)




Convex set
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Definition 57 (Convex set)

Consider a real vector space V, S C V.
S is called convex if Vt € [0, 1] and Vz,y

—tlye S
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Symmetric set

Definition 58 (Symmetric set)
A set C C V is called symmetric if \/

zeC €@

17777777

////////

////////

/////




Convex sets induce norms

Winter 2026/27

Theorem 59 (Convex sets induce norms)

(1) Let C C R? be closed, convex, symmetricéand on-empty interior. Define

Q{tzo zet C)
\ then p is a norm, and its unit ball coincides

C:{xGRd‘p(x)Sl}

(2) For any norm ||- || of'R?, the set C':= {z € R |||z|| < 1} is bounded, symmetric,
closed, convex, and has*hon-empty interior.

g

Then p is a semi-norm. If
with C:
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Convex sets induce norms (2)
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Hlustration:

e Consider factor a by which | need to multiply x te end up on the unit sphere.
Then define ||z| := 1/a.

e Convex set = unit ball of norm 1

g

5
5
&
H
g
8
s
&
8
i
]
k]
s
®
3
X
3
H

Ulrike v¢




Winter 2026/27

g

=
£
:
]
H
£
=
s
&
8
g
g
=
&
H
2
5]
5

Ulrike v¢

Convex sets induce norms (3)
Proof.

Claim: p(z) is well defined
Want to prove: given x € R?, the set

{t > 0 ‘ % € C} £ 0
We are going to prove: Je > 0 such«that
B.(0)::= {e S Rd{ llell2 < 8} cC

Intuition:
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Convex sets induce norms (4)
By assumption, C has at least one interior point v € C° = de > 0 such that

B.(v) C C

e Thatis, v+ B.(0) ={v+e|ee B.(0)} C¢C
e By symmetry, applied to v itself: v € €' = —v &l

e By convexity, for every e € B.(0) theymidpoint of v+ e € C' and —v € C lies in C:

1 1

5 (O O (o) = g eC
So B, /»(0) C C' (which proves thesglaim above, with £/2 in place of ), so the set
{t >0]%eC} is nonfempty.
The infimum .

inf{t>0‘—€0}
t

exists because the set is a subset of R and bounded from below by 0.



Convex sets induce norms (5)
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Now we need to prove all axioms of a norm:

p(0) =0

e We have seen: 0 €
eVt>0:9=0€eC

e inf{t|2eC}=0=p(0)=0
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Convex sets induce norms (6)

Winter 2026/27

plaz) = |af - p(z)
e For all a > 0 we have:

p(a:ﬂ):inf{t>0‘%60}

g

:inf{a5>0‘§60}
:ainf{r>0’§€C}
=a-p(x)

e By symmetry: p(—z),="P(z), so the result also holds for a < 0
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— Combining these two statements gives homogeneity.
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Convex sets induce norms (7)
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A-inequality Consider z,y € R?, s,t > 0 such that £ € @, ¥ € C

t

Observe: =1
s+t  SsF¥t

_|_

Thus, by convexity:

= eC
s+t

s+t s+s+t

g

] x t Yy Tty
t

u

p(:v—l—y):inf{u>0‘x+y EC}
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ginf{s>0‘§60}+inf{t>0)%€(]}

= p(z) +p(y)
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Convex sets induce norms (8)

We choose s,t > 0 such that
x
—e(, Y eC
] t

_t

—5 = 1, by convexity:

M S
Then, since P

S T t vy x4y
=+ c= = eC=pr+y) <s+t
s+t s s+t t s+ M v) <

Now consider sequences (s;)ien, (ti)ien With

x
- eC, s — pla), tg eC, t;—py)

Then by the above argument:

plx+y) <si+t; = pla+y) <plx)+py)



Convex sets induce norms (9)
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Positive definiteness: p(z) =0=2 =0
p(:v):0<:>inf{t>0’§ e} =0

Then 3(t;)ken such that ¢, — 0 and i € CVk

Assume = # 0, then (1) is'unbounded.
keN

tg

4 Contradiction, since Cvis bounded.




N
5
g
3
g
]
S
g
H

Scalar product




Scalar product
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Definition 60 (Scalar product)

Consider a vector space V. A mapping (-,-) : V x V — R is called a scalar product if:
e Linearity:
(S1) (@1 + 32, y) = (z1,9) + (22, 9),
(S2) (Az,y) = Mz, y).
e Symmetry:
(S3) (z,y) = (y,z) (if over R),

(x,y) = (y,x) (if over C —, need complex conjugate).
e Positive definiteness:
(S4) (z,x) >0,
(S5) (z,x) =0 < x=0.




Examples
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e Euclidean scalar product on R™: For z = (x1,...,x,), y = (y1, ..., yn)', define

=1

e On C": .

o i=1

| o C([a,b)): b

(f.g) = / F(Hg(t) dt.

Ulrike v¢

is a scalar product.
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Proposition 61 (Scalar product and angles)

Consider the standard scalar product on R™. Then:

g

(v, w) = [[vl[[w]| cos(a),

where « is the angle enclosed by v and w.
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Scalar product and angles (2)
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Proof sketch.

y v —w
v
e In a general triangle, we have:
lv —w]* = ol + [Jwl* = 2[Jv]|w]| cos(a).
e Using the scalar product, |[v — w|* = (v — w,v —w) = ||v||* + ||w|* — 2{v, w).

Thus:
(v,w) = ||v|[[w] cos(a).
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Definition 62 (Banach and Hilbert spaces)

e A vector space with a norm is called a normed space.

g

e If a normed space is complete (every Cauchy sequence converges), then it is called
a Banach space.

e A vector space with a scalar product is called a pre-Hilbert space.
e If it is additionally complete, then it is called a Hilbert space.
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Scalar product implies norm
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e Consider a vector space with a scalar product (-, ). Define || - || : V — R:
] = v/, ).
£ Then || - || is a norm, we say it is the norm induced by (-, ).

e The other way around does not work in general: not every norm can be expressed
by a scalar product

Can you find a counterexample?
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Norm implies metric
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e Consider a vector space with norm || - ||. Defined : V x V — R:

d(x,y) = ||z —yl.

g

Then d is a metric induced by the norm.

e The other way around does not work in general! (not every metric comes from a
norm)

Can you find a counterexample?
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Important inequalities
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Consider u, v € R, and denote by | - ||, the p-norm.
e Cauchy-Schwarz inequality:
[(w, v)] < ullz - [[0]]2-

e Holder inequality: Let p,q > 1 with % + % = 1. Then:

d
[, 0) <Y g - oi] < Jully - [ollg-

=1
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Orthonormal basis and orthogonal projections




Orthogonal vectors and sets
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Definition 63 (Orthogonal vectors and sets)

Consider a pre-Hilbert space V.

e Two vectors vy,ve € V are called orthogonal if (vq,ve) = 0.
Notation: vy _Lvs.

g

e Two sets V1, Vo C V are called orthogonal if:
V’U1 € Vi,V’Uz € ‘/2 5 <’U1,’U2> =0.

e For a set S C V, we define its orthogonal complement S+ as:

8
K
2
8
=
5
8
]
5
2
B
2
E
a
S

St={veV|vls forall sc S}

Ulrike v¢




Orthonormal vectors and sets
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Definition 64 (Orthonormal vectors and sets)

e Two vectors vy, vy are called orthonormal if they are orthogonal and additionally
have norm 1:

g

(1,02) =0, |loaf = 1, Jloe]l = 1.

e A set of vectors vy, vs, ..., v, is called orthonormal if any two vectors are orthonor-
mal.
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Orthogonal /orthonormal basis
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We are particularly interested in orthogonal/orthonormal bases of a space.

Proposition 65

In an orthonormal basis us, . .., u,, the representation of a vector v = Y a;u; is given
as
n
= E :<v7ui>ui
i=1
Proof sketch. Exercise. ©

/N We still do not know whether an orthonormal basis always exists.




Projection (general case)

Definition 66 (Projection general case)

An operator A € L(V) is called a projection if A% = A.
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Orthogonal Projection
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Definition 67 (Orthogonal Projection)

Let U be a finite-dimensional subspace of a pre-Hilbert space H. Then there exists a
linear projection
PU H—-U

with ker(Py) = UL. Py is called the orthogonal projection of H on U.




Orthogonal Projection (2)
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Proof idea: Let uy,...,u; be an orthogonal basis of U (note that we still have to
establish that this always exists, we do it on the next slides). Define Py : V' — U by

k
Py(w) = Z <w’ui>ui.

~ uil?

g

e |t is clear that P is linear.
e It is easy to see that Py(u) = u for all u € U.
e For w € U* it is easy to see that Py(w) = 0.
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Orthogonal Projection (3)
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How to make a given basis orthogonal?

Proposition 68 (Orthonormal basis)

Let vy,...,v, be any basis of a finite-dimensional pre-Hilbert space. Then we can
transform it into an orthonormal basis uq, ..., u,.

Proof.
We construct the Gram-Schmidt orthogonalization: A procedure that takes any
basis vy, ..., v, and transforms it into an orthonormal basis u;, ..., u,.



How to make a given basis orthogonal? (2)
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Intuition: Iterative procedure. Successively remove the components in the directions
of the previously constructed orthonormal vectors.

e Step 1: Start with

U1
Uy = , Uy := span{uy }.
o]
e Step k: Assume that we have constructed orthonormal vectors uq, ..., ug_1.

Remove from vy its components in the directions uq, ..., up_1:
: k—1
2 Up 1= vV — E (Vg ui)u;.
: i=1
3 Renormalize: ~
E U =

||

181




How to make a given basis orthogonal? (3)
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Then this constructs an orthogonal basis:

e The new vector is orthogonal to the old ones: For every 7 < k,

(g, uj) = <vk — i(vk,ui>ui,uj> = (vk, uj) — (vg, u;) = 0.

=1

g

e The new vector is non-zero: If u; = 0, then we would have

k—1

v = Z(vk, ui)u; € span{vy, ..., vg_1},
i=1
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contradicting the linear independence of vy, ..., v,.




How to make a given basis orthogonal? (4)
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Thus the procedure constructs an orthonormal basis.

In practice, it quickly results in numerical errors. For better numerical stability, see the
QR factorization later.

g

0

=
£
:
]
H
£
=
s
&
8
g
g
E
&
H
2
5]
5

Ulrike v¢




N
5
g
3
g
]
S
g
H

Orthogonal matrices




Orthogonal matrices
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Definition 69 (Orthogonal matrices)

Let @ € R™ ™ be a matrix with orthonormal column vectors (with respect to the
Euclidean scalar product). Then @ is called an orthogonal (!) matrix.

g

If @ € C"*" and the columns are orthonormal (with respect to the standard scalar
product on C"), then it is called a unitary matrix.
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Orthogonal matrices, examples

o ldentity:

e Reflection:

e Permutation of coordinates:
0 1
(o)

cosf@ —sinf
sinf cos®

¢ Rotation in R?:



Orthogonal matrices, examples (2)
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e Rotation in R? (rotation about one of the axes):

1 0 0
Ryp, =10 cosf —sint
0 sinf cosf

g
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Properties of orthogonal matrices

Let () be orthogonal. Then:

e () is always invertible, and Q7! = Q7.
e Columns are orthogonal <= rows are orthogonal.
e () realizes an isometry:

Yo eV, [|Qul| = (vl

e () preserves angles:
(Qu,Qu) = (v,u) Yu,veV.

o |det@Q| =1.
The same properties hold for unitary matrices U, with U~ = U*.

Proofs: Exercise.
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/\ Orthogonal rows and columns

Consider the matrix
1 2
A= (1 _2) |

e The columns are orthogonal, its rows are not orthogonal!

e Has full rank

e The issue is that the norms of the rows / cols are not 1, and then we cannot
conclude from orthogonal rows to orthogonal columns or vice versa. We can only
make a conclusion if the norm of all rows / cols is 1 (as it is the case in an
orthogonal matrix):

The statement " columns orthogonal <= rows orthogonal” does not hold for
arbitrary matrices.

The statement " columns orthonormal <= rows orthonormal” holds for all square
matrices.



Representation of isometric mappings
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Let S € L(V) for a real vector space V. Then equivalently:
(a) S is an isometry: ||Sv|| = |[v|| Vv eV
(b) There exists an orthonormal basis of V' such/that the,matrix of S has the following

form:
O 0

M =

g

0 O

where each of the little blocks
e either is a 1 x 1 matrix (A.a real number) being 1 or —1

e oris a 2 x 2 rotation matrix:
cosf —sinf
sinf cos6
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Symmetric matrices

ics for Machi
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Symmetric matrices
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Definition 70 (Symmetric matrices)

e A matrix A € R"*™ is called symmetric if:

g

A=A".
e A matrix A € C™"*" is called Hermitian if:

A=A"
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Hermitian matrices have real-valued eigenvalues and
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orthogonal eigenvectors

Proposition 71

Let A € C™*™ be Hermitian. Then all eigenvalues of A are real-valued. Eigenvectors
that correspond to different eigenvalues are orthogonal.
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Hermitian matrices have real-valued eigenvalues and
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orthogonal eigenvectors (2)
Proof.

e )\ eigenvalue of A with eigenvector z. Then:
Mz, z) = (\r,2) = (Az, x) = (z, Az) = (x, \z) = Mz, )
= A=\€ER.
o Let (A1, 1), (A2, o) be eigenpairs of A, A\; # Xy. Then:
A (1, x9) = (Axq, x9) = (21, Azo) = Ao(xq, X2)

= 0= (21, 22) — (21, 22) = (M1 — Ao) (@1, 22).
= either \; = Ay or if \; # Ay, then (x1,25) = 0.
— I 1 ZTo.




What can we conclude from here?
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e Each matrix A € C"*" has n eigenvalues in C.

e For Hermitian matrices A € C"*", all n eigenvalues now live in R. The
eigenvectors still might live in C™ (and not in R™).

g

e Symmetric matrices A € R"*" are a special case of Hermitian (because
A= AT = AT), so it also has real-valued eigenvalues. Moreover, the eigenvectors
can always be chosen in R™.
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Self-adjoint operators

Definition 72 (Self-adjoint operators)

An operator T' € L(V') on a pre-Hilbert space V is called self-adjoint if:
(Tv,w) = (v, Tw).

Sometimes it is called a Hermitian operator (on C™) or symmetric operator (on R").

Remark: Over C", self-adjoint operators are represented by Hermitian matrices. Over
R™, self-adjoint operators are represented by symmetric matrices.



Self-adjoint operator has real-valued eigenvalue and
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eigenvector

Proposition 73 (Self-adjoint operator has real-valued eigenvalue and

eigenvector)

Let V be a finite-dimensional vector space over C or R, T' € L(V), T # 0,
self-adjoint. Then T has at least one eigenvalue and it is real-valued.
In particular, in the case of R, the eigenvector also lies in R™.

g

A

e Already known: Over C, every matrix has an eigenvalue. But it could be a
complex number.
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e Now: if T'is self-adjoint, it has a real eigenvalue.




Self-adjoint operator has real-valued eigenvalue and
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eigenvector (2)

Proof.
Consider the case F' = R.
Let n := dim V. Choose 0 # v € R", and consider:

v, Tv, T?v, ..., T"ve R™.

These vectors have to be linearly dependent (n + 1 vectors, dimension n).
Thus, there exist aq, ..., a, € R (not all 0) such that:

aov +a1Tv + -+ a,T"v = 0.
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Self-adjoint operator has real-valued eigenvalue and
eigenvector (3)

Consider the polynomial with these coefficients and decompose it over R into linear
and quadratic factors:

ag+a1r+asr® +- - Faz” = c(@+bhxtc) ... (P Fbyrtc)(z—d) ... (z—d,),
where ¢ # 0, b;, ¢;,d; € R, and

Quadratic terms 2% + b;x + ¢; cannot be decomposed into linear terms; in particular,
they satisfy:

b7 < 4c; (otherwise, one could factorize them by the quadratic formula)
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Self-adjoint operator has real-valued eigenvalue and
eigenvector (4)
Replace = by T™:

0= (apl +a; T+ -+ a,T")v = (c(\vl(\\)) :

uadr. linear

Qo

Now we can prove: "Quadratic Operators” are invertible
Thus, we multiply the equation with their inverses and obtain:

0= (T —MI)... (T = AnD)v.

Because we had chosen v # 0, at least one of the terms (7" — \;/) has to exist

(m >1). Then also, the product (T"— A\ I)... (T — A\, 1) is not injective, hence at
least one of the factors is not injective. Thus, \; is an eigenvalue over R. In particular,
the eigenvector lives in R™ as well. O



Self-adjoint operator has real-valued eigenvalue and
eigenvector (5)

(%) Invertibility of Quadratic Operators:
Proposition: Suppose 7" self-adjoint and b, ¢ € R satisfy b> < 4c. Then T2 + bT + cl
is invertible

g

Intuition:

( b\’ b b
22+ br+c= (.’1: + ;) + <(t — )1> > (), since ((f — )l> > (0 by assumption.

P4
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So x2 + bx + ¢ is over invertible real numbers.
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Self-adjoint operator has real-valued eigenvalue and
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eigenvector (6)

Now do it: Consider any v # 0.

(T* +bT + cl)v,v) = (T?v,v) + b{Tv,v) + c{v,v)
= (Tv,Tv) + b{T,v) + cl|v]*

HTIHZ*V)IHTI lllvll + ellv]l*  (Cauchy-Schwarz)

N \ | b2 .
= ||Tv| - H ) + (¢ — 4)”@”2 > 0.
— (T2+Z)T+(I)/ #0 Vv #0,
— T2 + 0T + ¢l is invertible.




Spectral Theorem for symmetric/Hermitian matrices

Theorem 74 (Spectral Theorem for symmetric/Hermitian matrices)

A symmetric matrix A € R"*" is orthogonally diagonalizable: There exists an
orthogonal matrix () € R"*" and a diagonal matrix D € R"*" such that:
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g

A=QDQ" = Z Xidiq; -
=1
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Spectral Theorem for symmetric/Hermitian matrices (2)
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Proof (sketch): By induction on n := dim V.
Base case: n = 1, clear.

Inductive step: n — 1 = n.

g

e A symmetric = A has at least one eigenvector u € R" with A € R (previous
theorem).

e Define U := span{u}. U is invariant under A, i.e., Vo € U : Av € U.
e Consider U+ and the restriction of A to U+ .
e On U, A is again a symmetric operator and dim(U~+) = n — 1.
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Apply the induction hypothesis on this space of dimension n — 1.
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Complex version of this theorem
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(often not as relevant to ML as the version above)

Theorem 75 (Complex Spectral Theorem)

A Hermitian matrix A € C"*" is unitarily diagonalizable:
There exists a unitary matrix U and a diagonal matrix D such that:

g

A=UDU .

In particular, the entries of D are real-valued.
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Positive definite matrices
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Positive definite matrices

Definition 76 (Positive definite matrices)

A matrix A € R"*" is called:
e Positive definite (pd) if zT Az > 0 for all z € R™\ {0}.
e Positive semi-definite (psd) if z7 Az > 0 for all z € R™.




Gram Matrices
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Definition 77 (Gram matrices)

A matrix A is called a Gram matrix if there exists a set of vectors vy, ..., v, such that:
aij = (’Ui,’l)j>.
Observe:

e On C™™ Gram matrices are Hermitian.

e On R™™ Gram matrices are symmetric.




Characterization of pd matrices over C

Theorem 78 (Characterization of pd matrices over C)

Let A € C*"*™ be Hermitian. Then the following are equivalent:
(i) Ais psd (pd).

(ii) All eigenvalues of A are > 0 (> 0) .

(iii) The mapping (-,-)4 : C* x C" — C defined by:
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<IE, y)A = yTAxy
satisfies all properties of a scalar product
except one: if (x,x)4 = 0, this does not imply = = 0.

(iv) A is a Gram matrix of n vectors a;; = (z;,x;), which are not necessarily linearly
independent (which are linearly independent)




Characterization of pd matrices over C (2)

Winter 2026/27

A\

e Over C, positive definiteness implies self-adjointness.

g

e Over R, this is not true: pd % symmetric. To get a similar characterization of pd
matrices over R, we need to add a symmetry condition.
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Characterization of pd matrices over C (3)
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Example:

e Over R, if x # 0, then:

g

2T Ar = 23+ 23 > 0 on Rif z #0.

Thus, A is pd but not symmetric.

e Over C, the same matrix is not pd because z% + 23 can be negative!
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Characterization of symmetric, pd matrices over R
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Roots of psd matrices
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Theorem 79 (Roots of psd matrices)

Let A € R™*" be symmetric and positive semi-definite (psd). Then there exists a
matrix B € R"*", also psd, such that:

A= B2
Sometimes, B is called the square root of A, and is denoted as:

B = A2,




Roots of psd matrices (2)
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Proof.

e By the Spectral Theorem, we can write:
A=UDUT,

where D = diag(\1, ..., A,), with A; > 0 (since A is psd).

e Define:
VD = diag(v/ M1, .-,V ).




Roots of psd matrices (3)
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o Set:
B := UVDU".
e Then:
B? = (UVDUT(UVDUT) = U(VD)*UT =UDUT = A.
Remark:

More generally, we can define A'/* for any k € N. Moreover, we can also define A~*
(in case A is psd and invertible) and A*. For p,q € Z, we can define A?/7.




Important psd matrices for ML
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e Consider a data matrix X € R™*¢, with n data points and d dimensions. We
assume the data are centered, that is, each column of X has mean 0.

e Then, the matrix:
= XTX e R

is called the covariance matrix (up to the factor 1/n).

g

e The matrix:
K :=XX"eRv™
is called a kernel matrix (for the linear kernel), and in this special case, it is also
the Gram matrix.
e All these matrices are symmetric and positive semi-definite (psd).
(Prove it!)
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Variational characterization of eigenvalues

Literature: Bhatia: Matrix Analysis
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Rayleigh coefficient
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Definition 80 (Rayleigh coefficient)

Let A € R™"™ be a symmetric matrix. The function:

2TAx 2T Az

:R"\ {0 R =
B RO =R e = T

is called the Rayleigh coefficient.




Rayleigh coefficient — first eigenvalue
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Proposition 81 (Rayleigh coefficient — first eigenvalue)

Let A be symmetric, and let \; < Ay < --- < )\, be the eigenvalues and vy, ..., v,
the eigenvectors of A. Then:

e Smallest eigenvalue:

g

miRn Ra(x) = ||n[hin zT Az = )\, attained at z = v,
xeR™ x||=1

e Biggest eigenvalue:

max Ra(x) = m”ax zT Az = \,, attained at z = v,
TER™ [|z]|=1
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Intuition for the proposition

Assume A is expressed in terms of the basis vy, ..., v, by
A1 0
0 An

Let y be a vector, also represented in this basis:

Y=V +YV2 + -+ YpUp, Y=

Then:
y Ay = Nyt o+ Ay

n

Yn



Intuition for the proposition (2)
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Among the vectors

1\ (o 0
o] |1 5
- ? AR 0 Y
0/ \o 1

the smallest result of y© Ay is given by the vector

1
0

0

and the value would be \;. Therefore the minimum equals \;, and it is attained at v;.
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Formal proof (sketch)

Assume we start with the standard basis. Let Q = (v; -+ w,) be the orthogonal
matrix whose columns are the eigenvectors of A, so that

A=QAQT, A=diag(\y,...,\).

For z # 0 consider the transformed vector y := Q7x. As Q is orthogonal, ||y|| = ||=||

and x = Qy. Hence

RA(x) _ 2T Ax _ (Qy)TQAQT(Qy> B yTAy B )\ly% 4+t )\nyg'

o’z 1yl oyl lyll?

Now we look at the minimum:

min R4(z) = min (Aly% +-+ )\nyfb) = A1,
20 lyli=1



Formal proof (sketch) (2)
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since \; < \; for all i and >, y? = 1. The minimum is attained for y = | . [, that is

g

for x = Qy = vy, with value ;. ]
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Rayleigh coefficient — second eigenvalue

Proposition 82 (Rayleigh coefficient — second eigenvalue)

Consider a symmetric matrix A with eigenvalues
A< A << A
Consider the optimization problem:

min  R(z).
[|z||=1, zLv1

This problem is solved by = = vy, and R(vy) = As.



Proof intuition
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Consider operator A restricted to the space

Vit = (span{v })* .

g

We know that on this space, A is invariant and symmetric, so we can apply Rayleigh
to this "smaller” space:
Vit =span{vy,...,vn}.

If we apply Rayleigh to V1, then we get the solutions Ay, vy.
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Min-max-Theorem / Courant-Fischer-Weyl
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Theorem 83 (Min-max-Theorem / Courant-Fischer-Weyl)

Let A € R™"™ be symmetric with eigenvalues \; < --- < \,,. Then:

- Y i 1
k U ggllalsrp}ace xgll]%?o} RA($) ( )
dim U=k
= max min  Ra(x) (2)

U subspace zcU\{0}
dim U=n—k+1
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Proof intuition
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e For the case k = 1: Case (2) is essentially what we have already proven:
max min Ra(z) = min Ra(x) = A;.
U subspace zeU\{0} xzeV\{0}
dim U=n—k+1

g

Here, max {7 subspace Can be dropped, and the result corresponds to the previous
dim U=n—k+1
result.

Case (1) follows similar principles.
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Case k = 2: Similar to the previous argument.

General case: Induction.
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Matrix norms

ics for Machi
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Motivation
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We want to quantify the "similarity” of various matrices. So we define "norms” on the
space of all matrices.

/N Not all of them are proper norms.




Definitions of matrix norms
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Given a matrix A € R™*™, we define the following norms:

e Maximum norm (entry-wise maximum):

| Al max = max |a;]
1]

g

e Frobenius norm:

4l = [ = Vir(ATA) = /32
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where o; are the singular values of A.
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Definitions of matrix norms (2)
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e Spectral norm (operator norm):
[All2 = Omax(A)

where o, (A) is the largest singular value.
Alternatively, the spectral norm can also be defined as:

g

A
IAll, = max | Az|

where ||x|| denotes the Euclidean norm, on R™ in the denominator and on R™ in
the numerator.
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Definitions of matrix norms (3)
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e Induced (operator) norms:

A
41l = max 1220
2#0 ||zl
In particular
|All = maXZ la;;| (max. absolute column sum), | Al oo = maxz la;;| (ma
i e i
% J

The spectral norm || A||; above is the case p = 2.

e Nuclear norm:

[l = tr(V.ATA)

Note: Many more matrix norms exist beyond those listed here.




Simple inequalities
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Let A € R™*". Then:
|All2 < ||Allr < Vnl|Al2

1
%HAIIOo < [|Allz < vVm|| Al

[All2 < VI[Allx - [[Alloo

Many, many more... see e.g., the book on Matrix Analysis by Bhatia.
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Singular value decomposition




ML motivation: recommender systems

Winter 2026/27

e Netflix ratings: huge matrix of user-movie-ratings!

wmwve )
A A—

g

uresy

Figure: The dot represents rating of user ¢ for movie j.

e Ratings of a particular user are "not random” but have structure.
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e "Compress” the matrix into something much smaller that also better represents
the "structure” of the matrix.
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Singular Value Decomposition (SVD)
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Singular Value Decomposition (SVD) (2
Proposition 84 (Singular Value Decomposition (SVD))

Consider A € R™*™ of rank r. Then we can write A in the form

A=U.2. VT

where U € R™*™ 'V € R™™" are orthogonal matrices, and ¥ € R™*" is "diagonal”:

o 0 ... 0

0 o9 ... 0
YX=1o0o 0 ... o
0 0 .0

0 0 ... 0
—_————

Exactly r of the diagonal values o1, 05, ..

o1 0 0 0 . 0
0 oy 0 0 . 0
or . . .
0 0 o, 0 0

case r=m

. are non-zero. In the general case r < m

and r < n, so X has both zero rows and zero columns.



[llustration
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lllustration (2)
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Matrix Dimension Meaning
U m X m Left singular vectors
¥ m X n Singular values (o)
VT nxn Right singular vectors

Remark: It has min(m,n) singular values.
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Proof sketch

Given A € R™*™ we consider
B:= AT A e R,

Observe:

e B is symmetric:
(ATAT =AT(ANHT = AT A

e B is positive semi-definite:
2" Bx = (z, Br) = (x, AT Az) = (Az, Az) = ||Az||* > 0.

So there exists an orthonormal basis of eigenvectors vy, ..., v, of B with eigenvalues
A1 > -+ >\, >0 (ordered decreasingly). Exactly 7 := rank(A) of them are
non-zero.
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Proof sketch (2)

Define:
e 0, :=y/\,s00,>--->0,.,>0and 0,4y =--- =0, = 0.
e Fori=1,...,r only (for i > r we would divide by 0) set
A'UZ'
U; ‘= .
0;

These are orthonormal, because (Av;, Av;) = v,] AT Av; = \;(v;,v;). Extend
U1, ..., u, to an orthonormal basis uq, ..., u,, of R™.

o U = (u1 um) e Rmxm Y = (v1 vn) € R™™ both with the
vectors as columns.

e X € R™*"™ with X,;; = g; for © < r, and all other entries 0.



Proof sketch (3)
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Now we need to show that with these definitions, we have

g

A=UxV".
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Proof sketch (4)

Verification:

Winter 2026/27

e Columns of UX are given as:

AUZ‘

0;

= AUZ'.

o;U; = 0;

g

e Now multiply with V'T:
e Rows of VT are the v;.
e Exploit that if ¢ # j, then v; L v; and ||v;|| = 1.
e The terms consisting of 7, j with i # j cancel, the term with i = j will result in
a factor of 1.

So we will be left with matrix A.

Conclusion: Finally, it is easy to see that U,V are orthogonal matrices, and that the
number of non-zero entries in X coincides with the rank. O
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Basic properties of SVD

Winter 2026/27

e The rank of a matrix coincides with the number of non-zero singular values.

e |f the matrix A has rank r, then:

ker(A) = span{v,;1,...,0,}

g

range(A) = span{uy, ..., u,}
Proof.

Exercise.
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Key differences between SVD (A) and eig (A)

Winter 2026/27

e SVD always exists, no matter how A looks like! It can be rectangular, does not
need to be symmetric, etc.

g

e U, V are orthonormal! (Not true for eigenvectors in general.)

e Singular values are always real and non-negative.
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Key differences between SVD (A) and eig (A) (2)

If A€ R" ™ is symmetric, then the SVD is "nearly the same” as the eigenvalue
decomposition:

If (\;,v;) are the eigenvalues/vectors of A, then:

(|A\i], v;) are the singular values/vectors of A.

In particular, left- and right-singular vectors are the same (up to signs).



Relationship between SVD (A) and eig (AAT) (AAT is

symmetric!)
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e For general (not necessarily square) matrices A:

o Left-singular vectors of A are the eigenvectors of AAT.
e Right-singular vectors of A are the eigenvectors of AT A.

e )\ #0is an eigenvalue of AAT <= /) is a singular value of A.




Rank-k-approximation
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Given the SVD A = UXVT, where the entries o1, 09, . .. are sorted in decreasing
order, let k£ < r. We define a new matrix A, by the following procedure:

I .
. m{( {H)‘L{(\ (=)" (WIL)?WU(’W)

To build Aj:
e Take the first k columns of U
e the first k entries of X

e and the first k rows of V7.




Rank-k-approximation (2)
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More formally:

g

k
AkZ E aiuiviT
=1

Observe: rank(Ay) = k.
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Best rank-k-approximation

Theorem 85 (Eckart-Young-Mirsky)

Let || - || be either the Frobenius norm || - ||z or the two-norm || - ||2. Consider a matrix
A € R™*™ A, the rank-k matrix constructed above, and B € R™*™ any other rank-k
matrix. Then:

A = Al < [|A = B].

In particular:

Oki1 in case of || - |2,
|A = Ayl = {

S 02 in case of |- | r-

Proof sketch. Skipped. ®



SVD and matrix norms
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Consider A € R™*™ with singular values 1 > 09 > -+ > 0, (p = min{m, n}).
Then:

o |Allr = \Jof + o3+t

g

o Al =01,

Proof sketch. Skipped.
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Relation to machine learning

Computational reasons for a rank-k-approximation:
The running time of many ML algorithms scales heavily in the (implicit) dimension.
Often they can be implemented efficiently if matrices are (sparse or) low rank.

Statistical reason:
ML only works if the data "is simple.”

e Typical assumption: Data lies on a low-dimensional manifold (= locally low
rank).

e (Data is sparse.)

Replacing a matrix with its SVD is supposed to get rid of noise.



ML Keywords: Linear regression!
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Pseudo inverse
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Pseudo-inverse

Definition 86 (Pseudo-inverse)

For A € R™*" a pseudo-inverse of A is defined as the matrix A% € R™*™, which
satisfies the following conditions:

AAT)T = AA*  (symmetry)

(1)

(2) AFAA* = A% ("nearly inverse”)
(3)

(4) (ATA)T = A*A  (symmetry)

Remark: If A were invertible, A# = A1,




Pseudo-inverse (2)

Intuition:

Winter 2026/27

e Consider a projection from R3 — R?:

X
X1
A i) = .
X2
€3

e This cannot be inverted, as inversion would reconstruct the original point.

g

e But we can "invent” a reconstruction, for example:

2 3 T .
R:R —)R, R T = | X2
2 0
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e Now we have:
ARA = A, AA" A = A, with R = A7
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Intuition: How could we define a pseudo-inverse?

e Consider a diagonal matrix:

A0 0 0 0
0 X 0 0 0
A=10 0 -+ X 0 --- 0], with A\y,...; A\x #0.
o 0 --- 0 0 --- 0
o 0 --- 0 0 --- 0

e Then set A% € R™™ to be the "diagonal” matrix with 1/\;,...,1/)\; on the
diagonal and O everywhere else. Note that its shape is transposed with respect to

A.

e This does the job for diagonal matrices.



Intuition: How could we define a pseudo-inverse? (2)
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e How do we generalize to all matrices? = Use SVD!
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Moore-Penrose pseudo-inverse
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Proposition 87 (Moore-Penrose pseudo-inverse)

Let A€ R™" A =UXVT its SVD. Then the following matrix is a pseudo-inverse:

4% .— yo#UT|

with ©# € R™™ defined as:

s# _ 1/%; if 3, #0,
“ 0 otherwise.

Proof sketch. Easy, just do it. &)




Moore-Penrose pseudo-inverse (2)

Proposition 88

If A is invertible, then A~1 = A#.

g

Proof sketch. Easy, just do it. ©)
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Trace of a matrix
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Trace
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Definition 89 (Trace)

The trace of a square matrix A € R"*" is the sum of its diagonal elements:

tI'(A) = Zn: Qi .
=1




Properties
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e tr: R™"™ — R is a linear operator. In particular:
tr(A+ B) = tr(A) + tr(B).

e tr(A- B)=tr(B- A).
I\ tr(A- B) # tr(A) - tx(B).
e The trace does not depend on the basis. Let 7' € £(V), and let By and B, be two
bases of V. Then:
tr(M(7, By)) = tr(M(T, By)).
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Properties (2)

e The trace of an operator equals the sum of its complex eigenvalues summed
according to multiplicities:

A koo %
N I VRO |
A=| . . w.r.t. some basis{vy,...,v,}
0 O An



Properties (3)
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e With the characteristic polynomial written in monic form, p4(t) := det(t — A),
the trace equals the negative of the coefficient in front of " !:

g

pa(t) =det(tl — A) =t" + ap,_1t" '+ ..., tr(A) = —an—1.

(Careful: elsewhere we also write det(A — tI) = (—1)"pa(t), which is monic only
for even n.)
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Trace vs. determinant
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tr(A) = sum of eigenvalues

g

det(A) = product of eigenvalues
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Riddle
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Consider a real-valued matrix A € R™*™. Over C, we can glways find eigenvalues
A1, ..., Ap € C and bring the matrix into triangular form A. Then:

n

tl"(A) = Z(lu’ € R,

=1

g

and

tr(A)=>Y N eC
=1

but the two are identical because trace is ind. of the basis, hence tr(A) € Rl 717
So even over C, the trace always is a real number. Seems confusing...
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Let's look at an example:

266




Riddle (2)

Example:
Consider a rotation matrix:

Winter 2026/27

cosf —sinf
A= (sin9 cos 6 )

e A does not have any real eigenvalues.

g

e The trace is given as 2cos#.

e The characteristic polynomial of A is:

p(t) = det (A — tI) = det ((Cose_t —sinf )) :

sin 6 cosf —t
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which expands to:
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p(t) = (cosf — t)* +sin*0 = t* — 2cos -t + 1.



Riddle (3)

e The roots of p(t) are:
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2cos0 £ \/(2cosh)? —4
)\1’2: 2 .

These are complex eigenvalues:
A2 =cosf £isinb.

e The diagonal representation of A is:
A1 0
0 X/’

tr(A) = A1 + Ay = (cosf + isin @) + (cosf — isinf) = 2cosf € R.

The trace is:




What is going on?
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For any real matrix A € R™*™, if A € C is an eigenvalue, then X is also an eigenvalue.

Reason: Complex eigenvalues have their roots in solving quadratic equations, as in
the last example:

g

o If b — 4ac > 0, eigenvalues € R.
o If b — 4ac < 0, then eigenvalues are:
—b V4dac — b2

AMyg=—Fj———
127 94 ! 2a ’
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which are complex conjugates, and \; + \s € R.




Matrix series
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Spectral radius
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Definition 90 (Spectral radius)

The spectral radius of a matrix A € R™*" or A € C"*" is defined as:

g

p(A) ;== max{|A| : A € C eigenvalue of A}.

(Note that even for real matrices, this definition considers all complex eigenvalues of
A)
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Spectral radius (2)

Proposition 91

lim A* =0 <= p(4) < 1.

k—o00

(In Frobenius norm: ||A* — 0|z — 0.)




Spectral radius (3)
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Proof sketch.

e "=": Let v be the eigenvector of the eigenvalue \ that defines p(A). Then:

0% lim A*v % lim Mo = (lim \¥)o.
k—ro0 k—o0 k—o00

This implies limy_,o, A¥ = 0, and hence |\| < 1.
e " <" Proof for symmetric matrices:
Write A = UDUT, then A* = UD*UT.
Since || A*||r = || D*||r, and D* — 0, it follows that || A*||r — 0.

For general matrices: Use Jordan normal form (proof skipped).




Neumann series

Proposition 92 (Neumann series)

e The series Y -, A" converges if and only if p(A4) < 1.
o If p(A) <1, then (I — A) is invertible and:

Winter 2026/27

g

(I-A)7' =) A%

Over R: +&- =" aF for o] < 1.

Proof intuition:
For symmetric matrices, apply matrix powers to diagonal matrix D. For general
matrices, proof requires more work (skipped).
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Matrix exponential

For any matrix A, the series:
o0

A2
A At
exp(A E:o =l AL

converges. It is called the matrix exponential.
The matrix exp(A) is always invertible, and:

(exp(A))~" = exp(—A).
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Implementing matrix operations

Literature:
Golub/van Loan: Matrix computations
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Triangular matrices are great
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If we have a matrix in triangular form, many standard quantities can be easily
computed:

e Solving a linear system: Az = b:

11 Qa2 Q13 T by
0 ax ag zo | = | by
H 0 0 ass xs3 b3

Starting from the bottom:
x3 = bs/ass,

then plug into the second-to-last row:
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To = (bz - a23$3)/(122,

Ulrike v¢

and so on.




Triangular matrices are great (2)
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e Eigenvalues are the entries on the diagonal.

e det(A) is the product of the diagonal entries.

g

So many numerical algorithms are based on triangular matrices.
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Linear systems: theory
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Solving linear systems is one of the most basic tasks and appears as a subset of more
complex algorithms.
Axr=b

Proposition 93 (Linear systems)

Let A € R™*" b e R™.
(i) The set of solutions of Az = 0 is given by ker(A) and is a subspace of R".

(i) The system Az = b has at least one solution if and only if b € Range(A).
(iii) If w is a solution of Az = b, then the full set of solutions is given by:

w+ ker(A) :={w+v | v € ker(A4)}.
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Gaussian algorithm to solve linear systems

Intuition:

Take the first equation and use it to eliminate the first variable in all other
equations.

Then use the second equation to eliminate the second variable from all remaining
equations.

And so on.
At the end, we are left with an upper triangular matrix.

We then solve the system starting from the bottom.

Of course, clever tricks such as selecting the best row for pivoting (reordering,
rearranging, etc.) can be done.

Computational complexity in general case: O(n?).
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LU decomposition

Idea:

One can see that the Gaussian elimination algorithm implicitly does something more
general.

Given a square matrix A, it decomposes A into a product:
A=L-U|
where L is a lower triangular matrix and U is an upper triangular matrix.

LU decomposition exists under certain conditions. In particular, for symmetric
positive-definite matrices, it always exists.

Computational complexity: O(n?).
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LU decomposition to solve a linear system

Once we have an LU decomposition (O(n?)), the solution to the problem Az = b can
be found by solving two linear systems (trivial due to triangular form):

(1) Ly=b  (O(n*)
(2) Uz=y (O(n%)

= Ar=LUxr=Ly=>



LU decomposition to compute the inverse
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To compute the inverse of a matrix A, we need to find a matrix X that satisfies
AX = 1. This corresponds to solving n linear systems:

Ax; = e,

g

where e; are the standard basis vectors. Once we have the LU decomposition of A, we
can simply solve these systems.

Complexity complexity: O(n?)
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Cholesky factorization
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For the special case of symmetric, positive-definite matrices, we can simplify the LU

decomposition:
A=1LLT]

where L is a lower triangular matrix. This is numerically very stable, uses less memory
than LU, and is faster than LU (still O(n?®), but with better constants).
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QR decomposition
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Any matrix A € R™*™ can be decomposed as:

A=on)

where () is an orthogonal matrix, and R is upper triangular. Several algorithms exist,
with different advantages and disadvantages.

g

Complexity complexity: O(n?)
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QR decomposition to find an orthogonal basis
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In particular, if A has full rank (i.e., its columns are linearly independent), then @
contains an orthonormal basis of R™.

g

More generally, the first £ columns of () form an orthonormal basis of the subspace
spanned by the first k& columns of A.
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QR decomposition to compute all eigenvalues of dense
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matrices A

Iterative procedure:
o Set A0 = A,
e Fork=1,2,...
e Compute the QR factorization of A*—1:

A=) — k) gk,
e Recombine in reversed order:

AW .= RBQF),

Note:

Aps1 = ReQi = (Q' Qi) ReQr = Q1 ArQy.
Under certain assumptions, A* converges to a triangular matrix or even to a diagonal
matrix (e.g., if A is symmetric).




Largest eigenvalue and eigenvector
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Let A € R™*" with eigenvalues A\, ..., A, such that:
M| > [Ao] = > Al

Power method (vanilla version):

e Start with a random vector .

g

e lteratively compute:
Avk

Vg1 = 75— -
T Au

e If [\1| > |\2|, then vy converges to the eigenvector v;. The speed of convergence
depends on the spectral gap |Aa/A1].
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Issues: Problematic if the eigenspace has dimension > 1, or if it is unknown whether
A has an eigenvalue in the first place.




Conjugate gradient method for linear systems of sparse
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symmetric positive-definite matrices

Problem:
Many of the algorithms we have seen (LU, QR, etc.) cannot fully exploit sparsity of a
matrix.

g

Bad: in ML, many matrices are very sparse.

Solution: Use iterative methods that are based on matrix-vector multiplications.
(example: power method)
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lterative methods for sparse matrices

e We want to solve Ax = b.
e Consider the minimization problem:
L 7 T
O(x) = 57 Az — " b.
Minimum is achieved by setting z := A~'b.
e So we can find the solution = to our system Ax = b by minimizing .
e The gradient is:

Vo(x) = Az — b,

and can be computed just with a matrix-vector product (good for sparsity).

Now apply optimization methods (conjugate gradient descent).



Spaces of functions: Continuous @iable, integrable

SKIP




Space of continuous functions
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Definition 94 (Space of continuous functions)

Let T" be a metric space,

CNT)={f:T— ntinuous and bounded}
that Vi € T: |f(t)] < ¢
As a norm on C*(T) we us
= sup | f(?)
< teT




Space of continuous functions (2)

Proposition 95

ace, i.e., a complete normed
vector space.

g

Proof outline:

e Need to check vector space &
e Norm axioms
e Completeness: follo% he fact that || - ||« induces uniform convergence
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Space of differentiable functions

Let [a,b] C R, then
C'([a,b]) == {f: [a, K; f is continuously differentiable}




Space of differentiable functions (2)
Which norm?

e Consider || - ||oo. With this norm, C! is not complete!

Jig [
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— limit function, not differentiablel

[FllgT==wsup max {[f(t)], |/'(t)]}

te(a,b]

LI = 1 f oo + 11Tl

C1([a, b]) with any of these two norms is a Banach space.




Spaces of integrable functions?
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e Consider C*([a, b]) with the norm || f||y == f2|#(t)| dt

We can see: || - |1 is a norm, butsthe space is not complete.




Spaces of integrable functions? (2)
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e Consider R([a,b]) of all Riemann-integrable functionswon [a,b] C R, together with

- [l

b 4

\ [t dk-0
!‘ L Lub f%0
However, on R([a,b}), Jj={|1 is not a norm: it is not true that

/=0 = f=0




The space L7
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Definition 97 (The space LP?)

For 1 < p < oo, we define

ble wrt Lebesgue measure and
LP(|a,b]) = :a, b
([a,0]) fila,b] = (P dt <
As a norm we use

- /|f |pdt




The space LV (2)
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Definition 98 (The space L)

The case p = oo is defined separately:

L2([a,b]) :={f :[a,b] > R| f e, 3C : |f(t)| < C for almost all ¢}

with the norm \
[| flloo := €ss sup,e = mf{C >0 |f(t)| < C for almost all ¢}.




The space LV (3)

Proposition 99
| f]l, is a semi-norm on LP. \ /

Proof.
e Vector space: L” is a vector space
e Semi-norm: observe: ||f||, =0 Q ost everywhere (a.e.)

So we do not have that || f||,

1 ifx=17
A\ Il fll, is not a norn% ple, the function f(z) = { e . has
0 otherwise
integral 0, but is not the O-fwfiction.




The space LV (4)

Proposition 100

L? is complete under || - ||, ‘

Proof.

If (fi)ien is a Cauchy sequence in L? nt to prove that hm fieLr.

This is equivalent to proving the foI

Let (f;); be a sequence such th t

Y lfilly <oo (F)
i=1

Then there exists f € £P such that Y ' | f; = fin |- |, as n — oo.



The space LV (5)
Define

Winter 2026/27

g:= Z|fi|

Note: This might not yet be a well-defined function from [a,b] — R, might be oo at
certain points.
Let

g

Gn 1= Z |fz| € LP
i=1
By Minkowski:

[ def
Hgn”P =

£
5
g
S
2
£
5
-
5
H
g
:
F
X
=
F
5

> IA
i=1

= §, — ¢ monotonically

Mink. < ass. (%)
< D il < a
P i=1
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The space LV (6)

Winter 2026/27

By theorem of monotonic convergence, g is measurable and, we have

lim gﬁd)\:/lim ggdAd:ef/gpdAgap

n—o0 n—090

g

= § < 00 a.e., that is, there exists aiset//N of measure 0 s.t. on [a,b] \ N, g is finite

Now we can define

g(t)= e Lr
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g(t) tela,b\ N
0 te N
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The space LV (7)

From this, it now follows that

Winter 2026/27

ﬂW:ZMmt¢N

exists. For t € N, we set f(t) := 0.
Now f is measurable and in L, because

‘ﬂﬁwg/¢w<m

g

Finally,

o0

Z fn converges to f in || .|, because of the Theorem of dominated convergence.
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From LP to L?

Winter 2026/27

We constructed a space L with the Lebesgue‘integral as’a semi-norm. This means,
given f € LP, we can change the p-values of . in"a set of measure 0, resulting in f,
but the norm “does not see a difference”:

g

b~ Fll =0

To fix this, we want to consider functions to be “equivalent” if they only differ by a
set of measure 0.
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From LP to LP (2)
The formal construction goes as follows:

Define
N :=ker(|| - [l,) == {f &L (I f]l;= 0}

It is a subspace of L7,
Now consider the quotient space of £ w.r.t. this subspace:

Lr([ank]) & L7 ([a, 0]) /N

Define a norm on LP by

1L =1

new old
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From L to LP (3)

This norm is well-defined: if £, f € [f], then || fllg'= M,

This "norm” is a norm, because

ILA1lp 0% =5, [f1=[0]

Conclusion: L? with || - ||, iSsa Banach spacel!
For simplicity, in future'weswrite || |, for ||[f]ll,-

Elements (" functions”) in L? are equivalence classes [f] consisting of all functions
that coincide a.e.



From LP to LP (4)
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A\

e |t does not make sense to evaluate f @ ause {0} has Lebesgue measure 0.

e Quite annoying for machine learni here we always want to evaluate functions

on input points.

e Often use alternative spacej'r& or example reproducing kernel Hilbert spaces.
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Continuous = bounded

Theorem 101 (Continuous = bounded)

Let X,Y be normed spaces and 7' : X — Y beyli
are equivalent:

W .
. Then the following statements

(i) T is continuous.
Vee X Ve>030>0V % y|| <d=||[Tx—Ty| <e
(i) T is continuous at 0.
(iii) T is bounded:
dM >0Ve e X : <l - ||z
(iv) T is uniformly continu
Ve>030>0Vee) X VyeX:|lz—y|l<d=||Tx—Ty|| <e¢



Continuous = bounded (2)

e uniformly continuous

e not uniformly continuous

>
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Operator norm
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Definition 102 (Operator norm)

Let X,Y be normed spaces, and let T :

q e lipear and continuous.
|Tz|| = o | Tz||

T := sup

£ ||iv||<1 ||w|| 1

2

H is called the operator norm of

H Observe: coincides wit norm || - ||2 as we had defined it earlier.
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Examples

e Evaluation operator: 7: C([0,1]) = R, T.f =.f(0).

As norm consider || - || on C([0,1]), | - | on’R. Then:
Tl =1, sup 1T £ S |f( .. exercise - - -
reco) [ lloey, N2 [Fllse
e Integral operator: 7' : C([0,1}) R, Tf= fol f(t)dt

With the same norm as @bove;. 1" is continuous and

17 =1



Examples (2)
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e Differential operator: D : C'([0,1]) —=.C([041)), » f — f
e Consider || - || on C! and C. Fhen D.is linear, but not continuous!

o Consider || f]| :=||flle + [[Filoc'@n C*. With this norm, D is continuous and
bounded.
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Dual space

Definition 103 (Dual space)
Let V' be a vector space, T: V — Fisc naI (linear).

Given a vector space V, the algebrai space V" consists of all linear functionals
onV:

L(V,F)

If V' is a normed vector spa e space of all linear, continuous functionals from
V to Fis called the (tcﬁlogi dual space V' of V.
.



Dual space (2)

Remark: If V is finite dimensional, then V* =
always continuous. In general, this is not true.

hen linear mappings are

We endow the dual space with the operat

[T

evedo 0]

|T

Proposition 104 (Dual spa ?e is normed space)

V' is a vector space, and the operator norm is indeed a norm on V.



Dual space (3)

Proposition 105 (Dual space is Banach space)

g

If V' is a normed vector space (but arily complete), then V' with the

operator norm is a Banach space.\
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Examples

Winter 2026/27

e K C R compact set, C(K) space of continuots funetions with || - ||oc.
Then C(K)' is equivalent to the space M (K),the space of all (Radon) measures
over K.

g

e S C R measurable set, 1 < p <0, g suchithat

1

1
=1
P q

Then: The dual of LP(S).is given as LI(S).
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Riesz representation theorem

-
5
g
3
g
]
S
g
H

Theorem 106 (Riesz representation theorem)

o H—
is bijective, isometric, and satisfi

Stated differently: For any mapping H', there exists a unique y € H such that

( ~ v'(z) = (z,y).
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Adjoint operator

Definition 107 (Adjoint operator)

Let T': H; — H5 be linear and continuous , Hy Hilbert spaces. Then there exists
an operator 7% : Hy — H; such that

<T$C, ( T*y>H1
forallw € Hy,y € Hy. T* is c IN joint of 7.
Remark: The existencé of thi erator is a consequence of the Riesz representation

theorem.



Adjoint operator (2)

Definition 108 (Self-adjoint Operator)
A amaier 03 2 — 18 5 alled) a0




Quotient space @
Not treated this year, but the videos exist'QA interested.
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Equivalence relation

Definition 109 (Equivalence relation)

Consider a set S. A subset RC S x S is
Vr,y,z € S:

valence relation on S if

(E1) (z,z) € R (reflexivity)
(E2) (z,y) e R= ya (symmetry)
(E3) (z,9) € R, (y,2 ( ,Z (transitivity)

Notation: (z,¥)



Equivalence relation (2)

Winter 2026/27

Example: V vector space, W C V subspace.
v~usv—ueW

g

Example: Consider the space L'(R)%f all functions f : R — R that are Lebesgue
integrable. Define:

f~g < f= g almost everywhere
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Equivalence class
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Definition 110 (Equivalence class)

Proposition 111

Two equivalence classes [a| and {b]=are either identical or disjoint.

Consequence: An equ relation on S results in a disjoint partition of

equivalence classes.




Quotient spaces

Winter 2026/27

Constructing quotient spaces:
V' vector space, W C V subspace, equivalence relation:

v~usSw—ueW

g

Denote the equivalence classes as_[v]:
Observe: the equivalence classes haveithe form

V] =v4+W={deV | |FweW:u=v+w}={v+w|lweW}CV
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Quotient spaces (2)
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Definition 112 (Quotient "space”)

Define the quotient "space” as

VW Qv eV}
If [v], [u] € V/W, define: q
N = [v+ vy

:$[v] — ]
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Quotient spaces (3)

These operations are well-defined:

e Suppose v' ~ v (i.e. v/ € [v], [v] = [V'])

and v’ ~ u. Is [v] + [u] = [v] + [u'] well-défined?
ev~v SIweW iv—0v =w

u~u S IVeEW iu—u =w
e Then:

[o] 4 [u] o W), [] + [w] = [0+ ]
Need to check: (v + u) ~ (v' 4+ u')?
(v4u)— W #) Yo -+ (u—u)eW = vt+u~d+u

e Similarly, for scalar mult:
(V/W, 4, -) is a vector space: exercise.



Quotient spaces (4)
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Proposition 113

Consider g: V — V/W, v [v]. Then; N/
e g is linear

o ker(g) =W Q
e range(g) = V/W \

e If V has finite dimension, then dim(V/W) = dim V' — dim W




