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Chapter 1

Mathematical Notation

Learning Mathematics from the very start consists of two equal parts. One
part is learning the language of Mathematics, the other part is learning the
concepts, techniques and methods. Often one can hear people complaining
they don’t understand Mathematics, but most time they just don’t speak the
language. Someone who wants to study French literature has to learn the
French language and someone who wants to learn the concepts, techniques
and methods of Mathematics has to learn the language of Mathematics.
As learning the French language and studying the masterpieces of French
literature goes hand in hand, so does learning the Mathematics language
and ”Mathematics”. However, to start with one needs a basic vocabulary.
The purpose of this first chapter is to give the student this basic vocabulary
in Mathematics.

1.1 Sets

A set consists of an arbitrary ( finite or infinite ) number of objects. If an
object x belongs to a set M we write

reM (1.1)

and say x is an element of M. If x is not an element of M we write

We can denote a set by listing its elements. For example

M ={1,2,3,4,5,6} (1.2)



If M consists of an infinite number of elements we can not write down
all the elements. Sometimes the elements are in a natural order and one can
indicate the set by just writing down the first three or four elements of the
set such as in

N=1{0,1,2,3,..}

where N denotes the set of Natural Numbers. In the same way one
can write

Z={.,-2,-1,01,2, .}

to denote the Integer Numbers. If however the elements of the set are
in no natural order, we can usually characterize the elements of the set by
some conditions such as for example in

Q= {§|p,q €Z,q# 0} (1.3)

Here QQ denotes the set of Rational Numbers and 7Z the set of integer
numbers. This is always possible. For example one could write

M = {z|x € M}. (1.4)

We assume furthermore that the students is familiar with the set of Real
Numbers

R = {z|z is a real number }. (1.5)

A very important set is the so called empty set. This is the set which
contains no elements. We denote it with

0 (1.6)

If we have two sets M and N and all elements of N are also elements of
M we write

NcM (1.7)
and call N a subset of M. We can write

NcM (1.8)

if we want to express that N C M but they are not equal N # M.
Furthermore given two sets M and N we can build their union



MUN ={z|lre M orze N} (1.9)

as well as their intersection

MNN ={z|lr € M and z € N} (1.10)
the complement
M\ N = {z|zr € M and not in N } (1.11)
and their Cartesian product

M x N ={(z,y)|lr € M,y € N} (1.12)

where (z,y) just denotes the ( ordered ) pair which consists of z and y.
Important subsets of R are the so called intervals : For a,b € R

la,bj={z|lr e R,a <z < b} (1.13)
is called the open interval from a to b.

la,b] = {z|r € R,a < x < b} (1.14)

is called the closed interval. Furthermore we speak of half open inter-
vals denoted by [a, b[ and ]a, b] in case one of the inequalities is strict and the
other one is not.

At the end of the section some examples :

Example 1.1.1.
1 1
5€N—2¢N—2€Z§¢Z§GQN§¢@N6¢R

)cNCZcQCcR
| —3,2[NZ = {-2,-1,0,1},[-3,2] NN = 1,2

1.2 Maps

The concept of maps can be found everywhere in nature. Given two sets,
than a map is something which associates to each element of the first set
exactly one element of the second set. For example one can consider the
price of a stock at the stock-market as a function of time. At any point in



time the stock has exactly one price. It will take us some time and a lot of
effort to understand how this particular function can look like, but we will
finally come back to this example. For now, we have to translate the concept
of maps into mathematics language.

Definition 1.2.1. A map consist of the following data :
1. a set M, the so called domain of the map
2. a set N, the so called range of the map
3. for each x € D exactly one element f(x) € W.

In compact notation we write

f:D — W
x = f(2).

Sometimes if it is clear from the context we abbreviate the notation and
just write f : M — N or even just f. Always though we distinguish the map
f from f(x) which is just an element in the range.

Example 1.2.1. We consider the following examples :

1.
fR —- R
v — f(r) =2
2.
g:R — R
r — glx)=3z+1
3.
h:Z — N
r = hz) = x|
4.

dy - M — M

r = X



The map idy is called the identity map on M.
Definition 1.2.2. Let f : M — N be a map.

1. For any subset U C M the set f(U) = {f(m)lm € U} is called the
image of U under f. The set f(M) is just called the image of f.

2. For a subset V.CY the set f~(V) = {x € M|f(z) € V} is called the
preimage of V.

The notation f~! in the definition does not stand for the inverse map,
which in general does not exist. The preimage of N is always the whole set
M, since any element of M is mapped into N under f.

Example 1.2.2. Reconsider the maps of Example 1.2.1. The image of f is
the interval [0,00[. Furthermore we have f=1([4,9]) = [=3,—2] U [2,3] and
fY{=1}) = 0. The image of g is R an the image of h is N. The image of
the set {—1,1} under h is {1}

Definition 1.2.3. Let f : M — N be a map. Then
1. f is called surjective if the image of f is N, i.e. f(M)= N.

2. f is called injective if for any one element subset {y} C N the preim-
age f~({y} consist of at most one element.

3. f is called bijective iff is both injective and surjective.

There are a lot of equivalent definitions for surjective, injective and bijec-
tive. For example a map is surjective if and only if the preimage of any one
element subset of N is not empty and it is injective if and only if different
elements of M are mapped under f to different elements in .

Example 1.2.3. Reconsider Example 1.2.1. Then f is neither injective nor
surjective. h is surjective but not injective. g is bijective.

Definition 1.2.4. Let f: M — N be a bijective map. Then for any y € N
there is exactly one element x € M such that f(x) = y. We denote this
element with f~'(y) and define the inverse map f~! via

fﬁlzN — M
y — [ y).

f~!is also bijective and we have

f(f(z)) =2 Vo€ M.



Definition 1.2.5. Let f : M — N and g : L — M be maps. Then we define
a new map f o g called the composition of f and [ as

fog:L — N
x = flg(x)).

Example 1.2.4. Reconsider the maps from Ezample 1.2.1, then we have
(fog)(x)=Bx+1)?=922+6x+1 for all z € R.



Chapter 2

Linear Algebra

Linear Algebra is basically a tool for the study of systems of linear equations.
Consider for example the following system :

lo1 + 2254+ 323 = 4
51’1 + 61’2 + 73173 = 8
95(?1 + 10232 + 113}3 = 12

The question is : Is there a triple (x1,x9,z3) of numbers which satisfies
the three equations above and in case there is, how many are there and how
can we find them.

2.1 Vectors, Matrices and Vectorspaces

Definition 2.1.1. Let x4, ..., x, be real numbers. Then

xy

Tn

18 called a column vector and

(1, ey Tp)

1s called a row vector.

If the number of entries in the vector is n then we speak of an n-dimensional
vector. Let us put all n dimensional column vectors together in a set :

8



Definition 2.1.2. The n-dimensional real space is the set which contains
all n dimensional column vectors

€

R™":={]| - Ty, .., T, € R}

Sometimes we write

x

If we consider the set of m-tuples of n-dimensional row vector we get what
is called m x n matrices.

Definition 2.1.3. The set of m x n matrices is the set

ailr a2 Q1n
Q21 Q22 + +  Q2pn

R = { .+« | ay €RY
Am1  Am2 Amn

Example 2.1.1.
1 2 27
3 | eR?, (1,4,V2,7) e R4, < 41 ) € R*>*2,
-3

We can consider n-dimensional row vectors as 1 x n matrices. If we don’t
want to list all the entries of a matrix we just write (a;;) indicating that at
position i-th row, j-th column in the matrix we have the entry a;;.

Definition 2.1.4. Let A = (a;;) € R™" and B = (b;;) € R**! be matrices.
Then we write A = B if

I. m=kandn=1

2. a;; = b for all pairs 1,5 such that 1 <1 <m and 1 < j < n.



Example 2.1.2.

2 27
(2)¢(47
0 O

Definition 2.1.5. Let A = (a;;), B = (b;;) € R™" and C = (c;;) € R™! be
matrices, x = (x;),y = (y;) € R™ be a vector and r € R. Then we define

1. Scalar Multiplication

1 r-x
r-xr = r =
Tn T Tp
2. Vector Addition
T (7 Tyt
Tty = + = .
Ty Un xn + Un
3. Matrix Addition
aipx a2 Q1n bir  bia bin
a1 a22 Q2n ba1 b ban,
A+ B = + . . .
A1 Am2 mn b1 bme bmn
air +bin ap+ bio a1 + bin
a1 + b1 azy + bao a2p + bap
A1 + b1 Az + Do mn + Omn

4. Scalar Product

<zy> =

10

xl-y1+...+xn-yn:in-yi
i=1



5. Matrix/Vector Multiplication

n
ain aip -+ G 2} > i1 Q1 T
Qg1 A22 - - A2y :
A-x = = e R™
n
Am1 Am2 - Amn Tn Ejzl Amj * Tj

6. Matrix Multiplication

a1n Q12 - - Qip 11 C2 - - Cu
Q21 Q22 - -+ Q2p Co1 Co2 - - Qg
A-C =

Am1 Am2 * * Qmp Cp1 Cp2 - - Cp
n n n

Dokt @1k O D pm Gk Ch2 D g Q1kC Chl
n n n

Dohe1 G2k CRL D Gok Ch2 ¢ ¢ Dy G2k C
n n n

Dkt @k k1 D ey Gk " Ch2 Dy Gk * Ci

At position (i,j) of the matriz we have the element Y, _, @ik - Cr;-

7. Scalar /Matrix Multiplication

ajx Qa2 -+ Qip r-apx; Tr-aip - - T:Aip

Q21 Q22 -+ +  Q2p r-ag1 T-Q2 - - T A2
r-A=r =

Am1 Am2 * ° Amn r-Qmi T-Qp2 * * T 0nmn

Note that we can only multiply matrices with matrices and matrices with
vectors as well as add matrices and add vectors if the sizes fit each other. The
multiplications and additions defined as above satisfy the following rules:

Proposition 2.1.1. Let A, Ay, A3 € R™" B1.By € R .0, e R*F r s € R
and x,y,z € R™. Then we have

1. Commutative Laws

(a) v+y=y+z

11



(b) A1+A2:A2+A1

(c)r-s=s-r
2. Associative Laws

(a) 2+ (y+2)=(+y) +2

(b) A+ (As+ A3) = (A1 + As) + A5
(c) Ay (By-Cy) = (A1~ By)-Cy

(d) r-(s-z)=(r-s) x

(e) r-(s-Ay)=(r-s) A

3. Distributive Laws

(a) Av-(z+y)=A1 -2+ Ay
(b) - (A1 +Ay) =r- Ay +r- Ay
(c)r-(r+y)=r-z+r-y

(d) (r+s)-A=r-A+s-A

(e) (r+s)-zx=r-x+s-x

(f) (A1 +As) - x=A1 -2+ Ay x

Proof. Exercise ! O

Let us consider some special vectors and matrices :

0
Definition 2.1.6. 1. The wvector 0,, = | - € R" is called the (n-
0
dimensional) Zero Vector.
00 - -0
0 0 0
2. The matriz 0,,xp = Ce e e e R™*" js called the m x n
00 - 0

Zero Matrix.

12



1 0 - 0
01 - -0

3. The matriz id,,x, = S e R™™ with “17 on the diag-
00 - -1

onal and 07 elsewhere is called the n x n Identity Matrix.

Proposition 2.1.2. Let A € R™" B € R"™™ and x € R". Then

1. A-idpyn =A

2. idyyn - B=1B

3. idyyn - x = .

4o A Onxi = O
5. Oixn - B =01
6. Ojxn - x =0y

7. A4 O = A
8. 2+0,==x

In proposition 2.1.1 we saw that for computations with matrices, column-
vectors and real scalars we have certain rules ( or laws ) at hand. There are
a lot of other situations in mathematics where such rules hold. To generalize
the concept one defines so called vectorspaces.

Definition 2.1.7. A nonempty set V together with two maps

+:VxV — V
RxV — V

1s called a real vector-space if the following relations hold : We assume
u,v,w €V and write +(v,w) =: v+ w as well as -(r,v) =:r-v. Then

1. Commutative Law
v+w=w-+"v

2. Associative Law

(u+v)+w=u+(v+w)

13



3. Distributive Laws
r-(v+w) = r-v+r-w

(r+s)-v = r-v+s-v

4. Scalar Associativity

5. Unitality

6. Zero Vector : 30 €V s.t. Vo eV

O+v=w

7. Negative Vector : For each v € V there exists exactly one w € V
S.1.
v4+w =0

We denote —v = w.

The elements of V' are called vectors.

Example 2.1.3. 1. R" together with + := “Vector Addition” and - :=
“Scalar Multiplication”.

2. R™*™ together with + = “Matriz Addition” and
= “Scalar/Matriz Multiplication”.

3. The set of all polynomials := {a, 2" +a,_1-2" ' +...+agla; € R,n € N}
4. The set of all real functions := {f : R — R}

2.2 Linear Independence,Basis’ and Subspaces

Let V be a real vectorspace and vq,...v; € V be an arbitrary number of
vectors.

Definition 2.2.1. The set of vectors
span(vy, .., vg) == {ry - vy + ... +rg - v, Tk € R} (2.1)

15 called the span of vy, ..,v. We call vy, .., v a generating system if
span(vy, .., vx) = V.

14



In any case it is clear that span(vy,..,vg) C V. If vy, .., vy is a generating
system then any vector v € V' can be expressed as a linear combination

Vv="1-U1+...+7TE Uk

In general the scalar coefficients in the expression are not unique. However
we will see that uniqueness holds under some extra condition.

Definition 2.2.2. The vectors vy, ..,v; are called linear independent if
whenever we have r1-v1+ ...+, v, = 0 we must havery =ry = ... = r, = 0.
If furthermore vy, ..,v; is a generating system of V' then we call vy,..,vx a
basis of V.

Example 2.2.1. Consider R%. Then we have basis’ given by

(1)
g.<é),(})eR2

Proposition 2.2.1. Let vy, .., v be a basis of V.. Then any vector v € V' can
be written uniquely as a linear combination

V="1-U1+.. +T U

The scalars ry,..,r, are called the coordinates of v with respect to the
basis vy, .., Vg.

Proof. Since vy, .., v, is a generating system v can be written in at least one
way as a linear combination v = ry - v; + .. + 1 - v, of the vectors vy, .., vp.
Assume now that it can also be written as v =7, - 01 + .. + 7 - v5. Then

O=v—w = TVt T U — T UL T U
= (7’1—7:1)'U1+..—|—(Tk—fk)'1}k.
Def.2.1.7 3.)

By definition of linear independence this equation can only hold if ry—7; =
..=1, — T = 0. But this is the same as r; = 71, .., 1, = 7. O

It is important that though the coordinates of one vector are unique with
respect to one fixed basis, the same vector may have different coordinates
with respect to different basis’. The following is an example.

15



Example 2.2.2. The coordinates of ( 1 ) with respect to the first basis of

R? in Example 2.1.1 are vy = 1,75 = 1 since

()=o) e (0)

The coordinates of the same vector with respect to the second basis however
are 11 = 0,79 = 1 since we have

1 1 1
()= (o) (1)
Because of our time constraint we won’t proof the following proposition :

Proposition 2.2.2. Let vy, .., v;,w1, .., w; be a basis’ of V.. Then k = 1.

This proposition basically says that all basis’ of a fixed vector space® have
the same number of elements.

Definition 2.2.3. If V' has a basis consisting of k elements then the dimen-
sion of V is k. We write

dim(V) = k.
Example 2.2.3. 1. dim(R") =n.
2. dim(R™ ™) =m - n.

Definition 2.2.4. Let U C V be a subset. We call U a sub vectorspace of V'
and write U <V if the following two conditions hold :

1. If uy,ug € U then also uy +us € U.
2. If re R,u e U then alsor-u e U.

One can summarize conditions 1 and 2 above by saying that U is closed
under addition and scalar multiplication.

Example 2.2.4. 1. V<V

2. {0} <V
1 0

3. span(l 0 |, 1 |) <R3
0 0

Lwhich has at least on finite basis

16



4. span(vy, .., v) <V
The proof of the following proposition is left as an exercise :

Proposition 2.2.3. Let U < V be a sub vectorspace. Then U is itself a
vectorspace and if dim(V') = k then dim(U) < k and dim(U) = k if and only
ifu="V.

2.3 Linear Maps

Definition 2.3.1. Let V and W be vectorspaces. A map f :V — W s
called linear or a homomorphism if for any v,vy,vo € V, r € R one has

flor+wv2) = f(v)+ f(vg)
f(r-v) = r-f(v).

We denote the set of all linear maps from V' to W with Hom(V, W).

Hom(V, W) is itself a vectorspace with addition defined via

f+g:V — W
v f(v)+g(v)

for f,g € Hom(V, W) and scalar multiplication

r-f: vV — W
v e f)

for r € R.

For any linear map f € Hom(V, W) we have that

fOv) = f(0-0v) =0- f(Ov) = Ow.
In the following let V, W, Z denote vectorspaces.

Proposition 2.3.1. Let f € Hom(V,W) and g € Hom(W,Z) then the
composition g o f is a linear map and hence go f € Hom(V, Z).

17



Proof. Let v1,v3 € V and r € R. Then using first the linearity of f and then
the linearity ofg as well as Definition 1.2.5 we have

(go [)(r-vi+wve) = g(f(r-vi+w2))
= g(r- f(v1) + f(v2))
= 7-g(f(v1)) + g(f(v2))
= (g0 f)(v1) + (go [)(va).

]

Let us consider the image of a linear map f € Hom(V,W). Let w;, ws €
im(f) € W. Then by Definition 1.2.2 there must exist vy, vy € V such that
wy = f(v1),wy = f(vg). Then

wy +wy = f(v1) + f(v2) = f(v1 +v2).

This means that w; + ws € im(f). Similarly we have that for any r € R
and w € im(f) we have that r - w € im(f). By Definition 2.1.4 this means
that im(f) < W is a sub vectorspace. So we have proven the following
proposition :

Proposition 2.3.2. Let f € Hom(V,W) be a linear map. Then im(f) is a
sub vectorspace.

Definition 2.3.2. Let f € Hom(V,W) be a linear map. We define the
kernel of f as

ker(f) :={veV: f(v) =0}

As the image, the kernel of a linear map is also a sub vectorspace as the
following proposition shows.

Proposition 2.3.3. Let f € Hom(V, W) be a linear map. Then ker(f) <V
is a sub vectorspace of V.

Proof. Let vy,v9 € ker(f) and r € R. Then using the linearity of f we get

f(T'U1+U2>:T'f(U1)+f(UQ):T'Ov+OV:OV.

This means that r - v; + vy € ker(f) which proves the proposition. ]

18



Definition 2.3.3. Let f € Hom(V, W) be a linear map.
1. f is called a monomorphism if f is injective.
2. f is called a epimorphism if f is surjective.
3. f s called a isomorphism if f is bijective.

If f € Hom(V,W) is an isomorphism, then it is linear and bijective.
Therefore the inverse map f~! : W — V exists. It is not apriori clear that
f~1is also linear but it is true as the following proposition shows.

Proposition 2.3.4. Let f € Hom(V,W) be an isomorphism, the f~' €
Hom((W, V') and in fact is also an isomorphism.

Proof. Let wi,ws € W and r € R. Since f is bijective and in particular
surjective, there exists vi,vo € V such that f(v;) = wy and f(ve) = ws.
Since f is linear one also has that f(vy + ve) = wy + W5. Therefore using
Definition 1.2.4 we have

f_l(wl + 1U2) = f_l(f(Ul + Ug)) = U1 + Vg = f_l(UJ1) + f_l(w2).

Furthermore we have

fHrw) = 7N ()
= [Hf(r-m))
— 7.
= r-fH(w)
This shows the linearity of f . O

For linear it is much easier to check whether they are injective or not.
The following proposition shows why.

Proposition 2.3.5. Let f € Hom(V,W). Then
[ is injective < ker(f) = {0}.

Proof. 7<" : By Definition 1.2.3 we have to show that for any one element
subset{w} C W the set f~'({w}) C V consists of at most one element.
Assume vy, vg € f7H({w})- Then f(v;) = f(vy) and furthermore

flor —v=2) = f(v1) = f(v2) =w —w = 0w

19



This means that v; — vy is a element in the kernel of f. Since by as-
sumption Oy is the only element in the kernel of f we must have v; — vy, =0
or equivalently v; = v, which shows that f~!'({w}) contains at most one
element and hence that f is injective.
7=7 : We have f(0,) = Oy. Therefore Oy € f~'({Ow}). Since f is by
assumption injective there can be no other element in f~!({Oy }). However
we have ker(f) = f~'({Ow}) which shows that ker(f) = {Oy}. O

Definition 2.3.4. Let f € Hom(V,W). The dimension of im(f) is called
the rank of f and will be denoted with rk(f).

Proposition 2.3.6. Let f € Hom(V,W) and let dim(V) = n. Then the
following formula holds

dim(ker(f)) + rk(f) = n.
Proof. Due to time constraints no proof ! m

The previous proposition has a very nice application in the following
proposition.

Proposition 2.3.7. Let f € Hom(V, W) and dim(V') = dim(W) = n. Then
the following statements are equivalent.

1. f is a monomorphism.
2. f is an epimorphism.
3. f is an isomorphism.

Proof. 1.) = 2.) : If f is a monomorphism then f is injective. By Propo-
sition 2.3.5 this means that ker(f) = {0y }. Therefore dim(ker(f)) =0 and
by Proposition 2.3.6 we have that rk(f) = n. This however implies that
dim(im(f)) = n = dim(W) and since im(f) < W Proposition 2.2.3 implies
that im(f) = W. Hence f is surjective and therefore a monomorphism.

2.) = 3.) : If f is an epimorphism, then fis surjective and hence im(f) = W.
Therefore rk(f) = dim(im(f)) = dim(W) = n and using again the equation
in Proposition 2.3.6 we must have dim(ker(f)) = 0. This however means
that ker(f) = 0 and therefore that f is injective. Hence f is a surjective and
injective linear map and therefore an isomorphism.

3.) = 1.) : Any isomorphism is also a monomorphism. For this reason this
implication is clear. O]

20



Proposition 2.3.8. Let vy, ..,v, be a basis of V' and let wy,..,w, ben arbi-
trary vectors in W. Then there exists exactly one linear map f € Hom(V, W)
such that f(v;) = w; for alli € {1,..,n}.

Proof. We define f : V — W as follows. Let v € V. Using Proposition 2.2.1
v can be written uniquely as a linear combination v = Z?:l r; - v; of the v;.
Then set f(v) = > " r;-w;. Clearly f(v;) = w; for all i. Furthermore f is
linear and therefore f € Hom(V,W). this proves the existence. Assume now
there is another linear map f' € Hom(V, W) s.t. f'(v;) = w; for all i. Then

for arbitrary v as above we have

n

flo) =F(Ciri-v) =Y rif'(w)

i=1

Z?zl riW; = Zrif('vi) = f(v)

and therefore f = f’ which proves the uniqueness. O]

Proposition 2.3.9. Let f € Hom(V, W) and vy, ..., v, be a basis of V.. Then
f 1s an isomorphism, if and only if f(vi),.., f(v,) is a basis of W.

Proof. Let us define w; := f(v;) for all 7 € {1,..,n}

“=" . Let us assume that f is an isomorphism. Let w € W. Then since f
is surjective, there exists v € V such that f(v) = w. Since vy, .., v, is a basis
of V' there exists real numbers r; € Rs.t. v =" ;- v;. Then

w:f@):f(zri'vz’):Zﬁ'f<vi):z7”i‘wi

This shows that wy, .., w, is a generating system for W ( see Definition
2.2.1 ). Assume now that ) ! 7 - w; = 0 for some r; € R. Then for
v =Y 1 -v we have as before f(v) = > I r; - w; = 0 and therefore
v € ker(f) = {Ov}. hence Y . r;-v; = Oy and since vy, ..,v, is a basis
of V' we must have r; = 0 for all 7. This proves that wy, .., w, are linearly
independent. hence wq, .., w, is a basis of W.

“«<" : Exercise ! ( just a slight modification of the above ) O

Corollary 2.3.1. Let dim(V) =n = dim(W). Then V and W are isomor-
phic and both are isomorphic to R™
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Proof. For the first statement let vy, .., v, be a basis of V' and wy,..,w,n be
a basis of W. by Proposition 2.3.8 there exists f € Hom(V, W) such that
f(v;) = w; for all i. By proposition 2.3.9 f is an isomorphism. The second
statement clearly follows from the first since dim(R"™) = n. O

Definition 2.3.5. Let e, ..,e, with (0,..,1,..,0)7 where the entry 1 is at
the i-th position be the canonical basis of R™. Let V' be a vectorspace and
U1, ..,y be a basis of V. Then by Proposition 2.5.8 there exists ¢y, v,) €
Hom(R",V') such that f(e;) = v;. By Proposition 2.8.9 ¢,...,) s an iso-
morphism. Furthermore by linearity we have for (x1,..,x,) € R" that

n
Bor,on) (X150, Tp) = X1 - V1 + o+ Ty -V = E T - ;.
i=1

O(v1,...00) 18 called the basis-isomorphism corresponding to the basis vy, .., vy,
of V.

2.4 Relations between Linear Maps and Ma-
trices

In this section we will see that to any linear map f : V' — W given basis’
of V- and W we can associate a unique matrix which describes the map f.
Let us first assume that f € Hom(R", R™). We denote the standard basis
of R™ with e; for j € {1,..,n} and the standard basis for R™ with e} for
i € {1,..,m}. Then for any j € {1,..,n} the vector f(e;) € R™ can be
expressed uniquely as a linear combination of the vectors e;. Therefore there
must be unique real numbers b;; € R for j € {1,..,n}, i € {1,..,m} such that

fles) = bjel.
i=1
foralli € {1,..,n}. For an arbitrary vector (z1,..,2,) = Z1-€1+..+Tp-€,
we have by linearity

o o > i1 bjnz;
Fl(r, o)) =Y Y bises = > (Y bjiws) e = |
= = > i1 bjm;
Let us define the real numbers a;; by a;; = b;; for ¢ € {1,..,m} and

j €{1,..,n}. then the last equation can be written as
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D1 A15Tj
f(zy, oz =]
> i1 Am T
The n - m numbers a;; define a matrix A = (a;;) € R™*". Taking a look

at Definition 2.1.5 on how Matrix/Vector multiplication has been defined we
can see that

i =a

Definition 2.4.1. Let f € Hom(R",R™). The m x n matriz constructed
above is called the matriz corresponding to f and the standard-basis’ of R™
and R™. We denote it with Ay € R™*™,

Let us now assume that we have an arbitrary linear map f € Hom(V, W)
and basis’ vy, ..,v, of V as well as wy, .., w,, of W. In this case we have the
basis-isomorphism ¢, ,,) : R" — V and ¥y, w,) : R™ — W.We define a
linear map f as follows :

f cR* — R™
v = (1/}(_1011,..,11},1) © f © ¢(U1,..,vn))(x)-

This map makes the following diagram commuatitive :
f
V—/—W
¢(1)1,“,vn)T B T’l’b(wlwvwn)
R >R

Definition 2.4.2. Let f € Hom(V,W) and v, .., v, resp. wy, .., Wy, as above.
The m x n matriz A is called the matriz corresponding to f given basis’
V1, -y Up and Wi, .., W instead of Ay we write Ay but keep in mind that this
matriz depends on the basis’ chosen.

Let Ay as above be given by the matrix (a;;). Then we have
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/ €
e

A

flvy) = ¢(_w117,_,wn) O (Y(wy,.wn) © f 0 ¢(vl,..,vn))(¢(_v117_.wn)(Uii)
= Yo (f( i) = @D(Jl,,,,wn)(z bjie;)

= Zb]z'lybwl’ 7wn Zb i Ws

where bj; = a;;. This means we can compute the matrix of f given the
basis’ vq,..,v, and wq,..,w,, as follows : First we compute for each basis
vector v; f(v;) and express it as a linear combination of the w; as

() = D bjiws
=1

Then we write the numbers b;; in a matrix where we write bj; in the i-th
row and j-th column. This means that for the entries a;; of our matrix we
have a;; = bj;. One can say that the coordinates corresponding to the basis
Wy, .., Wy, of the images of the basis vectors v; are the columns of A;. In the
easier case where V' = R"” and W = R™ one can just say the columns of the
matrix are the images of the standard unit vectors e;.

Example 2.4.1. Let the linear map f be given as
f:R* — R?
(v) = ()
Y y—
1 0
Wehaveelz(0> and eg = < 1) as well as

= (1)1
o-(14)-(1)
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As mentioned above, to get the matrix corresponding to f and the standard-

basis of R? we have to write the images of the standard unit vectors in the
columns of our matriz. hence

1 1
w=(1 1),
Now we want to find the basis of the same linear map f given the basis

V1 = €9,Vy = €1 andw1261—62:(1_1>,w2:el+62:(}).Then

we have

f(vl):f(€2) = 61+e2:1~w1+0~w2
f(Uz):f(€1) = 61—62:0-w1+1-w2.

Therefore the matrix of f corresponding to the basis vy, vy Wy, Wy 1S

10
L (1)

This example already shows that the same linear map can have very dif-
ferent matrices corresponding to different basis’.

The following proposition ( without proof ) shows that the composition
of linear maps is strongly related to the multiplication of matrices.

Proposition 2.4.1. Let f € Hom(V,W), g € Hom(W, Z) and vy, ..,v, a
basis of V', wy, .., wy, a basis of W and 21, ..,z a basis of Z. Let Ay and A,
as well as Ayor the matrices of f,g and go f € Hom(V, Z) corresponding to
the basis’ above. Then the following relation holds :

Agop = Ay - Ay

Proposition 2.4.2. Let Idy € hom(V,V) denote the identity. Then the

matrixz of Idy corresponding to any basis vy, .., v, of V is the identity matriz,
1.€.

10 - 0
01 - -0

AIdV = idnxn = e e c RXn
00 - -1

Proof. We have ]&V = gba o) © Idy o ¢y, v, = Idr» and the matrix of
the identity given the standard-basis on R" is clearly id,, . [l
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2.5 The Rank of a Matrix and elementary
Transformations

Definition 2.5.1. Let A € R™*™ be a matriz. Then we call

rk(A) =rk(A:R" - R™ x+— A-x)=dim(im(A))
the rank of A. Let us denote with

a1 Q1n

a1 A2p,
r = N A

am1 Amn

the columns of A. Then we call dim(span(zy, .., x,)) the column rank of A.
Analogously denoting with y; = (a11,..,a1m), .., Ym = (@1, -, Gmn) the Tows
of A we call dim(span(y],...,y,)) the row rank of A.

Proposition 2.5.1. Let A € R™", Then

rg(A) = row rank of A= column rank of A.

The following proposition shows that the previously introduced concept
of “rank of a linear map” is compatible with the concept “rank of a matrix”.

Proposition 2.5.2. Let f € Hom(V,W) and let Ay € R™ " denote the
corresponding matriz given basis’ vy, ..,v, of V and wq, .., w,, of W. Then

rh(Ag) = rk(f) = dim(im(f).

So instead of computing the rank of a linear map, one can as well com-
pute the rank of the corresponding matrix ( given any basis’ ). The question
remains, how to compute the rank of a matrix. For this the concept of ele-
mentary transformations has proven very useful.

One distinguishes between 3 types of elementary row transformations on
a matrix A € R™*" :

1. Interchanging of rows/columns :

aip - 0 Qi ajr - 0 Gjn

ajpr - - Gyn Qip - 0 Qyn
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2. Multiplication of a row with a scalar A # 0 :

0 N - Acaip - A

3. Addition of a scalar multiple of a row to another row ( not the same
one )

aipx - 0t Qin Qi1 o Qin

Cle L ajn aﬂ—i-)\-aﬂ I aﬂ—i—)\'am

Similarly there are 3 types of elementary column transformations. The fol-
lowing proposition shows why elementary transformations can be used to
compute the rank of a matrix.

Proposition 2.5.3. Any elementary transformation does not change the
rank of a matrix.

Proof. Let A € R™™ and y/, ..y,! denote its column vectors as in Definition
2.5.1. Then clearly

span(yy , .y sy Ym) = span(yl, .y oyl Y
span(y) , .y oY) = span(y, . Ay, y,)
span(yy .yl oyl ) = span(yl, .yl oyl Ay ).

Writing dim in front of all expressions and using that rk(A) = row rank of A
the statement above follows. [l

Example 2.5.1. 1. If A is of the following form

aii
a2

A= G
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where a; # 0, the dots denote arbitrary entries and the 0 denote 0-
entries. Then rg(A) =r.

2. If A can be transformed through elementary transformations to the form
describes in 1.), then r = rk(A).

3. Any matriz A € R™ ™ can be transformed through elementary trans-
formation into a matriz which has the form described in 1.).

2.6 Inverting Matrices

Definition 2.6.1. Let A € R™" be a matriz. A is called invertible if there
exists matric B € R™™ such that

A-B=id,, = B - A.
We denote B =: A~' and call it the inverse matriz of A.

Proposition 2.6.1. Let f € Hom(V,W) and Ay be the corresponding ma-
trixz, given basis’ of V- and W. Then

f is an isomorphism < Ay is invertible .

Proof. Clearly under both assumptions V' and W must have the same di-
mensions. The map f is an isomorphism if and only if there exists a map
g € Hom(V, W) such that fog =idy and go f = idy. If A, denotes the ma-
trix of g with respect to the chosen basis’ of V' and W we get by application
of Proposition 2.4.1 and Proposition 2.4.2 that

Af . Ag = Afog - AidW - /Ldnxn = Aidv = AgOf = Ag ’ Af

which shows that Ay is invertible. On the other side if Ay is invertible,
then the map Ay : R® — R™ z — A;-2? has an inverse map, which is
given by multiplication with the matrix B = (A;)~'. Let vy, .., v, resp.
wy, .., w, be the chosen basis of V resp. W. Then f = ¢, w,) © Ap ©
¢(_v11,..,vn) where ¢y, v,) and ¢, »,) denote the basis-isomorphisms. Since

the composition of isomorphisms is also an isomorphism we must have that
f is an isomorphism. m

So if one has to check if a homomorphism f is an isomorphism one can
as well check if the matrix is invertible. The question remains, how can one

2The product - stands here for Matrix/Vector Multiplication
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check if a matrix is invertible. The following is a very easy method to do this.

Method for inverting matrices :

1. Begin by writing the matrix in question on the left side and the identity
on the right side of a paper in the form

Alld

2. Then use elementary row transformation, to transform A to the identity
and for any transformation done on the left side perform exactly the
same transformation on the right side. Then you end up with

1d|B
3. Then B = AL,

Example 2.6.1. We illustrate the method at the following example :

1 0 1 1 0 0
1 1 2 0 1 0
0 -1 0 0 0 1
1 0 1 1 0 0
2o — 21 0 1 1 -1 1 0
0 -1 0 0 0 1
1 0 1 1 0 0
Z3 — 29 0 1 1 -1 1 0
0 0 1 -1 1 1
1 0 0 2 -1 -1
z1 — 23 0 1 1 -1 1 0
0 0 1 -1 1 1
1 0 0 2 -1 -1
Z1 — 23 0 1 0 0 0 -1
0 0 1 -1 1 1

The matriz on the bottom right corner is the inverse of
1 01
A= 1 1 2
0 —1 0
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In any case one should check if the matrix B computed satisfies A- B =
B-A =id,yx, We will later learn about another method how to compute
the determinant of a matrix. This method needs the notion of determinants
which we’re about to discuss next.

2.7 The Determinant

Proposition 2.7.1. There is exactly one map

det : R™" — R
with the following properties :

1. det s linear in each row, i.e.

a11 o Q1n
det ;1 —|'/\ . bil (0779 +)\ . bm =
Qan1 ot Qnn
air -+ Qip 11 - - Qi
Ap1 - - App Qn1 -+ Qnn

2. if A= (a;;) € R and rk(A) < nthen det(A) =0
3. det(idyxn) =1
This map is called the determinant.

We don’t prove this result but list the major properties of this map in
the following proposition.
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Proposition 2.7.2. The determinant has the following properties :

1. If A = (a;;) € R™™ is upper triangular, that is a;; = 0 for all i > j
then the determinant of A is just the product overall diagonal elements,
i.e. det(A) =TI, au

2. If B evolves from A through an elementary transformation of type 1 (
row or column ), then det(B) = —det(A).

3. If B evolves from A through an elementary transformation of type 2 (
row or column ), then det(B) = \ - det(A).

4. If B evolves from A through an elementary transformation of type 3 (
row or column ), then det(B) = det(A).

5. If A, B € R™" then det(A- B) = det(A) - det(B).

6. A invertible < det(A) # 0 and in this case det(A™") = g5

In principal one can use these rules to compute the determinant of any
given matrix A. Similar as in the method for inverting matrices one can
transform the matrix into the identity matrix ( here also elementary column
transformations are allowed ) and take track how the determinant changes
by the rules b.),c.) and d.) above. In the end, as one knows the determinant
of the identity matrix, one has the determinant of A.

Example 2.7.1. Let us reconsider Example 2.6.1 :

1 0 1
A= 1 1 2
0 -1 0
1 0 1
29— 2 0 1 1 det(A;) = det(A)
0 -1 0
1 0 1
23 — 2o 0 1 1 det(Ay) = det(Ay)
0 0 1
1 0 0
2 — 23 0 1 1 det(As) = det(As)
0 0 1
1 0 0
21 — %3 0 1 0 1 = det(A4) ==
det(A3)
0 0 1
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This shows that det(A) = 1.

This example was a special case, where in fact one only had to perform
elementary row transformations of type 3 where the determinant does not
change at all. However most people wouldn’t have gotten the idea to compute
the determinant of this special matrix via the method introduced above. The
following formula also computes the right result :

1 2 0 1 01
vaer (L0 )1 (2 g ) o (Y )

= (1-0-2-(=1))=(0-0—(=1)-1)+0-(0-2—1-1)
2—1=1.

— O

det

[ R S
O N =
Il

That this method works is a special case of the following result :

Proposition 2.7.3. (Cramer’s Rule) Let A = (a;;) € R™™. Let us denote

with
11 s A1;—1 A1i41 ©o Q1n
- Gj—11 ° * Qj-14-1 Aj-144+1 - =  Ain
1
AV = Aj+1,1 0 0 G411 Gi41641 0 0 Ghipdn
an1 T Api—1 Anit+1 T Anpn

the matriz which evolves through A by removing the i-th column and the
j-th row. Let us define

dz’j = (—1)Z+jd€t(AU)
and A = (a;) € R™™ the so called complementary matrix of A.

Then:

1. computation of determinant by development with respect to i-th row :

n

det(A) = Z Q5 - CNLij

Jj=1
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2. computation of the inverse matriz :

1 -
= A
det(A)

Afl
Now we know about the determinant of a matrix. How about the deter-

minant of a homomorphism f € Hom(V, V).

Definition 2.7.1. Let f € Hom(V,V) and let vy,..,v, be a basis of V.
Let Ay denote the matriz of f with respect to this basis. We define the
determinant of f via

det(f) = det(Ay).

That the definition above makes sense is not completely clear. If we would
take a different basis v],..,v/, of V' then the matrix Ay changes. Would we
still get the same number for det(f) by computing det(Af) 7 Yes and the
reason is Proposition 2.7.2 5.). We leave the details for the exercises.?

2.8 Gauss Algorithm

The Gauss Algorithm provides a method how one can systematically solve
systems of linear equations. A system of linear equations is given by

1171 + 129 + ... + ATy, = b1

U121 + Qoo + ... + QT = b,

where we think of the a;; and b; as given and call any z = (21, ...,7,)"
which satisfies all the equations above a solution of the system. Denoting
with A the matrix A = (a;;) and x, b the vectors

T by

31t is important though, that when one computes the matrix A via computation of f
as in definition 2.4.2, one uses the same basis on both sides.
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the system of linear equations can be written as

A-xz=0b.

The matrix A is called the coefficient matrix. The extended coeffi-
cient matrix is the matrix d

B = (A]p) =

The following method is known as the Gauss Algorithm :

1. Use elementary row transformations to bring the extended coefficient
matrix B into the following form :

by
iy sy C :
b
br+1
O(m—r)xr O(m—r)x(n—r) ~:
b,
where C' = (¢;5) is an r X (n — r) matrix.
2. There is at least one solution if and only if l~77,+1 = .= l;m = 0 and this

solution is given by

N
I

3. If r = m then the solution is unique and given as above.
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4. If the condition in 2.) is satisfied and r < m then there exist infinite
many solutions and denoting

—C1 —C12 —Cin—r
~1 —Cr1 ~2 —Cr2 ~n—r __ —Crn—r n
T = 1 , X7 = 0 yeees T = 0 eR
1
0 0 1

then any vector in the set

L={Z4+ X -3+ + X 3" |NER1<i<n—1}

is a solution of the system of linear equations above.

2.9 Scalar Products

Definition 2.9.1. Let V' be a (real) vectorspace. A scalar-product is a map

VxV — R
(x,y) — <xz,y>

with the following properties :

1. Bilinearity : For each v,u,w € V and A € R

<v, A utw>S=A<ov,u>+ <vw >
2. Symmetry: For all v,w €V

<v,w>=< w,v >

35



3. Positive Definiteness: For allv €V

<wv,v>>0
and < v,v >= 0 if and only if v = 0.
Example 2.9.1. The standard scalar product on R"” is defined as follows:

x U1

n
<|
=1
Ln Yn

Symmetry and bilinearity of this construction is clear. For positive def-
initeness we have for x7 = (x1,.,x,) that < x,x >= Y " 22 > 0 and
0=>", 27 =<,z > if and only if all ; = 0 and therefore x = 0.

Remark 2.9.1. The scalar-product of any vector v € V' with the zero vector
Oy is zero. In fact

<v,0y >=<v,0-0y >=0-<v,0y >=0.

Definition 2.9.2. A pair (V,< -,- >) consisting of a real vectorspace and a
scalar-product is called Euclidean vectorspace.

We will see how scalar-products can be used to define distances and angles
in a vectorspace.

Definition 2.9.3. Let (V, < -,- >) be a Euclidean vectorspace and let v € V
be a vector. We define the norm of v as

vl == V< v, 0>
and the distance between two vectors v,w € V wvia
d(v,w) = ||jv —w||.

Example 2.9.2. Consider the Euclidean vectorspace given by R? and the
standard scalar product.

To define the angle between two vectors we need an inequality which is
known as the Cauchy- Schwartz inequality.

36



Proposition 2.9.1. Let (V,< -, >) be a Fuclidean vectorspace and v,w €
V. Then

| <v,w > < o] - [Jwl].

Proof. In case that w = 0 both sides are equal to zero and hence the in-
equality is true. If w # 0 then we set A := <% ¢ R. Using the positive

[[w][?
definiteness and bilinearity of the scalar product we get that

0 < <v—A-w,v—A-w>
= <v,0> =2\ <v,w>+N <w,w>
<v,w>? <vw >?

= |vl* -2
[ Il
— l)? - <vw>
Jw|?
which implies that <|7|J;“|’|§2 < ||v||?. Multiplying this inequality with [Jw]|?
gives
<v,w >*< |- [Jwll.

Taking the square-root gives the result. O]

Definition 2.9.4. Let v,w # 0 b vectors in a Euclidean vectorspace (V, <
-,» >). We define the angle between v and w as

<v,w >
L(v,w) = arccos(7————r)
[o]] - [lwll
where arccos : [—1,1] — [0, 7] denotes the arc cosine function.

The following proposition tells us about important properties of the norm
map:

Proposition 2.9.2. Let (V,< -,- >) be a Euclidean vectorspace. Then
1. |lv|| >0 for allv eV
2. v[[=0<0v=0
3 I wll = (AL - flo]]

4 Nl +wll < lofl + fJw]l-
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Proof. Statement i.) to iii.) follow immediately from the properties of the
scalar product. To prove iv.) let us consider

[olI> + 2 - [Joll[Jw] + [Jw]]?
> |ll?+ 2 < v,w > +|jw|?

= v+ w|f*

(vl =+ flwll)?

where we used the Cauchy-Schwartz inequality from Proposition 2.9.1.
Taking square-roots on both sides gives the result. O]

The inequality iv.) in the previous proposition is often called the triangle
inequality. Working with the distance function instead of the norm one sees
that the name makes sense :

Proposition 2.9.3. Let (V,< -,- >) be a Fuclidean vectorspace and let d :
V xV —[0,00) be defined as in Definition 2.9.3. Then for u,v,w € V one
has

d(v,w) < d(v,u) + d(u,w).
In words this inequality says that it is less distance going directly from

vto w than going from v to w by passing v.

Given two vectors v, w # 0 in a Euclidean vectorspace we would consider
them as orthogonal if the angle between those two is 90° = 7. Since
arccos(x) = 5 < x = cos(3) = 0 this is the case if and only if < v,w >= 0.

This leads to the following definition :

Definition 2.9.5. Let (V, < -,- >) be a Euclidean vectorspace and v,w € V.

Then v and w are called orthogonal to each other if < v,w >= 0. We write
vlw. If M CV is a subset of V' then v is called orthogonal to M if vlm
for allm € M. In this case we write v M. We call

M+ :={veVjplLM}
the orthogonal complement.

Proposition 2.9.4. Let (V,< -, >) be a Euclidean vectorspace and M C V.
Then M* is a sub-vectorspace of V.

Proof. Exercise ! O
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2.10 Orthonormal Systems

Definition 2.10.1. A set of vectors vy, ..., v in a Fuclidean vectorspace is
called an orthonormal system if

1. <vj,v; >=0 foralli #j
2. ||vil| =1 foralli=1,.. k.

The set is called an orthogonal system if condition 1. and not neces-
sarily condition 2. holds.

Proposition 2.10.1. Let vy,...,vx be an orthogonal system in a Fuclidean
vectorspace (V,< -, >) s.t. v; # 0 for all i. Then vy,...,v; are linear
independent.

Proof. Let r; € R such that
OV =71V + ..+ 7 Vg

Therefore for any ¢ we have ( see Remark 2.9.1 )

0 = <v,0, >=<v;,71 V1 + ... +Tp -V >
Ty < U, U1 > e+ < U, U >

= 1< U,U; >
—_——’
£0

and hence r; = 0. By Definition 2.2.2 vy, .., v are linearly independent.
O

Definition 2.10.2. Let (V,< -,- >) be a Euclidean vectorspace and vy, ..., v,
be a basis of V. Then vy, ..., v, is called an orthonormal basis if vy, ..., v, is
an orthonormal system.

Example 2.10.1. Consider R™ together with the standard scalar product
from example 2.9.1. Then the standard basis eq, ..., e, from example 2.2.1 is
an orthonormal basis.

In general given a basis vy, ..., v, of V and a vector v € V and one wants
to express v as a linear combination of the vectors v; one has to solve a system
of linear equations. If the basis however is an orthonormal basis this is much
easier and only involve computation of scalar products. This is the result of
the following proposition :
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Proposition 2.10.2. Let vy, ...,v, be an orthonormal basis of (V,< - - >)
and v € V. Then

n
v = E < V,v; > ;.
i=1

Proof. Since vy, ..., v, is a basis of V there exists r; € R s.t. v = 2?21 T ;.
Then

n n
<,v; >=< ZTz‘ “ V3, V5 >= Zri <V, V5 > =T
i—1 i—1
— — “6ij
and therefore v =Y " | <v,v; > -v;. O

The following proposition provides an algorithm for finding an orthonor-
mal basis of a Euclidean vector space.

Proposition 2.10.3. Schmidt’s Orthonormalization Procedure : Let
V1, ..., Uy be a basis of the Fuclidean vectorspace (V,< - - >). Define vectors
v; €'V fori=1,..,n inductively as follows :

- 0
V1 —m
ol
N Vi1 = D g < Vig1, Uk > Op
Vi1 =

Vg1 — 22:1 < Vig1, U > |

Then v1, ..., U, is an orthonormal basis of V.

2.11 Orthogonal Maps

Definition 2.11.1. Let (V,< -,- >y) and (W, < -, >w) be two Euclidean
vectorspaces and f € Hom(V,W) be a linear map. Then f is called an
orthogonal map ( sometimes also isometry ) if

< f(U), f('U) Sw=< U,V >y

for all u,vinV .

The following proposition shows us how one can test whether a linear
map is orthogonal or not.
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Proposition 2.11.1. Let V and W be as in Definition 2.10.1,v1, ..., v, be an
orthonormal basis of V and f € Hom(V,W). Then f is an orthogonal map
if and only if f(v1), ..., f(v,) is an orthonormal system in W.

Proof. Exercise ! m

Example 2.11.1. If A € R™™ s an n X m matriz, we can consider A as a
linear map

A:R" — R"

r — A-x.

On R™ and respectively R™ we consider the standard scalar products of
Example 2.9.1. and the standard orthonormal basis from example 2.10.1.
Since the columns of the matriz A are precisely the images A(e;) we see that
A is orthogonal if and only if its columns are an orthonormal system of R".

Definition 2.11.2. Let . Then the matriz AT = (a;;) € R™™ where a;; =
aj; for alli,j is called the transposed matrix of A.

Definition 2.11.3. The matrix A € R™"™ is called orthogonal if

AT A =id,y,

Remark 2.11.1. If n = m then the map defined in Example 2.11.1 is or-
thogonal if and only if-the matriz A is orthogonal.

Proposition 2.11.2. A = (a;;) € R™" be a matriz. Then det(A") =
det(A).

Proof. Using Proposition 2.7.2 one can see that the map A — det(AT) satis-
fies the conditions in Proposition 2.7.1 and therefore must coincide with the
map A+ det(AT) O

Proposition 2.11.3. Let A be an orthogonal matriz, then |det(A)| = 1.

Proof. Since A is orthogonal we have A" - A = id and by Proposition 2.7.2
(5) and Proposition 2.10. we have

1 = det(id) = det(AT - A) = det(A") - det(A) = det(A)*
Therefore det(A) = 1 or det(A) = —1. O
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2.12 Eigenvalues and Eigenvectors

Definition 2.12.1. Let V' be a ( real ) vectorspace and f € Hom(V, V) be a
linear map. Let v e V' \ {0} be a vector s.t.

flo)=X-v

with A € R then v is called an etgenvector to the eigenvalue \. If A €
R™ "™ then x € R™ is called an eigenvector of A with eigenvalue X if it is and
eigenvector with eigenvalue of the corresponding linear map A : R™ — R™.

Example 2.12.1. Let V' be an arbitrary vectorspace and X € R. Define
f:V =V via v~ M. Then any vector in V except the zero vector is an
ergenvector with eigenvalue \.

If we just say A € R is an eigenvalue of f € Hom(V, V') then we mean that
there exists an eigenvector v with eigenvalue A but we don’t specify v. Now
given a basis of V and f € Hom(V,V) we can compute the matrix of Ay off
with respect to this basis ( see Definition 2.4.2 ). We already mentioned that
by choosing the basis in a suitable way, one can achieve that the matrix Ay
has a simple structure. The best case that can happen when the vectorspace
V' admits a basis of eigenvectors of f as the following proposition shows :

Proposition 2.12.1. Let vy, ...,v, be a basis of V s.t. for each i the vector
v; is an eigenvector with eigenvalue \; of f. Let Ay denote the matriz of f
with respect to this basis. Then

N OO0 - - . 0
0 X0 - - 0
Ap=1| . .
0 - - 0 Ay O
0 - - - 0 A

Proof. By definition of the v; we have f(v;) = A;-v;. As mentioned in section
2.4. the columns of the matrix Ay are the coordinate vectors of the images
of the basis-vectors with respect to the same basis vy, ..., v,. [l

On the other side it is clear that if the vector space V' admits a basis
such that the matrix Ay of f with respect to this basis has the form as in
Proposition 2.11.1 then this basis is a basis of eigenvectors.

Definition 2.12.2. An endomorphism f € Hom(V, V') is called diagonizable
if V' admits a basis of etgenvectors of f.
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Not every f € Hom(V,V) is diagonizable, for example the linear map

0 —
1 0

this by hand ( Exercise ) or wait until we have some more theory at hand to

see this.

corresponding to the matrix is not diagonizable. One can show

Lemma 2.12.1. Let f € Hom(V,V). Then v # 0 is an eigenvector of f
with eigenvalue A if and only if v € ker(f — X - I1d).

Proof. We have : v eigenvector with eigenvalue A < f(v) =A-v < (f —X-
Id)(v) =0 < v e ker(f —\-Id). O

Definition 2.12.3. Let f € hom(V,V) be a linear map and A € R be an
eigenvalue of f. We call

Eig(\) := kern(f — X\ - Id)

the eigenspace of f to the eigenvalue \. We call its dimension dim(Eig()\))
the ( geometric ) multiplicity of .

It follows from Proposition 2.3.3 that the eigenspaces are sub vector spaces

of V.

Lemma 2.12.2. Let f € Hom(V,V) and let vy, ...,v be eigenvectors with
etgenvalues Ay, ..., A, and let \; # N\ if © # j then vy, ...vx are linear indepen-
dent.

Proof. Let r1 -v1 + ...+ 7, - v, = 0. We have to show all r; are equal to zero.
Assume there exist one which is not equal to zero, w.l.o.g. r # 0. Further-
more via induction we can assume that vy, ...,v,_q are linear independent.
Applying f on both sides gives

T AL UL T Ao =0

From this equation we subtract 0 = A\g - (r; - v + ... + 7, - vg) and since
0—0=0 we get

r1 - ()\1 — )\k) ST SO o NS ()\k—l - )\k) “Vp—1 + Tk - ()\k - )\k) UV = 0.
=0
Since vy, ...,vp—1 are linear independent and A; — Ay # 0 for all j =
1,..,k—1 we have r; = ... = r,_; = 0. But then the equality which we
started with is just 7y - v, = 0. Since ry # 0 this would imply that v, = 0.
This however is a contradiction since by definition vy is an eigenvector and
eigenvectors are different from zero. O]
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Proposition 2.12.2. Let f € Hom(V,V) and A, ..., \; be eigenvectors of
f such that \; # \; wheneveri # 0 and Zle Eig(X\;) = dim(V') then f is

diagonizable. In fact choosing a basis vi, ...,vfn of Eig(\;) for each i then
vl vk ok vkk 1s a basis of eigenvectors of f an with respect to this

sy Ungo oo o Up

basis the matriz Ay of f has the form

A - ido e, 0 . : 0
0 A2'/I;dn2><n2 0 ° ° O
Ap= : S : :
0 : C 0 Nt iy ey 0
0 - - 0 Ak 0y seny,

where the zeroes in the matriz above denote the corresponding zero ma-
trices.

2.13 The characteristic Polynomial

The characteristic polynomial provides us with a method how to compute
eigenvalues of an endomorphism effectively. It follows from Lemma 2.12.1
and that

v eigenvalue of f & f — A\ - Id is not invertible .
By Definition 2.7.1. det(f — A - Id) = det(Af — X - idpx,) and using
Proposition 2.7.2 as well as Proposition 2.6.1 we get
v eigenvalue of f & det(A; — A - id,xp) = 0.
Definition 2.13.1. Let f € Hom(V, V') be a linear map, then we call

() )det(f — X - Id)

the characteristic polynomaal of f.

Remark 2.13.1. If Ay = (a;;) then

a;; — A a12 : : A1n
21 azy — A

Xf(A) = det

Qp—1n—-1 — A Qp—1n
an1 Ap2 : : Qpp — A
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and one can show that the characteristic polynomial does not depend on
the basis chosen to compute Ay.

Example 2.13.1. Let f : R? — R? be the map associated to the matric
0 -1
(1 0 ) Then
B A =1\ |
Xf()\)—det( 1 _)\) =\ + 1

The following important proposition follows directly from the discussion
in the beginning of this section the follow

Proposition 2.13.1. Let f € Hom(V, V') the X is an eigenvalue of f if and
only if x;(A) =0 i.e. X is a zero of the characteristic polynomial of f.

0
1
ple 2.13.1 has no ( real ) zeroes we see that this map has no eigenvalues and
hence no eigenvectors, in particular there exists no basis of R? of eigenvectors
of f so that f is clearly not diagonizable.

The following proposition gives us a simple criterium to decide when a
linear map f is diagonizable.

Since the characteristic polynomial of f with Ay = ( _01 ) in Exam-

Proposition 2.13.2. Let f € Hom(V,V) and assume the characteristic
polynomial x ¢ of f has the following form :

s =TT =)
i=1
where the \; are pairwise disjoint. Then f is diagonizable and its eigen-
values are A1, ..., \y.

Proof. Clearly for any ¢ we have x¢(\;) = 0. Therefore all \; are eigenvalues
of f and hence there exists eigenvectors v; corresponding to \;. In particular
dim(Eig()\;) > 1 and therefore

> Eig(\) = n = dim(V).
i=1
Since the sum on the left side can also not be strictly greater then dim(V)
( see Lemma 2.12.1 ) we have Y | Eig(\;) = dim(V') and the result follows

from Proposition 2.12.2.
m

Example 2.13.2.
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2.14 Self-adjoined Maps

In this section we consider only Euclidean vectorspaces.

Definition 2.14.1. Let (V,< -, >) be a Euclidean vectorspace and f €
Hom(V,V'). Then f is called self-adjoined if for all v,w € V one has

< f(v),w >=<w, f(w) >.

The following proposition shows that when working with self-adjoined
maps the handling of eigenvalues and eigenvectors is a little bit easier.

Proposition 2.14.1. Let f € Hom(V,V) be a self-adjoined map and v €
Eig(\) as well as w € Eig(p) for X # p. Then < v,w >= 0 i.e. v and w
are orthogonal. In particular Eig(\) LFEig(u).

Proof. We have A < v,w >=< lv,w >=< f(v),w >=< v, f(w) >=<
v, pw >= p < v,w >. Therefore

A—p) <v,w>=0
£0

and therefore < v, w >= 0.
O

Also the computation of a matrix of a linear map f € Hom(V,V') with
respect to an orthonormal basis is much easier than in general.

Proposition 2.14.2. Let (V,< -,- >) be a Euclidean vectorspace and f €
Hom(V,V). Let v, ...,v, be an orthonormal basis of V' then the matriz Ay
of f with respect to this basis is given by Ay = (a;;) with

Q5 =< Ui,f(Uj) > .

Proof. This follows more or less directly from the discussion after Definition
2.4.2. when taking scalar products on both sides of the equation f(v;) =

Zi Q;5U;. ]

Corollary 2.14.1. Let vq,...,v, be an orthonormal basis of the Fuclidean
vector space (V,< -, >) and f € Hom(V, V). Then the matriz Ay = (a;;)
of f with respect to this basis is symmetric, i.e. a;; = aj; if and only if the f
s a self-adjoined map.
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Proof. 1t follows from Proposition 2.4.12 that if f is self-adjoined then

Qi =< v, f(Uj) >=< f(’UO,Uj >=< Vs, f(?}z) >= Qj;

so Ay is symmetric. If on the other side Ay is symmetric, then the equality
above is still true. Furthermore for arbitrary v,w € V' we can find r;,s; € R

s.t.

Then by definition of Ay

< f(v),w >

vo= ZT" -,
i=1
n

w o= Z S; - W
i=1

we have

n n

<f(ZTi'UZ‘),ZSj'Uj >

i=1 j=1

Zri 55 < f(vi),v5 >

]

ZTi'Sj <y, f(v) >

]

n n
< ZTZ' 'Ui,f(ZSj 'Uj) >
i=1 =1

<, f(w) > .

]

The proof of the following proposition will be postponed until the neces-
sary tools from Analysis are available. however the statement is easy to get

and of major importance.

Proposition 2.14.3. Let (V,< -,- >) be a Euclidean vectorspace and f €
Hom(V, V) be a self adjoined map, then there exists an orthonormal basis of

ergenvectors of f.

So if f € Hom(V,V) then the matrix Ay of f with respect to this basis
has diagonal form, where the eigenvalues stand on the diagonal. The fol-
lowing method is therefore good to diagonalize a linear self-adjoined map or
equivalently a symmetric matrix.
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1. Compute the characteristic polynomial and its zeroes. The zeroes are
the eigenvalues of f.

2. For each eigenvalue A of f compute an orthonormal basis of Eig(\).
This can be done by first computing an ordinary basis and then apply
the Schmidt orthonormalization procedure Proposition 2.10.3 to this
basis.

3. Put all these basis’ together to get a basis of V. this basis is automat-
ically and orthonormal basis and with respect to this basis the matrix
of f has diagonal form.

Example 2.14.1.

2.15 The Leontief Economic Model

In this section we present how the methods from Linear Algebra can be
applied to mathematical modeling of economics. The following example goes
back to Wassily Leontief who was awarded the Nobel prize in economics in
1973. Assume a conglomerate consists of four industries.

M, = coal

M, = energy

Ms = steel

M, = transportation

Assume each of the industries buys all that it needs from the conglomerate
and that all of its needs can be met from within the conglomerate. Let p; b
the total value in millions of Euro of the production of M;. Let ¢;; denote
the value in Euro of M; required to produce one Eros worth of M;. Then

¢ij - p; = value in Euro of M; needed to produce value p; of M;.

Let d; be the value in millions of Euro of M; consumed outside of the
conglomerate over some fixed period of time. An ideal economy produces
exactly the amount needed for consumption.

Problem :Consider the economy above, what are the total values py, .., p4
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s.t. everything what is produced is also consumed.

Translating into mathematics we get

ci prtcia-prtcz-pstcu-pitd = pm
Co1P1+Coo- P2t Ca3-p3tCa-pitdys = po
C31°p1+C32-p2+C33-p3tcaa-patdys = p3
Ca1°P1+Cag P2t Ca3-p3stcaa-pitdy = pa

The matrix (¢;;) is called the consumption matrix and the vector

b1
b2
&
P4
is called the output vector. Rearranging the terms in the system of
linear equations above we get

p:

(ci—1)-pr+ca-ptcs-pstcu-p = —d
Cor 1+ (C2—1) patcaz-pstcos-ps = —do
c3-p1t+espoprt(ess—1)-pstesa-ps = —ds
Cat-pr+caz-prtcaz-p3+(caa—1)-py = —dy.

This however is the same as

((ci5) = (=1) - idyxa) -p = —d

where

d:

This equation has a unique solution in the py, .., py if

det((cij) — (=1) - idgxa) # 0
in equal that —1 is not a zero of the characteristic polynomial of the
consumption matrix or equivalently that —1 is not an eigenvalue of the con-
sumption matrix.
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Chapter 3

Differential Calculus

Linear Algebra is mainly concerned with the theory of linear maps. There
are also non linear maps such as for example the map

fR — R

$|—>£K2.

The theory of differential calculus can arguably be summarized as the
theory about how to approximate non linear maps by linear maps. The
linear map approximating the map is ( if it exists ) called the differential of
the map. However before we discuss how the differential of a map has to be
properly defined we have to get some more background.

3.1 Sequences and Infinite Sums

Definition 3.1.1. A map g : N — R s called a sequence of real numbers.
We think of g as an infinite sequence (ay, a9, as, ...) with a, = f(m) and in
general denote it with (am,)men-

Example 3.1.1. The following are examples of sequences :
1. (1,2,3...) i.e. ay =m
2. (=1,1,-1,1,...) i.e. ap, = (=)™
3. (1,5,%,...) e ap =~
The most important concept in the theory of sequences is that of conver-

gence.
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Definition 3.1.2. The sequence (ay,)men s called convergent with limit a
if for any € > 0 there exists mg s.t. for all m > mgy we have

lam —al <e.

In this case we write

lim a,, :=a
n—od

and call a the limit of (ap)men. We also say that (a,,)men converges to a.
The sequence (A )men 1S called convergent if there exists any a € R such
that it converges to this a else it is called non convergent.

Not every sequence converges. For example the first two sequences of
Example 3.1.1 do not converge. The third one though is an example of a
convergent sequence.

Example 3.1.2. Consider the sequence (ap,)men With a,, = % In Definition
3.1.2 set a = 0 and let € > 0. Then there exists mgy s.t. m%) < €. For all

m > mg we have

1 1
— <

— < €.
N

1
an —al = [+ 0] =
n
Therefore the limit of (%)nen ezists and is equal to zero.

A simple argument shows that a convergent sequence can not have more
than one limit. The following proposition gives a criterium when a sequence
is convergent.

Proposition 3.1.1. Cauchy Criterium : Let (a,)nen @ sequence of real
numbers, then (an,)nen is convergent if and only if it is « Cauchy sequence,
i.e. for all € > 0 there exists ng s.t. for all n,m > ng

lay, — am| < e.

The next proposition gives us some rules which can help us to do com-
putations with sequences and to determine their limits.

Proposition 3.1.2. Let (ay)men and (by)nen be convergent sequences with

a = lim a,,
m—00

b = lim b,,.
m—0Q
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1. Let ¢, = ayy, - by,. Then lim,,_oc ¢, = a - b.

2. Ifb # 0 # by, for all m € N, then denoting d,, = 3= one has
limy, o0 dpy = ¢
Let us now come to a special version of sequence so called infinite sums.

Definition 3.1.3. An infinite sum is a sequence (Spy)men where s, s given
by

with a; = s1 and a; = s;—s;_1 fori > 1. We denote the sequence (Sm,)men
with the symbol

0o
E a;.
i=1

We say that the infinite sum is convergent with limit a if and only if
lim,,, oo Sm = a. In this case we write

a = E Q;.

i=1

Example 3.1.3. For each z € R the infinite sum
2
i=0

converges to e* where e is the Euler constant e =~ 2.71... We call the
function x — e the exponential function.

Let us now consider sequences in the vectorspace R™ .

Definition 3.1.4. A map g : N — R" is called a sequence in R". As before

we denote sequences in R™ as (,)men where x,, := g(m). We denote the
components of x,, with ' fori=1,..,n ie z, = (zl, ..,2") and for each

i we call the sequences of real numbers (x)men the i-th component sequence
Of (xm>m€N-

Definition 3.1.5. A sequence (x,)men in R™ is called convergent if all its
component sequences converge, i.e. for each i € {1,..,n} there exists reR
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such that lim,, o 2t = 2. The vector v = (x',...,a™)" is called the limit of
(Tm)men and we write

lim z,, =x

m—00

3.2 Continuous Maps

Definition 3.2.1. A subset U C R" is called open if for every x € U there
exists and € > 0 s.t.

n

Udz) ={y = (", ..v")ld(z,y) = \| Y (&' —y})> <e} CU

i=1

Example 3.2.1. 1. The open interval U = (a,b) = {x € Rla < x < b} is
an open subset of R™

2. The open unit ball B = {x € R"|Y>_"" | (2")* < 1} is an open subset of
R™.

3. A set which contains of only one point x € R™ is not an open set.
4. Closed intervals |a,b] or half open intervals [a,b) or (a,b] are not open.

The two most important concepts in analysis are those of continuity and
differentiability. The definition of continuity is next :

Definition 3.2.2. Let U C R" be open and f : U — RF be a map. Then f
is called continuous in the point x € U if whenever (x,)men 1S a sequence
with x,, € U and lim,, o T,y = z one has lim, .o f(z,) = f(x), i.e. the
sequence (f(Tm))men in R* converges to f(x) € RE. The map f is called
continuous in U if it is continuous in x for all x € U.

Example 3.2.2. 1. For each n the function id : R™ — R" is continuous.

2. Polynomial functions of the form

p:R — R
d
T g a;x’
=0
are continuous.
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3. The exponential function

exqp: R — R

r — exp(r)=e"
1S continuous.

4. The function

f:R® - R
(', 2%) — [z! —2?
1S continuous.

5. The function

f:R — R

1 a0
v 0 ifz<0

is continuous in all x # 0 but not continuous in x = 0.

6. The function

f:R — R

1 if v e Q
T 0 ifzeR\Q

One can do a lot of operations with continuous functions which result
into new continuous functions. The following discussion will illustrate this.

Proposition 3.2.1. Let U C R"™ be open. Then the set

C(U,R*) := {f : U — R*|f is continuous on U}

is a ( real ) infinite dimensional vectorspace. In particular if f,g are
continuous and X\ € R then also f + g and \f are continuous. Furthermore
f g is continuous and if g(x) # 0 for allx € U and k = 1 then x — % is

continuous on U.

Proposition 3.2.2. Let U C R" and V C R* be open and let f € C(U,RF)
and g € C(V,R!) and assume Im(f) C V then the composition g o f is
continuous on U and hence go f € C(U,RY).
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At the end of this section we give a characterization of continuity which
works completely without sequences and limits.

Proposition 3.2.3. Let U C R" be open and f : U — R¥. Then f is
continuous on U if and only if for any open subset V of R* the preimage
F7YV) is an open subset of R™.

Proposition 3.2.4. Let U C R" be open and f : U — R* and fori=1,..,k
fi: U — R denote the i-th component function of f. Then f is continuous
at x if and only if all f* are continuous at x.

Proof. This follows directly by the definition of continuity and convergence
in R* ( convergence of the component sequences ). O

3.3 The Derivative

In this section we introduce the derivative for maps f : U — R where U C R”
is an open subset.

Definition 3.3.1. Let f : U — R be a map defined on an open subset
UCR" Letx € U be a point and v € R™ with |[v]| = /> i, (v))? =1

where v = (vt ... v")T.

1. f is called differentiable at x in direction of v if there exists a real
number which we denote with D, f(x) s.t. for any sequence (ty) s.t.
tr € R\ 0 and x + 1ty -v € U for all k we have

D f(e) — 1 L) = 1)

n—00 tn

The real number D, f(x) is called the directional derivative of f at
x in direction of v.

2. If above v = ¢; = (0,..,0,1,0,..,0)" is the i-th standard unit vector in
R™ then we denote D, f(x) with D;f(x) or sometimes also with gg (x)
and call it the i-th partial derivative.

3. If all partial derivative D;f(x) of f at x € U exist, then we call the
vector V f(x) = (D1f(z), ..., D, f(x)) the gradient of f at x and say
the gradient of f at x exists.

Example 3.3.1. Let f : U — R be the constant function, then at all points
x all partial derivatives exist and are equal to zero, i.e. V f(x) = 0 for all
rxeU.
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In case the gradient of f exists in all points z € U, then we can consider
the function

vVf:U — R"
r — Vf(z).

Definition 3.3.2. Let f : U — R be a map defined on an open subset
U C R" s.t. the gradient exists at any x € U. Then f is called continuously
differentiable or C*, if the map Vf : U — R" is continuous.

It follows directly from Proposition 3.2.4 that f is C' if and only if all
the partial derivative functions z — ggﬁ (x) are continuous. We will now
consider some examples. We start by assuming n = 1 and refer to high school

education. In this case we write g—;z = % and Dy f(z) = % = %(z) = f'(x).

Example 3.3.2. 1. Polynomials :

—(p T F Ay dar wag) = ncanz™ L 2 a0t +ay

dx

2. Ezxponential function :

d
——eap(z) = exp(z)
3. Trigonometric functions :
%sm(a:) = cos(x), %cos(az) = —sin(z)

4. Hyperbolic functions : For x #0, and i > 1

d
e
The partial derivative with respect to the i-th coordinate of a func-
tion f(z',...,2") is obtained in the following way : Consider all parameters
b, a2t 2™ as constants and consider the function only as a func-
tion of the i-the variable. The differentiate in the way you learnt before

—i __ _ix—(z—&-l)
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Example 3.3.3. Let f : R? — R be given by f(z,y) = (z +y)? = 2 +
y? + 2zy. To compute the partial derivative with respect to x, y has to be
considered as a constant. Therefore

of B
%(x,y)_Q-x—i-O—i-Zy

To compute the partial derivative with respect to y, x has to be considered
as a constant and hence

of
Y y)=2- 2.
ay(gc,y) y+ 0+ 2z

Combining both we get V f(z,y) = 2(z +y)(1,1)".

The following two propositions are very helpful tools to compute gradi-
ents:

Proposition 3.3.1. ( Product-rule ) Let f, g : U — R be functions defined
on an open subset of R", let v € U and assume the gradients V f(z) and
Vyg(z) exists. Consider the function

frg:U — R
z — flz)-g(x)
Then V(f - g)(z) ezists and

VI(f-9)(x) = f(x) - Vg(z) +g(z) - V[(z).

Proposition 3.3.2. ( Chain-rule ) Let U C R™ and V C R be open, and
f:U—=Randg:V — R be functions s.t. im(f) C V. Assume the gradient
of f at x € U exists and the derivative ( one dimensional gradient ) of g at
f(x) € V exists. Then the gradient of the function

gof:U — R
z — g(f(z))

at x exists

Vigo f)(z) = g'(f(x)) - V(x).
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Example 3.3.4. We reconsider the function f from FExample 3.3. We let
g(z,y) = x+y and h(z) = 2% and get hog(x,y) = (x+y)* = f(z,y). Clearly
Vy(z,y) = (1,1)". Applying the previous proposition we get

Vf(z,y) =V(hog)(z,y) =h(g9(z,y)Vg(z,y) =2 (x+y) (1,1)"

which of course coincides with the result obtained in Example 3.5.
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