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Introduction

These lecture notes correspond to a first course in linear algebra, which does not rely on
any prerequisite. All necessary notions are introduced from scratch, and the proofs of
most of the statements are provided. Examples are provided in the text while exercises
are gathered at the end of each chapter. The main source of inspiration has been the
book of S. Lang: Introduction to linear algebra’.

0.1 Motivation

Several problems lead naturally to the basic concepts of linear algebra. We list some
examples which are at the root of this course or which provide some motivation for this
course.

Solving linear equations Consider the following linear system of equations

20 +y=17
—r+2y=4 "

3 However, if one considers the system

Its only solution is {ayc i
2e+y="7
dor +2y =14

: =0 =2 _ .
then one can find several solutions, as for example {;j _ oot {; _ 3 It is then natural
to wonder what are all solutions of this system ? How can one describe this set of
solutions and how can one understand it 7

Solutions of linear differential equations Consider a real function f defined on
R, i.e. f:R >t f(t) € R satisfying the relation

fr(t) = —m*f(t)

1Serge Lang, Introduction to linear algebra, second edition, Undergraduate texts in mathematics,
Springer.
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for some constant m € R. Can one find all solutions f for this equation ? For example,
f(t) = cos(mt), f(t) = 3sin(mt) or f(t) = 2cos(mt + 3) are solutions of this equation,
but how can one describe all of them ?

Describing linear transformations Consider the following linear transformation:

f\?

)

Figure 1: Linear transformation

How can one describe this transformation efficiently ?

Change of bases Consider the same object described in two different reference sys-
tems:

| ] [

Figure 2: Change of reference system
How can one compare the information on the same object in these two systems ?

Reading a scientific paper How can one understand the following paper: "The
$25°000°000°000 eigenvector: the linear algebra behind Google”?.

Other motivations Linear algebra is also at the root of quantum mechanics, dy-
namical systems, linear response theory, linear perturbations theory, ...

2Kurt Bryan, Tanya Leise, The $25°000°000°000 eigenvector: the linear algebra behind Google, STAM
REVIEW, Vol. 48, No. 3, pp. 569-581.



Chapter 1

Geometric setting

In this Chapter we recall some basic notions on points or vectors in R". The norm of a
vector and the scalar product between two vectors are also introduced.

1.1 The Euclidean space R"

We set N := {1,2,3,...} for the set of natural numbers, also called positive integers,
and let R be the set of all real numbers.

Definition 1.1.1. One sets
R" = {(a1,as,...,a,) | a; €R forall j € {1,2,...,n}}".

Alternatively, an element of R™, also called a n-tuple or a vector, is a collection of n
numbers (a1, ag, ..., a,) with a; € R for any j € {1,2,...,n}. The number n is called
the dimension of R™.

In the sequel, we shall often write A € R™ for the vector A = (ay,as,...,a,). With
this notation, the values a4, ao,...,a, are called the components or the coordinates of
A. For example, a; is the first component of A, or the first coordinate of A. Be aware
that (1,3) and (3,1) are two different elements of R?. Note that one often writes (z,y)
for elements of R? and (z,y, z) for elements of R?, see Figure 1.1. However this notation
is not really convenient in higher dimensions.

The set R™ can be endowed with two operations, the addition and the multiplication
by a scalar.

Definition 1.1.2. For any A, B € R" with A = (a1, as,...,a,) and B = (by, by, ..., by)
and for any X\ € R one defines the addition of A and B by

A+ B := (a1+b1,a2—|—b2,...,an+bn) e R"
and the multiplication of A by the scalar \ by
A = (Aay, Aag, . .., Aa,) € R™.

!The vertical line | has to be read “such that”.



8 CHAPTER 1. GEOMETRIC SETTING

o (xy)

® (xy.2)

Figure 1.1: Elements of R? and R3

Examples 1.1.3. (1) (1,3) + (2,4) = (3,7) € R?,
(i) (1,2,3,4,5) + (5,4,3,2,1) = (6,6,6,6,6) € R,
(iii) 3(1,2) = (3,6) € R,

(iv) 7(0,0,1) = (0,0, 7) € R3.

One usually sets
0=(0,0,...,0) e R"

and this element satisfies A+ 0 =0+ A = A for any A € R". If A = (ay,a2,...,a,)
one also writes —A for the element —1A4 = (—ay, —as, ..., —a,). Then, by an abuse of
notation, one writes A— B for A+ (—B) if A, B € R", and obviously one has A— A = 0.
Note that A+ B is defined if and only if A and B belong to R", but has no meaning if
A € R" and B € R™ with n # m.

Properties 1.1.4. If A, B,C € R" and A\, u € R then one has
(i) A+ B=B+ A, (commutativity)
(1) (A+B)+C=A+(B+C), (associativity)
(111)) N(A+ B) = MA + AB, (distributivity)
(iv) (A4 p)A = A+ A,
(v) (A)A = A(pA).

These properties will be proved in Exercise 1.3.
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1.2 Located vectors in R"

A geometric picture can often aid our intuition (but can also be misleading). For ex-
ample, one often identifies R with a line, R? with a plane and R? with the usual 3
dimensional space. In this setting, an element A € R" is often called a point in R™.
However, one can also think about the elements of R™ as arrows. In this setting, the
element (3,5) € R? can be thought as an arrow starting at the point (0,0) of the usual
plane with two axes and ending at the point (3,5) of this plane, see Figure 1.2. With

y

Figure 1.2: A point seen as an arrow

this interpretation in mind, the addition of two elements of R™ corresponds the addi-
tion of two arrows, and the multiplication by a scalar corresponds to the rescaling of an
arrow, see Figure 1.3. Note that in the sequel both interpretations (points and arrows)
will appear, but this should not lead to any confusion.

oA

.
-A2

Figure 1.3: Addition of arrows and multiplication by A = —1/2

In relation with this geometric interpretation, it is sometimes convenient to have
the following notion at hand.

Definition 1.2.1. For any A, B € R™ we set 1@ for the arrow starting at A and ending
at B, and call it the located vector AB.
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oB

/

Figure 1.4: The located vector 1@

__)
With this definition and for any A € R"™ the located vector 0A corresponds to the
arrow mentioned in the previous geometric interpretation. For that reason, the located

_>
vector 0A is simply called a vector and is often identified with the element A of R™.
Let us now introduce various relations between located vectors:

Definition 1.2.2. For A, B,C, D € R", the located vectors 1@ and C@ are equivalent
if B— A= D — C. These located vectors are parallel if there exists A € R* = R\ {0}
such that B — A = X(D — C). In particular, they have the same direction if A > 0 or
have opposite direction if A < 0.

In Figure 1.5 equivalent located vectors and parallel located vectors are represented.
Note that the located vector AB is always equivalent to the located vector O(B — A)

y y
oB oB .
/ " /
A / A
oC °C
X X

Figure 1.5: Equivalent and parallel located vectors

which is located at the origin 0, see Figure 1.6. This fact follows from the equality

(B—A)—0=(B—A)=B— A
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oB

e B-A

A
/ X

Figure 1.6: Located vector 1@ equivalent to the located vector O(B — A;

Question: What could be the meaning for two located vectors to be perpendicular?
Even if one has an intuition in R? or R3, one needs a precise definition for located
vectors in R"™.

1.3 Scalar product in R”

Definition 1.3.1. For any A, B € R” with A = (ay,as, .. .,a,) and B = (by,ba, ..., b,)
one sets

A-B:= a1b1 +a2b2—|—~~+anbn = Zajbj
j=1
and calls this number the scalar product between A and B.
For example, if A = (1,2) and B = (3,4), then A- B = 1.3424 = 3+8 = 11, but if
A=(1,3)and B = (6,—2), then A- B = 6—6 = 0. Be aware that the previous notation

is slightly misleading since the dot - between A and B corresponds to the scalar product
while the dot between numbers just corresponds to the usual multiplication of numbers.

Properties 1.3.2. For any A, B,C € R" and XA € R one has
(i) A-B=DB-A,

(ii)) A-(B+C)=A-B+A-C,

(i1i)) (MA)-B=A-(AB) = \A- B),

(iv) A-A>0, and A- A=0 if and only if A = 0.

These properties will be proved in Exercise 1.6.
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Definition 1.3.3. Two vectors A, B € R™ are perpendicular or orthogonal if A-B = 0,
in which case one writes A L B. If A, B,C,D € R", the located vectors E and C

are perpendicular or orthogonal if they are equivalent to two perpendicular vectors, in
which case one writes AB 1. CD.

.A .B

~ N

Figure 1.7: Perpendicular vectors and perpendicular located vectors

Remark first that if A, B € R" are perpendicular, then A is also perpendicular to
AB for any A € R. Indeed, from the above properties, it follows that if A- B = 0
then A- (AB) = A(A - B) = 0. Now, observe also that in the setting of the previous

definition, and since 1@ is equivalent to the vector 0(B — A; and since @ is equivalent
to the vector 0(D — C;, one has 1@ 1 @ if and only 0(B — A; is perpendicular to
0(D — C;, i.e. if and only if

(B—A)-(D-C)=0. (1.3.1)

Example 1.3.4. In R™ let us set £, = (1,0,...,0), By = (0,1,0,...,0), ..., E, =
(0,...,0,1) the n different vectors obtained by assigning a 1 at the coordinate j of E;
and 0 for all its other coordinates. Then, one easily checks that

E; - E, =0 whenever j #k and E;-E; =1 foranyje{1,2,...,n}.

These n vectors are said to be mutually orthogonal.

1.4 Euclidean norm in R"

Recall that for any A € R” one has A% := A- A > 0.

Definition 1.4.1. The Euclidean norm or simply norm of a vector A € R" is defined
by ||A|| := VA2, The positive number || A|| is also referred to as the magnitude of A. A
vector of norm 1 is called a unit vector.
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Example 1.4.2. If A= (—1,2,3) € R3, then A-A = (—1)*+22+432 = 14 and therefore
Al = V14,

Remark 1.4.3. If n = 2 and in the geometric interpretation mentioned in Section 1.2,
one observes that the norm ||All of an element A € R? is compatible with Pythagoras
theorem.
Properties 1.4.4. For any A € R" and A € R one has

(1) ||A]l =0 if and only if A= 0,

(i) [AA]l = [A[1IA]l,
(ii) || = All = [IAl.

Note that the third point is a special case of the second point. The proof of these
properties will be provided in Exercise 1.8.

Definition 1.4.5. For any A, B € R", the distance between A and B, denoted by
d(A, B), is defined by d(A, B) := ||B — A|.

Properties 1.4.6. For any A, B,C € R" one has
(1) d(A, B) = d(B, A),
(11) d(A, B) = 0 if and only if A= B,
(i1i) d(A—C,B — C) =d(A, B), and in particular d(A, B) = d(0,B — A).

The proofs of these properties are left as a free exercise. Now, keeping in mind the
geometric interpretation provided in Section 1.2, it is natural to set

|AB| := d(A, B)

and to call this number the length of the located vector E . Indeed, it follows from this
definition and from Property 1.4.6.(iii) that

|AB|| = d(A, B) = d(0, B — A) = ||0(B — A|| = ||B — Al

Thus, the length of the located vector 1@ corresponds to the norm of the vector (B —
A) € R™. One also observes that any two located vectors which are equivalent have the
same length.
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Question: If r >0 and A € R", what is
{BeR"|d(AB)<r} ?
Can one draw a picture of this set forn =1, n =2 or n = 37
Definition 1.4.7. Forr > 0 and A € R", one defines
B(A,r):={BeR"|d(A B) <r}
and call B(A,r) the (open) ball centered at A and of radius r.

For example, if n = 2 then #(0, 1) corresponds to the (open) unit disc in the plane,
i.e. to the set of points on R? which are at a distance strictly less than 1 from the
origin (0,0). If n = 3 then #(0,1) corresponds to the (open) unit ball in the usual 3
dimensional space.

Figure 1.8: The open ball %((2,4),1) in R?

Let us now get a better intuition for the notion of orthogonal vectors. First of all,
consider the following property:
Lemma 1.4.8. For any A, B € R" one has
IB+ Al|=||B—A||< A-B=0.
Proof. One has

IB+Al=B~Al=|B+Al*=|B- Al
< (B+A)-(B+A)=(B-A)-(B—A)
& B*+2A-B+A*=DB*—-2A.-B+ A?
< 4A-B =0,

which justifies the statement. n
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<
<

A-B
* \A

Figure 1.9: The vectors A+ B and A — B

By considering the geometric setting introduced in Section 1.2, one observes that
the condition ||B 4+ A|| = ||B — A|| corresponds to our intuition for the two vectors A
and B being perpendicular, see Figure 1.9. More generally, one can prove the general
Pythagoras theorem:

Theorem 1.4.9. Two vectors A, B € R™ are mutually orthogonal if and only if the
equality ||A + B||*> = ||A||* + || B||* holds.

The proof of this Theorem is provided in Exercise 1.9.

Question: Let A, B € R" with B # 0. Let P den_oi};e the point on the line passing
through 0 and B, and such that the located vector PA is perpendicular to the located

vector 0B, see Figure 1.10. Clearly, P = ¢B for some ¢ € R, but how can one compute
c?

Figure 1.10:
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For the answer, it is sufficient to consider the following equivalences:

PALOB < 0(A—P)L0B
& (A-P)-B=0
< (A—cB)-B=0

< A-B=c¢B?
- A-B
C= +—=.
| B2

Definition 1.4.10. Let A, B € R" with B # 0. Then the component of A along B s
by definition the number c := ”’4}3'1”3;. In this case cB is called the orthogonal projection
of Aon B.

Let us recall from plane geometry that if one considers the right (or right-angled)
triangle with vertices the points 0, A and ¢B with A # 0, B # 0 and with ¢ > 0, then
the angle 0 at the vertex 0 satisfies

_leBll _ Bl _(A-B)|B|l __A-B

cos(f) = = = = i
O ="AT = T T TBRIAT ~ TANE]

Note that the same argument also holds for ¢ < 0, and thus one has for any such triangle

_ A-B
1Al Bl

cos(0)
From the above considerations and since | cos(#)| < 1, one infers the following result:
Lemma 1.4.11. For any A, B € R" one has
|A- Bl < [[A][]|B]- (1.4.1)
Let us also deduce a very useful inequality called triangle inequality:
Lemma 1.4.12. For any A, B € R" one has
A+ Bl < [[All+ [IB]].
Proof. By taking into account the inequality (1.4.1) one obtains that

|A+ B|?=A*>+B>+2A-B
< A*+B*+2|A- B
< A*+ B + 2| Al| | B
2
= (1Al + 11B1l)"-

The expected result is then obtained by taking the square root on both sides of the
inequality. O]
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1.5 Parametric representation of a line

Let us consider P, N € R" with N # 0, and let ¢t € R.

Question: What does {P +tN | t € R} represent? Can one draw a picture of this
set?

Definition 1.5.1. For any P, N € R" with N # 0 one defines
LP,N = {P+tN ‘tER}

and call this set the line passing through P and having the direction N. More precisely
Lpy is called the parametric representation of this line, see Figure 1.11.

Remark 1.5.2. (i) If N is replaced by AN for any A € R*, then Lpn describes
the same line. In addition, any element of Lpy can be used instead of P and the
resulting line will be the same.

(i1) If P,Q € R™, then the line passing through the two points P and Q is given by
Lpg_p. Indeed one checks that Lpg_p = {P +t(Q — P) | t € R}, and that this
line passes through P att =0 and passes through @) att = 1.

(i11) For P,Q € R", the set {P +t(Q — P) | t € [0,1]} describes the line segment
starting at P and ending at Q).

Remark 1.5.3. If n = 2 a line is often describes by {(z,y) € R* | ax + by = ¢} for
some a,b,c € R. Thus, in dimension 2 a line can be described by this formulation or
with Lpy for some P,N € R%. Clearly, some relations between a,b,c and P, N can be
established. However, note that the above simple description does not exist for n > 2
while the definition Lpx holds in arbitrary dimension.

1.6 Planes and hyperplanes

Let us first recall that two located vectors are orthogonal if they are equivalent to two
perpendicular vectors.

Question: Let P,N € R? with N # 0. How can one describe the plane passing
through P and perpendicular to the direction defined by the vector N 7

For the answer, consider a point X belonging to this plane. By definition, the located
vector P*)(2 is orthogonal to the located vector ON, or equivalently the located vector
0(X — P)is orthogonal to the located vector ON. Now this condition reads (X—P)LN,
which is equivalent to (X — P) - N = 0, or by a simple computation to the condition
X - N = P - N. In summary, the plane passing through P and perpendicular to the
direction defined by the vector N is given by

[XeR*|X-N=P-N}.
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/

oN

Figure 1.11: Parametric representation of a line

In this case, one also says that the plan is normal to the vector N.
Example 1.6.1. If P=(2,1,-1), N = (—1,1,3) and X = (z,v, 2), then
X -N=P-N& (z,y,2)- (-1,1,3) = -241-3< —x+y+32=—4.

Therefore, the plane passing through (2,1, —1) and normal to the vector (—1,1,3) is
given by
{(z,y,2) €R® | —z 4+ y+32 = —4}.

Let us now work in arbitrary dimension.
Definition 1.6.2. For any P, N € R" with N # 0, the set
Hpy = {XGR”|X-N:P-N}
15 called the hyperplane passing through P and normal to N.

Note that if P = (p1,p2,...,pn) and if N = (n1,na,...,n,), then
HP,N = {(IL‘l,ZEg, e ,lL‘n) c Rn | ni1xq —f—?’LQZL‘Q —+ .- —I—nnxn = ijnj}
j=1

Remark 1.6.3. In the special case P- N = 0, one observes that the element O belongs
to Hpn. Later on, we shall see that in this case Hp y 1s a vector space, see Chapter 3

Properties 1.6.4. For any P, N € R" with N # 0, and for any A € R* one has
(i) Hpn = Hp)w,
(ZZ) ]fpl S HP,N; then HP’,N = Hij.
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The proof of these properties will be provided in Exercise 1.16. It is now natural to
define various notions related to hyperplanes. The following definitions correspond to
the intuition we can have in R? or in R3.

Definition 1.6.5. Let P, P’ N € R with N # 0 and with P' ¢ Hpy. Then the two
hyperplanes Hpy and Hp y are parallel.

Lemma 1.6.6. Two parallel hyperplanes have an empty intersection.

Proof. Let Hpy and Hp/ x be two parallel hyperplanes, and let us assume that there
exists X € R™ which belongs to both hyperplanes. This assumption means that X €
Hpy and X € Hps y, or equivalently X-N = P-N and X-N = P’-N. As a consequence,
it follows from these equalities that P- N = P’ - N.

On the other hand, since the two planes are parallel, the assumption on P’ is
P ¢ Hpy, which means that P’ - N # P - N. Thus one has obtained a contradiction
since P- N = P'- N together with P'- N # P - N is impossible. As a conclusion, there
does not exist any X in the intersection of the two hyperplanes, or equivalently this
intersection is empty. O

Example 1.6.7. Forn =2, P = (0,0), P’ = (0,1) and N = (1,1), one checks that
P-N=1%#0=P-N, and thus P ¢ Hpy. In addition, if X = (x,y) one easily
observes that X € Hpy if and only y = —x while X € Hp y if and only if y = —x + 1.

Definition 1.6.8. Let P,P', N, N' € R™ with N # 0 and N’ # 0. One defines the
angle 0 between the hyperplanes Hpy and Hp/ n+ as the angle between their normal
vectors, or more precisely

N - N’
Q) = —.
os(0) = TR

From this definition, one observes that the angle between two parallel hyperplanes
is equal to 0.

Observation 1.6.9. Let P, N € R" with N # 0.

(i) Since Hpny = Hpn for any A € R*, one has Hpn = Hp g with N = ﬁ Note
that N is a unit vector (see Definition 1.4.1).

(11) The hyperplane Hp n divides R™ into two distinct regions. Indeed, for any X € R"
one has either X -N >P-N,or X -N=P-N or X-N < P-N. In the second
case, X belongs to Hpy by definition of this hyperplane. Thus, one is left with
the other two regions {X €e R" | X -N >P-N} or{X eR"| X -N < P-N}
and these two regions have an empty intersection.
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Question: What is the distance between a point X and a hyperplane Hp 7

The natural definition for such a notion can be understood as follows: Consider any
point Y € Hp n and recall that the distance d(X,Y") between X and Y has been defined
in Definition 1.4.5. Then, the distance d(X, Hp y) between X and the hyperplane Hp y
should be the minimal distance between X and any point Y € Hp y, namely

d(X, HP,N) = Yellgf d(X, Y),
PN

where the notation inf has to be read ”"infimum”. In the next Lemma, we give an
explicit formula for this distance.

Lemma 1.6.10. For any P, N, X € R" with N # 0 one has
(X —P)-N]|

IV
Proof. First of all, observe that if X ¢ Hp y, there exists A € R* such that X - N —\ =
P - N. In fact, one simply has A\ = X - N — P- N = (X — P) - N. In addition, observe
that

d(X, Hpy) =

N-N A N
X-N-A=P-N&X-N—2\ :P-N(:><X———)- —P-N
V]2 NN
which means that X — HNII HNH belongs to Hpy if A= (X — P) - N.
From this observation, one infers that X’ := X — % ”%” € Hpy and that
(X ) - N
AX.X) =[x = x| = || - = .
INII INII INII
As a consequence, one has d(X, Hpy) < KX”—A];")Nl

In order to show that this distance is the shortest one, consider any Y € Hpy
and use the general Pythagoras theorem for the right triangle of vertices X,Y and X'.

Indeed, since X'Y L X'X (because Y € Hx/ y and X — X' = (X”;V]])QNN) one gets:

dXY)? = Iy = X[* = [V = X' + | X" = X[|* > [|X" - X[|* = d(X, X)*
from which one infers that d(X,Y") > d(X, X'). O

Question: What are the intersections of hyperplanes? More precisely, can we find
X € R" such that
XGHPthme%Nzﬂ"'ﬂHpm’Nm ? (161)

Obviously, if some hyperplanes are parallel, there does not exist any X satisfying this
condition. Even if the hyperplanes are not parallel, is it possible that the intersection
is empty? Before answering these questions, recall once more that

X e HP,N S Ny + Moo + -+ + Np&y = ijnj.

and therefore equation (1.6.1) corresponds to a system of linear equations, as we shall
see in the sequel.
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1.7 Exercises

Exercise 1.1. Compute A+ B, A — B, 3A and —2B in each of the following cases,
and illustrate your result with the geometric interpretation.

1. A=(2,-1), B=(~1,1)
2. A=(2,-1,5), B=(-1,1,1)
3. A= (m3,—-1), B=(2m,-3,7)
Exercise 1.2. Let A = (1,2) and B = (3,1). Compute A+ 2B, A—3B and A+ 1B

and provide the geometric interpretation.
Exercise 1.3. Write the proofs for Properties 1.1.4.

Exercise 1.4. In the following cases, determine which located vectors ]@ and zﬁ are
equivalent.

1,-1), Q=(4,3), A=(-15), B=(5,2)

1,4), Q= (=3,5), A=(5,7), B=(1,8)

1,—-1,5), @ =(-2,3,-4), A=(3,1,1), B=(0,5,10)

= (
2. P=(
3. P=(
4. P=(2,3,-4), Q=(-1,3,5), A=(-2,3,—-1), B=(-5,3,8)
Similarly, determine if the located vectors l@ and E are parallel.
=(1,-1), @ =(4,3), A=(-1,5), B=(7,1)
(1,4), @ =(-3,5), A=(5,7), B=(9,6)

1,-1,5), Q=(-2,3,—-4), A= (3,1,1), B=(-3,9,—17)
2,3,-4), Q =(-1,3,5), A=(=2,3,-1), B=(—11,3,—28)

= (
= (
Exercise 1.5. Compute A- A and A - B for the following vectors.

=(2,—-1), B=(-1,1)
=(2,—-1,5), B=(-1,1,1)
= (m3,-1), B=(2m,—3,7)
=(1,-1,1), B=1(2,3,1)

Which pairs of vectors are perpendicular?

Exercise 1.6. Write the proofs for Properties 1.5.2.
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Exercise 1.7. By using the properties of the previous exercise, show the following
equalities (we use the notation A* for A- A).

1. (A+ B)?=A%?+2A- B+ B?
2. (A—B)?=A?-2A- B+ B>
Exercise 1.8. Write the proofs for Properties 1.4.4.
Exercise 1.9. Write a proof for Theorem 1.4.9.
Exercise 1.10. Let us consider the pair (A, B) of elements of R".
1. A=(2,-1), B=(-1,1)
2. A=(-1,3), B=1(0,4)
3. A=(2,-1,5), B=(-1,1,1)

For each pair, compute the norm of A, the norm of B, and the orthogonal projection of
A along B.

Exercise 1.11. Find the cosine between the following vectors A and B :
1. A=(1,2), B=(5,3)
2. A=(1,-2,3), B=(-3,1,5)

Exercise 1.12. Determine the cosine of the angles of the triangle whose vertices are
A=(2,-1,1), B=(1,-3,-5) and C' = (3, —4,—4).

Exercise 1.13. Let Ay, ..., A, be non-zero vectors of R™ which are all mutually per-
pendicular, or in other words Aj - A =0 if j #k. Let c1,..., ¢, be real numbers such
that

Ay + Ay + -+ A = 0.
Show that ¢; =0 for all j € {1,2,...,r}.

Exercise 1.14. Find a parametric representation of the line passing through A and B

for
1. A=(1,3,-1), B=(—4,1,2)
2. A= (-1,5,3), B=(-2,4,7)

Exercise 1.15. If P and ) are arbitrary points in R™, determine the general formula
for the midpoint of the line segment between P and ().

Exercise 1.16. Write the proofs for Properties 1.6.4.
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Exercise 1.17. Determine the cosine of the angle between the two planes defined by
{(z,y,2) ER* |22 —y+2=0} and {(z,y,2) ER® |z +2y—2=1}
Same question for the planes defined by
{(z,y,2) €ER* |z =1} and {(z,y,2) ER®|3x+2y—T72z=1}.

Exercise 1.18. Find the equation of the plane in R3 passing through the three points
P =(1,2,-1), P, =(-1,1,4) and Py = (1,3, -2).

Exercise 1.19. Let P = (—1,1,7), @ = (1,3,5) and N = (—1,1,—1). Determine the
distance between the point () and the plane Hp .

Exercise 1.20. Let P = (1,1,1), Q@ = (1,—1,2) and N = (1,2, 3). Find the intersection
of the line passing through ) and having the direction N with the plane Hp .

Exercise 1.21. Determine the equation of the hyperplane in R* passing through the
point (1,1,1,1) and which is parallel to the hyperplane defined by

{(z1, 72, 73,24) € R | 12y + 29 + 323 + 424 = 5}.

Similarly, for any n > 1 determine the equation of the hyperplane in R™ passing through
the point (1,1,...,1) and which is parallel to the hyperplane defined by

{(z1,22,...,2,) € R"| ijj =n+1}.
j=1

Does something special happen for n =27
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Chapter 2

Matrices and linear equations

In this chapter we introduce the notion of matrices and provide an algorithm for solving
linear equations.

2.1 Matrices

In this section we introduce the matrices and some of their properties.

Definition 2.1.1. For any m,n € N we set

a1l a2 ... Q1
o 921 29 ... Qon,
Am1 Am2 - .. Amn

with a;; € R and call it a m x n matrix. m corresponds to the number of rows while
n corresponds to the number of columns. The number a;; is called the ij-entry or the
ij-component of the matriz A. The set of all m x n matrices is denoted by M, (R)!.

Remark 2.1.2. (i) M;;(R) is identified with R,

al ail
(Z’L) (a1 as ... CLn> = (all a2 ... aln) S Mln(R) while ( . = ( ?1 € Mm1<R)

Elements of My, (R) are called row vectors while elements of M,,1(R) are called
column vectors.

(111) If m = n one speaks about square matrices and sets M, (R) for M,,(R).

00 .. 0
00 .0

(iv) The matriz <: - :> is called the 0-matriz, simply denoted by O.
00 .. 0

IThe symbol R is written because each entry a;; belongs to R. Note that one can consider more
general matrices, as we shall see later on with complex numbers.

25
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In the sequel, we shall tacitly use the following notation:

a1 a12 e A1y b11 b12 Ce bln
a921 a992 e QAon b21 bgg e bgn
AE(aij): : : .. : ’ BE(bij): : : .. : ’
Am1 Am2 ... Amn bml bmg Ce bmn
and
€11 Ci2 Cin
Co1  C22 Con
C=(cy)= :
Cmi Cm2 ... Cmn

The set M,,,(R) can be endowed with two operations, namely:

Definition 2.1.3. For any A,B € M,,,(R) and for any A\ € R we define the addition
of A and B by

a1 +bn aipg+biz ... ap, + by

az; +bar  age +bye ... ag, + by,
A+ B = .

Am1 + bml Am2 + bm2 o Amn + bmn

and the multiplication of A by the scalar \:

)\CLH )\alg R )\aln
)\A _ )\C.Lgl )\(%22 e )\agn
A1 AQma .. AGmn

Remark 2.1.4. (i) Only matrices of the same size can be added, namely A+ B is
well defined if and only if A € M,,(R) and B € M,,,(R).

(i) The above rules can be rewritten with the more convenient notations
(aij) + (biy) = (ai; + bij) and  May;) = (Aay;) -

It is now easily observed that A+ O = O + A = A. In addition, one has —A =
—1A = (—a;j) and A — A= A+ (—A) = O. Some other properties are stated below,
and their proofs are left as a free exercise.

Properties 2.1.5. If A,B,C € M,,,(R) and A\, u € R then one has
(i) A+B=B+ A, (commutativity)
(i) (A+B)+C=A+ (B+C), (associativity)
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(iii) N(A+B) = A+ B, (distributivity)
(iv) A+ p)A=AA+ pA,
(v) (A)A = A(pA).

Note that the above properties are very similar to the one already mentioned for
vectors in Properties 1.1.4. These similarities will be emphasized in the following chap-
ter.

Let us add one more operation on matrices, namely the transpose of a matrix.

Definition 2.1.6. For any A = (a;;) € My, (R), one defines 'A = (fa;j) € Mypm(R) the

transpose of A by the relation

t —
Q5 1= Qjj -

In other words, taking the transpose of a matriz consists in changing rows into columns
and vice versa.

We also define a product for matrices:

Definition 2.1.7. For A € M,,,(R) and for B € M,,(R) one defines the product of A
and B by C := AB € M,,,(R) with

n
Cik = E aijbjk -
j=1

Examples 2.1.8. 1.

1 2 7 1-7+2-8 23
3 4 (8) =|3-7T4+4-8] =153
5 6 . , 5-7T46-8 83
€Mo1(R) S——
€M32(R) €M31(R)
2.
by
by
(a1 az ... ay) .| = a1by + asby + - - - + anb, € M (R)
D e —— .
€M1, (R) b,
——
EMnl(R)
3.
aj; a2 ... Qip T Y
G21 G2 ... QA2 T2l Y2
Ap1  An2 Ann Tn Yn
N ~ N~ =
EMnn(R) eMnl(R) eMnl(R)
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Remark 2.1.9. (i) If A € M,,,(R) and B € M,,(R), then the product AB can be
defined if and only if n = p, in which case AB € M,,,(R).

(i) If A, B € M, (R), then AB and B.A can be defined and belong to M, (R). However,
in general it is not true that AB = BA, most of the time AB # BA.

Let us now state some important properties of this newly defined product.
Properties 2.1.10. (i) For any A € M,,(R), B,C € M,,(R) and A € R one has

(a) A(B+C) = AB+ AC,
(b) (ANA)B = A\(AB) = A\B).

(i) If A € My (R), B € M,,(R) and C € M,,(R) one has
(AB)C = A(BC).

(111) If A € Mpn(R) and B € M,,,(R) one also has
“AB) ="'B 'A.

These properties will be proved in Exercise 2.2. Recall now that for the addition,
the matrix O has the property A+ O = A = O + A. We shall now introduce the
square matrix 1,, which share a similar property but with respect to the multiplication.
Indeed, let us set

10 ... 0
0 1 0
]-n:: . .
00 ... 1

or equivalently 1, € M,(R) is the matrix having 1 on its diagonal, and 0 everywhere
else. Then one can show that for any A € M,,,(R) one has A1, = A and 1,, A = A,
see Exercise 2.3.

For the set of square matrices, we can define the notion of an inverse and state
several of their properties.

Definition 2.1.11. Let A € M,(R). The matrix B € M,(R) is an inverse for A if
AB =1, and BA=1,,.

Lemma 2.1.12. The inverse of a matriz, if it exists, is unique

Proof. Assume that By, By € M,(R) are inverses for A, i.e. AB; = 1, = B1.A and
AB, = 1,, = By A, then one has

B, = Bil, = Bi(ABy) = (BLA)By = 1,8, = By

which shows that B; and B, are equal. O
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Since the inverse of a matrix A, if it exists, is unique, we can speak about the inverse
of A and denote it by A~L. In such a situation, A is called an invertible matriz.

Remark 2.1.13. We shall see later on that the property AB = 1,, automatically implies
the property BA = 1,,. Thus, it follows either from AB = 1, or from BA = 1,, that B
is the inverse of A, i.e. B= A1,

Properties 2.1.14. Let A, B € M,,(R) both having an inverse, and let X\ € R*. Then
(i) (A7) =4,
(it) (A) = (4)
(i) (NA)™'=ATTAT
(iv) (AB)™' =B 1A

Proof. (i) Since (A_I)A =1, = A(A_l), it follows that A is the inverse of A1,
i.e. (.A_l)_l =A.

(i) Since '(A™1)A = (AA™Y) =1, = 1,, and since ‘A’ (A7) = (.A_l.A) =, =
1,, it follows that t(A’ ) is the inverse of A, or in other Words (.A) (Afl).

(iii) One has AA)A HA™ = A TAA =1, = WA H(MA ), which means
that A=t A1 is the inverse for A A.

(iv) One observes that (B~*A™)(AB) = 1,, = (AB)(B~*A™"), which shows that
(AB)~! is given by B~ AL O

Note that thanks to Remark 2.1.13 one could have simplified the above proof by
checking only one condition for each inverse. Let us still introduce some special classes
of matrices and the notion of similarity, which are going to play an important role in
the sequel.

Definition 2.1.15. (i) If A = (a;;) € M, (R) with a;; = 0 whenever i # j, then A
15 called a diagonal matrix,

(i) If A = (ai;) € M,(R) with a;; = 0 whenever i > j, then A is called an upper
triangular matrix,

(i11) If A € M,(R) and if there exists m € N such that A™ .= AA...A= O, then A
—

m times
15 called a nilpotent matrix.

Definition 2.1.16. For A, B € M, (R) one says that A and B are similar if there exists
an invertible matric U € M, (R) such that

B=UAU" .

Lemma 2.1.17. Let A, B € M,(R) be two similar matrices. Then
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(1) A is invertible if and only if B is invertible,
(ii) ‘A and 'B are similar,
(111) A is nilpotent if and only if B is nilpotent.

Proof. Let us assume that B =UAU" for some invertible matrix U € M, (R).
(i) Assume that A is invertible, and observe that

BUAT U™ = UAU UA U =1,

which means that Y A~'U~! is the inverse of B. As a consequence, B is invertible.
Similarly, if one assumes that B is invertible, then /=B~ is an inverse for A, as it
can easily be checked. One then deduces that A is invertible.

(ii) One observes that

B="UAUT) = t(u—l)tAtu _ (tu)—ltAt((tu)—l)*l — Pigp-t

with V := (‘t/)~! which is invertible. Thus ‘A and !B are similar.
(iii) If A™ = O, then

B™ = (UAU)" = UAUYUAUT) .. (UAUY) = UA™ U™ = O,
m t‘i,mes

Similarly, if B™ = O, then A™ = U~B™U = O, which proves the statement. H

2.2 DMatrices and elements of R”

In this section we show how a matrix can be applied to an element of R™. In fact, such
an action has implicitly been mentioned in Example 2.1.8, but we shall now develop
this point of view.

First of all, we shall now modify the convention used in the previous chapter. In-

deed, for convenience we have written A = (a,as,...,a,) for any element of R".
ai

a2
However, from now on we shall write A = . for elements of R™. However, the

an
following alternative notation will also be used: A = *(a; az ... a,), or equivalently
‘A = (ay ay ... ay,). Note that is coherent with the notion of transpose of a matrix, since
column vector are identified with elements of M,;(R) while row vectors are identified
with elements of M, (R), see Remark 2.1.2.
The main interest in this notation is that a m X n matrix can now easily be applied
to a column vector, and the resulting object is again a column vector. For example

1 2 3 1 lzy + 229 + 323
4 5 6 i) = 41’1 + 51’2 + 61’3 . (221)
7 8 9 T3 7£L'1 + 81’2 + 9133

~
€Mss (R) cR3 €R3
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More generally, one has

aj; a2 ... Qip T n
Qg1 QA22 ... Q2p 4] Y2
Um1 Q2 - Amn T Ym
~ ~~ N—— =
EMpmn(R) €R" €Rm

or in other words by applying a m x n matrix to an element of R™ one obtains an
element of R™.

Let us also observe that with the above convention for elements of R™ in mind,
the scalar product A - B of A, B € R” introduced in Definition 1.3.1 can be seen as a
product of matrices. Indeed the following equalities hold:

by
- b
A-B= Z Cljbj = (a1 as ... (Zn> _2 = tAB (222)
j=1 :
bn

where the left hand side corresponds to the scalar product of two elements of R™ while
the right hand side corresponds to a product of a matrix in M;,(R) with a matrix in

We can also see that the product of two matrices can be rewritten with an alternative
notation. Indeed, for any A € M,,,(R) let us set A7 € M,,;(R) for the j*® column of
A, and A; € My, (R) for the i*" row of A. More explicitly one sets

Ay
A

A=(Ab 2 o ar) and A= (2.2.3)

An
With this notation, for any A € M,,,,(R) and B € M,,(R), the matrix C := AB is given

by
e = A, B (2.2.4)

where the right hand side corresponds to the product of A; € My, (R) with B €
M1 (R). In other words one can still write

col.
k
of
B

¢k, = (row ¢ of A)
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2.3 Homogeneous linear equations

In this section, we consider linear systems of equations when the number of unknowns
is strictly bigger than the number of equations.

Example 2.3.1. Let us consider the equation
20 +y—42=0

and look for a non-trivial solution, i.e. a solution (g) € R?® with (Z}) #* (§
writing © = %HZ and by choosing (¥) with (¥) # (), one gets for example <

(3?). Note that an infinite number of other solutions exist.

Example 2.3.2. Let us consider the linear system of equations

21’1"‘31’2—1'3:0
1 +x2o+x3=0

and look for a non-trivial solution. By multiplying the second equation by 2 and by
subtracting it to the first equation one obtains

21 4+ 3w9 — w3 — 2(x1 + 22+ 23) =0 - Ty —3x3 =0
ZL‘1+$2+ZE3:O ZE1+IL’2+IE3:O

IE2:31'3
931—|—[E2+933:0 '

Thus, a solution is for example <%§) = (?{,4), but again this is one solution amongst

many others.

1
More generally, if one starts with a system of m equations for n unknowns ( : )
Tn

with n > m, one can eliminate one unknown (say x;) and obtains m — 1 equations for
n—1 unknowns. By doing this process again, one can then eliminate one more unknown
(say z3) and obtains m — 2 equations for n — 2 unknowns. Obviously, this can be done
again and again...

Question: Can we always find a non-trivial solution in such a situation ? The answer
is yes, as we shall see now.
Let us consider the following system of m equations for n unknowns:

a11%1 + a12%2 + - - 4+ a1 Ty = by

A21T1 + Q2279 + -+ AonTy — b2 (2 3 1)

Am1T1 + A2l + -+ + Qpp Ty = bm



2.3. HOMOGENEOUS LINEAR EQUATIONS 33

with a;; € R and b; € R. By using the notation introduce before, this system can be
rewritten as

AX =B
1 b1
with A = (a;;) € My, (R), X = ( : ) € R" and B = ( : ) e R™

bm

Tn

T bl
Definition 2.3.3. For any A = (a;j) € M,,,(R), X = ( : ) € R" and B = ( : ) €
bm

Tn

R™, the system
AX =0

is called the homogeneous linear system associated with the linear system AX = B.

One easily observes that the solution X = 0 € R” is always a solution of the
homogeneous system.

Theorem 2.3.4. Let

a11T1 + 129 + + - + ATy = 0
a21T1 + A92Xo + * ++ + Aoy = 0
. (2.3.2)

Am1T1 + Qp2X2 + - - - + App Ty = 0

be a homogeneous linear system of m equations with for n unknowns, withn > m. Then
the system has a non-trivial solution (and maybe several).

Remark 2.3.5. As already mentioned, (2.3.2) is equivalent to AX = 0, with A €
M (R) and X € R™. Then, by using the notation introduced in (2.2.3), this system is
still equivalent to
A, 0
X = (2.3.3)
A, 0
where A; € My, fori € {1,...m}. Thus, (2.3.3) can still be rewritten as the m equations

A X =0 fori € {1,...m}, with the notation analogous to the one already used in
(2.2.4). In other words, (2.3.2) is equivalent to

4, X =0 forie{l,...,m},
meaning that X is orthogonal to all vectors ‘A; € R".

Proof of Theorem 2.3.4. The proof consists in an induction procedure.
1) If m = 1, then the system reduces to the equation a1z + -+ + aj,z, = 0. If

1 0
aj; = -+ = ay, = 0, then any < : ) #* ( : ) is a non-trivial solution. If a;; # 0, then
0

Tn

7 = — Q2T — 0 — alnxn’ (2.3.4)

a1
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2

0
and we can choose any ( : ) + <) and then determine x; by (2.3.4). The final

Tn

solution is non-trivial. Note that the 0choice ay; # 0 is arbitrary, and any other choice
would lead to a non-trivial solution.

2) Assume that the statement is true for some m — 1 equations and n — 1 unknowns,
and let us prove that it is still true for m equations and n unknowns. Again, if all a;; = 0,

T1 0
then any ( : ) # ( ) is a non-trivial solution. If a;; # 0, let us consider the system
0

Tn

ail

tAQ'X—mtAl‘XZO

tAm-X—%tAl-X:O

with the notations recalled in Remark 2.3.5. Since the coefficients multiplying z; are

all 0, this system is a system of m — 1 equations for n — 1 unknowns. By assumption,
2

such a system has a non-trivial solution which we denote by ( : ). Then, by solving

Tn

T1 0
‘A - X = 0, one obtains that  is given by (2.3.4) and thus there exists ( : ) =+ ( )
0

Tn

which is a solution of the system.
3) Since m,n were arbitrary with the only condition n > m, one has exhibited a
non-trivial solution for the original system. ]

2.4 Row operations and Gauss elimination

Recall that a system of m equations for n unknowns as written in (2.3.1) is equivalent
to the equation
AX =B (2.4.1)

with A € M,,,(R), B € R™ and for the unknown X € R™.

Question: Given A and B, can one always find a solution X for the equation (2.4.1) 7
In some special cases, as seen in the previous chapter with B = 0 and n > m, the
answer is yes. We present a here a second special case.

Lemma 2.4.1. Assume that m = n and that A € M, (R) is invertible. Then the system
(2.4.1) admits a unique solution given by X := A™'B.

Proof. One directly checks that if X = A7!'B, then A(A™')B = B, as expected. On
the other hand, if there would exist X’ € R™ with X’ # X and satisfying AX' = B,
then by applying A~! on the left of both sides of this equality one gets

AT AXY=AT'Be X' =A'B=X

which is a contradiction. Thus the solution to (2.4.1) is unique in this case. ]
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Note that finding A~! might be complicated, and how can we deal with the general
case m # n 7 In order to get an efficient way for dealing with linear systems, let us start
by recalling a convenient way for solving linear systems. Let us consider the system

2r +y+4z+w= -2
—3r+2y—3z+w=1 (2.4.2)
rH+y+z=-1

and look for a solution to it. By some simple manipulations one gets

2r+y+4z+w=-2 Or —y+224+w=0
—3r+2y—3z+w=1 acre —3r+2y—3z+w=1
r+y+z=-1 r+y+z=-1
—y+2z2+w=0 rT+y+z=-1
28 ) 0p 45y + 0z +w=—-2 228 5y pw=—2
r+y+z=-1 —y+2z2+w=0
rH+y+z=-1 r+y+z=-1
2057 ) 0y 4+ 1024+ 6w =—2 2220 y_2:—w=0
—y+22+w=0 10z 4 6w = =2
A special solution for this system is obtained for example by fixing 2 = —2, and then
by deducing successively that w = 3, y = —1 and x = 2. In other words a solution to

T 2
this system is given by (2) = <:§>
w 3
Let us now rewrite these manipulations in an equivalent way. A priori, it will look
longer, but with some practice, the size of the computations will become much shorter.

For that purpose, consider the augmented matriz

2 1 4 1 =2

obtained by collecting in the same matrix the coefficients of the linear system together
with the coefficients on the right hand side of the equality. Then, one can perform the
following elementary operations

9 1 4 1 —2 0 -1 2 1 0
32 31 1| "% -3 2 -31 1
1 1 1 0 -1 1 1 1 0 -1
0 -1 21 0 1 1 10 -1
s ol 5 001 —2f "R® (o 5 01 —2
1 1 10 -1 0 -1 21 0
1 1 1 0 -1 11 1 0 -1
2R o o0 10 6 =2 T |01 —2 -1 0
0 -1 2 1 0 00 10 6 -2
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from which one deduces the new system of equations

rH+y+z=-1
y—2z2—w=_0
10z + 6w = =2

Note that this system is the one we had already obtained at the end of the previous
computation. For completeness, let us write all its solutions, namely the system is
equivalent to

_ 4w-—2
xr = 5 ,
— —w—

Y=
y = —3w—1

5
w arbitrary element of R

Based on this example, let us formalize the procedure.

Definition 2.4.2. An elementary row operation on a matriz consists in one of the
following operations:

(1) multiplying one row by a non-zero number,
(ii) adding (or subtracting) one row to another row,
(111) interchanging two rows.

Definition 2.4.3. Two matrices are row equivalent if one of them can be obtained from
the other by performing a succession of row elementary operations. One writes A ~ B
if A and B are row equivalent.

Proposition 2.4.4. Let A, A’ € M,,,(R) and let B, B" € R™. If the augmented matriz
(A, B) and (A', B'), both belonging to My, n+1)(R), are row equivalent then any solution
X € R" of the system AX = B is a solution of the system A'X = B’, and vice versa.

The proof of this statement consists simply in checking that the systems of linear
equations are equivalent at each step of the procedure. This can be inferred from the
example shown above, and can be proved without any difficulty.

Definition 2.4.5. A matriz is in row echelon form if it satisfies the following property:
Whenever two successive rows do not consist entirely of 0, then the second row starts
with a non-zero entry at least one step further than the first row. All the rows consisting
entirely of O are at the bottom of the matriz.

Examples 2.4.6. The following matrices are in row echelon form:

0 00

S O O
S O N
o = O
w O O
N~ =
o O =
o O O
O O =
o = O
S W N

2
0
0

o O O

0
41
0
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Theorem 2.4.7. Every matrix is row equivalent to a matriz in row echelon form.

Again, the proof is a simple abstraction of what has been performed on the above
example. Note that checking this kind of properties is a good exercise for computer
sciences. Indeed, the necessary iterative procedure can be easily implemented by some
bootstrap arguments.

Definition 2.4.8. The first non-zero coefficients occurring on the left of each row on
a matriz in row echelon form are called the leading coefficients.

Corollary 2.4.9. FEvery matriz is row equivalent to a matriz in row echelon form and
with all leading coefficients equal to 1.

Proof. Use the previous theorem and divide each non-zero row by its leading coefficient.

]

Corollary 2.4.10. Each matriz is row equivalent to a matriz in row echelon form, with
leading coefficients equal to 1, and with O’s above each leading coefficient.

We shall say that such matrices are in the standard form. Examples of such matrices
are

L 000 100 1/2 1/2 L 010 103
0100 0120
o110 1 o], . o 10
0001 001 2/3 0 0001 000
0000 0000

Proof of Corollary 2.4.10. Starting from a matrix in row echelon form with all leading
coefficients equal to 1, subtract sufficiently many times each row to the rows above it.
Do this procedure iteratively, starting with the second row and going downward. [

Example 2.4.11. Let us finally use this method on an example. In order to solve the
linear system

20 +y+4z4+w=0

—3r+2y—3z24+w=0 ,

r+y+z2=0

we consider the augmented matriz and some elementary row operations:

21410 11100 111 00 100-4/50
32310} ~(0-1210)~(01-2-10)~ (010 1/5 0 |.
11100 05010 0010 6 0 001 3/5 0

Then, we immediately infer from the last matriz the general solution

r=4/5w
y=-1/5w
z=-3/bw

w arbitrary

Note that adding the last column in the augmented matriz was not useful in this special
case.
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Note that it is only when the augmented matrix is in the standard form that the
solutions of the linear system can be written down very easily. This method for solving
linear system of equations is often call Gauss elimination or Gauss-Jordan elimination?.
However, Chinese people were apparently using this method already 2000 years ago,
see Chapter 1.2 of Bretscher’s book® for details...

2.5 Elementary matrices

In this section we construct some very simple matrices and show how they can be used
in conjunction with Gauss elimination. For r;s € {1,...,m} let I, € M,,(R) be the
matrix whose rs-component is 1 and all the other ones are equal to 0. More precisely
one has

(I;s)ij=1lifi=rand j=s, (I5);; =0 otherwise.

These matrices satisfy the relation

Iy ifs=1'
Irs]r’s’ — { O if s 7§ 7n/ .

See Exercise 2.21 for the proof of this statement.

Definition 2.5.1. The following matrices are called elementary matrices:
(1) 1, — L, + ¢l for ¢ #0,
(ii) (Lo + Lns + Loy — L — Lss), forr # s,

(111) (1, + cls), forr#s and ¢ # 0.

Lemma 2.5.2. (i) Fach elementary matriz is invertible, and its inverse is again an
elementary matrix.

(i) If A € M,,,(R), all elementary row operations on A can be obtained by applying
successively elementary matrices on the left of A.

The proof of these statements are provided in Exercises 2.14 and 2.21. Note that the
second statements means that if A € M,,,(R) and By, ..., B, are elementary matrices,
then B,B,_: ... B1A is row equivalent to A.

Observation 2.5.3. Assume that B € M,,(R) is a square matriz with its last row
entirely filled with 0, then B is not invertible. Indeed, with the notation introduced
in (2.2.3), the assumption means that B,, = '0. Now, by absurd let us assume that
A € M, (R) is an inverse for B, or equivalently that BA = 1,,. Then, since equation

2Johann Carl Friedrich Gauss: 30 April 1777 — 23 February 1855; Wilhelm Jordan: 1 March 1842 —
17 April 1899.
30. Bretscher, Linear Algebra with Applications, International Edition, Prentice Hall, 2008.
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(2.2.4) would hold for this product, one would have (1,,)sx = B;A*, and in particular
fori =k =m one would have 1 = B,, A™, which is impossible since B, is made only
of 0. Thus, one concludes that there does not exist any inverse for B, or equivalently
that B is not invertible.

In the next statement, we provide information about invertibility of square matrices.

Theorem 2.5.4. (i) Let A, A" € M,,(R) be row equivalent. Then A is invertible if
and only if A’ is invertible,

(i1) Let A € M,,(R) be upper triangular with non-zero diagonal elements. Then A is
invertible,

(1) Any A € M,,(R) is invertible if and only if A is row equivalent to 1,,.

Proof. (i) This part of the proof is provided in Exercise 2.22.

(ii) Observe first that an upper triangular matrix is already in row echelon form.
Then by dividing each row by its leading term one obtains that A is row equivalent to
a matrix in row echelon form and with 1 on its diagonal. Then, by subtracting each
row coherently, starting with the second row and going downward, one obtains that A
is row equivalent to 1,,. Since 1,, is invertible, it follows from the point (i) that A is
invertible as well.

(iii) «<=: If A is row equivalent to 1,, it follows from (i) that A is invertible. =:
By Corollary 2.4.10 we know that A is row equivalent to a m X m matrix B in the
standard form. Since B is a square matrix, it follows that either B is equal to 1,, or B
has at least its last row filled only with 0. Note that in the former case B is invertible
while in the second case B is not invertible, see Observation 2.5.3. However, since A is
invertible and row equivalent to B, it follows from (i) that B is invertible as well, and
therefore B has to be the identity matrix. O

Corollary 2.5.5. Any invertible m x m matrixz can be expressed as a product of ele-
mentary matrices.

Proof. This statement directly follows from the point (iii) of the previous theorem.
Indeed, if B,B,_; ... B1.A = 1,, with each B, an elementary matrix, then

A=B'B'.. B ', =B'B,"...B, ",
which proves the statement. O

Remark 2.5.6. It will be useful to observe that if B,B,_1...BiA = 1,, for some
elementary matrices B; then

A_l - Bpo_l e Bl.

This observation directly leads to a convenient method for finding the inverse of a matrizx
A. Indeed, if A € M,(R), by considering the augmented matriz (A, 1,) with n rows but
2n columns, and by performing elementary row operations such that A is transformed
into the matriz 1,, then the second part of the matriz will be equal to A~*. In other
words, one obtains that (A,1,,) is row equivalent to (1,, A™1).
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2.6 Exercises

Exercise 2.1. Let us consider

1 2 3 -1 5 =2
A—(_l 0 2) and B_(l ] _1).

Compute A+ B, A— 2B, and 'A.
Exercise 2.2. Write the proofs for Properties 2.1.10.
Exercise 2.3. Let A € M,,,(R). Show that 1,, A= A= Al,.

Exercise 2.4. One says that a matriz A € M,(R) is symmetric if ‘A4 = A and is
skew-symmetric if ‘A = —A. Show that for an arbitrary matriz A € M, (R), the matrix
A + A is symmetric while the matriz A —'A is skew-symmetric.

Exercise 2.5. Let A € M,(R).
1. If A% = O, show that 1,, — A is invertible.
2. More generally, if A is nilpotent, show that 1,, — A is invertible.
3. Suppose that A%+ 2A + 1,, = O. Show that A is invertible.

Exercise 2.6. If A, B € M,(R) are two upper triangular matrices, show that the product
AB is also an upper triangular matrix.

Exercise 2.7. 1. Find some A € M(R) such that A* = —1,.
2. Determine all A € My(R) such that A* = O.

Exercise 2.8. Let a,b be real numbers and let

1 a 1 b
A:(O 1) and B:(O 1).

What is AB ? Compute A% and A3. What is A™ for an arbitrary integer m, and how
to prove it ?

Exercise 2.9. One says that a matriv A € M,(R) is orthogonal if ‘A = A~', or
equivalently if "AA = 1,,. Show that if A € M,(R) is an orthogonal matriz, then

1. |AX|| = || X|| for any X € R",
2. (AX)-(AY) =X .Y for any X,Y € R™.

In other words, orthogonal matrices preserve lengths and angles between vectors of R™.
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Exercise 2.10. A special type of 2 X 2 matrices represents rotations in the plane. For
arbitrary 0 € R, consider the matrix

RO = () ooit))

1. Show that for arbitrary 61, 6y one has R(6,) R(62) = R(02) R(6,),
2. Show that for arbitrary 6y, 05 one has R(01) R(02) = R(6, + 602),
3. Show that for any 6, the matriz R(0) has an inverse and write down this inverse.

Exercise 2.11. For any 6 € R, recall that the matrix

o) = (Soie) )

represents a rotation by 0 in R?.
1. For'X = (1,2), what are its coordinates after a rotation of w/4 ?
2. ForY = (—1,3), what are its coordinates after a rotation of w/2 ?

Draw a picture of your results.

Exercise 2.12. Let

2 3 -1 1
1 4 2 =2
A= -1 1 3 =5
1 2 3 4

and let U be one of the matrices shown below. Compute UA.

0100 0000 0000
0000 1 000 0000
D U=100 0 0 DU=10 00 0 U=10 10 0
0000 0000 0000
0000 0000 0000
0010 0000 0000
DU=100 0 0 VU=10 00 0 DU=100 01
0000 0010 00 00
Exercise 2.13. Do the same exercise with the following matrices U and A as above:

/N &
OOoOOr
o&»—Ao
OoO~=OO
—_HOoOOoO
N——

0 lO(_i)O 1(1)00
8) b>u=(8908) c)M:(go?g) d) U -
1 0001 0501

au-(

OO
ocoo+
oO—OO
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Exercise 2.14. Let A € M,,,(R). Forr € {1,...,m} and s € {1,...,m}, let L5 €
M, (R) be the matriz whose rs-component is 1 and all the other ones are equal to 0.
Answer the following questions with words :

1. What is I, A ¢

2. Forr # s, what is (I,s + I5) A 2

3. Forr # s, what is (1, + Ips + Lsp — Ly — Is5) A 7
4. Forr # s, what is (1,, + cl,s) A, for some c € R ¢

Exercise 2.15. Find a non-trivial solution for each of the following systems of equa-
tions.

a) 2r — 3y +42=0
r+y+2=0

b) 2e+y+4z4+w=0
—3r+2y—3z+w=0
r+y+z=0

c) —2r+3y+z2z+4w=0
rT+y+224+3w=0
2v+y+z2—2w=0

Exercise 2.16. Let A € M,,,(R) and B € R™.

1. Assume that X € R"™ is a solution of AX = 0. Show that for any ¢ € R, the
vector ¢X s also a solution of this equation.

2. Assume that X, X' € R™ are solutions of the equations AX = 0 and AX' = 0.
Show that X + X' is also a solution of this equation.

3. Assume that Y € R™ is a solution of the equation AY = B, and assume that
X € R" is a solution of the homogeneous equation AX = 0. Show that Y + X is
still a solution of the original equation.

Exercise 2.17. In each of the following cases find a row equivalent matriz in the stan-

dard form.

6 3 —4 1 0 2 01 3 =2 12 -1 2 1
a)[-4 1 6| o2 -1 3] o211 -4 3| @24 1 -2 3
1 2 -5 4 1 8 2 3 2 -1 36 2 —6 5
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Exercise 2.18. Find all vectors in R* which are perpendicular to the vectors
Y1,1,1,1), %(1,2,3,4), %1,9,9,7)
Exercise 2.19. By using Gauss elimination, find all solution for the following systems:

a) r+y—2z=5
20+ 3y + 42 =2

b) T3+ x4 =0
To+ 23 =0
1+ 29 =0
T1+2x24=0

) x1+2w9 42wy +315=0
$3+3$4+2$5:0
T3 +4xs — x5 =0

[E5:0

Exercise 2.20. Find a polynomial of degree 3 whose graph goes through the points
(O? _1>7 (17 _1)? (_17 _5> and (27 1)

Exercise 2.21. For r € {1,...,m} and s € {1,...,m}, let I,s € M, (R) be the
matriz whose rs-component is 1 and all the other ones are equal to 0. First show that
if rys,r', s € {1,...,m} then

Ly ifs=1r
[’”SIT’S"{O if s £

Then, for ¢ # 0, consider the following 3 types of matrices :

1. 1,, — L. + cl,., the matriz obtained from the identity matriz by multiplying the
r-th diagonal component by c,

2. Forr # s, (Lym+ s+ Iy — L — Iss), the matriz obtained from the identity matriz
by interchanging the r-th row with the s-th row,

3. Forr # s, (1,,+cl,s), the matriz having the rs-th component equal to c, all other
components 0 except the diagonal components which are equal to 1.

Show that these matrices are invertible and exhibit their inverse. If A € M, (R), show
that multiplying the matriz A on the left by one of these matrices corresponds to one of
the elementary row operations. For that reason, these matrices are called elementary
matrices.
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Exercise 2.22. Let A, A" € M,(R) be row equivalent. With the help of the previous
exercise, prove the following statements : A is invertible if and only if A’ is invertible.

Exercise 2.23. By using elementary row operations, find the inverse for the following
matrices :

-1 1 2 2
3 -1 c) | -1
1 1 0

a)

S O =
(NN V)
N O
— O W

1
7
Exercise 2.24. Consider the equation

r+2y+3z=4
r+ky+42z=6
r+2y+(k+2)2=6

where k is an arbitrary constant.
1. For which values of k does this system have a unique solution ?
2. For which values of k does this system have no solution ¢
3. For which values of k does this system have infinitely many solutions ?

Exercise 2.25. A conic is a curve in R? that can be described by an equation of the
form

flz,y) =c1+ cox + 3y + et + cszy + oy = 0,

where at least one of the coefficients ¢; is non-zero. Find the conic passing through the
following points.

i) (0,0), (1,0), (0,1), (1,1).
i) (0,0), (1,0), (2,0), (3,0), (1,1).

Exercise 2.26. Let A € M,,,(R) and X ="(z1,...,2,) € R". The columns of A are
denoted by A, ..., A", while the rows of A are denoted by Ay, ..., An,. Show that the

following three statements are equivalent :
1. AX =0,
2. the vector X is perpendicular to the vector 'A;, for each j € {1,...,m},

3. the following linear relation holds :

[)31./4.1 —f—[L’gAQ —+ .- +$n./4n = 0.
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Exercise 2.27. By using elementary row operations, find the inverse for the following
matrices :

11
a) |2 3
3 8

N DN —
S
=

Exercise 2.28. For which values of the parameter k is the following matriz invertible:

4 33—k
1—-k 2

Exercise 2.29. To gauge the complexity of a computational task, one can count the
number of elementary operations (additions, subtractions, multiplications and divisions)
required. For a rough count, one can consider multiplication and divisions only, referring
to those jointly as multiplicative operations. Start by considering a 2 by 2 invertible
matriz (¢Y) and check that 8 multiplicative operations are necessary for inverting this
matriz by using the Gauss elimination technique.

(1) How many multiplicative operations are necessary for inverting a 3 x 3 matriz by
the same technique ?

(11) What about a n X n matriz ?

(111) If a very slow computer needs 1 second to invert a 3 x 3 matriz, how long will it
take to invert a 12 x 12 matrixz ?

Exercise 2.30. Write if the following statements are “true” or “false”. Justify briefly
your answer, or give a counterexample.

1. If A and B are symmetric matrices, then A+ B is symmetric,
If A is symmetric and A # O, then A is invertible,

If AB = O, then either A or B is the matriz O,

If A = 1, then A is invertible,

If A, B are invertible matrices, then BA is an invertible matriz,

S = e e

If A € M,(R), B € R" with B # 0, and if X and X' satisfy AX = B and
AX' = B, then (X + X') satisfies the same equation,

=

If A is diagonal and if B is an arbitrary matriz, then the product AB is diagonal,
8. There exists an invertible matriz A such that A™' = (}2),
9. Every matrices can be expressed as the product of elementary matrices,

10. (93) is an orthogonal matriz.
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Chapter 3

Vector spaces

In this Chapter, we provide an abstract framework which encompasses what we have
seen on R" and for M,,,(R).

3.1 Abstract definition

Before introducing the abstract notion of a vector space, let us make the following
observation. For any X,Y,Z € R", for any A, B,C € M,,,(R) and for any A\, u € R one
has

i) X+Y)+Z=X+ (Y +2), i) A+B)+C=A+(B+0(),
(i) X+Y =Y + X, (i) A+B=B+A,

(i) X+0=0+X = X, (i) A+ 0 =0+A=A,

(iv) X — X =0, (iv) A-— A= 0,

(v) 1X (v) 1A= A,

(Vi) MX +Y) =AX + )Y, (vi) AM(A+B) = A+ \B,

(vil) (A4 @)X = AX 4 pX, (vii) (A + p)A = M+ pA,

(viii) (Ap)X = A(pX). (vii)) (Ap)A = A(uA).

Note that these properties are borrowed from Chapter 1 and 2 respectively. Another
example which would satisfy the same properties is provided by the set of real functions
defined on R, together with the addition of such functions and with the multiplication
by a scalar. In this case, the element 0 (or @) is simply the function which is equal to
0 at any point of R.

Question: Can one give an abstract definition for these rules ?

47
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In the first definition, we give a more general framework in which A and p live. You
can always think about R as the main example for the following definition.

Definition 3.1.1. A field' (F,+,:) is a set F endowed with two operations + and -
such that for any A\, u,v € F one has

(i) \+peF and A-p eF, (internal operations)
(i) A+ p)+v=A+(p+v)and (A-p)-v=XA(u-v), (associativity)
(1)) N+ p=p+Xand - p=p- A\ (commutativity)
(iv) There exist 0,1 € F such that \+0= X and 1- X = A, (existence of identity
elements)

(v) There exists —\ € F such that A\ + (—X\) = 0, and if X # 0 there exists \™' € F
such that X\ - \7!1 =1, (ezistence of inverse elements)

(vi) N (u+v)=X-p+A-v. (distributivity)

Note that for simplicity, one usually writes A — p instead of A + (—p) and A/p
instead of \ - p~t.

Example 3.1.2. Some examples of fields are (R, +,-) the set of real numbers together
with the usual addition and multiplication, (Q,+,-) the set of fractional numbers Q =
{a/b| a,b € Z with b+ 0} together with the usual addition and multiplication, (C,+, ")
the set of complex numbers together with its addition and multiplication (as we shall
see at the end of this course). Note that for simplicity, one usually writes R, Q,C, the
other two operations being implicit.

Let us provide a more general framework for the elements of X,Y, Z or A, B,C and
for the properties stated in the table above. However, you can always think about R"™
or M,,,(R) as the main examples for the following definition. Note that two slightly
different fonts are used for the two different multiplications and for the two different
additions.

Definition 3.1.3. A vector space over a field (IF, +, ) consists in a set V' endowed with
two operations + : VXV =V and - : FxV — V such that if X, Y, Z € V and \,u € F
the following properties are satisfied:

(i) (X+Y)+Z=X+(Y +2),
(i) X+Y =Y + X,

(111) There exists (a unique) 0 € V' such that X +0=04+ X = X,

I'Without explaining this notion, but tacitly we shall work only with fields of characteristic 0, like
R, Q or C.
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(iv) For all X €V there exists —X € V such that X + (=X ) =0,
(v) A\ XeVandl-X =X,

(Vi) A\ (X+Y)=X- X+ )Y,

(vii) A+ p) - X=X X+ pu-X,
(vii) (A-p) - X =X (- X).

Before providing some examples, let us just mention a consequence of the previous
conditions, namely 0 - X = 0 for any X € V. Indeed, for any X € V one has

X=1-X=(140)-X=1-X40-X=X+0-X

from which one infers that 0- X = 0. Let us also note that whenever the field F consists
in R, one simply says a real vector space instead of a vector space over the field R.

Examples 3.1.4. (i) F =R and V = R" with the addition and multiplication by a
scalar, as introduced in Chapter 1,

(1)) F =R and V = M, (R) with the addition and the multiplication by a scalar, as
introduced in Chapter 2. More generally, for any field F the set M, (F), defined
exactly as My, (R), is a vector space over F,

(11i)) F = R and V is the set of real functions defined on R, with the addition of
functions and the multiplication by scalar,

(iv) F =R and V = {polynomial functions on R}

[ RS E| f(#) =Y ae’ with a; € R},

J=0

(v) F=R and V ={f:R — R continuous },
(vi) F=R and V = {f : R — R differentiable }.

From now and for simplicity we shall no more use two different notations for the two
different multiplications and for the two different additions. This simplification should
not lead to any confusion. In addition, we shall simply write F for the field, instead of
(F,+,-), and the multiplication will be denoted without a dot; the sign - will be kept
for the scalar product only.

Definition 3.1.5. Let V' be a vector space over F, and let W be a (non-void) subset of
V. Then W s a subspace of V' if the following conditions are satisfied:

(i) I X,Y €W, then X +Y € W,
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(ii) If X €W and A € F, then A\X € W.

In other words, a subspace of a vector space V' is a subset W of V' which is stable
for the two operations, i.e. the addition and the multiplication by a scalar. The next
statement will be very useful when checking that a certain set is a vector space. Its
proof will be provided in Exercise 3.5.

Lemma 3.1.6. Any subspace W of a vector space V' over a field F is itself a vector
space over FF.

Examples 3.1.7. (i) {"(z1,22,...,2,-1,0) | z; € R forany j € {1,...,n—1}} C
R™ is a subspace of R™,

(i) If P,N € R" with N # 0, then Hpy is a subspace of R" if and only if 0 € Hpy.

In particular, Ho n s a subspace of R",
(111) The set of upper triangular n X n matrices is a subspace of M, (R),
(iv) The set of n X n symmetric matrices is a subspace of M,(R).

The following statement deals with the intersection of subspaces or with the sum
of subspaces of a vector space.

Lemma 3.1.8. Let V' be a vector space over a field F, and let Wy, Wy be two subspaces
of V.. Then

(1) WinWy = {X e W, and X € Wg} is a subspace of V,
(1) Wi+ Wy = {X =X1+Xo | X5 €W and X5 € WQ} is a subspace of V.

Proof. The proof consists in checking that the two conditions of Definition 3.1.5 are
satisfied.

(i) If X,Y € W, for j € {1,2}, then X +Y € W, because W; is a subspace. In
particular, this implies that if X,Y € W3 N W5, then X +Y € W; N W5, Similarly, in
this case one also has AX € W;NW,, since W, and W5 are stable for the multiplication
by a scalar.

i) fX=Xi+Xoand Y =Y, +Y, with X;,Y; € W;, then X +Y = X5 + Xo +
Yi+Y: = (Xi4+Y))+ (X4 Ys) with (X7 4+Y7) € Wi and (X5 +Y3) € Wy, which implies
that X +Y € Wi+ Ws. Similarly, in this case one also has AX = A X, +AXs € W+ W,
since both W; and W5 are stable for the multiplication by a scalar. O

3.2 Linear combinations

Let us start with a definition:
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Definition 3.2.1. Let V' be a vector space over a field F, and let Xy,..., X, € V. One
sets

Vect(Xi,.... Xo) = { X1+ + XX, |\ €F forje{1,...,r}},
and call this set the subspace of V' generated by X4, ..., X,.
Obviously, the first thing to do is to check that this set is indeed a subspace of V.
Lemma 3.2.2. In the above setting, Vect(Xy, ..., X,) is a subspace of V.

Proof. The proof consists in checking that both conditions of Definition 3.1.5 are sat-
isfied. First of all, if X =\ X5 +--- + A X, and X' =N X5 + -+ XN X, then
X+X' =M+A)Xi+-+ N+ X)X, € Vect(Xy,...,X,).
F €F
€

Similarly, if X = A\ X; +--- 4+ A\ X, and XA € F, then

AX = (AM) X1+ -+ (A X, € Vect(Xy, ..., X,).
F eF
€

Since both conditions are checked, it is thus a subspace of V. O]
Since Vect(X1,...,X,) is a subspace of V| it was legitimate to call it as we did.

Note that one also says that \i,..., )\, are the coefficients of the linear combination
X+ AKX

Remark 3.2.3. If Vect(Xy,...,X,) =V, then one says that V is generated by the
elements Xy,..., X, or that {X,..., X, } is a generating family.

The following three examples are related to real vector spaces, as it is the case in
most of the examples of these lecture notes.

Examples 3.2.4. (i) Recall that E; =*(0,...,1,...,0) with the entry 1 at the posi-
tion j. Then {E;};_) = {E1, By, ..., E,} is a generating family for R™.

(ii) If N € R™ with N # 0, then Vect(N) is the line passing through 0 and having the
direction N, i.e. Vect(N) = Lo n, with the Lo n defined in Definition 1.5.1.

(iii) If X, Y € R® with X #0,Y #0, and Y # AX for any X € R, then Vect(X,Y)
defines a plane in R? passing through 0. In fact, it corresponds to the plane passing
through the three points 0, X,Y , as seen in FEzercise 1.18.

Remark 3.2.5. If F =R and if one considers Xy,..., X, € R", then one can set
Box(Xy,...,X,) = {MX1+--+ NX, |\ €[0,1] for j e {1,...,7}}.

This is a subset of Vect(X1, ..., X,), called the hyperbox or generalized box generated
by Xi,...X,. Note that Box(Xy,...,X,) is not a subspace. It is also easily observed
that Box(X1) corresponds to the segment between 0 and X; and that Box(X1, Xs) cor-
responds to the parallelogram generated by X, and X5, and with one apex at 0.
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3.3 Convex sets

In this section we consider only real vector spaces, i.e. the field F is equal to R for all
vector spaces.

Definition 3.3.1. Let S be a subset of a real vector space V. Then S is convex if for
any X,Y € S and for any t € [0,1] one has

X+t(Y -X)=(1-t)X+tY 8.
Examples 3.3.2. (i) A ball is convez, but a doughnut is not convex,

(i1) For any Xi,...,X, in a real vector space V', Vect(X7, ..., X,) is convez. Indeed,
FX=MX1+ -+ ANX, and X' =N Xy + -+ XX, with \;, \; € R then

VR

(I-)X +tX = (1 = )M +tA) Xa+ (1 = A + X)) X, € Vect(Xy, ..., X,),

[\ J/ [ J/

eR eER

(111) For any X1, ..., X, in a real vector space V', Box(X1, ..., X,) is conver. Indeed, in
the framework of the previous example, observe that if 0 < X\; <1 and 0 < )\;- <1
then one has for any t € [0, 1]

0< (TN +N, < (I-H)1+11 =1
As a consequence, one infers that

(1—)X +tX = (1= t)A\ +tA) X+ (L= )N + X)) X, € Box(Xy,...,X,).

N J/ N J/

g

€ [0,1] € [0.1]
Definition 3.3.3. Let V' be a real vector space, and let Xy,..., X, € V. We set

CS(Xl,...,Xr) :{)\1X1++)\TXT‘O§)\]§1fOTj€{1,,T}
and)\1+)\2+---+)\,,:1}

and call is the convex set generated or spanned by Xi,...,X,.

Note that by definition, the following inclusions always hold
CS(Xl, NN ,XT) C BOX()(l7 ce ,Xr> - VeCt(X17 ce. ,Xr).

Example 3.3.4. IfV =R", then CS(X;) corresponds just to the point X1, CS(X3, X»)
corresponds to the segment between X, and Xy while CS(X1, X, X3) corresponds to the
triangle of apexes X1, Xs and X3.

Obviously, one has to show immediately the following statement:
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Lemma 3.3.5. If V is a real vector space and X1,..., X, € V, then CS(Xy,...,X,)

1S Conver.
In fact, CS(Xy, ..., X,) is the smallest convex set containing X7, ..., X,.

Proof. Let X = M X1+ -+ XX, with0 < A\; <Tand Ay + X +---+ A =1, and
let X' =MX;+ -+ XX, with 0 < X <1Tand A} + Xy +---+ A, = 1. Then for any
t € [0, 1] one has

(1-)X +tX' = Z (L =10)A; + X)) X;

j=1
with 0 < (1 —H)A; + X, < (1 — )1 +¢1 =1 and

r

Z((1—t)Aj+tA;) :(1—t)iAj+t§T:A;:(1—t)1+t1:1.

j=1

As a consequence, (1 —t)X +tX' € CS(Xy, ..., X,), which means that CS(Xj, ..., X,)
is convex. ]

3.4 Linear independence
The following definition will be of importance in the sequel.

Definition 3.4.1. Let V' be a vector space over a field F, and let X4,..., X, € V. The
elements X1,..., X, are linearly dependent if there exist \y,..., \. € F not all equal to
0 such that

The elements X1, ..., X, are said linearly independent if there do not exist such scalars
ALy ey A

Note that alternatively, the vectors Xy, ..., X, are linearly independent if whenever
(3.4.1) is satisfied, then one must have A\; = Ay = --- = A\, = 0. In this case, one also
says that the family {X7,..., X} is linearly independent.

Examples 3.4.2. (i) For V =R", the family {E;}}_, is linearly independent,

(i1) ForV = M,(R), the family {I,s}

2.5 1s linearly independent,

n .1 of elementary matrices introduced in Section

(iii) For V =TR?, the elements (}), (1), and (1) are linearly dependent since

o) ()0
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(iv) Let fi1, fo be two continuous real functions on R. In this case fi, fo are linearly
dependent if there exists A1, Ao € R with (A1, A\2) # (0,0) such that Ay fi+Xafo =0,
or more precisely

Mfi(x) + Aafo(z) =0 forall x € R.

For example, if fi(x) = cos(z) and fo(x) = sin(x), then f1 and fo are linearly
independent even if 0cos(0) + Asin(0) =0 for arbitrary A € R.

Definition 3.4.3. Let V' be a vector space over a field F, and let X,..., X, € V. If
Vect(Xy,...,X,) =V and if Xy,..., X, are linearly independent, then {X,..., X, } is
called a basis for V. Alternatively, one also says that the family { X, ..., X} constitutes
or forms a basis for V.

Examples 3.4.4. (i) {E;}}_, forms a basis for R",
(1) {Irs}} o1 forms a basis for M,(R),
(117) {x — a™}2, forms a basis for the vector space of all polynomials on R.

Let us consider a special case of the previous definition in the case n = 2. The
content of the following lemma will be useful later on, and its proof will be provided in
Exercise 3.9.

Lemma 3.4.5. Let (), (§) € R%, with a,b,c,d € R.
(1) The two vectors are linearly independent if and only if ad — be # 0,
(ii) If the two vectors are linearly independent, they form a basis of R2.

Given a basis of a vector space V', any point X can be expressed as a linear com-
binations of elements of this basis. More precisely, one sets:

Definition 3.4.6. Let {X,..., X, } be a basis for a vector space V' over F. Then, for
X = M X1+ -+ NX, the coefficients {\1,...,\} are called the coordinates of X
with respect to the basis {X,..., X, } of V.

In order to speak about “the” coordinates, the following lemma is necessary.

Lemma 3.4.7. The coordinates of a vector with respect to a basis are unique.

Proof. Let {X1,...,X,} be a basis, and assume that
X=MXi+ -+ AMX, =N X1+ -+ ANX,.

It then follows that
X—X=0=MN-\DX1+ -+ N\ = A)X,.

By independence of X1, ..., X, it follows that (A\; —\}) = 0 for all j € {1,...,7}, which
means that \; = )\;-. Thus, the coordinates of X with respect to a basis are unique. [J
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3.5 Dimension

Question: Can one find 3 linearly independent elements in R? ? For instance, if
A= (3),B=(7)and C = (1Y), are they linearly independent vectors ? The answer
is no, and there is no need to do any computation for getting this answer. Indeed, let
us consider the more general setting provided by A = (gi), B = (Z;) and C' = (¢ ).
Then one has

aq b1 Cq )\1@1 + )\le + )\301 =0
A A A =0 .
! (CLQ) A (bg) A (CQ) { /\1&2 + )\ng + )\302 =0
Note that this corresponds to a system of two equations for the three unknowns A;, Ay
and A3. As seen in Theorem 2.3.4, such a homogeneous system of equations has al-
ways a non-trivial solution, which means that there exists a non trivial solution for
the corresponding equation 3.4.1. As a consequence, three vectors in R? can never be

independent.
More generally, one has:

Theorem 3.5.1. Let {X1,..., X, } be a basis of a vector space V' over F. Consider also
Yi,..., Y, € V and assume that m > r. Then Y1, ...,Y,, are linearly dependent.

Note that if m < r, the statement does not imply that Yi,....,Y,, are linearly
independent.

Now, in order to give the proof in its full generality, we need to extend the definition
of My (R) to M, (F), for an arbitrary field F. In fact, since elements in a field can be
added and multiplied, all definitions related to M,,,(R) can be translated directly into
the same definitions for M,,,(F). The only modification is that any entry a;; of a matrix
A belongs to F instead of R, and the multiplication of a matrix by a scalar A € R is
now replaced by the multiplication by an element of F. Then, most of the statements of
Section 2 are valid (simply by replacing R by FF), and in particular Theorem 2.3.4 can
be obtained in this more general context. This theorem is precisely the one required for
the proof of the above statement.

Proof. Since X1, ..., X, generate V, there exists a;; € F such that
Y;=a1;X1+ - +a,;X, foranyje{l,...,m}
Then, let us consider \q, ..., \,, € F and observe that

MY+ +NY,,=0
ﬁ)\l(ﬁllle + -+ arer) + -+ )\m(alle + -4 Clrer) =0
< (Aragn + dearg + -+ M) Xy 4 -+ (M@ + - An@en) X =0

which is equivalent to the following expression, by linear independence of X, ..., X,:
a;r a1 ... A1m )\1 0

21 Q29 ... Q9m )\2 0

> ...
3
o

Ar1 Q2 ... Gpp
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Finally, since m > r, it follows from a simple adaptation of Theorem 2.3.4 to M,,(FF)
that this system of equation always has a non-trivial solution. However, this means
precisely that the elements Y1, ...,Y,, are linearly dependent. O

Corollary 3.5.2. Let V be a vector space and suppose that {X1,...,X,} is a basis for
V. Then any other basis for V also contains n elements.

Proof. Let {Y1,...,Y,,} be a second basis for V. If m > n then Y3,...,Y,, can not be

linearly independent, by the previous theorem. Similarly, if m < n then X;,..., X, can
not be linearly independent, also by the previous theorem. Since any basis is made of
linearly independent vectors, one obtains that the only possibility is m = n. O

We now define a notion which has been implicitly used from the beginning for R".

Definition 3.5.3. Let V' be a vector space over a field F, and let {Xq,...,X,} be a
basis for V.. Then one says that V' is of dimension n, since this number is independent
of the choice of a particular basis for V. The dimension of the vector space V' is denoted

by dim(V).

Remark 3.5.4. In these lecture notes except in a few exercises, all vector spaces are
of finite dimension. This fact is tacitly assumed in many statements later on, but note
that vector spaces of infinite dimensions often appear in physics or in mathematics.

Examples 3.5.5. (i) R" is of dimension n, F" is also of dimension n,
(ii) For any vector space V and any X € V, the dimension of Vect(X) is 1,

(iii) Any plane in R3 (passing through the origin) is of dimension 2, while a line passing
through the origin is of dimension 1.

The following result is often useful, when the dimension of the vector space is already
known.

Lemma 3.5.6. Let V' be a vector space of dimension n, and let Xy,..., X, € V be
linearly independent. Then {X1,...,X,} is a basis for V.

Proof. One only has to show that Vect(X7, ..., X,,) = V. By contradiction, assume that
there exists Y € V such that Y ¢ Vect(Xj,...,X,). Then, the vectors Xi,..., X,,Y
are linearly independent, and { X1, ..., X,,, Y} would generate a basis for V' of dimension
n + 1, which is impossible by the previous Corollary. O]

3.6 The rank of a matrix

Let A € M,,,(F), and recall from Section 2.2 that the columns of A have been denoted
by A! ..., A". Each column is an element of F™ (a column vector with m entries in
F) and the family {A', ..., A"} generates a subspace of F, which we have denoted by
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Vect(A, ..., A"). In this case this subspace is called the column space. Alternatively,
the rows of A generate the subspace Vect(‘Ay, ... 'A,,) of F™, which is called the row
space. The dimension of the first subspace is called the column rank, while the dimension
of the second subspace is called the row rank.

By what we have seen in the previous sections, the column rank corresponds to the
maximal number of linearly independent columns, while the row rank corresponds to
the maximal number of linearly independent rows. Our aim in this section is to study
these numbers.

Lemma 3.6.1. Elementary row operations do not change the row rank of a matrix.

Proof. For this proof, it is sufficient to observe that

Vect(‘Ay, ..., Ay, o Ak, A
= Vect(*Ay, ..., Ay, ... ' A, AL
= Vect("Ay, ..., A, .. Ak, . 'AR)
= Vect("Ay, ..., "A;j + Ay, .. Ay, . MAL)

for any ¢ # 0. Since these subspaces are the same, their dimension coincide. O

Similarly, one can show that elementary row operations do not change the column
rank of a matrix. Note that this proof is less easy since elementary row operations have
been defined on rows, and not on columns.

Theorem 3.6.2. For any A € M,,,(F), the column rank and the row rank of A are
equal.

Thanks to this statement, it is sufficient to speak about the rank of a matrixz, denoted
by rank(.A), there is no need to specify if it is the column rank or the row rank.

Proof. First of all, recall that the matrix A is row equivalent to a matrix B in the
standard form, see Corollary 2.4.10. Since elementary row operations do not change the
row rank or the column rank, the matrix B has the same row rank and column rank as
the original matrix A. Then, it is easily observed that the number of leading coefficients
of B is equal to the number of linearly independent rows, but also to the number of
linearly independent columns of B. Therefore, the number of leading coefficients of B
is equal to the row rank of B and to the column rank of B. It follows that these two
numbers are equal, and that the row rank of A and the column rank of A are also equal
to this number. O
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3.7 Exercises

Exercise 3.1. Show that the following sets of elements of R® form subspaces :
i) Sy ={(x,y,2) ER} |z +y+2z=0},
ii) Sy :={'(z,y,2) € R® |z =y and 2y = 2},
iii) Sy = {'(z,y,2) e R® |z +y = 3z}.

Exercise 3.2. Let V' be a subspace of R™, and let W be the set of all elements of R™
which are perpendicular to all elements of V. Show that W itself is a subspace of R™.
This subspace is often denoted by V* and called the orthogonal complement of V' in R™.

Exercise 3.3. Let Ay, ..., A, be generators of a subspace V' of R™. Let W be the set of
all elements in R™ which are perpendicular to Ay, ..., A,. Show that W = V+.

Exercise 3.4. Show that the set of all real polynomials is a subspace of the vector space
of all real and continuous functions on R. Ezhibit a generating family for this subspace.

Exercise 3.5. Let V' be a vector space over a field F. Show that any subspace of V' is
itself a vector space.

Exercise 3.6. Let S be a convex set in a real vector space V.
i) For A\ € R, show that \S is a convez set in V, with A\S = {\X | X € S}.
ii) ForY €V, show that S+Y is a convex set in V', with S+Y ={X+Y | X € S}.

Exercise 3.7. Show that the intersection of two convez sets is still convez.
Exercise 3.8. Show that the vectors (é), (g) and (i) form a basis of R3.

Exercise 3.9. Let (%), () € R?. Show that these two vectors are linearly independent
if and only if ad — be # 0.

Exercise 3.10. Express the coordinates of Y in the basis generated by X1 and X :

2y (1) xm (2) - (0
i) Y = (?) X, = (_11> and X, = G)

Exercise 3.11. Let Xy,..., X, be non-zero elements of R" and assume that X;- X} =0
for each j # k. Show that these elements are linearly independent.

Exercise 3.12. Determine the dimension of the following subspaces:

i) Sy ={(x,y,2) ER} |z +y+2z=0},
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i) Sy = {(z,y,2) € R® |z =1y and 2y = 2},
iti) Sy = {'(z,y,2) e R® |z +y = 3z}.

Exercise 3.13. Determine the rank of the following matrices :

6 3 —4 1 0 2 01 3 =2 12 -1 2 1
a)[-4 1 6| o2 -1 3] ol21 -4 3| &|24 1 -2
1 2 -5 4 1 8 2 3 2 -1 36 2 —6 5

Exercise 3.14. A doubly stochastic matrix is a n X n matric A = (a;) such that
ajr € [0,1] and such that the sum of the elements of each line is equal to 1, as well as
the sum of the elements of each column.

1) Show that the pT’OdUCt of two doubly stochastic matrices is still a doubly stochastic
Y Y
m(lt?”il’,

(i1) Show that the set of all doubly stochastic matrices is a convez set.
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Chapter 4

Linear maps

Before concentrating on linear maps, we provide a more general setting.

4.1 General maps

We start with the general definition of a map between two sets, and introduce some
notations.

Definition 4.1.1. Let S, S’ be two sets. A map T from S to S’ is a rule which associates
to each element of S an element of S'. The notation

T:S>2X—T(X)ed

will be used for such a map. If X € S, then T(X) € S is called the image of X by T.
The set S is often called the domain of T and is also denoted by Dom(T), while

T(S) = {T(X) | X € S}
is often called the range of T and is also denoted by Ran(T).

Examples 4.1.2. (i) The function f : R > x> f(z) =22 =3z +2 € R is a map
from R to R,

(i) Any A € M,,(R) defines a map Ly : R" — R™ by Lu(X) = AX for any
X € R"™. More generally, for any field F and any A € M, (F), one defines a map
La:F" = F™ by Ly(X) :== AX for any X € F",

(iii) The rule F : R3 > <§> HF(Qgg) — < 22y ) € R? is a map,

r+y+2z+3
(iv) Let CY(R) := {continuous functions f on R | f’ erists and is continuous } and
let C(R) := {continuous functions f on R}. Then the following rule defines a
map:

D:CYR)> f—Df =f €C(R)

61
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(v) For any A,B € M,(R) one can define a map by
Tag: My(R) > X — Tas(X) = AX + B € M,(R),

(vi) The function g : R* 3 2+ g(x) = 222 € R is a map from R* to R, but is not a

T

map from R to R because g(0) is not defined,

(vii) For any fized Y € R™, a map is defined by Ty : R" 3 X — Ty(X) = X+Y € R,
and 1s called the translation by Y.

Remark 4.1.3. For a map T : S — 5, the determination of Ran(T) is not always an
easy task. For example if one considers f : R — R with f(x) = 2* — 3z + 2, then one
has to look for the minimum of f, which is —1/4 obtained for x = 3/2, and one can
then set Ran(f) = [—1/4,00). Similarly, if A € M,,,,(R), then what is the range of Ly,
i.e. the set of Y € R™ such that Y = AX for some X € R" ?

We end this section with a natural definition.

Definition 4.1.4. Let T : S — S’ be a map, let W C S be a subset of S and let Z be
a subset of S'. Then the set T(W) :={T(X) | X € W} is called the image of W by T,
while the set

T (2)={XeS|T(X)e Z}

is called the preimage of Z by T.

4.2 Linear maps

From now on, we shall concentrate on the simplest maps, the linear ones. Note that in
order to state the next definition, one has to deal with vector spaces instead of arbitrary
sets, and in addition the two vector spaces have to be defined on the same field.

Definition 4.2.1. Let V, W be two vector spaces over the same field F. A map T : V —
W is a linear map if the following two conditions are satisfied:

(i) TX+Y)=T(X)+T(Y) forany X,Y €V,
(i) T(AX) = AT(X) forany X € V and X € F.

Note that the examples (i7) and (iv) of Examples 4.1.2 were already linear maps.
Let us still mention the map Id : V' — V' (also denoted by 1) defined by Id(X) = X for
any X € V', which is clearly linear, and the map O : V' — W defined by O(X) = 0 for
any X € V, which is also linear.

Let us now observe that linear maps are rather simple maps.

Lemma 4.2.2. Let V,W be vector spaces over the same field F, and let T : V — W be
a linear map. Then,
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(1) T(0) =0,
(ii) T(—X) = —~T(X) for any X € V.
Proof. (i) It is sufficient to observe that
T(0) = T(0 + 0) = T(0) + T(0) = 2T(0)

which implies the result.
(i) Observe that

0=T0)=T(X - X)=T(X)+T(-X)
which directly leads to the result. O]

Let go us step further in abstraction and consider families of linear maps. For that
purpose, let us first define an addition of linear maps, and the multiplication of a linear
map by a scalar. Namely, if V, W are vector spaces over the same field F and if T4, Ts
are linear maps from V to W, one sets

(T1 + T2)(X) = T1(X) + Ta(X) for any X € V. (4.2.1)
[fAeFandif T:V — W is linear, one also sets
(AT)(X) =AT(X)  forany X € V. (4.2.2)

It is then easily observed that Ty + T is still a linear map, and that AT is also a linear
map. We can then even say more:

Proposition 4.2.3. Let V., W be vector spaces over the same field F. Then
LV,W):={T:V = W |T is linear },

is a vector space over F, once endowed with the addition defined by (4.2.1) and the
multiplication by a scalar defined in (4.2.2).

Before giving the proof, let us observe that if V' = R"™ and W = R"™, then L(R", R™)
corresponds to the set of all Ly with A € M,,,,(R). Note that this statement also holds
for arbitrary field F, i.e.

L F™) = {Ty | A € My (F)}.

Proof. The proof consists in checking all conditions of Definition 3.1.3. For that purpose,
consider T, Ty, Ty, T3 be linear maps from V to W, and let A\, u € F. Let also X be an
arbitrary element of V.

(i) One has

[(T1 + To) + T3] (X) = (T1 + Ta)(X) + T3(X) = T1(X) + Tao(X) + T3(X)
= T1(X) + (Ty + T3)(X) = [Ty + (T2 + Ts)] (X).
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Since X is arbitrary, it follows that (T; 4+ Ty) + T5 = Ty + (Ty + T3).

(ii) One has

(T1 + T2)(X) = T1(X) + To(X) = Ta(X) + T1(X) = (T2 + T1)(X)

which implies that Ty + Ty = Ty + T4.

(iii) We already know that O : V' — W is linear, which means that O € L(V,W).
In addition, one clearly has T+ O =0+ T =T.

(iv) By setting [-T](X) := —T(X), one readily observes that —T € L(V, W) and
by using the addition (4.2.1) one infers that T + (=T) = O.

(v) Similarly, AT € £(V, W) and 1T =T.

The remaining three properties are easily checked by using the definition 4.2.2 and
the basic properties of vector spaces. O

Question : If dim(V) = n and if dim(W) = m, what is the dimension of L(V, W) ?
Let us now consider a linear map T : V' — R” with V' a real vector space. Since for
each X € V one has T(X) € R", one often sets

T(X) = : (4.2.3)
T,(X)
with T;(X) := T(X); the j component of T evaluated at X. Thus, T defines a family
of maps T; : V' — R, and reciprocally, any family {T;}7_, with T; : V' — R defines a
map T : V — R” by (4.2.3). Sometimes, the maps T4, ..., T, are called the components
of T.
Example 4.2.4. If T : R? — R3 is defined by
. 20 — vy
T =|3x+4y |,
Y T — Dy
then T =*(Ty,Ta, T3) with T1(y) =2z —y, T2(§) =3z + 4y and T3(§) =z — by.
More generally:
Lemma 4.2.5. Let V' be a vector space over a field F, and let T : V — F" with

T =YTy,...,T,) the components of T. Then T is a linear map if and only if each T
1$ a linear map.

Proof. One has T(X +VY) = (T1(X +Y),...,To(X +Y)) and T(X) + T(Y) =
HT1(X) + T1(Y), ..., Ta(X) 4+ T,(Y)). It then follows that
T(X +Y) T1(X) + T1(Y)
TX4+Y)=T(X)+T(Y) < : = : ,
T, (X +Y) To(X)+ T,(Y)
which corresponds to half of the statement. A similar argument holds for the multipli-
cation by a scalar. O]
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4.3 Kernel and range of a linear map

Let V, W be two vector spaces over the same field F and let T : V' — W be a linear
map. Recall that

Ran(T) :={Y e W | Y = T(X) for some X € V}

and
Ker(T) :={X € V | T(X) = 0}.

Lemma 4.3.1. In the previous setting, Ker(T) is a subspace of V while Ran(T) is a
subspace of W.

Proof. The first part of the statement is proved in Exercise 4.4. For the second part
of the statement, consider Y;,Ys € Ran(T), i.e. there exist X;,Xs € V such that
Y1 = T(X;) and Ys = T(X3). Then one has

with X; + X5 € V. In other words, Y] + Y5 belongs to Ran(T). Similarly, for A € F and
any Y = T(X) with X € V one has

AY = AT(X) = T(AX)

with AX € V. Again, it follows that A\Y € Ran(T), from which one concludes that
Ran(T) is a subspace of . O

Examples 4.3.2. (i) Let N € R" with N # 0, and let us set Ty : R* — R by
Tn(X) = N-X. In this case, Ty is a linear map. Indeed, one has

TN X+Y)=N-(X+Y)=N-X+N-Y =Ty(X)+Ty),

and similarly Ty(AX) = N - (AX) = MN - X) = ATn(X). Then one observes
that

Ker(Ty) ={X €eR"|N-X =0} ={X €R" | X-N=0-N} = Hyp.

On the other hand, Ran(Ty) = R, as it can easily be checked by considering
elements X of the form AN, for any \ € R.

(i1) Let A € Mp,,(R) and let us set Ly : R™ — R™ defined by La(X) = AX for any
X € R". As already mentioned, this map is linear, and one has Ker(Ly) = {X €
R™ | AX = 0}, i.e. Ker(Iyy) are the solutions of the linear system AX = 0.

Remark 4.3.3. The kernel of a linear map is never empty, indeed it always contains
the element 0.
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Lemma 4.3.4. Let T : V. — W be a linear map between vector spaces over the same
field F, and assume that Ker(T) = {0}. If {X1,..., X, } are linearly independent ele-
ments of V', then {T(X4),...,T(X,)} are linearly independent elements of W.

Proof. Let A\q,...,\, such that
MT(X7) + AT(X2) +--- + A T(X,) =0.

By linearity, this is equivalent to T(/\lX 1+ )\an) = 0, but since the kernel of T is
reduced to 0 it means that \{ X; +---+ A\, X,, = 0. Finally, by the linear independence
of Xy,...,X, it follows that A\; = 0 for any j € {1,...,n}. As a consequence, the
elements T(X3),..., T(X,) of W are linearly independent. O

Let us now come to an important result of this section. For this, we just recall that
for a vector space, its dimension corresponds to the number of elements of any of its
bases. It also corresponds to the maximal number of linearly independent elements of
this vector space.

Theorem 4.3.5. Let T : V. — W be a linear map between two vector spaces over the
same field F, and assume that V is of finite dimension. Then

dim (Ker(T)) + dim(Ran(T)) = dim(V).

Proof. Let {Y1,...,Y,} be a basis for Ran(T), and let Xi,...,X,, € V such that
T(X;) =Y, for any j € {1,...,n}. Let also {K,..., K,,} be a basis for Ker(T). Note
that if one shows that {X;,..., X, K1,..., K} is a basis for V| then the statement is
proved (with dim(V') = m + n).

So, let X be an arbitrary element of V. Then there exist Ay,..., A\, € F such that
T(X) = MY1+ -+ A\, X,, since {Y1,...,Y,} is a basis for Ran(T). It follows that

= T(X) = MT(X) — - — A T(X)
which means that X — A\ X; —--- — A\, X, belongs to Ker(T). As a consequence, there

exist A|,..., A € F such that
X MKy — = M Xp = MK 4+ N K
since {Ky,..., K} is a basis for Ker(T). Consequently, one gets
X=MX14+ -+ X, + N K+ + X K,

or in other words

Vect(Xl,...,Xn,Kl,...,Km) =V.
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Let us now show that these vectors are linearly independent. By contraposition,
assume that

MXp+ AN, FNK e+ N K, =0 (4.3.1)
for some Ay, ..., Ay, Al,..., AL . Then one infers from (4.3.1) that

0 = T(0)
=T(MX1+ -+ X + MK 4+ XK,
=T(MX1 4+ MX,) +0
=MT(Xy) + -+ NT(X,)
=\MYi 4+ -+ A,

Since Yi,...,Y, are linearly independent, one already concludes that A\; = 0 for any
j € {1,...,n}. It then follows from (4.3.1) that N\ K; + ---+ X K, = 0, which implies

that \; = 0 for any ¢ € {1,...,m} since the vectors K; are linearly independent.
In summary, one has shown that V' is generated by the family of linearly independent
elements X1,..., X, Ki,..., K,, of V. Thus, these elements define a basis, as expected.
O

4.4 Rank and linear maps

Let us come back to matrices over F. For any A € M,,,(F), recall that we denote by
A’ the j* column of A and by A the k' row of A. We also denote by Ly : F* — F™
the linear map defined by La(X) = AX. Observe finally that {F;}}_, is a basis of F"
(note that the 1 at the entry j of E; is the 1 of the field F). Thus, for any X € F" one
has

X =%ay,...,2,) =01 By + 29Ey + -+ + 2, B,

and in addition

Lu(X) = A(z1 By 4 2By + -+ - + 2, )
= $1AE1 + QTQ.AEQ + 4 [L’n.AEn
= .1‘1./41 + .1‘2./42 + ... l’n.An

With such equalities, one directly infers the following statement:

Lemma 4.4.1. The range of Ly corresponds to the subspace generated by the columns

of A.
Proof. Tt is enough to remember the following equality
Ran(L4) = {La(X) | X € F"}

and to take into account the computation performed before the statement. O
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Considering the dimensions of these spaces one directly gets:

Corollary 4.4.2. The dimension of the range of the linear map 14 is equal to the rank
of A, ie.
dim(Ran(Ly4)) = rank(A).

Theorem 4.4.3. Let A € M,,,(F) with rank(A) = r. Then one has dim(Ker(La)) =

n—r.
Proof. Since Ly : F* — F™ is a linear map, one has from Theorem 4.3.5

dim (Ker(La)) + dim(Ran(La)) = n,
—_——
from which the statement follows. OJ

Example 4.4.4. What is the dimension of the space of solutions of the system

201 — x93+ 23+ 224 =0
1+ 29— 203 — x4 =0

Z1
Since this system is equivalent to Ly (ﬁg) = (§) with A = (37" %) and since

T4
rank(A) = 2, one directly infers from the previous result that dim(Ker(LA)) =4-2=2.
This corresponds to the dimension of the space of solutions of the homogeneous equation.

One ends up this section with an important result:

Theorem 4.4.5. Let A € M,,,(F) and B € F™, and consider the equation AX = B
for some X € F". If this equation has a solution, then its set of all solutions is of
dimension equal to dim(Ker(LA)).

Proof. Assume that Y, € F” satisfies AYy = B. Then if Y € F” satisfies AY = 0,
one infers that A(Yy +Y) = B, which means that Y, + Y is a solution of the original
problem, for any Y € Ker(Ly). Now, if one can show that all solutions of AX = B
are of the form X =Y, + Y for some Y € Ker(I4), then the statement is proved. For
that purpose, it is sufficient to observe that if X € F" satisfies AX = B, then one has
A(X —Yy) = B— B =0, or in other words X — Yy =: Y for some Y € Ker(L4). As a
consequence, one infers that X = Yy + Y with Y € Ker(Ly), as expected. O

4.5 Matrix associated with a linear map

Let us start with a question: If V, W are vector spaces over a field F and if T : V — W
is a linear map, how can one associate with this linear map a matrix 7

In fact, this can be done only once a choice of bases for V' and W has been done,
and the resulting matrix will depend on the choice of bases, as we shall see. So, let
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us introduce a new notation: a basis for a vector space V over F will be denoted by
V= {V,...,V,} with {V4,...,V,} a family of linearly independent elements of V'
which generate V. In addition, let us denote by X an arbitrary element of V' (which
was simply denoted by X up to now). Then, since V is a basis for V' there exists
X :="%ux,...,z,) € F" such that

X:x1‘/1+$2‘/2++$nvn

The vector X € F" is called the coordinate vector of X with respect to the basis V of V,
and we shall use the notation
(X)y =X

meaning precisely that the coordinates of X with respect to the basis V are X.

Remark 4.5.1. Clearly, if V = R" and if V; = E;, one just says that X are the
coordinates of X and one uses to identify X and X. This is what we have done until
now since we have only considered the usual basis { E;}%7_, on R"™. However, if one needs
to consider different bases on R™, the above notations are necessary. Note for example
that X exists without any choice of a particular basis, while X depends on such a choice.

Now, if Y is another element of V with ()y =Y = *(y1,...,yn), let us observe
that
X+V)y=X+Y  and  (AX)y =X (4.5.1)

for any A\ € F. Indeed, this follows from the equalities

X+YV=aVi+-+x, Vo +yuVi+-+1.V,

and
AX = ANV + - 42, V) = Ax)Vi + -+ (Azy) Vi

Thus, choosing a basis V for V' allows one to identity any point of V' with an element
of F" via its coordinate vector. By taking (4.5.1) into account, one also observes that
V allows one to define a linear map (-)y : V — F™.

We also consider a vector space W over F endowed with a basis W := {Wy,... , W,,}.
In this case, for any Z € W we set (Z)y = Z = *(21,...,2m) € F™ for the coordinate
vector of Z with respect to the basis W of W. Thus, if T : V — W is a linear map,
there exists T := (t;;) € M, (F), called the matriz associated with T with respect to
the basis V of V and W of W defined by

T(V;) =Y tuWi=>_'tyW; (4.5.2)
=1 =1

for any j € {1,...,n}. On the other hand, we shall show just below that the following
equality also holds
(T(X)),, = T(X)y. (4.5.3)



70 CHAPTER 4. LINEAR MAPS

In other words, the action of T on a basis of V' is given in terms of T by relation
(4.5.2), while the action of T on the coordinate vectors is given in terms of 7 by
relation (4.5.3). Note that this is related to the more general notion of covariant or
contravariant transformations.

For the proof of (4.5.3) it is enough to observe that one has

1) =T( Y a1) =3 w100

ZZ%' ZtijWi = Z ( tij %’)VVz‘ = Z(TX)iVVi,
j=1 =1 =1 j=1 i=1
which implies that
(T(X)),, =TX =T(X)y. (4.5.4)

Example 4.5.2. If V = R", W = R™ and V; = E; while W; = E; for any j €
{1,...,n} and j € {1,...,m}, and if T is a linear map from R™ to R™ then one
deduces from (4.5.2) that

where T7 corresponds to the j" column of the matriz T. In other words one has
T = (T(E) T(Ey) ... T(E,)).

Example 4.5.3. IfV is a real vector space with basis YV = {V1, Vo, V3} and if T : V — V
1s the linear map such that

TV) =2Vi — Vo, T(Va) = Vi + Vo —4Vs,  T(V3) = 5V + 4V, + 2V3,

then the matrix associated with T with respect to the basis V s given by

2 1 5
T=1-1 1 4
0 —4 2

Let us still consider the notion of a change of basis. Indeed, given the matrix associ-
ated to a linear map in a prescribed basis, it is natural to wonder about the matrix asso-
ciated to the same linear map but with respect to another basis. So, let V = {V;,...,V,,}
and V' = {V/,...,V} be two basis of the same vector space V. Let B = (b;;) € M,(F)

be the matrix defined by
Vi=2 biVi= ) i
i=1 i=1
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It is easily observed that the matrix B is invertible. Then, for any X € V with X = (X)y
and X’ = (X)yr, one has

i;pz‘/; =X = il’;vj, = i.r;ibz]‘/; = i (iwa;>‘/z
i1 j=1 =1 L=l

j=1 i i=
Since the vectors Vi, ..., V, are linearly independent, this implies that
X =BX' orequivalently (X)) = B(X)y. (4.5.5)

Let us now consider a linear map T : V' — V', and let 7 be the matrix associated
with T with respect to the basis V, and let 7’ be the matrix associated to T with
respect to the basis V'. The original question corresponds then to the link between 7T
and 7’ 7 In order to answer this question, observe that for any X € V one gets by
equations (4.5.4) and (4.5.5) that

TBX' =TX = (T(X))V = B(T(X))V, =BT'X'".
Since X' is arbitrary, one infers that 7B = BT’, or equivalently
T =B 'TB. (4.5.6)

One deduces in particular that the matrix 7 and 7’ are similar, see Definition 2.1.16.
Note that a similar (but slightly more complicated) computation can be realized

for a linear map between two vector spaces V and W over the same field F endowed
with two different bases V, V" and W, W'.

4.6 Composition of linear maps

Let us now consider three sets U, V,WW and let F : U — V and G : V — W be maps.
Then the map

GoF:U—=W,

defined by (G o F)(X) = G(F(X)) for any X € U, is called the composition map of F
with G. Notice that if W ¢ U the composition map F o G has simply no meaning.

Examples 4.6.1. (i) Let U =V =W =R and F,G be two real functions defined
on R. Then G oF just corresponds to the composition of functions.

(i) If U =R", V=R" W =R, A€ M,,(R) and B € M,,,(R), then for any
X € R" one has

(Lo La)(X) = Lg(La(X)) = BAX = (BA)X = Lga(X). (4.6.1)
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Let us now observe an important property of the composition of maps, namely the
associativity. Indeed, If U, V, W, S aresetsand F : U -V, G:V - Wand H: W — S
are maps, one has

(HoG)oF=Ho(GoF).
Indeed, for any X € U one has
[(HoG) o F](X) = (Ho G)(F(X)) = H(G(F(X))

and

[Ho (GoF)][(X) =H((GoF)(X)) = H(G(F(X))),
and the equality of the two right hand sides implies the statement.

Lemma 4.6.2. Let U, V,W be vector spaces over a field F, and let G : U — V,
G:U—=V, H:V—>Wand H :V — W be linear maps. Then

(i) HoG: U — W is a linear map,
(i) H+H)oG=HoG+H oG,
(i1i)) Ho (G+G')=Ho G+ Ho &,
(iv) (A H) oG =Ho (AG) =A(HoG), forall \€F.
The proof will be provided in Exercise 4.17.

Remark 4.6.3. If V is a vector space and if T : V. — V is a linear map, then T" =
ToT---0T is alinear map fromV to V. By convention, one sets T® = 1, and observes
———

n terms

that T"™* =T o TS =T5 o T".

4.7 Inverse of a linear map

Definition 4.7.1. For a map F : V. — W between two sets V and W, one says that F
has an inverse if there exists G : W — V such that GoF =1y and Fo G = 1. In
this case, one also says that F is invertible and write F~% for this inverse.

Example 4.7.2. If A € M,(R) is invertible, then the linear map Ly : R" — R"™ is
invertible, with inverse Liy-1. This follows from equation (4.6.1), or more precisely

LA e} L_Afl = LAAfl =1= LAfl.A = LA—l o} LA.

Due to the following lemma, there is no ambiguity in speaking about the inverse
(and not only about an inverse) of a invertible map.

Lemma 4.7.3. Let F : V. — W be an invertible map between two sets V et W. Then
this inverse is unique.



4.7. INVERSE OF A LINEAR MAP 73

Proof. Let us assume that there exists G : W — V and G’ : W — V such that
GoF=1y,FoG=1y, GoF =1y, and F o G’ = 1y. Then one gets

G=1lyoG=(GoF)oG=Go(FoG)=Goly =G
from which the result follows. O
Let us now come to two more refined notions related to a maps, linear or not.

Definition 4.7.4. A map F : V. — W between two sets is injective or one-to-one if
F(X;) # F(Xy) whenever Xy, Xo € V with X1 # Xs. The map F is called surjective
if for any' Y € W there exists at least one X € V' such that F(X) =Y. The map F is
bijective if it is both injective and surjective.

The following result links the notions of invertibility and of bijectivity.

Theorem 4.7.5. A map F : V. — W between two sets is invertible if and only if F is
bijective.

Proof. (i) Assume first that F is bijective. In particular, since F is surjective, for any
Y € W, there exists X € V such that F(X) =Y. Note that X is unique because F is
also injective. Thus if one sets F~!(Y) := X then one has

F'oF)(X)=F'(F(X)) =F'(Y)=X
which implies that F~! o F = 1y, and similarly
(FoF)(v) = F(F (V) = F(X) = ¥

which implies that F o F~! = 1y,. One has thus define an inverse for F.
(ii) Let us now assume that F is invertible, with inverse denoted by F~'. Let first
Xy, Xy € V with F(X;) = F(X3). One then deduces that

X1 = 1vX1 = (F_l o) F)Xl = F_l (F(Xl)) = F_l(F(XQ)) = (F_l o) F) (XQ) = XQ,
and thus F is injective. Secondly, let Y € W, and observe that
Y =1yY = (FoF ') (Y)=F(F (YV))

which implies that Y = F(X) for X given by F~}(X). Thus F is surjective. Since F is
both injective and surjective, F is bijective. O

For linear maps the general theory simplifies a lot, as we shall see now.

Theorem 4.7.6. Let V. W be two vector spaces over the same field F, and let T : V —
W be an invertible linear map. Then its inverse T=' : W — V is also a linear map.
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Proof. Let Y1,Y, € W and set X; := T71(Y}) and X, := T~1(X5). Since ToT™! = 1y,
one has for j € {1,2}

Y= (ToT)(Y)) = T(T'(¥))) = T(X;).
Then, one infers that

TV +Ye) = THT(X0) + T(X2)) = T7H(T(X1+ X))

=T ' oT(Xi 4+ Xs) = X1+ Xo =T (V1) + T (Ya). (4.7.1)
Similarly one has for any A € F and Y € W (with ¥ := T(X))

T7'(\Y) = T (AT(X)) = TH(T(\X))

= (T o T)(AX) = AX = AT (V). (4.7.2)

It is then sufficient to observe that (4.7.1) and (4.7.2) correspond to the linearity con-
ditions for T~ O

In the next statement we give an equivalent property for the injectivity of a linear
map.

Lemma 4.7.7. A linear map T : V. — W between two vector spaces over the same field
is injective if and only if Ker(T) = {0}.

Proof. (i) The first part of the proof is a contraposition argument: instead of proving
A = B we show equivalently that B = A. Thus, let us assume first that Ker(T) # {0},
then there exists Xy # 0 such that T(Xy) = 0. In addition, for any X € V one has

T(X + Xo) = T(X) + T(Xy) = T(X) + 0 = T(X).

Since X # X + X, but T(X) = T(X + Xj), one concludes that T is not injective. By
contraposition, one has shown that T injective implies that Ker(T) = {0}.

(ii) Assume now that Ker(T) = {0}, and consider X7, Xo € V with X; # X,. Then
one has

T(X;) —T(X) =T(X; — X5) #0
since X7 — X5 # 0. As a consequence, T(X;) # T(X5). O
Let us provide a final theorem for this section, which is useful in many situations.

Theorem 4.7.8. Let T : V. — W be a linear map between the vector spaces V and W,
and assume that dim(V') = dim(W') < oco. Then the following assertions are equivalent:

(i) Ker(T) = {0},

(11) T is invertible,
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(111) T is surjective.

Proof. The implication (i¢) = (i) and (4) = (i77) are direct consequences of Theorem
4.7.5 and Lemma 4.7.7.

Assume now (i), and recall from Lemma 4.7.7 that this condition corresponds to T
injective. Then from Theorem 4.3.5 and more precisely from the equality

dim (Ker(T)) +dim(Ran(T)) = dim(V')
0

one deduces that dim(Ran(T)) = dim(V) = dim(W), where the assumption about the
dimension has been taken into account. It is enough then to observe that

dim(Ran(T)) = dim(W)

means that T is surjective. Since T is also injective, it follows that T is bijective. Since
bijectivity corresponds to invertibility by Theorem 4.7.5, one infers that (i7) holds.

Assume now that (i7i) holds. By taking again Theorem 4.3.5 into account, one
deduces that from the equality

dim (Ran(T)) = dim(W) = dim(V')

that dim (Ker(T)) = 0, meaning that T is injective. Again, it implies that T is bijective,
and thus invertible, and thus that (i¢) holds. O

Corollary 4.7.9. For any A € M,(F), the following statements are equivalent:
(i) There exists B € M, (F) such that BA = 1,,
(i1) There exists C € M, (F) such that AC = 1,,.

In addition, whenever (i) or (it) holds, then B = C, and A is invertible with A™1 =
B=C.
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4.8 Exercises

Exercise 4.1. Let F : R? — R? be the map defined by F () = (3%) for any (5) € R
Describe the image by F of the points lying on the unit circle centered at 0, i.e. { () €
R? | 2% +y? = 1}.

Exercise 4.2. Let F : R? — R? be the map defined by F (3) = (%) for any () € R?.
Describe the image by F of the line {(}) € R? | x = 2}.

Exercise 4.3. Let V' be a vector space of dimension n, and let {X1,..., X} be a basis
for V. Let ¥ be a linear map from V into itself. Show that F is uniquely defined if one
knows F(X;) for j € {1,...,n}. Is it also true if F is an arbitrary map from V into
itself ¢

Exercise 4.4. Let V. W be vector spaces over the same field, and let T : V — W be a
linear map. Show that the following set is a subspace of V':

{X eV |T(X)=0}.
This subspace is called the kernel of T.
Exercise 4.5. Show that the image of a convex set under a linear map is a convex set.

Exercise 4.6. Determine which of the following maps are linear:
a) F:R® — R? defined by F (g) =(7),
b) F:R* = R?* defined by F(X) = —X for all X € R,
c) F:R3 — R defined by F(X) = X + <—21> for all X € R3,
(s2%),
(%),
f) F:R* - R defined by F () = xy.

d) F:R?* — R? defined by F (3))
e) F:R? — R? defined by F ()

Exercise 4.7. Determine the kernel and the range of the maps defined in the previous
exercise.

Exercise 4.8. Consider the subset of R™ consisting of all vectors *(x1,...,x,) such that
1+ T+ -+ x, =0. Is it a subspace of R™ ? If so, what is its dimension ¢

Exercise 4.9. Let P : M,(R) — M,(R) be the map defined for any A € M,(R) by

P(A) = - (A+A).

DO | —

1. Show that P is a linear map.
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2. Show that the kernel of P consists in the vector space of all skew-symmetric ma-
trices.

3. Show that the range of P consists in the vector space of all symmetric matrices.

4. What is the dimension of the vector space of all symmetric matrices, and the
dimension of the vector space of all skew-symmetric matrices ?

Exercise 4.10. Let C*°(R) be the vector space of all real functions on R which admit

derivatives of all orders. Let D : C*°(R) — C*°(R) be the map which associates to any
f € C*(R) its derivative, i.e. Df = f'.

1. Is D a linear map ?

2. What is the kernel of D ¢

3. What is the kernel of D™, for any n € N, and what is the dimension of this vector
space ¢

Exercise 4.11. Consider the map F : R® — R* defined by

x
r—y
T —z

T—y—z

B
ISEENSIE
|

1. Is ¥ a linear map ¢ (Justify your answer)
2. Determine the kernel of F.

3. Determine the range of F.

Exercise 4.12. What is the dimension of the space of solutions of the following systems
of linear equations ? In each case, find a basis for the space of solutions.

2x4+y—2 = 0
@) {2:c+y+z — o Doy

_ 0 9 {4x+7y—7rz = 0

2 —y+2z = 0
and
r+y+z = 0
d) r—y =0
y+z =0
) o 01 3 —2 _ .
Exercise 4.13. Let A be the matriz given by A = 214 _31> and consider the linear

map Ly : R* — R? defined by Ly X = AX for all X € R,

1. Determine the rank of A and the dimension of the range of L.
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2. Deduce the dimension of the kernel of Ly, and exhibit a basis for the kernel of L.
3. Find the set of all solutions of the equation AX = (g)

Exercise 4.14. Let F : R3 — R? be the map indicated below. What is the matriz
associated with F in the canonical bases of R and R? ?

o v = (1) = (3. v = )

a1
) F (| = 3T1 — 239 + 23 '
4371—.%'2—|—5l'3
I3

and

Exercise 4.15. Let L : R? — R? be a linear map which associated matrixz has the form

(é % §> with respect to the canonical basis of R3. What is the matriz associated with L

1/V2 -1/V2
in the basis generated by the three vectors Vi = (Jﬂ), Vo = ( 1/\/5 ), Vi = <§1>
0 0

Exercise 4.16. For any A, B € M,(R), one says that A and B commute if AB = BA.
a) Show that the set of all matrices which commute with A is a subspace of M, (R),

b) If A= (91), exhibit a basis of the subspace of all matrices which commute with

A.

Exercise 4.17. Let U, VW be vector spaces over a field F, and let G : U — V,
G:U—->V, H:V>WandH :V — W be linear maps. Show that

(i) HoG: U — W is a linear map,
(i) H+H)oG=HoG+H oG,
(iii)) Ho (G+G)=HoG+Ho &,
(iv) AH)oG=Ho (AG) =AHoG), forall\eF.

Exercise 4.18. Let V' be a real vector space, and let P : V. — V be a linear map
satisfying P? = P. Such a linear map is called a projection.

(1) Show that 1 — P is also a projection, and that (1 — P)P =P(1 —P) =0,
(i1) Show that V = Ker(P) + Ran(P),

(111) Show that the intersection of Ker(P) and Ran(P) is {0}.
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Exercise 4.19. Let L : R* — R? be the linear map defined by L () = (37%). Show that

a—y
L is invertible and find its inverse. Same question with the map L : R® — R? defined by

L(v)=(,5%)
z r+y+3z
Exercise 4.20. Let F, G be invertible linear maps from a vector space into itself. Show

that (GoF)" ' =F 1o G

Exercise 4.21. Show that the matriz B : R™ — R"™ defining a change of basis in R™ is
always invertible.

Exercise 4.22. Let V be the set of all infinite sequences of real numbers (1, g, x3, ... ).
We endow V' with the pointwise addition and multiplication, i.e.

(11,29, w3, ... ) + (2, ), 2, ... ) = (w1 + ), w0 + 25, 23 + 25, .. )

and AN(x1, 9, x3,...) = (Ax1, AT, Axs, ... ), which make V an infinite dimensional vec-
tor space.
Define the map F : V' — V', called shift operator, by

F(xy, 29, 23,...) = (0,21, 29, T3, ... ).
(i) Is F a linear map ?
(i1) Is F injective, and what is the kernel of F 2
(111) Is F surjective ?
(iv) Show that there is a linear map G : V. — V such that GoF = 1.
(v) Does the map G have the property that FoG =1 ?

(vi) What is different from the finite dimensional case, i.e. when V is of finite dimen-
sion ¢

Exercise 4.23. Consider the matrices
20 10 -1 0 0 1
A=(05) 5=(o0) e= (G 1) 2= (1),
1 0.2 1 -1
==( %) =00

and show their effect on the letter L defined by the three points (9),(3),(§) of R?.

Exercise 4.24. Let N = (1)) be a vector in R* with |[N|| =1, and let £ be the line in
R? passing trough 0 € R? and parallel to N. Then any vector X € R? can be written
uniquely as X = X + X, where X is a vector parallel to £ and X, is a vector
perpendicular to £. Show that there exists a projection P € My(R) such that X =P X,
and express P in terms of ny and ns.
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Exercise 4.25. 1) Do the same exercise in R® with N given by (gé

2) Show that there also exists a projection Q such that X, = QX. If Hon is the
plane passing through 0 € R* and perpendicular to N, show that X, € Hg n-.

Exercise 4.26. In the framework of the previous exercise, a reflection of X about Ho n
is defined by the vector X == X — X|. Show that || Xyt = || X||, and provide the
expression for the linear map transforming X into X,e.

Exercise 4.27. Prove Corollary 4.7.9.

Exercise 4.28. Block matrices are matrices which are partitioned into rectangular sub-
matrices called blocks. For example, let A € M, ,,(R) be the block matrix

A Ap
A=
(Am Ao
with Ay € MH(R), AQQ(R) S Mm(R), App € MnXm(R); and Ay € Man(R). Such
matrices can be multiplied as if every blocks where scalars (with the usual multiplication
of matrices), as long as the products are well defined. For example, check this statement
by computing the product AB in two different ways with the following matrices: A =

(./411 ./412) with AH = (?(1)) and Alg == (_11>, and B = (g; gé;) with BH == (}lg),
812 = (g), Bgl == (7 8), and 822 == (9)

Exercise 4.29. Let A € M, ., (R) be the block matriz
_ (A A
A= ( O Ax
with An < Mn(R), AQQ(R) < Mm(R) and .A12 € MnXm(R)

(i) For which choice of A1, Aia and Az, is A invertible ?

(ii) If A is invertible, what is A7, in terms of A1, A1z and Ay ?



Chapter 5

Scalar product and orthogonality

5.1 Scalar product

Recall that the notion of a vector space has been introduced as an abstract version of
the properties shared both by R™ and by M,,,(R). Similarly, we have introduced the
scalar product on R™ already in Chapter 1, let us now consider an abstract version of it.
For simplicity, we introduce it on real vector spaces, but a slightly more general version
will be considered once the complex numbers will be at our disposal.

Definition 5.1.1. A scalar product on a real vector space V is a map (-,-) : VxV — R
such that for any X, Y, Z €V and A\ € R one has

(i) (X,Y) = (Y, X),
(ii) (X +Y,Z) = (X,2) + (Y, Z),
(iii) (AX,Y) = MX,Y),
(iv) (X,X) >0 and (X, X) =0 if and only if X = 0.

Example 5.1.2. For V = R" and X,Y € V one sets (X,Y) := X - Y and one can
check that the four conditions above are satisfied.

Example 5.1.3. For a,b € R with a < b one considers V = C([a, b];R) and for any
f,g €'V one defines

b
(f,9) 1:/ f(x)g(x)dz.

It is easily checked that this defines a scalar product on'V', see Ezxercise 5.5. For informa-
tion, this scalar product extends to the set of L*-functions (the set of square integrable
functions).

Definition 5.1.4. If V is a real vector space endowed with a scalar product, one says
that X,Y € V are orthogonal if (X,Y) =0, and one writes X LY. If S is a subset of
V', one writes

St={Y eV |(X,Y)=0 for all X € S}

81
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and call it the orthogonal subspace of S.
One easily shows that S+ is always a subspace of V.

Definition 5.1.5. For any real vector space V' endowed with a scalar product and for
any X € V we set
[ X = V({X, X)

and call it the norm of X (associated with the scalar product (-,-)).

Lemma 5.1.6. For any real vector space V' endowed with a scalar product, for any
X, Y €V and for A\ € R one has

(1) XX = [A[l[XT],

(ii) |X +Y|? = || X||?>+ [Y||* if and only if X LY  (Pythagoras theorem)
(iii) | X +Y[* + |X = Y| = 2| X[ + 2]Y]]%,

(iv) | X + Y[ < [IX]| + Y]]

The proof will be provided in Exercise 5.1. The following statement is a generaliza-
tion of a property already derived in the context of R™.

Lemma 5.1.7. For any real vector space V endowed with a scalar product and for any
X, Y €V one has
(XY < [IXHY (5.1.1)

Proof. Let us first consider the trivial case Y = 0 for which (5.1.1) is an equality with
0 on both sides.

Now, assume that Y # 0 and set ¢ := <”);’ﬁ;>. Then let us observe that (X —cY) LY,
since

(X,Y)

(X —eY,Y)=(X,Y) — T

(YY) =0.
It follows by Pythagoras theorem that
X[ = [[(X = ¥) + Y |? = | X = V[P + [|eY [P = | X — ¥ ||* + Y,

which implies that || X]|> > ¢?||Y||, or equivalently || X]|| > |c| ||[Y||. Note that this

inequality can also be rewritten as |c| < H

By collecting these information one gets

1XT]
(X, V)] = [l IY]]* < MIIYII2 = [IXI[YII;

which corresponds to the claim. O
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5.2 Orthogonal bases

Definition 5.2.1. Let V' be a real vector space endowed with a scalar product, and let
{Vi,...,V,} be a basis for V. The basis is called orthogonal if (V;,V;) = 0 whenever
i,j€{l,...,n} and i # j. If in addition (V;,V;) =1 for anyi € {1,...,n} the basis is
called orthonormal.

Example 5.2.2. The standard basis {E\, ..., E,} of R™ is an orthonormal basis.
The following result is of conceptual importance, and rather well-known.

Theorem 5.2.3 (Graham-Schmidt). Let V' be a real vector space of dimension n en-
dowed with a scalar product. Then there exists an orthonormal basis for V.

The proof consists in the explicit construction of an orthonormal basis.

Proof. Let {Vi,...,V,} be an arbitrary basis for V' (such a basis exists since otherwise
the dimension of V' would not be defined), and let us set

1
—V
Vil
1
Vo — (Vo, VIOV ||

Vi =

V)= (Va — (Va, V)VY)

n—

1
V= S, V) )

=1

V= L (
[V = S5 (Va, VOV

where the prefactors are chosen such that |[V/|| = 1 (note that V; — SNV, VOV s
always different from 0 since otherwise V; would be a linear combmatlon of Vi,..., V1
which is not possible by assumption). Then, it simply remains to observe that V; LV}
for any j # k. As a consequence, the elements V/ generate an orthonormal basis for V/,
as expected. O

5.3 Bilinear maps
The notion of bilinear maps will be useful for calculus II.

Definition 5.3.1. Let V. W, U be vector spaces over the same field F. A map T :
V xW — U is bilinear if it is linear in each argument, namely for any X, X1, X, € V,
any Y, Y1, Yo € W and X\ € F one has

(i) T(X1+X2,Y) =T(X1,Y) + T(X2,Y),
(i) TAX,Y) = AT(X,Y),
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(iii) T(X,Y: + Ys) = T(X, Y1) + T(X,Y),
(i) T(X,\Y) = A\T(X,Y).

Example 5.3.2. The scalar product {-,-) : R" x R® — R is a bilinear map on the
FEuclidean space R™.

Example 5.3.3. If A € M,,,,(F) one can define a bilinear map Fq : F™ x F* — T for
any X € F™ and Y € F™ by

FA(X,Y)="XAY = 'X A Y €F. (5.3.1)
EMlm(F) Gan(IF) EMnl(]F)

Note that it is easily checked that F 4 is indeed a bilinear map. For example, if A= (12%),
X =(}) andY = (9), then

FA(X,Y) = (10) (; Z) (?) — (10) (i) _ 9.

More generally, observe that if A= (a;;), X ="(x1,...,2m) andY ="(y1,...,yn) then

m

tXAY:X Z.Z‘ AY ZIZZCLUy] iialjxiyj.

i=1 j=1

We shall now see that many bilinear maps are of the form presented in the previous
example. For that purpose, recall from Section 4.5 that if V = {Vi,...,V,} is a basis
for a vector space V over F and if X € V then the coordinate vector of X is the element
X =%xy,...,2,) € F™ such that X = 2V} + - - - + 2, V;,. One has already introduced
the notation (X)y = X. Similarly, for a basis W = {Wy,..., W, } of a vector space W
over F and for any ) € W one sets (V) =Y =*(y1,...,y,) € F" for its coordinate
vector.

Lemma 5.3.4. Let V., W be vector spaces over a field F and let F : V x W — F be a
bilinear map. If V = {V1,..., Vi, } is a basis for V, and if W = {Wh, ..., W, } is a basis
for W then there exists A € M, (F) such that

F(X,Y) ="XAY
forany X €V, any Y € W and with X = (X)y and Y = (Y)w.
Proof. By taking the bilinearity of F into account, one has
= F(Z%VQ,Z%VVJ szzya (Vi, Wj).
i=1 j=1 i=1 j=1
Thus, by setting a;; = F(V;, W,) € F one deduces that

Z Z aijriy; ="' XAY

=1 j=1
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Remark 5.3.5. If V., W, U are vector spaces over the same field F and if ¥; : VxW — U
are bilinear maps for i =1,2, then F1 +Fo : V. X W — U 1is a bilinear map, and \F; is
also a bilinear map. Thus, the set of bilinear maps from V- x W to U 1is a vector space.

Let us end this section with two questions:

Question: Let V = W = R” and consider the map F defined by the usual scalar

product
FX,)Y)=X-Y for any X,Y € R".

In view of Lemma 5.3.4, what is the matrix associated with this bilinear map with

respect to the canonical basis of R™ ?

Question: How does a bilinear map change when one performs a change of bases for
the vector spaces V and W 7
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5.4 Exercises

Exercise 5.1. Let V' be a real vector space endowed with a scalar product. Prove the
following relations for X, Y € V and A € R:

(i) |AX]| = [A]X]],

(it) | X +Y|* = || X||*+ [|[Y||* if and only if X LY,
(i) | X + Y[+ | X = Y|* = 2] X|* + 2[|Y]?,
() | X + Y[ <X+ Y]

Exercise 5.2. Let A = (aj;) € M,(R) and define Tr(A) = 77, aj;, where Tr(A) is
called the trace of A. Show the following properties:

(1) Tr: M,(R) — R is a linear map,
(i) Tr(AB) = Tr(BA), for any A, B € M,(R),
(iii) If C € M, (R) is an invertible matriz, then Tr(C~1AC) = Tr(A),
(iv) If M3(R) denotes the vector space of all n X n symmetric matrices, then the map
M;(R) x M (R) > (A,B) — Tr(AB) e R

defines a scalar product on MZ(R). We recall that a matriz A is symmetric if

A="A.
Exercise 5.3. Find an orthonormal basis for the subspace of R* defined by the three
1 1 1
vectors ((1)), (_01) and (02>.
1 2 0

Exercise 5.4. Find an orthonormal basis for the space of solutions of the following
systems:

0) {2a:+y—z = 8 b) {x—y—i—z — 0 o {4J:+7y—7rz =0

r+y+z = 0
d) r—y =0
y+z =0

Exercise 5.5. We consider the real vector space V := C([0,1]) made of continuous real
functions on [0,1] and endow it with the map

VXV (fg) s (frg) = / f(#)g(x)dz €R

Show that
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(i) (-,-) is a scalar product on V,

(i1) If W is the subspace of V' generated by the three functions x +— 1 (constant
function), x w— x (identity function), and x — 2, find an orthonormal basis for
W.

Exercise 5.6. For any symmetric matrivc A = (a;;) € M,(R), we define the map
Fu:R" x R" S (X,Y) = F4(X,Y) = X AY € R.
(1) Show that F4 is a bilinear map,
(11) Show that F4(X,Y) = F4(Y, X) for any X,Y € R".
(iii) When does ¥4 define a scalar product ¢
(i) If A is one of the following matrices, does ¥4 define a scalar product ?

2 -1 0
A:G f) A={-1 2 -1
0o —1 2
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Chapter 6

The determinant

6.1 Multilinear maps
In this first section, we generalize the notions of linear maps and bilinear maps.
Definition 6.1.1. Let V' be a vector space over a field F, and let n € N. A map

T:YxVx~~><‘{—>F

n terms

is m-linear if it is linear in each argument, i.e.

T(X1, Xoyo oy X+ X, Xo)
= T(X1, Xov ooy Xjy ooy X)) + (X0, Xy, XD, X

and
T(Xl,XQ,...,)\Xj 7Xn) :)\T(Xl,XQ,...,Xj,...,Xn)

forany Xu,..., X5, X}, ..., X, €V, X€F and j € {1,...,n}. The set of all n-linear
maps is denoted by Mult, (V).

Note that if n = 1 one speaks about a linear map, while n = 2 corresponds to
a bilinear map. Without difficulty one can show that the set of Mult, (V') is a vector
space.

Definition 6.1.2. An element T € Mult, (V') is alternating if
T(Xl,...,Xi,...,Xj,...,Xn) :O
whenever X; = X; for some i,j € {1,...,n} with i # j.

Example 6.1.3. If A = (% }), then the bilinear map Fu : R? x R? — R defined in
(5.3.1) is alternating. Indeed, if X = (3,) for any x,y € R, then one has

a0 =) () 3) (5) = (%) = v =0

Y

89
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On the other hand, observe also that if X = () and Y = (§), then

Fu(X,Y) = (ab) (_01 é) (;) = ad — be.

Lemma 6.1.4. Let V' be a vector space, and let T € Mult, (V) be alternating. If
Xi,..., X, €V is a linearly dependent family, then T(Xy,...,X,) =0.

Proof. Since the vectors are linearly dependent, it means that one of them, let’s say
X1, is a linear combination of the others: X; = Z?:z A X; for some scalars \;. Then
one has

T(X1, Xoy. ., X)) = T(Z)\iXi,XQ...,Xn>
1=2

= zn:)\iT(Xi,XQ,...,Xn) = ZAiO = 0.

=2 =2
]

Note that a simple consequence of this lemma is that if dim(V) = m and if T €
Mult,, (V') for some n > m one must have T(X7, ..., X,) = 0 whenever T is alternating.
Indeed, there does not exist a family of n linearly independent vectors in a vector space
of dimension m < n.

Lemma 6.1.5. Let V' be a vector space, and let T € Mult, (V') be alternating. For any
Xi,...,X, €V one has

T(Xy, .., X, oo, X, X)) = —T(Xq, o Xy - X, X)),
or in other words T changes its sign when two arguments are exchanged.

Proof. One has by linearity and since T is alternating:

0=T(X1,..., X;+ Xp, ..., X; + Xp, ..., X,.)
—T(Xy, . X X X))+ T(X o X X, X))
(X, X X X))+ T(X e X X, X))
=04+ 0+T(Xp, .., X5 Xy X))+ T(X, o X X, X))

from which the statement follows directly. O

Let us finally state two useful properties of alternating maps which follow almost
directly from the definition.

Lemma 6.1.6. Let V' be a vector space over a field F, and let T € Mult, (V) be
alternating. Then for any X4,...,X, € V and any \, \; € F one has
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(1)
T(X1, o AX s X)) = AT(X1s e X X,
(1)
T<X1 + 3 AKX ,Xn) = T(X), Xo, ..., X0),
=2

and such linear combination can be performed at any entry.

Proof. The first statement is nothing but the linearity of T in its j**-argument. The
second statement is a consequence of the alternating property of T. O

6.2 The determinant

Let IF be a field, and recall that a map

T:F"x .- xF* = F
———

m terms

is multlinear alternating if T is linear in each of its m arguments and if
T(Xl,...,XZ‘,...,Xj,...,Xm) :O

whenever X; = X for some ¢ # j. In the special case m = n, a very strong statement
holds. For this, recall that the standard basis {E;}7_; of F" is given by (Ej); = 1 if
i=jand (E;); =0if i # j.

Theorem 6.2.1. For any field F there exists a unique T € Mult,,(F™) alternating such
that
T(EL, Esy,y ..., E,) = 1.

In order to prove this statement, we need to introduce one more notation. For any
indices iy, 4o, ..., 4, with i; € {1,2,...,n} we define the number ¢;;, ;. by
Eiris..i, = 0 if two of the indices are equal,
Eivig.in = (=)™ if {i1,...,i,} ={1,...,n} and if m is the number of transpo-

sitions (exchanges) needed to reorder iyis .. .1, into 12...n.

Note that the equality {i1,...,i,} = {1,...,n} has to be understood as an equality
between sets, without any consideration about the order. For example, {1,2} = {2,1}
because both sets contain the same elements.

Example 6.2.2.

e =1,691=—1,e11 =0 =¢9

€123 = 1 = €931 = €312,€132 = —1 = €391 = €213,€122 = 0= €911 = - -
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Proof of Theorem 6.2.1. Let Xy,..., X, € F*, and let \;; € F for i,5 € {1,...,n} such
that X; = > | A\;;E;. Thus, if T is any multilinear map one has

T(X, ..., X,) = T( i MiEiys i AnE)

i1=1 in=1

=3 Y M A T(Es - B (6.2.1)

In addition, if T is alternating as well, then T(E;,,..., F; ) = 0 unless {iy,...,i,} =
{1,...,n} and in this case one has

T(EZ 7Ezn) = giliz...inT(Eh EQ, . 7En)

190

Finally, by imposing T(Ey, Es, ..., E,) = 1 one gets from (6.2.1) that

T(Xl, e 7Xn) = Z >\1i1 . )\m;n Eilizmin
{i1yeeyin }={1,...,n}
= Z Eivigein Aliy - - - Anig - (6.2.2)

Note that the summation has to be performed on the set of all permutations of the
n numbers 1,2,...,n. One concludes by observing that the r.h.s. of (6.2.2) does not
depend on T, showing that there exists only one T satisfying the stated conditions. [J

Corollary 6.2.3. There exists a unique map Det : M,(F) — F which is n-linear
alternating as a function of the columns, and which is equal to 1 for the identity matriz
1,.. This map is called the determinant.

Proof. Tt is sufficient to identify a matrix A € M, (F) with its n columns A7, each one
belonging to F", and to use the previous theorem. O

Note that the following two notations are used for the determinant of a matrix A:
either Det(.A) or | A|. In the next statement, we simply adapt the properties proved for
n-linear maps to the determinant.

Lemma 6.2.4. Let A € M, (F) with A= (A" A? ... A"). Then
(i) Det(A) = 0 if the n columns of A are linearly dependent,
(i)
Det(A" ... A7... A" .. A") = —Det(A'... A" AT A",

or in other words the sign of the determinant changes whenever two columns of
the matrix are exchanged,

(iii)
Det(AL.. . AAT ... A") = ADet(A!... A7... A",
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(iv) Det(A) is not changed if one adds to a column a linear combination of the other
columns.

Let us also state two formulas for the computation of the determinant (see also
Exercise 6.5). For this purpose, we introduce one more notation: For a matrix A €
M, (F) and for 4,5 € {1,...,n} we denote by A(i,j) € M,_1(F) the matrix obtained
by disregarding the row 7 and the column j of A. Then the following formulas hold: for
any A = (a;;) one has

Det(A) = Z(—l)”j a;; Det (A(i, §)) for any fixed i € {1,...,n}, (6.2.3)
j=1
or

n

Det(A) = > (=1)"" a;; Det (A, 5)) for any fixed j € {1,...,n}.  (6.2.4)

=1

Note that formula (6.2.3) corresponds to a development of the determinant with respect
to the row i of A, while (6.2.4) corresponds to the development of the determinant with
respect to the column j of A.

Examples 6.2.5. (i) If A€ M;(F), i.e. A= (a) €F, then Det(A) = a,
(ii) In A € My(F) with A= (a3 a2 ), then

Det(A) = (—1)%aq; Det (A(1,1)) + (—1)%as2 Det (A(1, 2))
= Q11022 — Q12021
= a11G22 — A21Q12,
ail ai2 ais

(iii) If A € M3(F) with A= (am as) azs), then

a3l a32 a33

Det(.A)
=(—1)%as; Det (A(1,1)) + (—1)*a12Det(A(1,2)) + (—1)*a13Det (A(1, 3))
Zan(a22a33 - CL32CL23) - alz(a21a33 - a31a23) + a13(a21a32 - Cl31a22)

=011022033 — 11032023 — (12021033 + 12031023 + A130A21A32 — A13A310A22-

Remark that in the above examples, we have performed the development with
respect to the first row, but the same result would have been obtained if the development
was performed with respect to any other row or column.

In the sequel, we shall obtain various additional properties of the determinant.

Lemma 6.2.6. Let A € M, (F), then Det(A) = Det(A).
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Proof. The proof is performed by induction. Clearly, for n = 1 the statement is true
since the matrix just corresponds to a single scalar. So we can assume that the statement
is true for any matrix in M,,_,(F) and prove it for any element of M, (F). Let A = (a;5) €
M, (F) and let us set B = (b;;) with B = A. Then, by the formula (6.2.3) with ¢ = 1
one gets

Det(A) = ai Det (A(l, 1)) — a12 Det(A(l, 2)) + -+ (—1)”+1a1nDet(.A(1, n)) (625)
and by formula (6.2.4) with j = 1 one gets
Det(B) = byy Det (B(1,1)) — by Det (B(2,1)) + - -+ 4 (=1)"'b, Det (B(n, 1)). (6.2.6)

Now, observe that a;; = bj; because B is the transpose of A, and similarly B(j,1) =
‘A(1,7) € M,,_1(F). Since by assumption one has

Det(A(1,5)) = Det(*A(1, j)) = Det(B(j, 1))

one directly infers from (6.2.5) and (6.2.6) that Det(.A) = Det(B), which corresponds
to the statement. O

Corollary 6.2.7. All the properties of Det(A) with respect to the columns of A also
hold with respect to the rows of A.

In order to state an important result linking Det(.A) and the invertibility of A, let
us recall some results of Chapter 2 but in the general framework of an arbitrary field
F.

1) Recall that the elementary matrices have been introduced in Definition 2.5.1 and
that their definition holds for any field. One shows in Exercise 6.4 that

(i) Det(1, — I + cl,.) = ¢, for ¢ € F with ¢ # 0,
(ii) Det(1, + Is + Iy — L., — I;s) = —1, for r # s,
(iii) Det(1, +cl,s) =1, for r # s and any ¢ € F.

In addition, one also observes that for any A € M, (F) and any elementary matrix
B € M,(F) one has
Det(BA) = Det(B) Det(.A). (6.2.7)

Note that this property can be inferred from the general property of the determinant
and from the action of an elementary matrix on A, as seen in Exercise 2.14.

2) For any A € M,,(F), let us recall that there exist a family of elementary matrices
By, By, ...,B, € M,(F) such that A" := B,B,_1...B1.A is a matrix in the standard
form, see Corollary 2.4.10 and the subsequent definition. In particular, it has been
shown in Theorem 2.5.4 that A" = 1,, if and only if A is invertible. Equivalently, A is
not invertible if and only if A’ contains some 0 on its diagonal.

3) One easily observes that Det(A’) = 1 if A" = 1,, and that Det(A") = 0 if A’
contains some 0 on its diagonal.
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Proposition 6.2.8. For any field F and any A € M,(F), the following statements are
equivalent:

(i) Det(A) £0,
(i1) A is invertible,
(iii) The columns A', A% ... A" of A are linearly independent,
(iv) The rows Ay, Ay, ..., A, of A are linearly independent.

Proof. Since there exist elementary matrices B, such that A" := B,B,_ ... B A with
A’ in the standard form, one gets from (6.2.7) that

Det(A’) = Det (Bpo_l . .BlA)
= Det(B,) Det(B,_; ... B1.A)

= Det(B,)Det(B,—1) ... Det(B;) Det(A).
20

Thus, one infers that Det(A) # 0 if and only if Det(.A") # 0. Since by the above
observations 2) and 3) one already knows that Det(.A") # 0 if and only if A is invertible,
one then concludes that Det(A) # 0 if and only if A is invertible. This corresponds to
the equivalence between (i) and (i7).

For the second equivalence, consider L4 : F* — F™ be the linear map defined
by LuX = AX for any X € F". By definition of the rank, A',... A" are linearly
independent if and only if rank(A) = n. However, by Corollary 4.4.2, Theorem 4.3.5
and Lemma 4.7.8 one has

rank(A) = n < dim(Ran(La)) = n < dim(Ker(La)) = 0 < Ly is invertible.

Finally, from Example 4.7.2 one also infers that L4 is invertible if and only if A is
invertible. Summing up these information, one has obtained that A!, ..., A" are linearly
independent if and only if A is invertible, which corresponds to the equivalence between
(71) and (di).

The equivalence between (iii) and (iv) corresponds to a reformulation of Corollary
6.2.7. O

Corollary 6.2.9. Let F be any field and let X4,...,X, be n elements of F". Then
Xi,..., X, are linearly independent if and only if Det(X; Xz ... X,,) # 0.

Let us now prove an extension of (6.2.7) valid for arbitrary matrices.

Proposition 6.2.10. For any field F and any A,C € M, (F) one has

Det(AC) = Det(A) Det(C). (6.2.8)
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Proof. Since there exist elementary matrices B; such that A := By 'B, " ... By ' A’ with
A’ in the standard form, one gets from (6.2.7) that

Det(AC) = Det(B;'B;" ... B, " AC)
= Det(B; ") Det(B; ' ... B, AC)

= Det(B; ") Det(B; ") ... Det(B, ) Det(A'C).

#0

Thus, if A" =1,,, one deduces that

Det(AC) = Det(B; ') Det(B; ") ... Det(B, ') Det(C) = Det(A) Det(C).

—Det(A)

On the other hand, if A" # 1,,, then the last row of A’ is filled with 0 and one has
Det(A") = 0 = Det(A), where we have used an argument from the previous proof for
the last equality. However, one also deduces from the formula (2.2.4) on the product of
two matrices that the last row of A'C is also filled only with 0, and this implies that
Det(A'C) = 0 as well. As a consequence, one has both

Det(AC) = Det(B; ') Det(B; ") ... Det(B, ") Det(A'C) = 0

and Det(A)Det(C) = 0Det(C) = 0. Again, the equality (6.2.8) holds. O

6.3 Cramer’s rule and the inverse of a matrix
The next proposition is usually referred as Cramer’s rule.

Proposition 6.3.1. Let A € M,(F) with Det(A) # 0, and consider the system of
z1
equations AX = B with B € F". Then its solution X = ( : ) e " is given by

n

L — 1 1 42 n
T = Det(A)Det(A A*.. B.. A",

where B is replacing the column A7 .
The proof of this statement is provided in Exercise 6.12.

Corollary 6.3.2. If A € M, (F) is invertible, then its inverse is given by the following
formula
Det (A(j, 1))

A = U™ =5
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1
Proof. For fixed j € {1,...,n}, consider the equation AX = E; with X = ( : ) e

and with E; € F" the vector consisting in 1 at the position j and 0 everywhere else.
Since A is invertible this equation is equivalent to A™'FE; = X, or more precisely
i = > o (A w(E))y for any @ € {1,...,n}. Since (E;);, = 0 whenever j # k one
gets x; = (A1),

On the other hand, from the previous proposition with B = E; one also gets

Det(A'A*.. . E;... A") = !

= Dot (A (—=1)"* Det(A(j,7))

X

B 1
~ Det(A)

where formula (6.2.4) with respect to the column ¢ has been used. By identifying the
two expressions for x; one gets the stated equality. O
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6.4 Exercises

Exercise 6.1. Let us define the map F : M, (R) x --- x M,(R) - R by

e
m arguments

F(A, ..., An) =Tr(Ar ... Ay).
Show that F is a m-linear map.
Exercise 6.2. Show that the the cross product in R? is a bilinear alternating map.
Exercise 6.3. Exhibit 3 different alternating bilinear maps on R3.

Exercise 6.4. Forr e {1,...,m} and s € {1,...,m}, let I,; € M,,(F) be the matriz
whose rs-component is 1 and all the other ones are equal to 0. For ¢ # 0, consider the
follownng 3 types of elementary matrices :

1. 1,, — I, + cl,., the matriz obtained from the identity matrix by multiplying the
r-th diagonal component by c,

2. Forr # s, (Lym+ s+ Iy — L — Iss), the matriz obtained from the identity matriz
by interchanging the r-th row with the s-th row,

3. Forr # s, (1,,+cl,s), the matriz having the rs-th component equal to ¢, all other
components O except the diagonal components which are equal to 1.

Compute the determinant of these elementary matrices.

Exercise 6.5. For an arbitrary field F let A = (a;;) € M,,(F) and recall the formula:

n

Det(A) = Z(—l)”j a;; Det (A(i, §)) for any fized j € {1,...,n}

i=1
n

= Z(—l)”j a;; Det (A(i, §)) for any fized i € {1,...,n}.

j=1
Show that Det(1,)) = 1 for any n. For n = 2, show that

(i) the determinant is linear as a function of the columns of A,

(ii) the determinant is alternating as a function of the columns of A.

Can you do it for n = 3% For arbitrary n (a proof by induction over the dimension n is
recommended,).

Exercise 6.6. Compute the determinant of the following matrices:

4 -1 1 1 46 311 (1)(1)_022
a){2 0 0], b0 0 1 )2 5 5 d>0—110
1 5 7 00 8 8 7 7 5 0 0 5
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Exercise 6.7. Let A = (a;i) € M,(R) be an upper triangular matriz. Compute Det(A).
Exercise 6.8. Show that two similar square matrices share the same determinant.
Exercise 6.9. Show that if A € M, (F) is invertible then the following equality holds:
1
Det(A)

Exercise 6.10. Compute the determinant of the matrix (“;1 2"’;;15).

Det(A™")

Exercise 6.11. Consider the matriz A = <—i\1 /1\ i) with A\ € R.
(1) Compute the determinant of A,

(11) For which values of \ is A invertible ?
Exercise 6.12. Prove Cramer’s rule, i.e. show that if A € M, (F) is invertible and if
X € F" satisfies AX = B for some B € F", then

R 1 1 42 n
T, _—Det(.A)Det(A A°...B... A ),

where B is replacing the column A’. For that purpose, one should first recall that AX =
B is equivalent to x1 A + 19 A% + - - - + 2, A" = B, and insert this equality in the term
Det(A'A%...B...A").

Exercise 6.13. By using determinants, find the inverse for the following matrices :

1 2 -1 21 2
a) 01 1 b) 03 -1
02 7 4 1 1
Exercise 6.14. By using determinants, solve the following systems of equations :
r+2y—z =1 20 +y+2z =0
a) y+z =1 b 3y —z =1
2u+T7z =1 de+y+z =2

Exercise 6.15. Let X,Y be two vectors in R%. Check that the area of the paralle-
logram spanned by X and Y is equal to the absolute value of the determinant of the
matriz (X Y) € My(R). More generally, if Xy,..., X, are n vectors of R", one writes
Vol(Xy,...,X,) for the volume of the n-dimensional box spanned by Xi,...,X,. Why
15 it natural to have
Vol(Xy, ..., X,) = |Det(X;...X,)| 7

Exercise 6.16. Let {Vi,...,V,,} and {V],...,V!} be two bases of R", and let B €
M, (R) be the matriz of change of bases, i.e. V] = BV} for any j =1,2,...,n. What is
the geometric interpretation of |Det(B)| in this setting ? For that purpose, one should

first check that if (V4 Va...V,,) denotes the matriz with columns V; and (Vi V5 ... V)
denotes the matriz with columns Vj’ , then one has

(VI VL. V) =BV, BVy...BV,) = B(Vi V... V).
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Chapter 7

Eigenvectors and eigenvalues

7.1 Eigenvalues and eigenvectors
We start with the main definition of this chapter.

Definition 7.1.1. Let V' be a vector space over a field F, and let L : V — V be a linear
map. An element A € F is an eigenvalue of L if there exists X € V with X # 0 such
that

L(X) = A\X.

In such a case, X 1is called an eigenvector or an eigenfunction associated with the
ergenvalue .

Examples 7.1.2. (i) Consider Ly : R*> — R? with A = (}3). Then one observes

Y L0 0-(0)-0)

Thus, (1) is an eigenvector of 1y associated with the eigenvalue 5. Similarly, one
can check that (1)) is an eigenvector of Ly associated with the eigenvalue —1.

ain 0 .. 0
0 a 0
: ” : ), then E; is an eigenvector of Lis associated with the

(i) If A = (
0 0 .. amn

ergenvalue a;;.

(iii) If V.= CY(R) and if L = &, then any A € R is an eigenvalue of L since the
function x — e’ belongs to C*(R) and satisfies

[L(eM)](z) = (ex)/(:z:) =A™,

Thus this function is an eigenvector associated with the eigenvalue \.

101
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Remark 7.1.3. An eigenvector is never unique. Indeed, if X is an eigenvector asso-
ciated with the eigenvalue \ of L, then for any ¢ € F with ¢ # 0 the element cX € V
s also an eigenvector of L associated with the eigenvalue A. Indeed, one only has to

observe that
L(cX) = cL(X) = eAX = A\(cX).

More generally one has:

Lemma 7.1.4. The set of eigenvectors associated with the eigenvalue A of L is a sub-
space of V.

This vector space is called the eigenspace associated with the eigenvalue A of L.

Proof. We have just seen that if X is an eigenvector of L associated with the eigenvalue
A, then cX is an eigenvector associated with the same eigenvalue. This corresponds to
the second condition of the definition of a subspace of V', see Definition 3.1.5.

For the first condition of the same definition, observe that if X7, X, satisfy L(X;) =
AX; and L(X5) = AX,, then one has

L(Xl + XQ) == L(Xl) + L(XQ) = >\X1 -+ )\XQ = /\<X1 -+ XQ),
which corresponds to this condition. O

Example 7.1.5. Let A = (§ % §> € M3(R) and consider the corresponding map Ly :

R3 — R3. Then 0 and 3 are eigenvalues of Ly, with B, an eigenvector associated with
the eigenvalue 0, and any cEs 4+ dE3, with c¢,d € R, an eigenvector associated with the
eigenvalue 3. Note that the eigenspace associated with the eigenvalue 0 is of dimension
1 while the eigenspace associated with the eigenvalue 3 is of dimension 2.

The following result is important, especially in relation with quantum mechanics.

Theorem 7.1.6. Let A, ..., N\, be eigenvalues of L, and let X1, ..., X,, be correspond-
ing eigenvectors. If N\, # X; for any i # j, then the vectors Xy,..., X, are linearly
independent.

Proof. This proof is a proof by induction. Clearly, if m = 1 then the only eigenvector
X1 # 0 is linearly independent. So, let us assume that the statement is true for a certain
m—1 > 1, and let us prove it for m. Thus, let us assume that X, ..., X,, 1 are linearly
independent, and show that Xi,...X,, are also linearly independent. For this purpose,
consider the linear combination

01X1+02X2+"'+Cme:0, (711)
for some coefficients ¢; € F. By multiplying this equality by \,, one gets

Cl)\le + Cg)\mXQ + e+ CmAme =0. (712)
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On the other hand, by applying L to (7.1.1) one gets
ClL(Xl) + CQL(XQ) +---F CmL(Xm) = Cl)\1X1 + CQ)\QXQ + -+ Cm)\me = 0. (713)
Finally, by subtracting (7.1.3) to (7.1.2) one obtains

Cq ()\m — )\1) X1 + Co ()\m — )\2) X2 + -+ Cpet ()\m — /\m71> Xm,1 =0.
S——— —— —

#0 £0 #0
Since X, ..., X,,_1 are linearly independent, it follows that ¢; =co =--- =¢,,_1 = 0.
We then conclude from (7.1.1) that ¢,,, = 0 as well, meaning that X, ..., X,, are linearly
independent. O

Corollary 7.1.7. If A € M, (FF), then the linear map Ly : F* — F™ can have at most
n distinct eigenvalues.

Proof. If Ly had m > n eigenvalues, then the eigenvectors Xi,..., X,, would be a
family of m linearly independent elements of F", which is impossible. n

7.2 The characteristic polynomial

If V is a vector space over a field F, and if L : V' — V is a linear map, how can one find
out the set of eigenvalues of L 7 In this section, we shall answer this question.

Theorem 7.2.1. Assume that V is a finite dimensional vector space over F, and let
L:V — V be linear. Then X € F is an eigenvalue of L if and only if L — A1 is not
invertible.

Proof. 1f X is an eigenvalue of L, with X € V' an associated eigenvector, then
[L—A1}(X)=L(X) = AX = XX —AX =0,

and therefore X € Ker(L—A1). By Theorem 4.7.8, it follows that L—A1 is not invertible.

Reciprocally, if L — A1 is not invertible, it follows from the same theorem that there
exists X € Ker(L — A1) with X # 0. In other words, there exists X € V with X # 0
such that L(X) — AX = 0, which means that L(X) = AX. Thus, X is an eigenvalue of
L and X is an associated eigenvector. O]

Let us consider a special case of the previous statement. If V = F" and L = L4 for
some A € M, (F) one infers that A € F is an eigenvalue of L4 if and only if Ly — A1 is
not invertible, i.e. if and only if A — A1,, is not invertible. However, we have seen that
this holds if and only if Det(A — A1,,) = 0. We have thus proved:

Corollary 7.2.2. Let F be an arbitrary field, and let A € M, (F). Then X is an eigen-
value of Ly if and only if Det(A — \1,,) = 0.
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Definition 7.2.3. For any A € M,(F) and X\ € F, one sets
Py(A) :=Det(A — \1,)
and call it the characteristic polynomial associated with A.

Note that some authors use the following definition: P4(\) = Det(A1,, — .A) which
is equal to £Det(A — \1,,), depending if n is even or odd. Note also that if A € M,,(F),
then P4 is a polynomial of degree n. As a consequence of the previous corollary, one
has obtained:

Proposition 7.2.4. For any A € M, (F), the scalar X € F is an eigenvalue of 1y if
and only if Po(\) = 0.

Examples 7.2.5. (i) Let A= (1%), then

1—-A 2

P4(N) = Det(A—A1y) = Det < 4 3

) =(1-XN)(B=XN)—=8=(A=5)(A\+1).
Thus, the eigenvalues of Ly are —1 and 5.

(ii) For A= (

OO+

12
5—1 | one has
0 7

1—AX 1 2
PaN) =Det| 0 5-X —1 | =1-X6-NT-N,
0 0 7T—A

and the eigenvalues of Ly are 1, 5 and 7.
(111) For (93) one has Po(A\) = (1 — A\)(1+ X), and the eigenvalues are —1 and 1.
(iv) For (% %) one has Pa(\) = \> + 1 and the eigenvalues are... ?

Note that once the eigenvalues have been determined, it is possible to find the
eigenvectors (or the eigenspaces) by solving a linear system. Indeed, if A is an eigenvalue
of 14 one looks for some X € F” such that AX = AX < (4 - \1,)X =0.

Examples 7.2.6. (i) For A= (}3) and A =5, one has to solve

O E)-CII0-G D00

—4r+2y =0 x arbitrary
dr —2y =0 y=2x ’

Thus, the eigenspace associated with the eigenvalue 5 is given by {(s;) | v € R}
or equivalently {x (1) | x € R}.
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(i) For (9}) and the eigenvalue X = 1 one has to solve

-1 1 z\ (O

1 —-1)\y/ \O
which is equivalent to the single equation —x + vy = 0, or equivalently to x = y.
Thus, the eigenspace associated with the eigenvalue 1 is {x (1) | x € R}.

Let us now come back to the matrix (% §) with P4(\) = A\? + 1. Assume for a
while that there exists ), solution of A2 41 = 0, or equivalently A\ = —1. One can then
wonder about the corresponding eigenspace ? For that purpose, consider

Coo) 266 -G )60

which is equivalent to

“Ar+y=0 Y+ Ny =0 y(1+ 23 =0
{—x—)\y:O @{x:—/\y <~ r=—-\y ’

Since 1 + A2 = 0, the element y can be chosen arbitrarily, and then one can define
x by the relation x = —\y. Thus, the eigenspace associated with the eigenvalue \ is
{y(7") | v € R} which is a one dimensional vector space. Everything looks fine, except
that there is no A € R satisfying A> + 1 = 0 ! At this point, it is necessary to introduce
the notion of complex numbers, which will be done in the last chapter.

As a final example, one can consider the matrix A = ( é i —21) with corresponding
characteristic polynomial P4(\) = (2 — A\)?(3 — \). Thus, the eigenvalues of T4 are 2
and 3. It is good exercise to check this characteristic polynomial, and to determine the

eigenspace corresponding to these eigenvalues, see Exercise 7.8.
We can now define an important set related to each linear map.

Definition 7.2.7. Let V be a finite dimensional vector space, and let L : V — V be a
linear map. The set of all eigenvalues of L is called the spectrum of L and is denoted
by o(L), i.e. o(L) = {A1, Ag, ... } with each \; an eigenvalue of L.

Before the next statement, let us remind that if B is an invertible matrix, then one
has
1 = Det(1,) = Det(BB~") = Det(B)Det(B~")

which means that Det(B~!) = Det(B) L.

Lemma 7.2.8. Let A € M, (F) and consider 1y : F* — F" the associated linear map.
Let B € M, (F) be invertible. Then

O'(LBAlgfl) = O'(LA).
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Proof. One has

Det(BAB™' — \1,,) = Det(BAB~" — ABL,B™!) = Det(B(A — A1,)B™")
= Det(B)Det(A — A1,)Det(B~!) = Det(A — \1,,).

Thus, A is an eigenvalue of L4 if and only if A is an eigenvalue of Iz 45-1. O

Lemma 7.2.9. For any A € M,(F), A € F is an eigenvalue of Ly if and only if X is
an eigenvalue of Liy.

Proof. 1t is sufficient to observe that (*A — A1,) = (A — A1,) and to recall that
Det(B) = Det(‘B) for any B € M, (F), see Lemma 6.2.6. O

7.3 Eigenvalues and eigenfunctions for symmetric
matrices

The aim of this section is to show that if A € M, (R) is symmetric, i.e. "4 = A, then
the corresponding linear map Ly has n eigenvalues Aq,..., A\, (some of them can be
equal) and n mutually orthogonal eigenvectors. In fact, we shall prove a slightly more
general statement, valid for more general linear maps.

First of all, recall that if ‘A = A, then the corresponding bilinear map F4 : R" x
R™ — R and defined by F4(X,Y) =X AY is symmetric. In other word, it means that
FA(X,Y) = F4(Y, X), see Exercise 5.6.

Lemma 7.3.1. If A € M,(R) is symmetric, and if A1, \s € R are eigenvalues of Ty
with A1 # Ao, then any associated eigenvectors X1 and Xo satisfy X1 1 X,.

Proof. One has
FA(Xl,XQ) = tXlAXQ = tXl(/\QXQ) = /\QtXlXQ = /\Q(Xl . XQ)

since AXy = Ay Xs. Here (X - X3) means the scalar product between the two vectors
X, and X5. However, since F 4 is symmetric one also has

Fa(X1, Xo) = Fa( Xy, X1) = "XoAX| =" Xo (M X)) = M XX = M (Xo - X))
since AX; = A1 X;. By comparing these expressions, one has thus obtained that
)\Q(Xl N Xg) - )\1(X2 N Xl)

However, since X7 - Xy = X5 - X and since \; # Ay one concludes that X; - X5 = 0,
which means that the two vectors are orthogonal. O
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Let us now observe that if A € M, (R) and if A is an eigenvalue of Ly with the
corresponding eigenspace of dimension m, then one can always choose m mutually
orthogonal elements X7, . .., X,, which satisfy Lx(X;) = AXj for j € {1,...,m}. Indeed,
if we denote by V) the eigenspace associated with the elgenvalue )\ we can apply
Graham-Schmidt to this subspace and obtain a basis of V) containing m elements.
Each of these elements still satisfies L4(X;) = AX;. Note that the dimension of the
eigenspace V) is called the geometric multiplicity of the eigenvalue .

Theorem 7.3.2. Let A € M,(R), and assume that there exists Xy, ..., X, € R", with
X; # 0 and such that Lu(X;) = N\;X; for some \; € R and all j € {1,...,n}. Assume
also that Vect(Xl, ..., X,) =R". Then if one defines the matriz B with the column B’
given by BY = X, it follows that B is invertible and that

BilAB - diag(Ah ey )‘n)v

where diag(Ay, ..., \,) corresponds to the diagonal matriz with entries Ay, ..., A\, on its
diagonal.

Remark 7.3.3. (i) We shall prove subsequently that the assumptions of this theorem
are satisfied whenever A is symmetric. The assumptions are also satisfied if A is
arbitrary but Ly has n distinct eigenvalues, see Theorem 7.1.6.

(11) If we consider B as a change of bases, then the statement means that in the basis
defined by the vectors Xy, ..., X,, the linear map Lg-145 is diagonal.

Proof. Since X7, ..., X, are linearly independent, it follows that Det(B) # 0 and thus
that B is invertible, with inverse denoted by B~
Let us now compute

B~ AB =B A(X, X2 X ) B (AX, AX, ... AX,)
:B_l(/\le )\2X2 ) = B dlag()\l,...,/\n) :diag()\l,...,/\n).

Indeed, observe that

n

(X1 X . X) diag(A,. o, hn)), = D (X0 Xo o X diag(Ar, - An)k
k=

( X1 >\2X2 cos X0

>_A

since diag(A1, ..., A\y)k; = Aj if £ =7 and 0 otherwise. O

From now on, we shall establish a link between the eigenvalues/eigenvectors and a
geometric construction. For that purpose and for any symmetric matrix A € M, (R) let
us define f4 : R® — R by

fA(X) = FA(X,X) = tXAX,

and call it the quadratic form associated with A.
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Examples 7.3.4. (i) If A= (2 7'), then

3 -1
fa (2) = (21 ) (_1 5 ) (Z) = 323 — 21179 + 373,

(i1) More generally, if A = (a;;) € M,(R) with A symmetric, then

I air ... Qip T

n
fal il =@ .om) | b =D

Tn Ani  --. Gpn Tn 4j=1
Let us now consider the unit sphere S"~* C R, i.e.
§"1 = (X e R" | |IX]| = 1},
and for a symmetric matrix A € M, (R) we consider f4(X) with X € S"'.

Definition 7.3.5. A point X € S"! is a mazimum for fy on "1 if f4(X) > fa(Y)
for any Y € S*1,

Note that such a maximum always exists, but it can be non-unique. For example if
A=1,, then
faX) = f,(X) =X, X =X X = ||X|? =1
and thus f;, is constant on the sphere. It means that any X € S*! is a maximum for
f1, on S"™L.
The following result establishes a link between the eigenvalues of L 4 and the max-
imum points of fy4.

Theorem 7.3.6. If A € M,(R) is symmetric and if X is a maximum for fq on S"1,
then the value f4(X) is an eigenvalue for Ly with a corresponding eigenvector X, i.e.

Lu(X) = AX = fu(X) X.

Proof. Let Hox = {Y € R* | Y - X = 0} be the hyperplane perpendicular to X, of
dimension n — 1, and let us choose any Y € Hg x with ||[Y|| = 1. For any ¢t € R, one
sets

C(t) :==cos(t) X +sin(t)Y € R"

Observe that since X - Y = 0 one has
IC@)|]* = [ cos(t) X [P+ sin(t) Y[|* = cos®(t) | X [|>+sin®(¢) [|Y || = cos®(t)+sin?(t) = 1.

It follows that for any ¢ € R the point C(¢) belongs to S™!, and in addition one has
C'(0) = X. In more precise words, the map

R>t— C(t) e S"!
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is a curve on S"! passing through X for ¢ = 0. Let us also observe that
C'(t) = —sin(t) X + cos(t) Y

and that C’(0) =Y. Note that this latter quantity corresponds to the direction of the
curve at t =0

Consider now the map R 3 ¢ — f4(C(t)) = ‘C(t)AC(t) € R. Since fa(X) is
maximal and since C(0) = X, this map t — f4(C(t)) is (locally) maximal at ¢ = 0,
and thus fy (C(t))/|t20 = 0. Since one has

%(tC(t)AC(t)) _, = (C'MAC(t) +'C (1) AC' (1)) ],_,
='YAX +'XAY
= 2'Y AX,

where we have used that 'Y AX =X AY (see Exercise 5.6), it follows that ‘Y AX =0
for any Y € Hoy. In addition, since 'Y AX =Y - (AX), one infers that AX € Hg y,
and consequently that AX = AX for some A € R (recall that Hg x is of dimension n—1
and thus that only Vect(X) is perpendicular to it).

Finally, one observes that since || X|| = 1 one has

faX)="XAX = X - (AX) =X - (AX) = A|X[* = A
which means that Li(X) = AX = f4(X) X, as expected. O

Let us observe that by using the notation introduced in Chapter 5 one has
fa(X) = 'XAX = X - (AX) = (X, AX) = (X, Ly(X))

and that
Hox ={Y eR"|Y - X=0}={Y eR" | (Y, X) =0}.

Thus, what really matters in the previous statement and its proof is the existence of a
scalar product, and that (Y, L4 (X)) = (Lis(Y), X) (which is a more general formulation
of the equality 'Y AX = X AY). By using this observation, one can easily generalize
the previous proof and statement. For that purpose, let us first provide a new definition.

Definition 7.3.7. Let V' be a vector space and let (-,-) be a scalar product on V. A
linear map L : V' — V is symmetric with respect to the scalar product if it satisfies

Y, L(X)) = (L(Y),X) VX,Y eV

Theorem 7.3.8. Let V be a finite dimensional vector space endowed with a scalar
product, and let L : V. — V be a linear map which is symmetric with respect to the
scalar product. Then L possess an eigenvalue, with eigenvector X # 0.
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Definition 7.3.9. Let V' be a vector space and L : V' — V be a linear map. A subspace
W C V is stable for L if L(W) C W, i.e. if whenever X € W then L(X) € W.

Examples 7.3.10. (i) {0} and V' are always stable for any linear map L : V — V|
(11) Ker(L) is stable since for any X € Ker(L) one has L(X) =0 € Ker(L),
(111) If W is the eigenspace associated with an eigenvalue A of L, then W is stable.

For the next statement, recall that if W is a subspace of a vector space V' endowed
with a scalar product, then

WH={Y eV | X)=0VX € W}.

Lemma 7.3.11. Let V be a finite dimensional vector space and let (-,-) be a scalar
product on V. Let L : V. — V' be a linear map which is symmetric with respect to the
scalar product. If W is stable for L, then W+ is stable for L.

Proof. Let Y € W+ and X € W, then (L(Y), X) = (Y,L(X)) = 0 since L(X) € W.
Thus L(Y) € W for any Y € W+, which means precisely that W+ is stable. ]

We can now state and prove the most important result of this section.

Theorem 7.3.12. Let V' be a vector space of dimension n and endowed with a scalar
product (-,-). Let L : V. — V be a linear map which is symmetric with respect to the
scalar product. Then V' possesses an orthonormal basis of eigenvectors of L. In other
words there exist Y1, ...,Y, mutually orthogonal and with ||Y;||* = (Y;,Y;) = 1 such
that V = Vect(Y1,...,Y,) and such that L(Y;) = \;Y; for some ;.

Proof. By Theorem 7.3.8 there exists X; # 0 such that L(X;) = A\ X; for some ;. If
one sets W, = Vect(X), then W is stable for L, and the same property holds for Wj-.
Thus Wit is a subspace of V of dimension n — 1, and L is a symmetric linear map in
Wit (endowed with the scalar product inherited from V). Thus, we can again apply
the previous theorem in Wit instead of in V, and there exists Xy € Wit with X, # 0,
such that L(X3) = Ay X5. Then, by defining Wy := Vect(X5), one obtains that Ws- (the
subspace orthogonal to Wy in W) is of dimension n — 2, and is stable for L. Since L is
a symmetric linear map in Ws- one can go on iteratively in the procedure, up to W,.
Finally, by fixing Y; := X,/||Xj|| one gets that Y; € W, that ||Y;|| = 1 and by
construction Y; is orthogonal to Y, whenever j # k. One has thus obtained a basis of
V' which satisfies the stated properties. O

Remark 7.3.13. In the basis {Y1,...,Yy} the linear map L is diagonal. Whenever
there exists a basis such that a linear map L is diagonal is this basis, one says that L is
diagonalizable.
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Let us summarize our findings: One has obtained that in a vector space of finite
dimension and endowed with a scalar product, any symmetric linear map is diagonaliz-
able. Equivalently, if A € M, (R) is symmetric, then the linear map L4 is diagonalizable.
In particular it means that if A4 € M, (R) is symmetric, then there exists Aj,... \, € R
such that

PaN) =M = N2 — Ao (O — A (7.3.1)

Note that all A; need not be different. For example, one could have Ay = A; but
A3 # A1. The number of times a value A\; appears in this decomposition is called the
algebraic multiplicity of the eigenvalue A\;. What the previous theorem says is that if
A is symmetric, the algebraic multiplicity of an eigenvalue is equal to the geometric
multiplicity of this eigenvalue (i.e. to the dimension of the corresponding eigenspace).
Note that this equality holds for symmetric matrices, but it is not true in general.

7.4 Complex vector spaces

In Chapter 9, the field C of complex numbers is recalled. Thus, one can speak about
complex vector spaces, as for example C", which is of dimension n. One can also freely
speak about M, (C), i.e. matrices with each entry in C.

For any A € M, (C), let us consider Ly : C* — C" defined by L4(X) = AX which
is obviously a linear map. Then, the fundamental theorem of algebra says that there
exist A\1,..., A, € C such that

Pa(A) = Det(A—AL) = (A — Mo = A) ... (An — ).

Note that we have already seen such a factorization in equation (7.3.1), but it was only
for symmetric matrices. Here, there is no restriction on A, but the eigenvalues \; can
be complex. In other words, this fundamental theorem of algebra claims that counting
multiplicity there always exist n solutions to the equation P4(A) = 0. However, be
careful that this factorization does not imply that any matrix A is diagonalizable, even
on C". For example, for the matrix (§), one has P4(\) = A\? (which means that
A1 = Ay = 0), but this matrix can not be diagonalized in any basis.

Another natural question when dealing with C™ is how to endow it with a scalar
product ? Let us recall that a scalar product was used for defining a norm by the
relation || X||* = \/(X, X), see Definition 5.1.5. For example, if x € R, it is necessary
that (x,z) > 0. Thus, let us consider two complex numbers zi, 2o and set

<21, Z2> = 21%Z9. (741)
Then one observes that if z = x + 1y with x,y € R one has

(2,2) = (x +iy)(z +iy) = (v +iy)(z —iy) = 2 +y* > 0.
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In fact, this corresponds to the (square of the) norm of z when one identifies C with
the plane R?. Similarly, if Z =(21,...,2,) € C* and Z’' ='(z},...,2,) € C", one sets

=> %7 (7.4.2)
j=1

and observes again that (Z, Z) > 0.

In Chapter 5, the abstract notion of a scalar product was defined for real vector
space. Let us complement this definition in the case of a complex vector space (but
observe that the real scalar product is a special case of the following definition).

Definition 7.4.1. A scalar product on a complex vector space V is a map (-,-) :
V xV — C such that for any X,Y,Z € V and X\ € C one has

(i) (X,Y) = (Y, X),
(1)) (X +Y,2)=(X,Z)+ (Y, Z),
(iii) (AX,Y) = MX,Y) = (X, Ay),
(iv) (X,X) >0 and (X, X) =0 if and only if X = 0.

It is then easily observed that the definition provided in (7.4.1) and in (7.4.2) are
indeed scalar product on C and C" respectively.
Let us now consider A = (a;;) € M,(C) and let Z, Z' € C". Then one has

n

(La(2),2') = (A2, Z') = Y (AZ); Z; =) Y anZiZ;

j=1 j=1 k=1

_ Z Zilan 7! Z Al takajf) — (2,7A7")

=1 j=1 j=1

= (Z.L(7").

For simplicity, let us set A* := LA. We have thus shown that (I4(2), Z') = (Z, L4 (2")).
In the next statement, we rephrase in this more precise setting what has already
been obtained in Theorem 7.3.12.

Theorem 7.4.2. If A € M, (C) satisfies A* = A, then Ly is diagonalizable, with n real
etgenvalues \;.

For completeness, let us check that the eigenvalues of L4 are real, provided A* = A.
Thus, assume that \; is an eigenvalue of L4 with corresponding eigenvector X; # 0 and
observe that

NIXG P = (\X5, X)) = (La(X;), X;) = (X, La(X;))
= (X;, N X;) = <X X5y = N1X511.

Since ||X;|| # 0 it follows that A; = );, which implies that A; is real.
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§) € My(C), then A* = A and one observes that Pa(\) =

Example 7.4.3. If A= (5
—1). Thus the eigenvalue of A are real, even so A looks rather

Det (2} ) = (A+1)(A

complex !

Remark 7.4.4. Let us stress that Theorem 7.4.2 is at the root of quantum mechanics.
Indeed, in a suitable framework it says that “the observables have real spectrum”.
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7.5 Exercises

Exercise 7.1. Let P : V — V be a linear map on a vector space V' and assume that P
is a projection. Show that P can only have two possible eigenvalues, namely 0 and 1.

Exercise 7.2. For any 0 € [0,27), consider the matriz A(6) := <Z?§§g)) _Sir;ie()e)) and

show that the corresponding linear map L gy : R* — R? always admits the eigenvalue 1.

Exercise 7.3. Consider the matriz A := (2 0) and show that 2 and 4 are eigenvalues

3 4
of the associated linear map L. What are all corresponding eigenvectors ¢ Similarly,
11 2
consider the matrix B= |0 5 —1| and show that 1, 5 and 7 are eigenvalues of the
00 7

associated linear map. Determine the corresponding eigenspaces.

Exercise 7.4. Let A € M,(R) be invertible, and assume that A € R is an eigenvalue
of Lg with X € R™ a corresponding eigenvector.

1. Is X an eigenvector of Ligs ¢ If so, what is the corresponding eigenvalue ¢

2. Is X an eigenvector of the linear map associated with A+ 21,, ? If so, what is the
corresponding eigenvalue ¢

Is X an eigenvector of Lya ? If so, what is the corresponding eigenvalue ¢
Can X\ be equal to 0 ?
Is X an eigenvector of Ly~ ? If so, what is the corresponding eigenvalue ?

What can you say about Ker(Ly4 — A1) ?

S I AR S

What can you say about Det(A — A\1,,) ¢
Exercise 7.5. For any A € My(R), show the following equality
Pa(A) = A2 — ATr(A) + Det(A).

Exercise 7.6. Let A € M,(R) and assume that A has n eigenvalues 1, ..., \,. Then,
show the following equalities:

(i) Det(A) = MAa... N\, (product of the eigenvalues)

(1)) Tr(A) =AM+ X+ -+ N\, (sum of the eigenvalues)

Exercise 7.7. Let A = (é % él ) , and consider the associated linear map Ly : R® — R3.

Determine the eigenvalues of Ly and the corresponding eigenspaces.



7.5. EXERCISES 115

Exercise 7.8. Let A =
Determine the eigenvalue

DN ==

—21 ), and consider the associated linear map Ly : R3 — R3.

f La and the corresponding eigenspaces.

VRS
» oo
S

Exercise 7.9. Let A = (}3), and consider the associated linear map Ly : R* — R?.

Determine the eigenvalues of Ly and the corresponding eigenspaces. Consider then the

matriz B = (1Y) and compute the product B-*AB. What do you observe, and how do

you understand your result ¢

Exercise 7.10. Let A = (2 ), and consider the associated linear map La : R* — R2.
Determine the eigenvalues of Ly and the corresponding eigenspaces.

Exercise 7.11. Let A € M,(R) and consider the linear maps Ly and L. Show that
these linear maps have the same eigenvalues.

Exercise 7.12. Show that if A € M, (R) is orthogonal (i.e. /A= A~1), then the (real)
eigenvalues of Lig can only be 1 or —1.

Exercise 7.13. For A = G i D consider the associated linear map Ly : R® — R3.

Determine the eigenvalues of Ly and the corresponding eigenspaces. Find the change of
bases such that in the corresponding new basis this linear map becomes diagonal.

Exercise 7.14. Let A € M,(R) be symmetric. Show that there exists B € M, (R) such
that B® = A.

Exercise 7.15. For a symmetric matric A € M,(R), one says that A is positive
definite if (AX, X) > 0 for any X € R" with X # 0. In fact, this is precisely the
condition which makes the bilinear map ¥4 define a scalar product, see Fxercise 5.6. If
A is symmetric and positive definite, show that

1. All eigenvalues of Lg are strictly positive,
2. A? is symmetric and positive definite,

3. A7l is symmetric and positive definite.

Exercise 7.16. Let A = (

Compute A™ forn =2, n = 3, n =25 and n = oco. You are allowed to use the result of
Ezercise 7.9.

[SUEN ST
cw e

), and consider the associated linear map Ly : R? — R2.

Exercise 7.17. Let A= (%), and consider the associated linear map Ly : C* — C?.
Determine the eigenvalues of Ly and the corresponding eigenspaces. Show that these
eigenspaces are orthogonal.

Exercise 7.18. Do there exist A, B € M,(R) such that AB — BA =1,, ? Justify your
answer. Note that the notion of trace can be useful for this exercise.
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Chapter 8

Applications

In this chapter, we provide two examples of applications of the various concepts and
results we have developed in the previous chapters.

8.1 Discrete dynamical systems

8.1.1 Coyotes and roadrunners

Let us consider two species in a desert: coyotes and roadrunners. We denote by ¢(n) the
population of coyotes at year n, and by r(n) the population of roadrunners at year n.
The following equation models the transformation of the system, as a function of the
year:

{ c(n+1)=0.86¢(n) + 0.087(n) (8.1.1)

r(n+1) = —0.12¢(n) 4+ 1.147(n)

Note that each of these coefficients has an interpretation: 0.86 and 1.14 correspond
to the birth rate of the coyotes and or the roadrunners, respectively. The coefficient
0.08 can be interpreted as a favorable factor on the population of coyotes whenever
roadrunners can be eaten, while —0.12 corresponds to the decrease in the population

of roadrunners due to coyotes’ appetite. Now, if one sets X (n) = (:83) one can then

rewrite this system as

0.86  0.08
X(n+1) = (—0.12 1.14) X(n).

For later use, we set A := ( %59, 9%).

Question: If at year n = 0 we observe the populations X (0) = (igg; ), what about

the populations X (n) for large n, i.e. in the far future 7
For example, it X(0) = (199), then X (1) = AX(0) = ({%), X(2) = A?X(0) =
AX (1), and X (10) = A°X(0) = (2)). Here the computations are rather lengthy. On

117
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the other hand, if X (0) = (199), then X (1) = (119) = 1.1X(0), X(2) = A*X(0) =
AX(1) = A(1.1X(0)) = 1.12X(0), and thus X(10) = 1.1'°X(0). In such a case, the
computations are easier, but note that the populations are continuously increasing
(there is no correlation between these two facts). Note also that a similar computation
shows that if X (0) = (%9), then one has X(n) — () as n tends to infinity.

Now, a natural question is how can one organize these information more systemat-
ically 7 In fact, this is possible with the help of the eigenvalues and the eigenvectors of
the matrix A. For that purpose, let us first observe that

Pa(A) =X =20 +0.99 = (A — 1.1)(A — 0.9).

Thus, the eigenvalues of A are 1.1 and 0.9. Moreover, if X; and X, are eigenvectors of
A associated with the eigenvalues 1.1 and 0.9 respectively, recall that we can define an
invertible matrix B by B = (X1 Xg), and then that

1.1 0

1 .
b AB_(O 0.9

. (11 0\
> or equivalently A =28 ( 0 0'9> B~

With this rather simple information at hands, some computations simplify a lot. For
example, one directly obtains that

w o (L1" 0 L
A"B<0 OW)B

which requires much less efforts than multiplying n times A by itself.

Alternatively, since {X7, Xy} generate a basis of R? any initial condition X (0)
can be decomposed with respect to this basis and one has X(0) = ¢, X + ¢ X5, with
c1,¢co € R. Then, one has

.AnX(O) = An(Cle + CQXQ) = ClAnXl + CQ.AnXQ
= Cl<]..].)nX1 + CQ(O.9)TLX2 == 1.1”01X1 + O.QnCQXQ.

Thus, knowing the eigenvalues of A, one can better understand why, depending on the
initial populations, the populations can either increase as n tends to infinity (due to
the eigenvalue 1.1), or vanish as n tends to infinity (due to the eigenvalue 0.9).

Question: Can one find X(0) such that both populations remain constant as n goes
to infinity ?

8.1.2 Discrete dynamical systems with real eigenvalues

More generally, suppose that we consider discrete evolution system given by the equa-
tion X(n+1) = AX(n) for some A € M,,(R). Assume in addition that A is diagonaliz-
able, with its m eigenvalues real, i.e. there exists an invertible matrix B € M,,(R) such
that A = B diag(\1, ..., \y) B, with \; € R for any j € {1,...,m}. Then, the family
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of eigenvectors associated with the eigenvalues of A generates a basis of R™ and any
initial state X (0) can be decomposed with respect to this basis. Thus, if X; denotes an
eigenvector associated with the eigenvalue A; one has X(0) = ¢4 Xy + - -+ + ¢, X, for
some c¢; € R, and again

AnX(O) = )\T’Cle + ASCQXQ + -+ )\?nCme

Then, depending on A;, the large n behavior of the system can be predicted. Note that
in the following description, the index j is an arbitrary element of {1,...,m}.

(i) If A\; > 1, the corresponding part of the system grows infinitely,
(ii) If A\; = 1, the corresponding part of the system remains the same forever,

(iii) If 0 < A; < 1, the corresponding part of the system tends to vanish as n tends to
infinity,

(iv) If A\; = 0, the corresponding part of the system disappears already for n = 1 (this
part of the system belongs to the kernel of A),

(v) If =1 < Aj <0, the corresponding part of the system tends to vanish as n tends
to infinity, but its sign is alternating for n even or n odd,

(vi) If \; = —1, the corresponding part of the system alternates between two states
with a different sign,

(vii) If A\; < —1, the corresponding grows infinitely in norm, but its sign is alternating
for n even or n odd.

8.1.3 Discrete dynamical systems with complex eigenvalues

Let us now consider a discrete evolution system given by the equation X (n+1) = AX(n)
with .A € MQ(R), but with PA()\) = ()\1 — )\)()\2 — )\) and )\1 =T+ iy, )\2 =T — zy
and y # 0. In such a case, there again exists an invertible matrix B such that A =

B (x j(L) W . i)zy) B~ and therefore
n_ (@ +iy)" 0 1
A _B< o ) B

In order to compute (z £ iy)", let us first observe that

L
ey = o iyl = T

| % 1y

+ )
Va2 4 y? Z\/x2+y2

As a consequence, one can write  + iy = /22 + y?(cos(276) + i sin(270)) for a unique
6 € ]0,1). Then, by using de Moivre’s formula, as shown in Exercise 9.6, one gets that

(v +iy)" = (2% + )™/ (cos(2mnb) + isin(2mnd)).
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Note that a similar formula holds for (z — iy) and for (x — iy)". Then, depending if
\/x? + y? is bigger, equal or smaller than 0, and depending if # is rational or irrational
(i.e. if @ = p/q for some p,q € Z or not), the asymptotic behavior of (x 4 iy)" changes
drastically. For example, if \/2% 4+ y? > 1, the |(z + iy)"| goes to infinity as n goes
to infinity, while if \/22 + 3% < 1, then |(z + iy)"| goes to 0 as n tends to infinity. If
Vo2 +y? =1andif § = p/q for some p,q € Z, then (z +iy)™ is periodic, with a period
depending on p and ¢, while if 6 # p/q for any p,q € Z, then (x + iy)" takes different
values for any n. A notion of aperiodicity appears in fact in such a situation. Note that
an enumeration of all possible behaviors as in the previous subsection could also be
established in the present setting.

8.2 The $ 25°000°000°000 eigenvector

This section is inspired from the paper ”The $25’000°000°000 eigenvector: the linear
algebra behind Google”!, which gives an another opportunity to use the concepts in-
troduced in the previous chapters.

Let us first list what a search engine for internet has to do:

(i) Locate all web pages with public access,
(ii) Index these data with keywords,

(iii) Rate the importance of each page.

Question: How can one define and quantify the ”importance” of a web page 7

We shall call the importance score or simply the score such a quantitative rating.
The main idea behind Google page ranking is derived from the links to that page (called
backlinks). For example, let us look at the world wide web which contains only 4 pages
as represented in the following figure. Each arrow A — B represents a link from A to

Y

A

B (a backlink for B) Let us also set 2 > 0 for the importance of the page k, with the
convention that x; > x, means that the page j is more important than the page k.

'Kurt Bryan, Tanya Leise, The $25°000°000°000 eigenvector: the linear algebra behind Google, STAM
REVIEW, Vol. 48, No. 3, pp. 569-581.
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A first idea for the ranking could be to assign for x; the number of backlinks. In
this case, one would obtain z; = 2, x93 = 1, x3 = 3 and x4 = 2, and the page 3 would
then be the most important one. However, one also would like that a link to page j
from an important page boosts the score of page j more than a link to page j from an
unimportant page. For example, a link from BBC.com to your web page is certainly
more important than a link from the web page of your neighbour to your web page.
Thus, a more refined way to compute the score should be implemented.

A second idea for the ranking could be to score the page j with the sum of the
score of the pages linking to page j. With this approach, an important page with a
link to page j would boost the score of page 7. Of course, the procedure becomes more
complicated because it is self-referential. In addition, a single page should not gain any
importance by containing too many links. For that purpose, we shall impose that each
page has a total vote of 1, as in a democracy.

Taking these remarks into account, let us set

Tk

;.= E —

J T
pages k linking to j

where ny is the number of links emerging from page k. Note that if a page has a link
to itself, this link is ignored. For the example shown above, we then obtain

1 0 0 1 1/2\ [z
| (13 0 0 0|
x|~ 11/3 172 0 172 | s
4 1/3 12 0 0 ) \a

which is equivalent to X = AX with X = (2, 9,23, 24) and A the matrix shown
above. In other words, computing the scores x; corresponds to finding an eigenvector
X for the linear map L4 associated with the eigenvalue 1, if such an eigenvalue exists.
In this setting, the matrix A is called the link matriz for a given web.

Note that in the example shown above, any multiple of the vector (12,4, 9,6) is
an eigenvector of L4 associated with the eigenvalue 1. In we impose in addition that
E]. x; = 1, then we get x; = 12/31 = 0.387, z, = 4/31 = 0.129, 23 = 9/31 = 0.290
and x4 = 6/31 = 0.194. Let us observe that page 3 is no more the most important one.
Indeed, this important page has only one link to page 1, and this single link boosts the
score of page 1 which then becomes the most important one.

Let us now try to think a little bit more generally. Assume that the web has no page
with 0 outgoing link, which means that n; # 0 for any k. With such an assumption,
the entries of any column of a link matrix sum up to 1. Indeed, each page j gives ni of
its vote to n; different pages. With this observation, let’s come back to mathematics.

Lemma 8.2.1. Ifn; # 0 for any k, then the linear map associated with any link matrix
possesses the eigenvalue 1.



122 CHAPTER 8. APPLICATIONS

Proof. Observe that 1 is an eigenvalue of Lty with eigenvector *(1,1,...1). Indeed, the
entries in each row of ‘A sum to 1, and therefore

1 1
1 1

Since Lty and Ly share the same spectrum (see Lemma 7.2.9), it follows that 1 also
belongs to the spectrum of 4. O

Since the spectrum of the linear map associated with any link matrix contains
the value 1, let us denote by V; the corresponding eigenspace. We can then wonder if
this eigenspace is of dimension one (in which case the ranking is unique) or if it is of
dimension higher than one (in which case there exist different rankings which can not be
distinguished with our criteria) ? Another question is how to get rid of the assumption
ng # 0, since this assumption is not always satisfied (there exist interesting web pages
without any outgoing link) 7

Let us now observe that the non-uniqueness of the ranking is possible if the web is
disconnected. For example, consider the link matrix

0100 0
1000 0
A=]00 0 1 1/2
0010 1/2
0000 0

associated with the following world wide web Such a disconnected web gives rise to a

™S

IRl

2 4 /

matrix A4 which is block diagonal, see Exercises 4.28 and 4.29. In the above example,
and more generally in any situation with a link matrix which is block diagonal, it is not
difficult to see that the eigenspace associated with the eigenvalue 1 is of dimension 2 or
higher.

One way to solve this problem is to replace the link matrix A by a slightly improved
version of it. More precisely, consider the matrix

I/n ... 1/n
A,=(1-m)A+m : ) :
I/n ... 1/n
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for some m € [0, 1] and with n the number of web pages of the world wide web. Then,
for any m € (0, 1] the matrix A, is no more block diagonal. In fact, this procedure
corresponds to adding artificial links between each web pages on the web, which becomes
no more disconnected. If m = 1, all pages are rated equally. At a certain time, Google
used the value m = 0.15. In this setting the following statement can then be proved.

Proposition 8.2.2. If ny # 0 for any k, and if m € (0, 1], then the dimension of the
eigenspace associated with the eigenvalue 1 of Ly, is of dimension 1.

The proof of this statement as well as much more information on how Google ranks
the web pages of the world wide web are available in the paper of Kurt Bryan and
Tanya Leise. Updated and more precise information are also available on internet. Just
use Google to find them !
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Chapter 9

Complex numbers

9.1 Basic introduction

The aim of this chapter is to provide a very short introduction to complex numbers.
One use of complex numbers is to find solutions of the equations 2> = —1, or more
generally to find solutions of the equation az? + bx + ¢ = 0 for arbitrary a,b, c € R.

The first step in the construction is based on an analogy with R2. Note that for
simplicity we shall denote the elements of R? by (x,y) instead of !(z,y). Let us consider
R? endowed with the usual addition: (x,y) + (2/,y') = (z + ',y + %) for any (z,y) and
(2/,y') in R?. We now define a complex multiplication * for these two elements:

(z,y) * (2", ¢) = (z2’ —yy', 2y’ +ya’) €R? (9.1.1)

Let us stress that up to now, we had not defined any product of elements of R?: the
scalar product is also taking two elements of R? but the result of the scalar product is
an element of R, not of R? !

Since (9.1.1) is rather complicated to remember, let us introduce a symbol i with
the only rule that

ii =i = —1. (9.1.2)

We also rewrite (z,y) as « + iy. Then, one can again multiply = + iy and 2’ + iy’ by
using the common rule of multiplication. One gets

(@ +iy) (@' +iy) = xa’ + (iy)2’ + x(iy') + (iy) (iy)
= z2’ +i2yy + izy + iyx
= (z2’ — yy') + i(zy' + ya'). (9.1.3)
Note that by comparing (9.1.1) with (9.1.3), one observes that the same result is ob-
tained, but (9.1.3) is certainly easier to remember since only usual multiplications are
involved. The key point in the construction is the equality mentioned in (9.1.2). Let us

mention that the notation 22 is also used for z z (the product of z by itself), and that
with this notation, the usual addition can be rewritten as

(x+iy)+ (@ +i))=(x+2) +ily +9). (9.1.4)

125
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We are now ready for introducing the set of complex numbers:

Definition 9.1.1. One defines
C={z=a+iy|z,ycR}

endowed with the addition recalled in (9.1.4) and with the multiplication introduced in
(9.1.3). This set is called the set of complex numbers.

Let us stress that we write indifferently x 4 iy or x + yi.

Example 9.1.2. 1+ 14, 7—2i, —3+1, 3, 2i are elements of C, where we have identified
3 with 3+ 0t, 2¢ with 0+ 20 and —3 + @ with —3 + 11.

By taking into account the identification of x with x + 0z, it is clear that R is
included in C. It corresponds to the elements on the horizontal axis in the mentioned
analogy of C with R

Let us still add some examples of multiplications or additions:

Examples 9.1.3. (i) (34 2i)+ (1 + 1i) =4+ 34,
(ii) (3+2i)+ (1 —3i) =4 — 14,

(iii) (24 20)(1+30) =2+ 2 +6i — 6= —4 + 8i,
(i) (14 20)(—3 —20) = —3—6i — 2 +4—=1—8i.

Let us now prove an important result about complex numbers. We recall that the
notion of a field has been introduced in Definition 3.1.1.

Theorem 9.1.4. C is a field.

Proof. The proof consists in checking the various properties mentioned in Definition
3.1.1. For that purpose, let us set z = x + 1y and z; = z; + 1y, for j € {1,2,3} and with
x,y,2;,y; € R. Then one has

(i) 21 + 22 € C and z; 29 € C, which means that these operations are internal,

(i) (z1+22)+23 = 21+ (22+23) and (21 22)23 = 21(22 23), as shown in Exercise 9.1. This
corresponds to the associativity of the addition and of the complex multiplication

iil) 21 + 20 = 29 + 21 and 21 25 = 25 21, as shown in Exercise 9.2. This means that the
d h in E ise 9.2. Thi that th
addition and the complex multiplication are commutative,

(iv) Let us set 0 = 0 + 0i and 1 = 1 + 04, which correspond to the usual 0 and 1
of R. Then it is easily observed that z 4+ 0 = z and that 1z = z. This property
corresponds to the existence of identity elements for the addition and for the
complex multiplication,
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(v) Observe that if z = x + iy € C, then —z — iy also belongs to C and one has
(x +1y) + (—x —iy) = 0. Thus —x — 4y is the inverse of x + iy for the addition.
For the inverse of = + iy with respect to the addition, let us assume that x + iy #
0, which means that (z,y) # (0,0), and let us consider the complex number
# — zxg—ﬂiQ C. This element is well defined since its denominator is different
from 0. Then one observes that

(x—l—iy)(

Thus one has (z +1iy) ™' = 55> — i

12+y2
complex multiplication is considered.

1

Ty ):x2+y2 Ty tay
x2_|_y2 x2+y2 x2+y2 I.2_|_y2

%ﬂﬂ, when the inverse with respect to the

(vi) The distributivity of complex multiplication with respect to the addition of com-
plex numbers is shown in Exercise 9.1.

]

In addition to R we have thus a second field at our disposal, the field C of complex
numbers. The corresponding complex vector spaces and linear maps on complex vector
spaces are briefly studied in Section 7.4. Let us still emphasize one formula which has
been derived in the previous proof: for any z = x + iy € C with z # 0 one has

x oy
—9q )
x? 492 x? 492

(x+iy)~' = (9.1.5)

Let us now introduce some notations. For any z = = + iy € C, one sets R(z) := x
and (z) := y for the real part and the imaginary part of z. We also introduce the
complex conjugate Z of z by

zZ=x 41y =x—1y.

Note that in the mentioned analogy of C with R?, it corresponds to taking the image of z
by a symmetry along the horizontal axis. Then, with this concept of complex conjugate,
it is easily observed that

R(z) = and I(z) =

For any complex number z = x + iy we also define |z| := /22 + y? and set
z =r(cos(f) + isin(0))

with r = |z|, x = rcos(f) and y = rsin(f). This is called the polar coordinate represen-
tation of the complex number z. The number r = |z| is called the norm or the modulus
of z, and 6 its argument, i.e. § = arg(z). We also introduce the notation

e* =" .= e”(cos(y) + isin(y)).

These notations will be used in the Exercises, and they are very useful tools for complex
numbers.
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Remark 9.1.5. Let us emphasize that C has no ordering. Indeed, even if R has a
ordering (one says for example that —2 < 4), it is impossible to compare two complex
numbers as for example 3 — 21 and 4 + 1.

Let us now provide one of the basic result for complex numbers, which is part of
the motivation for introducing them.

Proposition 9.1.6. For any a + ib € C, there exists z1, zo € C with z; # z3 (except if
a+ib = 0) such that 2} = 23 = a + ib. In other words, every complex number has two
distinct square roots.

Proof. Let us first observe that for any a,b € R, one has

a+vaz+b2>0 and —a+Va2+02>0.

at/a?1b?

5 with the usual square root of positive numbers,

Thus, one can define x :=

and also y 1= |/ =&t aTtb" V2‘12+b2 with the usual square root. We then set

21 =T+ iy and 29 = —T — LY

with p=11if b >0 and p = —1 if b < 0. It only remains to check with the definition of
the complex multiplication that 2? = a + ib and that 22 = a + ib as well. ]

By using the well-known formula for the solutions of a second degree equation, one
infers that:

Corollary 9.1.7. The equation az* + bz + ¢ = 0 has always two solutions in C.

Let us finally mention that this corollary is at the root of the fundamental theorem
of algebra asserting that any polynomial of degree n has n solutions in C.
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9.2 Exercises
Exercise 9.1. Let 2z, 2o, 23 be three complex numbers. Show that
(21 +22) + 23 = 21 + (22 + 23)

and that
(2129)23 = 21(2023).

These properties correspond to the associativity of the addition and of the complex
multiplication. In addition, check that z1(zo+23) = 2129+2123. This property corresponds
to the distributivity of the complex multiplication with respect to the addition of complex
numbers.

Exercise 9.2. For z1,29 € C, show that z; + z0 = 29 + z1 and that z1 20 = 29 2.
These properties correspond to the commutativity of the addition and of the complex
multiplication.

Exercise 9.3. Compute the real part and the imaginary part of the number % Same
question with the number % + 1%1 and the number /1 + 1.

Exercise 9.4. Find all solutions of the equation z* = —1.

Exercise 9.5. For any z1, 22 € C, show that |z122| = |21||22| and that

arg(2122) = arg(21) + arg(zz).

Exercise 9.6. Deduce from the previous exercise de Moivre’s formula: for any n € N
and for z = r(cos(f) + isin(6)) one has

2" = 71" (cos(nb) + isin(nd)).

Exercise 9.7. Deduce that for any complex number z = r(cos(d) + isin(0)), the n-th
roots of z are given by

Zj = {L/F[Cos <9+n27rj> + 7 sin <9+27rj>]

n

forj€{0,1,...,n—1}.
Exercise 9.8. Show the following properties:

1. 21+ 2 =71+ Z2,

- R1R%2 = 21 22,

2
3. 2z =|z|%
4. 27V =7Z/|z|? whenever z # 0,
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5 R(z) =(2+72)/2 and S(2) = (z — 2)/(2i), where R(z) and (2) are the real and
the tmaginary part of z.

Exercise 9.9. Show also that |Z| = |z| and that arg(z) = — arg(z).
Exercise 9.10. Show the following properties:

1. e1t%2 = e*1e* for any z1,29 € C,

2. €* 1is never equal to 0,

3. |emtiy| = 7,

4. €™ = —1 (Euler’s identity, and “one of the most beautiful formula in mathemat-
1cs”).



