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Introduction

In this preliminary chapter, we start with an informal discussion on free and applied
vectors in R? and R?, which you have probably already met in the high-school.

We will be sloppy and not completely precise: the intention is to give the gist of some
concepts that will be extended and generalized during the course.

0.1 Geometric vectors in the plane and in the space

Definition 0.1. An applied vector is a segment with a given verse, so it is determined
by an initial point A and an end point B. It will be denoted by AB.

An applied vector E describe an absolute movement form point A to point B.
In physics applied vectors are widely used, e.g. a force applied to body or the speed
of an object, and so on.

Remark. An applied vector jﬁ is determined by 4 data:
1. the application point A;

2. the direction (of the line passing through A and B);
3. the verse (following which we move along the line, from A towards B);
4. the magnitude (length of the segment with end-points A and B).
Remark. Note that B—1>4 has the same direction and magnitude of B but opposite verse!

If we get rid of the application point, we have a relative movement, which is described
by a free vector.

Definition 0.2. A free vector T is determined by direction, verse, and magnitude (or
length).

Each applied vector 1@ induces a free vector, which we denote by [1@] On the other
hand, note that a free vector corresponds to infinitely many applied vectors, one for each
possible application point.

Operations with free vectors

We would like to perform operations with free vectors, and so “zero” is of crucial impor-
tance.

_>
Definition 0.3. The zero vector 0 is the only vector of null magnitude. It does not have
direction or verse. It is the free vector associated to AA.



The first operation we consider is the multiplication of a free vector by a real number
¢ € R, which we call scalar.

Product with a scalar. Let 7 be a free vector and let ¢ € R.
Ifc=0,thenc-7:6>.
If ¢ # 0, then ¢- ¥ is the free vector having

(i) the same direction of ¥;

(ii) the same verse of o, if ¢ > 0, and opposite verse if ¢ < 0;

(iii) length equal to the length of ¥ multiplied by |c].

Note that ¢ - ¥ is obtained by contracting/dilating and possibly flipping the vector
.

Sum of vectors. The sum of two free vectors is determined with the parallelogram
rule. Given free vectors ¥ and 8, their sum o + @ is obtained in the following way:
apply o at the point O and then apply W in the head of . If the head of % is in Q,

then ¥ + @ = [0Q)].

Alternatively, apply o and W at the same point O and consider the parallelogram
having ¥ and W as two consecutive sides. Then o + o is the diagonal of the parallelo-
gram.

These two operation satisfy the following properties.

Properties. Let U, W and U be free vectors, and let c,d be real numbers, then

o the sum is associative: (VU + W)+ U« = VU + (W + 0 );

o the sum is commutative: U + W = 0 + 7;

o the sum has a neutral element: U + 6> = 6) + 7 = 7;

e each vector has an additive inverse: —[AB] = [BA];

e the product with a scalar is associative: (cd) - U =c-(d-V);
e the product with a scalar has a neutral element: 1 - v = 7;

o distributivity: (c+d)-V =c- U +d- 7.

o distributivity: ¢- (U + W) =c- 0 +c- 0.

Frame

To describe a point in the plane or in three space we can use coordinates.
We consider here the plane R? and the three dimensional space R? with the Cartesian
coordinate system (frame).

%
In R? the coordinate system is described by a point O (origin), a free vector i of
magnitude 1 describing _t)he “ r-axis”, and a free vector 7 of magnitude 1 describing the
“ y-axis” (obtained by ¢ with a rotation by 7 counter-clockwise).



%
In R? the coordinate system is described by a point O (origin), a free vector i of
magnitude 1 describglg the “x-axis”, a free vector j of magnitude 1 describing the “y-
axis” (obtained by ¢ with a rotation by 7 counter-clockwise), and a free vector k of

%
magnitude 1 describing the “z-axis” (obtained by i and j with right-hand rule).

Summing up, we have fixed the origin O and two/three orthogonal, oriented axes
and chosen a way to measure lengths on these axes. Then the position of each point is
completely determined by taking orthogonal projections onto the axes. We can do the
same with vectors, so we can identify

1. the point P;
2. the applied vector O‘}>7;

3. and the free vector [O?]

Thus, in R* (and similarly in R?) the free vector ¥ = [O?], is described through the
coordinates (zp,yp, zp) of the end-point P, and indeed it can be expressed as

— — —

T =xp- i +yp- g +zp- k.

%
_}Using) coordinates, _())perat_i>ons on vectors can be easily performed, e.g. let T =21 +
37 —2kK and W =37 —35 +3k, then
%
T4+W = 57 +075 +
_>
20U = 47 +65 —4



Chapter 1

Matrices and Linear Systems

In this chapter we introduce, describe and manipulate two family of objects which will
follow us for the entire course: matrices and linear system.

In each definition, theorem, example, exercise, etc. of this course we have to declare
which numbers we are working with, so we need the concept of field.

Definition 1.1. A field K is a set endowed with two operations: + : K x K — K (sum)
and - : K x K — K (product), satisfying the following properties:

F1) Va,b,c € K: (a+b) 4+ c=a+ (b+ c¢) (associativity of +)

F2) Va,b e K: a+ b= b+ a (commutativity of +)

F3) 30 €e K: a+ 0 =0+ a = a (neutral element of +)

F4) Va € K;3b € K: a+ b= b+ a =0 (additive inverse: b = —a)

F5) Va,b,c € K: (a-b)-c=a- (b-c) (associativity of -)

F6) Va,b € K: a-b=10-a (commutativity of -)

F7) 31 € K: a-1=1"-a = a (neutral element of -)

F8) Va € K,a#0,3b € K: a-b=10b-a =1 (multiplicative inverse: b = a™')

F9) Va,b € K: a-(b+¢) =a-b+ a-c (Distributivity of multiplication over sum)
F10) 0 # 1.

The elements of a field K are called scalars.

Example. i) The natural numbers N = {0, 1,2, ...} with the usual sum and multiplication
do not form a field, since there are no additive inverses.

ii) The integers Z = {...,—2,—1,0,1,2,...} with the usual sum and multiplication
do not form a field, since there are no multiplicative inverses.

Example. i) The rational numbers Q (“fractions”) and the real numbers R with the usual
sum and multiplication form a field.

ii) The complex numbers C introduced in the course “Mathematical Analysis 1” form
a field as well, and we have a natural chain of inclusions: Q C R c C.



Example. There are fields with a finite numbers of elements! For example K = {0, 1}
with sum and product given by the following tables:

+10 1 0 1
010 1 0(0 O
111 0 110 1

1.1 Matrices

Definition 1.2. Let m,n be positive integers and let K a field.

A m x n matriz (or matriz of type (m,n)) with coefficients in K is a table of elements of
K arranged in m rows and n columns.

We denote by Mg (m,n) the set of all m x n matrices with coefficients in K.

Notation. Other common notations for the set of all m x n matrices with coefficients
in K are M,,,«,(K), Matg(m,n) or Mat(m x n, K).

Example. K=R, m =2, n=4.

-1 0 2 T
(0 V2 —2/3 6)€MR(2’4)

In general, to represent a matrix A, we use the following notation:

ay1 Q12 ... Qinp
a2 1 Q292 ... Q2p

A= . o o | = (aiy)
Am,1 Gm2 .. Omn

So a;; is the element on the i-th row and j-th column. This element can also be
denoted by (A); ;.

Terminology:
e m=n=1. A= (a1,), so we have a natural bijection Mg(1,1)“="K.
e m =n. A matrix of type (n,n) is called a square matriz.
e m=1,n>1 A= (a11 a12...a1,) is called row vector (of length n).

A row vector depends on n choices of elements in K, so Mx(1,n) is naturally in
bijection with the cartesian product

K'=KxKx - K={(ky, ko, ..., kn) : k; € K}
—_———

n—times

ai

az1

em>1n=1 A= is called column vector (of height m).

am,l
As for row vectors, we have a natural bijection between the set of column vectors
Mg (m, 1) and K™, as each column vector depends on m elements of K.

5



1.1.1 Matrix operations
Equality

Let A € Mg(m,n) and B € Mk(p,q) be two matrices. To be equal A and B must
be of the same type: m = p and n = ¢, and have the same entries: a,; = b;; Vi =
L,....m,Vj=1,...,n.

Sum of matrices

Let A, B € Mg(m,n) be matrices of the same type, then we define their sum A + B
as the matrix in Mx(m,n), obtained by adding componentwise the entries of A and B.
Formally
+: Mg(m,n) x Mg(m,n) — Mg(m,n)
(A,B) +— (A+ B)=(ai; +bi;)

13 2\ (-136\_(06 8
K=Qm=2n=3 <0 2 —4>+<1 0 0)‘(1 2 —4)

Remark. The sum is defined only for matrices of the same type.

Example.

It is easy to check that the sum of matrices inherits all properties of the sum in K:
Properties. The sum of matrices satisfies the following properties.

o Associativity: VA, B,C € Mg(m,n): (A+B)+C=A+ (B+(C).

o Commutativity: VA, B € Mg(m,n): A+ B= B+ A.

o The neutral element is the zero matriz O € Mg(m,n): (O);,; = 0.

o The additive inverse of A = (a; ;) € Mg(m,n) is the matriz A" = (a; ;) € Mg(m,n),
with A+ A" = O, namely a; ; = —a; ;.

Product of a matrix by a scalar

Let A € Mg(m,n) be a matrix and k € K a scalar. Multiplying each entry of A by the
scalar k we get a new matrix kA € Mg(m,n). Formally

K x Mg(m,n) — Mg(m,n)
(k,A) — (kA) = (ka;;)

1 3 2 -2 —6 —4
K=Qm=2n=3, —2-(0 9 _4>:<0 4 8)

It is straightforward to verify the following properties.

Example.

Properties. The product of a matriz by a scalar satisfies the following properties.

o Associativity: Vki, ko € K, VA € Mg(m,n): ky - (ky- A) = (k1 - k) - A.

o 1€ K is the neutral element: 1- A = A.

o Distributivity: Vky, ko € K,VA € Mg(m,n): (k1 +ky) - A=k - A+ky- A

o Distributivity: Yk € K,VA, B € Mg(m,n): k- (A+B)=k-A+k-B.
Remark. Note that A+ (—1-A) = O, so the additive inverse of A is (—1-A) = —A.

6



Matrix multiplication (row-column)

We define now the product of two matrices.

e MK(map) X M]K(p7 7’L) — MK(man)a
— A

as
P
(A-B)ij=ai1-bij+ai2-baj+-+a, b= Z(ai,l b j)

Remark. Note that we do not require that A and B are of the same type, but we require
that the number of columns of A coincides with the number of rows of B, otherwise AB
is not defined.

The resulting matrix has as many rows as A and as many columns as B.

b1
Example. Let A= (a1;...a1,) € Mg(l,p)and B=| : | € Mxk(p,1).
bpl

p
Then C' = AB € M]K(l, 1), and 11 = Z(al,l'bl,l) = a1,1-61,1 +a1,2'b2’1+' : '+a1,n'bn,1-
=1
For example (K =Q, p = 3)

0
(1,2,3)- | 1 | =(0- 142143 (=1)) = (-1)
-1

This is called row-column multiplication. In general we have to perform it mn times
to determine A - B, indeed the element (A - B);; is obtained multiplying the i-th row of
A with the j-th column of B.

Example. i) Let A € M(2,3) and B € M(3,2) be the matrices

-1 1
(33 2) B3 o
6 0

To compute C' = AB we have to perform 4 row-column multiplication, e.g. ¢; 2 is obtain
by the row-column multiplication of the 1% row of A with the 2"¢ column of B:

(1 3 2>' P _< 1. (-1)+3-342-6 1-1+3.0+2-0 )_(20 1)
-, _

0 2 —4 6 0 (=1)+2-34+(—-4)-6 0:-14+2-0+(—4)-0 —-18 0
. , -1 3 6
ii) Let A € Mg(2,3) as above and let B’ = 1 0 o] € M(2,3), then the product
A - B’ is not defined, since A has 3 columns, but B’ has only 2 rows.



Definition 1.3. The identity matriz I, is the square matrix I,, € Mx(n,n) having:

1 0 0 0 0

Lo 010 00

jq — IZ:] = : . .
0 0O 01

In a square matrix, the position with row-index equal to the column-index form the
diagonal.

The matrix product satisfies the following properties, which are easy to verify (only
the first one needs a bit of work).

Properties. The matrixz product satisfies the following properties:
o Associativity: VA € Mg(m,n),B € Mg(n,p),C € Mk(p,q) it holds (AB)C =
A(BC).
o Distributivity: VA € Mg(m,n), By, By € Mx(n,p) it holds A(By + Bs) = AB; +
AB;.
And VA, Ay € Mg(m,n), B € Mg(n,p) it holds (A; + A2)B = A1 B + A3B.
o Neutral element: VA € Mg(m,n), it holds A- I, = A and I, - A = A.

o (Mized) associativity: YA € Mg(m,n), B € Mx(n,p),k € K it holds k(AB) =
(kA)B = A(kB).

What about the commutativity?

Remark. In general, the matrix multiplication is not commutative!

Let A € Mg(m,p) and B € Mk(p,n).

i) AB € Mg(m,n), but BA is not even defined if m # n.

ii) Assume then that m = n so both AB and BA are defined: AB € Mg (m,m) and
BA € Mk(p,p). If p# m, the two matrices are of different type, so they are different.

iii) Assume then that m =n = p so AB, BA € Mg(n,n). Also in this case AB and
BA can be different, e.g. K=Q, m=n=p=2:

11 10 2 0 11
(00, me () a2 9) 4 (1 1)<

iv) Pay attention that in some cases, it is possible that AB = BA, eg. K = Q,
m=n=p=2:

10 0 0 0 0
A_<O O), B_<O 1> thenAB_BA_<0 0)

Remark. The last example shows that it is possible that the product of 2 non-zero matrices
is the zero matrix O, a phenomenon that cannot happen for elements in a field, for example
for real numbers.



Transpose of a matrix

Given a matrix A we can define another matrix by swapping rows and columns of A:

Definition 1.4. Let A € Mg(m,n) be a matrix. The transpose of A is the matrix
B € Mx(n,m) defined by b; ; = a;;, and it is denoted by AT.

1 0
Example. Let A = <(1) ;) _24> € Mg(2,3) then AT =3 2 | € Mg(3,2).
2 -4

Properties. The following properties hold:
i) VA € Mg(m,n): (AT)" = A;
i) VA, B € Mg(m,n): (A+ B)T = AT + BT;
iii) VA € Mg(m,n), k € K: (kA)T = k(AT);
w) VA € Mg(m,p), B € Mg(p,n): (AB)T = BTAT.
Proof. Properties i)-ii)-iii) follow directly from the definitions.
iV) (AB)ZJ = Zle ai,lbm, SO

P

p p
(AB)")ij = (AB)ji = > ajubii = > briajy = Y (B7)i(A")1; = (BTAT),;.
=1 =1

=1

1.2 Linear Systems

Definition 1.5. Let m,n be positive integers. Let A € Mg(m,n) be a matrix and let
b € Mg(m,1) be a column vector (of height m). A linear system (or system of linear
equations) is an equation of the form Az = b, where z € Mk(n, 1):

11 a2 - Q1n T b1
21 as 2 - Q2n ) bg (1 1)
m,1 Qm2 - Gmp Ty b

The matrix A is called the matriz of coefficients and the column vector b is called the
column of constant terms.

Rewriting equation (1.1f), we have a system of m linear equations and n variables:

a1 + A1,2X2 + ...+ a1 nTn = b1
2171 + Q22T + ... + A2, Ty = by
U 11 + A oTo + ..+ ATy, = by
Notation. A linear system Az = b is usually represented through its augmented matriz
(Ab):
a1 Q12 ... QA1g by
a2 1 Q292 ... Q2 b2
(Alp) = . . !
m1 Gm2 - Amn bn

9



Example. The augmented matrix (K = Q)

T+ 2Tog+2x3 = 0

23?1—£L‘2+l‘3 =1

1 1 1|0 )
( 9 1 11 ) represents the linear system {

Definition 1.6. A solution of the linear system Az = b, is a column vector s € Mk(n, 1)
whose entries s1, So, ..., s, € K satisfy simultaneously all m equations.

We denote by Sol(A|b) the set of all solutions of Ax = b:
Sol(A|b) = {s € Mxk(n, 1) such that As = b} C Mx(n,1).

Example. Let m = n = 1, so that the linear system consist of a single equation in one
variable: ax = b, with a,b € K.

If a # 0, we can divide both sides by a and get a unique solution: x = 3, egdr =4

has a unique solution: x = %.

If @ = 0 the equation reduces to 0x = b and we have 2 subcases:
i) if b = 0, then we have an equation of the form “0 = 0”, so that any k € K is a solution;

ii) if b # 0, then we have an equation of the form “0 = 1”7, which has no solutions at all.

Example. Let m =n =2 (K = R) and consider the linear system
r+y = 2
r—y = 0

The second equation is equivalent to x = y, plugging this into the first equation we get
2x = 2,50 x = 1,y = 1 is the unique solution of the linear system.
Consider now the linear systems

rt+y = 2 Tty = 2
[){J:+y = 1 I]){3x+3y = 6

The linear system I) has no solution since 2 # 1. The linear system II) reduces to the
single equation x + y = 2 since the second equation is 3-times the first one. So any pair
(s,2—s), s € Kis a solution.

Our goal is to understand if a given linear system has solutions, and, if yes, how to
find all its solutions.

1.2.1 Echelon form

Definition 1.7. A matrix A € Mg(m,n) is in echelon form if
e every non-zero row starts with more zeroes than the previous one;

e all zero rows are below the non-zero rows.

A linear system Az = b is in echelon form if its augmented matrix (A|b) is in echelon
form.

Definition 1.8. Let A € Mg(m,n) be a matrix in echelon form. The first (from left)
non-zero entry in each non-zero row is called pivot.

10



Example. The zero matrix and the identity matrix are in echelon form over any field K.
The matrices (K = R)

2 -1 30 01 -2 3
0 0 4 1}, 00 4 O
0 0 0 3 00 0 O

are in echelon form. The pivot of the first matrix are 2, 4 and 3; in the second matrix the
pivots are 1 and 4. The following matrices (K = R) are not in echelon form:

2 23 040
1 0 0}, 000
000 00 3
Example. Consider the following linear systems (over K = R) in echelon form
1 -1 3|5 r1— 29 +3x3 = b
i) (Ab)=( 0 1 2|2 — To+2x3 = 2
0 0 1|7 x3 = T

It is easy to solve it: the last equation returns z3 = 7, we substitute this in the second
equation and get zo = 2—2-7 = —12; similarly x; = —28, so Sol(A[b) = {(—28,—12,7)T}.

1 -1 3|5 r1—To+3r3 = b
0 0 07 0 =7

It has no solutions, since 0 = 7 is impossible.

o 1 -1 3|5 .2131—$2+3.T3 = 5
ZZZ)(A|b>_<O 1 22) { ; { £L‘2—|—2.CL'3 = 9
In the last equation, 2 variables appear, so we express o in terms of x3: zo = 2 — 2x3,
by substitution in the first equation, we get x1 =5+ x5 — 3x3 = 7 — 5x3, so we have one
free variable (x3), and Sol(A|b) = {(7 — 5t,2 — 2t,t)T | t € R}.

i) (Ap)=(1 1 =1[1) =  z+m—a3=1

There is only one equation, with 3 variables, so we express one of them, say z3 in
terms of the other two: x3 = x1 + 9 — 1, so we have two free variables, and Sol(A|b) =
{(s,t,s+t—1)T]|s,t € R}.

aum=(40 3 y) - {nTEZ,

ZL’3:2

The second equation returns x3 = 2, we substitute this in the first one and get x; =
1 + 2 = —3, and there is no constrains on x, which is then a free variable: Sol(A|b) =
{(3,5,2)T | s € R}.

Given a linear system in echelon form, we can easily check if it is solvable, and, if yes,
determine all solutions by back-substitution (as above).

So our aim is now to transform an arbitrary linear system into an equivalent one
(i.e. having the same set of solution), which is in echelon form. We will do it, using the
elementary row operations.

11



1.2.2 Elementary row operations and Gauss algorithm
Let A € Mg(m,n) be a matrix and let Ry,..., R, be its rows. The elementary row
operations are:

1. to swap 2 rows (R; <> R;):

2. to multiply a row by a non-zero scalar k € Kk # 0 (R; — kR;):

3. to add to a row a multiple of another row: (R; — R; + kR;, k € K):

Remark. Considering the corresponding operations on the equations of a linear system,
one easily shows that the elementary row operations do not change the set of solution of
a linear system. In other words, if the matrix (U|V') is obtained from (A[b) through a
sequence of elementary row operations, then Sol(A|b) = Sol(U|b').

The Gauss algorithm takes as input a matrix A € Mxg(m,n) and returns as output a
matrix U € Mg(m,n) in echelon form, obtained by A via a sequence of elementary row
operations. The rough idea is to “clean up” one column at a time from left to right.

Gauss algorithm. Input: A € Mg(m,n).
Step 0: If A is in echelon form, then OQutput: U = A.

Step 1: Let j be the index of the first non-zero column, and let ¢ be a row-index such that
a;j 7 0. Then swap the first and the i-th row and obtain the matrix B:

0 ... 0 = ... x 0O ... 0 pr ... =
: 5 Ry R 5 :

A=|[0 ... 0 a; 4 — B={(0 ... 0 bi,j
0 ... 0 % ... % 0 ... 0 *x ... x

Note that p; = a;; # 0.

b
Step 2: For each row [ # 1 such that 0; ; # 0, we apply the move: R; — R; + (—U> Ry,
yai

b .
so that b; ; becomes b; ; + (— lJ) p1=0:

b1
0 ... 0 pr ... % b 0 ... 0 pr * ... %
: : Rz%Rzi—’ORl : L)
B=10 ... 0 bm‘ n ¢ = ‘ .
. . : ; : A/
0O ... 0 x ... % ! oY

Step 3: “Restart” the algorithm with A’ € Mg(m — 1,n) (n' < n).

Remark. There are several ways to reduce a matrix A in echelon form, so the output is
not unique!

12



0 -3 =5 1

Example. Let us consider the matrix M = [2 —4 2 6] € Mg(3,4), we use now
1 -1 3 5

the elementary row operation to reduce it in echelon form:

00-3 =5 1\ poop (1 -1 3 5 monr_om (1 -1 3 5
2 —4 2 6| 57 |2 24 2 ¢ 2 9 4 4
1 -1 3 5 0 -3 -5 1 0 -3 —5 1

Ryo—iry (L =1 3 5\ Ryesmy+sr, (L —1 309

MR 01 2 2 =, 0 1 2 2

0 -3 -5 1 0 0 17

Interpreting M as the augmented matrix of a linear system, we read:

39 —bxy = 1 Ty —x9+3r3 = D
2y —4x9 + 223 = 6 is equivalent/reduces to Ty +2x3 = 2
T — To + 3%’3 = 95 T3 = 7

The Gauss-Jordan algorithm is a refinement of the Gauss algorithm: once we have
reduced our matrix in echelon form, we perform further elementary row operations to
“clean out” one column at a time form right to left. The final output will be a matrix in
echelon form such that every pivot is equal to 1 and every pivot is the unique non-zero
element in its column.

We explain it with 2 examples (K = R).

Example. i) We continue the previous example :

R2 — R2 — 2R3
0 1 2 2 — 0 1 0 —-12 — 01 0 —12
o 0 17 o o0 1 7 001 7

2x1 — 6x9 + 223 + 214 =

32, + 9z + Y3z, = -9 its augmented

ii) Consider the linear system {

matrix reduces to:

R1—>%R1
2 =62 2|6\ Reogh (1 31 1[3 )\ RoR+tRh (1 31 1[3
-3 9 0 3|-9 -1 3 0 1|-3 0O 0 1 2|0
Ri—-Ri—-Ry (1 -3 0 —-1|3 . T, =31y — 14 = 3
— ( 00 1 2 0) which corresponds to { oyt 224 = 0

Definition 1.9. The variables corresponding to pivots are called pivot variables; the
remaining ones are called free variables.

T — 303 — Ty =

T3 +2xy = 07
while x1, x3 are pivot variables and can be expressed in term of the free variables: z; = 3+
3zo+z4 (1st equation), r3 = —2x4 (2nd equation): Sol = {(3+3s+t,s, —2t,t)T | 5,t € K}.

In the linear system the variables x9, x4 are free variables,

13



Remark. The Gauss(-Jordan) algorithm solves a linear system expressing the pivot vari-
ables in term of the free variables.

Definition 1.10. Let A € Mg(m,n) be a matrix, and let U € Mg(m,n) be a reduction
of A in echelon form. The rank of A (denoted rk(A)) is the number of pivots of U.

Example. rk(O) =0, rk([,) =
1 2 3 1 2 3
The matrix A= |2 4 6| reducesto A= 10 0 0], sork(A)=1.
3 69 000
1 2 3 1 2 3
The matrix B= |4 5 6| reducesto B'= |0 1 2|, sork(B)=2.
78 9 000

Remark. 1) As remarked above, there are several ways to reduce a matrix A in echelon
form. We will show later in the course that all reductions of A in echelon form have the
same number of pivots. In other words, the rank is independent from the reduction.

ii) Elementary row operations preserve the rank.

iii) Since the pivots are in different columns and rows, for A € Mg(m,n), it holds
0 <1k(A) <mand 0 <1k(A) <n,ie 0<1k(A) <min{m,n}.

1.2.3 Rouché-Capelli Theorem

Example. Consider the linear system

10 2 3|4

0O 1 2 —=1|5 where a € K is a parameter.
0 -1 -2 1 |«

Applying the move Rz — R3 + Rs, we get the matrix

10 2 3 4
012 -1 5
000 0|5+«

If 5+ « # 0, the last equation has the form “0 = 1” so there is no solution.
If 5+ a = 0, the last equation has the form “0 = 0” and we do have solutions:
$1:4—2I3—3$4, I2:5—21’3+I42

4 —2s— 3t 4 —2 -3
Sol = o2t | s,t e K} = o + —2 s+ L t]s,tek
s 0 1 0
t 0 0 1

Theorem 1.11 (Rouché-Capelli Theorem). Let Ax = b be a linear system with A €
Mg (m,n) and b € Mg(m,1).

1. The linear system Ax = b is solvable if and only if rk(A) = rk(A|b).
2. If rk(A) = 1k(A|b) = r, then there exist n —r + 1 column vectors v, wy, ..., Wy_, €

Mx(n, 1), such that Sol(A|b) = {v + tywy + -+ + tp_ywy_, : t; € K}.

14



3. In particular, Az = b has a unique solution if and only if rk(A) = rk(A|b) =n

Proof. Applying the Gauss algorithm to (A|b) we obtain a matrix (U]d') in echelon form
such that Sol(A|b) = Sol(U|V'). There are 2 possibilities for (U|b'): either all pivots are
on the left (1), or there is a pivot on the right (2):

0 0 p 0o o0
0 0 0 py P2
M| o 00 0 2) | Y 000
0 00 0 [
0 00 0 Dy ..
0 00 0 0 010 0 000 0 0 1P
0 00 0 0 01 0

where the p;’s are the pivots, in particular p; # 0.

In situation (2), the (r + 1)-th row reads “0 = 17 so the linear system is not solvable,
and rk(A[b) = rk(A) + 1: 1k(A) < rk(A|b).

In situation (1), rk(A) = rk(A|b) and no row is of the form “0 = 17, so the linear system
is solvable by back-substitution: there are r = rk(A) = rk(A|b) non-zero equations, which
allow us to express the pivot variables (r variables) in term of the free variables n — r
variables, so the solutions depend on n — r parameters. O

Example. Consider the linear system Az = b

-2 2 -1 3|-3
3 =3 6 0] 0
1 -1 5 3|-3

After reducing it with the Gauss-Jordan algorithm, we obtain the equivalent linear system

1 -1 0 =2 2
0o 0 1 1 -1
0 0 0 01]O0

So rtk(A) = rk(A|b) = 2 and n = 4: there are 2 pivot variables z1, 25 and 2 free
variables: zo and x4:

24+ s5+2t 2 1 2
5 0 1 0

Sol(Alb) = 1y | s, te Kp = ol t]s,tekK
t 0 0 1

1

2

Remark. a) The parametric part of the solution ((}J)s + (01)25 in the last example)
0 1

does not depend on the constant terms, but only on the matrix of coefficients and more

precisely
2

1

1 0

ol st 1 t]s,teKp=Sol(Al0)
0 1

15




2
b) The constant terms contribute to the constant/fixed part of the solution ((_01> in
0
the last example).

Definition 1.12. A linear system of the form Az = 0 (i.e. the constant terms is made
of zeroes) is called a homogeneous linear system.

Remark. A homogeneous linear system has always a solution, namely z = (0,...,0)7,
called the trivial solution.

Theorem 1.13 (Structure theorem of the solutions of a linear system). Let Ax =b be a
solvable linear system and let vy € Sol(A|b). Then

Sol(A]b) = vy + Sol(A|0).

In other words: for every vy € Sol(A|0) the column vector vy + vy is a solution of
Sol(A|b); conversely every solution of Az = b is of the form vy + vy, where vy € Sol(A|0).

Proof. Let vy € Sol(A|0), then A(vo+vy) = Avg+Avyg = b+0 = b, so vg+vy € Sol(A|b).
Conversely, let v be a solution of Az = b, then we define vy = v — vy and we verify

that vy € Sol(A[0): A(v —wv) = Av — Avg=b—b=0. O
We conclude this section with two consequences of the Rouché-Capelli theorem.

Lemma 1.14. Let A € Mg(m,n) be a matriz with m < n. Then for any b € Mxg(m,1)
the linear system Ax = b cannot have a unique solution.

Proof. By Rouché-Capelli theorem Ax = b has a unique solution if and only if n =

rk(A|b) = rk(A), but rk(A) < min{m,n} =m < n. O
Theorem 1.15 (Cramer’s theorem). Let A € Mgk(n,n) be a square matriz. Then
rk(A) = n if and only if the linear system Ax = b has a unique solution for any
be MK(H, 1).

Proof. =] Assume rk(A) = n and consider a linear system Az = b for an arbitrary
b e Mg(n,1). We want to show that Az = b has a unique solution.

We consider the augmented matrix (A|b) and we reduce it into echelon form using
the Gauss algorithm, obtaining the matrix (U|V’). Since rk(A) = rk(U) = n, and U is a
square matrix of type n x n, the pivots of U appear on the diagonal:

prox ok x x| %
0 po
(A]p) “ W)= 0 o0

0o 0 ... Dn | *
So rk(A|b) = rk(U|V') = n and by the Rouché-Capelli theorem Az = b has a unique

solution.
<] Assume that the linear system Ax = b has a unique solution for a b € Mk(n, 1).
Then by the Rouché-Capelli theorem rk(A) = n. O

Remark. Note that to check whether a square matrix A € Mg(n,n) has rk(A) = n, it is
enough to find a b € Mx(n, 1) such that Az = b has a unique solution, e.g. we check if
Ax = 0 has a unique solution.
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1.2.4 Inverse Matrix

For each k € K,k # 0, there exists &/ € K such that k- & = 1, k’ is the inverse element.
Can we do the same for matrices?

Definition 1.16.
o A matrix A € Mg(m,n) is right invertible if there exists a B € Mx(n,m) such

that AB = I,,.
o A matrix A € Mg(m,n) is left invertible if there exists a C' € Mx(n, m) such that
CA=1,.

o A matrix A € Mg(m,n) is invertible if it is right and left invertible.

Proposition 1.17. Let A € Mg(m,n) be an invertible matriz, then
1. The right and the left inverse of A (if they exist) are equal.

2. The inverse matriz of A is unique (if it exists).

Proof. 1. Assume there exist B,C € Mg(n,m) such that AB = I,,,, CA =1, so
B=1,B=(CA)B=C(AB)=CI,=C
2. As 1., with B, C' inverse matrices of A. m

Remark. If A € Mg(m,n) is not a square matrix (m # n), then A is not invertible!
We will prove this fact later in the course, so we stick to square matrices!

1 2
3 4
look for a matrix X € Mg(2,2) such that AX = I, and then we verify XA = I5:

Example. Let A = € Mg(2,2). We want to determine if it is invertible, so we

T1,1 + 21‘271 =
10 _ 1 2\ (z11 712 _ [ Tiat 2091 T2+ 299 3x11 +4wa
0 1 3 4 To21 X232 3%1,1 + 41‘271 3IB1,2 + 433272 T1,2 + 233272

31‘172 + 41’272 =

I
_ o O =

The linear system is equivalent to two linear systems (one in the variables x; 1,22,
and one in the variables x5, 222), both having A as matrix of coefficient:

1 2 Ti1\ 1 1 2 Ti2\| 0
3 4 T21 o 0 3 4 T2.2 o 1
We use the Gauss-Jordan algorithm to solve them simultaneously!

Ry — R+ Ry

1 2|1 0\ Bs—=Rs—3R1 (1 2|1 0) R~ -3 1o[-2 1
<A“2)_<3 40 1) — (0—2—3 1> — 0 1]3/2 —1/2

So B = <3_/22 _11 /2> satisfies AB = I3, and it is straightforward to check that

BA = I, holds true as well: A is invertible and A~ = B.
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Theorem 1.18.
Let A € Mg(n,n) be a square matriz. Then the following are equivalent:

1. A is invertible;
2. 1k(A) = n;
3. Az = b has a unique solution for any b € Mg (n,1).

Proof. By Cramer’s theorem we know that 2. and 3. are equivalent, so we prove the
theorem by showing the following two implications: 1 = 3 and 2 = 1.

1. = 3.] Assume A is invertible, and consider the linear system Ax = b, for an arbitrary
b€ Mg(n,1). Then z = A7 is a solution: A(A7'b) = (AA™Y)b = I,b = b; and every
solution has this form: Az = b = A'Ax = A7 = v = A7'b. Sox = A~'bis the
unique solution.

2. = 1.] The rank of A is n, so by Cramer’s theorem we can solve any linear system
Az = b with b € Mg(n, 1), and the solution is unique. Consider the n linear systems:

0
T11 1 1,2 1 T1ip 0
T21 0 T2 0 Tan :
= Y = Y ) =
) 0
Tn,1 0 Tn,2 0 Tnn 1

and let by, by, ..., b, € Mx(n,1) be their solutions. Define B € Mx(n,n) as the matrix,
whose columns are by, b, ..., b,. Then by construction B is a right-inverse of A: AB = I,;
and we need to show BA = I,,.

Let us now consider the linear system Bx = 0. Applying A on both sides we obtain
A(Bz) = A(0) =0 = I, =0 = 2 = 0. So Bx = 0 has a unique solution and by
Rouché-Capelli rk(B) = n.

Arguing as for A, we can find a matrix C' such that BC' = I,,: a right-inverse of B,
but A is a left-inverse of B, thus BA = I,, = CB. In other words B is invertible, and
A = (), so A is invertible as well. n

In practice, given a square matrix A € Mg (n,n), to determine whether it is invertible
and find its inverse, we need to solve n linear systems in n variables, all having A as
matrix of coefficient, so it is more convenient to solve them simultaneously by using the
Gauss-Jordan algorithm (as in the examples). There are 2 cases, visually:

i) (All,) Ganss-Jgrdan (I,|B) then A invertible and A~' = B
i) (A|L,) =289 (A7) where A’ has a zero row, then A not invertible

Example. Let us determine the inverse of the following matrices:

11

1 01
Z) A=12 1 6| € MR(3,3), ’LZ) M = <2 2) S MR<2,2>
3 0 2

18



o~

SN—
~/
W DN

Ry — R1 + R3
Ry — Ry — 2Ry Ry — R3 +4R3

R3 — R3 — 3R, Lo 1 1 00 Rs — —Rj3
— 01 41—-2120 —
00 —-1/-3 01

-2 0 1
So C = (14 1 4 ) satisfies AB = I; = BA = I5: A is invertible and A~ = B.
3 0 -1

i) 1 1]1 0 32%&)—231 1 1/ 1 0
“Wlo 9]0 1 00/—2 1

and we cannot go on, since the linear systems have no solutions. This means that M is
not invertible, indeed it has rk(B) =1 < 2.

O = O
N O =
o O =
o = O
_— o O
o O =
o = O

We conclude seeing how the inverse behaves with respect to the operations of product
and transpose.

Proposition 1.19. Let A, B € Mg(n,n) be invertible matrices, then
i) AB is invertible and (AB)™! = B~tA~L,
i) AT is invertible and (AT)™1 = (A71)T.
Proof. i) (AB)(B™'A™Y) = A(BB ) A7 = A[LA™' = AA™! =
Similarly, (B~*A™Y)(AB) = I,.
i) AT(A DT = (A1A)T = IT = [,,. Similarly, (A)TAT = (AA Y =1T=1, O
1.3 Determinant

Definition 1.20. The determinant is a function det : Mg(n,n) — K defined recursively:

(n = 1) det(am) = Q1,1

n

(n >2) Laplace expansion: det(A) = > (—1)"a;;det(A; ), where i is a fixed row index

j=1
and Azy € Mg(n — 1,n — 1) is the matrix obtained from A by removing the i-th
row and the j-th column

Example. K=R,7=1:

1 2 3
det |4 5 6| = (—1)"""1det >0 + (—=1)**2 det 10 + (=1)'33 det 10
2 8 9 8 9 79 78

Remark. i) Alternatively we can take the Laplace expansion along a fixed column (the
j-th): det(A) = Y (—1)"*a, det(A; ;), where as above A;; € Mg(n —1,n — 1) is the

=1
matrix obtained from A by removing the i-th row and the j-th column.
ii) The determinant of a matrix A € Mg(n,n) does not depend on the expansions.
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Example. Let us compute the determinant of an arbitrary matrix of type 2 x 2, by
expanding along the first column:

det (CCZ Z) = (=1)'""adet(d) + (—1)"*?cdet(b) = ad — be.

Example. Let us compute the determinant of the matrix A = (i g §> € Mg(3,3). We
expand it along the second column:

4 0 3 . X A
det [1 2 0| = (=1)*"0det Ay + (—1)*"22det Ay + (—1)*"?3 det Ay 3

730

= 2det (é g) — 3det <411 3) =2(4-0-7-3)—3(4-0-1-3)=-424+9=-33
Remark. Note that each time we have a;; = 0 we do not need to compute the corre-

sponding hat matrix flm, so we should select the row/column with the highest number

of zeroes.

Example. We expand the matrix A along the third column:

40 3
det [1 2 0] = (=1)**'3det Ay +(—1)**20det Ago+(—1)**30det Ag5 = 3det G §>:—33
730

Let see now some special cases:

Definition 1.21. Let A € Mg(n,n) be a square matrix.
A is an upper triangular matrix if a;; = 0 for all j < 1.
A is a lower triangular matrix if a;; = 0 for all 7 > 1.
A is a diagonal matrices: if a;; = 0 for all j # 1.

012Y . . 100\ . . 100 . ..
Example. (8 ! g,) is upper triangular, (31 0 _01) is lower triangular and (8 0 _01> is diag-
onal. The identity matrix I, is a diagonal matrix, and every matrix in echelon form is
upper triangular.

Lemma 1.22. Let A € Mg(n,n) be a triangular matriz.
Then det A = a1 - aga - - Qpp; in particular det(l,) = 1.

Proof. Repeatedly expanding along the 1st column/row we have det A = a;; det 1211,1 =

A1,1 - Q22 Apn- [

Theorem 1.23. Let A, B € Mx(n,n) then
o det(AB) = det(A) - det(B) (Binet’s formula).

o det(A) = det(AT).

1
Corollary 1.24. Let A € Mx(n,n) be an invertible matriz, then det(A™') = Jet A
Proof. 1 = det(1,) = det(AA™") = det(A) - det(A™1), so det(A™!) = . O
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1.3.1 Determinant and elementary row operations
Properties. Let A € Mg(m,n). The elementary row operations affect the determinant
as follows:

o Swapping to rows (i #j): A — = B:det B= —det A.

Ri — ]{ZRZ'
o Multiplying a row by a scalar k € K: A — B :det B=kdetA.

R, — R; + k‘Rj
—

o Adding to a row a multiple of another row: A B : det B = det A.

Remark. i) By the first property, if A has 2 equal rows, then det A = 0.
ii) By the second property we have: det(kA) = k™ det(A) for any A € Mg (m,n).
iii) det(A) = det(AT), so the previous properties hold if we replace rows by columns.

Example. Let A, B € M(3,3), with det A = —2, det B = —3, then

det <1B—6A2B5) _ (1)3 (detA)° _ 1
; .

2 det B 6
00-35
Example. Let us compute the determinant of the matrix A = (%8 ¢ ;) € Mg(4,4).
3069
We start expanding along the second column:
0 _3 5 R3 N %RS O _3 5 RQ N RQ _ 2R3 0 _3 5
det A = 8det|2 4 7 = 24det |2 4 7 = 24det |0 0 1
3 6 9 1 2 3 1 2 3
0 -3
= —24det (1 9 ) =—72

We conclude this chapter by giving a characterisation of invertible matrices in terms
of determinant.

Theorem 1.25 (Characterisation of invertible matrices).
Let A € Mk(n,n) be a square matriz. Then the following are equivalent:

1. A is invertible;

2. 1k(A) = n;

3. Az = b has a unique solution for any b € Mxg(n,1);
4. det(A) # 0.

Proof. By Theorem we know 1. & 2. & 3., so we are left to show 1. & 4..

1. = 4.] As in the proof of Corollary[1.24] if A is invertible, then det(A) -det(A™1) = 1,
thus det(A) # 0.

4. = 1.] Applying the Gauss algorithm to A we get a matrix U in echelon form with
det(U) = cdet(A) for some ¢ € K, ¢ # 0, so det U # 0. Being in echelon form U is also
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upper triangular: 0 # det(U) = uy 1 - - - Upn, S0 the pivots appear on the diagonal:

U/l,l *k *k “ e sk
0 uge * .- *
U= 0 0
0 0o ... Up.m,

We get n =1k(U) =1k(A), so A is invertible.
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Chapter 2

Vector spaces

In the first chapter we discussed the algebraic aspect of the objects we introduced: ma-
trices, linear system, solutions and determinant.

In this chapter, we start to look at them from a geometric point of view which general-
ize what we saw in the Introduction and will explain certain choices made in the previous
chapter.

2.1 Vector spaces

Definition 2.1. A wector space over a field K is a set V' with two operations: a sum
+:V xV — V and a product by scalar - : K x V — V satistying:
VS1) Yu,v,w e V: (u+v) +w =u+ (v+ w) (associativity of +)

Vo,w e V: v+ w=w+v (commutativity of +)

Vee Kjo,weV: ¢ (v+w) =c-v+c-w (distributivity)

The elements of a vector space are called vectors.
Notation. Sometimes we call V' a K-vector space.

Example.
o Mx(m,n) is a vector space over K (with the operations defined in Chapter [1]).

o free vectors in R? and R?® form a vector space over R (with the operations seen in
the Introduction).

o the set of continuous real functions C°(R) is a vector space over R.
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o the set K[t] = {7, axt*} of polynomial with K-coefficients is a vector space over
the field K with respect to the usual operations:

n

<§kj ant’“> + (2:: b,ﬁ) = (ap +bi)t", A (ij antk> => " (Aa,)t"

k k

o the solution set of a homogeneous linear system Sol(A|0), A € Mg(m,n) is a vector
space over K with respect to the sum and product by a scalar for matrices: let
v1, Uy € Sol(A|0), then

A(Ul—f—l)g):AUl—f—A’UQ:O—f-O:O A()\vl):)\Avlz)\Oz(J

Notation. There are two zeroes around: the scalar zero and the zero vector. If it is
not clear from the context, we will resolve this ambiguity by denoting by Ok the scalar
zero and by 0Oy the null vector of V.

Remark. i) In VS4), the additive inverse of v € V is v/ = (=1) - v = —wv.
ii) Og - v = Oy and it holds the zero-product property: A-v = 0y = A = Ok or v = Oy .
iii) The zero vector and the the additive inverse of v € V' are unique.

2.2 Vector subspaces

Definition 2.2. Let (V,+,-) be a vector space over K. A subset W C V is a vector
subspace (and one usually write W < V) if the following conditions hold:

Sl) Oy € W,
S2) Ywy,we € W it holds wy + wy € W
S3) Yw € W and A € K it holds A\ - w € W.

Remark. This three conditions ensure that W is a vector space over K with the operations
inherited from V.

Example.
e W={0p}aV; VaV.
o the set of differentiable real functions C'(R) is a vector subspace of C°(R).

o the set K[t]<q = {p(t) € K[t] | deg(p) < d} of polynomial of degree < d is a vector
subspace of K[t], actually:

K[t]gd < K[t]§d+n < K[t] , for k£ € N.

« the solution set of a homogeneous linear system Sol(A|0), A € Mg(m,n) is a vector
subspace of Mg (n,1), e.g. W = {(z,y,2)T € R¥ | 2+ 2y — 2 =0} <R3,

« the solution set of a non-homogeneous linear system Sol(A[b), b # 0 is not a vector
subspace of V' = Mxg(n,1), since b # A -0y = 0, eg. W = {(z,y,2)T € R? |
r4+2y—2=1} 4R

e {(z,y,2)7 € R? | 2 > 0,y > 0} and {(z,y,2)T € R? | 2y > 0} are not vector
subspaces of R2.
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2.2.1 Intersection and sum of vector subspaces

Lemma 2.3. Let V be a K-vector space, and let U, W <V be vector subspaces, then UNW
s a vector subspace too.

Proof. S1) 0y € U and Oy € W, so 0y e UNW.

S2) Let vy,vo € UNW, then v; + vy € U (since U <V) and vy + vy € W (since W < V),
sov; +ve e UNW.

S3) Let v e UNW and A € K, then Av € U (since U < V') and Av € W (since W <aV), so
xeUnWw. O

Example. Let W = {(z,y,2)T € R} | 2 +2y —2 =0} <R3 and let U = {(z,y,2)" € R? |
—y+ 3z =0} <R3, then

)
=< |[-3|t|teR

UﬂW:{(as,y,z)TGR3|{
1

r+2y—z = 0
—y+3z = 0

What about the union?
Remark. In general the union of two subspaces is not a subspace, for example let U =
{(z,y)T eR? |z +y =0} <R? and W = {(z,y)" € R? | z —y = 0} <R?, then (1,1) and
(1,—1) belong to U UW, but (1,1) 4+ (1,—1) = (2,0) ¢ U UW.
Definition 2.4. Let V be a K-vector space, and let U, W <V be vector subspaces. We
define their sum U + W as

U+W ={veV|FueUweW such that v = u + w}.

“U + W contains all vectors that can be decomposed as sum of a vector in U and a
vector in W7
Lemma 2.5. Let V' be a K-vector space, and let U, W <V be vector subspaces, then

1. U+ W is a vector subspace too.

2. U«U+W and WaU+W
3. UNWaU, UNnWaW.

Proof. 1. Sl) Oy =0y + 0y €cU+W.
— O~
eUu ew

S2) Let v1 = ug + wq, vy = ug +wy € U + W, with uy,us € U, wy,wy € W.
TheHU1+U2:(U1+U2>+(w1+w2> EU+W

eu ew
S3) Let \e Kandv=u+weUNW withue U, we W.

Then Av = (Au) + (Aw) € U+ W.

M~ Y~
cU cWw

2. and 3. are obvious.
Example. a) Let U = {(z,y)T €e R? | v +y = 0} <R? and W = {(z,y)7 € R? |
r—y =0} <aR? then U+ W = R? indeed every (a,b) € R? can be written as (a,b) =
(b e 4 (s wsb) ¢ 17 4 11

b) Let U = {(%)t | tER}<R3 and W = {( (2]1)3 | SER}<R3, then

U

U+w={(1)t+(2)s|ts eR}aR.
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Definition 2.6. Let V' be a K-vector space, and let U, W <V be vector subspaces. The
sum U + W is called direct (denoted U & W) if U N W = {0y }.

The meaning of this definition is: “The sum U + W is direct if all vectors can be
decomposed in a unique way as sum of a vector in U and a vector in W7,

Example. In the last 2 examples the sum is direct, in particular in a) U @ W = R2.

2.3 Describing elements in a vector space

Definition 2.7. Let V' be a vector space over the field K, and let {vy,...,v,} CV be a
finite subset of vectors.
A linear combination of {vy,...,v,} is an element of V of the form

)\1U1+)\2U2+...+)\n0n with )\1,)\2,...,)\HEK.
The set of all linear combinations of {vy,...,v,} is called the span of {v,...,v,}:
Span(vy, ..., v,) = {Av1 + Agva + ...+ Aoy | Ay Ag, . A, € KT

Proposition 2.8. Let V' be a K-vector space, and let {vy,...,v,} CV be a finite subset
of vectors. Then Span(vy, ..., v,) is a vector subspace of V.

Proof. S1) Pick Ay = Ao = ... =\, = O0g: Ovy + Ovg + ... + 0v, = Oy € Span(vy,...,v,).
S2) Let u = Y1, Nw;and w = Y1 05, then udw = Y10 (A\4p)v; € Span(vy, ..., vy).
S3) Let u =", \jv; and let v € K, then yu = Y7 | (y\;)v; € Span(vy,...,v,). O

Example. 1. K[t]<q = {p(t) € K[t] | deg(p) < d} = Span(1,t,...,t%).

2. In K3(= Mg(3,1)) let S = {(é), ((11))}, then

A1+A2

Span(S) = {A (1) + de(8) | M do €K} = {( Y ) At A GK} |

3. Similarly, let S = {((é)), (g), (él), (%)}’ then

A1+A3

Span(S) = {( o ) | At Aoy Ag, A € K} .

=3+

Remark. Note that a linear system Ax = b is solvable if and only if b is a linear combination
of the columns of A! In other words, Az = b is solvable if and only if b € Span(cy, ..., ¢,),
where ¢; € Mg(m, 1) are the columns of A € Mg (m,n).

(

For example (n = 3): (i) € Span ((g), (—(1)1 )), indeed, the linear system (g) —(1]1) (i;) =
) is solvable (A} = 1, Ao = —1).

DN = =
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2.3.1 Generators

Now we want to compare V' with Span(vy,...,v,).

Definition 2.9. Let V be a vector space over the field K. A finite subset {vy,...,v,} CV

is a set of generators of V if Span(vy,...,v,) =V (i.e. if every element in V is a linear
combination of {vy,...,v,}).

Notation. Other common terminology are: vy,...,v, are generators of V; vy,... v,
generate V.
Remark. i) To be generators means that {vy,...,v,} are enough to describe V!

i) If {vg,...,vn} CA{v1,..., 00, Un41,...,0s} and Span(vy, ..., v,) =V, then
Span(vy, ..., Un,...,05) = V.

Example. We continue the previous examples.
1. {1,t,...,t%} is a set of generators of K[t]<4.

2. {(i), ((1))} is not a set of generators of K?, e.g. the linear system

1 1 0

10 61) =1

0 1 2 0
is not solvable.

3. {(é), (§>’ (_%1 ), (El)))} is a set of generators of K3, indeed the linear system

10 1 0fbh
01 2 0]b
0 0 —1 1]bs

is solvable for any (by, by, b3)? € K3.

Remark. How many elements must have a set of generators of K™?

We need that the “corresponding” matrix (with m rows) has m pivots on the left (so that
the linear system is solvable), thus we need at least m columns: in other words, a set of
generators of K™ has at least m elements!

Finite generation

Definition 2.10. A vector space V is finitely generated if there exist a finite subset
{v1,...,v,} C V such that V = Span(vy,...,v,).

Example. « K[t|<q = Span(1,t,...,t%) is finitely generated.
o K" Mg (m,n) are finitely generated:

1 0 0
0 1 0
K" =Span | [Of,[Of, ..., |:
: : 0
0 0 1
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1 0 0 010 0 0O --- 00

M =5 0Oo0 --- 0 O 00 ---0 : . Do
m?” == an . . . b . . . . )yttt ) ’ ) )

« P oo T oo Tl 0O --- 00
00 --- 0 Oo00 ---0 0 0 1

o If V is finitely generated, any vector subspace W <V is finitely generated too.

Example. o KJt] is not finitely generated: the linear combinations we may obtain
from a finite set of polynomial cannot have arbitrary high degree.

o C%(R) is not finitely generated.

Good news! In this course we consider only finitely generated vector spaces. From
now on, every vector space we consider will be implicitly assumed to be finitely generated.

2.3.2 Linear independence

Example. i) T = {1,¢,t* 3} is a set of generators of K[t]<3, and p(t) = (1 +¢)® can be
written in a unique way as linear combination of the vectors in T: (1+¢3) = 1+3t+3t>+¢3.

ii) S = {(é>, (g), (_%1), (%)} is a set of generators of K3, and every v € K2 (e.g. (—i:s))
can be written in several ways as linear combination of the vectors in S, indeed by the

Rouché-Capelli theorem, the solution set of the linear system

10 1 0] 2
01 2 0-3
00 -1 1|5

5 t
this ambiguity, and have a unique representation!

2 —t
depends on one parameter: Sol = {(‘03) + (‘Et> |t e K} We would like to remove

Remark. In K™, if we consider more than m vectors, we cannot have a unique represen-
tation (if it exists): indeed, the “corresponding” matrix (with m rows) would have more
columns than rows (see Lemma [1.14)).

In other words, in the previous example the ambiguity arises because we have to many
variables/columns, so the idea is to remove vectors.

Example. We continue the previous example and we consider the representation of <§>,
so we solve the corresponding homogeneous linear system

10 1 010
01 2 0]0
00 -1 1|0

and picking ¢t = 1, we get <_%1) = (é) +2(§) - 1(51)) € Span((é), (g), ( )), SO we may
remove ( %1) from S without changing the span: Span(S) = Span((é), ( ), (8))

—t
By Theorem [1.13| the solutions of the homogeneous linear system are {(‘2t> |t e K}
0
0
1
0
1
0
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Definition 2.11. Let V' be a vector space over the field K. A finite subset {vy,...,v,} C
V' is a set of linearly independent vectors it A\y-v1+--- Ay v, =0y = A = ... =\, = Ok.

Remark. a) In other words, we require that Oy has a unique representation as linear
combination of {vy,...,v,}.

b) To be linearly independent vectors means that we do not have redundant informa-
tion.

Notation. If {vy,...,v,} C V is not a set of linearly independent vectors, we say that
they are linearly dependent.
Another common terminology is: vy, ..., v, are linearly (in-)dependent.

Remark. ¢) Two vectors vy, vy € V are linearly dependent if and only if one is a multiple
of the other.

d) If S ={vy,...,v,} is a set of linearly independent vectors, then any subset of S is
a set of linearly independent vectors too.

Example i) {17 t,.. td} is a set of linearly independent vectors of Klt]<q4
ii) {( ) (g), ( ) ( )} is a set of linearly dependent vectors, mdeed

(3) +2(8) - 1(2) —1(3) = (3):

) are linearly independent, since the homogeneous linear system

if) (

O

):(

—O e

11
10
0 1

o O O

has (0,0)” as unique solution.

Proposition 2.12. Let V' be a vector space over the field K, and let {vy,...,v,} CV be
a finite subset.

1. {vy,...,v,} is a set of linearly dependent vectors if and only if one of the vectors is
linear combination of the others.

2. If {v1,...,v,} is a set of linearly independent vectors then vy, ..., Uy, Uyy1 are lin-
early dependent if and only if v,1 € Span(vy,...,v,).

Proof. 1. =] If vy,...,v, are linearly dependent there exist A;,..., A, € K non all zero
(e.g. Aj # Ok), such that

Z)\ivi:OVjUj: Z _(j‘\z) V;
J

i=1 i=1,i#j
k—1 n
<| If v, = Z a;v; (a; € K), then Z a;v; + (=1)vg + Z o,;v; = 0.
i=1i#k i=1 i=k+1
2. «| The same as 1. <.
n+1
=] Let A1,..., A\n, Any1 € K be not all zero scalars, such that Z Aiv; = 0y. Since
i=1
v1, ..., 0, are linearly independent vectors, then A\, 11 # Ok, and arguing as above (1. =),
we conclude v, 41 € Span(vy, ..., v,). O
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This proposition has the following consequence.

Corollary 2.13. If {vy,...,v,} CV is a set of linearly dependent vectors, then
{v1, .U, Va1, - - 05} CV ois set of linearly dependent vectors as well.
In particular, {Oy, vy, ..., v,} CV is a set of linearly dependent vectors.

We conclude this section with a numerical relation between a set of generators and a
set of linearly independent vectors

Theorem 2.14. Let V' be a vector space over the field K, let {vy,...,v,} CV be a set of

linearly independent vectors and {wy, ..., wy,} CV be a set of generators. Then n < m.
Proof. Aiming for a contradiction, let us assume m < n. Since v; € V' = Span(wy, ..., w,),
there are scalars \q,...,\,, € K, such that v; = \jw; + - -+ + \,,w,,. Since vy # Oy, not
all \; are zero, without lose of generality we may assume \; # Ok, so
)\111)1 =V — )\211)2 — .. — )\mwm — W = )\Il’Ul — Z(Afl)\z)wl
i=2
Thus V' = Span(wy, we, ..., wy,) = Span(vy, wsy . . ., Wy,).

We consider now vy € V' = Span(vy,ws, ..., w,,): there are scalars iy, pia, . . . , i, € K,
such that vo = vy + pows + -+ -+ + ppwy,. Since vy, vy are linearly independent, not all
o, - - ., [y are zero and without lose of generality we may assume ps # Ok, SO

wy = —(py ) o1 + pig e — > (g s )w;
i=3
Thus V' = Span(vy, we, w3, . .., w,,) = Span(vy, Vg, W3, . . ., Wy, ).

Repeating this process m-times (m < n), we get V- = Span(wy, ..., w,,) = Span(vy, ..., vn),
SO Upa1 € Span(vy, . . ., Uy,), contradicting the fact that vy, ..., vy, Uy are linearly inde-
pendent. O

2.3.3 Bases and dimension

Definition 2.15. Let V' be a vector space over the field K. A finite subset B =

{v1,...,u,} C V is a basis of V if {vy,...,v,} is a set of linearly independent gener-
ators.
1 0 0
0 1 0
Example. o« &= Of, 10}, ..., |: is a basis of K" called the canonical basis.
: 0
0 0 1

e Similarly,

10 0 010 0 0O -~ 00

0 0 0 000 0 . Do

g: , ) , , . . .
: 0 0 0

0 0 0 000 0 0 01



is a basis of Mg (m,n) called the canonical basis.

e For any a € K the set {(é) , (Cf) } is a basis of K2.

o £={1,t,...,t%} is a basis of K[t]<,4 called the canonical basis.

To be a basis means that {vy,...,v,} are enough to describe V', and we do not carry
redundant information. Indeed:

Proposition 2.16. Let V' be a vector space over the field K, and let B = {vy,...,v,} CV
be a basis of V. Then every element of V' can be written uniquely as a linear combination

of {vi,...,vn}.

Proof. V' = Span(vy,...,v,), so for every v € V there exist Aq,...,\, € K such that
U:)\1U1+...+)\nvn.
To prove the uniqueness, let us pick two representations of v:

V=AU F .. AU, V= 101 F . ..+ fpUn.
Considering the difference, we get Oy = v — v = (A — pg)vy + ... + (A — fn)vy,; but
vy, ...,0, are linearly independent, and so A\ — p1 = Og, ..., Ay — pp = Og, ie. A =
1y ooy Ay = [ n

Definition 2.17. Let V' be a vector space over the field K, B = {vy,...,v,} CV be a
basis of V', so that for every v € V' there are unique scalars \q,..., A, € K such that

n
v = Z /\ivi .
i=1

The scalars A1, ..., A\, are the coordinates of v with respect to the basis B, and are denoted
by (v)g = (A1,..., )T € K.

What do two basis of a vector space have in common? The number of elements!

Lemma 2.18. Let V' be a vector space over the field K, and let B = {by,...,b,} C V
and C =A{c1,...,cn} CV be bases of V.. Then m = n.

Proof. Using that bq,...,b, are linearly independent and that c¢q,...,¢,, are generators,
we obtain n < m by Theorem [2.14] Switching the properties: by, ...,0b, are generators
and that ¢y, ..., ¢, are linearly independent, we obtain m < n by Theorem [2.14] O

Definition 2.19. Let V' be a (finitely generated) vector space over the field K. The
dimension of V is the number of elements of a basis of V' and it is denoted by dim V.

Example. ¢ dim{0} =0, indeed B = ) is a basis of {0}.
o dimK" = n.
o dim Mg(m,n) =m-n.

o dimK[t]<y=d+ 1.
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o Let A € Mxg(m,n), then Sol(A4|0) <« K* = Mk(n,1) is a vector subspace. The
Rouché-Capelli Theorem tells us Sol(A|0) = {Mvy + - Ny | N € K} =
Span(vy, ..., v,—,) where r = rk(A), and it guarantees that there are no redundant
generators, i.e. vq,...,v,_, are linearly independent, so dim Sol(A|0) = n — rk(A).

Proposition 2.20. Let V' be a vector space over the field K. The following claims hold
true.

1. Let W<V, then dimW < dimV, and dmW =dimV & W =V.

2. If dimV =n and {v1,...,v,} is a set of linearly independent vectors, then p < n.

Moreover, if p = n then {v1,...,v,} is a basis, while if p < n there exist vectors
Uptt, - -, Uy Such that {vy, ... vy, Upy1,..., 05} is a basis of V.
FEach set of linearly independent vectors can be completed to a basis.

3. If dimV =n and {wy, ..., wy,} is a set of generators of V', then. m > n.

Moreover, if m = n then {wn,...,wy,} is a basis, while if m > n we can remove
m — n vectors in such a way that the remaining ones are a basis of V.
From each set of generators we can extract a basis.

Proof. 1. Let {wy,...,ws} C W C V be a basis of W, in particular it is a set of linearly
independent vectors in V. By Theorem dimW =s <dimV.
It W =V, clearly dimW = dim V.
Now, let dim W = dim V' = n and assume there exists v € V', v ¢ W. Adding v to a basis
{wy,...,w,} of W, we get n+ 1 linearly independent in V'

Then v ¢ Span(wy, ..., w,), so {wi,...,w,,v} are linearly independent in V' (by 2. of
Proposition , contradiction.

2. The first claim follows from Theorem [2.14]

For the second one, ifp = n, pick W = Span(vy,...,v,) and apply 1; else, if p < n,
then Span(vy,...,v,) # V, so there exists v,41 ¢ Span(vy, ..., v,). By Proposition m
U1,...,Up, Upy1 are linearly independent. Repeating n — p times this step, we eventually
get a basis of V.

3. The first claim follows from Theorem [2.14
If wy,...,w,, are linearly dependent, by 1. of Proposition one of the vectors (say
Wy,) is linear combination of the others, so we could exclude it and still have a set of
generators.

Now, if m = n, then wy,...,w, cannot be linearly dependent, otherwise we may
exclude one vector and get a set of generators of V' of cardinality n — 1, impossible.

On the other hand, if m > n, then wy,...,w,, are linearly dependent, by Theorem
[2.14) and applying m — n times the procedure above, we can exclude m — n vectors and
get a basis of V. O

From the previous proposition we deduce the following important observations.

Remark. i) Every (finitely generated) vector space has a basis!

ii) In a vector space V' of dimension n, a set of n vectors S = {vy,...,v,} is a set of
generators if and only if it is a set of linearly independent vectors.
So to check if S is a basis, it is enough to check one condition.
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Example. . (%), ((1)) are linearly independent in K3, they are not generators of K3,

since 2 < 3 = dim K3, but we can complete them to a basis, e.g. to {(SI)), (é), (?)}

o Let S :={1+¢tt+t*1+t*} C K[t|]<e. Are they generators? Are they linearly
independent? dim K[t]<5 = 3, so we can answer both question simultaneously.

Let us check if 1 +¢,¢ + t2,1 + t? are linearly independent:

/\1 —|— )\3 - 0
0 = A (1) 4+ Ao () F A3 (14+2) = (A+A3) A+ X))t Do+ X3)t2 & 8 A+ A =0
)\2 + )\3 =0

So 1+t,t+1t%1+1t? are linearly independent if and only if the linear system has a
unique solution, so if and only if its matrix of coefficients has non-zero determinant:

1 01
det (1 1 O :det<1 0>—|—det<1 1>:1+17é0.
11 0 1
011
A

So {1+t,¢t+t* 1+ t*} is a basis of K[t]<s.

Note that the columns of A are the coordinates of 1 +¢,¢ + t2,1 + t* with respect
to the canonical basis {1,¢,#*} of K[t]<a.

Remark. i) By taking coordinates, we can describe a vector in V' via a vector in K"
(n =dim V). So we can “translate a problem on V into a problem on K"”. We will make
this more precise and concrete in the next chapter.

ii) In K", to check whether n vectors form a basis, it is enough to check if they are
linearly independent, i.e. if the “corresponding” homogeneous linear system has a unique
solution. Its matrix of coefficients A is a square matrix with the n vectors as columns, so
the linear system has a unique solution if and only if A is invertible.

In other words, {vy,...,v,} C K" is a basis of K" if and only if the matrix A =
(v1]...|vn) (the v; are the columns) has maximal rank (i.e. det A # 0).

2.4 A comment on rank

Definition 2.21. Let A € Mg(m,n) be a matrix. Let Ry,..., R, be its rows and let
C1,...,C, be its columns.

The row space of A is Row(A) = Span(Ry,..., R,) <K™.

The column space of A is Col(A) = Span(Cy,...,C,) <K™.

Example. Let A= (123) € Mx(2,3),and B = (191) € Mk(2,3) then

Row(A) = Span((1,

2,3),(4,5,6)) < K3, Col
Row(B) = Span((1,0,1

,1),(2,0,2)) < K3, Col

=
I
wn
o]
o
=
= 2R

Note that dim Row(A) = dim Col(4) = rk(A4) = 2 and dim Row
rk(B) = 1.
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Theorem 2.22. Let A € Mxg(m,n) be a matriz. Then
rk(A) = dim Row(A) = dim Col(A) = rk(A”)

Idea: the elementary row operations do not change Row(A), so if U is in echelon form
and is obtained from A using the Gauss algorithm, we have Row(A4) = Row(U), but
dim Row(U) coincides with the number of pivots, i.e. the number of non-zero rows of U
(they are linearly independent!)

Attention: In general Col(A) # Col(U), but dim Col(A) = dim Col(U) = number of

pivots.

Remark. Theorem gives us a new interpretation/proof of part 1. of Therom [1.11]
(Rouché-Capelli). Indeed,

Az = b is solvable < b € Col(A) = Span(Cy,...,C,) < Span(Cy,...,Cy) (;) Span(Ch,...,C,,b)
But Span(C4,...,C,) <Span(Ch,...,C,,b), so the equalitiy (%) holds if and only if
dim Span(C, ..., C,) = dim Span(C, ..., C,,b) < dim Col(A) = dim Col(A|b) < rk(A) = rk(A[b).

2.5 Cartesian and parametric equations

As seen so far, there are two ways to define a vector subspace W < K™:
« implicitly, as solutions of a homogeneous linear system; these are cartesian equations;

o explicitly, as span of some vectors; these are parametric equations.

Remark. i) If dim W = r, then W can be express using r vectors, so r parameters; or via
a homogeneous linear system with n — r equations (by Rouché-Capelli theorem).

ii) We may use more vectors or equations, but they would not be linearly independent,
i.e. we would have redundant information.

Cartesian — parametric) Given cartesian equations (i.e. a homogeneous linear system)
by solving them we easily get parametric equations.

Parametric — cartesian) given parametric equations W = Span(wy, ..., w,) <K" we
can interpret it as W = Col(A), (where A € Mk(n,r) has wy, ..., w, as columns). By
the remark after Theorem [2.22] we see that a vector v = (z1,...,2,) € K" belongs to
W if and only if v € Col(A) if and only if rk(A) = rk(A|v). By imposing this condition
we obtain cartesian equations of W.

Example. Let W = Span((2,—2,1,0)%, (1,0, —1,1)) «R?, then (z1, 19,23, 24) € W if
and only if the linear system

2 1 T

—2 0 i)

1 —1 T3

0 1 Ty

is solvable. Using elementary row operations the linear system reduces to

1 -1 xIs3
0 1 Ty . . . . . 1’1—2273—31‘4:0
0 0 |2 — 205 — 32 which is solvable if and only if v a solution of { Ty + 25 + 204 = 0
0 0 To + 25(]3 + 21’4
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These are cartesian equations of W.

Alternatively, given parametric equations, we can recover cartesian equations by
eliminating the parameters, as in the following examples.

Example. Let W = Span((2, —5,1)T) <R3, i.e.

x T =2t ) x U S
W=<|yleR®|{ y=-5t ,tcR “) y| eR?| -
y—95z2=0
z z=1 z

where in (%) we used the equation z =t to eliminate the parameter ¢.

Let U = Span((2, —5,1)7, (1,0, 1)) <R3, i.e.

x r=2t+s
U=S|y|lcR®|{ y=-5t ,t,scR
Z z=t—s

5T + 2y = bs

Bzt y = —bs and then we eliminate s to

By using y = —5t to eliminate ¢ we get {
get U= {(z,y,2)" € R® | 5z + 3y + 5z = 0}.

2.6 Grassmann’s formula

We conclude this chapter discussing the relation between the dimensions of two vector
subspaces and those of their sum and intersection.

Theorem 2.23 (Grassmann’s formula). Let V' be a K-vector space, and let U W <V be
two vector subspaces. Then

dimU 4+ dim W = dim(U N W) + dim(U + W)

Proof. Let us set dimU = p, dim W = ¢ and dim(U N W) = r. By Proposition we
have r < p and r < ¢, and we have to prove that dim(U + W) =p+q—1.

Let {b1,...,b,} beabasis of UNW and complete it to a basis of U: {b1,...,by, ¢r41...,¢};

and to a basis of W: {by,...,b,,dy1...,d,}.
We are going to show that S = {by,..., by, ¢q1..., ¢, drs1 ..., dg} is a basis of U+ W,
so that dim(U+W)=r+(p—r)+(¢—7r)=p+q—r.

They generate: take v € U + W, so there exist u € U,w € W such that v = u + w.
But there exist scalars such that

u = onby+ .. b+ Y G
w = Blbl_{"”+6¢br+5r+1dr+1+...+(5qdq

and so v = (a1 + 1)1 + ... + (@ + B )by + Yep1CGri1 + -+ VpCp + Opiadrgr + .o+ 0gd.
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They are linearly independent: pick scalars such that

OV = )\1b1 + ...+ )\rbr + MNr+1Cr41 + ...+ TpCp + 7}+1d,~+1 + ...+ quq

and define w := \by +. ..+ N\ b + 116000+ ..+ 1mpe, € U, so that —u = 7 1dy 1 4. .. F
7,d, € W and by S3) u € W. Therefore, u € U NW and there exists r scalars py, ..., i,
such that v = pu1by + ... 4+ p,.b,. From this it follows

,U,lbl—F...+Mrbr+Tr+1dr+1+...+quqIU—UIOV

and being by, ...,b,,dy41 ..., d, linearly independent, weget 11 = ... = p, =741 = ... =
7, = Ok. In particular,

Oy =u=MAbi + ...+ Xbp +1pjiCrp1 + ...+ 10y

and being by, ...,b,, ¢rq1 ..., ¢p linearly independent, we get Ay = ... =\, =10, = ... =
np = Ok. ]

An immediate consequence of Grassmann’s formula is the following statement.

Corollary 2.24. Let V' be a K-vector space, and let U;W <V be two vector subspaces.
Then the sum U+W is direct if and only if dim(UNW') = 0 if and only if dim U+dim W =
dim(U + W).

In particular, let By be a basis of U and By, be a basis of W, then the sum U + W is
direct if and only if By U By is a basis of U + W.

Example. In R* consider the subspaces

- TeR e T =spen((3)-(1)-(1))
U—{(a:,y,z,w) eR |{x—y+w _ 0 }, W = Span o)1)\ .

We want to determine a basis (and the dimension) of U, W, UNW, U + W, and
determine whether the sum is direct.

Note that U = Sol(A|0), where A = (} s (1)), which reduces to ((1) e (1)) (by
applying Ry — Rs — Ry), so that

(s—1)/2
U= (S+St)/2 | s,t € Ry = Span
t

-1

1

1 :
NE = dimU =2
0

N O =

To find a basis of W, we write the generators of W as columns of a matrix, and we
reduce it. By the discussion in Section the columns corresponding to pivots in the
original matriz are a basis for W:

112 1 1 2 1 1 2
1 0 1| Re—=Re—R1 |0 -1 —-1| Bs—=Rs+ R [0 -1 —1
01 1 — 0 1 1 — 0 0 0
000 0 0 0 0 0 0
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Thus, W = Span and dim W = 2.

1 1
1 0
Of 1
0 0

(*) Now we consider U 4+ W. The sum U + W contains all vectors that can be written
as sum of a vector in U and a vector in W, so it is generated by a basis of U together
with a basis of W:

N /—1\ /1\ /1

1 1 1| (o
UtW=38pan |1, 5|0l |1
o/ \1/) \o) \o

Proceeding as above, we get that those four vectors are linearly independent, so that
dim(U + W) = 4. By Grassmann’s formula dim(U NW) =0, i.e. UNW = {0y }.

Alternative to (*). We may have started by considering U N W. A vector in W =
1 0 a
Span <<é>, <_11)> has the form (abb> for a,b € R. Such vector belongs to U N W if it

0 0 0
satisfies the conditions to be in U:

A e S I R

So there is a unique possibility: (a,b) = (0,0). In other words, U N W = {0y}, so that
dim(U N W) = 0. By Grassmann’s formula dim(U + W) =4, i.e. U W = R™.
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Chapter 3

Linear maps

In the previous chapter we have introduced vectors and vector spaces. Here, we are going
to introduce the maps between vector spaces (linear maps), so we are going to see how to
link two vector spaces and how to transform vectors.

Before introducing linear maps and their properties, let us briefly recall some general
definitions.

Definition 3.1. Let f: X — Y be a function.
The function f is surjective if “every element in the codomain can be reached”:

VyeY dJz e X :y= f(z).

The function f is injective if “to different elements in the domain correspond different
elements in the codomain”:

Vo, zo € Xt f(z1) = flx2) = 21 =29
The function f is bijective if it is both surjective and injective:
VyeY dze X :y= f(z)
“Every element in the codomain is reached by exactly one element of the domain”.

If f: X — Y is bijective it is invertible, indeed every y € Y is associated to a single
x € X. So, y — x, where x is the unique element of X mapped to y, defines the inverse
map f!:Y — X. It satisfies:

fOf_lzidy, f_lof:idX.

Example. The map R — [—1, 1], + sin(¢) is surjective, but not injective.
The map R — R? ¢ — (2t, —t) is injective, but not surjective.
The map R — R, ¢+ 3t is both surjective and injective, hence it is bijective.
The map R — R?, ¢ — (cos(t),sin(t)) is neither surjective nor injective.

In this course we will focus on functions between vector spaces, which preserve the
vector space structure, in particular they will map vector subspaces to vector subspaces
as in the second and third examples, but not in the last one, as it sends the real line to
the unit circle.
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3.1 Linear maps: definition and basic properties

Definition 3.2. Let V, W be vector spaces over the same field K.
A function f:V — W is a linear map if

L1) f(vi4+va) = f(v1) + f(vy) for all vy, vy € V' (additivity)
L2) f(A-v) =X f(v) for all v € V, A € K (homogeneity/scaling)
Example.
e The zero-map V — W, v + Oy is linear.
o The identity map idy : V — V v — v is linear.
o Let A € Mg(m,n), then the map L4 : K" — K™, v +— Av is linear:

La(v1+vs) = A(v1+v2) = Avy+Avg = La(v))+La(v2), La(Av) = A(Av) = NAv = ALy (v)

o The transposition map Mg (m,n) — Myg(n,m), A — AT is linear.

d d
o The “derivative” K[t]<g = K[t]<4, > ant” = > na,t""" is linear.

n=0 n=1
e f:R* >R, (x,y)— 2%+ y* is not linear, e.g. f(2-(1,1)) =8 #4 =2f(1,1).

o For n > 1, the determinant of a square matrix det : Mg(n,n) — K, A — det(A) is
not a linear map: det(cA) = " det A.

Remark. Conditions L1, L2 can be checked simultaneously by proving
FQwr + pvg) = Af(v1) + pf(v2)  Vo,ve € VA peK

Lemma 3.3. Let f:V — W be a linear map between the K-vector spaces V, W.

Proof. f(Oy) = f(Ox - v) = Ox - f(v) = Ow. O

In particular, if f(Oy) # Ow, then f:V — W is not a linear map, e.g. ¢’ =1 # 0, so
exp : R — R,z — €” is not linear.

Be careful, this condition is necessary, but not sufficient for the linearity: f : R? —
R, (x,y) — x? 4+ y* is not linear, but f(0,0) = 0.

Properties. Let V.W, U be K-vector spaces, and let f :V — W, g: W — U be linear
maps. Then

1. The composition go f : V — U,v > g(f(v)) is linear.
2. If f: V. — W is invertible (i.e. a bijective function), then f~': W — V is linear.

Proof. 1. g(f(Avr + pva)) = g(Af(v1) + pf(v2))) = Ag(f (1)) + pg(f (v2)).
2. We need to prove f~'(Aw; + pwy) = Af 7 (wy) + pf~H(wy). Define vy = f~(wy)
and vy = f~'(wy), so that w; = f(v;) and wy = f(v2). Using f~'o f = idy and the
linearity of f we get
T Ot pws) = FHf (01)+pf (02)) = F7HFAortpvg)) = Mortpvg = Af~H(wn)+pf ' (ws).

]
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Special case. 1. Let A € Mg(m,p) and B € Mg(p,n). Then L, : KP — K™ and
Lp : K" — KP, so we can compose them:

EAoﬁB K — KPP — K™
v = Bwv
w o~ Aw

so LaoLp(v) = A(Bv) = (AB)v = Lag(v), thus Lo L = Lp (note AB € Mg (m,n)).

2. If we assume A € Mxk(n,n) to be invertible (i.e. det A # 0), then L4 is bijec-
tive/invertible (L4)™!' = L4-1.

“Linear maps behave well with vector subspaces” .

Lemma 3.4. Let VW be K-vector spaces, and let f :V — W be a linear map.
1. If U<V, then f(U)={w e W |JueU s.t. w= f(u)} is a vector subspace of W.
2. If Z<W, then f~Y(Z)={v eV | f(v) € Z} is a vector subspace of V.

Proof. See Quiz 3. O

We consider now two cases which will be relevant in this course.

Definition 3.5. Let V, W be K-vector spaces, and let f : V' — W be a linear map.
The kernel of f is

ker(f) = f7({ow}) ={ve V| f(v) = 0w} V.
The image of f is
Im(f)=f(V)={weW |IeVst. w=f(v)}<W.

Notation. Let A € Mg(m,n), then we write ker(A) for ker(£4) and Im(A) for

Example. Let A € Mg(m,n), and consider L4 : K* — K™, then
ker(A) ={v e K" | La(v) =0} = {v € K" | Av = 0} = Sol(A]0)
What about the image? Let b € K™, then
beIm(A) < Jve K" sit. Av =b< Az =bis solvable < b € Col(A)

so Im(A) = Col(A), in particular dimIm(A) = rk(A). In analogy, we define rank of a
linear map.

Definition 3.6. Let V, W be K-vector spaces, and let f : V' — W be a linear map. The
rank of f is rk(f) := dim Im(f).

Example. Let f: K[t]<o = K[t]<1, p(t) — tp"(t) — P'(1).
We firstly verify that f is linear using that the “derivative” is linear:
FOw(t) + pq(t)) = t(Ap(t) + pq(t)” — (Ap(t) + pa(t))" = t(Ap"(t) + pq" (X)) — (AP'(t) + pg'(1))
= At"(t) = p'(1)) + u(td"(t) — ¢ (1)) = Af(p(t) + nf(a(t))
Let p(t) = ag + ayt + ast?, then f(p(t)) = 2ast — (ay + 2ast) = —ay, so
ker(f) = {p(t) € K[tl<z | tp"(t) — p'(t) = 0} = {ao + ast|ao, a2 € K} = Span(L, t*)

and
Im(f) = {—ai]|a; € K} = Span(1).

40



3.2 Surjectivity and injectivity of linear maps

3.2.1 Surjectivity

Theorem 3.7 (Surjectivity criterion for linear maps). Let V, W be K-vector spaces, and
let f:V — W be a linear map. Then f is surjective if and only if rk(f) = dim W.

Proof. f is surjective if and only if Im(f) = W. Since Im(f) C W, the statement follows
from Proposition [2.20 O

“Surjective linear maps preserve the property of being generators.”

Proposition 3.8. Let V. W be K-vector spaces, and let f :V — W be a linear map.

If V.= Span(vi,...,v,), then Span(f(v1),..., f(v,)) = Im(f).
In particular, if f is surjective then Span(f(vy),..., f(v,)) = W.

Proof. Let w € Im(f), so there exist v € V such that f(v) = w. From V' = Span(vy,...,v,)
we deduce that there exist A\i,...,\, € K such that v = A\jv; +... + A\,v,. Thus

w=f(v)=fAv1+ ...+ ) = A\ f(v1) + ...+ A\ f(vn) € Span(f(v1), ..., f(v,)).

O]
. 12 3 s e
Example. i) Let A = 45 6)€ Mg(2,3). Is L4 : R® — R?* surjective?
{e1, €9, e3} generates R3, so by the previous proposition we know
1\ (2\ (3 )
Im(L4) = Span(L4(e1), La(es), La(es)) = Span (<4> : <5> ) (6)) =Col(A) =R
So L4 is surjective.
1 2
ii) Consider B = [3 4| € Mg(3,2). Is L : R? — R? surjective? As above, we
5 6
1 2
Im(Lp) = Span(La(er), La(ez)) =Span | | 3|, [ 4] | = Col(B)
D 6

Since dim Col(B) = rk(B) = 2 < 3 = dimR3, the map L5 is not surjective.

Note that, for a matrix A € Mg (m,n), the map £, : K® — K™ is surjective if and
only if dimIm A = m, i.e. if and only if rk(A4) = m. But rk(A) < min(m,n), so if L, is
surjective, then m < n.

3.2.2 Injectivity

Theorem 3.9 (Injectivity criterion for linear maps). Let V. W be K-vector spaces, and
let f:V — W be a linear map. Then f is injective if and only if ker(f) = {0y }.
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Proof. =| Assume f to be injective, and let v € ker f, then f(v) = Oy = f(0y). Since f
is injective, we deduce v = Oy, so ker(f) = {0y }.

<] Assume ker(f) = {0y}, and let v1,v, € V be vectors with f(v1) = f(v2), then
Ow = f(v1) = f(v2) = f(v1 — v2), s0 v; — vy € ker(f) = {Oy}. Thus v; = vy, L

“Injective linear maps preserve the property of being linearly independent.”

Proposition 3.10. Let V, W be K-vector spaces, and let f : V — W be an injective linear
map. Then:

If {v1,...,v,} CV are linearly independent, then {f(vi),..., f(v,)} CV are linearly
independent too.

Proof. Write Oy as linear combination of {f(v1),..., f(v.)}:
Ow = Af(v1) + ... A f(vn) = f(\or + ... \on) = Mo + ... A\, € ker(f) = {0y}

so A\iv1 + ... Apv, = Oy. Using that {vy,...,v,} C V are linearly independent, we get
A =...= X\, = 0.

O
123 e
15 6] € Mg(2,3). The map L, : R® — R? is injective if and
only if 0 = dimker(A) = dim Sol(A|0). By Rouché-Capelli, the solutions of the linear
system Ax = 0 are a vector space of dimension 3 —rk(A) = 3 —2 = 1, so L4 is not
injective.

Example. i) Let A =

1 2
ii) Consider B = [3 4| € Mg(3,2). This time the solutions of the linear system
5 6
Bz = 0 form a vector space of dimension 2 —rk(B) =2 -2 =0, so Lp : R* — R3 is
injective.
Note that, for a matrix A € Mg(m,n), the map L4 : K* — K™ is injective if and

only if dimker A = 0, i.e. if and only if n = rk(A). But rk(A) < min(m,n), so if L4 is
injective, then n < m.

3.2.3 Bijectivity

Terminology. A bijective linear map f : V — W is called isomorphism, and we say that
V and W are isomorphic.

A function is bijective if it is both surjective and injective, so an isomorphism preserves
both the property of being generators and the property of being linearly independent. In
other words: “Bijective linear maps preserve bases”.

Proposition 3.11. Let VW be K-vector spaces, and let f : V — W be a bijective linear
map. If {vy,..., v} is a basis of V', then {f(v1),..., f(v,)} is a basis of W, in particular
dimV =dim W.

Proof. Tt follows immediately from Proposition [3.8 and [3.10] O

Remark. Let A € Mg (m,n) be a matrix. If m # n then £4 : K* — K™ is not invertible,
and so A is also not invertible. That is why in Section we stuck to square matrices.
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3.3 Rank-nullity theorem and its consequences

Theorem 3.12 (Rank-nullity theorem). Let V., W be K-vector spaces, and let f : V — W
be a linear map. Then

dimker f + dimIm(f) = dim V.

Proof. Let B = {by,...,b,} be a basis of ker f (recall, B = () if ker f = {0}), and complete
it to a basis of V:

B = {bi,....bybysrt, .. bo}.
By Proposition [3.8] we know that

Im(f) = Span(f(bl) s (bp) ( p+1)a--->f(bn)) = Span(0W7---70W7f(bp+l)7"'af(bn))
= Span(f( p+1> 7f(bn))
Thus {f(bp+1), .- ., f(by)} generates Im(f). If we show that they are linearly independent,

they form a basis, so dim Im(f) = n — p and we are done.
Let A\pt1,..., A\, € K be such that

OW = )\p+1f(vp+1) + ...+ /\nf(vn) = f(>‘p+1vp+1 + ...+ )\nvn)

hence A\p110p41 + - .. + A\yu,, € ker(f).
But ker(f) = Span(by, ..., b,), so there exists Aq,...,\, € K such that

/\p+1’Up+1 + ...+ )\n?}n = )\1’01 + ... /\pUp

We obtain Adjv1+. .. Apvp—Ap11Vpt1—. . .— AU, = Oy, but B’ is a set of linearly independent
vectors, so Ay = ... =\, = A1 = ..., A, = Ok O

Example. Let [ : K[t]<o — K[t]<1,p(t) — tp"(t) — P'(1).
We have seen that ker(f) = Span(1,#?) and Im(f) = Span(1), so dim ker(f) = 2 and
dimIm(f) = 1.

Remark. Let A € Mg(m,n), then Theorem for L4 : K" — K™ reads
dim Sol(A|0) = dimker(L4) =n — dimIm(A) = n — rk(A),
so the space of solutions of a solvable linear system depends on n — rk(A) parameters, as

we already knew from part 2. of Therom (Rouché-Capelli).

Remark. Let f : V — W be a linear map, the Rank-nullity theorem has the following
consequences (1. and 2. were already deduced above in the case of L4, for A € Mg (m,n)).

1. If f is surjective, then dim Im(f) = dim W, so dim W = dim V —dimker f < dim V.
In other words, if dim V' < dim W, then f cannot be surjective.

2. If f is injective, then dimker(f) = 0, so dimV = dimIm(f) < dimW. In other
words, if dim V' > dim W, then f cannot be injective.

3. If f is bijective, then dimV = dim W. In other words, if dim V' # dim W, then f
cannot be bijective (see also Proposition [3.11)).

4. If dimV = dim W, then f is injective if and only if f is surjective.
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Example. o Let f: K[t]<s = Mxk(2,2) be the linear map given by

_ (p(0) p'(0) : 2 3y _ [ @ a1
f(p(t) = <p//(0) p"(0) 1.e. flao + art + ast”™ + ast”) = 2a5 6as
ag + a1t + ast? + azt® € ker(f) & ag = a; = 2ay = 6az = 0, i.e. ker(f) = {0}, so f is
injective.
Since dim K[t]<3 = dim Mk(2,2) =4, f is also surjective, hence an isomorphism.

o Let g : K[t]<3 = Mk(2,2) be the linear map defined by g(p(t)) = (_ng(()g) —p;;'('%)) ie.

g(ag + art + ast® 4 ast®) = <_ago —C;lag>
We get that ag + a1t + ast? + ast® € ker(g) & ag = —ag = a1 = —2ay, i.e ker(g) =
{ast® | a3 € K} = Span(t?), so g is not injective and also not surjective, because
Note that dim ker(g) = 1, sork(g) = 4—1 = 3, indeed Im(g) = Span(g(1), g(t), g(?), g(t*)) =
Span (( 146),(§46): (6 %)) -

o Let h : K[t]<g — K? be the linear map defined by h(p(t)) = ( p) ) ie.

p(=1)

h(CLQ + alt + a2t2) = (CLQ tat a2>

ap — ai + as

We get that ag + a1t + ast? € ker(h) < ag + ay + az = ag — a; + as = O, i.e ker(h) =
{ag + ait + ast?® | a; = Og,as = —ag} = Span(1 — %), so h is not injective, but rk(h) =
3 —1=2=dimK?, so h is surjective.

3.4 How to give a linear map?

Let V, W be K-vector spaces, how can we construct a linear map f: V — W?

To define it, we need to associate to each vector v € V a vector w € W in such a way,
that f respects additivity (L1) and scaling (L2). Let us proceed as follows:

1. Choose a basis B = {by,...,b,} of V, so for each v € V there exist A\j,..., \, € K
such that v = A\by + ... + A\bn: (V)g = (Mg, A) 7.

2. Choose the image of the n vectors in B: w; := f(b;)

3. Define f(v) by linearity:

f)=f\br+ ...+ Xbp) = A f(b1) + ... + A f(bn) = Mwy + ...+ Awy,

By construction such map is linear, so to give a linear map it is enough to give the image
of the vector of a basis: “A linear map is completely determined by its behaviour on a
basis”.

Example. Let f: Q? — Q[t]<2 be defined via

) o)

then f(3) = f(=2(3)+3(})) =—-2(1+¢t)+3(t>* —t) = —2 — 5t + 3t>.
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Example. Let g : R? — R? be defined via

gler) = (é) - gle) = (BQ) o) (—32>

T
1 -9 3 1 -2 3
then g | =g(mel+y€2+ze3>:“<6>+y<0>+2<—2>:(6 0 —2> .

z z
This construction easily generalize to any linear map K" — K™, in other words:

Lemma 3.13. FEvery linear map f : K* — K™ is of the form f = L4 for some A €
Mg (m,n).

We are going to see how matrices encode linear maps between arbitrary vector spaces
(and not only K™).

Example. Let f: K[t]<3 = Mxk(2,2) be the linear map defined by

2 3y _ [ @ a1
f(a() + a1t + aot” + ast ) = (2(12 6&3)

Here a central role is played by the coefficients ag, a1, a2, az. We would like to highlight
their role.
The first step is to link any vector space with a suitable K.

Theorem 3.14 (Isomorphism theorem with K™). Let V' be a K-vector space of dimension
dimV =n. Then, there exists an isomorphism f :V — K".

Proof. Let B = {by,...,b,} be a basis of V' and define the linear map f : V — K" via

f(bj) = e;, where {ey,...,e,} is the canonical basis of K".
We get immediately that Im(f) = Span(f(b1),..., f(b,)) = Span(ey, ..., e,) = K", so
f is surjective. But dimV =n = dim K", so f is bijective. O

Corollary 3.15. Let V,W be K-vector spaces. They are isomorphic (V=W ) if and only
if dimV = dim .

Proof. =] Done in Proposition m
<] By Theorem [3.14] there exists isomorphisms f : V' — K" and ¢g : V' — K"; hence
g tof:V — W is an isomorphism. O

We have then a dictionary to move from V' to K™ and back.

Definition 3.16. Let V be a K-vector space and let B = {by,...,b,} be a basis of V|
and let £ = {ey,...,e,} be the canonical basis of K".
The linear map Xg : V — K", b; — ¢; is called the coordinate map of B.
The linear map Pg : K" — V. e; +— b; is called the parametrization map of B.
A1
Let v = Mby + ... + \b, € V, then Xp(v) = Mep + ... + Apen, = < :

: ), so Xp
An

extrapolates the coordinates of v with respect to the basis B.
aq

Note that PB:Xgl, so Pg| 1 | = aib + ...+ anby.

Qn
We have now all the ingredients to encode a linear map into a matrix.
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3.4.1 Transformation matrix

Let V, W be K-vector spaces, let f:V — W be a linear map and let B = {by,...,b,} be
a basis of V and C = {cy,...,¢n} be a basis of W.

Let us consider the map X¢ o f o Pg: K* — K™. By Lemma [3.13] it coincides with
the map L4 for a matrix A € Mg(m,n), and we want determine this matrix A.

v w
XeofoPg=Ly:K"— K™, PBT JXC A=?
KTL 7’&X’> Km

The map Xco fo Pg =Ly : K" — K™ is determined by its behaviour on the canonical
basis {ey,...,e,} of K™

Aoy = Laley) = Xe(f(Pale;)) = Xe(f(b)) = A= (Xe(f(b)]. [ Xe(/ ()

In words: the j-th column of A is given by the coordinates of f(b;) with respect to the
basis C.

Definition 3.17. Let V, W be K-vector spaces, let f : V — W be a linear map and let
B = {by,...,b,} be a basis of V and C = {cy,..., ¢y} be a basis of W.
The transformation matriz of f with respect to B and C is the unique matrix ME(f) =
A € Mg (m,n) such that

L4=Xco foPg,

i.e. whose j-th column is given by the coordinates of f(b;) with respect to the basis C.

Example. ¢ For a matrix A € Mg(m,n), we have M%,(L4) = A, where £ and & are

the canonical bases of K™ and of K™.
o Consider V' = K[t]<g and W = Mk(2,2), with bases B = {1,t,t*} and C =
{058, (538),(98),(89)}, and let f: K[t]<g — Mxg(2,2) be the linear map

ag — a1 + ao 0

) = 1 1>:1<1 0>+1<0 1>+1<0 O>+o<0 0)
o = (% )0y 1o )2 9o 1) — e
e = (=0 ) 0 ) (0 D) oY)

o Consider the K-vector spaces K[t]<o and K2, with bases B = {1,1+¢,1 + t*} and
C = {e1,e; + e}, and let h : K[t]<g — K? be the linear map defined by

f((l() + Cblt + a/2t2) = < %o 0 + % * a2>

(e R S

h(ao + art + ast?) = (ao +a; + az)

a] — 2@2
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Then

1
h(1) = () =1 e +0-(er+e),
9 11 4
M+t = | =latl-(ate) :M?(h):<0 ! —2>
2
hl+1t%) = _2>:4~61—2'(€1+€2)

Remark. The main utility of the transformation matrix is to provide us a very effective
dictionary to translate problems on abstract vector spaces into problems on K”. Indeed, as
explained in the following statements, via the transformation matrix we may: i) translate
a problem on a linear map into a matrix problem; ii) reduce complicated computations
to matrix multiplications.

Proposition 3.18. Let V,W be K-vector spaces, with bases B = {by,...,b,} and C =
{c1,...,cm} respectively. Let f - V. — W be a linear map and let A := MBE(f) be the

corresponding transformation matriz. If v = 3"_, \;jb; and f(v) = X[, pic;, then
A M1
A2 | M2
An Han
A1

A
In particular, v € ker f < _2 € ker A and dimIm(f) = rk(f) = rk(A).
An
Proof. By definition of A we have AXp(v) = X¢(f(v)), and the result follows by the

definition of coordinate map. O

We have already seen a reason behind the definition of the matrix product (row-
column), namely to translate linear systems into matrices. We see now other motivations.

Proposition 3.19. Let V. W, U be K-vector spaces, with bases B, C and D respectively.
1) Let f:V =W and g: W — U be linear maps, then

Mp(go f) = Mp(g) - ME(f).
2) Let f:V — W be an invertible linear map, then
(ME(f)™! = Mp(f7).
3) Let B', C' be bases of V and W respectively and let f : V — W be a linear map, then
ME(f) = MG (idw) - ME(f) - ME (idy).

Proof. The proof of 1) is a computation using the various definitions, similar to the proof
of Proposition [3.18]
2) and 3) follow from 1). O

47



Definition 3.20. Let V' be a K-vector spaces, and let B, B’ be bases of V. The matrix
MG (idy),
is called change of basis matrix or transition matrix.
Note that M5, (idy) = ME (idy)~".

We stress that the columns of M&, (idy ) are the coordinates of the vectors in B with
respect to the basis B, and it holds (v)g = ME, (idy) - (v)s.

Example. Let us consider R? with bases B = {e1,e3} and B’ = {e; — 2eq,2¢; — 3ez}.
Then

€1 = —3(61 — 262) + 2(261 — 362) , €y = —2(61 — 262) + 1(261 — 362) s
Hence

‘ -3 =2
Mg/(ZdRQ) = ( 9 1 )

So, e.g. let v € R? be the vector having coordinates (v)s = (4, —7)T with respect to B,
then v with respect to B’ has coordinates

(0)5 = M3 (idg2) = <_23 _12> ' <_47> = (?) :
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Chapter 4

Endomorphisms and diagonalization

In this chapter we focus on a certain family of linear maps, the endomorphisms: linear
maps from a vector space to itself.

Definition 4.1. Let V' be a K-vector space. A linear map f : V — V is called endomor-
phism.

We would like to understand how the choice of a basis B of V' affects the form of the
transformation matrix ME(f).

In particular, we would like to be able to find a basis B, for which ME(f) is as simplest
as possible and for which the geometric meaning of f becomes clearer.

Example. Let us consider the real vector space V' = R?, and consider the linear map
f : R? — R? given by the reflection about a line | C R? of slope # passing through Ogs.

Let us consider the canonical basis £ = {e1, es} of R? and write the transformation
matrix M&(f): geometric and trigonometric considerations give:

_ [cos(26) [ sin(20) e, [cos(20) sin(20) \
flen) = (sin(29)> o flea) = (— cos(26) = Me(f) = sin(20) —cos(26)) 4.
Let us now consider a basis B = {by, by} of R?, capturing the geometry of the transfor-

mation f. Let by,by € V' be vector such that b, lies on the line [ and b, is orthogonal to [;
for example let b; = (Cos(g))) and by, = (75”1(9)). In other words f : xby + yby — by — yby

sin( cos(0)
and the transformation matrix ME(f) is:

1 0
F(br) = by, f(be) = =by — ME(f) = (O _1> _D.
Let P be the change of basis matrix

B _ _ [cos(f) —sin(6)
P = Mg (idz2) = (sin(Q) cos(f) )

By Proposition [3.19] changing basis affects the transformation matrix, as follows:
ME(f) = Mg (idy ) ME(fYME (idy) ie. D=PlAP.
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Definition 4.2. Let A, B € Mg(n,n) be matrices. They are similar if there exists an
invertible matrix P € Mg(n,n) such that B = P~ 'AP.

Remark. Two matrices A, B € Mg(n,n) are similar if and only if they represent the same
linear map with respect to different bases.

In particular, similar matrices A, B € Mg(n,n) have the same rank and the same
determinant det(B) = det(P~'AP) = det(A) (by Binet).

Question. Given an endomorphism f : V' — V, is it possible to find a basis B of V'
such that ME(f) is diagonal?

In other words, given a matrix A € Mg(n,n), are there a diagonal matrix D €
Mg(n,n) and an invertible matrix P € Mg(n, n) such that D = P~ AP?

Every endomorphism f : V' — V can be encoded in a transformation matrix A =
ME(f) € Mxg(n,n), and interpreted as the endomorphism £, : K* — K". From now on
we simplify the discussion by considering only endomorphisms of the form £, : K" — K",
given by a square matrix A € Mx(n,n).

All definitions and claims made for matrices can be transferred evenly to endomor-
phisms, by taking a transformation matrix: for example, an endomorphisms f : V — V
is diagonalizable if and only if a transformation matrix A = ME(f) € Mxg(n,n) is diag-

onalizable (see Definition [£.4] and Theorems [4.5] below).

4.1 Eigenvalues and eigenvectors

Definition 4.3. Let A € Mg(n,n) be a square matrix.
A scalar A € K is an eigenvalue of A, if there exists a non-zero vector v € K", v # 0
such that A-v = \-wv.
A non-zero vector v € K", v # 0 is an eigenvector of A if there exists a scalar A € K
such that A(v) = X - v; in this case, A is called the eigenvalue of v.
The spectrum of A is the set of all eigenvalues of A: S(A) = {\ € K| A is an eigenvalue of A}.

Example. 1) In the previous example, the vectors b; and by are eigenvectors with eigen-

value 1 and —1 respectively.
1 2 4

2)Let A= |4 1 2| € Mg(3,3). The endomorphism L4 : Q* — Q? has eigenvector
2 41

u=(1,1,1)T of eigenvalue 7, indeed A -u = (7,7,7) =6 - w.

3) Let A € Mk(n,n) be a square matrix and v € ker(A),v # 0, then A(v) =0 = Ok -v,
so Ok is an eigenvalue of A.
Remark. a) By 3) we get that ker(A) # {0} if and only if Ok is an eigenvalue of A.
b) More in general, a scalar A\ € K is an eigenvalue of A € Mg(n,n) if and only if
ker(A - I, — A) # {0}.

Notation. By writing a matrix containing several zeroes, we will use the convention

to omit the zero entries. 5
1

5
We denote a diagonal matrix . ' by the short-hand notation diag(dy, . .., d,).
.
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Definition 4.4. Let A € Mk(n,n) be a square matrix. We say that A is diagonalizable
if there exists a basis of K" made of eigenvectors of A.

The meaning of Definition [4.4]is that a matrix A € Mxg(n,n) is diagonalizable if it is
representable in diagonal form, i.e. A is similar to a diagonal matrix.

Theorem 4.5 (1%* diagonalization criterion). Let A € Mx(n,n) be a square matrix.
The matriz A is diagonalizable if and only if there are a diagonal matriz D € Mg (n,n)
and an invertible matric P € Mg (n,n) such that D = P~'AP.

Proof. We start with the preliminary observation that A = M&(L,), where & is the
canonical basis of K".

We now prove the two implications.

=] If A is diagonalizable, there exists a basis C = {ci,...,¢,} of K" made of eigen-
vectors. Let D := M&(L4) and P := M¢(id), then P is invertible (since id is bijective)
and D is diagonal: Ac; = \;c; and

A1
c Az .
D :MC(EA) = .. :dlag()‘la"'aA’rL>
An
By Proposition [3.19
P7YAP = ME(id) ME(LAME(id) = ME(LA) = D

«<| Assume there are a diagonal matrix D = diag(d,...,d,) € Mg(n,n) and an
invertible matrix P € Mg(n,n) such that D = P"*AP. In other words, D represents L4
with respect to another basis C = {cy,...,c,} and P = MS(id).

We prove that ¢; are eigenvalues. Applying the definitions we get

ACz‘ = PDP_ICZ' = PDeZ = P(Lez = 6iCi ]

4.2 Characteristic polynomial

How do we find eigenvalues and eigenvectors?
Let A € Mg(n,n) be a square matrix. We have the following chain of equivalences:

A € K is an eigenvalue of A <= ker(\- I, — A) # {0y}
<~ tk(A-I,—A)<n
< det(A- [, —A)=0
So to find the eigenvalues we look for scalars yielding an homogenous linear system
(A - I, — A)x = 0 having more that one solution.

The eigenvectors relative to an eigenvalue are the non-trivial solutions of this homoge-
nous linear system.
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Example. Consider the linear map f : R? — R? given by the reflection about a line
I C R? of slope 0 = % Dassing through Oge. Its transformation matrix with respect to the
canonical basis of R? is:
¢ 1 V3
A=sin = (5 %)
2 2

The eigenvalues of A are real numbers such that

1 3 1 1. V3 V3
0 = det(Al,—A) = det ( 2 2 ) = A—2) A +2)———— = AN=1 = (A-1)(\+1),
- 4l 2V 20 2 2

so the eigenvalues are +1.
Now, to determine the eigenvectors relative to the eigenvalue A = 1, we have to
compute ker(1 - I, — A):

1—1 _v3 1 3 1 -3 V3
ker(_\/g2 14_21)—1{%(_2\/g 32>—ker<0 0 )—Span<<1>>

2 2 2 2
Similarly, the eigenvectors relative to the eigenvalue A = —1 are obtained by computing
ker(—1-1, — A):

11 _3 _\3 \/g 1 1
2 2 — 2 2 — —
ker( —§ 14 5) ker <—\é§ _5> ker ( 0 0 Span 3

We got 2 eigenvalues ( (@) and (_\l/g)) which are linearly independent, so we got a
basis of of R?: A is diagonalizable (as we already knew).

Our aim is now to replicate this procedure in general and find a strategy to determine
whether a square matrix is diagonalizable, and if so, how to find a basis of eigenvectors.

Definition 4.6. Let A € Mg(n,n) be a square matrix. The characteristic polynomial of
A is the polynomial ps(t) = det(tl, — A) € K]t].

Proposition 4.7. Let A € Mg(n,n) be a square matriz.
o The eigenvalues of A are the roots in K of its characteristic polynomial p4(t) € K][t].
o The characteristic polynomial pa(t) has degree n.
o In particular, the spectrum S(A) is a set of cardinality at most n.
Example. a) The characteristic polynomial of a matrix A = (29) € Mg(2,2) is
det (t __ca t__bd> =% — (a+d)t + (ad — bc)
b) In general, the characteristic polynomial of a matrix A € Mx(n,n) has the form
pa(t) =t"+ ap_1t" "+ -+ (=1)"det A

Some authors define the characteristic polynomial to be det(A — ¢I,,). This definition
differs from our definition p4(t) = det(t,,— A) by a sign (—1)", so it still have the property
of having the eigenvalues of A as roots; however our definition gives a monid] polynomial,
whereas with the alternative definition it is monic only when n is even.

1

monic means that the coefficient of the term of highest degree is 1.
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Remark. In the diagonalization problem, the field K plays an important role!
The natural chain of inclusions Q C R C C yields the inclusions

Mg(n,n) C Mg(n,n) C Mc(n,n)

It is possible that a matrix is diagonalizable over C but not over R, and that a matrix is
diagonalizable over R but not over Q.

Example. ¢) The characteristic polynomial of M = (9 ') is t? + 1.

Over R the polynomial #? 4+ 1 has no root, so M has no eigenvalues, and it cannot be
diagonalizable.

On the other hand, if K = C, then ¢*> + 1 has 2 roots: +i (i is the imaginary unit:
i = —1) and we will see that M is diagonalizable over C.

d) The characteristic polynomial of N = (3}) is t* — 2, which has no root in Q so N
cannot be diagonalizable over Q. But t*> — 2 has 2 real roots: ++/2 and we will see that
N is diagonalizable over R.

4.3 Multiplicities

Let A € K be an eigenvalue of A € Mx(n,n). The eigenvectors relative to the eigenvalue
A (together with 0) are the solutions of a certain homogeneous linear system, so they form
a vector subspace of K.

Definition 4.8. Let A € K be an eigenvalue of A € Mg (n,n).
The eigenspace associated to A is the vector subspace V) := ker(AIl,, — A).
The geometric multiplicity of X is g, := dim V), = n —rk(\,, — A).
The algebraic multiplicity of X is ay := max{k € N | (t — \)* divides pa(t)}.

“The algebraic multiplicity of an eigenvalue A counts how many times A is a root of
pa(t), i.e. to which power (t — \) appears in pa(t)”.

Example. Let ps(t) = (z—1)3(z+2), then f has 2 eigenvalues: 1 and —2, with algebraic
multiplicities a; = 3, a_s = 1.

Let pa(t) = (z + 1)*(z* 4+ 1)% Over K = Q or R, this polynomial has only —1 as root
and a_; = 4.

Over K = C, the polynomial factorize as pa(t) = (z + 1)*(z — i)*(z +4)?, so it has 3
roots: —1, ¢, —i with algebraic multiplicities a_; =4, a; = a_; = 2.

Theorem 4.9 (Fundamental theorem of algebra). Every non-zero polynomial p(t) € Clt]
with complex coefficients has exactly n roots, counted with multiplicity.

In other words, if {z1,...,2} C C are the complex roots of p(t), then Y a., = n.
i=1

Proposition 4.10. Let A € K be an eigenvalue of A € Mx(n,n). Then

1<gy<ay<n.
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Definition 4.11. Let A € Mg(n,n) be a square matrix and let A € S(A).
The eigenvalue A is called reqular if ay = g,.
The eigenvalue ) is called simple if a) = 1.

Note that if ay = 1, then g, = 1; so a simple eigenvalue is automatically regular.

Proposition 4.12. Let A\, Ny € K Ay # Ao be distinct eigenvalues of A € Mxg(n,n).
Then V)q N V)\Q = {O}

Proof. Let v € V\, N V,,. From v € Vy,, we get A(v) = \v; and from v € V),, we get
A(v) = Agv. Therefore, \jv = A - v = Agv, s0 (A} — A\y)v = 0. Since A\; — Ay # Ok, by the
zero-product property we get v = 0. O

In particular, two eigenvectors having distinct eigenvalues are linearly independent.
More generally, “the eigenspaces carry independent information!”

Proposition 4.13. Let \q,... A\, € K be pairwise distinct eigenvalues (N\; # X\; fori # j)
of A€ Mg(n,n). For eachi=1,...,r, let v; be an eigenvalue in V),.
Then {vy,...,v,} CK" is a set of linearly independent vectors.

To diagonalize a matrix A € Mg(n,n) means that we can find a basis of K” made of
eigenvectors of A; in other words, we can reconstruct the effect of the transformation A by
looking at the effect on the single eigenenspaces. Since the eigenspaces carry independent
informations, to diagonalize A we need to find a basis B, for each eigenspace V), and
have n = >77_; g»,. Indeed,

B=DB) U---B),

is a set of linearly independent vectors (by Proposition [4.13)), and to generate K", we need
that B has n elements.

Note that
a)\l + a/)\g + ttt + a/)\,r S degpA =n
VI VI VI
gx + 9, + -+ gx,

so to have gy, + gx, + - -+ g», = n we need that all < are equalities.
Summing up, we have deduced the following important criterion

Theorem 4.14 (2" diagonalization criterion). Let A € Mx(n,n) be a square matriz.
and let S(A) = {A1,..., A} be the set of eigenvalues of A (roots in K of pa). Then the
following are equivalent:

1. A is diagonalizable.
2.3 gy =n.
i=1

3. ZaAi =n and for every ay, = g, for everyi=1,... k.
i=1

Corollary 4.15. Let A € Mg(n,n) be a square matriz.
If pa has all its roots in K and each eigenvalue is simple, then A is diagonalizable.
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Proof. pa has all its roots in K means Z ay =n.
AES(A)

Each eigenvalue is simple means 1 < g\ < ay = 1, so ay = g, for every A € S(A). O
Example. The characteristic polynomial of M = (9 ') is t* + 1, so M is not diagonal-
izable over R (as already seen).

But over C, the matrix M has two eigenvalues: +i, both simple, so M is diagonalizable
over C.

Similarly, the characteristic polynomial of N = (§})ist*—2, so N is not diagonalizable
over Q, but it is diagonalizable over R.

Example. The characteristic polynomial of B = (} 1) € Mg(2,2) is (t — 1), so it has a
single eigenvalue 1 with algebraic multiplicity a; = 2.
Let us now compute the corresponding eigenspace:

1-1 -1 0 —1
Vlzker(Ig—B):ker< 0 1_1>:ker<0 0>:Span(((1])) = g =1<2

Thus, B is not diagonalizable (neither over R nor over C).

Summary of diagonalization process

Input A square matrix A € Mg(n,n)

Step 1 Determine the characteristic polynomial p4(t) = det(¢I,, — A) of A and factorize it
over K| i.e. determine the eigenvalues A1, ..., A\, of A and their algebraic multiplic-
ities Axyy o ooy Q)

e

Check 1 If Z ay, < n, then Output: A is not diagonalizable. Else, go to Step 2:

=1

[This check is not necessary if K = C, by Theorem

Step 2 For each ); find a basis By, of the eigenspace V),, and determine its geometric
multiplicity gy,.

Check 2 If gy, < ay, for some ¢ = 1,... 7, then Output: A is not diagonalizable. Else,

Output A is diagonalizable: B = B, U...U B, is a basis of K" made of eigenvectors of A,
and moreover:
ME(idy) - ME(La) - Milidy) = ME(La)
| I I I
p1 . A . P = D
where D = diag(A1, ..., A1, ..., A,y ..., Ay) and the columns of P are the vectors of

ax, —times ay, —times
By, U...UB,, (respecting the order!).
3 -2 -1
Example. e The matrix A= |0 0 1 | has characteristic polynomial
2 =2 -1

t—3 2 1
pat) = det| 0 ¢t —1 | =tdet (t__;’ tj_1>+det (t__;’ ;)
-2 2 t+1

= (P =2 —1)+2t—2=1> -2+t —2= (2 +1)(t —2)
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A is not diagonalizable over R, since 2 is the only real root of p(¢) and as = 1.
On the other hand, over C the matrix A has 3 distinct roots, each one with algebraic
multiplicity one, so over C the matrix A is diagonalizable (Corollary [4.15)).

3 -1 =2
e The matrix A= |1 0 —1| has characteristic polynomial
0 1 1
t—3 1 2

pa(t) = det| —1 1 | =(t—-3)det (_tl ti1>+det <_11 t31>
0 -1 t-1

= t=3)F—t+D+t+1) =04 +5t—-2=(t—1)*(t—-2)

<~

Over R (and also over C) the matrix A has 2 roots: 1,2 with a; = 2 and ay = 1:
1+ 2 =3 so Check 1 is passed.

We determine now the geometric multiplicities of the 2 eigenvalues: since 2 is a simple
eigenvalue, we know g, = 1, so we proceed by computing ¢g; = dim V;:

-2 1 2 1 -1 -1 1 -1 -1 1
Vi=ker(1I3—A)=ker| -1 1 1|=ker|0 1 O |[=ker[0 1 0 |=Span]| |0
0 -1 0 0 -2 0 0 0 0 1

so g3 = 1 < 2 = ay. Therefore, A is not diagonalizable neither over R nor over C.

4 -3 -3
e The matrix A= |1 0 —1| has characteristic polynomial
1 -1 0
t—4 3 3
pa(t) = det| —1 t 1| =—det 33 +(—1) t=43 +t t=43
t 1 -1 1 -1 t
-1 1t
= —B-3t)—(t—1)+t{t* -4t +3)=t>—dt> +5t —2=(t — 1)*(t — 2)

The characteristic polynomial is the same of the previous example, so we proceed
directly to compute g; = dim V;:

-3 3 3 1 -1 -1 1 1
Vi=ker(lly—A)=ker| -1 1 1| =ker (0 O O |=Span||O]f,|1
-1 11 0 0 0 1 0

so g3 = dim V] = 2 = 2 = ay. Therefore, A is diagonalizable both over R and over C.
To determine P we are missing a basis of V5, so we determine it:

-2 3 3 1 -1 -2 1 -1 -2 3
Vo =ker(2I3—A) =ker[-1 2 1| =ker|—-1 2 1 |=ker[0 1 —1]=Span| |1
-1 1 2 -2 3 3 0 1 -1 1

,then D = P~1AP.

1 1 3
Let P:=|0 1 1| and D :=
1 01

o O =
O = O
o OO
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4.4 Companion matrix

Question. Is any monic polynomial p(t) = ¢" + a,_1t""' + -+ + a1t + a9 € K[t] the
characteristic polynomial of a matrix A € Mg(n,n)?

Definition 4.16. The companion matriz of the monic polynomial p(t) = t" + a, _1t"~' +
-4 art + ap € K[t] is the square matrix C(p) € Mxg(n,n) defined as

00 ... 0 —ap
10 ... 0 —a
Cp)=[01 ... 0 —a
00 ... 1 —Anp-1

Example. e The companion matrix of t* — 2 is (9 2).
. . 3 9 . /00-1
e The companion matrix of t° — 2t + 1 is ((1)(1) 0 )

Lemma 4.17. The characteristic polynomial of C(p) is p(t).

Proof. The characteristic polynomial C'(p) is det(tl,, — C(p)) =

ag 1t t 0 ... O ay

0 0
-1 t 0 al 0 1 0 -1t ... O as
0 -1 .. 0 - -1 0 -1.. 0
det 2 =(=1)""agdet | . . . . | +tdet “
0 0 .. <1t+an 00 - 0 0 .. <1t+an

Since the determinant of the upper triangular matrix U is det U = (—1)""1, we get

det(tl,—C(p)) = ap+t det(M). Expanding the determinant of M € Mg(n—1,n—1) along
the first row, we achieve det(¢t1, —C(p)) = ag+a t+t*> det(N), where N € Mg(n—2,n—2)
is obtained from C'(p) by removing the first two rows and columns.

Repeating this process we achieve

det(tl, — C(p)) = ag + a1t + agt® + - + a,_st" > +t""*det t tn—2
—1 t+ An+1
=ag+art + -+ 1"t F tap + Anio) = p(t) u

Example. e We would like to find a 3 x 3 matrix M whose characteristic polynomial has
three real roots, but only one is rational, e.g. p(t) = (t — 1)(t* —2) = 3 — > — 2t + 2.

00 -2
Pick M =C(p)=11 0 2
01 1
e We would like to find a 3 x 3 matrix N whose characteristic polynomial has only
00 -3
one real root, e.g. q(t) = (t+3)(t*+1) =3 +3t>+t+3: pick N=C(¢)=|1 0 —1
01 -3

o7



Chapter 5

Real Euclidian space

In this chapter we discuss geometric properties of R™ related to its euclidean structure.
We work over the real field K = R and endow R" with a “product of two vectors”:
the standardE] scalar product. In particular, we introduce orthogonality and orthogonal
projections, and discuss how these interact with the diagonalization problem.

Definition 5.1. The (standardH) scalar product on R™ is
U1 w1

<'7'>:RnXRn_>R7 <U7w>:< ) >:U1wl+"'+vnwn-
Un, W,

The scalar product satisfies the following properties, which are easy to verify.
Properties. The scalar product is
o symmetric: (v,w) = (w,v) holds Yv,w € R";

o bilinear (= linear in both entries): (v+ Au,w) = (v, w)+ Nu,w), and (v, \u+w) =
(v, w) + Mv,u) hold Yv,w,u € R", X\ € R;

e positive definite: (v,v) >0 holds Vv € R", and (v,v) =0< v =0;
o non-degenerate: (v,w) =0 for all w € R™ if and only if v = 0.
1 0
Example. For example (n = 3): < 21,11 >:O-1+2-1—|—3~(—1):—1.
3 —1

Y

1 1 1 0 1
<2 2 >:12+22+32:14, < 21, -2 1 |+]2 >:—2(—1)—|—14:16

3 3 3 -1 3
Definition 5.2. Let v € R™. The norm of v is ||v|| = \/(v,v).
A vector v € R" is a unit vector if ||v|| = 1.
Note that, if v € R", v # 0, then ||U|| is a unit vector.
v

Tt is also called canonical or euclidean scalar product, or dot product.
Be aware that R™ can be endowed with other scalar products, which will not be discussed in this course.
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Example. For example (n = 3): [/(1,2,3)"[| = V14 so (4, \/%, \/%)T is a unit vector.
Properties. Let v € R®. Then

e |[v]] >0 and |jv|]|=0<v=0;

o [IN-0]| = A ]| for all X € R;

o |lv+w|| <|vl| + |w]| (Triangular inequality)

The first 2 properties follow from the definition of norm. The third one generalize the
(well known) fact that in a triangle the sum of the length of two sides always exceeds the
length of the third side. This property can be proven by using the following important
inequality.

Theorem 5.3 (Cauchy-Schwartz inequality). Consider the Fuclidean space R" endowed
with the standard scalar product (-,-). Then, for every v,w € R™ it holds

[{v, w)| < [[ol] - [[w]] (5.1)
Moreover, in (5.1) the equality holds if and only if v and w are linearly dependent.

Proof. If w =0, then |(v,w)| =0 < ||v|| - ||w]||; so let us assume w # 0.

The vectors v, w are linearly dependent if and only if there exists A € R such that
v = Aw, ie. |[v—Aw|| =0. To use this observation, we introduce the function g : R - R
defined via

g(t) = |jv —tw|| = (v —tw,v — tw) = (v,v) — 2t{v, w) + t*(w, w)

So, g(t) = t*||w||* — 2t{v,w) + ||v||* is a polynomial of degree 2 and g(t) > 0 for all
t € R; moreover, there exists A € R such that g(\) = 0 if and only if v and w are linearly
dependent. Therefore, the discriminant of ¢

A = 4o, w)* = 4 [w][*[[o]|* < 0 & (v,w)* < [Jw]]*|[v]|*

and (v, w)? < ||w||?||v||? if and only if v and w are linearly dependent.
Since ||wl|||v]| > 0, the statement follows by taking the square root of both sides. [

Let v, w € R™ be non-zero vectors: |[v||, ||w|| > 0. By the Cauchy-Schwartz inequality

we get:

< Wy
[wl[[|v]]

So we can define the “angle” between v, w as follows:

Definition 5.4. Let v,w € R™ be non-zero vectors: ||v||,||w|| > 0. The angle between v
and w is the unique 6 € [0, 7] such that

[[wl] - ]l
Remark. Form this definition, we deduce (v, w) = ||v|| - ||w]| - cos§, which coincides with

the definition of scalar product you have probably seen in physics.

Example. The angle between v = (1,2,3)" and w = (0,1, —1)7 is
-1

arccos | ——~= | = 1.76...

< V14v2 )

The angle between uy = (2,1)" and uy = (1, —2)" is Z, indeed (uy,uz) = 0.
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5.1 Orthogonality

Definition 5.5. Two vectors v,w € R™ are orthogonal if (v, w) = 0 (one writes v L w).
Two vector subspaces V, W <R"™ are orthogonal if (v,w) =0 for all v € V and w € W.

Remark. The zero vector is orthogonal to any other vector: 0 L v for all v € R”

Definition 5.6. Let H <R" be a vector subspace of R" and let B = {by,...,b,} be a
basis of H.
B is an orthogonal basis of H if (b;, b;) =
B is an orthonormal basis of H if (b;, b;)

0 for all @ # j.
=0 for all ¢ # j and ||b;|| = 1 for all 7.

Example. The canonical basis £ of R" is an orthonormal basis of R".
The basis {(1,1)7, (1, =1)T} of R? is an orthogonal basis, but it is not an orthonor-
mal basis. To obtain an orthonormal basis, we have to rescale each vector: [|(1,1)|| =

T T
1(1,=1)|| = V2, so {(\}5, %) : (%, —%) } is an orthonormal basis of R2.

Theorem 5.7. Let H <R" be a vector subspace of R™ and let By = {b1,...,b,} be an
orthogonal basis of H. Then for each v € H we have

<U7b1> <Uvbp>
= by + -+ b
o2 16y

If By = {b1,...,b,} is an orthonormal basis of H, then v = (v,b1)by + - - - (v, b,)b,.

Proof. By is a basis of H, so for each v € H there are scalars A\; € R such that v =
Aby + ...+ A\pb,. By computing (v, b;) we get

3 ; (v, b;)
= (D Nibisbj) = D Nilbiy by) = Ay, by) = Ny = 1 O
i= i=1

Definition 5.8. The coefficient \; =

is the Fourier coefficients of v with respect

to the vector b;.

Example. The basis {(1,—2)7,(2,1)T} is an orthogonal basis of R?, and v = (4,3)7
decomposes as:

@ - e (—12> e G) - (—12> +3 @ ‘

We see now a process to construct an orthogonal (orthonormal) basis of a vector
subspace H <R" by starting from a given basis B = {by,...,b,} of H.

5.1.1 Gram-Schmidt process

Let H <R™ be a vector subspace of R” and let B = {by,...,b,} be a basis of H. We
construct recursively an orthogonal basis C of H, via the Gram-Schmidt process:

o (1= by;
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C2 = by 1
[lel?
<b37 Cl> <b37 CQ>
* C3 by — €1 — C2
[leal? [leal?
1 {b; Ck>
[ ] = b —_ ‘]71 < iR
Cj J Zkfl ||Ck||2 Ck
Finally, to determine an orthonormal basis D of H we normalize each c;: d; := HC]H
Cj
Moreover, at each step we do not modify the span of the first j vectors:
Lemma 5.9. Forall j=1,...,p it holds:
Span(by,...,b;) = Span(cy, ..., c;) = Span(dy, ..., d;).
Proof. By induction, we assume Span(by,...,b;_1) = Span(cy,...,cj—1) and it follows:
S = (bjer)
pan(ci, . .., ¢j_1,¢;) Span(ci, ..., ¢j_1,b; — Y e cg) = Span(ci,...,cj-1,b))
k=1

= Span(bl, e ,bjfl, bJ) ]

Let us now verify that the basis C obtained via the Gram-Schmidt process is indeed

an orthogonal basis. We do it by assuming at each step that c;,...,c;_1 are pairwise
orthogonal, and by showing that the “new vector” ¢; is orthogonal to the previous ones:
- ijck - <bjjck> <bjacz>

' <C7;,C7;> =0

<Ciacj (ci,b Z IENE Ck) <Civbj>_

Remark. Every orthogonal (respectively orthonormal) basis of H can be completed to a
orthogonal (respectively orthonormal) basis of R™.

0 2 ~1 0
Example. In R* consider the basis {bl = (5),1)2 = ((1)),b3 = ( 9 ),b4 = (?)} We
1 1 1 0
apply the Gram-Schmidt process to construct an orthogonal basis C of R*:

0
G = blz<(1)>7
i
(by, 1) (2 2 /0 2
e ()-30- )
i 27 el N 288 T AR
{bs, c1) (b3, ca) (_1> 1(0 —2 (2 79/2
cg = b3 — c1 — co= | 0 _1)_<0>:
’ Tl el 1 2\% 4 \§ 12
<b47 cl> <b47 CQ> <b47 C3>

C1 — Cy —
[leal [lea 2 [les||?

C3_b4—0C1—OCQ—003_<

o—OO

)

Cy = b4—

5.1.2 Orthogonal projections

<an Cl> c
1-
[lea[[?

Let us analyse the geometric meaning of the step ¢y := by —
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Let 0 be the angle between ¢; and by, so that

<b27 Cl)

<b2 Cl>:||b2||'||01||'C080 — Co Z:bg— C1 = 0y —
7 [leal[? [leal]

- |]ba]| - cos O

w

The vector w is a multiple of ¢; of length [|bs|| - cosf, so we are removing from by its
component lying in the direction of ¢; and we are left with a vector orthogonal to ¢;.
Geometric idea: w is the “orthogonal projection” of by onto the direction of ¢;, and so ¢
is a vector orthogonal to ¢;. This happens at each step, so let us formalize it.

Definition 5.10. Let H <R" be a vector subspace of R" and let By = {b1,...,b,} be an
orthogonal basis of H. The orthogonal projection onto H is the linear map:

g R* — R”
P

Ubk
v Z el

Remark. 1) At first glance it may seem that the map depends on the choice of the of the
orthogonal basis By of H, but Proposition shows that the output does not depend
on this choice.

i) rg(u) =u<ue H.

iii) 7y (v) =0 v LbVj < v L hVhe H.

iv) Each step of the Gram-Schmidt process can be rephrased as c¢; := b; — 7, (b;),
where H; = Span(cy, ..., ¢j_1).

Example. Let v = (2,3,0)” € R? and let H = Span((1,0,1)7,(0,1,0)") C R3.
(1,0,1)T and (0,1,0)” are orthogonal, so the orthogonal projection of v onto H is:

o (2,3,007,(1,0,1)7) N @307, 01,07 (© L
O ="o e YT jonome (o) T

Definition 5.11. Let H <R"™ be a vector subspace of R™. The orthogonal complement of
H is
t={veR"|(v,u) =0Yuc H}

Note that H+ = ker(ng); and if B = {by,...,b,} is a basis of H, to check if v € H*
it is enough to verify (v,b;) =0forall j=1,...,p

Proposition 5.12. Let H <R™ be a vector subspace of R™, then
Ho H-=R"

In particular, dim H + dim H+ = n.
Moreover, Pythagoras’ Theorem holds: by writing v € R" as v = u+ w, v € H,
w € H, we get |[v][* = [Jul|* + [Jw]|*
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Proof. Let w € HN H*, then (u,u) =0, so u = 0, so the sum H + H* is direct, and we
have to show that it is the whole R".

Let v € R, then v = g (v) + (v — 7 (v)) and 7y (v) € H, while (v — 7g(v)) € HL,
indeed 7y (v — g (v) = T (v) — T (T (V) = T4 (V) — TE(V) =0

The last claim is a simple computation using (u,w) = 0: ||v|]*> = ||u + w||* = (u +
w,u+w) = (u,u) + 2{u, w) + (w,w) = ||ul|* + [|Jw]||? O

Remark. i) Because of the decomposition R® = H @ H* we have that v = 7y (v) + 7L (v),
in other words: v — g (v) = gL (v).
i) (HH)t =H

Example. In R? consider H = Span((1,2,3)7), then

1
o ((zy,2)",(1,2,3)7) T+ 2y + 32
WH((-T7y, 2) )Z ||(172’3)T||2 ; = T X

and H+ = {(z,y,2)T € R® | x + 2y + 32 = 0}.

In R? consider K = {(z,y,2)" € R* | z + 2y + 3z = 0,42 + 5y + 6z = 0}. So a vector
in K is orthogonal to (1,2,3)T and to (4,5,6), hence K+ = Span((1,2,3)7, (4,5,6)7).

Remark. If H = Sol(A|0) (cartesian equations), then it is easy to have parametric equa-
tions of H*, indeed H+ = Row(A) = Span(RT,..., RT), where R; are the rows of A.

Conversely, if H = Span(vy,...,v,) (parametric equations), then it is easy to have
cartesian equations of H*, indeed H+ = Sol(M|0), where M is the matrix having
vi,..., v} as rows.

5.2 Orthogonality and diagonalization

Definition 5.13. Let A € Mg(n,n) be a square matrix.

A is symmetric if AT = A.

A is orthogonal if AT = A~! (in particular, A is invertible).

A is orthogonally diagonalizable if there exists an orthogonal basis of R™ made of
eigenvectors of A.

Let B = {by,...,b,} be an orthogonal basis of R” made of eigenvectors of A and
consider the corresponding orthonormal basis C = {¢; = IIZ%II’ ceyCp = HZ—ZH}

The basis C is a basis of eigenvectors for A, so by the first diagonalization theorem
P71AP = D is a diagonal matrix, where P = MS(idga): its columns are the vectors
Ci,...,Cpn, and it holds

(PT.P);=cl¢; = (¢ c‘>={ Loiti=y — PT.pP=1
b TG G TG 0 ifij "

In other words P is an orthogonal matrix.

Remark. A matrix P € Mg(n,n) is orthogonal if and only if its columns (or rows) form
an orthonormal basis of R".
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Reformulating: A € Mg(n,n) orthogonally diagonalizable means that there exists
matrices P, D € Mg(n,n), P orthogonal, D invertible such that D = P7'AP = PTAP,
i.e. A= PDPT. Considering the transpose of both sides, we get

AT = (PDPTY = (PTY'DTPT = PDPT = A
so an orthogonally diagonalizable matrix is symmetric. The converse holds true as well:

Theorem 5.14 (Spectral theorem). Let A € Mg(n,n) be a square matriz.
A is orthogonally diagonalizable if and only if A is symmetric.

The proof of this result is out of the scope of these notes, but we can understand how
to construct P and D starting from a symmetric matrix A.
The idea is to use the “standard” diagonalization process (see page and adapt it.

Input A symmetric square matrix A € Mg(n,n)

Step 1 Determine the characteristic polynomial p(t) = det(t,, — A) of and the eigenvalues
AL, ..., A of A

Step 2 For each \; find a basis By, of the eigenspace V..

Note that Check 1 and 2 are not necessary, since A is diagonalizable by the spectral
theorem: so we have to find n real roots (counted with multiplicity) and each root has
geometric multiplicity equal to the algebraic one.

So we got an intermedite output: B = By, U...U B, is a basis of R" made of
eigenvectors of A, but in general it is not orthogonal. Nevertheless, the orthogonality
between eigenvector of distinct eigenspaces is guaranteed by the following lemma:

Lemma 5.15. Let v,w be eigenvectors of the symmetric matriz A € Mg(n,n) belonging
to distinct eigenspaces: v € Vy, w € V,, with X\ # p. Then (v,w) = 0.
Proof. Let us consider (v, Aw) = (v, pw) = pf{v,w). On the other hand (v, Aw) =
vl (A-w) AT T ATy = (A-0)T - w=(Av,w) = (w,w) = Mv,w).

Thus, (A — p)(v,w) =0, but A # u, so (v, w) = 0. O

We need the orthogonality between eigenvectors of the same eigenspaece: we use the
Gram-Schmidt process:

Step 3 Use the Gram-Schmidt process on each basis By,, to get an orthonormal basis BY"
of the eigenspace V).

Output B°" = B U...UBY" is an orthonormal basis of R" made of eigenvectors of A. By
taking P having for columns the vectors of B, we get that P'AP = PTAP is a
diagonal matrix

0
0
-2

diagonalizable. Let us determine an orthogonal basis of R? made eigenvectors for A. The
characteristic polynomial of A is

13
Example. a) The matrix A = |3 1 € Mg(3,3) is symmetric, so it is orthogonally
00

t—1 -3 0
pat)=det| =3 t—1 0 | =(t+2)((t—1)°=9) = (t+2)(t*—2t—8) = (t+2)*(t—4)
0 0 t+2
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Let us now determine a basis for both eigenspaces:

3 =30 1 -1 0 1

Vi=ker| -3 3 0| =ker|0 0 O|=Span| |1

0O 0 6 0 0 1 0
-3 =30 1 10 1 0
Vo=ker| -3 =3 0] =ker|0 0O O] =Span||—1],]0
0O 0 0 0 00 0 1

1
Since ( -1 ), 0) are orthogonal, to get an orthonormal basis we just have to normalize
0 1

1
721 0
) _E ) 0
0 1

is an orthonormal basis of R? made of eigenvectors for A and

the 3 vectors:

S

4 0 0 %5 5 0
PTAP=10 -2 0 where P = % —% 0
0 0 -2 0 0 1
2 -1 -1
b) The matrix A = | —=1 2 —1| € Mg(3,3) is symmetric, so it is orthogonally
-1 -1 2

diagonalizable. Its characteristic polynomial is

t—2 1 1
pa(t) det( 1 t-2 1 ) = (t4+2)((t—2)*~1)—(t—2—1)+(1—(t—2)) = t*—6t*+9t = t(t—3)*
1 1 t-2

Let us now determine a basis for both eigenspaces:

-2 1 1 1 1 =2 1 1 =2 1
Vo=ker| 1 -2 1 |=ker|{0 —3 3 |=ker[(0O 1 —1|=Span]| |1
1 1 =2 0 3 -3 0 0 O 1

1 11 1 11 1 1
Vi=ker|1 1 1|=ker|0 O Of=Span||—1{,]| O
111 000 0 —1

Since (( —(1)1>, ( §1)> = 1, this two vectors are not orthogonal, so we apply the Gram-

)

Schmidt process to get an orthogonal basis of Vj:
N _1 - ! . <(1a07_1)T7(17_]—70>T> _1 _
(G 1 Cy ‘= 0 T3 1| =
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After normalizing, we get an orthonormal basis of R? made eigenvectors for A:

1 1 1

R v

V3 V3

and moreover it holds

1 1 1
R G
PTAP=1(0 3 0 where P=|75 % 7
1 V2
00 3 e 0 vz
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Chapter 6

Linear analytic geometry

In the previous chapters we have focused on vector spaces and vector subspaces. In
particular we have seen that any vector subspace of R™ can be written as Sol(A|0) for
some A € Mg(m,n).

In this final chapter we focus on the 3-dimensional space R? (n = 3), but we consider
a more general setting, namely solution sets of solvable linear systems Sol(A|b), where
A € Mg(m,3): the affine subspaces. We will use the euclidean structure of R? to discuss
orthogonality, reciprocal positions and distances between affine subsets of R3.

6.1 Cross product

We begin by defining another type of product: the cross product (or vector product). This
is defined only on R?, and it will be useful in the next sections.

Definition 6.1. Let v,w € R3. Their cross product (or vector product) is the vector
vxw=|v||]|w]|-sin(f) - n

where 6 is the angld!] between v and w, and n is the unit vector orthogonal to v and w
and determined by the right-hand rule (v: thumb, w: index finger, n: middle finger).

The cartesian coordinates of R? defined in the hgroduction are naturally identified
with the canonical basis of R®: ¢ =e;, j =ey and k = e3.
- S A S -
Example. + x 7 =k; jxk=1; i XxXk=—7.

There is an explicit formula to compute the cross product of two vectors as “mixed
determinant” (i.e. the matrix contains both vectors and scalars).
Let v = (v1, v2,v3)T, w = (wy, wy, w3)T € R3 then

—

vt U Wy T
v X w = det 7 vy wy | = (det (UQ w2> , —det (Ul w1> ,det (Ul w1>> (6.1)
V3 wWs U3 Ws Vg W2
w3

%
k V3

where the first “determinant” is expanded only along the first column.

1By definition of angle between vectors 6 € [0, 7], so sin 6 > 0.
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Example.

1\ /0 710 20 2
1 x|2|=det|7 1 2|=|-2-0)]|=]-2
0 2 ? 0 2 2—-0 2
1\ /4 714 12— 15 -3
2| x (5] =det |7 2 5|=[-6-12)| =] 6
3 6 T 3 6 58 -3

Properties. Let v,w € R3, then
1. v X w s orthogonal to both v and w, so to the vector subspace generated by them.

2. |Jv x w|| = ||v]| - ||w]|] - sin(@) is the area of the parallelogram of vertices 0, v, w,
v+ w.

3. vxw =0 if and only if v,w are linearly dependent.

4. The map x : R3xR3 — R? is bilinear (= linear in both entries), and vxw = —w X v.

Remark. i) The cross product is not associative; for example
er X (ea X e3) =e1 x0=0, but (e; X e3) X eg =e3 X ey =—e7.

ii) Let u = (uy, ug, u3), v = (v1,v9,v3)T, w = (w1, wy, w3)T € R3.
From the definition of scalar and cross product it follows:

Uy V1 W

u,v X w)y =det | us vy woy
)

u3 V3 ws

6.2 Affine subspaces of R?

Definition 6.2. Let Az = b be a solvable linear system, where A € Mg(m,n) and
b € R™. The solution set S := Sol(A|b) is an affine subspace of R".
The corresponding vector subspace Sy := Sol(A|0) is called the direction of S.

Remark. Let Az = b be a solvable linear system, and let P € Sol(A|b) be a solution. Recall
that by Theorem it holds Sol(A|b) = P+ Sol(A|0); in particular, if P;, P, € Sol(A|b)
then P, — P, € Sol(A|0).

From now on we restrict to affine subspaces of R, namely we consider A € Mg(m, 3)
and b € R™, defining a solvable linear system Az = b, in particular rk(A|b) = rk(A) < 3.

Note that if m > rk(A), then we can apply the the Gauss algorithm to reduce (A|b)
into echelon form, and discard the m — rk(A) equations corresponding to the zero rows.
Thus, we can always assume m = rk(A4) = rk(A[b) < 3.

Case m = 0. (A|b) is the zero matrix, so S = R3; this case is not of much interest and we will
not discuss it further.
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Case m = 1. Ax = b consists of a single equation:
S={(z,y,2)" €R’|az + By + 7z =4},

and Sy is a vector subspace of dimension 3 — 1 =2: S is a plane.

Case m = 2. Ax = b consists of two (independent) equations:

_ T 3 oz + By +yz =00
S—{(ZE,y,Z) ER ‘{a2x+ﬁ2y+,}/22252 }7

and Sy is a vector subspace of dimension 3 —2 = 1: S is a line.

Case m = 3. Ax = b consists of three (independent) equations, so Sy is a vector subspace of
dimension 3 —3 = 0: Sy = {Ogs}: S is a point.

6.2.1 Cartesian and parametric equations

In the previous section we defined an affine subspace as the solution set of a solvable linear
system Ax =b, A € Mg(m,3) and b € R™; these are cartesian equations.

As for vector subspaces (see Section , by solving the linear system Az = b, we can
describe the affine subspace S := Sol(A|b) more explicitly through parametric equations:
by Theorem [I.13] (see also Theorem (Rouché-Capelli)) it holds

S = Sol(A|b) = P + Sol(A|0) = P + Span(wy, . .., W3_p,)

where P = (xp,yp,zp)T € R? is a solution of Az = b and {wy,..., w3 ,,} is a basis of
Sol(A|0). More explicitly:

if m=3, Sisapoint: S = {(%)},

P,
Py Wy Py Wy
ifm=2 Sisaline: S = {(P) +t(wy) |teR} = (P) + (wy)]R;
Pz Wz Pz Wz
. . Py w1,z w2,z Py w1,z
ifm=1, Sisaplane: S = {(%) —i—tl(;ﬁ?y) +t2<5§,y> | t1, 1o GR} = <£y> + <$1,y>R+
wo,o z ’ ’ z ’
<w2,y>R.
w2,z

Given parametric equations T = {P + wyty + - - - + w,t,} = P+ Span(wy, ..., w,), we
would like to recover cartesian equations.

Interpreting W = Span(wy,...,w,) <R3 as W = Col(M), (where M € Mg(3,r) has
wy, ..., w, as columns), we see that a point Q = (z,y,2)T € R3 belongs to T if and only
if P — @ € Span(wy,...,w,) = W, if and only if rk(M) = rk(M|P — Q). By reducing
(M|P — Q) into echelon form and imposing this condition we obtain cartesian equations
of T, as in the following examples.

Example. o Let T' = (13) + ((1))1@ - (?)R, then (z,y,2)" € T if and only if the linear

system
1 0|z—1
0 1jy+2
1 1|2z+3
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is solvable. Using elementary row operations the linear system reduces to

10 r—1
01 y+2
0 0|z43—2+1—-y—2
which is solvable if and only if (x,y, z)T is a solution of x +y — z = 2: this is a cartesian
equations of T
o Let T = (_23) + (é)R, then (z,y,z)" € T if and only if the following linear system
is solvable

Lz 1 X 2c —y = —4
2 y—4 — 0 y—4—29€ TI{({L',y,Z)TGRg‘{gx_g:B }
3lz+3 0| 2+3—-3x -

Line through two points & plane through three points

A line is uniquely determined by 2 (distinct) points P, @) on it. Indeed, ) — P determines
the direction of the line and the point P (or @) gives us the application point: parametric
equations of the line passing through P and @ are: P+ (Q — P)t, t € R.

Example. The line | C R? passing through P = (é) and Q = (%) is

1\ /3 o
=12+ [3|R — l:{(x,y,z)T€R3]{ y= }
3 3

r—z=—2

A plane is uniquely determined by 3 non-collinear points (i.e. not on the same line)
P,Q, R on it. Indeed, ) — P and R — P determine the direction of the plane and the
point P (or @ or R) gives us the application point: parametric equations of the plane
passing through P, @ and R are: P+ (Q — P)t; + (R — P)ts, t1,t2 € R.

Example. The line 7 C R? passing through P = (%), Q= (—12) and R = (—zl) is

1 0 1
r=|1|4+|-3|R+|-2[R — m={(z,y,2)" €R*| Tz —y— 32 =6}
0 1 3

Example. The points P = (é), Q= (%) and R = (é) are collinear, indeed by consid-
ering P—|— (Q — P)tl + (R — P)tg, tl,tg € R we get

1 3 6 1 1
20+ 13| R+ |6|R=|2]+[1]|R
3 3 6 3 1
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6.3 Reciprocal position of affine subspaces

To simplify the notation, from now on we denote by (zp,yp,2p)? the coordinates of the
point P € R3.

Point - point

Let P, = Sol(A;]by) and P, = Sol(As|be) be two points, then they are either equal (the
linear systems A;x = by and Asx = by are equivalent), or they are different.

Point - line

Let P = (xp,yp,2p)! be a point and | = Sol(A|b) be a line, then either P belongs to I
(i.e. P is a solution of Az = b) or not.

Point - plane
Let P = (xp,yp,2p)T be a point and 7 = {(z,y, 2)T € R® | ax+ By+~vz =} be a plane.
Then either P belongs to 7 (i.e. azp + Byp +vzp = §) or not.

Line - line

Let I; = Sol(A;|by) and Iy = Sol(As|be) be two lines. The first thing to check is whether
they meet or not, so we need to understand if the linear system

AN () (w
As) YT b
z
has solutions or not. The matrix A := (ﬁ;) € Mg(4,3) has rank rk(A) = 2 or 3,

while the augmented matrix (A|b) = ( 3; Z; ) € Mg(4,4) has either rk(A|b) = rk(A) or
rk(A|b) = rk(A) + 1; there are 4 possibilities for the reciprocal position of [; and Is.

Case 1: tk(A) = rk(A|b) = 2: this means that the linear systems A;x = b; and Asx = by
are equivalent, so [; = ly: they are coincident lines.

Case 2: tk(A) = 2 and 1k(A[b) = 3: by the Rouché-Capelli Theorem the two lines
do not have common points, but same direction (dim Sol(A[|0) = 1 = dim Sol(A;]0) =
dim Sol(A,|0) implies Sol(A;]0) = Sol(A3]0)) so I3 and Iy are parallel lines.

More generally we have:

Definition 6.3. Let S; = Sol(A;]b;) and Sy = Sol(Az|by) be two affine subspace, with
corresponding directions Sy o = Sol(A;|0) and Sy = Sol(A2|0).

The affine subspaces S; and Sy are parallel if: i) S; and Ss have no common points,
and 11) Sl,O C 5270 or 5270 C SLO.

Example. i) The lines (é) + (i)R and (él) + (é)R are parallel.

ii) The line (é) + (%)R and the plane (él) + (E)R + (_(l)l)R are parallel.
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Case 3: tk(A) = 3 = rk(A|b): by the Rouché-Capelli Theorem (|1.11]) the two lines have

a single common point: [y and [y are incident lines.

Case 4: 1k(A) = 3 and rk(A[b) = 4: by the Rouché-Capelli Theorem (|1.11]) the two lines
do not have common points and different directions Sol(A;|0) # Sol(A2|0): I and Iy are
skew lines.

Example. o { roy=-1 and { 2yt z=3 are coincident lines, indeed
rT—z2=—2 y—z=-—1
1 -1 0 |-1 1 -1 0 |-1
1 0 —-1|-2 0o 1 —-1|-1
ko 1 13 [T o1 11 |72
0O 1 —-1|-1 0 1 —-1/-1
° { TTYE T and { —2rtyt =4 are parallel lines, indeed
T—z=— y—z=-—2
1 -1 0 ]-1 1 -1 0 |-1 1 -1 0 |-1
1 0 —-1|-2 N 0 1 —-1]-1 N 0 1 —-1]-1
-2 1 1] 4 0 -1 1] 2 0 0 0|1
0O 1 —-1|-2 0o 1 —-1|-2 0 0 010
-y =-1 L 1 . . . .
o/ = { 2 9 and [y = <_%> + (g)R are incident lines, indeed by plugging

in the equations of [ into those of [; we get

(041) — (-1 +2t) = —1 i 9
{(0+t)—(—2+3t):_2 H{_Qt:_él o t=2

a single solution. This means that the lines [; and I, have a single common point (2, 3, 4)7
(i.e. they are incident lines).
- y=-1 A 1 : . L
o/ = v y— 9 and [ = (_43) + (g)R are skew lines, indeed by plugging in
the equations of l5 into those of [; we get

(0+1)— (4+2t) = —1 =5
{ (0+1) — (=3 +3t) = —2 <_>{ ot =1

which has no solutions, i.e. [; and [, have no common points. Moreover, their directions
are different, indeed [; o = G)R does not contain (é)

Remark. Having parametric equations of the lines [y = P; + v1R and [y = P, + »R, we
can read the four cases as follows:

Case 1, coincident lines: rk(vi|ve) = 1 = rk(vy|va| Py — Py).

Case 2, parallel lines: rk(vy|vg), rk(vy|va| Py — Py) = 2.

Case 3, incident lines: rk(vq|vy) = 2 = rk(vq|va| P2 — Py).

Case 4, skew lines: rk(vq|va) = 2 rk(vq|va| Py — Py) = 3.
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Indeed, rk(v;|ve) = 1 means that the lines have the same direction, while rk(v;|vy) = 2
means that the lines have different directions.

And if, by adding the column P, — P, the rank increases, it means that the vector P, —
P; is independent from {vy, v}, so that the translation of v;R by P; and the translation
of 15R by P, separate the lines.

Example. e The lines (é) + @)R and (—il) + (%)R have the same direction, so they

are either coincident or parallel. They are parellel since (:11) — (%) = (—33) is not a
. 7 3 4
multiple of (%) 1
e The lines (31> + ( )R have different directions, so they are either

2
1
1) € Span ((%), (i)), the lines are incident.

SN—
_I_
—Wwo T YN

1
2
1
incident or skew. Since (

Line - plane

Let [ = Sol(A1]b1) be a line and m = Sol(As|bs) be a plane.
The matrix A := (ﬁ;) € Mg(3,3) has rank rk(A) = 2 or 3, while the augmented matrix

(Alb) = ( ’2; Z; ) € Mg(3,4) has rk(A) < rk(A|b) < 3, so there are 3 cases.

Case 1: tk(A) = rk(A|b) = 2: this means that the line and the plane have infinitely many
common points: the line is contained in 7: [ C 7.

To be more precise this means that the cartesian equation defining the plane is a linear
ax + by +mz =0
QT + Poy + Y22 = 02
be cartesian equations of the line, then there exists A, u € R (not both zero) such that 7
is given by the equation:

combination of the cartesian equation defining the line. In formula, let {

Moz + Bry + mz — 01) + p(awx + Boy + 22 — d2) =0 (6.2)

Definition 6.4. Letting A, u vary in R (not both zero) the equation (6.2) describes all

oz +fhy +mz =0 . This is called the sheaf of planes

lanes containing the line [ =
P & Qo + [y + Y22 = 02

through 1.

Case 2: tk(A) = 2 and rk(A|b) = 3: this means that the line and the plane have no
common points, and that the direction of the line Sol(A;|0) is contained in the direction
of the plane Sol(As|0), so the line and the plane are parallel.

Case 3: tk(A) = 3 = rk(A|b): the line and the plane have a single common point, so the
line and the plane are incident.

Remark. Using the same reasoning above, having parametric equations of the line [ =
P, + v1R and of the plane m = P, + v2R + 13R, we can read the three cases as follows:
Case 1, I C m: tk(vi|ve|vs) = 2 = rk(vi|va|vs| P — Py).

Case 2, line and plane are parallel: rk(v;|va|vs) = 2 and rk(vy|ve|vs| P — Py) = 3.

Case 3, line and plane are incident: rk(v;|vg|vs) = 3.
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Example. e The line [ = { i : g i :; is contained in the plane 7 = {x+y—2z = —3},
indeed
1 -1 0 |-1 1 -1 0 |-1
k] 1 0 —-1|-2]=rk|[ 0 1 —-1]-11]=2
1 1 -2]-3 0 2 —=-2|-2

e The line [ = { i:‘zi:; and the plane 7 = ((1)) + (é)R—i— (jg)R are incident,

indeed by plugging in the equations of 7 into those of [ we get a single solution (for s, t)

(I+s+t)—(0+2s+1t)=—1 s=2 s=2

(14+s+t)—(14+3s—3t) = -2 —25 + 4t = —2 t=1

e The line = (fll)) + (é)R and the plane m = x4y — z = 10 parallel, indeed by plugging
in the equations of [ into that of 7 we get an impossible equation: 10 = (1 4 ¢) + (0 +
2t) — (14 3t) = 2.

Plane - plane

Let m = Sol(A;|by) and my = Sol(As|by) be planes.

The matrix A := (f‘;) € Mg(2,3) has rank rk(A) = 1 or 2, while the augmented matrix
(Alb) = ( ﬁl Z; ) € Mg(2,4) has rk(A) < rk(A|b) < 2, so there are 3 cases.

2

Case 1: tk(A) = rk(A|b) = 1: this means that the linear systems A;x = b; and Asx = by
are equivalent, so m; = my: they are coincident planes.

Case 2: tk(A) = 1 and rk(A|b) = 2: by the Rouché-Capelli Theorem the planes do
not have common points, but they have same directions (dim Sol(A|0) = 2 = dim Sol(A4,|0) =
dim Sol(A.|0) implies Sol(A;]0) = Sol(A3|0)) so m; and my are parallel planes.

To be more precise, both linear systems defining the planes consists of a single equation,
and the fact that rk(A) = 1, means that the equations are of the form:

T ax + Py + vz =0 ot ax + Py + vz = O
So if 9; = d5 the planes coincides, otherwise they are parallel.
Definition 6.5. Let 7 be the plane of equation
ar + By + vz = 0.
Letting 0 vary in R we describe all planes parallel to . This is a parallel sheaf of planes.

Case 3: tk(A) = 2 = rk(A|b): by the Rouché-Capelli Theorem ([1.11]) the have a common

line: m and 7y are incident planes.

Remark. As above, having parametric equations of the planes m = P; + vy;R + v3R and
of the plane my = P, + wiR 4+ wsR, we can read the three cases as follows:

Case 1, coincident planes: rk(vy|ve|wy|wy) = 2 = rk(vy|vg|w |we| Py — P).

Case 2, parallel planes: rk(vy|vg|wy|wy) = 2 and rk(vy |vg|wy |wa| Py — Py) = 3.

Case 3, incident planes: rk(vy|vg|w;|wse) = 3.
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6.3.1 Orthogonality

Definition 6.6. Two affine subspaces S; = Sol(A;|b;) and Sy = Sol(Asz|b2) are orthogonal
if the corresponding directions Sy g = Sol(A1|0) and Sy = Sol(A3|0) are orthogonal vector
subspaces of the euclidean space R? (see Definition .

Example. e The lines [} = (ﬁ) + (é)R and ly = (9171) + (jl )R are orthogonal, indeed
((1,2,3)7,(1,1,—1)T)y = 0.

r+y=10

2+ 22 =-17"
equation P + (é)R + (g)R (P € R3) is orthogonal to [.
e Let m be the plane of equation 7 = x — 2y + 52 = 20, then any line of parametric
equation P + (—;Z)R (P € R?) is orthogonal to 7.

e Let [ be the line of equation [ = then any plane of parametric

Remark. Let 7 := {ax+ By+~vz = §} C R? be a plane, the vector (a, 3,7)7 is orthogonal
to m and it is a normal vector of the plane. It is unique, up to scaling.

6.4 Distances

Definition 6.7. Let P = (zp,yp,2p)",Q = (2g,yq,20)" € R® be two points. Their
distance is

d(P,Q) =P —Qll = /(xp — )2 + (yp — yg)? + (2p — 20)? (6.3)
Let S1,55 C R? be affine subspaces, then d(Sy, S2) := min{d(P,Q) | P € S1,Q € S,}.

For example, the distance between a point P and a plane 7 is d(P, 7) := min{d(P, Q) |
Q) € w} = d(P,P), where P is the orthogonal projection of P onto m, i.e. it is the
intersection point between 7 and the line [ orthogonal to m and passing through P.

Point - plane

Let P = (xp,yp,2p)T be a point and 7 = {(x,y,Az)T € R? | ar+ By +~z = §} be a plane.
We want to compute d(P,7) = d(P, P), where P is as above.
Being orthogonal to m and passing through P, the line [ has parametric equatlon

=P+ ( )R soP=P+ t( ) for a f € R, which is determined by imposing P € 7

0 =oa(zp + tACY) + B(yp + ??5) +v(zp + 1?7) = (axp + Byp +vzp) + f(oz2 + 3% + 72)

§ — (awp + Byp +v2p)
(0% + 32 +7%)

Thus, { = and d(P, P) = ||P+E(a, 8,7)" = P|| = [{]-||(a, 8,7)" |

laxp + Byp + vzp — 6|

a? + 32 42

d(P,m) =
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Point - line

Let P = (zp,yp,2p)’ be a point and I C R3 be a line. The distance between them is
d(P,1) := min{d(P,Q) | Q € I} = d(P,Q), where Q is the orthogonal projection of P
onto [, and one can determine the distance d(P, Q) arguing as above, but we prefer to use
a different approach to get a simple formula.

Let [ = @Q + vR be a parametric equation of [ and define w := ) — P, so that P, (), Q
are the vertices of a right triangle (with the right angle in Q) and hypotenuse v. Let 6 be
the angle between v and w (the one in Q), then d(P,Q) = ||w]|| - sin 6 = W:
|lv x (@ — P)|

[[]]

d(P,1) =

Example. Let P = (1,2,3)T € R3 let 7 C R? be the plane of equation = — 3y + z = 10,

r—3y+z=10 The distance d(P,7) is

3 . : —
and let [ C R* be the line of equations [ = { z4y=10

14 (=3)-241-3-10] 12

d(P,ﬂ'> \/12+(_3)2+12 \/ﬁ

while the distance d(P,1) is

0 1
11(1,1,2)" x (1,3,2)"]|  v/20

l=|-1]+[1|R = dpr= — .
1 9 1(1,1,2)7] V6

Line - line

Let I1,ly C R3? be lines. If they meet (I; N1y # (), then d(ly,15) = 0. If they do not meet,
they are either parallel or skew.
Assume that [ and [y are parallel: I; = Pi+vR, Iy = Po+vR. Then d(l,1s) = d(Py, l5):

d(ll, l2> —

Assume that [; and [y are skew: [; = P, + »1R, [ = P, + v3R. Let 7 be the unique
plane parallel to [; and containing ly: m = Py + vsR + v1R, so that d(ly,1y) = d(Py, 7).

To apply the previous formula, we need a cartesian equation of 7. A normal vector is
U X Uy = (%), so that m = ax + Py + vz = J, where ¢ is determined by the fact that

P2 = ('TP2>yP27ZP2>T em o= aTp, + ByP2 +7ZP2 = <U1 X U2>P2>7 SO
laPy, + B8Py + P, — 6| _ [{(v1 X vg, P) — (v1 X vg, Pa)|
\/(a2+52+72) [l X va|

d(Pl,ﬂ') =

We get
|<U1 X UQ,Pl —P2>|

|1 X vgl]

d(ll, 12) -

2As remarked on page siné > 0.
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are parallel lines:

Example. The lines llz{ :yi:; andb:{ —2rty+z=4

i y—z=-—2
I, = (g) + @)R, Iy = (72)1) + @)R, and their distance is

a1y = 1LLOTX @ LDT_ 2

(L, 1, T V3

Thelinesllz{ i:‘zi:;

and by = ( 1)+ (

-3

LN

)R are skew lines, and their distance is

d(l I ) _ |<(17 L 1)T X (17273>T7 (07 _375)T>| _ |<<17 —2, 1>T7 (07 _375)T>| _ £
v (L, 11T % (1, 2,3)T] N (1, =2, )| V6

Line - plane
Let I C R? be a line, let 7 C R? be a plane, and let P, € [, then:

0 0 ifinm#0
d(l,m) =
d(Py,m) if [ and 7 are parallel

Plane - plane

Let 71, m C R3 be planes, and let P, € m, then:
0 if T N T2 7£ @
d(7T177T2) =

d(Py,m) if m and 7 are parallel
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