Differential Geometry - Dynamical Systems
Monographs # 2

Constantin Udriste Ioana Boca

LINEAR ALGEBRA

Geometry Balkan Press

Bucharest, Romania


Administrator
Placed Image


Linear Algebra
Monographs # 2

Differential Geometry - Dynamical Systems * Monographs
Editor-in-Chief Prof.Dr. Constantin Udriste
Politehnica University of Bucharest

Analytic and Differential Geometry
Constantin Udrigte, Ioana Boca. - Bucharest:
Differential Geometry - Dynamical Systems * Monographs, 2000

Includes bibliographical references.

(© Balkan Society of Geometers, Differential Geometry - Dynamical Systems
* Monographs, 2000

Neither the book nor any part may be reproduced or transmitted in any form
or by any means, electronic or mechanical, including photocopying, microfilming
or by any information storage and retrieval system, without the permission in
writing of the publisher.



Preface

This textbook covers the standard linear algebra material taught at the University
Politehnica of Bucharest, and is designed for a 1-semester course.

The prerequisites are high—school algebra and geometry.

Chapters 1-4 are intended to introduce first year students to the basic notions
of vector space, linear transformation, eigenvectors and eigenvalues, bilinear and
quadratic forms, and to the usual linear algebra techniques.

The linear algebra language is used in Chapters 5, 6, 7 to present some notions and
results on vectors, straight lines and planes, transformations of coordinate systems.

We end with some exam samples. Each sample involves facts from two or more
chapters.

The topics treated in this book and the presentation of the material are similar
to those in several of the first author’s previous works [19]-[25]. Parts of some linear
algebra sections follow [1]. The selection of topics and problems relies on the teaching
experience of the authors at the University Politehnica of Bucharest, including lectures
and seminars taught in English at the Department of Engineering Sciences.

The publication of this volume was supported by MEN Grant #21815, 28.09.98,
CNCSU-31; this support provided the oportunity to include the present textbook in
the University Lectures Series published by the Editorial House of Balkan Society of
Geometers.

We wish to thank our colleagues for helpful discussions on the problems and topics
treated in this book and on our teaching activities. Any further suggestions will be
greatly appreciated.

The authors
July 12, 2000
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Chapter 1

Vector Spaces

1 Vector Spaces

The vector space structure is one of the most important algebraic structures.
The basic models for (real) vector spaces are the spaces of n—dimensional row or
column matrices:

Ml,n(R) = {U: [a/17"'7a'n] ; Gy ER) ]: 17”}

ai
M,1(R)y=qv= : ;a;, €R, j=1,n

Qn

We will identify R™ with either one of M; ,(R) or M,,1(R). A row (column)
matrix is also called a row (column) vector.

The definition of matrix multiplication makes the use of column vectors more
convenient for us. We will also write a column vector in the form t[ay,...,a,] or
t(al, .. 7an), as the transpose of a row vector, in order to save space.

An abstract vector space is endowed with two operations: addition of vectors
and multiplication by scalars, where the scalars will be the elements of a field. For
the examples above, these are just the usual matrix addition and multiplication of a
matrix by a real number:

ax b1 ar + b
. I . _ :
an by, a, + by,
aq kaq
k = , where ke R .
an ka,,

Let us first recall the definition of a field.
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DEFINITION 1.1 A field K is a set endowed with two laws of composition:

KxK—K, (ab)—a+b
KxK—K, (ab) — ab,

called addition and respectively multiplication, satisfying the following axioms :
i) (K,4+) is an abelian group. Its identity element is denoted by 0.

i1) (K*,-) is an abelian group, where K* = K\ {0}. Its identity element is denoted
by 1.

i4i) Distributive law: (a + b)c = ac+be, Va,b,c € K.
Examples of fields
(a) K =R, the field of real numbers;

b) K = C, the field of complex numbers;

)
(0)
(¢) K = Q, the field of rational numbers;
(d) K= Qv = {a+b/2; a,be Q}.

DEFINITION 1.2 A vector space V over a field K (or a K—vector space) is a set
endowed with two laws of composition:

(a) addition: VxV —V, (v,w)—v+w
(b) multiplication by scalars : K x V — V_ (k,v) — kv
satisfying the following axioms:
(1) (V,+) is an abelian group
(#4) multiplication by scalars is associative with respect to multiplication in K:
k(lv) = (kl)v, VEkleK,YveV
(7i7) the element 1 € K acts as identity:
lv=v, YveV
(iv) the distributive laws hold:

k(v + w) = kv + kw,
(k4+1)v=kv+lv, Vk,l € K, Yo,w € V.

The elements of K are usually called scalars and the elements of V wectors. A
vector space over C is called a complex vector space; a vector space over R is called
a real vector space. When K is not specified, we understand K = R or K = C.
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Examples of vector spaces
(1) K as a vector space over itself, with addition and multiplication in K.
(#1) K" is a K—vector space.

(133) My, (K) with usual matrix addition and multiplication by scalars is a K—vector
space.

w e set of space vectors V3 is a real vector space with addition given by the
iv) The set of tors Vg i 1 vect ith additi i by th
parallelogram law and scalar multiplication given as follows:

if k€ R, v € Vg, then kv € V3 and:

— the length of kv is the length of ¥ multiplied by | & |;

— the direction of kv is the direction of ;

— the sense of kv is the sense of ¥ if £ > 0, and the opposite sense of v if k < 0.

(v) If S is a nonempty set and W is a K—vector space, then V= {f|f:S — W}
becomes a K—vector space with:

(f+9)(@) = f(z) +9(z), (kf)(z)=kf(z), forallkeK, f,geV.

(vi) The solution set of an algebraic linear homogeneous system with n unknowns
and coefficients in K is a K—vector space with the operations induced from K".

(vii) The solution set of an ordinary linear homogeneous differential equation is a
real vector space with addition of functions and multiplication of functions by
scalars.

(viii) The set K[X] of all polynomials with coefficients in K is a K—vector space.
THEOREM 1.3 Let V be a K—vector space. Then 'V has the following properties:
(1) Ogv=0y,YvEV
(#4) kOy =0y, Vk e K
(#91) (—)v=—v, Vv e V.
Proof. To see (i) we use the distributive law to write
Ok v+0gv=0x+0x)v=0gv+0y .
Now 0k v cancels out (in the group (V,+)), so we obtain Ok v = 0y . Similarly,
kOy + kOy = k(0y +0y) = kOy
implies k£ 0y = Oy .

For (iii), v+ (=1)v = (14 (-1)) v = 0g v = Oy. Hence (—1) v is the additive
inverse of v. QED
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COROLLARY 1.4 Let V be a K-vector space. Then:
—(kv)=(-k)v=k(—v), forallke K, veV
(k—Dv=kv—lv, forallkeK, veV
kv=0y <= v=0y or k=0g

kv=1lv, v£0y = k=I

kv=kw, k#0x = v=w

We leave the proof of the corollary as an exercise; all properties follow easily from
Theorem 1.3 and the definition of a vector space.

We will usually write 70" instead of Ox or Oy, since in general it is clear whether
we refer to the number or to the vector zero.

2 Vector Subspaces

Throughout this paragraph V denotes a K—vector space and S a nonempty subset of
V.

DEFINITION 2.1 A vector subspace W of V is a nonempty subset with the fol-
lowing properties:

(1) fu,v € W, then u + w e W
(1) fue W, k€K, then kue W.

REMARKS 2.2 (i) If W is a vector subspace, then Oy € W.

(ii) W is a vector subspace if and only if W is a vector space with the operations
induced from V.

(#i1) W is a vector subspace if and only if

kleK, u,weV — ku+lweW.

Examples of vector subspaces

(1) {0y} and V are vector subspaces of V. Any other vector subspace is called a
proper vector subspace.

(it) The straight lines through the origin are proper vector subspaces of R

(7i7) The straight lines and the planes through the origin are proper vector subspaces
of R3.

(iv) The solution set of an algebraic linear homogeneous system with n unknowns is
a vector subspace of K”.
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(v) The set of odd functions and the set of even functions are vector subspaces of
the space of real functions defined on the interval (—a,a), a € R}.

DEFINITION 2.3 (i) Let v1,...,v, € V. A linear combination of the vectors
v1,...,Vp is a vector of the form

U}:kl’l}1+...+kp7}p, ijK.

(it) Let S be a nonempty subset (possibly infinite) of V. A vector of the form
w=kvi+...+kyw,, peN" kK, v,€S

is called a finite linear combination of vectors of S.
The set of all finite linear combinations of vectors of S is denoted by Span S or
L(S). By definition, Span ¢ = {0}.

THEOREM 2.4 Span S is a vector subspace of V.

p q
Proof. Let u = » kju; € SpanS and w = » lLjw; € Span S, with k;,l; €

i=1 j=1
K, Ui, W5 € S.
P q
Then ku+lv = Z(kk,) u; + Z(llj) w; is also a finite linear combination with
i=1 j=1

elements of S. It follows that Span S is a vector subspace, by Remark 2.2(iii). QED

Span S is called the subspace spanned by S, or the linear covering of S.

PROPOSITION 2.5 If S is a subset of V and W is a vector subspace of V such
that S C W, then SpanS C W.

This is obvious, for any finite linear combination of vectors from S is also a finite
linear combination of vectors from W, and W is closed under addition and scalar
multiplication.

THEOREM 2.6 If W1, Wy are two vector subspaces of V, then:

(1) Wi+ Wy ={v=uv; +vs|v; € Wy, vg € Wa} is a vector subspace, called the
sum of the vector subspaces W1 and Ws.

(i) W1 N Wy is a vector subspace of V.. More generally, if {W,}icr is a family of

vector subspaces, then (,c; W is a vector subspace.

(#i1) W1 U Wy is a vector subspace of V if and only if W1 C Wy or Wy C Wy,

Proof. (i) Let u, w € W1 + Wy, u = uy + ug, w = wy + we, with uy,w; € Wy,
Uz, Wy € Wao.

Let k,1 € K. Then ku + lw = (kuy + lwy) + (kus + lws) is in Wy + Wo, as
kuy + 1wy, € Wy, and kus + lwy € Wy (using Remark 2.2 (i42) for the subspaces Wy,
W,). It follows that Wy + Wy is a subspace.
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(#i) Exercise !

(7i7) The implication from the right to the left is obvious. For the other one, assume
by contradiction that none of the inclusions holds. Then we can take u; € W1\ Wa,
us € Wy \W1

Now u1,us € W1 U Wy implies u; + us € W1 U Wy since W1 U W is a vector
subspace.

But either u; + us € Wy or uy + us € Wy contradicts ug ¢ Wy or uy ¢ Wy
respectively. Therefore W1 C W5 or Wy C W1, QED

REMARKS 2.7 (i) Span (W; UW;) =W; + W,
(#9) Span (S;US3) = SpanS; + Span Ss.

These are straightforward from Proposition 2.5 and Theorem 2.6

PROPOSITION 2.8 Let W1, Wy be vector subspaces of V. Then, the decompo-
sition

v =11 + V2, v1 € Wi, 19 € Wy
is unique for each v € W1 + Wy if and only if W1 N W4y = {0}.

Proof. Assume the uniqueness of the decomposition and let v € W1 N Wy C
W; + W,. Then
v=v4+0, ve W, 0€ W,

and

U:0+U, OGWh v € Wy

represent the same decomposition, implying v = 0.

Conversely, asume W1 "Wy = {0} and let v € W1 + Wy, v = v + v = v] + v}
with v1,v] € Wy, vg,v5 € Wa. Then vy — v] = vh — vy € W1 N Wy, thus v; —v] =
0 = vy — v4. Consequently, v; = v}, v2 = v5. QED

DEFINITION 2.9 If Wy, W, are vector subspaces with W; N Wy = {0}, then
W + W, is called the direct sum of W1 and Wy and we write W; & Wy; W and
W, are called independent vector subspaces.

If V=W;®W,, then W; and Wy, are called supplementary subspaces; each of
W and Wy, is the supplement of the other one.

Examples

(1) Set
V={f|f:(-a,a) — R}, a>0,
W; ={f € V|fis an odd function} ,
Wy ={f € V|fisan even function} .

Then V = Wl D Wg.

(To see this, write f(z) = /(=) —2f(—x) + /(@) +2f(—x)’ for any f € V and

any z € (—a,a).)
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(#4) Set
Dy = {(z,y) | 22 +y = 0}
Dy = {(z,y) |2 —y =0}

Then R? = D; @ Ds.

3 Linear Dependence. Linear Independence

Let V be a K—vector space and S C V, S # (.

DEFINITION 3.1 (i) Let S = {v1,...,v,} be a finite subset of V, where v; # v; if
i # j. The set S is called linearly dependent (the vectors v1,...,v, are called linearly
dependent) if there exist k1, ..., k, € K not all zero such that

(#¢) An infinite subset S of V is called linearly dependent if there exists a finite
subset of S which is linearly dependent.
(#4i) A set which is not linearly dependent is called linearly independent.

In order to study the linear dependence or independence of the vectors vy,..., v,

P
we usually exploit the equality > k;v; = 0. If this relation implies the existence of
i=1
(k1,...,kp) # (0,...,0), then the vectors v1,...,v, are linearly dependent; if the
relation implies (k1,...,kp) = (0,...,0), then the vectors are linearly independent.

REMARKS 3.2 (i) Let S be an arbitrary nonempty subset of V. Then S is linearly
dependent if and only if S contains a linearly dependent subset.

(i) Let S be an arbitrary nonempty subset of V. Then S is linearly independent
if and only if all finite subsets of S are linearly independent.

(#9i) Let v1,...,v, € K™. Denote by A = [v1,...,0,] € My, »n(K), the matrix
whose columns are vq,...,v,. Then vy,...,v, are linearly independent if and only if
the system

T
Al =0
In

admits only the trivial solution, and this is equivalent to rank A = n.

Examples
(7) {0} is linearly dependent; if 0 € S, then S is linearly dependent.
(#9) If v € V, v # 0, then {v} is linearly independent.

(791) A set {v1,v2} of two vectors is linearly dependent if and only if either v; = 0 or
else vg is a scalar multiple of v;.
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(iv) If fi(x) = €%; fa(x) = e *; f3(x) = shx, then {f1, f2, f3} is linearly dependent
since f1 — fo —2f3 =0.

PROPOSITION 3.3 Let L, S be nonempty subsets of V, v € V\L and L linearly
independent. Then:

(1) S is linearly dependent if and only if there exists an element w € S such that
w € Span (S \ {w}).

(#) LU {v} is linearly independent if and only if v ¢ Span L.

Proof. (i) Assume that S is linearly dependent. Then, there exist distinct elements
v1,...,Up €S and ky,...,k, € K not all zero, such that

P
i=1
We may assume without loss of generality that k1 # 0. Then
P
v = — Zz:; k—ivi € Span (S — {v1}) .

q
Conversely, if w € S and w € Span (S \ {w}), then it can be written as w = Z Ciw;

j=1
for some ¢ > 1, ¢; € K, w; € S\ {w}. It follows that
q
w4 (—cj)w; =0,
j=1
therefore the set {w,ws,...,w,} is linearly dependent. Then S is linearly dependent

since it contains a linearly dependent subset.

(74) Now (i) applies for S = LU{v}, S\ {v} = L. Since L is linearly independent,
it follows that LU {v} is linearly dependent if and only if v € Span L, or equivalently
L U {v} is linearly independent if and only if v ¢ SpanL. QED

PROPOSITION 3.4 Let S = {v1,...,v,} C V be a linearly independent set and
denote by Span S the vector subspace spanned by S. Then any distinct p+ 1 elements
of Span S are linearly dependent.

P
Proof. Let w; = Zaijvi € SpanS, j=1,...,p+1and ky,...,k,41 € K such
i=1
that
p+1

(3.1) ijwj =0.
j=1
We replace the vectors w; to obtain

p+1 p+1 p p p+1

j=1 j=1 =1

i=1 \j=1
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p p+1
Then Z Z kja;; | v; = 0 is equivalent to
i=1 \j=1
p+1
(3.2) > kjai; =0, i=1,...,p,
j=1
since vy, ..., v, are linearly independent.

But (3.2) is a linear homogeneous system with p equations and p 4+ 1 unknowns
k1,...,kpt1. Such a system admits nontrivial solutions. Thus, there exist k1, ..., kp41,
not all zero, such that (3.1) holds, which means that wy, ..., w,+1 are linearly depen-
dent. QED

4 Bases and Dimension

V is a K vector space. Let B C V be a linearly independent set. Then Span B
is a vector subspace of V. A natural question concerns the existence of B linearly
independent such that Span B = V.

DEFINITION 4.1 A subset B of V which is linearly independent and also spans
V, is called a basis of V.

It can be shown that any nonzero vector space admits a basis. We are going to
use this general fact without proof. The results we are proving in this section concern
only a certain class of vector spaces — the finitely generated ones.

DEFINITION 4.2 V is called finitely generated if there exists a finite set which
spans V, or if V = {0}.

Note that not all vector spaces are finitely generated. For example, the real vector
space R,,[X] is finitely generated, while R[X] is not.

THEOREM 4.3 Let V # {0} be a finitely generated vector space. Any finite set
which spans V contains a basis.

Proof. Let S be a finite set such that SpanS =V and set
SZ{Ul,...,Up}, U,‘;évj lfl#j

If S is linearly independent, then S is a basis. If S is not linearly independent,
then there exist k1, ..., k, € K, not all zero, such that

k11)1+...+kp'l)p:0.

Assume without loss of generality k, # 0; then v, € Span{vi,...v,_1}, which
implies Span S = Span{v1,...,vp_1} = V.

We repeat the above procedure for 81 = {v1,...,vp_1}. Continuing this way, we
eventually obtain a subset of S which is linearly dependent but still spans V.  QED
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COROLLARY 4.4 Any nonzero finitely generated vector space admits a finite basis.
Using Prop.3.4, the next consequences of the theorem are straightforward.

COROLLARY 4.5 (i) Any linearly independent subset of a finitely generated vector
space is finite.
(1i) Any basis of a finitely generated vector space is finite.

THEOREM 4.6 Let V be a finitely generated vector space, V. # {0}. Then any
two bases have the same number of elements.

Proof. Let B, B’ be two bases of V. Assume that B has n elements and B’ has
n' elements. We have V = Span B, since the basis B spans V. By Proposition 3.4,
no linearly independent subset of V could have more than n elements. The basis B’
is linearly independent, therefore n’ < n.

The same argument works for B’ instead of B, yielding n < n’. Therefore n = n'.
QED

DEFINITION 4.7 Let V be finitely generated.

If V # {0}, then the dimension of V is the number of vectors in a basis of V. The
dimension is denoted by dim V.

If V = {0}, then dim {0} = 0 by definition.

Finitely generated vector spaces are also called finite dimensional vector spaces.
The other vector spaces, which have infinite bases are called infinite dimensional.

The dimension of a finite dimensional vector space is a natural number; dim V =0
if and only if V = {0}.

When it is necessary to specify the field, we write dimV instead of dimV. For
example, dimcC =1, dimgC = 2, since C can be regarded as a complex vector
space, as well as a real vector space.

Examples
(1) e1=(1,0,...,0); e2=(0,1,...,0);... e,=(0,0,...,1) form a basis of K",
and dim K" = n.

(1) B={FE;;|1 <i<m, 1<j<n}isabasisof My, ,(K), where E;; is the matrix
whose (4, j)—entry is 1 and all other entries are zero; dim M,, ,(K) = mn.

(#it) B={1,X,...,X"} is a basis of K, [X]; dimK,[X] =n+ 1.
(iv) B={1,X,...,X™, ...} is a basis of K[X]; K[X] is infinite dimensional.

(v) The solution set of a linear homogeneous system of rank r with n unknowns
and coefficients in K is a K-vector space of dimension n — r.

THEOREM 4.8 Let V # {0} be a finitely generated vector space. Any linearly
independent subset of V is contained into a basis.

Proof. Let L be a linearly independent subset of V and S be a finite set which
spans V. Since V is finitely generated, the set L is finite, by the previous corollary.
If S C Span L, then L is a basis.

If S ¢ SpanL, then choose v € S, v ¢ Span L. Tt follows that L U {v} is linearly
independent, by Proposition 3.3. Continue until we get a basis. QED
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COROLLARY 4.9 Let L, S be finite subsets of V such that L is linearly indepen-
dent and V = Span (S). Then:

(1) cardL < dim'V < cardS;
(#4) cardL = dim V if and only if L is a basis;
(#i1) cardS = dim V if and only if S is a basis.

PROPOSITION 4.10 If W is a vector subspace of V and dim'V =n, n > 1, then
W is finite—dimensional and dim W < n. Equality holds only if W = V.

Proof. Assume W # {0} and let v1 € W, vy # 0. Then {v,} is linearly indepen-
dent.

If W = Span {v1}, then we are done. If W 2 Span {vi}, then there exists
vy € W\ Span {v1}. Proposition 3.3 (ii) applies for L = {v1}, v = va, so {v1,va} is
linearly independent.

Now either W = Span{v1,v2} or there exists vs € W\ Span {v1,v2}. In the latter
case we apply again Proposition 3.3 (ii) and we continue the process. The process
must stop after at most n steps, otherwise at step n+ 1 we would find v,,41 such that
{v1,...,Upn,Vpt1} is linearly independent, which contradicts Proposition 3.4.

By the above procedure we found a basis of W which contains at most n vectors,
thus W is finite dimensional and dimV < n.

Assume that dim W = n. Then any basis of W is linearly independent in V and
contains n elements; by the previous corollary it is also a basis of V.  QED

THEOREM 4.11 If U, W are finite-dimensional vector subspaces of V, then U +
W and UNW are finite dimensional and

dim U+ dim W =dim (U + W) +dim (UN'W) .

Sketch of proof. The conclusion is obvious if UN'W = U or UN'W = W. If not,
assume UNW # {0} and let {vq,...,v,} be a basis of UN W. Then, there exist

Upt1, .-+ Uprq € Uand wpyy, ..., wppyr € W such that
{v1,.. ., Vp, Upt1, .-, Uptq) s a basis of U,
{v1,. .., Up, Wpt1, ..., Wptr} is & basis of W,
and show that {vi,...,vp, Upt1,.. ., Uptq, Wpt1,. .., Wptr} IS & basis of U+ W.

The idea of proof is similar if UN'W = {0}. QED

5 Coordinates.
Isomorphisms. Change of Coordinates

Let V be a finite dimensional vector space. In this section we are going to make
explicit computations with bases. For, it will be necessary to work with (finite)
ordered sets of vectors. Consequently, a finite basis B of V has three qualities: it is
linearly independent, it spans V, and it is ordered.
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PROPOSITION 5.1 The set B = {v1,...,v,} CV is a basis if and only if every

vector © € V can be written in a unique way in the form
(5.1) r=xv1+...+z0,, z; €K, j=1...,n.

Proof. Suppose that B is a basis. Then every x € V can be written in the form
(5.1) since V = Span B. If also = z{jv1 + ... 2),v,, then

O=z—x=(z; — )1+ ...+ (¥, — )V, .

By the linear independence of B it follows that 1 — 2z} = ... =, — ], = 0.

Conversely, the existence of the representation (5.1) for each vector implies V =
SpanB. The uniqueness applied for z = 0 = Ov; +. .. 4+ Ov,, gives the linear indepen-
dence of B. QED

DEFINITION 5.2 The scalars z; are called the coordinates of x with respect to
the basis B. The column vector

1

Tn
is called the coordinate vector associated to x.

DEFINITION 5.3 Let V and W be two vector spaces over the same field K. A
map 7 : V — W compatible with the vector space operations, i.e. satisfying:

(o) T(x+y)=T(x)+T(y), Va,yeV (T isadditive)
(b) T(kx)=kT(z), VkeK,VxeV (T is homogeneous),

is called a linear transformation (or a wvector space morphism).

A bijective linear transformation is called an isomorphism.

If there exists an isomorphism 7 : V — W, then V and W are isomorphic and
we write V.~ 'W.

REMARKS 5.4 It is straightforward that:
(1) The composite of two linear transformations is a linear transformation.

(1) If a linear transformation 7 is bijective, then its inverse 7 ! is a linear trans-
formation.

(7i1) "~ is an equivalence relation on the class of vector spaces over the same field K
1e. VV, V2V, VYV W, VW= W=x>~V; VYV WU, UxWand W ~
V=U~V)

(iv) T(0) =0, for any linear transformation 7.

(v) (a) and (b) in Definition 5.3 are equivalent to:

T(kx+1ly) =kT(z2)+1T(y), Vkle€eK,Va,yeV,
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(i.e. T is compatible with linear combinations)

PROPOSITION 5.5 FEvery vector space V of dimension n is isomorphic to the

space K™.
Proof. Let B = {vy,...,v,} be a basis of V. Define 7 : V — K" by 7T (z) =
(x1,...,2p), where x1,...,x, are the coordinates of v with respect to the basis B.

The map 7 is well defined and bijective, by Proposition 5.1. It is obvious that 7 is
linear. QED

The linear map used in the above proof is called the coordinate system associated
to the basis B.

LEMMA 5.6 Let T : V — W be a linear transformation. Then the following are
equivalent:

(i) T is injective.
(#4) T(z) =0=2=0.
(#i1) For any linearly independent set S in V, T(S) is linearly independent in W.

Proof. (i) = (i1) Assume 7 injective. If 7 (z) = 0, then 7 (z) = 7 (0) by Remark
5.4 (iv). Now injectivity gives x = 0.

(it) = (i) Assume (i7) and let z,y € V, T(x) = T(v). Then T (x —y) = 0, so
x—y =0 Dby (it). Thus z = y.

(#9) = (7i1) It suffices to prove (iii) for S finite (for, see Remark 3.2). Let
S = (v1,...,vp) and k17T (v1) + ... + k7 (vp) = 0. By the linearity of T, 7 (kyv1 +
oo+ kpvp) = 0; then kyv1 + ... + kpvp, = 0, by (i4). S linearly independent implies
ki =...=k, =0, thus 7(S) is linearly independent.

(#91) = (ii) Note that (i7) is equivalent to: 7 (x) # 0, for all  # 0. Let  # 0
and S = {x} in (#). Then {7 (z)} is linearly independent, i.e. 7(z) #0. QED

THEOREM 5.7 Two finite dimensional vector spaces V and W are isomorphic if
and only if dimV = dim W.

Proof. Suppose that V and W are isomorphic i.e. there exists a bijective linear
transformation 7 : V. — W. Let n = dim V and choose a basis B = (vy,...,v,) of
V. Then 7 (B) is linearly independent by the previous lemma and the injectivity of
7.

It remains to show that W = Span7 (B). For, let y € W. Then, there exists x € V
such that 7 (x) = y, since T is surjective. But z can be written as x = z1v1+. . .4z,
since x € Span B. Then

y=T(x1v1+ ... +zpvn) =17 (v1) + ... + 2,7 (vy,) € Span T (B) .
We proved that 7(B) is a basis of W. Since card 7(B) = n, it follows that
dimV = dim W.
Conversely, suppose dim V = dim W =n. Then V ~ K" and W ~ K" imply
V >~ W (see Remarks 5.4). QED

We will use quite often the following lemma. (See the Linear Algebra highschool
manual for a proof.)
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LEMMA 5.8 Let A= [aijli<i<m € My o(K). Then the rank of A is equal to the
1<j<n

i<m
mazximal number of linearly independent columns.

THEOREM 5.9 (the change of basis) Let B = {vy,...,v,} be a basis of V and
B’ = {wi,...,w,} an ordered subset of V, with

n
w; = E CijVs Vj:l,...7n.
i=1

Then B’ is another basis of V if and only if det [c;;] # 0.

Proof. Let T : V — K" be the coordinate system associated to B. Then
Clj
T(vi) = e; and T(w;) = © |. Denote C = [¢j;]i,; € My, ,(K). It follows that

Cnj
T (w;) is the j’th column of C'. Then:

det C' # 0 if and only if rank C = n;

rank C = n if and only if 7(B’) is linearly independent, by Lemma 5.8;

Lemma 5.6 applies for 7 and 7 !, thus B’ is linearly independent if and only
if 7(B') is linearly independent;

B’ is a basis of W if and only if B’ is linearly independent, by Corollary 4.9,

and the conclusion follows. QED

DEFINITION 5.10 If B’ in the previous theorem is a basis, then the matrix C is
called the matriz of change of basis from B to B'.

Note that in this case the matrix of change from B’ to B is C~1.
COROLLARY 5.11 (the coordinate transformation formula) Let B, B’ be
two bases of V, dim'V =n, C the matriz of change from B to B', and x € V.

If X = Yxq,...,2,) and X' = Y(x},...,x}) are the coordinates of x with respect
to B and B’ respectively, then X = CX'.

Proof. We write
n n n n
o= Y =3 (3o ) =3 (S |
j=1 j=1 i=1 ; =
By the uniqueness of the representation of x with respect to the basis B, we get
n

xi:Zcijx;7Vi:1,...,n. This means X = CX’'. QED
j=1
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6 Euclidean Vector Spaces

Unless otherwise specified, K will denote either one of the fields R or C. Euclidean
vector spaces are real or complex vector spaces with an additional operation that will
be used to define the length of a vector, the angle between two vectors and orthogo-
nality in a way which generalizes the usual geometric properties of space vectors in
V3. The Euclidean vector space V3 will make the object of a separate chapter.

DEFINITION 6.1 Let V be a real or complex vector space. An inner (scalar, dot)
product on V is a map {, ) : V x V — K which associates to each pair (v,w) a
scalar denoted by (v, w), satisfying the following properties:

(1) Linearity in the first variable:

(v1 + vo,w) = (v, w) + (va,w) , Yvi,v2,w €W (additivity)
(kv,w) = k(v,w) , VkekK, Vo,uwe W (homogeneity)

(i) Hermitian symmetry (symmetry in the real case):

<w7v> = <va> )
where the bar denotes complex conjugation.
(#i1) Positivity:
(v,v) >0, Vv#£0, veV.

REMARKS 6.2 (i) Note that linearity in the first variable means that if w is
fixed, then the resulting function of one variable is a linear transformation from
V into K.

(i) If K = R, then the second equality in (i¢) is equivalent to: (v, kw) = k{v,w),
implying linearity in the second variable too, and (ii%) is equivalent to (w,v) =
(v, w).

(#i1) By (i) and (¢4) in the definition we deduce the conjugate linearity (linearity in
the real case) in the second variable:

<’U, wi + w2> = <’U, ’lU1> + <U, w2> (additivity)
(v, kw) = k(v,w) . (conjugate homogeneity)
(1v) Additivity implies that (v,0) =0 = (0,w), Yv,w € V. In particular (0,0) = 0.
Combining this with positivity, it follows that:
(v,v) >0, VYveV and (v,v)=0ifand onlyifv=0.
(v) (v,w)y=0, YweV=w0v=0 and
(v,w)y=0, VveV=w=0, since (v,v) =0= v =0.

(vi) Hermitian symmetry implies (v,v) € R, Vv € V  (without imposing posi-
tivity).
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DEFINITION 6.3 A real or a complex vector space endowed with a scalar product
is called a Fuclidean vector space.

Examples of canonical Euclidean vector spaces
1) R" with (x,y) = z1y1 + ... + Znyn, where £ = (T1,...,2n), ¥y = (Y1, -, Yn)-
2) C" with (z,y) = z171 + ... + pTn, where x = (x1,...,20), ¥y = (Y1, -+, Yn)-

3) Vs with (a,b) = |[al| - [|bl| cos@, where ||a|, ||b]| are the lengths of @ and b
respectively, and # is the angle between a and b.

4) V. ={f]| f : [a,b] — R, f continuous} is a real Euclidean vector space with
the scalar product given by

b
(f,9) = /f(t)g(t) dt .

5 V ={f|f:[a,b — C, fcontinuous} is a complex Euclidean vector space
with the scalar product given by

b
(f.9) = /f(t)@dt .

THEOREM 6.4 (the Cauchy—Schwarz inequality) Let V be a Fuclidean vector
space. Then
(6.1) | (v,w) *< (v,v)(w,w) , Yo,weV.

Equality holds if and only if v,w are linearly dependent (collinear ).

Proof. The case w = 0 is obvious. Assume w # 0. By positivity

(6.2) w+aw,v+ow) >0, VacK.
(v, w) :
Take o = — and expand to obtain (6.1).
(w, w)
: : : . (v, w)
If equality holds in (6.1), then equality holds in (6.2) for a« = — (w,w) Then

(v, w)
{w, w)

Conversely, suppose v = Aw. Then

w = 0 by positivity. Thus v, w are linearly dependent.

[ {v,w) 2 =] (v, 20) [P=| Mo,v) P=| X ]2 (v,0)* = AN (v, v){v, v)
= (v, v){(\v, \v) = (v, v){w,w) . QED

DEFINITION 6.5 Let V be a real or complex vector space.
The function || || : V — R is called a norm on V if it satisfies:

(i) |lv[ >0, VYveV and|v]|=0ifandonlyif v=0 (positivity)
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(i) kol =[ k| [0l , VEkeK, YVoeV
(150) |lu+vl <|ull +]v|]l, Ywu,v €V (the triangle inequality).

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

PROPOSITION 6.6 Let V be a Euclidean vector space. Then the function defined
by ||v|| = +/(v,v) is a norm on V.

Proof. Properties (i) and (i) in Definition 6.5 are straightforward from the posi-
tivity and (conjugate) linearity of the inner product. For (4i%)

lu+v]? < (u+wv,u+v) = (u,u)+ 2Re(u,v) + (v,v)
< ull+ vl +2 | {u,v) |, since Rez <| z | for any z € C
< lul® + |Jol|? + 2||ull - o] by Cauchy’s inequality
< (lull +vl)* . QED

The norm defined by an inner product as in the previous proposition is called a
Euclidean norm.

REMARK 6.7 Let (V,|| ||) be a (real or complex) vector space. If || || is a Euclidean
norm, then it is easy to see that:

lu+vl? + lu—v||* = 2(Jul®* + ||v]|*), Yu,veV (the parallelogram law) .

Note that not all norms satisfy the parallelogram law. For example, let || || :
R" — [0,00), n > 2 defined by ||z||cc = max{| z1 |,...,| 2z, |} and take v =
(1,0,...,0), v = (1,1,0,...,0).

DEFINITION 6.8 A vector u € V with ||ul| = 1 is called a unit vector or versor.
Any vector v € V'\ {0} can be written as v = ||v|lu, where u is a unit vector. The
vector u = W v is called the unit vector in the direction of v.
v

If v,w e V\ {0} and K = R, then the Cauchy inequality is equivalent to

L mw)
(63) DS ol e =

This double inequality allows the following definition.

DEFINITION 6.9 Let V be a real Euclidean vector space and v,w € V \ {0}.
Then the number 6 € [0, 7] defined by

cosf = 7<v,w>
vl - [[w]]

is called the angle between v and w.
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THEOREM 6.10 Let V be a real or complex normed vector space. The function
d:V xV — R, defined by d(v,w) = ||v — w| is a distance (metric) on 'V, i.e. it
satisfies the following properties:

(1) dv,w) >0, Vo,w €V and d(v,w) =0 if and only if v =w.
(i) d(v,w) = d(w,v), Vo,w €V
(133) d(u,v) < d(u,w) + d(w,v), Vu,v,w € V.
The proof is straightforward from the properties of the norm.
A vector space endowed with a distance (i.e. a map satisfying (4), (i¢), (iéi) in the

previous theorem) is called a metric space. If the distance is defined by a Euclidean
norm, then it is called a Fuclidean distance.

7 Orthogonality

Let 'V be a Euclidean vector space. In the last section, we defined the angle between
two nonzero vectors. The definition of orthogonality will be compatible with the
definition of the angle.

DEFINITION 7.1 (i) Two vectors v,w € V are called orthogonal (or perpendicu-
lar) if (v,w) = 0. We write v L w when v and w are orthogonal.

(#4) A subset S # () is called orthogonal if its vectors are mutually orthogonal, i.e.
(v,wy=0,Vv,w €S, v#w.

(73i) A subset S # () is called orthonormal if it is orthogonal and each vector of S
is a unit vector (i.e. Yo € S, |[v]| = 1).

PROPOSITION 7.2 Any orthogonal set of nonzero vectors is linearly independent.

Proof. Let S be orthogonal. In order to show that S is linearly independent, we
may assume S finite (see Remark 3.2 (4it)), S = {v1,...,v,}, where vy,...,v, are
distinct. Let k1,...,k, € K such that kyv; + ...+ kv, = 0. Right multiplication by
v; in the sense of the inner product yields

k‘1<1]1,’l}j> +...+/{Jp<’Up,’Uj> = <0,1}j> =0, Vj=1,...,p.
By the orthogonality of S, (v;,v;) = 0 for i # j, thus
kj<’l}j7’l)j>=07 Vj:L...,p.

But v; # 0, since 0 ¢ S, so (vj,v;) # 0 and it follows that k; =0,Vj=1,...,p,
which shows that S is linearly independent. QED

Combining the above result and Corollary 4.8 (ii7) we obtain the following result.

COROLLARY 7.3 If dimV =n, n > 1, then any orthogonal set of n nonzero
vectors is a basis of V.
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THEOREM 7.4 (the Gram—Schmidt procedure) If dimV =n,n > 2 and B =

{v1,...,v,} is a basis of V, then there exists an orthonormal basis B = {uy, ..., u,}
of V, such that

Span {v1,...,vm} = Span{uy,.. ,un}, Ym=1,...,n.
Proof. Consider the set B” = {wy, ..., w,}, whose elements are defined by
w1 = V1

wa = vy + kiowy

wn:vn—&—kzlnwl—i—...—&—kzn,l,nwn,l, kijEK, i,jE{l,...,n}7 1<7J.

It is easy to prove by induction that Span {v1,...,v,} = Span{wy,...,w,} and
Wy, # 0, for all m =1,...,n. This is trivial for m = 1. Let 2 < m < n and assume

Span{vi, ..., Vm-1} = Span{wy,...,wm_1} .
Then

Span{vi,...,vm} = Span{vi,...,vm-1}+ Span{vm,}
= Span{wn, ..., wn_1} + Span{v,,} (by the induction hypothesis)
= Span{wi, ..., Wn_1,VUm}
= Span{wi, ..., Wn_1,Wn} (by the definition of w,,) .

Now suppose w,, = 0 for some m > 2. Then v,, € Span{wi,..., Wm_1} =
Span{vi,...,vm—_1} implies {v1,..., v} linearly dependent, by Prop. 3.3. This
yields a contradiction.

The scalars k;; can be chosen such that B” will become an orthogonal set as
follows.

Vg, W
(wg,w1> =0<= <v2,w1> +k12<w1,w1> =0<= ki = —w .
<w17w1>
Assume that k;; are scalars such that {w1,...,wm—_1} is orthogonal. Then, using
the fact that (w;,w;) =0,Vi,j € {1,...,m—1},i# j, weget foralli=1,...,m—1:

Note that (w;,w;) # 0 since w; # 0.
We showed that B” is an orthogonal set of nonzero vectors, hence an orthogonal
basis, where:

w1 = V1
Wo = Yo — <'U2,’lU1>
2 2 (wl,w1>
(U, w1) (U, Win—1)
Wy = Uy, — - m—1
<’LU1,’U}1> <wm717wm71>
W, = vy, — <vnaw1> - <Un7wn71> Wp—1
<1U1,U}1 <wn—1awn—1>
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and Span {vy,...,vm} = Span{wy,...,wn},Vm=1,...,n.

Now set u; = wj, j =1,...,n. The set B" = {us,...,u,} fulfils all the

[[w, |
required properties. QED

COROLLARY 7.5 Any finite dimensional Euclidean space has an orthonormal ba-
S18.

THEOREM 7.6 If dimV =n and B = {uy,...,u,} is an orthogonal basis, then
the representation of x € V with respect to the basis B is

T, U T, Uy
x:uul—i—...—i— < >

<U1,U1> <Unaun>

n -

In particular, if B is an orthonormal basis, then
x = (z,ur)ur + ...+ (T, up)u,

Proof. The vector x has an unique representation with respect to the basis B:

x = Z%Uz . (see (5.1))

We multiply this equality by each u;, j = 1,...,n in the sense of the inner product.
It follows that

(x,uj) = Z:m(u“u]} =zj(uj,u;), Vji=1,...,n,
i=1
thus
<‘T7u]> , V]
<uj’uj>

If B is an orthonormal basis, then (uj,u;) =1, so z; = (z,u;). QED

T = =1,...,n.

DEFINITION 7.7 Let ) #S C V.
A vector v € V is orthogonal to S if v L w, Vw € S.
The set of all vectors orthogonal to S is denoted by St and is called S—orthogonal.
It is easy to see that St is a vector subspace of V.

If W is a vector subspace of V, then W is called the orthogonal complement of
W.

Examples
(i) {0}+ =V, since (v,0) =0, Vv € V.
(i3) V* = {0}, since
(v,wy=0, YweV = (v,0)=0=0v=0.
(iii) If S = {(1,1,0),(1,0,1)} € R?, then

St ={(z,y,2) eR®*; 2 +y=0, x+2=0}.
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REMARKS 7.8 (i) S* = (SpanS)*.
(ii) If W is a vector subspace, then W N W= = {0}. (For, let w € WN W, It
follows that (w,w) = 0, thus w = 0.)

THEOREM 7.9 Let W be a vector subspace of a Fuclidean vector space V, dimW =
n,n € N*. Then V=W oW, Moreover, ifv =w+wt, we W, wt e WJ‘, then
the Pythagorean theorem holds, i.e. ||v]|? = ||wl||® + ||w=|?.

Proof. Let B = {uq,...,u,} be an orthonormal basis of W and v € V. Take
w = (v,u)us + ... + (v,up)up, and wt = v — w. Obviously w € W and for any
j=1,...,n we get

n

J‘,uj> = (v —w,u;) = (v, uy) Z (v, u3)(ui, uj) = (v,u;) — (v,u;) =0.
i=1

(w

We showed that wt € B+ = WJ} therefore V.= W + W=. The sum is direct
since W N W+ = {0}. Tt follows that the decomposition

v=w4w, weW, wt e W
is unique. Also
o] = (v,0) = (w, w) + (w, w™) + (wH,w) + (W, wh) = [Jw|]? + [lwt?

since (w,w*) = (wt,w) =0. QED

The vector w € W in the decomposition of v with respect to V.= "W @ W s
called the orthogonal projection of v onto W.

PROPOSITION 7.10 Let V be a Euclidean vector space, dim'V = n, n € N*,

B = {u,...,u,} an orthonormal basis and x = ijuj, y= Zyjuj eV. IfVis
j=1 j=1

a real vector space, then (x,y) Zx]y] and ||z|]? = Zm

n

If V is a complex vector space, then (x,y) ijyj and ||z]|? = Z | z; |
j=1

Proof. Assume V is a complex vector space. Then

The real case is similar. QED

We conclude this section with a generalization of Theorem 7.4.
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THEOREM 7.11 (Gram—Schmidt— infinite dimensional case) If V is infi-
nite dimensional and L = {vi,...,v%,...} C V is a countable, infinite, linearly
independent set of distinct elements, then there exists an orthonormal set L' =
{u1,...,ug,...} such that

Span{vi,...,vx} = Span {uy,...,ux}, Vke&N".

The proof is based on the construction used in Theorem 7.4, i.e.

W o — AV2W1)
2 2 <’IU1,U}1>
Wg = UV (v, 1) 1 — (v, 1) Wh—1 Vk > 2
(wy,wy) (wp—1,wr—1) ’ ’
1 .
then u; = —— w;, Yk € N
Al
8 Problems

1. Let V be a vector space over the field K and S a nonempty set. We define
F={flf:5—V}
(f +9)(x) = f(z) + g(x), forall fgeeF,
tf)(z) =tf(z), forall teK, feF.
Show that F' is a vector space over K.

2. Let F be the real vector space of the functions f : R — R. Show that
cost,cos’t, ..., cos"t,...

is a linearly independent system in F'.

3. Let V be the real vector space of functions obtained as the composite of a
polynomial of degree at most three and the cosine function (polynomials in cosz, of
degree at most three). Write down the transformation of coordinates corresponding to
the change of basis from {1, cos z, cos? z, cos® 2} to the basis {1, cos x, cos 2z, cos 3z},
and find the inverse of this transformation. Generalization.

4. Let V be the real vector space of the real sequences {z,,} with the property
that the series " 22 is convergent. Let x = {z,,}, ¥ = {yn} be two elements of V.

1) Show that the series Y z,y, is absolutely convergent.

2) Prove that the function defined by (x,y) = > x,y, is a scalar product on V.

5. Let V={z|z € R, z > 0}. For any z,y € V, and any s € R, we define
r@y=2xy, sOx==zx°.

Show that (V,®,®) is a real vector space.
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6. Is the set K, [X] of all polynomials of degree at most n, a vector space over
K? What about the set of the polynomials of degree at least n?

7. Show that the set of all convergent sequences of real (complex) numbers is a
vector space over R (C) with respect to the usual addition of sequences and multi-
plication of a sequence by a number.

8. Prove that the following sets are real vector spaces with respect to the usual
addition of functions and multiplication of a function by a real number.

DA{fIf:T—TR, I=interval CR, f differentiable}

2){flf: I —R, I=interval CR, f admits antiderivatives}

3){f| f:la,b] = R, f integrable}.

9. Which of the following pairs of operations define a real vector space structure
on R??

1) (z1,22) + (y1,¥2) = (x1 + 22, T2y2), k(x1,22) = (kx1,kz2), kER

2) (w1, 22) + (Y1,¥2) = (T1 +y1,22 + Y2), k(21,72) = (71, k72), kK ER

3) (w1, 22) + (Y1, ¥2) = (21 + Y1, 22 + y2), k(21,22) = (kz1,k22), Kk ER.

10. Let P, be the real vector space of real polynomial functions of degree at most
n. Study which of the following subsets are vector subspaces, then determine the sum
and the intersection of the vector subspaces you found.

A= {p|p(0) =0}, B={p|p(0) =1}, C={p|p(-1) +p(1) =0}.

11. Study the linear dependence of the following sets:
1) {1,1,1),(0,-3,1),(1,-2,2)} c R?

{301 S8 L2 ] e

3) {1,z,2%}, {e®, we®, 22%e*}, {e¥, e~ %, sinhz}, {1, cos? z,cos 22} C C*°(R) = the
real vector space of C'°*° functions on R.

12. Show that the solution set of a linear homogeneous system with n unknowns
(and coefficients in K) is a vector subspace of K". Determine its dimension.

13. Consider V = K". Prove that every subspace W of V is the solution set of
some linear homogeneous system with n unknowns.

14. A straight line in R? is identified to the solution set of a (nontrivial) linear
equation with two unknowns. Similarly, a plane in R? is identified to the solution
set of a linear equation with three unknowns; a straight line in R® can be viewed as
the intersection of two planes, so it may be identified to the solution set of a linear
system of rank two, with three unknowns.

(a) Prove that the only proper subspaces of R? are the straight lines passing
through the origin.

(b) Prove that the only proper subspaces of R? are the planes passing through the
origin, and the straight lines passing through the origin.

15. Which of the following subsets of R® are vector subspaces?

p.%_Y¥_2 p .ol _y_z-2
1 2 -1 -1 1 -1
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P:z+y+2=0 P:x—y—z=1.
Determine the intersection and the sum of the vector spaces found above.

16. In R®, we consider the vector subspaces P : z+2y—z = 0 and Q : 2z0—y+2z =
0. For each of them, determine a basis and a supplementary vector subspace. Find a
basis of the sum P + @ and a basis of the intersection P N Q.

17. Let S be a subset of R® made of the vectors

1) v1 =(1,0,1),v3 = (—=1,0,—-1),v3 = (3,0, 3)

2) vy = (—1,1,1),v5 = (1,—1,1),v3 = (0,0,1),vs = (1, —1,2).

In each case, determine the dimension of the subspace spanned by S and point
out a basis contained in S. What are the Cartesian equations of the subspace ?

18. In each case write down the coordinate transformation formulas corresponding
to the change of basis.

1) e =(-1,2,1),ea = (1,-2,1),e3 = (0,1,1) in R?

el =(1,-1,1),e5 = (0,1,-1),e5 = (1,1,0).

2) e = 1,62 :t,eg :t2764 :tg in P3

eh=1—teh=1+1% ey =t —t e, =3+t

19. Let V be a real vector space. Show that V X V is a complex vector space
with respect to the operations

(u,v) + (z,y) = (u+ 2,0 +y)
(a +ib)(u,v) = (au — bv, bu + av).

This complex vector space is called the complexification of V and is denoted by
“V. Show that:

1) °R" =C",

2) if S is a linearly independent set in 'V, then S x {0} is a linearly independent
set in ¢V,

3) if {e1,...,e,} is a basis of V, then {(e1,0),...,(e,,0)} is a basis of “V, and
dimcCV = dimpgV.

20. Let V be a complex vector space. Consider the set V with the same additive
group structure, but scalar multiplication restricted to multiplication by real numbers.
Prove that the set V becomes a real vector space in this way.

Denote this real vector space by V. Show that

1) RCn _ R2n

2) if dimV = n, then dimfV = 2n.

21. Explain why the following maps are not scalar products:

n

1) ¢:R"xR" =R, o(z,y) = 3 |7yl

i=1

3) ¢ : C°([0,1]) x C°([0,1]) = R, ©(f,9) = f(0)g(0).
22. In the canonical Euclidean space R3, consider the vector v = (2,1,—1) and
the vector subspace P : x —y + 2z = 0. Find the orthogonal projection w of v on P

and the vector w.

23. Let R* be the canonical Euclidean space of dimension 4. Find an orthonormal

basis for the subspace generated by the vectors
u=1(0,1,1,0),v = (1,0,0,1),w = (1,1,1,1).



Chapter 2

Linear Transformations

1 General Properties

Throughout this section V and W will be vector spaces over the same field K.

We used linear linear transformations, in particular the notion of isomorphism
for the the identification of an n—dimensional vector space with K™ (see Prop. 5.5,
Chap.1). In this chapter we will study linear transformations in more detail.

Recall (Def. 5.3) that a linear transformation 7 from V into W is a map 7T :
V — W satisfying
(1.1) Tx+y)=T@x)+T(y), Va,yeV (additivity)

(1.2) T(kx)=kT(z), VkeK,VzeV (homogeneity).

The definition is equivalent to
(1.3) T(kx+1ly)=kT(x)+1T(y), VkiIceK, Vr,yeV, (linearity)

as we pointed out in Chap. 1, Remarks 5.4 (v).

We will write sometimes 7 x instead of 7 (z).
We are actually quite familiar with some examples of linear transformations. One
of them is the following, which is in fact the main example.

MAIN EXAMPLE: left multiplication by a matrix
Let A € M, ,(K) and consider A as an operator on column vectors. It defines a
linear transformation A : K" — K™ by

T
X — AX, where X = | : ;
Ty

A(z) =4(AX), z=(21,...,2,) e K", X =lz.

Obviously, A is linear by the known properties of the matrix multiplication.
Note that each component of the vector A(z) is a linear combination of the com-
ponents of x.

25
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2 1
Consider the particular case A = 3 0 | € M32(R) ; then
-1 5
2x1 + 29
A|: zl :| = 31’1
2 —x1 + dxo
and

.A(J?) = (2$1 + 2, 371, —T1 + 5.%‘2) .

Conversely, any map A : K" — K™ with the property that each component
of A(z) is a linear combination with constant coefficients of the components of x, is
given by a matrix A € M,, (K as above; A is the coefficient matrix of * (A(z)), i.e.
if for any = € K", the i’th component of A(x) is k121 + ...+ kn2p, then the i’th row
of Ais (k1,...,kn).

If m =n =1, then A= [a] for some ¢ € K, and A: K — K, A(z) = az.

Linear transformations are also called vector space homomorphisms (or morphisms),
or linear operators, or just linear maps. Their compatibility with the operations can
be regarded as a kind of ”transport” of the algebraic structure of V to W.

Note that (1.1) says that 7 is a homomorphism of additive groups.

A linear map F : V — K (i.e. W =K) is also called a linear form on V.

More examples of linear transformations

(1) 'V =P, = the vector space of real polynomial functions of degree < n, W =
Pn—1 and T (p) =p'.

(it) V.=C'a,b), W=C"a,b), T(f) = f".
b
(iii) V = C%[a, 1], W = R, T(f):/f(t) dt.

(iv) V=W,ceK,T:V—V, T(x)=cz,Voe e V. (For c =1, T is the identity
map of V)

In Chapter 1, Rem. 5.4 we mentioned that 7 (0) = 0, for any linear transformation
7. We will show next that more properties of V are transfered to W via 7.

THEOREM 1.1 Let 7 : V — W be a linear transformation.
(¢) If U is a vector subspace of V, then T (U) is a vector subspace of W.

(1) If v1,...,v, € V are linearly dependent vectors, then T (v1),...,7 (vp) are lin-
early dependent vectors in W.

Proof. (i) Let wy,ws € 7(U) and k,l € K. Then w; = 7 (v1), we = 7 (vq), for
some v1,v9 € U and

kwy + lwy = kT (v1) +17 (ve) = T (kvy + lva) by (1.3) .
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On the other hand kv, +1vs € U since U is a subspace of V. Therefore kw, +Ilws €

7(U).

(44) By the linear dependence of vy, ..., v, there exist k1, ..., kp, not all zero such
that kyv1 +... +kpv, = 0. Then T (kyv1 + ...+ kpvp) = 7(0) = 0. Now the linearity
of 7 implies that k17 (v1) + ... + k7 (v,) = 0. QED

REMARK 1.2 Note that if in (i7) of the previous theorem we replace ”dependent”
by ”independent”, the statement we obtain is no longer true. The linear independence
of vectors is preserved only by injective linear maps (see Chap. 1, Lemma 5.6).

THEOREM 1.3 Assume dimV =n and let B ={ey,...,e,} be a basis of V, and
Wy, ..., W, arbitrary vectors in W.

(1) There is a unique linear transformation T : V.— W such that
(1.4) T(ej)=w;, Vj=1,....n.

(#4) The linear transformation T defined by (1.4) is injective if and only if wq, ..., wy
are linearly independent.

Proof. (i) If x € V, then = can be represented as x = ijej, z; € K. Define

j=1
T(x) = ijwj € W. This definition of 7 implies 7 (e;) = w;, Vj =1,...,n. Let
j=1
also y = Zyjej €V, and k,l € K. Then
j=1
T (kx +ly) :Z kx; + ly;)w —kZme7+lZyij—kT +17(y) ,
Jj=1

hence 7 is linear. For the uniqueness, suppose 'Tl(e]) =wj, Vj.

n
For any = = ijej € V it follows that 77 (z Zxﬂ] e;) ijwj, by the
j=1 j=1
linearity of 7;. Hence 71(x) = T (z), V& € V.
(é¢) In Chap. 1, Lemma 5.6 we gave necessary and sufficient conditions for the
injectivity of a linear transformation. From condition (i) of that result, here it only
remains to show that

wi,...,w, linearly independent = 7 injective .

Let z = ijej, Yy = Zyjej € V such that 7(z) = 7(y). Then T(z —y) =

Jj=1 Jj=1
n

Z(J;j —y;j)w; = 0. The linear dependence of wy,...,w, implies that z; = y;, Vj,

j=1
thus x = y. QED



28 CHAPTER 2. LINEAR TRANSFORMATIONS
Operations with Linear Transformations

Denote by L£(V, W) the set of all linear maps defined on V with values into
W. Addition and scalar multiplication for the elements of £(V, W) are the usual

operations for maps with values into an K—vector space. (see Examples of vector
spaces (v) Chapter 1); if S, 7 € L(V, W) then S + 7 and k7T are defined by

(1.5) (S+T)(z)=8S@)+T(x), VxeV

(1.6) (kT)(z) = kT(z), YzeV,VkeK.

It is easy to see that S+ 7, k7T € L(V,W). Moreover, L(V, W) becomes a
K-—vector space with the operations defined by (1.5), (1.6).

The elements of £(V,V) are called endomorphisms of V. Another notation for
L(V,V)is End(V).

The vector space £(V,K) of all linear forms on V is called the dual of V.

Let U, V, W be vector spaces over the same field K and § € £L(U,V), T €
L(V,W). Then the composite 7 o § makes sense as a map from U into W. Tt is
straightforward that 7 oS € £L(U, W). The map 7 o S is also written as 78 and is
called the product of 7 and S. The following properties are immediate:

(1.7) (kA+IB)C=kAC+IBC, VkiecK, A BeL(U,V), CeL(V,W).

(1.8) C(kA+1B) =kCA+ICB, VklcK, ABecL(V,W), CeL(U,V).
If 7T € End(V), denote
T°=7, T?°=ToT,. .., T"=T" 10T =ToT" !,

where n > 1 and 7 is the identity map of V.

The product of endomorphisms is a binary operation on End (V).

We mentioned in Chap. 1, Rem. 5.4 that the inverse of a bijective linear trans-
formation is linear too (it is an easy exercise to prove it).

An injective homomorphism is called a monomorphism.

A surjective homomorphism is called an epimorphism.

A bijective homomorphism is called an isomorphism (see also Chap. 1, Def. 5.3,
Rem. 5.4).

REMARK 1.4 Let us return to the main example. Let A € L(K",K™), B €
LK™, KP") be defined as left multiplication by A € M,, ,(K) and B € M, ,(K)
respectively. Then:

(1) BA e L(K",KP) is the left multiplication by the matrix AB € M,, ,(K).
(74) A is bijective <= m = n and A is invertible.

In this case A~ is the left multiplication by the matrix A~!.
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2 Kernel and Image

Let V and W be two vector spaces and 7 € L(V, W).

DEFINITION 2.1 The set
KerT={xeV;T(x)=0}CV

is called the kernel of 7.
The image of T is the usual

ImT=T(V)={ye W;3z e Vsuchthat y=7(z)} CW .

REMARKS 2.2 Recall that:
(i) T(0) =0,s0 0y € Ker7 and Oy € ImT.
(#9) KerT = {0} if and only if 7 is injective.

THEOREM 2.3 (i) Ker T is a subspace of V.
(it) ImT is a subspace of W.

Proof. (i) Let u,v € KerT, ie. T(u) =7 (v) =0. Then
T(ku+1lv)=kT(u)+1T(v)=k0+10=0, VkiIecK.

Thus ku +lv € KerT,Vk,l € K.
(ét) This is a particular case of Thm. 1.1 (i). QED

Example. Let 7 : R* — R?, T(x) = (221 — 22,21 + x2 + 3x3). We find
KerT ={(x1,22,23); 201 —22=0, 21+ 22+ 323=0}
={(a,20,—) ; a € R } = Span{(1,2,-1)} .

2r1 — T2 = U1

ImT = {(yla?JQ) ; the system { 91 + g + 315 = s

is compatible } =R2.

Note that 7 is surjective, but not injective. We will see later in this section that
a linear transformation between two finite dimensional spaces of the same dimension
is surjective if and only if it is injective.

DEFINITION 2.4 The dimensions of Im7 and Ker 7T are called the rank and
nullity of T respectively.

PROPOSITION 2.5 Lety € Im7T. The general solution of the equation
(2.1) T(2) =y

is the sum of the general solution of T (x) = 0 and a particular solution of (2.1).
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Proof. Denote S, = {z ; T(z) =y} =7 '(y), So ={z; T(z) =0} = Ker 7,
and fix z, € S;;. We must show that S, = So + {z,}.

For,let £ € S,. Then & = ( — zp) + 2, € So + {z}}, since T (T — z) = T(Z) —
T (zp) =y —y = 0. Conversely, let zg € Sp; then T (2o + z,) = 7T (x0) + T (xp) = ¥,
hence zo +z, €S,. QED

THEOREM 2.6 (The dimension formula) Let 7 : V — W be a linear trans-
formation and assume that V is finite dimensional. Then

(2.2) dimV =dim (KerT) +dim (ImT) .

Proof. Say that dim V = n. Then Ker 7 is finite dimensional too as a subspace
of V. Let p=dim (KerT),1 <p<n-—1and By = {u,...,u,} a basis of Ker T
(the cases p = 0, p = n are left to the reader). Extend B; to a basis of V (see Chap.
1, Thm. 4.8):

B={u,...,U,01,...,Un_p} .

Denote w; =T (v;),j=1,...,n—pand By ={wi,...,wp_p}.

If we show that By is a basis of Im 7, it will follow that dim (Im7) = n —p, and
the proof of the theorem will be done. For, let y € Im 7. Then y = 7 (), for some
x € V. We write z in terms of the basis B of V:

T=0a1U1 + ...+ app +b1v1 + . b pUn_p
and apply 7, using 7 (u;) = 0. We obtain:
y=T(x)=01T(v1)+ ... +bn—pT (Vn—p) =brw1 + ...+ bp_pwn_p .

This proves that Im7 = Span Bs.
Now suppose that

(23) k1w —|—...—|—k;n_pwn_p =0, k‘l,...,kﬁn_p cK.
From w; = 7 (v;) it follows that
le(Ul) + ...+ knpr(fUnfp) = T(klvl + ...+ kn,pvn,p) =0.

Denote v = kv + ...+ kn—pvp—_p; thus v € Ker 7. So we may write v in terms
of the basis By of KerT, say v =ciui + ...+ cpup. Then

crur + ... Fepup —kvr — .o = kp_pUp_p =0

By the linear independence of B, ¢y = ... =c¢, = k1 = ... = k,—, = 0. Therefore
all scalars in (2.3) vanish, which shows that By is linearly independent. Consequently,
B, is a basis of Im7. QED

In Chapter 1, Lemma 5.6 we proved that for a linear map 7 there are equivalent
characterizations of injectivity. Using the dimension formula, we can now state more
such characterizations.
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COROLLARY 2.7 Let T € L(V,W), dimV =n, n € N*. Then the following

statements are equivalent:
(1) T 1is injective.
(i) dim (Im7T) = n.
(#32) If {vi,...,vn} is a basis of V, then {T (v1),...,T (vn)} is a basis of ImT.

Proof. 7(i) = (#1)” T injective= Ker7T = {0} = dim (KerT) = {0} =
dim (ImT) = dimV — 0 = n, by the dimension formula (2.3).

"(it) = (449)” It is straightforward that {7 (v1),...,7 (v,)} spans Im T. Then
dim (Im T) = n implies that {7 (vy),...,7 (v,)} is a basis of Im T (see Cor. 4.8,
Chap. 1).

7 (iti) = (4)” (i44) says that Im 7T has a basis with n elements, so dim (Im7) =
n = dim V. By the dimension formula, dim (Ker7T) = 0, so Ker T = {0}, which is
equivalent to (7). QED

3 The Matrix of a Linear Transformation

Throughout this section V and W denote two finite dimensional vector spaces over
the same field K, of dimensions n and m respectively; 7 : V. — W is a linear
transformation.

Let B = {vy,...,v,} and C = {w1,...,wy,} be bases of V and W respectively.

DEFINITION 3.1 The matrix T' € M,, ,,(K) whose j'th column is the coordinate
column vector of 7 (v;), Vj € {1,...,n}, is called the matriz associated to T (or the
matriz of T) with respect to the bases B and C.

So, if for each j € {1,...,n} we write 7 (v;) = Z tijw;, then T = [t;;]
i=1

Examples
(1) T: R? — R3 T(z) = (221 + 2, 3x1, —x1 + 5x2).

Let B = {v1,v3}; C = {wy, wy w3} be the canonical bases of R? and R respec-
tively. Denote by T the associated matrix.

T
T'=Mg ¢
Using the definition we find:
T( ) T(l 0) (2733_1)_2f1+3f2_f37
7(0,1)=(1,0,5) = f1+5fs.

2 1

Thus the 1’st column of T is 3 | and the 2’nd column of T is 0 |;
-1 5

T =

— W N
ot O =
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(#1) V. = Span{fi, f2} € C®(R); fi(x) = e coszx, fa(xr) = e*sinz, Yz € R.
T:V—V, T(f)=f'".B=C={f1, f} is a basis of V.

T(f1)(x) = fi(x) = e"cosx — e” sinx, Vo € R. So, T(f1) = f1 — fa. Similarly,
T(f2) = f1 + fo. Then T = [ _i } ]

REMARKS 3.2 (i) 7 is uniquely determined by 7" and T is uniquely determined
by 7. (This is immediate, since a linear transformation is uniquely determined
by its values on the basis B, and each 7 (v;) has a unique representation w.r.t
the basis C.)

(ii) Note that in example (i) above, using the definition of the associated matrix
w.r.t. the canonical bases we recovered the matrix mentioned in a particular
case of the main example; if 7 : K" — K", is defined by

n n
T(2) = () tijmg sy bmjy),
j=1 j=1

then, according to Definition 3.1, the matrix associated to 7 w.r.t. the canonical
bases of K™ and K™ is obviously the same as the coefficient matrix of the column
Y(T(x)), namely T = [t;;].
So, T acts as left multiplication by 7.

Moreover, the next proposition points out that any linear transformation of finite

dimensional vector spaces reduces to left multiplication by a matrix. This is why left
multiplication by a matrix was called “the main example”.

PROPOSITION 3.3 (the matrix of a linear transformation)
Let V, W, B, C, T, TasanefS’]

Let also x € V, z = ijvj, andy € W, y = Zyzwl such that y = T (z).
J=

=1
Denote X =t [z1,...,x,), Y =% [y1, ..., yn]. Then T can be written in the matriz form
as: .
(3.4) Y =TX, ey =Y tyr;, Vi=1..m

Proof. T (vj) = Z tijw;, Vi =1,...,n, since T is the matrix of 7.

Then y =7 (z ZZ: (ZZ: Wi

Ms
H
uMs

n
By the uniqueness of the representation of y in the basis C, y; = > tj;x;, Vi=
j=1
s ey . QED

COROLLARY 3.4 Let U be another finite dimensional vector space, of basis D,
T e L(V,W), S € L(W,U),

T = the matriz of Tw.r.t. B and C;

S = the matriz of S w.r.t. C and D.

Then ST = the matrix of STw.r.t. B, D.

1
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PROPOSITION 3.5 Letr =rankT.
Then dim (ImT) =r and dim (KerT) =n —r.

Proof. Denote C; ="[t1;, ..., tm;] the j’th column of T. By Lemma 5.8 in Chapter
1, we may assume without loss of generality, that C1, ..., C, are linearly independent
in M,, 1 ~ K™ and any p columns of T are linearly dependent for p > r+1 (if r < n).
Consider the coordinate system ¢ : W — K" associated to the basis C, ¥(y) =
m
(Y1, -, Ym), for y = > y;w;. Then (7 (vj)) =' C;. Since v is an isomorphism, it
i=1

preserves the linear dlependence and the linear independence of vectors, and so does
=L Thus 7 (v1),..., 7 (v,) are linearly independent and any p > r + 1 elements of
{T (v1),...,T (vy)} are linear dependent.

On the other hand, Im 7T = Span (T (v1), ..., T (vy)). It follows that {7 (v1), ..., 7 (v.)}
is a basis of I'm T, therefore dim (Im7T) = r, then we apply the dimension formula.
QED

We notice that the rank of the associated matrix T does not depend on the chosen
bases. Also, the notation rank7 = dim (Im7) makes now more sense, since the
previous result shos that dim (Im 7) is indeed the rank of a certain matrix.

Using the above result, it is not hard to deduce the next corollary.

COROLLARY 3.6 Let T € L(V,W), V., W finite dimensional, T = the matriz
of Tw.r.t. B and C.

(1) T is surjective if and only if dim W = rank T.
(i) T is injective if and only if dim'V = rankT.
(#i1) T s bijective if and only if dim'V = dim W = rank T.

In this case T is invertible, and the matriz of 7' w.r.t. C, B is T~1.
(i) If dimV =dim W = n, then:

T is injective <= T is surjective <= T is bijective <= n = rankT.

Note that a particular case of (iv) is the case V.= W, ie. T € End(V), V finite
dimensional.

PROPOSITION 3.7 Let T € End(V), dimV =n, n € N and B = {v1,...,0,}
B’ = {v},...,v}} two bases of V. Denote by A and B the matrices associated to
Tw.r.t. the basis B, and B’ respectively.

Then B = C~YAC, where C is the matriz of change from B to B'.

Proof. Let C = [¢;5], A = [a;;], B = [b;j] and C~1 = [d;;]. Then

(35) U;— = Zcijvi7 v; = Zdijv'lh Vj = 1, o, n.
i=1 i=1

(3.6) T(v;) = Zakivk7 Vi=1,..,m; T(v}) = Zbljvl’, Vi=1,..,n.
k=1 =1
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Combining (3.5) and (3.6) we obtain:

n n

T(“;') = Z%‘T(Uz‘) = Z Cij UKV = Z Z CijOki Z digv] =
i=1 Py

i=1 k=1 i=1 k=1

= Z(szlkakicz‘j)vz’, Vi=1,..n.

=1 i=1 k=1

By the uniqueness of the representation of 7 (v}) w.r.t. B' and (3.6), it follows that

n n
by =Y Y digakicij, V1,5 =1,...,n, thus B= C~tAC. QED
k=1i=1

DEFINITION 3.8 The matrices A, B € M,, ,,(K) are called similar if there exists
a nonsingular matrix C' € M, ,(K), such that B = C~1AC.

By the previous proposition, two matrices are similar if and only if they represent
the same endomorphism (with respect to different bases).

REMARKS 3.9 Properties of similar matrices
(¢) Similarity of matrices is an equivalence relation on M, ,(K).
(#4) Similar matrices have the same rank.

(#i7) Nonsingular similar matrices have the same determinant. As a consequence, it
makes sense to define the determinant of an endomorphism as the determinant
of the associated matrix with respect to an arbitrary basis.

4 Particular Endomorphisms
DEFINITION 4.1 Let V be a K-vector space and F € L(V,V).
(1) F is an automorphism if it is bijective.
(ii) F is a projection if F* = F.
(iii) F is an involution if F? = idy .
(iv) F is a complex structure if F? = —idy, for K=R.
(v) F is nilpotent of index p if FP~1 # 0, F¥ = 0,Vk > p, where p € {2,3,...}.
Denote GI(V) = {F € L(V,V)| F is an automorphism }. GI(V) is not a vector

space, but it is a group with respect to the product (composition) of automorphisms.
GI(V) is called the general linear group of V.

THEOREM 4.2 If F : V — V is a projection, then V = Ker F & Im F.
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Proof. Let v € V, F(v) € ImF, w =v—F(v) € V. Then F(w) = F(v)—F2(v) =
0, thus w € Ker F, which shows that V = Ker F 4+ Im F. By the dimension formula,
dimV = dim Ker F + dim Im F, therefore dim (KerF N Im F) = 0, so the sum is
direct. QED

Obviously if F is a projection, then idy; — F is a projection too. The theorem
could be reformulated:

If 71 and F3 are projections such that F1+7F> = idys, then V = I'm F1 © I'm Fs.

The latter form has the following generalization.

THEOREM 4.3 If 7; : V — V, i = 1,...,p are projections such that F;F; =
P

0,Vi#jand > F;=idy, then V=ImF &..&ImF,.
i=1

Proof. The conclusion follows easily from the previous theorem, by induction.
Note that for the induction step we need Fi + ... + Fp—1 to be a projection. To show
this, use F? = F;, and FiF; =0, Vi # j.

The details of the proof are left to the reader. QED

THEOREM 4.4 A finite dimensional real vector space V admits a complex struc-
ture if and only if dim'V is even.

Proof. Suppose dimV =n = 2m. Let B = {e1, ..., €m, €m+1, ..., €2m } be a basis of
V. Define the endomorphism F: V — V by

F(ei) = em+i, Flemyi) =—€;, t=1,...,m.

Then F(e;) = —ej, Vj = 1,...,n, so F? = —idy. Conversely, let F be a complex
struture on V. Choose v; € V, vy # 0; then vy, F(vy) are linearly independent.
For, suppose by contradiction that F(v;) = kvq, for some k € R. It follows that
—v; = F2(v1) = kF(v1) = k?vy; but this is impossible for k € R.

If dimV > 2, then we can choose v3 € V such that vy, vy, F(v1) are linearly
independent. We can show similarly that vy, ve, F(v1), F(vs2), are linearly indepen-

dent. Continuing the process we obtain a basis which has an even number of elements.
QED

Note that the matrix associated to the complex structure F with respect to the

Dasis {01, ooy Uy F(01), o Flm) } s { _IO fém } _

THEOREM 4.5 If N € L(V,V) is a nilpotent endomorphism of indezx p, and
2o € V such that NP~1 £ 0, then the vectors zg, ,N(x¢), ..., NP~ 1(xq) are linearly
independent.

Proof. Let ko, ..., k,—1 € K such that

p—1

Z kiNi(.%'o) =0.

=0

Applying NP~! to this equality we obtain ky = 0. Next, apply successively NP2,
.oy N2, N to obtain ky = ... = k,—1 = 0. QED
Note that Span {zg, N(xg),..NP~1(xg)} is an invariant subspace of V.
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THEOREM 4.6 IfdimV =n>1,T € L(V,V), then there exist two subspaces U
and W of V, invariant with respect to T such that:

(1) V=UaW;
(1) Ty is milpotent;
(i17) T|yy is invertible, when W # {0}.

Proof. Denote Ny = Ker (T*) and Ry, = Im (7F*), k € N*. Obviously, these are
invariant subspaces with respect to 7, and

Ny, € Ngt1, Rk 2 Rgya, Vk.

Moreover,
(4.7) N = Nk+1 = Nk+1 = Nk+2 and Ry, = Rk+1

Let us prove (4.7). Assume N = Nj11 and v € Ny4o.
THYTv)=0=Tv € Nyj1 = N = TH(Tv) =0 = v € Npyq.
To prove Ry = Rj1, use the dimension formula
dimV = dim Ny + dim Ry = dim N1 + dim Ry1,

which implies dim Ry = dim Ry, thus Ry = Rjpy1, as Ry O Ri41.
Now, since V is finite dimensional, there exists the smallest p € N* such that

Ni CNyC..C Np = Np+1 = Np+2 = ...

and Ry DRy D...D Rp = Rpt1 = Rp+2 =..

Take U = N,, W = R,. Using the dimension formula it suffices to prove either

V=U+Wor UNnW = {0} in order to obtain (i). Let v € UNW. Then 7Pv =0

and v = TPw for some w; it follows that w € Ng,. But Nop, = N, so TPw = 0, which

proves UN'W = {0}, therefore (i).

Since U is 7-invariant, we can consider 7 |gy : U — U; by the definition of p and N,

it follows that 77(N,) = {0} and T7P~!(N,) # {0}, so 7 |yy is nilpotent of index p.
For (iii), assume W # {0}. If w € W and Tw = 0, then w = TPu, some u; it

follows that v € N,41. From N, = Np; follows w = 0. This shows that

T|w : W — W is injective, hence invertible (as W is finite dimensional). QED

Examples

(i) T : R® — R? defined by the matrix T = is nilpotent of index 2

O O =
O
==

since T2 = 0.

(i) Let D : Py — P3, where Pj is the space of polynomials of degree less or equal
to 3, with real coefficients, D(p) = p’. Then D is nilpotent of index 4, because
p™) =0, Vp € P3, while D? # 0, since the third derivative of polynomials of
degree 3 is not 0.
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5 Endomorphisms of Euclidean Vector Spaces

Let (V,(, )) be a Euclidean K-vector space, K =R or K = C, and 7 € End(V).
When V is finite dimensional it is not hard to prove that there exists an endo-
morphism 7* € End(V), uniquely determined by 7 which satisfies

(5.1) (x,Ty) =(T"z,y), Ya,yeV.

We will accept without proof that all (possibly infinite dimensional) Euclidean
vector spaces we are working with in this course have the property mentioned above
for the finite dimensional case. Then the following definition makes sense.

DEFINITION 5.1 The endomorphism 7* defined by (5.1) is called the adjoint of
7. If K =R, then 7* is also called the transpose of T.

REMARKS 5.2
(1) idy, = idy.
(74) Note that (5.1) is eqiuvalent to

(5.2) (Tx,y) = (z,T"y), Vz,yeV.

(i) (T*)* =T, YT € End(V).

DEFINITION 5.3 If 7 = 7*, then 7 is called Hermitian, when K = C,
and symmetric when K = R, or
self adjoint in both cases (either K = C or K = R).
If 7 =—T7%*, then 7 is called skew Hermitian when K = C,
and skew symmetric (or antisymmetric), when K = R.
If 7 satisfies

(5.3) (Tz,Ty) = (z,y), Va,y eV (i.e. T preserves the scalar product),

then 7 is called unitary, when K = C,
and orthogonal, when K = R.
The notions of Hermitian, symmetric, unitary etc. are used for matrices too. A
matrix A € M, ,(C) is called

symmetric if A = A

Hermitian if A =14

skew symmetric if A = —%

skew Hermitian if A = —tA

orthogonal if A'A =1 and A € M,, ,(R)

unitary if A'A =1 and A € M, ,(C)
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We will see later that the definitions given above for endomorphisms and matrices
are related in a natural way.
PROPOSITION 5.4 Let 7, S € End(V).
(1) (TS)* =8*T".

(1) If T is invertible, then T* is invertible too; moreover, (T*)~1 = (T —1)*.

)
(iii) (T +8)* =T*+S*.
(iv) IfK = C, k € C, then (kT)* = kT*.
(v) IfK =R, k € R, then (kT)* = kT*.
Proof.
(i) (@,(TSy) = (&, T(Sy)) = (T"w,8y) = (§*(T*a),y) = (S"T*)z.y).

The adjoint of 7§ is unique, thus (78)* = S*T*.

(i7) We have already noticed that idys * = idy;. If we take the adjoint of both
sides in 77! = idyy and T-1T = idvs, and apply (i), we get (T-YHY)yT* = idy =
T*(TH~.

(#i7) is immediate by the additivity of the inner product with respect to each
argument.

Now, let us prove (iv).

(x,(kT)y) = (x,k(Ty)) =k(x,Ty) by conjugate linearity

R u) = (FT")z. ).

Again, apply the uniqueness of the adjoint.
To prove (v) we proceed like in (iv), but use linearity with respect to the second
argument instead of conjugate linearity. QED

We deduce easily the next corollary for self-adjoint endomorphisms.

COROLLARY 5.5 Let T, S be two self-adjoint endomorphisms of V. (K = R or
K=C)and k € R. Then

(i) The endomorphism TS is self-adjoint if and only if TS = ST.

(ii) If T is invertible, then T~ is self-adjoint too.

(#it) kT + S is self-adjoint.

THEOREM 5.6 Assume K = C. Then T is Hermitian if and only if

(2, Tx) e R, VzeV.

Proof. If T = T*, then (Tz,z) = (z,Tx), by (5.1). But (z,Tz) = (Tz,z), by
Hermitian symmetry of the inner product, so the scalar product (z,7z) = (T, x) is
real, Vo € V.

Conversely, if (z,7x) € R, Vz € V, it follows that

(2, Tx) ={x,Tx) = (T*x,z) = (x, T x), Yz eV.
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Then (z, (7 — T*)x) =0,V € V. If we replace z by = + ay, a € C, we obtain
aly, (T —T )y +a(x,(T-T")y)=0, Ve,yeV,VaeC.

Now take a@ = 1, then oo = i to get (z,(T —7*)y) =0, Va,y € V. If in the last
equality x = (7 — T*)y, it follows that 7 — 7* = 0. QED

THEOREM 5.7 The endomorphism T preserves the scalar product if and only if it
preserves the norm, i.e.

(Tz,Ty) = (z,y), Ve,yeV < ||Tz| =|z|, VYzeV.

Proof. =" For y = x we obtain ||7z||*> = ||z||?, thus ||7z| = ||z|.
"«<" If K = C, then

1 . . ) .
(@) =7 (lz +yl* =z = ylI” + ille + iyl* = ille — ayll*)

If K=R, then
1
(@y) = (lz +ul* = llz =) .

In the left hand side of each identity replace (x,y) by (Tx,Ty), then use |7 (z +
ey)ll = llz+ cyll, c € {£1,£i}, to end up with (x,y). QED

PROPOSITION 5.8 T preserves the inner product if and only if T*T = idv;.

Proof.

(Tx,Ty) = (x,y), Yo,y €V & (T*Tx,y) = (z,y), Yo,y eV
& (T'T —idvy)r,y) =0,Va,y eV
& T*T =idy. QED

REMARKS 5.9

(¢) If T preserves the inner product, then 7 is injective. (This may be deduced
either from Prop.5.8 or Thm.5.7. By Prop.5.8, 7 admits a left inverse, thus it is
injective. It is an easy exercise for the reader to prove that Ker7 = {0} using Thm.
5.7.

(#4) If V is finite dimensional, then 7 preserves the inner product if and only if
TT=TT" =idy;.

In some books an unitary endomorphism 7 is defined as an endomorphism which
satisfies 7*7 = TT* = idy;. This condition is stronger than the one we used in the
definition here, but they are equivalent in the finite dimensional case. The equivalence
comes up easily from Prop.5.8, if we recall that a linear transformation of finite
dimensional vector spaces is injective if and only if it is bijective.

THEOREM 5.10 Let V be finite dimensional, dimV = n, B = {e1,...,e,} an
orthonormal basis of V, and T = [t;;] the matriz of T w.r.t. B.
(I) Assume K = C. Then:

(I.7) Tis Hermitian < Tis Hermitian.
(I.73) Tis skew Hermitian < Tis skew Hermitian.
(I.434) 7Tis unitary < Tis unitary.
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(II) Assume K = R.. Then:

(IT.4) Tis symmetric < Tis symmetric.
(II.i3) Tis skew symmetric < Tis skew symmetric.
(I1.7i1) Tis orthogonal < Tis orthogonal.

Proof. The proofs of (IT) are almost the same as the ones for (I). We will only
prove ([.i), leaving the rest to the reader.

Denote by [t7;] the matrix of 7* w.r.t. B. Multiplying Te; = } tjex by e; in
k=1

the sense of the inner product, we obtain

(54) <T€j, 61'> = < Ztkjek, 61‘> = tij .
k
Similarly, (7 *e;, e;) = t7;. But
(5.5) (T ej ei) = {ej, Tei) = (Tei, e5) =15 -

If 7 is Hermitian, i.e. 7 = T*, from (5.4), (5.5) follows ¢;; = t;;, V4,j, hence
T="1T.
Conversely, assume t;; = tj;, V14, j. then

(x,Tx)y = <ijej,2xk'fek> = Z x; Ty (ej, 7T ex)
j=1 k=1

jk=1

n
Tj Ty tjk = E Tj Ty trj
Jk=1

thus (x,7x) € R and 7 is Hermitian by Theorem 5.6. QED
Note that the theorem is no longer true if we remove the condition on the basis
to be orthonormal, as we see in the next example.

Example
Let 7 : C?> — C? such that the matrix of 7 with respect to the canonical basis
. 0 1
BisT = [ i 9
7 is Hermitian by the theorem. Consider the basis By = {f; = (1,0), fo = (1,1)};
(f1, f2) = 1 # 0. Denote by T} the matrix of 7 w.r.t. B;. Then T} = [ 2—i L ],

} The canonical basis of C? is orthonormal, and 7" = *T, thus

2421 —1
which is not a Hermitian matrix.
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6 Isometries

Throughout this section V denotes a real Euclidean vector space, and d : VXV — Riis
the Euclidean distance. Orthogonal endomorphisms of V preserve the inner product,
therefore they preserve the Euclidian norm and the Euclidean distance. The origin is
a fixed point for any endomorphism. Let us introduce other maps which are distance
preserving, but in general do not fix the origin.

DEFINITION 6.1 Let a € V. The map 7: V — V defined by 7 (z) = = + a,
Vr € V, is called the translation by the vector a. In order to avoid confusion we
denote sometimes this map by 7.

Note that in general translations are not linear; the only linear translation is the
one corresponding to a = 0, namely the identity map.
The next properties of translations are straightforward.

THEOREM 6.2 Ifa,be V and 7,, T, are the translations by a, and b respectively,
then

1)TooTy =Tp0Ty = Toqs;

2) T, is bijective, and its inverse is (T,) ™t =T _,.

It follows that composition of functions defines an abelian group structure on the
set of all translations of V, and this group is isomorphic to the additive group (V,+).

PROPOSITION 6.3 Translations are distance preserving, i.e.
d(T(z), T (y)) = d(z,y), Vr,y € V.
Proof.
AT (2),T(y) = Iy +a) = (z +a)ll = |y — zl| = d(z,y), Yo,y € V. QED

DEFINITION 6.4 An isometry of V is a surjective map F : V — V which pre-
serves the Euclidean distance, i.e.

d(F(z), F(y)) = d(z,y), Yo,y € V.

REMARKS 6.5 1) By the properties of distance, it is obvious that any distance
preserving map is injective, therefore isometries are bijective maps.

2) Surjective orthogonal transformations are isometries.

3) Orthogonal transformations of finite dimensional Euclidean vector spaces are
isometries.

4) Translations are isometries.

5) The product (composite map) of two isometries is an isometry. Moreover, the
product of maps defines a group structure on the set of all isometries of the Euclidean
vector space V. The group of translations is a subgroup in this group.

The next theorem is the main step in proving that any isometry is the product of
a translation and an orthogonal transformation.
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THEOREM 6.6 An isometry F : V — V satisfying F(0) = 0 is an orthogonal
transformation.

Proof. It is easy to see that F preserves the norm:
[F (@)l = [[F(z) = 0] = d(0, F(z)) = d(F(0), F(z)) =
=d(0,z) = ||z — 0| = ||z||, Vz € V.
Using this property, we show next that F preserves the inner product.
d(F(x), F(y)) = d(z,y) < | F(y) = Fo)l| = ly — =[] =
(Fly) = F(2), Fly) = F(@)) =y — 2,y —7) &
(F(y), F(x)) = (z,y), Vr,y€eV.

It remains to show that F is linear. We show first that F is homogeneous.

(F(kz), F(y)) = (kz,y) = k(z,y) =
= k(F(z), Fly)) = (kF(x), F(y)), Vx,y € V, Vk € R.
Then

(F(kx), Fy)) = (kF(x), F(y)) = (F(kx) — kF(x), F(y)) = 0, Yo,y € V, Vk € R,

Fix now x € V and k € R. By the surjectivity of F, there exits y € V such that
F(kx) — kF(x) = F(y). For this y, using the positivity of the inner product we get
F(kz) — kF(xz) =0, thus F is homogeneous.

We proceed similarly to prove the additivity of F. Let x,y € V.

(Fle+y), F(2) = (@ +y,2) = (z,2) + (y,2) =
= (F(2), F(2)) + (F (), F(2)) = (F(z) + F(y), F(2))-
Then
(Flx+y) —Flx)— Fly), F(2)) =0, Vz e V.
Take z such that F(x +y) — F(x) — F(y) = F(z), then use the positivity of the inner
product to obtain F(x +y) — F(z) — F(y) =0, i.e. F additive. QED

THEOREM 6.7 (characterization of isometries) If F is an isometry, then there
exist a translation T and an orthogonal transformation R such that F =T o R.

Proof. Let T be the translation by vector F(0). Then 71 is the translation by
—F(0). The map 7! o F is an isometry which fixes the origin. By the previuos

theorem, 7! o F is an orthogonal transformation. Denote R = 7! o F. Then
F=T0oR. QED

Suppose now dim V = n € N* and consider an orthonormal basis B = {e1,...,e,}.
If R is an orthogonal transformation, {R(e1),...,R(e,)} is an orthonormal basis
too. The matrix R associated to R w.r.t. B is orthogonal, thus (detR)? = 1. If
detR = +1, R is called a rotation.

If # =7 oR is an isometry such that R is a rotation, F is said to be a positive
(or orientation preserving) isometry. When det R = —1, F is said to be a negative
(or orientation reversing) isometry.
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7 Problems

1. Let @ # 0 be a fixed vector in the space of the free vectors V3, and the map
TIVgHVKO,, T(J_?):C_LXZZ'.

1) Show that 7 is a linear transformation.

2) Show that 7 is neither injective, nor surjective.

3) Find Ker(T), Im(T), and show that Ker(7) ® Im(T) = Vs.

2. Let P, be the complex vector space of the polynomial functions of degree at
most n. Show that the map 7 : P, — P,, defined by Tp(z) = p(z + 3) — p(z),
Vz € C, is a linear transformation. Is 7 injective?

3. In each of the following cases determine the matrix associated to 7 with respect
to the canonical bases, the rank, and the nullity of 7.

1)7T:R*— C? T(z) = ix.
2) T : Mayo(K) — Mayxo(K), T(A) ="A.
1

3) T :C — Mays(C), T(z) = x { N i }

4. Let @ # 0 be a fixed vector in V3, and the map 7 : V3 — R, 7 (z) = (a, T).

1) Show that 7 is a linear form.

2) Study the injectivity and the surjectivity 7.

3) Determine Ker(7), Im(7) and their dimensions.

5. Which of the following maps is a linear transformation? Determine its kernel
and its image.

)7 :R* =R T(x) = (21 + 22,21 — T2, 221 + T2 — T3)
2) T:R3 —>R37’T(x) = (21 + 22,21 — T2+ 5,221 + 29 — x3)

6. Determine the matrices of the endomorphisms 7; : R? — R3? j = 1,2, with
respect to the basis {v; = (1,1,1), vo = (1,0,1), v3 = (0,1,1)}, knowing that

0 1 -1 -1 0 1
V=11 2|, 2= 2 1 2
3 2 1 0 1 2
are the matrices of the transformations, with respect to the basis {w; = (1,2,3),

we = (3,1,2), w3 = (2,3,1)}.
7. 1) Show that the endomorphism 7 : M3y3(R) — Msy3(R), T(A) ='Ais a
symmetric involution.

2) Let V be the real Euclidean vector space of C* functions f defined on [a,b],
with f(a) = f(b). Show that the differentiation operator D : V. — V, D(f) = f’ is

antisymmetric.
3) Show that the endomorphism 7 : R* — R?,

T(x) = (x1cosa — xosina, z1 sina + o cosa), a €R,

is orthogonal.
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8. The endomorphism 7 : R® — R? is defined by

T(axy,z) = (fC—y+27y7y)~

1) Show that 7 is a projection.
2) Determine the dimension and a basis for Ker(7) and for Im(7).

9. Let 7 : C* — C? be the endomorphism defined by the matrix

62 2
T‘{4+& o}

with respect to the canonical basis of the complex vector space C2.
Find the Hermitian endomorphisms 7; and 75 such that 7 = 77 + i75, and their
matrices w.r.t. the canonical basis.



Chapter 3

Eigenvectors and Eigenvalues

1 General Properties

Let V be a K-vector space, and 7 : V — V an endomorphism.
The concept of eigenvector is closely related to that of invariant subspace.

DEFINITION 1.1 A vector z € V\{0} is an eigenvector of T if there exists A € K
such that
(1.1) Tz = Az.

The scalar A is called the eigenvalue associated to the eigenvector x. The set of all
eigenvalues of the endomorphism 7 is called the spectrum of 7 and is denoted by
SpecT.

Obviously, an eigenvector can be described as a basis of a one-dimensional 7 -
invariant subspace.

Geometrically, an eigenvector is a nonzero vector v, such that v and 7v are
collinear.
If dim V = n and v is an eigenvector of 7, Tv = A\v, we can extend {v} to a basis
{v1 = v, vg,...,v,}. Then the matrix of 7 with respect to this basis will be of the
A

form: T = [ 0 g } , for some A € M ,,—1(K), B € M,,_1 ,—1(K).

DEFINITION 1.2 Let T be an n X n matrix with entries in K. An eigenvector of
T is a column vector X € K™\ {0}, which is an eigenvector for left multiplication by
T, i.e. 3 € K such that

(1.2) TX = X,

As above, A is called an eigenvalue (of the matrix T').
REMARK 1.3 Let V be finite dimensional, B a fixed basis, T" the matrix of 7
wrt. B,z € V, A€ K, and X € K" the coordinate column of z with respect to B.

Then
(1.3) Tr =X <= TX =XX.

45
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We saw in Chap.2, Section 3 that similar matrices represent the same endomorphism
(with respect to different bases). By (1.1), (1.2), (1.3) follows that similar matrices
have the same eigenvalues; if B = C~1'AC and X an eigenvector for A, then C~'X
is an eigenvector for B corresponding to the same eigenvalue.

Sometimes eigenvectors and eigenvalues are called characteristic (or proper) vectors,
and characteristic (or proper) values, respectively.

DEFINITION 1.4 Let A € K and denote
SA)={zxeV|Tz =Mz}
If X is an eigenvalue of 7, S()) is called the eigenspace of A.

The following proposition is immediate; this type of result, that describes eigen-
values without involving eigenvectors will prove very helpful.

PROPOSITION 1.5 (i) S(\) = Ker (T — Aidy).
(i) X\ is an eigenvalue of T if and only if Ker (T — Xidy) # {0}.

From (i) follows that S()) is a subspace of V| since it is the kernel of a linear
operator.

Examples

(¢) Consider V = C*°(R) and the endomorphism D : V — V, D(f) = f’.

Each A € R is an eigenvalue of D; it is easy to check that the function f),
fr(z) = e is an eigenvector for A. Moreover, for a fixed A we can solve the
differential equation f’ = Af whose solution is

S\\) = {f| f(x) = ce?®, Vz € R, for some ¢ € R} = Span {f,}.

In this example it happens that all eigenspaces are one-dimensional.

(i) V=R T:V =V, T(z,y,2) = (4z + 6y, —3z — 5y, —3x — 6y + 2).

We can check that Ay = —2 is an eigenvalue with a corresponding eigenvector
vy = (1,—1,3), and A2 = 1 is an eigenvalue with a corresponding eigenvector
vy = (—2,1,0), and another one vz = (0,0, 1).

At the end of the next section it will be striaghtforward that that -2 and 1 are the
only eigenvalues, and S(—2) = {(z,y,2) |z+y =0, x—2y+2z = 0} = Span{v1},
S(1) = {(z,y,2) |z + 2y = 0} = Span {ve, vs}; dimS(-2) = 1, S(-2) is a
straight line, and dim S(1) = 2, S(1) is a plane.

THEOREM 1.6 (i) For an eigenvector of T corresponds a single eigenvalue.
(i1) Eigenvectors corresponding to distinct eigenvalues are linearly independent.
(iii) S(A) is an invariant subspace of T .

(iv) Eigenspaces corresponding to two distinct eigenvalues are independent.

Proof. (i) Let v € V\ {0} such that 7v = Av and Tv = Ajv. Then (A —A1)v =0,
v # 0 imply A = A;.
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(#3) Let vy, ..., v, be eigenvectors, corresponding to the distinct eigenvalues
A1, ..., Ap. We proceed by induction on p. For p = 1, (i1) is obvious since v; # 0, as
v1 is an eigenvector. Assume (47) is true for p — 1, p > 2. Suppose that

(1.4) kivi + ...+ kpv, = 0.

Then 7 (kyv1 + ... + kpvp) = 0, and thus

(1.5) kidivi + ...+ EkpAv, =0

If we multiply (1.4) by A, and subtract from (1.5), we get
iA1= Ap)vi 4+ oo kpm1(Apo1 — Ap)vp—1 =0

By the inductive hypothesis this yields k; = ... = k,—1 = 0, since A; are distinct.
Replacing in (1.4), follows k,v, = 0, therefore k, = 0.

(73i) We have already noticed that S(\) is a subspace. If z € S()), then 7 (7z) =
T(A\x) = AM(Tz). Thus Tz € S()).

(iv) Let A1, A2 be distinct eigenvalues. We will show that S(A1) N S(A2) = {0},
i.e. S(A1) and S(A2) are independent. Let v € S(A1) NS(A2); Tv = Ajv = v implies
(A — A2)v = 0. Since A1 # g, it follows that v = 0. QED.

2 The Characteristic Polynomial

Throughout this section, V denotes a finite dimensional K-vector space, K = R or
K=C,dimgV =n,and 7 : V — V is an endomorphism.
Let also A = [a;;] be a n X n matrix with entries in K.

LEMMA 2.1 LetT be the matriz of T with respect to an arbitrary basis, and A € K.
Then X is an eigenvalue of T if and only if det (T — X\I) = 0.

Proof. We saw that A is an eigenvalue of 7 if and only if it is an eigenvalue
for T. The existence of an eigenvector of T is equivalent to the fact that the linear
homogeneous system (7' — AI)X = 0 has nontrivial solutions. A necessary and suffi-
cient condition for the existence of nontrivial solutions is that the determinant of the
system is zero. QED

Now, in order to determine the eigenvalues of 7, it suffices to solve a polynomial
equation of degree n. Once the eigenvalues are found, for each of them it remains to
solve a linear system.

Next we will take a closer look to the case of matrices. For the matrix A = [a;;] €
M,, »(K), the matrix equation (A — AI)X = 0 can be written as a system

(a11 — /\).1‘1 + a2+ ... +aipx, =0
as1r1 + (CLQQ — )\).132 +...4+agxy, =0
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which has nontrivial solutions if and only if

ail — A a12 ce A1n
asy ago — Ao aAon,
det(A— \I) = ) =0.
an1 ano e Qpn — A

DEFINITION 2.2 The polynomial P(X\) = det(A — AI) is called the characteristic
polynomial of the matriz A, and the equation P(\) = det(A — \X) =0, A € K, is
called the characteristic equation of the matriz A. Sometimes we write P4 () in order
to avoid confusion.

The eigenvalues of the matrix A are the solutions of its characteristic equation. This
equation has always n complex solutions, counted with their multiplicities (the funda-
mental theorem of algebral!), but it might have no real ones. Sometimes the eigenvalues
of A are understood to be complex, even if K = R; in this case the corresponding
eigenvectors are in the complexification of R™, denoted by “R"™ ~ C".

THEOREM 2.3 (i) The characteristic polynomial of A has the form
PA) = (=1)"[\" — (tr AN + ...+ (—=1)"det A

(#) Similar matrices have the same characteristic polynomial.
(#73) The matrices A and 'A have the same characteristic polynomial.

Proof. (i) We omit the general proof; it can be shown that the coefficient of
AF is the sum of principal minors of order k of A, multiplied by (—1)¥. A direct
computation sorts out the problem for low dimensional cases.

For instance, suppose A is of order 3. Then

aip — A ay2 A1n
P(A) = az1 azg — A az, =N+ N2 (tr A) — A\J + det A,
asi asz azz — A
where tr A = a1 + aos + azz, J = i a2 + s + 422 a23
a1 A22 asz1 ass agz2  ass
(ii) Assume B = C~1AC. Then
det (B— ) = det (C~YAC — \I) = det(C~YHA - N)O)
= detC7ldet (A — N)detC = det (A — AI).

(iii) Pa(\) = det (A — AI) = det'(A — AI) = det (*tA — XI) = Pig(N).

THEOREM 2.4 The eigenvalues of a compler Hermitian matrix are real. In par-
ticular, all eigenvalues of a symmetric real matriz are real.

Proof. Recall that a Hermitian matrix A is equal to the complex conjugate of its
transpose: A = A, or equvalently A = *A.
Let A be an eigenvalue of A, and X an associated eigenvector. By conjugating the
relation
() AX =)\X, we find (%) AX =X,
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In (%) we left multiply by ‘X, then take the transpose of both sides to get X'AX =
MXX. Left multiplicatin by X in () implies X AX = A*XX. Then (A—)\)'XX =0
since A = 'A. But X # 0 since it is an eigenvector, so XX = || X||? # 0. Therefore
A=) ie AeR.  QED.

DEFINITION 2.5 Let T be the matrix of 7 associated to an arbitrary basis. The
polynomial P(\) = det(T — M) is called the characteristic polynomial of the en-
domorphism 7. When we want to point out the endomorphism in order to avoid
confusion, we will use the notation Pr()A). The equation P(A) =0, A € K, is called
the characteristic equation of the endomorphism 7°

Note that for each fixed A € K, Pr()\) does not depend on the basis we choose; for
any other basis the matrix of (7 — Aidy;) is similar to 7" — A, thus it has the same
determinant. This shows that the characteristic polynomial of an endomorphism of a
finite dimensional vector space depends on the endomorphism only, so the definition
makes sense.

We may also define the terms trace and determinant of 7 to be those obtained
using the matrix of 7 with respect to an arbitrary basis: tr7 = trT, det7 = det T,
since these are coefficients of Pr()), thus independent of the choice of basis (see also
Chap2, Remarks 3.9).

The degree of P()\) is n, since dim'V = n = the order of the matrix (T"— A\I). It
follows that 7 has at most n distinct eigenvalues in K. If this is this is the case, and
we pick one eigenvector for each eigenvalue, we obtain a basis (see Thm 1.6 (47)). The
associated matrix of 7 is a diagonal matrix whose diagonal entries are the eigenvalues
of 7. In the next section we will see what happens when P(\) has multiple roots.

Examples

(i) Consider again the endomorphism 7 : R* — R?, T (z,y,2) = (4z + 6y, —3z —
5y, =3z — 6y + z), from the previous section. Our purpose is to determine all eigen-
values and the eigenvectors of 7.

4 6 0
The associated matrix with respect to the canonical basisisT = | -3 -5 0 |,
-3 -6 1
and the characteristic polynomial
4— )\ 6 0
PN =| -3 —5-X 0 |=-(A\+2)(\-1)2%
-3 —6 1-—X

Then the eigenvalues are the roots of P(\), namely -2 and 1. In order to find the
eigenvectors, for each eigenvalue A we solve the system (T'— A)X = 0. Here, for
A = —2, we have to solve:

6z +6y =0 ety =0
(T+20)X=0&14 —30-3y =0 ‘i’{—x22_+z—o
3z —6y+32=0 yre=
T =« le’ 1
& y=—a ©X=| —a|=a| -1 |,acR.

Z=—« -« -1
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The eigenspace of A = —2 is the solution space of the above system, namely S(—2) =
Span{(1,—1,-1)}
For A =1, solve

3z +6y =0
T-1)X=0&¢ -3z2—6y =0 <z+2y =0
-3z —6y =0
—2x -2 0
&S X = a =« 1 {+810],aBcR.
16 0 1

and S(1) = Span {(-2,1,0),(0,0,1)}.

The eigenvectors associated to an eigenvalue A\ are all the nonzero elements of
S (A). We accept, however the answer of this problem given in the form:

“the eigenvalues are: A\; = —2, with eigenvector v; = (1,—1,3); Ay = 1 with
eigenvectors vy = (—2,1,0) and vs = (0,0,1).” We will understand that for each
eigenspace the answer points out the vectors of a basis.

(it) Let P3 be the vector space of polynomials with real coefficients, of degree at
most 3, and 7 : P3 — P3, T(p) = ¢, where ¢(X) = p(X +1). We want to determine
the eigenvalues and the eigenvectors of 7.

First we need to fix a basis of P3. Let us choose the canonical basis {1, X, X2, X3}.

1 1 11
. o 01 2 3 4
The associated matrix is T' = 00 13l and P(\) = (A — 1)* with the only
0 0 01

root A = 1, of multiplicity 4. The coordinates of the eigenvectors are the nontrivial
solutions of the system

To+x3+2x4=0
(T-NX=0&< 2u3+324=0 S X=a
3],‘4:0

, a€R.

oo o

The column *[1,0,0,0] represents the constant polynomial 1; S(1) = Span {1} =
{the constant polynomials} ~ R.

(#i7) Let us determine also the eigenvalues and the eigenvectors of the matrix

0 1 0
A=11 1 1
010

From
= 1 0
PAM=| 1 1-Xx 1 |=-XN-)-2)
0 1 -2
we obtain: A\; = —1, with eigenvector v; = ![1,0,—1]; Aa = 0, with eigenvector
vg = Y[1,—1,1]; A3 = 2, with eigenvector v = *[1,2,1].
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3 The Diagonal Form

V, K and 7 are as in the previous section; n = dimgV.

Working with endomorphisms of finite dimensinal spaces, usually requires a choice
of basis. It is desirable to choose a basis such that the associated matrix is as simple
as possible. We noticed that when the characteristic polynomial has n distinct roots
in K, there exists a basis made of eigenvectors; the matrix of 7 with respect to that
basis is diagonal.

DEFINITION 3.1 The endomorphism 7 is called diagonalizable if there exists a
basis of V such that the matrix of 7 with respect to this basis is diagonal.
A matrix A € M, ,(K) is diagonalizable if it is similar to a diagonal matrix.

REMARK 3.2 Let T be the matrixz of T with respect to an arbitrary basis. Then T
s diagonalizable if and only if T is diagonalizable.

In this section we will give necessary and sufficient conditions for an endomorphism
of a finite dimensional vector space (and for a square matrix) to be diagonalizable.

We call diagonalization of a (diagonalizable) endomorphism 7 the process of
finding a basis with the property in Definition 3.1; we say that 7 has a diagonal form
with respect to that basis.

For a matrix A of order n we call diagonalization of A the process of finding
(if possible) an invertible matrix C' and a diagonal matrix D of order n such that
D = C~'AC; the matrix D is called a diagonal form of A and the matrix C is called
the diagonalizing matriz.

PROPOSITION 3.3 The endomorphism T is digonalizable if and only if there

exists a basis made up of eigenvectors of T .

Proof. If T is diagonalizable, then there exists a basis B = {ey, ..., e,} such that

d 0 ... 0

0 do ... O
MZ = D is diagonal. Let D =

0 0 ... d,

This means that Te; = dje; j = 1,...,n i.e. the vectors in B are eigenvectors of
7T, and dy, ...,d, are the associated (not necessarily distinct) eigenvalues.

Conversely, If By = {v1,...,v,, } is a basis of V such that each v; is an eigenvector,
then Twv; = Ajv;, for some A\; € K. It follows that the matrix of 7 with respect to
B1 is

A0 ... 0
0 X ... O

(where the eigenvalues A; need not be distinct). QED
0 0 ... A\

THEOREM 3.4 The dimension of an eigenspace of the endomorphism T is less
or equal to the multiplicity order of the corresponding eigenvalue, as a root of the
characteristic polynomial.
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Proof. Let Ay be an eigenvalue of multiplicity order m. Denote dim S(\g) = p.
If p = n, then S(A\g) = V and T = A\pidy. It follows that P(A) = (Ag — \)", thus
m=mn>p.

Assume now p < n. Let {v1,...,v,} be a basis of S(A\g). We extend this basis
to a basis B of V, B = {v1,...,vp,Vp41,...,0p}. Since the first p vectors of B are
eigenvectors associated to \g, we have:

T(vj) =Xovs, j=1,...,p; T (v5) = Zakjej, j=p+1,..,n

k=1
The matrix of 7 with respect to B is
)\0 e 0 a1p+1 e A1n
T= 0 ce )\0 App+1  --- Qpn )
0 ... 0 appt1 ... app

thus P(A\) = (Ao — A)PD(A), where D()) is a determinant of order n — p.

On the other hand, the multiplicity of A\¢ as a root of P(X) is m, so P(\) =
(A= X0)™Q(N), for some polynomial Q(A) such that A\ is not a root of Q(A). From
these two factorizations of P()) follows that p < m. QED

THEOREM 3.5 The endomorphism T is diagonalizable if and only if its charac-
teristic polynomial has all its n roots (counted with their multiplicities) in K, and the
dimension of each eigenspace is equal to the multiplicity order of the corresponding
eigenvalue.

Proof. Let A, Az,..., A, € K be the distinct eigenvalues of 7, and denote by
m(A;) = m; the multiplicity of A;, j = 1,...,p. Then P(A) = (A — X\)™ (X —

P
X2)™2 (A= Ap)™Q(N), and Y m; < n. Obviously, the condition that P(\) has
j=1

P
all roots in K is equivalent to ) m; = n; if this is the case, Q(X) = 1.

Jj=1

Suppose first that 7 is diagonalizable, so there is a basis B = {e1,...,e,} of V,
made up of eigenvectors.

Denote s; = the number of vectors in B which are eigenvectors for A;, and p; =
dim S(\;). The elements of B are linearly independent, thus s; < p;. Since card B =

P
n, and each eigenvector corresponds to a single eigenvalue, it follows that ) s; = n.
j=1
By the previous theorem, p; < m;. Now
P
s; <pj<m;,Vj=1,..,pand ) m; <n=
i=1

P
8j
= =1

J

P
force s; = p; = m;, Vj, and '21 mj = n.
J=

p
Conversely, assume that Y m; = n and dimS()\;) = m;, Vj. Consider the
j=1
ordered set By = {v1, ..., v, } whose n elements are chosen such that the first m; form
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a basis in S(A1), the next mo form a basis in S(A2), and so on, up to the last m,
elements which form a basis in S(),). Then the elements of B are distinct eigenvectors
(see Thm. 1.6 (iv)). Moreover, using induction on p, one shows that B is a basis of
V. By Prop. 3.3, this means that 7 is diagonalizable. QED

COROLLARY 3.6 If T is diagonalizable and A1, A, ..., A\, are its distinct eigen-
values, then
V=S\)&...88()\).

It is clear now that not all endomorphisms of finite dimensional spaces (and not
all matrices) are diagonalizable.

From the proof of Theorem 3.5 follows that for diagonalizable endomorphisms
(matrices) the diagonal form is unique up to the order of the diagonal entries. The
diagonalizing matrix is not unique either. Moreover, there are infinitely many diago-
nalizing matrices corresponding to the same diagonal form.

Diagonalization Algorithm
1) Fix a basis of V and determine the matrix T' of 7 with respect to that basis.

2) Determine the eigenvalues of 7 by solving the characteristic equation, P(\) = 0.

3) If K = R and there are non-real roots of P(\), then we stop with the conclusion
that 7 is not diagonalizable.
Otherwise, move to step 4).

4) For each eigenvalue A; check whether the multiplicity m; is equal to dim S();).
For, it suffices to verify if

mj =n —rank (T — X\;I), Vj.

If there exists at least one j such that m; > n — rank (' — \;I), then we stop; 7
is not diagonalizable, by Thm. 3.5.

If all equalities hold, point out that 7 is diagonalizable and go to step 5).

5) Solve the p systems (T — \;1)X = 0, where p is the number of distinct eigenva-
lues. For each system chose m; independent solutions, that represent the coordinates
of vectors of a basis in S(\;). Form a basis of V such that the first m; vectors form
a basis of S(\1), the next mso form a basis of S(Az2), and so on.

6) The matrix of 7 associated to the basis formed in 4) is diagonal; its diagonal
entries are:

)\1,...)\1;)\2,...,)\2;>\p,...,)\p

where each A\; appears m; times. Let us denote this diagonal matrix by D.

7) The diagonalizing matrix is C whose columns are the solutions of the systems
in 5), i.e. the coordinate-change matrix from the initial basis to the basis formed by
eigenvectors.

Examples
(i) The endomorphism 7 : R* — R?, T (z,y, 2) = (4x+6y, —3z—5y, —3z—6y+2).
studied in the previous sections is diagonalizable. Its matrix with respect to the basis
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-2 0 0
{vi = (1,-1,-1), v = (-2,1,0), v3 = (0,0,1)} is D = 0 —2 0 |. The
0 01
1 -2 0
diagonalizing matrix is C' = | —1 1 0 |, which satisfies D = C~'TC.
-1 0 1

(#4) The endomorphism 7 : P3 — P3, 7 (p) = q, ¢(X) = p(X + 1) whose eigehen-
values and eigenspaces were determined in Section 2 is not diagonalizable, nor is its

1
o . . 2
matrix with respect to the canonical basis, T = 1
0

oo o

111
12 3
013
001
m(l) =

We saw that A = 1 is the only eigenvalue and 4, while dimS(1) =

4—rank (T -1)=1.

4 The Canonical Jordan Form

Let V be a finite dimensional K—vector space, K = R or K = C as before; n =
dimgV, T : V — V an endomorphism, T" = the matrix of 7" with respect to an
arbitrary basis, A € M, ,(K).

In this section we will see that even when an endomorphism (or matrix) is not
diagonalizable, but all its eigenvalues are in K, it is still possible to find a “canonical”
form that is convenient to work with.

DEFINITION 4.1 Let A € K, k € N*. The matrix

A1 0 ... 0 O
o x 1 ... 0 O

Eth(K)
0o 0 ... ... X 1

is said to be the Jordan cell (or Jordan block) of order k associated to the scalar A.

The Jordan cells of order 1, 2 and 3 respectively are:

A1 O
[AL[S i] 0 A1
0 0 A

DEFINITION 4.2 We say that the endomorphism 7 is Jordanizable (or admits a
canonical Jordan form) if there exists a basis in 'V such the associated matrix of 7
has the form

J 0 ... 0

0 J ... O
(4.1) J = . (the canonical Jordan form,)
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where each J; is a Jordan cell associated to some scalar A;.; Ay, ..., Ay are not neces-
sarily distinct.

A matrix J of type (4.1) is said to be in Jordan form or to be a Jordan matriz.

We call the matrix A Jordanizable if it is similar to a Jordan matrix; if J =
C~YAC, then C is called the Jordanizing matriz of A.

If T is the matrix of 7 with respect to the basis B, and the matrix of 7 with
respect to some other basis B; is the Jordan matrix J, let us denote by C the
coordinate-change matrix from B to B;.Then J = C~'TC, so the endomorphism
T is Jordanizable if and only if its matrix 7" is Jordanizable.

The basis B is called a Jordan basis.

We saw that if an endomorphism admits a diagonal form, the corresponding basis
is made up of eigenvectors. Let us take a closer look at the Jordan basis.

Let J be a Jordan matrix, which is the matrix of 7, {ey, ..., e, } the correspoding
Jordan basis, and J; the first cell of J. Assume .J; is of dimension k; > 2 and its
diagonal entries are equal to A\; € K. Then we observe that

(42) Tel = )\161, T62 =e1+ )\162, veoy Tekl = €Ly —1 + )\16[617

Therefore A; is an eigenvalue of 7 with eigenvector e;. The vectors es, ..., ek, are
called principal vectors associated to the eigenvector e;.

Similarly, the scalar on the diagonal of each Jordan block is an eigenvalue, and for
each J; of dimension k; corresponds a sequence of k; basis vectors, such that the first
one is an eigenvector; if k; > 2, the other k; — 1 are principal vectors.

REMARKS 4.3 (i) The diagonal form is a particular case of the Jordan form,
where the dimension of each cell is 1.

(it) The Jordan form is unique up to the permutation of blocks.
(#i7) The order of the diagonal blocks depends on the order of basis vectors.
(iv) Assume eq,..., e, are nonzero vectors satisfying (4.2). Then

(T — Midy)er =0, (T — M\idy)%e2 =0, (T — Aiidy)" ey, = 0.

Moreover, e; € Ker (T — Midyy )" \ Ker (T — Ayidy)"™t, Vi=1,... k.

Now it takes two more lines to show that eq,..., ek, are linearly independent.

(v) Let L be an ordered set of distinct ¢ vectors formed by I > 2 sequences, each of
length s; € N*, Vi = 1,...,1 such that the first vector in each sequence is an
eigenvector, and the next ones are associated principal vectors; assume also that
the subset of L formed with all eigenvectors in L (which need not correspond
to distinct eigenvalues) is linearly independent.

Then it can be shown by induction on ¢ that L is linearly independent.

Note that if we are able to produce such a set L with ¢ = n, then we deduce
that 7 is Jordanizable and L is a Jordan basis.
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Based on the fact that if A is an eigenvalue for the matrix 7', then A™ is an
eigenvalue for 7™, Vm € N*, we deduce the next lemma; the details of its proof are
left as an execise.

LEMMA 4.4 The only complex eigenvalue of a milpotent matriz (nilpotent endo-
morphism of a finite dimensional complex vector space) is zero.

THEOREM 4.5 If A1, ..., A, are the distinct eigenvalues of T, with multiplicities
P

m(A;) =my, j=1,..,p and Y, m; = n, then there exist p T -invariant subspaces
j=1

V,CV,j=1,...,p such that:

(1) dimVj=m;, j=1,...,p
(’LZ) Vle@Vg@...@Vp

(741) T|V,- =N +N)v, | =00,..., Y where Ny, . . . ,N\/ are nilpotent endomor-

phisms of various orders.

Proof. for each fixed j € {1,...,p}, consider the endomorphisms 7; = 7 — \jidy;
and apply Thm. 4.6, Chap.2 to obtain the subspaces V; and W; such that V =
V; ® W;, and 7}|V,» is nilpotent and 73|W, is invertible. Since V; is T;-invariant,
it follows that it is also 7 = 7; + /\jidv—invariant.

Let T|Vj € End(V;) and T|Wj € End (W) be the restrictions of calT to V — j
and to W respectively. From V = V; & W; follows

det(T — Nidvy) = det(T|Vj - )\idvj)det(T|W]_ — )\z’dwj), ;as polynomials in A.

Then A; is an eigenvalue for T|V_,»’ of multiplicity m;, since T|Wj — )\jide is
invertible. On the other hand, A; is the only eigenvalue of T|Vj since 0 is the only
eigenvalue of the nilpotent endomorphism ’]}|Vj, by the lemma.

It is clear now that the degree of the polynomial det(T|Vj - )\z'dvj) is mj, thus
dim Vj = m;. Therefore (i) and (ii) are proved.

(#4) is immediate by induction on p, using i m; =mn.

j=1

We will accept the next theorem without proof, but we note that the missing proof
relies on Thm. 4.5.

THEOREM 4.6 (Jordan) The endomorphism T admits a Jordan form if and only
if its characteristic polynomial has all its n roots (counted with their multiplicities) in
K.

COROLLARY 4.7 Any endomorphism of a finite dimensional complex vector space
(and any complex matriz) admits a Jordan form.

REMARKS 4.8 We would like to point out in more detail the relationship of the
Jordan form J and the decomposition in Theorem 4.5. In the next set of remarks we
keep the notation used in Thm. 4.5. Denote also the Jordan basis corresponding to
J by By, and d; = dim S();).
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(i) The number of Jordan cells having A; on the diagonal is d;, i.e. the maximal
number of linearly independent eigenvectors.

(27) mj = dim 'V ;= the sum of dimensions of Jordan cells corresponding to A;.

(791) Assuming that the Jordan blocks of J are ordered such that the first dy corre-
spond to Aq, the next do correspond to Mg, and so on, it follows that the first
dy vectors of By form a basis of V1, the next dy form a basis of V,, and so on,
up to the last d, vectors of B; which form a basis of V.

In practice, if all multiplicities are small enough we may use the following algo-
rithm.

Algorithm for Finding the Jordan Form and the Jordan Basis

1) Find the matrix T' of the endomorphism with respect to an arbitrary (fixed)
basis.

2) Solve the characteristic equation. If this equation has all n roots in K, then
the endomorphism is Jordanizable, otherwise it is not.

3) Compute dim S(\;) = n—rank (T — \;I) < m;. We have already noticed that
the number of Jordan blocks corresponding to the eigenvalue \; is equal to dim S(A;).
Sometimes, for small values of m; this fact allows us to figure out the Jordan blocks
corresponding to A; (see the Remark below).

If dim S(\;) = m;, then there are m; Jordan cells of dimension 1, corresponding
to )‘j~

4) For each eigenvalue \; determine the eigenspace S(J;), by solving the linear
homogeneous system

(Syst.1) (T-MNDHX =0.
Denote the general solution of (Syst.1) by Xj.

5) If dim S(\;) < m;, some of the eigenvectors admit principal vectors. We impose
the compatibility conditions on X; and require X; # 0, to solve the system

Denote general solution of (Syst.2) by Xs. We continue to determine the sequence of
principal vectors (actually we determine their coordinates with respect to the basis
fixed in 1)) by trying to solve

(Syst.3) (T —MNDX = Xo.
This process stops when the compatibility of
(Syst.k) (T —XNDX =X,
leads to a contradiction. The number k = k()\;) found in this way represents the

dimension of the largest Jordan cell having A; on the diagonal.

6) Pick particular values for the parameters which appear in X, ..., X} to obtain
the basis vectors corresponding to the part of the Jordan matrix that has A; on
the diagonal. These particular values must be chosen such that the compatibility
conditions are all satisfied, and the eigenvectors are linearly independent.
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REMARK 4.9 Suppose \; = « is an eigenvalue with m(a) = m. Sometimes it
is possible to find out the part of the Jordan matrix with diagonal entries a using
dim S(«) only, without determining the corresponding part of the basis. For m small,
we list below all possible combinations of Jordan blocks with a on the diagonal.

[«
| 0

[N io] (an]

[N eNoo]

[N oNolo]

m=1 [q]
m=2
m=3
m=4

S oo

( the only possibility) .

oo Q oo Q o Q

SO0 =

—_

o o

oORQ R, O o0 ~ O o

oL oo

O~ OO

S oo o

if dimS(a) = 1; { a 0 } if dim S(a) = 2.
0 «
a 1 0
if dim S(«a) = 1; 0 a O if dim S(a) = 2;
0 0 «
if dim S(«o) = 3.
if dimS(«a) =1;
] a 1 0 0
0 o 0 O e g
or 0 0 a 1 if dim S(«a) = 2;
| 000 a
i a 0 0 0
. .l a0 0], 3
if dimS(a) = 3; 00 o 0 if dim S(a) = 4.
| 000 a

S oo o

Note that dim S(«) distinguishes all above cases except for m = 4, dim S(«) = 2.

Examples (i) Find the Jordan form and the Jordan basis for the endomorphism
7:R*— R*,

T(x) = (3x1 — g — x3 — 2x4, T1 + To — T3 — XTg, T1 — T4, —T2 + T3 + T4).

We apply the algorithm.

1) The matrix of 7 with respect to the canonical basis is

3 -1 -1 -2
1 1 -1 -1
=11 0 o 21
0 -1 1 1
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2) P(A\) = (A —1)3(\ — 2) with roots: A\; = 1, Ag = 2; m(1) =3, m(2) = 1. All
roots are in R (m(1) + m(2) = dim R*), thus 7 admits a Jordan form.

3) dimS(1) =4 —rank (T —I) = 2 < m(1), so there are 2 Jordan cells with 1
on the diagonal (see the remark above). For the eigenvalue Ay = 2, the multiplicity
m(2) = 1 forces dim S(2) = 1 (Why?). It follows that 7 admits a canonical Jordan
form

1 1
g 0 1
2

This is the matrix of 7 with respect to a Jordan basis B = {ej, 2, e3,e4}, where
e1, e3 are linearly independent eigenvectors in S(1), e is a principal vector for e,
and ey is an eigenvector in S(2).

We will apply the rest of the algorithm for A, then for As.
For A\ = 1:
4) Solve
(Syst.1) (T-NX=0; X;='[aa-83a-0820, oBcR.

e1 and ez are of the form X; with « and 3 chosen for each of them, such that ey, e3
are linearly independent, and e; admits a principal vector.
5) The system

(Syst.2) (T-DNX="[a a—3 a—p3 3

requires the compatibility condition o — 8 =0, so e; = («, 0,0, @), o # 0.
For @ = (3, the general solution of (Syst.2) is

Xo='a+~y+d v a+vy 8, 76€R.

We know from 3) that there is no need to look for more principal vectors.
6) For eq, choose « =1 = in X1; e; = (1,0,0,1). For ea, a =1 (like in ey),
and pick v = —1, § = 0, which give e; = (0,—1,0,0).
If in X; we take @« = 1, 8 =0 for e, we obtain ez = (1,1, 1,0).

For Ay = 2:
4) The system (T — 2I)X = 0 has the general solution *[2a a a 0] a € R.
Any nontrivial solution does the job for ey; let us take a = 1. Then ey = (2,1,1,0).

The problem is now completely solved. The Jordanizing matrix is

1 0 1 2
0 -1 1 1
¢= 0 0 1 1
1 0 0 0

We may check that J = C~'TC, or equivalently, CJ = TC.

Note that we determined the Jordan form J immediately after we found out
dim S(1); then it was clear that an eighenvector associated to the eigenvalue A\ =1
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admits either one principal vector, or none, so we stoped looking for principal vectors
after solving (Syst.2). Let us see what would happen if we tried to determine one
more principal vector, namely to solve

(T-I)="[a+~v+30 v a+~ 4.
The compatibility condition for this system is a = 0, that contradicts e; # 0.

(ii) Determine the Jordan form and the Jordanizing matrix of

4 -1 -1 1
1 2 0 1

A= 0 0 30 S M4,4(R).
0 0 1 3

We find P(A\) = (A — 3)*, A1 = 3, m(3) = 4 = dim R*, thus A is Jordanizable.
dim S(3) = 4—rank (A—3I) = 2, thus the Jordan form of A is one of the following:

<

I
OO O W
OO W
S w oo
w oo

We will find out which of .J orJ: is the correct one, while looking for the Jordan
basis. The system

(Syst.1) (T'-HX=0

has the general solution X; =f[a 8 0 —a+f], «, BeR.
The next system,

(Syst.2) (T-3DX ='[a B 0 —a+/f]

is compatible for Vo, 3 € R;; its general solution is Xy ='[a b —a+8 B—a+b].
Following the algorithm, we try to solve the system:

(Syst.3) (T—30)X=ta b —a+B B—a+b]

which is compatible if and only if & = 8 = 0. But this contradicts e; # 0.

Therefore no eigenvector admits sequences of 2 principal vectors.

Consequently, the Jordan form is J = J. Each eigenvector ep, e3 of the Jordan
basis {e1, €2, e3,e4} is followed by one principal vector.

We may pick any linearly independent eq, ez € S(3), and for each of them we may
take any values of a and b to obtain e; and e4. Fora =1, 8 =0, a =b =0, we
get e; = (1,0,0,—1), ea = (0,0,—1,0), and for « =0, B =1, a = b = 0, we get
€3 = (07 1, 07 1), €4 = (070, 1, 1).

1 0 00
. . 0 010

The Jordanizing matrix C' = 1 0 1 and the Jordan form
-1 0 1 1

will certainly satisfy J = C~1AC.

OO O W
oo W
O W o O
w = oo
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5 The Spectrum of Endomorphisms on Euclidean
Spaces

V is an Euclidean K-vector space, K = R or K = C, 7 € End(V). Recall that the
spectrum of 7 is

Spec(7T) = {X € K|Jv #0, Tv = M} = the set of all eigenvalues.

REMARK 5.1 If A is an eigenvalue of 7 and v a corresponding eigenvector, then
(Tw,v)
(v,0)

THEOREM 5.2 If K = C and 7 is Hermitian, then

)\:

(7) Spec(T) C R
(i4) Eigenvectors corresponding to distinct eigenvalues are orthogonal.

(#91) If dimV = n € N*, then there exists an orthonormal basis of V, made up of
etgenvectors. Thus a Hermitian endomorphism is always diagonalizable.

Proof. (x,Ty) = (Tx,y), Yo,y € V, by hypothesis.
(i) Assume ) is an eigenvalue and v a corresponding eigenvector. Then
5= (Tw,v) _ (v, Tv) _ (Tv,v) _3

(v (vv)  (v,v)

Thus A € R.
(it) Let A1 # A2 be eigenvalues with corresponding eigenvectors v1 and vs respec-
tively. From

A (v1,v2) = (Tor,v2) = (v1, Tve) = Ao (v1,v2) = Ao (v1,v2),

follows (A1 — A2){v1,v2) =0, i.e. (v1,v2) =0, as A\ # A2.

(#i7) will be proved by induction on n. For n = 1 it is trivially true. Let n < 2
and assume (#4¢) is true for vector spaces of dimension n — 1. From (i) follows that
T has at least one real eigenvalue \;. Let v; be an eigenvector associated to A; and
denote U = {v;}*. We know from Chapter 1 that U is a subspace of V; moreover,
V = Span{vi} ® U, thus dimU =n — 1.

In order to apply the inductive hypothesis for U we need to show that U is 7-
invariant. For, let € U; then (Tx,v1) = (z,7Tv1) = A (z,v1), thus Tz € U.
The restriction 7|y : U — U is Hermitian too, so by the inductive hypothesis
there exists an orthonormal basis {us,...,u,} of U, made up of eigenvectors. Then

1
{ V1, Uz, ..., Uy} is the required basis of V. QED.

[oa]

Translating the theorem in matrix form we obtain

COROLLARY 5.3 Let A € M, ,(C), A Hermitian. Then
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(i) A is diagonalizable.

(i2) If D is a diagonal form of A, then D € M, ,(R).
(#9t) There exists a diagonalizing unitary matriz (in M, ,(C).)
REMARK 5.4 Let A € M,(R), A symmetric. Since real symmetric matrices are
particular cases of Hermitian matrices, the previous corollary applies, thus all eigen-

values of A are real and A is diagonalizable; there exists a diagonalizing orthogonal
matrix C' € M, ,(R). In particular. Theorem 2.4 comes out as corollary of (i).

COROLLARY 5.5 If K=R and T is symmetric, then

(¢) Assuming V finite dimensional, all roots of the characteristic polynomial of T
are real.

(i) Figenvectors corresponding to distinct eigenvalues are orthogonal.

(#92) If dim(V) = n € N*, then there exists an orthonormal basis of V, made up of
etgenvectors. Thus a symmetric endomorphism is always diagonalizable.

Similarly we can deduce some properties of eigenvalues and eigenvectors of skew
Hermitian and skew symmetric endomorphisms.

REMARK 5.6 (i) The eigenvalues of a skew Hermitian endomorphism are purely
imaginary or zero. Assuming V finite dimensional over R, it follows that all
roots of the characteristic polynomial are purely imaginary or zero.

(#4) Eigenvectors corresponding to distinct eigenvalues of a skew Hermitian endo-
morphism are orthogonal.

(7i1) Note that skew symmetric endomorphisms are not necessarily diagonalizable.

THEOREM 5.7 Let 'V be a complex (real) Euclidian space and T € End(V) an
unitary (orthogonal) endomorphism.

(1) If there exist any eigenvalues, their absolute value is 1.
(it) Figenvectors corresponding to distinct eigenvalues are orthogonal.

(#i7) If K = C, V is finite dimensional, and T is unitary, then T is diagonalizable
and V admits an orthonormal basis made up of eigenvalues.

() If K = R, V is finite dimensional, T is orthogonal and the characteristic
polynomial has no other roots in C besides 1 or -1, then T is diagonalizable and
V admits an orthonormal basis made up of eigenvectors.
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6 Polynomials and Series of Matrices

V will denote a K—vector space, dim'V =n € N*, and A: V — V an endomorphism.
The matrix of A w.r.t. a fixed basis of V is A = [a;;] € M,, ,,(K).

DEFINITION 6.1 Consider the polynomial Q(t) € K[t], Q(t) = ayt™+am_1t™ 1+
...+ a1t + ag. The matrix

Q(A) = amA™ + a1 A"+ ay A+ apl
is called the value of Q for the matriz A. The endomorphism
Q(A) = 4 A™ + a1 A"+ L+ ar A+ agidy

is called the value of @Q for A.

Q(A) is also called polynomial of matriz or matriz polynomial; Q(A) is called
polynomial of endomorphism.

Since endomorphisms (of finitely dimensional vector spaces) are completely de-
termined by their associated matrices, it suffices to study matrix polynomials. All
results about matrices may be reformulated in terms of endomorphisms.

REMARK 6.2 If the matrix A admits the canonical Jordan form .J, then the fol-
lowing observations make the computation of Q(A) easier.

A=cJCc 1, A2=cJ?Cc™t, ..., Am=CcJmCh

If A admits the diagonal form, i.e. J = D is a diagonal matrix, then the diagonal
form D of A is even more convenient to use for computing powers of A.

A=CDC—-1, A®>=CDC~', ..., A™=CD"C,
since D = diag(dy,...,d,) = D¥ = diag(d¥,...,d"), vk € N.

THEOREM 6.3 (Cayley—Hamilton) If P()) is the characteristic polynomial of
the matriz A, then P(A) =0

Proof. Recall that for any matrix M = m;; € M, ,(K), there exists a matrix
M, called the reciprocal of M such that

M- M* = (det M)I.

(Some books use the notation M* instead of M and call it the adjoint of M instead
of the reciprocal; here reciprocal and adjoint have different meanings.)

The (i,7) entry of M is the algebraic complement of m;; in M. For M = A—\I,
we obtain
(6.1) (A= XD (A - Xt =P\,

since P(\) = det(A — AI). Moreover, by the construction of the reciprocal matrix
follows that each entry of (A — AI)T is a polynomial in A of degree at most n — 1;
consequently, we can express

(6.2) (A= A" =B,  \"' + B, 2\""24+... + By,
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where B; € M, ,(K), i=0,...,n—1. Let

(6.3) PN =Y ap), ar € K.
k=0

Replacing (6.2), (6.3) in (6.1) we obtain
(A=XD)(B, i AN" ' B" 2\ 24 4+ BIA+Bo) = (an 1 A" a7 2N 21 dag M rag) ]
or
(Bp_1)A"+(AB,,_1—By_o)\" .. 4(AB;—Bo)M-ABy = (anI)\"+. . .4(a1 )M -aol.
Now we identify the coefficients

—B,_1=ayl, AB,_1— B, s=an_11, ..., ABy — By =a11, ABy = agl.
Multiplying on the left by A,,, A,_1, ..., 4, I and adding up each side we get

P(A) = apA" + anflA”_l +...+a1A+aogl
— —A"B,_1+
+A"B, 1 — A" 'B, o+
n—1 _ An—2
+A B,_o A B,_3+ QED
+A%B; — ABy+
= 0

COROLLARY 6.4 If dimV =n € N*, A:V — V is an endomorphism, and
P()\) the characteristic polynomial of A, then P(A) = 0.

THEOREM 6.5 If A € M, ,,(K), then the value at A of any polynomial of degree
at least n can be expressed as a matrix polynomial in A, of degree at most n — 1.

Proof. Let P()A) be the characteristic polynomial of A. By the Cayley-Hamilton
Theorem, P(A) = 0. Since the degree of P is n, the coefficient of A™ in P(A) is not
zero, thus we can express

A" =b, A"V 4 bl

This proves the theorem in the case of polynomials of degree n. If we multiply the
equality by A and replace A™, we get A"T! as a linear combination of A"~ 1, ..., A I.
Inductively, the same holds for A"*P, Vp € N. QED.

Assume now K = C or R and consider the power series f(t) = > a;,t"™ with

m
coefficients in K. Such a series makes sense for t € V, when V is endowed with
multiplication, such that the powers t™ are well defined. If V is a Euclidean vector
space, we consider the Euclidean metric on V, and we can discuss about the conver-

gence of the series. In particular, we are interested in V = M,, ,,(K) ~ K" with the

Euclidean norm
Al = [ Y lagl.
1<i,j<n
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DEFINITION 6.6 Let A: V — V be an endomorphism, dimV = n € N*and A
the associated basis w.r.t. a fixed basis. We define a series of matrices and a series
of endomorphisms by

Z am, A™, and Z am A™ respectively.
m m

If the series are convergent, their sums are denoted by f(A), and f(A) respectively,
where f is the function defined by the convergent series f(¢t) = > a,,t™, t € K.
m

f(A) is called function of matriz or matrixz function, and f(A) is called function of
endomorphism.

On finite dimensional vector spaces, the study of series of endomorphisms reduces
to the study of matrix series. On the other hand, as a consequence of theorem Cayley—

Hamilton, > a,, A™ can be expressed as a matrix polynomial Q(A), of degree n — 1
m
whose coefficients are numerical series. If Y a,, A™ is convergent, then the coeflicients
m

of Q(A) are convergent numerical series.
If A admits distinct eigenvalues Aq, ..., \,, then the polynomial of degree n — 1

associated to Y a,, A™ can be written in the Lagrange form
m

= (A=MD (A= N DA =N D) (A= 2 )
LS I B v v SOOLG VRS VY ) W Y BOOY) W

Jj=1

F)s

or

where Z; € M, ,,(K) are matrices independent of the function f.
If A has multiple eigenvalues, a more general formula works

where fU) denotes the derivative of order j of the funtion f, and Zy; are matrices
independent of f.
The following series are convergent for any matrix A.

o~ 1 , N G o (=)™
A _ LA™ A= A2m+1 A= A2m.
N mE::Om! o mz::o @2m + 1) o mz::o (2m)!

We will also consider the series

oo tm
eth = Z —A™,  where t € K.

m!
m=0

This series is very useful in the theory of linear differential with constant coefficients.
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7 Problems

1. Determine the eigenvalues and the eigenvectors of the endomorphisms in pro-
blems 4 - 7, Chapter 2.

2. Let V be the real Euclidean vector space of the continuous real functions on
[0,27]. Let 7 : V — V be the endomorphism defined by

2

g=T(f), gx) = /[1 + cos(z —t)] - f(t)dt, z € [0, 27].

0

1) Show that the subspace Im(7) is finite dimensional and find an orthogonal

basis of this subspace of V.
2) Determine Ker(7).
3) Show that 7 is symmetric; find its eigenvalues and eigenvectors.

3. Determine the diagonal form and the corresponding basis, then compute e”.
7T 4 -1 4 6 0
DA:R*-R* A=| 4 7 -1 20A:R* R} A=| -3 -5 0
-4 4 4 -3 -6 1
1 0 0 1
o4 4 101 0 0
3)A:R*"—R* A= 00 1 -2
10 -2 5

4. Determine the canonical forms (diagonal or Jordan) of the following endomor-
phisms, and the corresponding bases.

[ -1 0 -3 6 6 —15
HDA:R*—-R} A=| 3 2 3 2))A:R* =R A=|1 5 -5
| -3 0 -1 1 2 =2
C o g 0 1 0
3) A:R* - R? A= 4HA:R* SR A=|0 0 1
-1 4
L 2 —5 4
2 0 0 0
4 s 4, |1 3 1 1
5 A:R*—>R* A= 0 0 0 -1
-1 -1 0 2

5. For each matrix A in the previous problem compute A", e?, sin A, cos A using
the Cayley-Hamilton theorem.

6. Use the Cayley - Hamilton theorem to determine A~! and the value of the
matrix polynomial Q(A) = A* + 343 — 9A4? — 284, where

A= 2 -1 2



Chapter 4

Bilinear Forms. Quadratic
Forms

1 Bilinear Forms

Let V be K-vector space.

The basic example for bilinear forms is the canonical inner product on R™. On the
other hand, the notion of bilinear form extends the one of linear form. Recall that a
linear form on V is a linear map w: V — K.

DEFINITION 1.1 A map A:V xV — K is called a bilinear form on V if it is
linear in each argument i.e.
A(kz + 1y, z) = kA(z, 2) + LAy, 2),
Az, ky +12) = kA(x,y) + lA(z,2), Vr,y,z€ V, Vk,leK.
Example Any inner product on a real vector space is a bilinear form.

Counterexample An inner product on a complex vector space is not a bilinear form,
since it is not C-linear in the second argument.

Denote by B(V, K) the set of all bilinear forms on V. Addition and multiplication
of bilinear forms are defined in the usual way for K-valued functions. These operations
define a K-vector space structure on B(V, K).

REMARK 1.2 Assume that V is finite dimensional, dimV = n € N*, and let
B = {e1,...,e,} be a basis of V. Let z,y € V, z = > xe;, y = D yje;. If
i=1 j=1
A € B(V,K), then
Az, y) = A(inei,zyjej) = sziyjA(eiaej)a
i=1 J=1 i=1 j=1

which shows that A is uniquely determined by its values on B x B.

67
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Using the notation a;; = A(e;,e;), A = [a;j] € M, ,,(K), we may describe the
bilinear form .4 by the one of the following equalities

n n
Alx,y) = Z Z @i TiYj (the analytic expression of A)
i=1 j=1

or
Az, y) = 'XAY (the matriz expression of A),

where X, Y represent as usually the coordinate columns of z and y respectively.

A is called the matriz associated to A w.r.t. the basis B. It is straightforward
that the correspondence between a bilinear form and its associated matrix w.r.t.
a fixed basis defines an isomophism from B(V,K) onto M, ,,(K). It follows that
dim B(V,K) = n?.

Example Consider the cannonical inner product on R",

(,y) =191+ - .. + TpYn.

If B is the canonical basis, then the associated matrix is the n x n identity matrix I,,,
since <€i78j> = 5@‘.

DEFINITION 1.3 The bilinear form A is said to be symmetric if
Alx,y) = Ay, x), Y,y € V.

The bilinear form A is said to be skew symmetric if
Az, y) = —A(y,x), Vz,y € V.

From the definition of the inner product on a real vector space follows that inner
products on real vector spaces are symmetric bilinear forms.

THEOREM 1.4 Let A: V xV — K be a bilinear form and dimV = n € N”*.
Then A is symmetric (skew symmetric) if and only if the associated matriz w.r.t. a
fized basis is symmetric (skew symmetric).

Proof. Fix a basis B = {e1,...,e,} in V. Denote A = [a;;] the associated matrix.

Assume A symmetric. Then a;; = A(e;,e;) = Alej,e;) = aji, Vi,5 = 1,...,n,
thus A = tA.

Conversely, assume A = ‘A. Then

Aly,z) = 'YAX = Y('YAX) = 'XTAY = 'XAY = A(z,y), Vz,y € V.
The skew symmetric case is similar. QED.

THEOREM 1.5 Let A be a bilinear form on V, dimV =n € N*, B and B’ two
bases in 'V with C € M,, ,(K)-the matriz of change from B to B'.
If A and B € M,, ,,(K) are the matrices associated to A w.r.t. B and B’ respec-

tively, then
B="'CAC.
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Proof. Let x,y € V arbitrary, and X, Y the coordinate columns of x, respectively y
w.r.t. B. Denote by X’, Y’ the coordinate columns of the same z, y w.r.t. B’. The
coordinate columns are related by X = CX’, Y = CY’. Starting with the matrix
form of A w.r.t. B we obtain

Alz,y) = 'XAY = {(CX)ACY") = H(X')(*CAC)(Y").

On the other hand, the matrix form of A w.r.t. B' is A(z,y) = *(X’)B(Y’), and
B is uniquely determined by this equality; therefore B = *C AC. QED.

DEFINITION 1.6 If A is nonsingular (singular), then the bilinear form A is called
nondegenerate (degenerate). The rank of A is also called the rank of the bilinear form

A.

The rank of the associated matrix is the same regardless the choice of basis (see
Corollary 1.8), so the above definition makes sense.

DEFINITION 1.7 Let A: V x V — K be a symmetric bilinear form. The set
KerA={zeV|A(zx,y) =0, Vy € V}
is called the kernel of the form A.
PROPOSITION 1.8 Ker A is a vector subspace of V.
Proof. Let u,v € Ker Aie. A(u,y) =0, A(v,y) =0Vy € V. If k,l € K, then
A(ku + v, y) = kA(u,y) + lA(v,y) = 0,
thus ku + lv € Ker A. QED.

THEOREM 1.9 If A: V xV — K is a symmetric bilinear form, and dimV =
n € N*, then
rank A =n — dim KerA.

Proof. Let {e1,...,e,} be a basis of V and A = [a,5], a;; € K the matrix associ-

n
ated to A w.r.t. this basis. If z,y € V are arbitrary, z = )" zie;, y = > yje;,
i=1 j=1

n

Alz,y) = Xn: zn:az‘sz‘yj = Z (_Zn:az'jl‘i)yj

i=1 j=1 =1

which shows that z € Ker A if and only if x is a solution of the linear homogeneous
system

n

Zaijxi :Oj: 1,...,77,.

i=1
So Ker A is isomorphic to the solution space of this system, whose dimension is
n —rank A =n — rank A. QED.

COROLLARY 1.10 (i) rank A is independent of the choice of basis; it depends
only on the symmetric bilinear form A.
(i1) A is nondegenerate < Ker A= {0}.
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2 Quadratic Forms

Throughout the section V denotes a K-vector space and A a symmetric bilinear form
on V.

DEFINITION 2.1 A map Q : V — K is called a quadratic form on V if there
exists a symmetric bilinear form A such that Q(x) = A(z,z), Yx € V.

REMARK 2.2 In the definition of the quadratic form, @) and A are uniquely de-
termined by each other. Obviously @ is determined by A. For the converse, the
following computation gives a formula for A in terms of Q.

Qr+y)=Alz+y,x+y) = Az, z) + Ay, y) + A(z,y) + Ay, ).
From the symmetry of A,

Q(a+y) = Al 2) + Ay, y) + 2A(, ), therefore

Aly) = QU + ) ~ Q) — Q).

The symmetric bilinear form A associated to @ is called the polar of Q.

Example The quadratic form corresponding to the inner product on a real vector
space is the square of the Euclidean norm

Q(z) = (z,2) = [z|*, z € V.

Assume dim'V =n € N*; let {eq,...,e,} be abasis of V and A = [a,;] the matrix
of A w.r.t. this basis. For any z € V, x = >_ x;e;,
i=1
Q(r) = Az, z) = ZZaijxixj = tXAX,

i=1 j=1

where X = '[zy,...,2,]. It follows that the matrix A characterizes @ as well as
A. The symmetric matrix A is also called the matriz of the quadratic form @Q; by
definition, the rank of @ is the rank of the matrix A, so rank Q = rank A = rank A.

DEFINITION 2.3 Let A: V x V — K be a symmetric bilinear form and @ the
associated quadratic form. The vectors x,y € V are said to be orthogonal w.r.t. A

(or Q) if A(z,y) = 0.
DEFINITION 2.4 Let U C V, a vector subspace of V. The vector space
Ut ={ye V| A(z,y)=0,Vz eV}

is called the orthogonal complement of U in V w.r.t. A.
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THEOREM 2.5 Let A: VxV — K be a symmetric bilinear form. Denote by Alyy
the restriction of A to U x U.

(i) Ut is a vector subspace of V.
(23) If {ua,ug,...,up} is a basis in U, then

(2.1) y € Ut & A(u,y) = Alug, y) = ... A(up, y) = 0.

(133) If dimV =n € N*, then dim'U + dim U+ > dim V; equality holds if and only
if Alyy is nondegenerate.

(i) If dimV =n € N*, then

UasUt=Ve Aly is nondegenerate.

Proof. (i) Let y1,yo € Ur, ie. A(z,y1) = 0, A(z,2) = 0, Yz € U. For any
klcK

A(ﬂj, kyl + ly?) = k’A(.’L', yl) + lA(x7y2) = 07

thus ky; + ly, € U™,
(ii) y € Ut implies A(x,y) = 0, Vo € U; in particular A(u;) = 0, Vi = 1,...,p,

since u; € U. Conversely, if z € U, then © = > x;u,, using the given basis of U.

=1
Then
Alz,y) = inA(ui,y) =0, i.e. y e UL,

=1

(#i7) If 'V is finite dimensional, so is U. Fix a basis of U using the notation of (i),
and complete it to a basis of V; in (2.1) write y as a linear combination of this basis.
Then the rank of the system in (2.1) is at most p. Consequently, dim U™ > n —p, so
dim U + dim U+ = n. Equality holds when the rank of the system is exactly p, i.e.
dim U = rank Alyy; but this means that Alyy is nondegenerate (see the last part of
Section 1).

(iv) As a consequence of (iit), it suffices to show that

Unut={0} Aly is nondegenerate.

But this is obvious by Corollary 1.10. QED.

Example Note that if a symmetric bilinear form A (or the quadratic form Q) is
nondegenerate on the space V | it might happen that its restriction to some sub-
space of V is degenerate. For example, Q(z) = 2% — x3 + 3 is nondegenerate on
R?; however, the restriction of @ to U = {z € R*|z; + x5 = 0} is degenerate,
as 0 # x = (1,-1,0) € Ker(Alyy). Indeed, for A(x,y) = z1y1 — 22y2 + 23y3,
A((1,-1,0), (a,—a,b)) =0, Va,b € R.
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DEFINITION 2.6 Let A : V x V — K be a symmetric bilinear form. A basis
{e1,...,en} is called an orthogonal basis w.r.t. the form A (or w.r.t. the quadratic
form Q) if A(e;,ej) = 0 for ¢ # j,4,j = 1,...,n, i.e. the vectors of this basis are
pairwise orthogonal. The associated matrix is a diagonal matrix. If we denote its
diagonal entries by a; = a;; = A(e;, e;), i = 1,...,n, then the corresponding analytic
expressions of A and Q

Az, y) = Zaixiyia Qz) = Z a;r}
i=1 1=1

are called canonical expressions of A and @) respectively.

3 Reduction of Quadratic Forms to
Canonical Expression

Let V be a K-vector space, K=R or K=C, dimV =n € N* and Q(r) = ' XAX,
a quadratic form on V| expressed by the associated matrix A w.r.t. a fixed basis of
V. A change of basis corresponds to X = CX’, where C is the matrix of change. The
matrix associated w.r.t. the new basis is B = *CAC. Note that both A and B are
symmetric matrices.

THEOREM 3.1 (Gauss method) If Q : V — R is a quadratic form, then there
exists a basis of V which is orthogonal w.r.t. Q (the associated analytic expression is
canonical).

Proof. We will describe an inductive algorithm which reduces the problem to the
case of a quadratic form defined on a vector space of smaller dimension.
Denote by {e1,...,e,} the initial basis and by A = [a;;] the associated matrix.
n n
Suppose that the analytic expression Q(z) = > > a;jz;x; is not canonical and @ is
i=1j=1
not identically zero (otherwise the problem is solved and nothing needs to be done).

Case 1. There exists ¢ such that a;; # 0.
We may assume without loss of generality that i = 1, so we can write

n n n
2
Q(JJ) =apr] + 2 E a1;T125 + E E Qi T;T;.
Jj=2

i=2 j=2

1
By factoring out —, from the terms which contain z;, then completing the square
ai
we obtain

1 n n
Q(l‘) = T(aulﬁ + a2 + ...+ alnxn)2 =+ ZZ agjxixj.

1 i=2 j=2
The change of coordinates

[

/ .
7 = a1121 + a2 + ...+ A1pTn; T

Tj, ] =2,...n,
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which correspond to a new basis {e], e} = e, ..., €], = e,} with matrix of change
F L wn
ail ail ai
o= o0 1 o |,
Lo o0 1
gives

Q( 7$1 +Zzaw €Ty ]'

=2 j=2

n n
Now > > aj;z;x; is the analytic expression of a quadratic form on Span {e3, ..., e };
i=2j=2
if this new quadratic form is identically zero, or in canonical form, the reduction is
done, otherwise we continue by applying the algorithm for this new quadratic form,
which is defined on a vector space of dimension n — 1.

Case 2. a; =0,Vi=1,...,n
As @ is not identically zero, there is at least one element a;; # 0, ¢ # j. After the
change of coordinates

! ! / ..
xi*x +.’£], Tj=T; — Ty, xk:xkak%za]

the expression of the quadratic form becomes Q(z) = Z Z aj;zia’; where aj; # 0,
i=1j=
since x;z; = z? — x;?. The matrix of change of basis which corresponds to this change

of coordinates is the nonsingular matrix

1 0 ... 0 ... 0 .. 0
0 0 ... 1 ... 1 .. 0
C"=| o o
0 0 ... 1 ... -1 ... 0
0 0 ... 0 ... 0 .. 1|

Now Case 1. applies for the new analytic expression of Q.

After at most n — 1 steps we obtain an orthogonal basis w.r.t. Q.

The corresponding canonical expression represents a linear combination of squares
of linearly independent forms. The number of these squares in the canonical expression
is minimal, and it is equal to rank Q. QED.

Example 1. Determine the canonical form of Q : R®> — R, Q(z) = 2z129 + 22123,
using Gauss method. Point out the change of coordinates and the matrix of change.

Solution. Note that a;; = 0, i« = 1,2,3, so we need to start with a change of
coordinates described in Case 2. Let

!/ / !/ !/ / /
I1:I1+$2’ Ty =T — Ty, T3=2xT3,
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as a1z = 1 # 0. Then Q(x) = 222 — 22 + 22 2} + 2242},

1
Next, we follow Case 1 and obtain Q(z) = 5(253'1 + x5)% — 533:'32 — 227 + 2ahah.
The change of coordinates

1 / / 1 / 1 /
Ty =227+ T3, Ty =2TH, Ty3=2IT;3,
1 1
leads to Q(z) = ix'{Q - 5:10'2'2
Combining the two changes of coordinates we get
1 / / / /
Ty =21+ 22 + 23, m2=§x1—§x2, T3 = 3.

The corresponding matrix of change is

1 1 0 /2 0 —1/2 /2 1 —1/2
C=|1 -10 0 1 0 =1 1/2 -1 -1/2 |;
0 0 1 0 0 1 0 0 1
1 11
clt=11/2 -1/2 0
0 0 1

The columns of C represent the coordinates of the vectors of the new basis w.r.t.

1 1
the initial basis. Thus the new basis is {f1, f2, f3}, f1 = =e1 + =ea, fo = e1 — ea,

2 2
PR S U
3 = 261 262 €3.
THEOREM 3.2 (Jacobi’s method) Let Q : V — R be a quadratic form, and
A = [a;;] the associated matriz w.r.t. an arbitrary fized basis B = {e1,...,e,}.

Denote Ag = 1. If all the determinants

a1 Gi2 a3

a11 a2
Ay =ai, Ay = o1 Gz |’ Ag=| az azx az |,..., A, =detA
aszr asz2 ass
are not zero, then there exists a basis By = {f1,..., fn} such that the expression of

Q w.r.t. this new basis is

(3.1) Qx) = =l
— A
i=1
where x}, i =1,...,n are the coordinates of x w.r.t. the basis By.

Proof. We are looking for the vectors f1,..., f, of the form

(3.2) fi =cue1, fa =cizer +caea, ... fn=cCipe1 +canea + ... Cpnen

satisfying
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where A is the polar of the quadratic form . We will prove that this is the desired
basis. Using the bilinearity of A4 in (3.3), we obtain the system

Alex, fi) = C1;G11 + C2;412 + ...+ CiiG14 =0
Ales, fi) = criaar  + a2 + ...+ cyay = 0
Alei—1, fi) = cutic1n +  c2aic12 + ...+ a1, = 0
Ales, fi) = C15Q41 + €202 + ...+ ciiay; = 1

of i equations, with ¢ unknowns: ¢4, co;, ..., Ci;.

The determinant of this system is A; # 0, thus the solution is unique. By Cramer’s
rule we obtain

ail ‘e a1,i—1 0
Cii = N = Ai_l .
ai—11 - @i—15-1 0 A;
;1 Qi i—1 1

So the basis By = {f1,..., fn} is uniquely determined by (3.2), (3.3). It remains to
show that the matrix B = [b;;] associated to @) w.r.t. this basis is diagonal, with the
required diagonal entries. For, compute

b’L] = A(flaf]) == cliA(el7fj) + ... +Cii-/4(ei7fj)a T S ]

A
"~ The matrix B is

Using (32), it follows that bij =0,ifi < 7, and b; = ¢ =

1
symmetric, since A is symmetric (as the polar of a quadratic form), thus b;; = 0, for
i > 7 too. QED.

Note that Jacobi’s method does not apply for Example 1.

THEOREM 3.3 (eigenvalues method) Let V be a real n-dimensional vector
space as before, Q : V. — R a quadratic form, and A = [a;;] the matriz of Q w.r.t.
an arbitrary fized basis B. Then there exists a basis By = {f1,..., fn} such that the
associated expression of Q) is

Q) =3 Al
=1

where \;, i = 1,...,n are the eigenvalues of A (each eigenvalue appears as many
times as its algebraic multiplicity), and =, i = 1,...,n are the coordinates of x w.r.1.
the basis B.

Proof. The matrix associated to a quadratic form is always symmetric, thus A
has n real eigenvalues (counted with their multiplicities) and admits a diagonal form
over R. Moreover, there is a basis By = {fi,..., fn} made of eigenvectors whose
coordinate columns w.r.t. the initial basis B are orthonormal in R", or equivalently,
the matrix of change C' is orthogonal (‘C = C~1). Denote D = diag(\1,...,\,) the
diagonal matrix whose diagonal entries are the eigenvalues of A. Then

D=C1'AC = tcAC

implies that D is the matrix associated to ) w.r.t. the basis By. It follows that the
expression of @ w.r.t. By is the one in the conclusion of the theorem. QED.
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REMARKS 3.4 Comparison of the three methods

1) Gauss method is the most elementary and it provides a sequence of coordinate
changes, not the new basis (which can be deduced by multiplying the corresponding
matrices of change obtained at each step). The basis corresponding to the canonical
expression has no special properties.

2) Jacobi’s method is the most recommended (if it applies) when we need a canon-
ical expression, and we are not interested in the corresponding basis, since it takes
longer to deduce it.

3) The eigenvalues method is the most convenient for further purposes. If on
V we consider the scalar product which makes the initial basis into an orthonormal
basis, then the basis corresponding to the canonical expression is orthonormal too.
For example, if V = R" and the initial basis is the canonical basis in R", then the
new basis is orthonormal (w.r.t. the canonical inner product).

The method provides the canonical expression and the corresponding basis. The
basis has additional useful properties.

4 The Signature of a Real Quadratic Form

Real quadratic forms of constant sign are useful in many applications, for example
in extemum problems for functions of several real variables. This why it is helpful
to study these forms, and state some methods which indicate whether the sign is
constant or not.

V will denote a real vector space.

DEFINITION 4.1 A quadratic form @ : V — R is said to be:
() positive definite if Q(z) > 0, Vz € V\ {0};

(i1) negative definite if Q(z) < 0, Vo € V\ {0};

(#i1) positive semidefinite if Q(x) > 0, Vo € V;

(iv) negative semidefinite if Q(x) > 0, Vz € V;
(v) indefinite if 31,2 € V such that Q(z1) > 0 and Q(x2) < 0.

The notions defined above are used for symmetric bilinear forms too, with the
obvious meaning. A real symmetric bilinear form A : V x V — R is positive definite
if the associated quadratic form Q(z) = A(x, z) is positive definite, etc.

Example The inner product on a real vector space is a positive definite symmetric
bilinear form.

From now on, throughout the section we assume that dimV =n € N*.

The following remarks are easy observations relating some of the resuls in this
chapter.
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REMARKS 4.2 1) The number of nonzero terms in a canonical expression of @ is
the same, regardless the method used, and it is equal to rank Q.

2) If @ is positive or negative definite, then @ is nondegenrate, i.e., in the canonical
expression appear n nonzero terms.

3) Q is positive definite < in a fixed canonical expression all coefficients are strictly
positive.

In particular, from the eigenvalues method follows that: @ is positive definite <
all eigenvalues of @) are strictly positive.

4) @ is negative definite < in a fixed canonical expression all coefficients are
strictly negative.

From the eigenvalues method follows that: @ is negative definite < all eigenvalues
of @ are strictly negative.

If we combine Remarks 3), 4) above and Jacobi’s method we obtain the following
result.

THEOREM 4.3 (Sylvester’s criterion) If the hypotheses of Jacobi’s method are
fulfilled, then
(i) Q is positive definite < all determinants A;, i = 1,...,n are strictly positive.

(i) @ is negative definite < the determinants A;, i = 1,...,n have alternating signs:
Aq <0, Ay >0, As <0,..., (71)’6Ak >0,....

n

DEFINITION 4.4 Let Q(x) = 3" a;2? be a canonical expression of Q : V — R,
i=1

dimV = n € N*, where p of the coefficients ay,...,a, are strictly positive, q are

strictly negative, and d = n — (p + ¢) coefficients are equal to zero.
The triplet (p,q,d) € N* is called the signature of the form @ and is denoted by
sign Q.

As we have seen, the canonical expression of a quadratic form is not unique. The
next result states that the signature depends only on the quadratic form.

THEOREM 4.5 (Inertia law) The signature of a quadratic form @Q is the same,
for any canonical expression of Q).

Proof. Consider two bases B = {ey,...,e,} and B' = {e},... e/} in V such that
the expression of QQ w.r.t. each of them is canonical

n n
Q(x) =Y a} and Q(x) = Y _ aja}? respectively.
i=1 i=1

We may assume that in the expression of @ w.r.t. B (B’) the first p (p') coefficients
are strictly positive, the next ¢ (¢') are strictly negative, and the last d (d') are zero.
Morever, we may assume that a;,a; € {—1,0,1}. Then

p'+q

P pta v
(4.1) Qz) = Zm? - Z T} = ngz - Z z2.
i=1 i=p+1 i=1 i=p/+1
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We need to show that p = p’, ¢ = ¢. Suppose p # p’ and assume p > p’. Let U =
Span(ei,...,e,) and U’ = Span(ey q;---,ey,), thus dimU = p, dimU =n—yp'.
This yields

dimU+dimU =p+n—p >n,

which shows that the subspaces U, U’ are not independent. Therefore there exists
ze€UNU, z+#0, and x can be written as

— — ! / i
T=x1e1 + .+ Tp = Xy T T T e

Replacing this particular x in (4.1) we obtain

ngf—i-...—&-xf,:Q(x):—x;,%+1—...—xfSO.

But this implies
!/ !
r=...=2,=0; xp,=...=z,=0,

thus 2 = 0 which contradicts the choice of . It follows that p = p’. Similarly, ¢ = ¢/,
hence d = d’ and (p,q,d) = (p', ¢, d'). QED.

COROLLARY 4.6 1)The quadratic form Q : V < R, dim'V = n € N”is positive
definite if and only if one of the following conditions is satisfied:

(i) sign @ = (n,0,0);
(ii) the determinants A;, i =1,...,n are strictly positive;
(7i1) the eigenvalues of the matriz of Q are all strictly positive.
2) @ is negative definite if and only if one of the following conditions is satisfied:
(i) signQ = (0,0,n);
(it) (-1)'A; >0,i=1,...,n;
(#i1) the eigenvalues of the matriz of Q are all strictly negative.

Example 2. Determine the canonical form of Q : R* — R, Q(z) = 23 + 723 + 23 —
8xr1x9 — 162123 — 82273, and the corresponding basis. Use Jacobi’s method, then the
eigenvalues method. Check the inertia law.

Solution.
1 -4 -8
A=| -4 7T -4 |;
-8 —4 1
1 —4
Aozl,A1:CLll:17A2:’_4 7 ':—Q,AgzdetA:—729

1 1
Using formula (3.1) we obtain Q(z) = 272 — §x’22 + 8711‘;’2

We look for the corresponding basis By = { f1, f2, f3} of the form (3.2). The coefli-
clents ¢;;, 1 <1i < j < n = 3 are given by the solutions of the linear equations (3.3)
as follows.

A(el;fl) =1=c1 =1
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A(el,fg) =0 C12 — 4022 =0 o *4_ - -1
{ Aez, f2) =1 T Ao Tepm =1 2T 92T g
Aler, f3) =0 c13 —4ca3 — 8c33 =0 _8 _4 1
Alez, f3) =0 = ¢ —dciz+ Tepg —4ezz3 =0 :>613:a; Co3 = o777 €28 = g1
Ales, f3) =1 —8c13 —4coz +c33 =0
Tt follows that f1 = €1, fo = — ce1 — <5, fis = ——¢1 — -y + g, and the matri
ollows a 1 =€, J2 = 961 962, 3 = 8161 8162 8163, an € matrix

of change is
1 —-4/9 -8/81
cC=|0 -1/9 —-4/81
0 0 1/81

Next we will use the eigenvalues method.

The eigenvalues of A are \; = 9, Ao = 9, A3 = —9. Therefore Q(z) = 9y? +
9y3 — 9y3, where y1,y2,y3 are the coordinates of  w.r.t. a basis made up of eigen-
vectors, such that the matrix of change is orthogonal. To determine such a basis
{u1,us,us}, pick first some linearly independent eigenvectors. Let us take vy =
(-1,0,1), v = (-1,2,0),v3 = (2,1,2). Using the Gram-Schmidt procedure for
the first two (which happen not to be orthogonal, as they correspond to the same
eigenvalue), and normalizing the third we obtain the u; = (—1/v/2,0,1/v/2), ug =
(—v/2/6,2v/2/3,—/2/6), uz = (2/3,1/3,2/3).

As the inertia law states, from either one of the canonical expressions obtained
using different methods, the signature is (2,1, 0).

5 Problems

1. Let V be a real vector space and w : V — R a linear form. Show that
Q(z,y) = w(z)w(y), z,y € V is a positive semidefinite symmetric bilinear form on V.

2. Let P5 be the real vector space of the polynomial functions of degree at most
twoand Q : P3 x P53 — R, Q(z,y) = fol fol x(t)y(s)dtds.

1) Show that @ is a positive semidefinite symmetric bilinear form.

2) Determine the matrices of @ with respect to the bases {1,¢,t?} and {1—t,2t, 1+
t + t?}. What is the relationship between these matrices ?

3) What is the canonical expression of g 7

3. Consider the bilinear form

Q(r,y) = 1y2 — T2y1 + T1Y3 — T3Y1 + T1Ys — TaY1 + T4Ya.

1) Write Q(z,y) in matrix form.
2) Find the matrix associated to @ with respect to the basis f; = (1,1,0,1),

f2 = (0717 170)7 fS = (07 13071)7 f4 = (170707 1)

4. Reduce the quadratic forms to the canonical expression using orthogonal trans-
formations, determine the signatures and the sets of constant level.
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1) 522 + 423 + 622 + dx129 + 42173,
2) 323 — 523 — Tx3 — 8x172 + 8273,
3) 2z1x9 + 2w324

5. Show that the quadratic forms

1) Q(x) = 323 + 423 + 523 + 4179 — 42973,

2) Q(z) = 222 + 523 + 5a% + dw129 — 42173 — 8273,
are positive definite.



Chapter 5

Free Vectors

1 Free Vectors

E; will denote the 3-dimensional space of elementary geometry.
For any two fixed points A, B € Eg consider the oriented segment AB.
A is called the origin of AB and B the vertex of AB (Fig. 1).
/B
A

Fig. 1

If A # B, the straight line AB is called the supporting line of the oriented segment
AB The length (module or norm) of AB is the length of the segment AB and it is
denoted by || AB I, AB or d(A B).

If A= B we say that AB AA is the zero oriented segment with the origin at A.
The zero segment has length Z€ro.

Note that AB and BA are distinct oriented segments if A # B.

We say that 2 oriented segments have the same direction if their supporting lines
are parallel or identical.

Since each straight line admits two different orientations, a nonzero oriented seg-
ment is characterized by its direction, sense, length and origin.

DEFINITION 1.1 Two nonzero oriented segments are said to be equipolent if they

have the same direction, sense and length (but possibly different origins).
By definition, all zero oriented segments are equipolent.

If A—é and C’—D> are equipolent, we write A—B)NC’—D (Fig. 2).

81



82 CHAPTER 5. FREE VECTORS

Fig. 2

PROPOSITION 1.2 The equipolence relation is an equivalence relation on the set
of all om'ented segments in E3, i.e., it satisfies the following properties

(i) ABNAB for any 4, A, B € E3 (reflexivity)
(i1) AB~CD=CD~AB (symmetry)
(i) AB~CD and CD~EF=AB~EF (transitivity).

DEFINITION 1.3 A free vector is an equivalence class of the equipolence relation.
The set of all free vectors is denoted by V3.

The equivalence class of the oriented begment AB is denoted by AB and it is
called the free vector AB. Thus AB = {C’D | C’DNAB} and ABE AB. Any element
of a free vector is called a representative of that free vector. AB is a reprezentative
of @; if ELAEV (or equivalently, ]\ﬁ\f € AB), then ]\EV is another representative
of AB, and AB = MN.

The equivalence class of all zero oriented segments is called zero free vector and

is denoted by 0. Arbitrary free vectors will be denoted by overlined letters a, b, ¢. . ..
According to the previous notation that involves a representative of the free vector, we

may write either ABE a or AB = a, if a is the set of all oriented segments equipolent
to AB.

DEFINITION 1.4 The length (norm) of a free vector a is the length of a represen-
tative AB, AB€ a.
We denote the length of @ by ||al|. Thus ||a|| = |AB| = || AB || = d(A, B).

It follows that ||a]| is a positive real number and |jal] = 0 < @ = 0. Similarly,
the direction and sense of a nonzero free vector are the direction and respectively the
sense of a representative.

The above definitions are correct since all representatives of AB have the same
length, same direction and same sense (for A # B).

A free vector of length one is called a wunit vector or a versor and it is usually
denoted by € or .

Nonzero free vectors are characterized by direction, sense and length. The length
zero determines the zero free vector.

PROPOSITION 1.5 For any P in Es and any free vector a € Vg, there exists a
unique oriented segment PA (i.e. a unique vertex A) such that PAG a.
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This proposition allows us to use representatives which have a convenient origin.

In E3 we fix a point O, called the origin of the space Es. By the previous proposi-
tion there is a bijective correspondence between V3 and the set of all oriented segments
which have the origin at O.

E3 can be viewed as the set of all vertices of the oriented segments which have the
origin at O. Therefore there is also a bijective correspondence between E3 and V.

DEFINITION 1.6 Two nonzero free vectors of same direction are called collinear
vectors (Fig. 3).

By definition, 0 is collinear with any other vector.

Three nonzero vectors are called coplanar if there is a plane containing their di-
rections (Fig. 4).

By definition, 0 and any other two vectors are coplanar.

REMARKS 1.7 (i) Let a = PA, b = PB € V3\ {0}. Then a,b, are collinear <
the points P, A, B are collinear.

(i) Let @ = PA, b = PB,e¢ = PC € V3 \ {0}. Then a,b,¢ are coplanar < the
points P, A, B,C are coplanar.

The collinear vectors AB and BA are called opposite vectors. It follows that the
opposite of 0 is 0. If @ # 0, then the opposite of @ is the unique free vector which has
the same direction and the same length as @, but it has opposite sense. In the picture
below —a is the opposite of a (Fig. 3).

Fig. 3

2 Addition of Free Vectors

DEFINITION 2.1 Let @,b € V3 such that PA = @ and AB = b, where P is an
arbitrary point in Ej. -
The sum of @,b is the free vector denoted by ¢ = a + b and defined by (Fig. 5)
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This addition rule is called the triangle law.
If a,b are not collinear, we may use the equivalent parallelogram law and define

@+ b as the class of the oriented diagonal PB of the parallelogram PABC, where
PA=a, PC =b.

Addition of free vectors + : V3 x V3 — V3 is a well defined binary operation
since it does not depend on the choice of the point P.

THEOREM 2.2 Addition of free vectors has the following properties:

(i) Va,b,e € V3, a+ (b+¢) = (a+b)+ ¢ (associativity)

(i) Ya,b € V3, a+b=>b+a (commutativity)

(iii) Va € V3, a+0=0+a=a (0 is the identity element)

(iv)Va € V3 3 —a € Vg such that a+ (—a) = (—a) +a =0 (each vector has an
inverse with respect to ""+")

Proof. (ii) and (iii) are immediate from the definition. L L
For (iv) we check easily that —a is the opposite of a, i.e. if a = PA, then —a = AP.

If a, b, ¢ are pairwise not collinear, then associativity follows from Fig. 6.

D

Fig. 6

COROLLARY 2.3 (V3,+) is an abelian group.

Like in any abelian group with additive notation, we may define the subtraction
(difference) of vectors. The difference @ — b is the unique solution of the equation
b+ = a; thisis = a + (—b).

Ifa=AB and b= AD, then # = a— b= DB (Fig. 7).

By the observation which proves (iv), it makes sense to write AB = —BA, for any
A, B € E;.

3 Multiplication by Scalars

In this section we will define on V3 a natural structure of a real vector space. Addition
of free vectors was already defined. We still need an external operation R x V3 — V3
which satisfies the definition of the vector space.

DEFINITION 3.1 (multiplication of free vectors by scalars, Fig. 8).

Let £ € R and a € V3. Then ka € V3 is defined as follows

(i) if a =0 or k =0, then ka = 0;

(i1) if @ # 0 and k # 0, then ka is the vector which has the direction of a, length
|k| |a]|, the sense of @ for k > 0, and the sense of —a for k < 0.

Note that @ and ka are collinear, and ||ka|| = |k| - ||a]| Vk € R, @ € V3.
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-2a
Ba

Fig. 8

THEOREM 3.2 Multiplication of free vectors by real scalars has the following prop-
erties:

(i) Vk,l € R, Va € V3, k(la) = (kl)a

(ii)) Ya € Vs, la=a

(ii) Vk,l € R, Va € V3, (k+1)a=ka+la

(iv) Vk € R, Va,b € V3, k(a+b) = ka + kb.

Proof. (i) — (iii) are left to the reader.

We will prove (iv) for a,b not collinear. The collinear case is left to the reader as
well.

Let OA=a and AB=0b. Thena+b=OA+ AB = OB.

Suppose k > 0. Then there is A’ such that OA’ = ka and B’ such that OB’ =
k(a+b).

BV

0] A A’

Fig. 9

The triangles AOAB and AOA’B’ are similar since they have a common angle
whose sides are proportional. This similarity implies AB||A’B’ and | A’B’|| = k|| AB||.
The same orientation of OA, OA’ and OB, OB’ gives the same orientation of AB and
A'B’, thus A’B’ = kAB (Fig. 9).

The case k < 0 is similar to & > 0, and the case k = 0 is trivial. QED.

COROLLARY 3.3 V3 is a real vector space.

4 Collinearity and Coplanarity

The collinearity and coplanarity of free vectors are notions we defined geometrically.
In this section we will see they are related to the algebraic structure of a real vector
space that was defined on V3.

PROPOSITION 4.1 If the free vectors a and b are collinear and a # 0, then there
exists a unique real number k such that b = ka.

Proof. If b= 0, pick k = 0.
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If b # 0 and b has the sense of @, then

)
o 1,
lal
b -
since ||||||||L_l has the direction, sense and length of b.
a
Similarly, if f) # 0 and the sense of b is opposite to sense of @ (i.e., b has the sense
- b
of —a), b= —||||_|||a, and the existence of k is proved.
a
For the uniqueness, let k,1 € R such that b = ka = la. Then k = [ since a # 0,
by the properties of vector space operations. QED

COROLLARY 4.2 (i) The vectors a,b are collinear if and only if they are linearly
dependent.

(ii) If @ # 0, then the set Vi = {b| @, b collinear} is a 1-dimensional vector space.
More precisely, V1 = {b| 3k € R, b = ka} = Span {a}.

(i4i) Two noncollinear vectors are linearly independent.

PROPOSITION 4.3 If the vectors a,b,¢ are coplanar and d,é are not collinear,
then there exist the unique numbers s, t € R such that ¢ = sa + tb.

Proof. If ¢ =0, take s =t = 0. If ¢ and a are collinear, take s such that ¢ = sa
and t = 0.
If ¢ and a ar

OA=a, OB

not collinear and ¢, b are not collinear either, let A, B, C such that

e
b, OC = ¢. Then O, A, B, C are coplanar points.

The parallel lines through C to the supporting lines of OA and OB respectively,
determine the vectors OF and OF such that (Fig. 10):

OC = OE+OF, OA and OF collinear, and OB, OF collinear. Then we can write
OFE = sOA, OF = sOB for some s,t € R, and the existence of the decomposition is
proved.

For the uniqueness assume

¢=sa+th=s1a+t1b

Then (s—s1)a+(t—t1)b = 0. Since @, b are not collinear, they are linearly independent,
sos—sy=0andt—t; =0. QED

COROLLARY 4.4 (i) The vectors @, b, ¢ are coplanar if and only if they are lin-
early dependent.
(ii) If @, b are not collinear, then the set Vo = {¢| a,b,¢ coplanar} is a 2-
dimensional vector space. More precisely, Vo = {¢ = sa+tb|s,t € R} = Span {a,b}.
(iii) Three noncoplanar vectors are linearly independent.
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THEOREM 4.5 V3 is a 3-dimensional real vector space.

Proof. We saw that any three vectors which are not coplanar, are linearly inde-
pendent. Let a = OA, b = OB, é = OC such that O, A, B, C' are not coplanar. We
will show that @, b, & span V.

Let d = OD € V3. If d is coplanar with 2 of the vectors @, b, ¢, we are done.
Assume it is not. Then the planes through D which are parallel to the planes
(OAB), (OAC), (OBC) determine a parallelipiped.

Fig. 11

OD is an oriented diagonal of this parallelipiped and it decomposes as (Fig. 11)

OD = 0D, +0Dy+0ODs =rOA+ sOB +tOC.

Therefore d = OD € Span {a, b, ¢}. QED

5 Inner Product in V;

DEFINITION 5.1 Let a,b € V3 \ {0} and a = OA, b= OB.
The angle £(a,b) between @ and b is the angle ZAOB € [0, 71| of their representa-

tives OA and OB.

Fig. 12
The definition of the angle does not depend on the representatives chosen.

DEFINITION 5.2 Let @ € V3 be a versor, b # 0 and 0 = /(u,b).
The vector mgb = ||b|| cos @ 4 is called the orthogonal projection of b onto .
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The number przb = ||b]| cos@ is called the algebraic measure of the orthogonal
projection of b onto u (Fig. 13).

By definition 730 = 0, prz0 = 0.

Note that

pra5<0<:>06<g,7r}; prgl_)zo(:)ezgor@:(_).

LEMMA 5.3 For any versor u, the functions mgz : V3 — V3 and prg : V3 — R are
linear transformations.

We leave the proof as an exercise. The picture below (Fig. 14) describes one of
the cases that arise in order to prove additivity, where OA is collinear to @, OB = b,
OC = ¢, OABC is a parallelogram, BB’ 1L OA, CC' L OA, DD’ 1 OA.

Then AD = b+ ¢, mqgb = OB’ = C'D’, mz¢ = OC’, my(b+ ¢) = ma(OD) = OD'.
The additivity of w5 follows from OD’ = OC’ C'D’.

D

THEOREM 5.4 The function (,) : V3 X V3 — R defined by

_ { lal|l ||b]| cos @, if @#0 b;«éO df = /(a,b)
(@,b) = _

0, if a=00rb=0
is a scalar (dot, inner) product in V3.

Proof. We need to check the symmetry (commutativity), homogeneity, additivity
and positivity of the function defined above (see the definition of the scalar product
on a real vector space). All are straightforward except for additivity. Let us prove
the additivity of (,) with respect to the second argument. For, assume a # 0 (the

case @ = 0 is obvious), and let 4 = —— be the versor of a@. Then

@ ||
(a,b+¢) = (||a||a,b+¢) = ||al||{a, b+ ¢), by homogeneity.

From the definitions

prab = (4,b), Vb€ Vj.

Then
(,b + €) = (u,b) + (u,¢) by the previous lemma.
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It follows that - _
(@b+e) = lall((a,b) + ()
b) +

= (llall@b) + {|ala,e)

= (a,b) + (a,e).

The scalar product defined above is called the canonical scalar product on Vs.
COROLLARY 5.5 V3 is a Euclidean vector space.

REMARKS 5.6 1) ||a|| = 1/(G,a), Va € V3. Therefore the length of a free vector
is the Euclidean norm of that vector with respect to the canonical scalar product.
2) The Cauchy-Schwarz inequality follows directly from the definition using:

[cos 0] < 1= |(a,b)| < lal| - [|b]]

3) <El,5>:0@(1:001‘[_):(_)01-4(@’5):%.

As in a general Euclidean vector space, the free vectors a, b are called orthogonal
if (a,b) = 0.

It is convenient to work with orthonormal bases.

The coordinates of a vector with respect to an orthonormal basis are called Fu-
clidean coordinates.

Fig. 15

Let {4, 7, k} be an orthonormal basis (Fig. 15), i.e. the values of the scalar products
are given by the table

which leads to the canonical expression of the scalar product of @ = a1i + asj + ask
and b = b3 + baj + b3k, namely

<@,b> = a1b; + asbs + asbs.

In particular the norm of a is ||a|| = \/a? + a3 + a% and

<C_L b> albl + a2b2 + a3b3

cosf = L = ,
lall - [1bll  \/a? + a3 + a% - /b3 + b3 + b3

a#0,b#0,0¢c]0,n].
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6 Vector (cross) Product in V;
Let a,b € Vs. If @ # 0 and b # 0, then 6 denotes the angle of @ and b.
DEFINITION 6.1 The vector denoted @ x b and defined by (Fig. 16)

ixl— l|al| ||6]| sin 6, if @, b noncollinear B
- 0, if @, b collinear (in particular @ = O or b = 0),

where € is a versor whose direction is given by e L a, e L b and the sense of € is given
by the right-hand rule for (a, b, €) is called the vector (or cross) product of @ and b.

The function: V3 x V3 — V3, (@,b) — @ x b is bilinear. This follows from the
proposition below.

PROPOSITION 6.2 The vector product has the following properties:

(1) axb=0< a,b collinear; in particular @ x 0, @ x a =0

(2) bxa=—axb (anticommutativity)

(3) t(a x b) = (ta) x b=a x (tb), Vt € R (homogeneity)

(4)ax (b+¢)=axb+ax ¢ (additivity or distributivity)

(5) |la x b||> = ||a||® - ||b]|* — (@, b)? (the Lagrange identity)

(6) If @,b are not collinear, then ||a x b|| represents the area of the parallelogram
determined by a and b.

Proof. (1), (2), (3) are immediate from the definition. For (5) multiply
sin?f =1 — cos?
by [|@||? - [|b]|?. The area of the parallelogram in Fig.16 is
la]l - [[b sin @ = ||a x b]],

so 6) is an obvious geometric interpretation of the vector product. For (4) assume
that @ is a versor and let a be a plane perpendicular on a (Fig. 17). Let also b’ and
@ be the projections of b respectively ¢ onto the plane P (i.e. b is determined by the
intersections of the lines passing through O and B and perpendicular to P, and P,
where b = OB)

Then

and
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are obtained from ¥, ¢, b’ + & respectively, by a rotation of angle g about the axis a.

Since the rotation of the sum is the sum of rotations, i.e.
ax (' +éd)=axb+axd,

it follows that

NP
[ axb' S/
A S
// W<TI:J/2 7
Fig. 17

From now on the canonical basis {4, 7, k} of V3 is an orthonormal basis satisfying
also k =i x j (Fig. 15).

i.e. 1,],k are the versors of a Cartesian system of coordinate axes in Ejs.

Then the cross products of these basis vectors are in the following table

X
S

TS =
| o
oyl
Ol TS

and the expression of @ x b can be written as a symbolic determinant,

I A A i . ,
axb=|a1 ay az |= (agbg — agbg)i + (a3b1 — albg)j + (a1b2 — a2b1>k.
by by b

DEFINITION 6.3 The vector @ x (bx¢) is called the double vector product of @, b, ¢.

It can be shown that

e B o

ax(bxec)= ‘ @b (@3 ‘ = (a,¢)b — (a,b)c.
Note that @ = @ x (bx ¢), b, ¢ are coplanar (Fig. 18). In general @ x (bx¢) # (axb)x &
thus the vector product is not associative.
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7 Mixed Product

DEFINITION 7.1 Let
product of the vectors a, b,

PROPOSITION 7.2 (1) (a,b x &) =0 < a,b, ¢ are coplanar.

CHAPTER 5. FREE VECTORS

a,b,¢c € V3. The number (a,b x ¢) is called the mized
C.

(2) If a,b,é are not coplanar, then the absolute value |(a,b x €)| represents the
volume of the parallelepiped determined by the representatives with common origin of

a,b,¢ (Fig. 19).

Proof. (1) Assume b, ¢ noncollinear (otherwise b x ¢ =

obvious). Then

(@,bx¢c)=0

Fig. 19

0 and the equivalence is
c
r the direction of a

parallel to a plane containing the directions of b and ¢
¢ coplanar.

X
O

5
b,

Let V be the volume

V=bxel-h=bxel-|a]|cosgl,

where ¢ = /(a@,b x ). Since ||b x ¢|| is the area of the parallelipiped basis. Then

V = |[(a,b, ).

PROPOSITION 7.3 (Properties of the mixed product)

a = alf—&—agj—i—aglg ap as as
(1) If b= blg + b25 + ng . then <(_1,Z_) X 5> = by by b3
c= Clg + 025 + C3];J c1 C2 C3
(a,bx¢c) = (¢,axb)=(bexa)
(2) = —(a,exb
= (axb,e).

3)

(ta,b x €) = (a, (tb) x €) = (a,b x t&) = t(a,b x ).

(The mized product is linear in each of its three arguments).

(4)
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CVEY

o @ @ -
(5) (@xbexdy= ‘ 5.3 (b, (the Lagrange identity.)
Proof. We will prove only (5) leaving the other proofs to the reader. Note that (1)
is a straightforward computation using the formula for b x ¢ and the known products
of i,7,k; (2), (3), (4) are easy consequences of (1). For (5) denote w = a x b. Then

(wexd) = (d

C i by (2)
But -
EXW=¢X (dxl;)‘ <;@) <Ef’5> ‘
by the formula for the double vector product. We replace and get
(wexd) = —(d(eha—(Gap)  _ ‘ @ (ad) ‘
= —@b(da)+{ca)d,b) | (be) (bd) |

A basis {a,b,¢} of V3 is said to have positive orientation if (@,b x €) is strictly
positive, and negative orientation if (a,b x ¢) is strictly negative.
The canonical basis {4, j, k} has positive orientation since (i,j x k) = 1.



94 CHAPTER 5. FREE VECTORS

8 Problems

1. Let A(1,2,0), B(—1,0,3), C(2,1,—1) be points in E3. Are these points
collinear? Find the area of the triangle ABC, and the altitude from the base BC' to
the vertex A.

2. Given the points A(1,1,-2), B(2,3,0), C(0,1,1), D(—1,2,—3), compute:
1) the mixed product (AB, AC x AD); are the points coplanar?

2) the volume of the tetrahedron ABCD;

3) the altitude of the tetrahedron, from the base ACD to the vertex B.

3. Show that

ax(bxe)+bx(exa
(ax (bxe), (bx(e¢xa))x(¢x(axb)))
4. Solve the equations: 1) (@,Z) =, 2)axz =Db.
5. Find the volume of the parallelipiped constructed on some representatives with

common origin of the vectors a = 2u — v+ w, b =4 — w, ¢ = u + w, where

_ _ _ _ o 7T _
lall =1, lloll =2, ol =3, £(@,0) = 35, L(w,w) = 3, L(v,®) = .

4

[N

6. Consider the vectors @ = N\i + 47 + 6k, b = 1 + \j + 3k, ¢ = \i +4j. If the
vectors are coplanar, determine the possible values of A. In this case, decompose a
along b and ¢c.

7. Show that if @ x b+ b x ¢+ ¢ x @ = 0, then the vectors a, b, ¢ are coplanar.

8. Let @, b, ¢ € V3 be noncoplanar vectors such that (@, b) # 0. Compute
o <a><b7 ai< ><c)>+2.
(@b) " (a,

9. Given the points A(4,—2,2), B(3,1,1), C(4,2,0), determine the vertex D of
the tetrahedron ABC D such that D € Oz and the volume of ABCD is 4. Determine
also the altitude from the base ABC to D.

>l =
X
Ol
~>



Chapter 6

Straight Lines and Planes in
Space

1 Cartesian Frames

We mentioned that a fixed origin O € Ej3 provides a natural one-to-one correspon-
dence between E3 and V3, assigning to each point M € Es3 a unique vector 7 = OM €
V3, called the position vector of M. Each fixed basis of V3 determines a bijective
correspondence between V; and R3.

Throughout this chapter, O € E3 will be a fixed origin and {7,,k} a fixed or-
thonormal basis of V3. The set {O; i,7,k} is called a Cartesian frame in Es. The
point O is called the origin of the frame, and {i,7,k} is the basis of the frame.
The Euclidean coordinates of the position vector OM are also called the Cartesian
coordinates of the point M with respect to the orthonormal frame {O; 1,7, k}. If
OM = xi +yj + zk, we write M (x,y, 2).

The bijection between E5 and R?® determined by a fixed Cartesian frame is called
a Cartesian coordinate system in Eg.

The bijections mentioned above allow the identification of E3z, V3 and RS

The basis {i,j,k} will also be assumed to have positive (or right-handed) orien-
tation in V3, i.e. (i,j x k) = 1, or equivalently i x j = k.

The oriented lines Oz, Oy, Oz passing through O, of direction and sense given
by i, 7,k respectively are called the Cartesian aves of the frame {O; i,j,k}. The
Cartesian coordinates of the point M are the algebraic measures of the orthogonal
projections of OM onto the coordinate axis (Fig. 20).




96 CHAPTER 6. STRAIGHT LINES AND PLANES IN SPACE

The axes are characterized by the equations

J y=0 | z=0 ) xz=0
Om'{z:O’ Oy.{m:07 Oz.{yzo

Any two axes determine a plane called a coordinate plane. The coordinate planes
0y, yOz, zOx are characterized by the equations

Oy : z=0, yOz: x =0, z0x: y=0.

2 Equations of Straight Lines in Space

A straight line in E3 may be determined by either:
— a point and a nonzero vector,
— two distinct points,
— the intersection of two planes, etc.

2.1. The Line Determined by a Point and a Nonzero Vector

The point My (zo,v0,20) and @ = li +mj +nk € V3 \ {0} determine a straight
line D passing through My, and having the direction of @ (Fig. 21).
Let M(z,y,2) € Es, 7 = OM, 7y = OMy. Then M € D < MyM and a are
collinear i.e.
(2.1) (F—7o) xa=0 (the vector equation of D)

The vector a is called a director vector of D. Any vector of the form ka, k € R\ {0}
is another director vector of D and may be used to obtain the equations of D, instead
of using a.

=
o
=

Fig. 21

The position vector ¥ = OM of an arbitrary point M € D is of the form
T

(2.2) =7y+ta, teR,

which is another equivalent condition to the collinearity of ¥ — 7y and a. The vector
equation of D is equivalent to

T =x0+ It
(2.3) y=1yo+mt , t € R (the parametric equations of D in R?)
z=2zp+nt

or to
T—Tg Y—Yo Z—20 (the canonical Cartesian equations of D

(2.4) s ng,)’
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with the convention that if a denominator is zero , then the corresponding numerator
is zero too. More precisely,
(1) if { =0, mn # 0, then

Y—Yo zZ— 20
Tr = Xo, =
m

n
and D || yOz;

(2) if I =m =0, then

T = Zo, Y="Yo

and D || Oz.

Note that a # 0, thus at most two of the coordinates of @ could possibly be zero.
2.2 The Line Determined by Two Distinct Points

Let Mi(z1,y1,21) # Ma(22,2, 22) € E3, and D =the straight line M;M;. Then
a= MM = (xo —x1)i + (y2 — y1)7 + (22 — z1)k is a director vector of D. In the
previous equations we may replace a by My Ms and My by M; (Fig. 22). For example
the canonical Cartesian equations (2.4) become

Tr—T — zZ—z
(2.5) 1 _Y¥—Hn _ 1
T2 —T1 Y2 — 1 22 — 21
M, M,
D
(0)
Fig. 22

3 Equations of Planes in Space

A plane in E3 may be determined by either:

- a point and a normal direction,

- three noncollinear points,

- a straight line and an exterior point,

- two concurrent straight lines,

- two parallel straight lines, etc.
3.1. The Plane Determined by a Point and a Nonzero Vector

The plane determined by My(zg, %o, 20) and a nonzero vector i = ai + bj + ck is
the unique plane P passing through My such that the line D through Mj of direction
71 is perpendicular onto P (Fig. 23).

n is called a normal vector to the plane P.

D is normal line of P.
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Fig. 23
Let M (z,y,z). Then
MeP& MM 1L ns <M0,M,77L> =0.

The last equality is called the vector equation of the plane. Replacing MyM and n by
their analytic expressions it follows that

(3.1) a(x —x0) +b(y —yo) + c(z —29) =0

(the Cartesian equation in R? of the plane passing through My, perpendicular to @i ).
If we denote d = —(axo + byo + c2p), the previous equation becomes

(3.2) axr+by+cz+d=0 (the general Cartesian equation of a plane).

Conversely, any equation of the form (3.2) with a* +b* + ¢* # 0 represents a plane of
normal vector n = ai + bj + ck.

3.2. Particular Planes

1) The coordinate planes and planes parallel to these planes are described by the
following particular forms of (3.2). We start with the coordinate planes,

20y:2=0; yOz: xz=0; zO0zx: y=0.
k is a normal vector for zOy and for any plan P parallel to zOy. Then (Fig. 24)

P:z=a, ac€R\{0}, for P|zOy.

z=a
0 y
X
Fig. 24

Similarly, since ¢ is normal to yOz and 7 is normal to zOx we obtain
P:xz=a, a€R\{0}, forP|yOz
P:y=a, acR\{0}, forP|z0x.

2) The equations of planes perpendicular to the coordinate planes are:
P:ax+by+d=0 a>+0b>#0, if PLa2Oy
P:by+cz+d=0 b*+c2+#0, if P LyOz
Piar+cz+d=0 a*+c*#0, if P 120
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3) The equation of a plane passing through O(0,0,0) is
axr + by +cz=0.
4) The equations of planes containing one of the coordinate axes Oz, Oz, Oy are
ax+by=0, by+cz=0, and ax+ cz = 0respectively.
3.3. The Plane Determined by Three Noncollinear Points

Given the noncollinear points M;(z;,yi, i), ¢ = 1,2, 3 there exists a unique plane P
containing My, Ms, M5 (Fig. 25). If M(x,y, z) is another point, then

MeP & M,M;, My, M3 are coplanar in Eg
= MlM, M1M27M1M3 are coplanar in V3

< (MyM,M; My x MiMs) =0 the vector equation of P.
The above vector equation is equivalent to the equation
r—r1 Y-y <Ff—-z2
(3.3) To—x1 Yo—Yy1 22—z | =0
T3 —x1 Ys—Yr 23— 2

in R? or to

z y =z 1
(3.4) Ty oz 1 —0 (the equation of the plane determined
: zo Y2 2o 1 o by three points; coplanarity of four points).
x3 ys 23 1
M; P
M
M
1 M,
Fig. 25

A particular case of a plane determined by three points is Mj(a,0,0) € O,
M5(0,0,0) € Oy, M5(0,0,¢) € Oz, a, b, c € R* (i.e. 0 ¢ P and My, My, M3 are the
intersections of P with the coordinate axes). Replacing in (3.3) or (3.4) we obtain

Y

ad + b + £ 1=0 (the intercept form of the equation of a plane, Fig. 26).
a ¢

Fig. 26
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3.4. The Plane Determined by a Point and
Two Noncollinear Vectors

There exists a unique plane P passing through a given point My(x0, Yo, 20) and
containing lines of directions v; = lﬂ—i—mlj—!—nllzz and Uy = lgf—i—mzj—l—nﬂ; respectively,
where ¥1, U9 are noncollinear (Fig. 27).

Let My, My such that v1 = MyM;, vo = MyM;. Then P is determined by
Moy, My, Ms. Tt follows that M(x,y,z) € P if and only if MoM, MoMy, MoM-
are coplanar, this is equivalent to MyM = rv; + st for some 7, s € R. Identifying
the coordinates we obtain

T =xg+ 1l + sl
(3.6) Y = Yo + My + smo r,s € R
Z =29+ 1rny+ snz

(the parametric equations of the plane in R?).

The coplanarity of MM, MyM,;, MoMs is also equivalent to (MoM, vy X v2) = 0,
ie.,

T—Zo Y—Y Z— %0

(37) ll mi ny =0.
lQ mo %)
v, P
M
M, v,
Fig. 27

4 The Intersection of Two Planes

It is known that any two distinct planes are either parallel or they have a common
line.

Let P;:amw+by+ciz+di =0 a?+b2+c2#0,i=1,2,7; =a;i+bj+cik,
and consider the system

sz +biy+cz+di =0
(4.1)
a2x+b2y—|—62z+d2 =0.
b
The planes Py, P> are identical < their equations are equivalent, i.e., a1 b—l =
az 2
d
a_ d—l This means that the system is compatible of rank 1. The planes are parallel
C2 2

& np, Nig are collinear but the system is not compatible, i.e.,

a1 b1 C1 dq
as by o dy
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The planes intersect along a straight line D < the system (4.1) is compatible of
rank 2. In this case the equations (4.1) represent the line D = P, N Ps.

The set of all planes passing through the straight line D is called the pencil of
planes determined by Py and Py. The line D is called the azes of the pencil (Fig. 28).

The equation of an arbitrary plane of the pencil is

(4.2) r(arx +biy+c1z +di) + s(agx 4+ boy + coz +do) =0, s,t €R, s> +12 #0,

which also said to be the equation of the pencil.
The set of all planes parallel or coincident to a given plane P; is called a pencil of
parallel planes, whose equations are of the form:

ax+biy+cz+A=0, AeR.
Note that from (4.1) one can deduce easily the equations of the line D = P N P,

in any of the forms studied previously, using the director vector @ = n; X fiz and
Mo(z0, Y0, 20), where (xq,yo, 20) is a particular solution of the system (4.1)

\nx<n, P

P, n,

Fig. 28

5 Orientation of Straight Lines and Planes

5.1. Oriented Straight Lines

An oriented straight line D is a straight line together with a chosen sense of way
along D. Choosing a sense on D is equivalent to choosing a director vector a of D.
We say that the pair (D, a) represents an oriented line.

Any line admits two orientations: the one given by a (or by any vector ka, k > 0)
and the orientation given by —a (or by any vector ka, k < 0). If @ is fixed, we agree
to call the orientation given by a the positive sense on D, and the other the negative
sense on D. For example the coordinate axes Ox, Oy, Oz are oriented by i,j and k
respectively.

The orientation given by a is uniquelly determined by the versor e = There-

a
lal|
fore an oriented straight line may be seen as a pair (D, é), where D is a line and é
one of the two versors of direction D (Fig. 29).

The angles o = £(&,i), 8 = £(&,7), v = L(&,k) are called the director angles of
(D,é), where

€ = cos ai + cos 3] + cos k.
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Fig. 29

The numbers cos «, cos 3, cosy are called the director cosines of (D,€). From
lle]| = 1 follows

cos® a4 cos? 3 + cos?y = 1.

Ife= ﬁ, a = li +mj + nk, then
a
l
cosa = ———— coSf= | coSy=
VI2 4+ m? +n? VI2 4+ m? +n? VI2 4+ m? +n?

5.2. Orientation of a Plane. Semispaces

An oriented plane is a plane together with a choice of a normal vector i.e. a pair
(P,n). Intuitively, a plane has two faces; the face which corresponds to the sense of
a fixed normal vector 7 is denoted by “+7, and the opposite one denoted by “-”. Of
course, a plane may be oriented according to the right hand rule.

Any plane admits two orientations.

Let 7 = ai + bj + ck be a fixed normal vector of P : ax + by + cz + d = 0. Denote
f(z,y,2) =ax + by +cz +d. Then E3 = ST U PUS™ where (Fig. 30)

ST ={(x,y,2)|f(2,y,2) > 0}, S™ = {(x,y,2)|f(x,y,2) <0}

Fig. 30

6 Angles in Space

6.1. The Angle between Two Oriented Lines

If Dy, Dy are two lines oriented by @ = l1i +m1j + nik and b = lai +maj + nok
respectively, the angle of (D1,a) and (Da,b) is the angle 6 = /(a,b), given by (Fig.
31)

(a,b) Iila +mima + ning
lall- 1ol /B +m3+n3-/I3+m3+n3

cosf =

0 € [0, ].
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Fig. 31
Note that -
(1) DlJ_D2<$<fl > 0< lily +mimo +ning =0
—0, Di#Dy

(2) D1||D2 & a X B 0,
h_m_™m poyp,

lg mo U»)
6.2. The Angle between Two Oriented Planes

The dihedral angle of (P;,71) and (P, 79) is the angle of their normals 71, 7o

(Fig. 32)

Fig. 32

Denote this angle by 6. Then
(n1,m2) ajaz +biby + cico 6 € [0, 7],

cosf = =
il -nal - V@ 4R+ E R+ BTd

where n; = a;i + bij + cik, i =1,2.
6.3 The Angle between an Oriented Straight Line and

an Oriented Plane
Let (D, a) be an oriented line and (P,7) an oriented plane (Fig. 33).

[

é

Fig. 33
The angle between (D, a) and (P,7) is the angle ¢ between @ and the projection

of @ onto P. It turns out that 6 + ¢ = 90° where 6 = /(a,n). Then
(a,n) al +bm + cen

sin = cosf = — )
v - 17l ~ Ve + 2 + @ - VE+m2 + 2

D||PorDCP<«(a,n) =0,
SaXxXn=

(an]]
|

D1P &
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7 Distances in Space

7.1. The Distance from a Point to a Straight Line

The distance from a point A to the line D passing through My(zo, yo, 20), and of

director vector a is
a x MyA
a

since d(A; D) = AA’ is the height of a parallelogram constructed on @ and MyA (if
A ¢ D) corresponding to the basis of length ||a||. If A € D, the formula is still true
since d(A4; D) = 0.
7.2. The Distance from a Point to a Plane

Let My(zo,y0,20) and P : ax + by +cz+d =0, My ¢ P (Fig. 34).

Fig. 34

If M, is the projection of My onto P, then d(Mo, P) = ||[My My|.
The collinearity of i = ai + bj + ck and M; My implies cos(ni, My My) =*1. This
means

[(n, My Mo)|
172 - [[ My M|

Then
|(n, M1 My)|  |axo + byo + czo + d|

il R/ ey
The formula still works when My € P, i.e., d(My, P) = 0.

d(Mo, P) = || M1 Mol| =

7.3. The Common Perpendicular of two Noncoplanar Lines

Consider the straight lines D; and D of director vectors a; and as respectively.
D1 and Dy are noncoplanar if and only if D; N Dy = () and a;, as are noncollinear.
In this case there exists a unique straight line D such that D | Dy, D 1 Dy and
DNDy#0, DN Dy # Q. The line D is called the common perpendicular of D1 and
D, (Fig. 35).

Obviously, a director vector of D is n = a1 X as.

Fig. 35
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In order to find out the equations of D we may consider the plane P; determined
by D and Dy, and the plane P, determined by D and Ds; since D = P; N P,, we are
going to use the equations of P; and P, (see Section 4, (4.1)).

For i = 1,2 let M; be an arbitrary fixed point on D;; it turns out that P; is the
plane determined by M; and the noncollinear vectors i and a;. As we have seen at
the end of Section 3, it follows that

Pi:<MiM,dixﬁ>:0, 1=1,2,

where M is the current point of P;.
Consequently, the equations of the common perpendicular are

D- <M1M,EL1X'FL>:0
’ <M2M,(_L2><T_L>:0 ’

where M is the current point of D.

7.4. The Distance between two Straight Lines

Let Dy, Dy be two straight lines. It is known that the number inf{d(M, N)| M €
Dy, N € Dy} is called the the distance between Dy and Dy and it is denoted by
d(Dy, D). It is also known that d(D;, D) may be computed as follows (Fig. 36):

1) if Dy N Dy # 0, then d(Dy, Dy) = 0;

2) if Dq|| D2, pick a point My € Dy; then d(Dy, Dy) = d(My, Ds);

3) if Dy and Dy are noncoplanar, then d(D1,Dy) = d(A,B) = ||AB||, where
{A} = DN Dy, {B} = DN Dy, and D is the common perpendicular of D; and Ds.

Using the equations of D found previously we may compute the coordinates of A
and B for the given lines Dy, Dy. However it is more convenient to regard || AB|| as
the height of a certain parallelepiped in the following way.

Let M7, Ms be arbitrary fixed points on D; and Ds respectively. Consider the
straight line D) passing through M, parallel to Dy. Denote by @1 the plane deter-
mined by Dy and Dj.

Fig. 36

Then Q) is the plane parallel to Dy, passing through Dy, and ||AB|| is the distance
from B to Q1. But d(B,Q1) = d(Ma, Q1) = d(D2,Q1), since Ds||Q1. On the other
hand d(Ma, Q1) is the height of the parallelepiped constructed on the supports of the
vectors M1 Ms, a1, ao, that corresponds to the basis determined by a;, as. Then

MiMs, a1 X ag)

_K
O P = e
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8 Problems

1. Write the equations of a straight line passing through the point A(1, 1, —2) and
parallel to the straight line D.
z—4 y+2 =241
2 3 4

Jr—y—-32+2=0
2)D'{ 20 —y+22—-3=0

1) D:

2. Compute the distance from the point A(1,1,1) to the straight line D.
z—1 y+1 =2z-1

1)D:

2 1 3
) z—y+2z=0
N

3. Write the equation of the plane passing through A(1, 1, —1) and perpendicular
to D.

y—1 z4+1
2 -1

Jr—y=0
Q)D'{ T2 —z+1=0

4. Write the equation of the plane which passes through the point A(0, 1, —1) and
through the straight line D given as follows:

DD:x=4+2t, y=—-2+43t, z=—1+4t;

J22—y+2+1=0
Q)D'{ z+y+z=0.

5. Consider the planes
Pio—2y+2:—7=0,Q:2x—y—224+1=0, R:2x+2y+2—2=0.

1) Show that the planes are pairwise perpendicular.
2) Find the common point of these three planes.
3) Find the distance from A(2,4,7) to the plane P.

6. Determine the projection of the straight line D onto the plane
P:2x+3y+ 4z — 10 = 0, where D is given by:

Jr—y—-32+2=0
1)D'{ % —y+ 22— 3 = 0;

z—4 y+2 z+1

2) D:

2 3 4

r—1 y+2 z+1

D : = = .
3) 3 -2 0

7. Consider the straight lines Dy, Dy of equations
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r Yy =z r—1 y—-1 =z
Dy:-===—=, Dy: =" =_.
17273 TP -1 1
Prove that Dy, D, are noncoplanar, determine the equations of their common

perpendicular, and the distance between Dy and Ds.
8. Write down the equation of the plane P which contains the point A(3,—1,2)

and the line
) 22-y—-32-2=0
rx+3y—z+4=0.
Determine also the distance from A to D.
9. Counsider the point A(1,—2,5) and the plane Q :  + 2y + 2z + 1 = 0. Find the
projection of A onto ), the symmetric of A w.r.t. @, and the distance from A to Q.

10. Given the points A(3,—1,3), B(5,1,—1), C(0,4,—3), determine:
1) the parametric equations of the straight lines AB and AC

2) the angle between AB and AC
3) the distance from A to the straight line BC.

11. If the point M(3,4,2) is the projection of the origin onto the plane P, deter-

mine the equation of P.
12. Determine the parameters A, u such that the planes

P:2x—y+32-1=0,Q:x2+2y—2z+u=0, R:x+ X \y—62+10=0

1) have exactly one common point;

2) have a common straight line;
3) intersect about three parallel and distinct straight lines.

13. Consider the points A(1,3,2), B(—1,2,1), C(0,1,—1), D(2,0,—1), and the
plane P : 2x +y — z — 1 = 0. Which of the given points is on the same side as the

origin, with respect to the plane P?



Chapter 7

Transformations of
Coordinate Systems

Changes of Cartesian frames are related to isometries of R®. Using the group of
isometries of R® we may define in a natural way the congruence of space figures in
E3;. On the other hand, isometries may be described geometrically. It turns out
that the fundamental isometries are: rotation, translation, symmetry w.r.t. a plane,
symmetry w.r.t. a point, and translation. Any isometry is a composite of isometries
listed above.

Rotations and symmetries are called orthogonal transformations and they actually
correspond to linear orthogonal transformations on V3 ~ R?.

As we have seen, any isometry is the product of a translation and an orthogonal
transformation.

Let Z = 7 o R be an isometry determined by the frames F = {O, i,j,k} and
F = jO’; i',j',k'}. The isometry 7T is said to be positive (displacement) if the basis
{i,j, k} has positive orientation, and negative (antidisplacement) otherwise.

Translations and rotations are positive isometries; symmetries are negative isome-
tries.

1 Translations of Cartesian Frames

We say that the Cartesian frame O’z'y’z’ is obtained by the translation of the Carte-
sian frame Owxyz, if the axes of the new frame O’x’'y’2’ are parallel and of the same
sense as the axes of the initial frame (Fig. 37).

The translation 7 is described by:

0'=7(0),7=T(0) =i, j =T(j) =j, K =T (k) = k.

109
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(x,y,2)
M
' y'z")

Fig. 37

If the coordinates of the new origin w.r.t. the initial frame are O’(a,b, ¢), let us
determine now the relationship between the coordinates z,y,z and z’,9’, 2" of the
same point M w.r.t each coordinate system. For, note that OM = OO’ + O'M. In
terms of the basis {7, j, k}, this relation becomes

vi+yj+zk=ai+bj+ck+2i+yi+2k,
thus
r=a"+a,y=9y +b, 2=2"+c

In matrix form we obtain

T a z’ a 1 0 0 '
yl=(b|+|y |=]b|+]0 10 y
z c z c 0 0 1 z

Particular case. A translation in the plane xOy is described by

r=12+a,y=y +b.

2 Rotations of Cartesian Frames

Rotating the Cartesian frame {O;1, j, k} means passing from this frame to a new one
{0; 7,7, k'}, keeping the same origin O and changing the orthonormal basis {3, j, k}
of V3 into another orthonormal basis {#,j’,k’}, such that {’,j,k’'} has positive
orientation. If the coordinates of the new basis vectors w.r.t. the old basis are known
(i.e. the matrix of change is known), then we can express a relationship between the
coordinates x,y,z and z’,y’,2" of the same point M w.r.t each coordinate system.
This is immediate since

OM =zi+yj+zk =21 +y'j + 2k

Denote the matrix of change by R = [a;;] € M3 3(R). Then

(2.1) y |=R| Y
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Since both bases are orthonormal, the linear transformation sending {3, j, k} to {#, j/, k'}
is an orthogonal transformation R of V3 whose associated matrix w.r.t. {i,7,k} is
R. The entries of R can be expressed in terms of inner products of the bases vectors
(see Chapter 1, section 7) as follows

RE) = i = (397 + (0, 3)j + (R, ).
Then

’ _7j>7 a31:<._/a]2:>7

a12 = <]T/a5>a a22 = <.7Tlaj>a agz = < /7k>a

a1z = <]5/7z>’ ag3 = <]5/75>7 ass = <Elvl_€>
Since 7/, j', k' are pairwise orthonormal unit vectors, their coordinates represent
director cosines, which implies that R is an orthogonal matrix, i.e. R!'R = I =
‘RR, or R~! = 'R. (As we mentioned above, it is a general fact that a linear
transformation of a Fuclidean space, which sends an orthonormal basis to another
orthonormal basis, is an orthogonal transformation, therefore its associated matrix
w.r.t. any orthonormal basis is an orthogonal matrix.) An equivalent form of (2.1) is

.

ayp = <Z_/,%> agsy = <

!/

X X
y |='R|y
z z

The positive orientation of {7,7, k} means (i/,j/, k') = 1. But (i,j', k') = det R,
thus R is a rotation.

If we do not impose the positive orientation of the new frame, then the determinant
of the matrix of change can be -1. This is the case of a symmetry, or rotation followed
by a symmetry.

Particular cases.
1) Rotation about the Oz axis. Denote by 6 the rotation angle (Fig. 38).
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Fig. 38

From the figure above it follows that

R(i) =1 =icosO+jsinf

R(j) =37 = —isinb + jcosb

Therefore R is described by

x=1x'cost —y'sinb
R:Q y=ua'sinf+1y'cosb
z2=2.

Obviously, the determinant of the associated matrix is +1, thus R is a positive iso-
metry. In particular, a rotation in the Oy plane, of angle 6 is described by

R x =1a'cosd —y'sind
"l y=2a'sind+ 1y cosb.

The composite of a translation and a rotation is called a roto-translation (Fig.
39). Any roto-translation in the xOy plane is characterized by

R x=a'cosf —y'sinf+a
| y=2a'sinb +y'cosh + b.

%

Fig. 39

2) Symmetry with respect to a plane. Consider the Cartesian frame {O; i,7,k}
and S the symmetry w.r.t. the plane (O;4,j). Then

S(i)=i" =14 8(j) =5 =7; S(k) =k = —k.
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I z
M
of— -
| M
X [
M
Fig. 40

By xi +yj + zk = 2'i +y'j + 2’ k, it follows
/

S:x=2,y=9,2=—z

or in matrix form

x 1 0 0 x’
y | =101 0 y
z 0 0 -1 2

The determinant of S is -1, thus S is a negative isometry.

3 Cylindrical Coordinates

Let Oxyz be a fixed Cartesian system of coordinates in Es. Any point M is uniquelly
determined by its Cartesian coordinates (z,y, z). Denote E; = E3 \ Oz. The point
M is also characterized by the ordered triplet (p, 6, z), where p is the distance from
the origin to the projection M’ of M onto the xOy plane, p = \/22 + y2, and 0 is the
angle of the semilines Ox and OM (Fig. 41).

V4 (Xﬂ Y, Z)
1,“(p, 0,2)
|
|
|

0

| -
y
)
ﬂ\ﬁf
X

Fig. 41
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The numbers p, 6, z are called the cylindrical coordinates of the point M. The
cylindrical coordinates and the Cartesian coordinates of M are related by

x = pcosb
y=psind
z=z.

If we impose p > 0, 6 € [0, 27), then the above relations give a one-to-one correspon-
dence between Ez \ Oz and (0,00) x [0,27) x R.

Coordinate sufaces

p = po : circular cylinder with generator lines parallel to Oz.

0 = 6y: semiplane bounded by Oz.

z = zp: plane parallel to Oy, without the point (0,0, zg).

Coordinate curves

0 = 6y, z = zp: semiline parallel to xOy, with the origin on Oz.

p = po, z = zy: circle whose center is on Oz, contained in a plane parallel to xOy.
0 = 0y, p = po: line parallel to Oz.

The coordinate curves of different types are orthogonal, so the coordinate surfaces
of different types are orthogonal too.

Consider the point M(p, 8, z). The unit vectors €,, €, €. tangent to the coordinate
curves passing through M are pairwise orthogonal. The moving orthonormal frame
{M(p,0,z); €,,€p,€} is called cylindrical frame (Fig. 42)

Fig. 42

The change from the Cartesian frame {O; i, j, k} to the cylindrical frame
{M(p,0,z); €,,€9,€,} is described by

e, = cos@f—l—sin@j B
eg = —sinbi+cosfy
e, =k.

These formulas are based on the rule which gives the components of a vector w.r.t. an
orthonormal basis as projections of that vector onto the basis vectors. For example

€y = (€p,1)i + (€p,7)] + (€p, k)k = cos 0 + sin 6 j.
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4 Spherical Coordinates

Sometimes it is convenient to characterize the position of a point M € E5 = E3\ Oz
using the ordered triplet (r,p,6), where r represents the distance d(O, M), 6 is the
angle of the semilines Ox and OM’, and ¢ is the angle between Oz and OM. M’
denotes the projection of M onto xOy (Fig. 43).

z
(x,y,2)
M(r7 (p, e)

Fig. 43

The numbers r, ¢, 0 are called the spherical coordinates of the point M. The
Cartesian and the spherical coordinates of M are related by

T =Trsinpcosb
y=rsingsind
Z = Z oS p.

These formulas provide a one-to-one correspondence between the sets Es3\ Oz and
(0,00) x (0,7) x [0, 27).

Coordinate sufaces

r = rq : sphere of radius r, center at O, without the north and the south poles.

0 = 6y: semiplane bounded by Oz.

© = po: semicone without vertex (the origin).

Coordinate curves

0 =6y, ¢ = po: semiline with origin at O.

r =19, © = Po: circle whose center is on Oz, contained in a plane parallel to zOy.

0 = 6y, r = ro: open semicircle.

The coordinate curves of different types are orthogonal, so the coordinate surfaces
of different types are orthogonal too.

Consider the point M (r, 6, ¢). The unit vectors é,, €, &g tangent to the coordinate
curves passing through M are pairwise orthogonal. The moving orthonormal frame
{M(r,¢,0); é,€,, 89} is called spherical frame (Fig.44).
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Fig. 44

The change from the Cartesian frame {O; i, j, k} to the spherical frame
{M(r,¢,0); é&,€,,€} is described by

ér = sinpcos0i+ sinpsind j +cospk
ey =cospcosfi+cospsingj—sinpk
eg = —sinbi+ cosfj.

5 Problems

1. If the spherical coordinates of a point are r = 5, § = 60°, ¢ = 45°, determine
its cylindrical coordinates and its Cartesian coordinates.

2. Express the cylindrical coordinates of an arbitrary point in terms of its spherical
coordinates.

3. Express the spherical coordinates of an arbitrary point in terms of its cylindrical
coordinates.

4. Determine the change of coordinates formulas for the following transformation:
O = O’; the Oz’ axis is contained in the Oy plane, and the angle (as oriented straight
lines) between Oz’ and Oz is acute; the Oz’ axis has the same direction and the same
sense as the vector ¥ = 2i+ j + 2k; the Oy’ axis is such that the new Cartesian system
Oz'y' 2’ has positive orientation.

5. Cousider the Cartesian frame Ozyz, and the the points A(3,0,0), B(0,2,0),
C(0,0,6). After a rotation we obtain the Cartesian frame Oz’y’z’ such that: Oz’ has
the direction and sense of the height OO’ of the tetrahedron OABC; Oy’ is parallel
to O’ A’, where A’ is the orthogonal projection of A onto (ABC), and the Oz’ axis is
such that the the system O’z'y’z’ has positive orientation.

Write the matrix of the rotation and determine its invariant direction (its real
1-dimensional eigenspace).

6. Let D be a straight line of equations

rx—2 y+1 =z-3

D: 5 il —5

Let i’ be the unit director vector of D (choose a sense on D). Let j' be a versor
contained in yOz and perpendicular on D, and the versor k' such that {¢/,j’, k'} is
an orthonormal basis.
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Find out the change of basis formulas and compare the orientations of the two
frames.

7. Consider three points given by their cylindrical coordinates:

T 47 5

A(5,=,4), B(7, —,—2 2, —,-1).
(5. 5.4), B(T, 5 ~2), C(2. 1)

Show that A and B belong to a plane passing through Oz; determine the Cartesian
coordinates of A and C, and the distance d(A, C).

8. Write the following equations in spherical coordinates.

(332 _|_y2 +22)2 — 3(%2 _|_y2); (532 +y2 4 Z2)2($2 +y2) — 4$2y2.
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Exam Samples

I1.

ITI.

1. Scalar product and vector product of free vectors.

. Eigenvalues and eigenvectors; characteristic polynomial.

. Determine the equation of the plane equidistant from

v-1_y+l_=2 o _y _=2-1

D
- ~1 1’ 2 1 1

. Find the canonical form of z1x9 + zox3 + T327.

. Bases and dimension.

. Prove the identity

Ql
Ql

3

(
(

)
)

(@,
(

j=all

(axl_),éx_>:‘

ISl

S
Ol

)

. Determine the canonical form of the matrix

5 —6 —6
-1 4 2
3 -6 —4

2. Choose the basis {1, z, 22, 23} in the vector space Vof all real polynomials of de-
gree < 3. Let D denote the differentation operator and 7 : V. — V, T (p)(x) = ap’(x).
Determine the matrix of each of the following linear transformations: D,7,D7,7D.
Find the eigenvalues and eigenvectors of 7.

3. Let V be the real vector space of all polynomials of order < 2 and

Alz,y) = /O 1 /O 1 (t)y(s)dtds.
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Show that A is a bilinear form which is symmetric and positive semidefinite. Find
the matrix of A with respect to the basis {1,t,¢%}.

IV.

1. Euclidean vector spaces.

2. Show that if the vector b is perpendicular to ¢, then (@ x b) x ¢ = b(a, ¢).
Give sufficient conditions for the orthogonality of (@ x b) x ¢ and ¢.

3. Let V be the vector space of all real polynomials p(z) of degree < n. Define
T:V >V, T(p)=q,q(t) =p(t+1). Determine the eigenvalues and the eigenvectors
of T.

V.

1. Linear transformations: general properties, kernel and image.

2. Show that the area of a figure F' contained in the plane P : z = pr +qy +1 and
the area of its projection F' onto the Oy plane are related by

(F)=+/1+p>+¢*S(F).

3. Show that (f,g) / f(t)g(t)dt is a scalar product on the real vector of all

continuous functions on

VI

1. Scalar product and mixed product of free vectors.

2. Let V and W be vector spaces, each of dimension 2, and {e;,es} a basis in
Vand {f1, fo} abasisin W. Let 7 : V. — W, T (e; +e3) = 3f1 +9f2, 7 (3e1 +2e3) =
7f14 23 f2, be a linear transformation. Compute 7 (e3 —e;) and determine the nullity
and rank of 7. Determine 7 1.

3. Determine an orthogonal matrix C' which reduces the quadratic form Q(z) =
223 + 4179 + 523 to a diagonal form.

VII.

1. The matrix of a linear transformation. Particular endomorphisms.

2. Find the equation of the plane P passing through the point (1,1,1), which is
perpendicular to the planes Q1 : x +y+2+1=0, Q2 : z —y + z = 0. Using the
normal vectors of P, Q1,2 and the Gram-Schmidt procedure, find an orthonormal
basis of R?.

3. Determine the canonical form of

Q(x) = 33:% — 51:% — 730% — 8129 + 8x213.
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VIII.

1. Free vectors: collinearity, coplanarity.

2. Let V be the vector space of all continuous functions on (—o0, 00) and such that
the integral / f(t)dt exists for all z. Define 7 : V. — V,g=T(f), g(x) = / f(t)dt.

Prove that every positive real number A is an eigenvalue for 7 and determine the
eigenfunctions corresponding to A.

3. Let Q : R® - R, Q(x) = z122 + 223 + x321. Determine the canonical form

of @ and the image of
xp—1 Ty T3

D:

1 -1 2
by Q.

IX.

1. Vectors spaces. Vector subspaces.

2. Let T : C* — C? be represented by the matrix

u KB —14 2
Vi V2

b 1+ 1—2
V4 V12

. 71 2—1

V4

Determine a, b and ¢ so that 7 is unitary (for C? with the usual inner product).

8

3. Find the projection of

onto
P:iz+y+2=0

and the symmetric of P with respect to D.

X.

1. The spectrum of endomorphisms on Euclidean spaces.

2. Determine the relation between a, b, ¢, d, «v, 3,7, d, A, p such that the three planes
ar+by+cz+d=0,ax+ Ly+vz+0=0, Aazx + by + cz) + plaz + Py +vz) =0
have no points in common.

3. Let {x,y} be a linearly independent set in a Euclidean space V.
Define f: R — R by f(a) = ||z — ay]|.
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(a) Where does f take on its minimum value ?
(b) Give a geometric interpretation of (a). What happens if f: C — R 7

XI.

1. Diagonal form of an endomorphism.

2. Let P:x+y—2z = 0. Find the equation of the plane ) symmetric to P about
20y (about the origin O).

3. Let A:R*xR* > R,

A(x,y) = 1y2 — Zay1 + T1Y3 — T3Y1 + T1Ya — Tay1 + Taya.

Find the matrix of A with respect to the basis f; = (1,1,0,0), fo = (0,1,1,0),
f3 = (0717()’ 1)7 f4 = (1a05071)

XII.

1. Basic facts on straight lines and planes.

2. Let P, denote the space of all polynomials in t of degree at most 3. Find the
dx

ith respect
ar ) v P

d
matrix representation of 7 : Py — Py, y =Tz, y(t) = 7 ((t2 -1)

3 15 3
to the basis B={ 1,t, =t — =, =3 — =¢ }.
o the basis {,,2 22 2}

3. Let V consist of all infinite sequences = {z,,} of real numbers for which
the series > 22 converges. Define (x,y) = > ,y,. Prove that this series converges
1
absolutely and (z,y) is a scalar product. Compute (z,y) if z, = — and y,, = R
n n

XIII.

1. Quadratic forms.

2. Let @, b, ¢ € V3 such that b perpendicular to ¢. Show that (@ x b) x & = b(a, ¢).

3. Let V = C[0,T] and define (Pz)(t) = 2(0)(1 —¢t), for 0 <t < T. Show that P
is a projection and determine the range of P.

XIV.

1. Polar, cylindrical and spherical coordinates.
2. Consider the linear transformation 7 : V. — V given by y = 7z, where
2T
y(t) = / 2(0)4 cos 2(t — s)ds, and V = L{1, cos s, cos 2s, sin s, sin 2s}.
0

(a) Express 7 as a matrix.
(b) Is T one-to-one ?
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(¢) Does it map V onto itself ?

3. Let V be the vector space of all real-valued functions defined on the real line.
Which of the subsets {1, e%*, ze?*}, {1,cos 2z, sin®z} is linearly independent in V?
Compute the dimension of the subspace spanned by each subset.

XV.

1. Equations of a straight line.

2. Let V = Ly[—m,w],and Vi = L(A;), Vo = L(Az), where A; = {1,cost,cos2t,. ..},
Ay = {sint,sin2¢,...}. Show that Aj, Ay are linearly independent, and the sum of
V7 and V5 is direct.

3. LetT: V>V, g=T(f), g(z) = /7r (14 cos(z —t))f(t)dt. Find a basis for

TV). o
(a) Determine the kernel of 7.
(b) Find the eigenvalues of 7.

XVI.

1. Equation of a plane in space.

2. Let 'V be the real vector space of all functions of the form z(¢) = a cos(wt + ¢),
where w is fixed. Show that B = {coswt,sinwt} is a basis of V. Give examples of
linear transformations on V.

3. Let V be the real Euclidean space of real polynomial functions on [-1,1]. Deter-
mine which of the following linear transformations is symmetric or skew symmetric:

T(f)(x) = f(=x), T(f)(x) = f(z) + f(=2), T(f)(z) = f(z) - f(-)

XVII.

1. Transformations of Cartesian frames.

2. Let V denote the real vector space of all polynomials in ¢, of degree at most

d
four, and define 7 : V — V by 7 = D? 4+ 2D + I, where Dz = d—j (differential

operator).
(a) Represent 7 by a matrix T w.r.t. the basis {1,¢,¢%,¢3,t1}.
(b) Represent 72 by a matrix.
3. Let ¢z = (z1,...,2n), ¥y = (Y1,-.-,Yn) € R". Find out whether (x,y) =

n

n n
Z Z; Z yj, (z,y) = Z x;y;| are scalar products or not. When (z, y) is not a scalar
i=1  y=1 i=1
product, point out the axioms which are not fulfilled.

XVIII.

1. Jordan form of an endomorphism.
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2. What is the locus of points with the property that the ratio of distances to two
given planes is constant?

3. In the linear space of all real polynomials, with scalar product (z,y) =
0
/ x(t)y(t)dt, let x,(t) = t" for n = 0,1,2,.... Prove that the functions yo(t) = 1,
1

y1(t) = V3(2t — 1), ya(t) = V/5(6t> — 6t + 1) form an orthonormal set spanning the
same subspace as {xg, z1, 22}

XIX.

1. Free vectors: addition, multiplication of a vector by a scalar.
2. Let V be the vector space of all continuous functions defined on (—o0, ), and

such that the integral / tf(t)dt exists for all real numbers z. Define 7 : V — V|
9= T(). 9le) = |

x

tf(t)dt. Prove that every negative A is a proper value for 7
o0
and determine the eigenvectors corresponding to .
3. Determine the signature of the quadratic form
Q(z) = 32?2 — 5a2 + 12 — 2x115 + 2023,
XX.
1. Linear transformations on Euclidean spaces.

2. Show that the locus of points equidistant from three pairwise non-parallel
planes is a straight line.

3. Show that the quadratic forms
Q(z) = 327 + 423 + 523 + 4oy xo — daoxs,

Qx) = 2%? + 51‘% + 5x§ + 4x1x0 — 4123 — 8X0223

are positive definite.

XXI.

1. Isometries.

2. Write the equations of the straight line D passing through the point (1,1,1)
and parallel to the planes P:z—y+2 =0, @ : x + 2y — z = 0. Find the points of P
which are at the distance 2 from D.

3. Define 7 : C? — C? by

HEEIEE
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where a, b, ¢,d are complex numbers. Determine necessary and sufficient conditions
on a,b,c,d such that 7 is self-adjoint, or unitary.

XXII.

1. Polynomials of matrices. Functions of matrices.
2. Find out the angles between the coordinate axes and the plane P : x+y+2z = 0.
z y—-1 =z

Determine the symmetric of P with respect to the line D : 1 =71

3. Let x,y be vectors in a Euclidean space Vand assume that
Az + (L= Nyl = [lzll, vAel0,1].

Show that x = y.

XXIII.
1. Orthogonality. The Gram-Schmidt orthogonalization procedure.

2. Prove that: if the vectors a and b are perpendicular to the vector ¢, then
(@ x b) x ¢ = 0. Give sufficient conditions for the collinearity of (@ x b) x ¢ and ¢.

3. Find the canonical form of 7 : R®* — R?,

7T 4 -1
T = 4 7 -1
-4 -4 4

XXIV.

1. Linear dependence and independence.
2. Find the angles between the coordinate planes and the straight line

x—1 'y 242

D: == =
1 —2 -1

Determine the equations of the symmetric of D with respect to the plane

P:z4+y+2=0.

3. Determine the canonical form of 7 : R® — R? given by

0 -1 0
T = 0 0 1
-1 -3 3
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XXV.

1. Bilinear forms.

2. Prove that the straight lines joining the mid-points of the opposite edges of a
tetrahedron intersect at one point. Express the coordinates of this point in terms of
the coordinates of the vertices of the tetrahedron.

3. Show that the set of all functions x,(t) = €™, n = 0,1,2,... is linearly
independent in Lz[0, 27].

XXVI.

1. Eigenvalues and eigenvectors of an endomorphism.

2. Given the point A(0,1,2) and the line

Jx+y=0
D'{ rz+2z+1=0,

detemine the symmetric of A with respect to D and the symmetric of D w.r.t. A.

3. Let Q : R®* - R,
Q(z) = 4a? + 22 + 93:% 4+ 4x129 — 122123 — 62923

Reduce @ to the canonical expression using the eigenvalues method; determine
the corresponding basis.
Use another method of reduction to the canonical form and check the inertia law.

XXVII.

1. The common perpendicular of two noncoplanar straight lines. The distance
between two noncoplanar straight lines.

2. Consider the real vector space V.= C*(R) and D : V — V, D(f) = [
Find the eigenvalues and the eigenvectors of D. Is A = 2 an eigenvalue? What is the
dimension of S(2)?

3. Let 7 : Ro[X] — Ry[X] be a linear map such that
TA+X) =X, T(X+X)=1-X, TU+ X +X?) =X + X2

Find the matrix associated to 7 w.r.t. canonical basis of Ry[X]. Determine the
dimension and a basis for each of Ker(7) and Im(7T).

XXVIII.

1. Endomorphisms of Euclidean vector spaces.

2. Consider v = (14,-3,—6) € R* and S = {v;, vy, v3}, where v; = (—3,0,7),
vy = (1,4, 3), v3 = (2,2, —2). Determine the orthogonal projection w of v on Span S
and the vector w.
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3. Let 7 : R®> — R? be an endomorphism, and

4 6 0
T=|-3 -5 0
-3 -6 1

the matrix of 7 w.r.t. the canonical basis. Find the diagonal form of 7 and the
corresponding basis. Is 7 injective? Is 7 surjective?

XXIX.

1. The vector space of free vectors: mixed product - properties, geometric inter-
pretation.

2. Let 7 : R® — R?® be an endomorphism such that 7(1,0,0) = (3,1,0),
7(0,0,1) = (1,2,0), KerT = {(a,2a,3a)|a € R}. Determine a basis for Ker T
and Im 7T respectively; determine also the matrix of 7 w.r.t. the canonical basis.

3. Given

1 -1 -2
A=1| -1 3 -1/,
-2 -1 1

find the canonical expression of the quadratic form Q : R® — R, Q(xr) = X AX and
the correspoding change of coordinates.

XXX.

1. Matrix polynomials.

2. Consider the vectors v = (3,2,—1), v2 = (1,—-2,1), v3 = (1,0, 2). Prove that
there exists a unique linear form f : R® — R such that f(vy) = 5, f(v2) = —3,
f(vs) = 6. Write f(z) in terms of the components of z, for z arbitrary in R?, and
determine an orthonormal basis of Ker f. Is Im f a proper subspace of R?

3. Let M(1,—2,5) and Q : = + 2y + 2z + 1 = 0. Determine the projection of the
point M onto the plane @, the symmetric of M w.r.t. @, the distance from M to @,
and the symmetric of Q w.r.t. M.

XXXI.

1. Bilinear forms.

2. Use the Cayley-Hamilton theorem to determine the inverse of the matrix

and the value of the matrix polynomial R(A) = A% + 342 — 84 — 271I.
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3. Let V = 00[0,27'('], S = {fo,fl, .. .,fk .. } C V, where fo(l‘) =1, fgn_l(l‘) =
cosnz, fon(z) =sinnz, n € N*, z € [0, 7).
Prove that S is linearly independent and determine an orthonormal basis of

Span S.

XXXII.

1. Quadratic forms.

2. If @, b, ¢ € V3 are noncoplanar vectors such that (@, b) # 0, show that

does not depend on a, b, é.

3. Determine the eigenvalues and the eigenvectors of the linear transformation
7:R® — R?, T(z) = (1 — 229 — 3, —T1 + T2 + X3,T1 — X3).
(a) Is T diagonalizable? (b) Find orthonormal bases in Ker7 and Im7T.

XXXIII.

1. Kernel and image of a linear transformation.

2. Given the vectors

a=i—aj+3k, b=ai—j+k c=31+j—k,

find the value of a € R such that a, b, ¢ are coplanar.

For a = 2, determine the altitude of the parallelipiped constructed on some repre-
sentatives with common origin of the vectors a, b, ¢, corresponding to the base whose
sides are the representatives of @ and b.

3. Let
4 2 —6
T = 2 1 -3
-6 -3 9

be the matrix associated to the endomorphism 7 : R* — R?® w.r.t. the canonical
basis of R.

(a) Find out whether 7 admits a Jordan form or not.

(b) Compute 7", n € N*.

(¢) Is T an injective endomorphism?

XXXIV.
1. Collinearity and coplanarity in Vj.
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2. (a) Write the analytic expression of the bilinear form A : R* x R® — R, if the

associated matrix w.r.t. the canonical basis is

1 2 -1
A=| -1 2 3
3 0 1

(b) Is A a symmetric bilinear form?
(¢) Let Q : R® — R be a quadratic form,

Q(x) = 22 + 823 + 22 + 162129 + 4a 173 + 4013,
Determine the canonical form of @

and the corresponding basis, using Jacobi’s
method.

3. Prove that the straight lines

z
Dy: < = =3
17

—18
<

z

-1 —_
DQZ:L' *y

2 -1 1

are noncoplanar, determine the equations of their common perpendicular and the

distance between D and Ds.

XXXV.

1. Linear dependence. Linear independence.

2. Consider the straight line D and the plane P of equations

P:x—2y+2=0.
(a) Find the projection of D onto P.

and an orthonormal basis of P.

(b) If D and P are viewed as vector subspaces of R?, determine D + P, DN P

3. Given the matrix

A:

S O =
[eoll \ ]
w o

use the Cayley - Hamilton theorem in order to:

(a) write A™! as a polynomial of degree 2 in A;
(b) show that

@"=1)/2
0

1
A= 0 27
0 0 3"
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