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Introduction

These notes are for a graduate course in linear algebra. It is assumed
that the reader has already studied matrix algebra or linear algebra, how-
ever, these notes are completely self-contained. The material is developed
completely from scratch, but at a faster pace than a beginning linear algebra
course. Less motivation is presented than in a beginning course. For exam-
ple, it is assumed that the reader knows that vector spaces are important
to study, even though many details about vector spaces might have been
forgotten from an earlier course.

I have tried to present material efficiently without sacrificing any of the de-
tails. Examples are often given after stating definitions or proving theorems,
instead of beforehand. There are many occasions when a second method or
approach to a result is useful to see. I have often given a second approach
in the text or in the exercises. I try to emphasize a basis-free approach to
results in this text. Mathematically this is often the best approach, but ped-
agogically this is not always the best route to follow. For this reason, I have
often indicated a second approach, either in the text or in the exercises, that
uses a basis in order to make results more clear.

Linear algebra is most conveniently developed over an arbitrary field k.
For readers not comfortable with such generality, very little is lost if one
always thinks of k as the field of real numbers R, or the field of complex
numbers C. It will be clearly pointed out in the text if particular properties
of a field are used or assumed.



Chapter 1

Vector Spaces

1.1 Basics of Vector Spaces

We begin by giving the definition of a vector space and deriving the most
basic properties. They are fundamental to all that follows. The main result
of this chapter is that all finitely generated vector spaces have a basis and
that any two bases of a vector space have the same cardinality. On the
way to proving this result, we introduce the concept of subspaces, linear
combinations of vectors, and linearly independent vectors. These results
lead to the concept of the dimension of a vector space. We close the chapter
with a brief discussion of direct sums of vector spaces.

Let k denote an arbitrary field. We begin with the definition of a vec-
tor space. Example 1 (just after Proposition 1.2) gives the most important
example of a vector space.

Definition 1.1. A vector space V' over a field k is a nonempty set V together
with two binary operations, called addition and scalar multiplication, which
satisfy the following ten axioms.

1. Addition is given by a function

VxV —= V
(v,w) — v+ w.

2. v+w=w+v forallv,w e V.

3. (v+w)+z=v+(w+z) for allv,w,z € V.
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4. There exists an element 0 € V' such that v+ 0=wv for allv e V.
5. Giwen v €V, there exists w € V' such that v+ w = 0.

6. Scalar multiplication is given by a function

ExV — V

(a,v) — av.
7. a(v+w) = av+ aw for alla € k, v,w, € V.
8 (a+bv=av+bv foralla,bek, veV.
9. a(bv) = (ab)v for alla, b€k, veV.

10. lv = v for allv € V, where 1 is the multiplicative identity of k.

Axioms (1)-(5) state that V' is an abelian group under the operation of
addition. The following result gives some simple consequences of axioms

(1)-(5).

Proposition 1.2. The following statements hold in a vector space V.
1. The element 0 in aziom (4) is uniquely determined.
2. (Cancellation property) If v,y,z € V and y+v =z + v, then y = z.
3. The element w in azxiom (5) is uniquely determined.

Proof. 1. Suppose 0; and 0y are elements in V' that satisfy axiom (4).
Then axioms (4) and (2) give 0; = 0; 4+ 03 = 02 + 07 = 0.

2. Assume v+w =0. Theny=y+0=y+ v+w)=(y+v)+w=
z+v)+w=z4+@Ww+w)=2+0==z

3. If v+ wy; =0 = v+ we, then w; = wy by (2). O

The notation “—v” will stand for the unique element w in axiom (5).
Thus, v + (—v) = 0. The notation “v 4+ (—w)” is usually shortened to

13 b
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Example 1. This is the most basic and most important example of a vector
space. Let n > 1, n an integer. Let

K™ = {(ay, ..., an)|a; € kY,

the set of all n-tuples of elements of k. Two elements (ay,...,a,) and
(by,...b,) are equal if and only if a; = by,...,a, = b,. Define addition
and scalar multiplication by

(&1,...,an)+<b1,...,bn):(a1+b1,...,an+bn)
and

clay,...,a,) = (cay,...,cap).

Then k™ is a vector space under these two operations. The zero element
of k™ is (0,...,0) and —(a1,...,a,) = (—ay,...,—a,). Check that axioms
(1)-(10) are valid and conclude that k™ is a vector space over k (Exercise

1).
We will show in Proposition 2.8 that every finitely generated vector space
over k is isomorphic to k™ for some n. This is why Example 1 is so important.

Proposition 1.3. The following computations are valid in a vector space V
over k.

1. 0v =0 for allv € V. (Note that the first ‘07 lies in k and the second
“0” liesin'V.)

a0 =0 for all a € k.
a(—v) = —(av) for alla € k,v e V.
—v = (=1)v, for allv e V.

Ifacek,a#0,veV, and av =0, then v = 0.

S v e e

If ayvi+- - +ayv, = 0,a1 # 0, then vy = (—ag/ay)va+- - -+ (—a,/a1)vy,.

Proof. 1. 0u4+0=0v = (04 0)v = Ov + 0v, so 0 = Ov by the cancellation
property (Proposition 1.2(2)).

2.a04+0 = a0 = a(0 4+ 0) = a0 + a0, so 0 = a0 by the cancellation
property.



3. a(—v) +av = a(—v +v) = a0 = 0, by (2). Since —(av) + av = 0 by
axiom (5), we have a(—v) = —(av) by Proposition 1.2(3).

4. (-w+v=(-1v+1lv=(-1+1)v=00=0, and so (—1)v = —v by
Proposition 1.2(3).

5. v=1v=((1/a)-a)v = (1/a)(av) = (1/a)(0) = 0, by (2).

6. a1v; = —(agva+- - ayvy) = (—=1)(agva+- - - ayvy,) = —agUy — -+ - — ayUy,
which gives
vy =1-v1=((1/a1) - a1)vy = (1/a1)(a1v1) = (1/aq)(—agve — - - - — a,vy)
= (—az/ar)va + -+ + (—an/ar)vy. 0

Definition 1.4. A subset W of a vector space V' is a subspace of V if W C V
and W is a vector space over k with respect to the operations of V. W is a
proper subspace of V if W is a subspace of V and W C V.

Example 2. {0} and V are subspaces of V.

We will use the following convention. The subspace of V' consisting of
only the vector 0 will be written (0). A set consisting of only the zero vector
will be written {0}. Although the difference is small, it is useful to distinguish
the two notions.

Proposition 1.5. Let W be a nonempty subset of a vector space V' over k.
Then W is a subspace of V' if and only if the following two statements hold.

1. Ifvywe W, thenv+weW.

2. Ifa € k,veW, then av € W.

Proof. If W is a subspace of V', then (1) and (2) hold because of axioms (1)
and (6). Now suppose that (1) and (2) hold. Let v € W (W is nonempty).
Then 0 = 0v € W and —v = (—1)v € W by (2). Now it is easy to check that
axioms (1)-(10) hold in W. (Most of the axioms are obvious since they are
already valid in V.) O

Definition 1.6. Let S be a nonempty subset of V. A linear combination of
elements of S is an expression )y ¢ a,v,a, € k, where only finitely many of
the a,’s are nonzero. (It is often convenient to think of a linear combination
as a finite sum Z?Zl a;v; where vy, ..., v, are distinct elements of S). A
nontrivial linear combination of elements of S is a linear combination as
above in which at least one of the coefficients a, is nonzero.
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Let W be the set of all linear combinations of elements of S. Then W is

a subspace of V' by Proposition 1.5, since if ) _sa,v, Y .ob,v € W, and
c € k, then
Z%U + vav = Z(av +b,)veW
veS veS veS
and
CZCLUU = Z(C%)U eW.
vES vES

The set W is called the subspace generated by .S, or spanned by S, and we
write W = (5).

Definition 1.7.

1. A wvector space V is finitely generated if V' = (S) for some finite subset
S of V.

2. A subset S of V is linearly independent over k if every equation
Yo av; = 0, where a; € k and {vi,...,v,} are distinct elements
of S, implies that a; = 0,1 < ¢ < n. In this situation, one also says
that the elements of S are linearly independent over k.

3. A subset S of V is linearly dependent over k if S is not linearly in-

dependent over k. That is, there exist distinct elements vy,...,v, in
S, elements ay, ..., a, € k, and an equation Y ;_, a;v; = 0 where some
a; # 0.

4. A subset S of V is a basis of V if S is a linearly independent subset of
Voand V = (S).

The following convention is used. If S = (), the empty set, then (S) = (0).
The empty set is a linearly independent set.

Example 3. Let k™ be the vector space defined in Example 1. Let e; =
(1,0,...,0), e = (0,1,0,...,0), ..., e, = (0,...,0,1). Thus e; is the n-
tuple with zero in each coordinate except for a one in the i coordinate.
Then {ey,...,e,} is a basis of k(™ (Exercise 2). This basis is called the
standard basis of k™.

Here are two more examples of vector spaces over a field £ that are useful
to remember.



Example 4. Let k(>) denote the set of all sequences (ay,as,as,...) with
each a; € k. Then k() is a vector space where addition is performed coor-
dinatewise and c(ay, as, as, ...) = (cay, cag, cas, . ..).

Example 5. Let k() denote the set of all sequences (ay,as,as,...) with
each a; € k such that only finitely many of the a;’s are nonzero. Then k()
is a subspace of k(‘x’)._

Here is a basis of k() that is easy to describe. Let e; = (0,...,0,1,0,...),
where the i" coordinate is 1 and every other coordinate is zero. Then e, =
{e1, €9, €3,...}1s a basis of k(> called the standard basis of k(). (The vector

space k(> also has a basis but it is not so easy to describe.)

Proposition 1.8. The following statements are equivalent for a nonempty
set S.

1. S is a basis of V.

2. FEvery element of V' can be written uniquely as a linear combination
Y ves G, Gy € K.

Proof. (1) = (2). Since V' = (S), each element v € V can be written as a
linear combination as in (2) and the uniqueness follows from Exercise 10.
(2) = (1). The hypothesis in (2) implies that V' = (S). Suppose that
Y peg v = 0. Since 0 = Y, 0v, the uniqueness part of (2) implies a, = 0
for all v € S. This shows S is a linearly independent subset and so S is a
basis of V. O

Theorem 1.9. Let V' be a vector space over k and let V. = (T') for some
nonempty finite subset T of V. Let S be a subset of T that is linearly inde-
pendent. Then there exists a basis B of V such that S C B C T.

Proof. Since T is finite, there is a maximal subset B of T containing S that
is linearly independent over k. Let W = (B). If W # V| then there exists
some x € T such that x ¢ W (since if 7' C W, then V = (T') C W). Then
B C BU{z} and so the maximality of B implies that B U {z} is a linearly
dependent set. It follows that x € (B) = W, a contradiction. (See Exercise
13 ). Therefore, W =V and B is a basis of V. O]

Theorem 1.9 also holds if 7" is an infinite set. The proof is similar but
requires the use of Zorn’s Lemma.



Corollary 1.10. Let V be a finitely generated vector space.
1. 'V has a basis.

2. Fvery finite linearly independent subset of V' can be extended to a basis

of V.
3. Fvery finite generating set of V' contains a basis of V.

Proof. Suppose that V' = (T') for some finite set T. Let S equal the empty
set and apply Theorem 1.9 to conclude that there exists a basis B of V' such
that S C B C T. This proves (1) and (3).

To prove (2), let S be a finite linearly independent subset of V. Then
SUT is a finite set, S C SUT, and V = (SUT). Theorem 1.9. implies that
V has a basis B such that S € B C SUT. Thus S has been extended to a
basis of V. This proves (2). O

Corollary 1.10 also holds for vector spaces that are not finitely generated.
The proof uses the general case of Theorem 1.9.

Lemma 1.11 (Replacement Lemma). Suppose {v1,...,v,} is a basis of V.
Let w € V, ¢1,...,¢n € k, and suppose that w = civ1 + « -+ + CpUm with
c1 #0. Then {w,vq,...,vn} is a basis of V.

Proof. Since v; = ¢ (W —cova — - — V) € (W, Ve, ..., vy, ), it follows that
(w,vg,...,v,m) =V. (See exercise 11.)

Now suppose that ayw + asvy + - - - 4+ apv, = 0, with each a; € k. Then
arcvr + Yoo (are; + a;)v; = 0. Since {v1, ..., vy} is a linearly independent
set, we have that a;c; = 0. Thus a; = 0 because ¢; # 0. This gives asvy +
oo+ apmvy, = 0. We conclude from the linear independence of {vs, ..., v,,}
that a; = 0 for 2 < ¢ < m. Therefore {w, vy, ...,v,,} is a linearly independent
set, and so {w, vy, ..., vy} is a basis of V. O

Theorem 1.12. Any two bases of a vector space V' have the same cardinality.

Proof. We shall assume that V is finitely generated. The case when V' is not
finitely generated will not be needed.

Since V' is finitely generated, V' contains a finite basis {vy,...,v,,} by
Theorem 1.9. Thus, V = (vq,...,v). Let wy,...,w, be any elements of V'
that are linearly independent over k. We will show that n < m. Assuming
this has been done, we may conclude that any other basis of V' has at most
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m elements. If a second basis of V' has [ elements, [ < m, then the symmetry
of this argument lets us conclude that m < [ also. Thus, any basis of V' has
exactly m elements.

It remains to show that n < m. Suppose that n > m. Since V =
(U1, ..., V), we have wy = civ1 4+ + Cpom, ¢; € k. As wy # 0 (see Exercise
9), we may relabel the v;’s to assume that ¢; # 0. Then {wy,vs,...,v,} is a
basis of V' by Lemma 1.11. Suppose by induction, and after relabeling, that
{wy, ..., Wr Vg1, ..., Uy} is a basis of V', 1 <7 < m. Then

Wrp1 = QW1 + -+ GWr + Crp1Upg1 + -+ CpUn, G € K.

Now ¢q41, ..., ¢, cannot all equal zero since wy, ..., w, 1 are linearly inde-
pendent over k. Thus, we may relabel to assume that ¢, # 0. Lemma 1.11
implies that {wq,...,w,11,Vr49,...,0,} is a basis of V. Since n > m, we
may continue this process and conclude that {wy,...,w,,} is a basis of V.
Then {wy, ..., wns1} would be a linearly dependent set, since w41 would
be contained in V' = (wy,...,w,,). This is impossible since {wy,...,w,} is
a linearly independent set. Therefore n < m and the proof is complete. [

Definition 1.13. The dimension of a finitely generated vector space V' over
k is the number m of elements in any, and hence all, bases of V. This is
written dimg V = m.

If V"= (0), then dimy V' = 0 since the cardinality of the empty set equals
zero. If there is no confusion, we will usually write dim V' instead of dimy V.
It follows from Exercise 2 that dim (k™) = n.

Proposition 1.14. Let S = {vy,...,v,} and assume that dimV = n. The
following statements are equivalent.

1. S is a basis of V.
2. S is a linearly independent set.
3. V.=(S). That is, V is spanned by S.

Proof. (1) = (2) is obvious.

(2) = (3). Extend S to a basis T of V using Corollary 1.10. Since |T'| = n
by Theorem 1.12, it follows S =T and V = (S).

(3) = (1). Use Corollary 1.10 to choose R C S such that R is a basis of
V. Again, |R| = n by Theorem 1.12 so R = S and it follows that S is a basis
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The intersection of two subspaces of V' is another subspace of V. (See
Exercise 4.) The sum of two subspaces of a vector space V is defined in
Exercise 6 and is shown there to be a subspace of V' . The next result gives
information on the dimensions of these subspaces in terms of the original two
subspaces.

Proposition 1.15. Let U, W be subspaces of a finitely generated vector space
V. Then
dimU + dim W = dim(U + W) 4+ dim(U N W).

Proof. Let R = {y1, ...,y } be abasis of UNW. Use Corollary 1.10 to choose
bases S = {y1,.. .,y Us1, .- Up} of U and T = {y1, ...,y w1, ..., Wy}
of W. Our goal is to show that

SUT =AYty Yty Uig 1y« -+ y Uy Wi 1y - -+, Wi}
is a basis of U + W. Assuming that this has been shown, then
dim(U+W)+dim(UNW) = [l4+(m—1)+(n—1)]+] = m~+n = dim U+dim W.

Let v € U+ W. Then v = v; + vy where v; € U, and vy € W. Since
vy € (S) and vy € (T, it follows that v € (SUT) and so U+ W = (SUT).

Suppose that 22:1 ailit Y iy b+ ciw; = 0 where ag, b, ¢; € k.
Then

n l

i=l+1 i=1 i=l+1

Thus, Z?:Hl cw; = Zlizl d;y;, since R is a basis of U NW. Since T is a
basis of W, it follows that ¢; = 0,14+ 1<i<n,and d; = 0,1 <7 <[. Now
we have Zézl aiyi + Y it 41 biu; = 0. Since S is a basis of U, it follows that
a;=0,1<i:<[,and b; =0, 4+ 1 < i <m. This shows SUT is a linearly
independent set and so S UT is a basis of U + W. ]

The next result will be used in the definition of a direct sum of vector
spaces.

Proposition 1.16. Let Wy, ..., W,, be subspaces of V. The following state-
ments are equivalent.

1. V=Wi+---+W,, and
(Wit Wiy + Wit + -+ W) N W = (0), 1< i <m.

12



2. Fach v € V has a unique expression v = wy + - - - + w,, where w; € W;,
1< <m.

Proof. (1) = (2). Statement (1) implies that each v € V' has an expression
as in (2). Suppose that wy; + -+ + w, = y1 + -+ + Ym, where w;, y; € W;.
Then

(wy —y1) + -+ (Wim1 — Yic1) + (Wit1 — Yip1) + -+ (Wi, — Yim) =
yi—wi € Wit +Wig + Wigr + -+ Wi, ) N W; = (0),1

Therefore, y; — w; =0, so w; = y;, 1 <1 < m.

(2) = (1). Letve Wi+ + W1+ Wipq + - -+ W) N W;. Then we
have v = w; + -+ +w;—1 + Wip1 + - - +wp, = w;, where w; € W;, 1 < j <m.
The uniqueness part of (2) implies that each w; = 0, so it follows that v = 0.
The remaining part of (1) is obvious from (2). O

Definition 1.17. If W1, ..., W,, are subspaces of a vector space V' that sat-
isfy the statements of Proposition 1.16, then we say that V is the (internal)
direct sum of Wy,..., W,, and write V=W, @ --- P W,,.

There is a slightly different notion of direct sum that is given in Exercise
7. These are distinguished by referring to the direct sum in Definition 1.17
as the internal direct sum and the direct sum in Exercise 7 as the external
direct sum. The distinction is not large since we will show in Chapter 2 that
the two direct sums are essentially the same.

Notes to Section 1.1

We have proved that all finitely generated vector spaces V' have a basis,
and that all such bases have the same cardinality. There remains the question
of finding or describing all bases of V. In addition, we need computational
methods to find bases of vector spaces and/or calculate the dimensions of
vector spaces. The following is a specific problem that is important to solve.
Let v; = (ail,an,...,am) S k(n)’ 1 <i<m. Let W = <U1,...,’Um>, the
subspace of V' spanned by {vq,...,v,}. What is dim W and how does one
find a basis of W7 Some methods will be described in Chapter 3.

There are other approaches to this material. See, for example, the text
by Hoffman and Kunze.

An exposition of Zorn’s Lemma can be found in Hungerford’s Algebra
book.
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Exercises

. Check that £, as defined in Example 1, satisfies the ten axioms of a
vector space.

. Check that {e,,...,e,} defined in Example 3 is a basis of k™.
. Check the details of Examples 4 and 5.

. Let Wy, ..., W, be subspaces of a vector space V. Then Wi N---NW,
is also a subspace of V.

. Suppose S is a subset of a vector space V and W = (S). Then W is
the smallest subspace of V' that contains S, and W is the intersection
of all subspaces of V' that contain S.

. Let W1, ..., W, be subspaces of a vector space V. Define Wi +---+W,
to be {wy + -+ +w,|w; € W;,1 <i<n}. Then Wi +---+W, is also a
subspace of V. Verify that it is the smallest subspace of V' that contains
Wi, ...,W,. That is, Wy + -+ W,, = (W, U--- UW,).

. Let V4,...,V, be vector spaces over k. Define Vi@ -- PV, to be
{(v1,...,v)|vi € V;;1 <1 < n}. Define addition and scalar multipli-
cation on this set according to the following rules.

(017-'~7vn)+(yla~->yn) = ((U1+?/1)a-">(vn+yn))

(v, ..y 0,) = (cvy,y ..y cop)

Then V1 @ - - - @ Vi, is a vector space over k. This vector space is called
the (external) direct sum of Vi,..., V.

. (a) Let Wy, W5 be two subspaces of a vector space V. Suppose V =
W1 UWs,. Then either V= W; or V.= W,. That is, V is not the union
of two proper subspaces.

(b) (harder) If k is an infinite field, show that V' is not a finite union
of proper subspaces. What can be said if k is a finite field?

. Every element of a linearly independent subset is nonzero. The set
containing only the zero vector is a linearly dependent set.

14



10.

11.

12.

13.

14.

15.

16.

17.

18.

If S is a linearly independent subset of V and > _qa,v = > gbyv,
y, b, € k, then a, = b, for all v € S.

Let {vy,...,v,} be a generating set of V' and let wy,...,w,, € V. If
V1 ooy Up € (W1, ..o, W), then Vo= (w1, ... wp,).

Let S be a linearly independent subset of a vector space V' and let
x € V. Then S U{z} is a linearly independent subset if and only if

z & (S).

Let V be a finitely generated vector space and let W be a subspace of
V. Then

(a) W is finitely generated.

(b) dimW < dimV.

(¢) f dimW =dimV, then W = V.
A subset S of V' containing only nonzero vectors is linearly dependent
if and only if some vector v in S can be expressed as a nontrivial linear
combination of vectors in S distinct from v. This statement is false

if the phrase “some vector v” is replaced by “each vector v”. The
statement is also false if S is allowed to contain the zero vector.

Let S C T be subsets of a vector space V. If T' is a linearly independent
set, then so is S. If S is a linearly dependent set, then so is 7T'.

Assume dim V' = n. Any set S C V that contains more than n elements
must be a linearly dependent set. Any set S C V' that contains fewer
than n elements does not generate V.

Let W7y, ..., W, be subspaces of V. Suppose that V =W, H---P W,
(as in Definition 1.17) and that V' is finitely generated. Then dim V =
S, dim W;. In fact if S; is a basis for W, then J.S; is a basis of V.

Let Vi, ..., V, be finitely generated vector spaces over k. Then

dim(V - PV, = Z dim(V}).

Describe a basis of Vi @ - - - @ V,, in terms of bases of Vi, ..., V,. (Note
that this is the external direct sum as defined in Exercise 7.)

15



19. Let W be a subspace of V, with dimV finite. Then there exists a
subspace Y of V such that V=W @Y.

20. Show that {(2,3),(3,4)} is a basis of R®.

21. Let a,b,c,d € R. Show that {(a,b), (c,d)} is a basis of R if and only
if ad — bc # 0.

1.2 Systems of Linear Equations

We introduce in this section the main subspaces associated with a system
of linear equations. Studying systems of linear equations gives a lot of mo-
tivation for most of the concepts introduced in later chapters. Many of the
topics introduced here will be introduced in more detail later in this text.

Consider the following system of m linear equations in n variables with
coefficients in a field k.

a1 + 199 + -+ A1y — C1

a211 + a29T9 + -+ aonLy — Co

Am1T1 + Q2T + -+ - + ATy = Cy

We have a;;,¢; € k for all ¢ and j.

A system of linear equations is called a system of homogeneous linear
equations if ¢y = -+ = ¢, = 0.

The matrix of coefficients of a system of linear equations is the m x n
matrix A given by

ail Qa2 Q1n

21 A22 Q2
A=

Am1 Am2 - Amn

We let M,,,«n(k) denote the set of all m x n matrices with entries in k.

The rows of A are the m vectors

(an, a12, ... aaln)

16



(&21, a2, ... ;G'Qn)

(amlu Am2, - - - 7amn)
in k", 1<i<m.

The columns of A are the n vectors

ai Q12 A1n
a1 22 Aon
m) .
, : R, ekM, 1< 7 <n.
am1 Am?2 Amn

We will write such vectors vertically or horizontally, whichever is more con-
venient.
The null set of A is the set of vectors in k™ that are solutions to the

homogeneous system of linear equations
a11T1 + Q129 + -+ + A1 Ty = 0

a91T1 + A92T9 + -+ Aonly = 0

Am1T1 + A2l + - -+ Gpp Ty = 0.

It is straightforward to verify that the null set of A is a subspace of k™.
(See Exercise 1.)

Definition 1.18. Let A € M., (k).

1. The row space of A, denoted R(A), is the subspace of k™ spanned by
the m rows of A.

2. The column space of A, denoted C(A), is the subspace of k'™ spanned
by the n columns of A.

3. The null space of A, denoted N'(A), is the subspace of vectors in k™
that are solutions to the above homogeneous system of linear equations.
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The product of a matrix A € M,,x,(k) and a vector b € k™ is a partic-
ular vector ¢ € k(™ defined below. We follow the traditional notation and
write b and ¢ as column vectors. Thus we are defining Ab = ¢ and writing
the following expression.

11 Q12 - Qip by
&1
Qo1 G2 -+ d2n by .
Cm
Am1 Am2 - Amn bn

The vector c¢ is defined by setting

n
C;, = Zaijbj, for 1 S ) S m.

J=1

We will see in Chapter 3 a conceptual reason for this seemingly arbitrary
definition.

It is convenient to introduce additional notation to deal with sums of this
type. Given two vectors v, w € k™, we define the dot product of v and w as
follows. Let v = (a1, as,...,a,) and w = (by, by, ..., b,). The dot product of

v and w is defined by
vow = Z a;b;.
j=1

The definition of Ab above can be expressed in terms of dot products of

vectors. Let vy, ..., v, denote the m row vectors of A in k™. Then Ab = ¢
where
(A b
Vg - b
CcC =
Upy + b

There is a second way to express Ab = c. Let wiq,...w, denote the n
column vectors of A in k™. We continue to write

by .

by !
b= . and ¢ =

b, Em

18



Then it is straightforward to verify that Ab = ¢ where
Cc = b1w1 + b2w2 + - bnwn

(See Exercise 9.)
The dot product satisfies the following properties. Let v, w,y € k™ be
arbitrary vectors and let a,b € k.

Lvw=w-v
2 v-(w+y)=v-w+v-y
3. v-aw=a(v-w)

Thus v - (aw + by) = a(v - w) + b(v - y). (See Exercise 2.)

Motivated by results on dot products of vectors in vector spaces over the
real numbers, we say that two vectors v, w € k™ are orthogonal if v-w = 0.
We write v L w to denote that v-w = 0.

Let W be an arbitrary subspace of k™. We define the orthogonal com-
plement of W, denoted W+, by

Wh={vek™ |v-w=0forall we W}

Using the properties of dot products, it is straightforward to verify that W=+
is a subspace of k(™. (See Exercise 3.)
Putting together all of our definitions and notation, it follows that

N(4) = (R(A))*.

A system of linear equations can be expressed by the single matrix equa-
tion
T
T2
Ax = ¢, where xr =

Tn
For a matrix A € M,,x,(k), define the function
Ly : k™ — k™ by La(b) = Ab.

The function L4 is an example of a linear transformation. Linear transforma-
tions will be studied in detail in Chapter 2. In particular, for all v, vy, v, € k™
and a € k, the following properties hold.
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1. LA(Ul + UQ) = LA(Ul) + LA(UQ)
2. La(av) = aL(v)

We see that im(L4) = {Ab | b € k™} = C(A). Note that the system of linear
equations Az = ¢ has a solution if and only if ¢ € C(A).

Suppose we know that b is a solution of the matrix equation Ax = ¢, and
so L4(b) = c¢. Then all solutions of the equation Az = ¢ are given by

b+ N(A) ={b+ylye N(A)}.

(See Exercise 4.) For the special case that ¢ = 0, we may certainly take
b =0, and then this result simply reduces to the original definition of N(A).

Thus the existence of solutions of a system of linear equations and the
characterization of all such solutions can be described in terms of the function
L4 and the subspaces N (A) and C(A) = im(Ly).

Theorem 1.19. Using the notations from above, we have
dim(N(A)) + dim(C(A)) = n.

Proof. Let {wy,...,ws} be a basis of N(A). As N'(A) C k™, we can extend
{wy,...,ws} to a basis {wi,...,ws,v1,...0,_s} of k™. We have Aw; = 0,
1< <s.

We will now show that {Avy,... Av,_} is a basis of C(A). This will
let us conclude that dim(C(A)) = n — s, which will finish the proof. Since
{wy, ..., W, v1,...0,_s} is a basis of k™ we have that C(A) = im(L,) is
spanned by {Aws, ..., Aws, Avy, ... Av,_s}. Since Aw; =0 for 1 < i < s, it
follows that C(A) is spanned by {Awvy, ... Av,_s}.

To show that {Avy, ... Av,_s} is a linearly independent set, suppose that
ciAvy + - + ¢ _sAv,_, = 0, where each ¢; € k. Then

A(cvy + -+ ¢pstp_s) = 0.

Thus vy + +++ + ¢_sUn—s € N(A) = Span{wy,...,ws}. It follows that

¢, = - = Chs = 0 because {vy,...,Vp_s,wi,..., ws} is a basis of k™.
Thus {Awvy, ... Av,_} is a linearly independent set, and so is also a basis of
C(A). O
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The equation dim(N(A)) + dim(C(A)) = n allows us to recover many of
the standard results about systems of linear equations. We need a method to
compute a basis of N'(A) and a basis of C(A) in order to completely describe
the set of solutions to a system of linear equations. This is one of the main
applications of matrix methods developed in Chapter 3.

There are three important results about dim(C(A)), dim(R(A)), and
dim(NV(A)). Theorem (1.19) is the first result. We also have the follow-
ing two theorems.

Theorem 1.20. For any subspace V C k™, we have
dim (V) + dim(V*) = n.
In particular, since N(A) = R(A)*, we have
dim(R(A)) + dim(N(A)) = n.
Theorem 1.21. dim(R(A)) = dim(C(A)).

For any subspace V C k(™ there exists a matrix A € M,,x,(k) with
m > dim(V) such that V = R(A). (See Exercise 5.) From this it follows
that any two of Theorems (1.19), (1.20), and (1.21) easily implies the third.
(See Exercise 6.) There are several proofs of Theorems (1.20) and (1.21) in
these notes that use different methods. Each of the proofs is trickier than
our previous proofs.

Exercises

1. For A € My, «n(k), prove that the null set of A is a subspace of k™.

2. Verify the properties of the dot product of two vectors as given in the
text.

3. For a subspace W C k(™| verify that W' is a subspace of k(™.

4. If b is a solution of the system Ax = ¢, prove that all solutions are
given by b+ N (A) = {b+ yly € N(A)}.

5. For any subspace V C k™, prove that for m > dim(V) there exists a
matrix A € M, (k) such that V = R(A).
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6.

10.

Using the previous exercise, prove that any two of Theorems 1.19, 1.20,
1.21 implies the third.

. For any v € k™, let (v) denote the subspace of k(™ generated by v.

(a) For any nonzero a € k, prove that (av)* = (v)*.

n—1 ifv#0

(b) Prove that dim((v)*) = {n 0.

Note that this exercise gives a proof of the special case of Theorem 1.20
when dim(V') =0 or 1.

Consider a system of homogeneous linear equations where m < n.
Use Theorem 1.19 to prove that there exists a nonzero solution to the
system.

. Let ey, ..., e, be the standard basis of £.

(a) Show that Ae; is the j column of A.
(b) Suppose that b = byeq + - - - + bye, where each b; € k. Show that
Ab =37, bj(column j of A).
Let V,W C k™ be subspaces. Prove the following statements.

(a) If W CV, then V+ C W+

b) (V+W)t=vtnw+

(c) VW)t =vV+t+Wwt
In (c), the inclusion (V N W)t C V4 4+ W is difficult to prove at
this point. One strategy is to prove that (V N W)+ D V+ + W+ and
to use Theorem 1.20 (which has not yet been proved) to prove that

dim((V N W)+) = dim(V+ + W), Later we will be able to give a
complete proof of this inclusion.

1.3 Appendix

Let V' be a vector space defined over a field k. In this appendix, we show
that the axiom stating that addition is commutative is actually redundant.
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That is, the other axioms for a vector space already imply that addition is
commutative.

(The following argument is actually valid for an arbitrary R-module M
defined over a commutative ring R with a multiplicative identity.)

We assume that V is a group, not necessarily commutative, and we as-
sume the following three facts concerning scalar multiplication.

l.r-(U+wW)=r-v+r- -forall ¥, €V and for all r € k.
2. (r+s)-v=r-v+s-vforallveV and for all r,s € k.
3. 1-v=dvforallveV.
On the one hand, using (1) and then (2) we have
(r+s)- (V+w)=(+s)- v+ (r+s) - W=r-v+s-U+r-w+s- 0.
On the other hand, using (2) and then (1) we have
(r+s)- (04+w)=r-UV+uw)+s-(V+w0)=r-v+r-d+s-v+s-0.
Since V' is a group, we can cancel on both sides to obtain

s U+r-w=r-w+s-v.

We let 7 = s = 1 and use (3) to conclude that v + @ = @ + U. Therefore,
addition in V' is commutative.

1.4 Proof of Theorems 1.20 and 1.21

We let M,,xn (k) denote the set of m x n matrices with entries in a field k,
and we let {e,...,e,} denote the standard basis of k™.

Lemma 1.22. Let A € My xn(k). Then A is an invertible matriz if and
only if {Aey, ..., Ae,} is a basis of k™.

Proof. Assume that A is an invertible matrix. We show that {Aey, ..., Ae,}
is a linearly independent spanning set of k™. Suppose that c;Ae; + --- +
cnAe, = 0, where each ¢; € k. Then A(cie; + -+ + ¢cue,) = 0. Since A
is invertible, it follows that cieq +--- 4+ cpe, = 0, and so ¢; = -+ = ¢, =
0 because {ejy,...,e,} is a linearly independent set. Thus {Aey,..., Ae,}
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is a linearly independent set in k™. To show that {Ae,..., Ae,} spans
k™ consider v € k™. Since {ey,...,e,} is a basis of k™, we may write
A=Y = cie; + -+ + cpe, where each ¢; € k. Applying A to both sides gives
v=A(cre; + -+ cpen) = c1Ae; + -+ - + ¢, Ae,,. Therefore, {Aeq, ..., Ae,}
is a basis of k(™.

Now assume that {Aey, ..., Ae,} is a basis of k™. There exist b;; € k,
1 <i<nandl<j<n,suchthat >  b;(Ae;) =e;. Let B = (bij)nxn, an
n X n matrix. Using the fact that

Z bw’(COlU.ml'l 1 0of A) = Z bz](A€Z> = €y,
i=1 i=1

we see that AB = I,,, where I,, denotes the n x n identity matrix. Therefore,
A is in an invertible matrix. O]

Proposition 1.23. Let {vy,...,v,} be a basis of k™. Then there is a unique
0 ifi#j
1 ifi=j.
Proof. Let {e1,...,e,} be the standard basis of k™. Let A € M,,,(k) be
the (unique) matrix such that Ae; = v;, 1 < i < n. (The columns of A are the
vectors vy, ...,v,.) Then A is invertible by Lemma 1.22. Let w; = (A?)e;,

1 <i < mn. Then {w,...,w,} is a basis of k™ by Lemma 1.22 because
(A")~! is invertible. We have

v - w; = viw; = (Ae;)' (A") ey = el AT(AN) e,

. 0 ifij
:eiej:ei-ej: L .
1 ifi=j.

basis {wy, ..., w,} of k™ such that v; - wj =

Suppose that {w},...,w/} is another basis of k™ such that v; - v/ =

J

0 ifidti

{1 lfl%j Then v; - (w; — w}) = v; - w; —v;-wj = 0 for all 7 and j. Then
ifi=j.

w; —w; € (k™) for all j. Since (k™) = (0) (see Exercise 1), it follows

that w; = w’ for all j. This proves the uniqueness statement. O

Lemma 1.24. Suppose that {vi,...,v,} and {wy,...,w,} are bases of k™
0 ifi
AT gy
ifi=j.
Then V+ = Span{w;i1,...,w,}.

such that v;-w; = = Span{vy,...,u}, wherel1 <[ <n.
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Proof. We have Span{w;1,...,w,} C V+ because if 1 <i <land [+ 1<
Jj <mn, then ¢ # j and so v; - w; = 0.

Take w € V. We may write w = ayw; + - - - + a,w,. Since v; - w = 0 for
1 <4 <1, it follows that a; = 0 for 1 <+¢ <. Then w = a w1+ -+ a,w,
and thus w € Span{wyy1,...,w,}. Therefore V+ = Span{w;;1,...,w,}. O

The next result recovers Theorem 1.20.
Proposition 1.25. Any subspace V C k™ satisfies dim(V) +dim(V*) = n.

Proof. Extend a basis {vy,...,v} of V to a basis {vy,...,v,} of k™. Let
0 ifi

{wi,...,w,} be a basis of k™ such that v; - w; = | i Then
if i = 7.

Span{wy,1,...,wy,} is a basis of VL. Thus dim(V) +dim(V1) =1+ (n—1) =

n. O

We can now prove Theorem 1.21.
Theorem 1.26. Let A € M,y (k). Then dim(R(A)) = dim(C(A)).

Proof. Since N'(A) = R(A)*t, Theorems 1.19 and 1.20 imply that

dim(N(A)) + dim(C(A)) = n = dim(R(A)) + dim(R(A)*)
= dim(R(A)) + dim(N (A)).

Therefore dim(C(A)) = dim(R(A)). O

The next proposition develops a bit further the ideas in the proof of
Proposition 1.23 and Lemma 1.24.

Proposition 1.27. Assume that A € My xn(k) is an invertible matriz. Let
W be a subspace of k™. Then (AY)ITW+ = (AW)*.

Proof. Take v € AW and w € (A")"*W+=. Then v = Av; where v; € W and
w = (A")"lw; where w; € W+. Then

vew =v'w = (VA (A wy = viwy, = vy - wy =0,
because v; € W and w; € W+. Since v,w are arbitrary, it follows that

(AN C (AW,

25



Now take w € (AW)*. Let w; = Alw. We will show that w, € W, Let
v € W. Then

v-w; = viw = v A'w = (Av)'w = Av-w =0,

because w € (AW)L. Thus wy; € W, and so w = (AY)"lw; € (AW
Therefore, (AW)+ C (A)~'W+, and so (AY)TW = (AW)*, O

Exercises

1. Prove that (k™)+ = (0).

2. Assume that A € M, (k) is an invertible matrix. Show for any basis
{v,...,v,} of k™ that {Avy,..., Av,} is a basis of k(™.

3. Show the following.

(a) Show that V C (V4)*.
(b) Compute dim((V+)*) and conclude that V = (V+)+.
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Chapter 2

Linear Transformations

2.1 Basic Results

The most important functions between vector spaces are called linear trans-
formations. In this chapter we will study the main properties of these func-
tions.

Let V,W be vector spaces over a field k. Let Oy, Oy denote the zero
vectors of V., W respectively. We will write 0 instead, if the meaning is clear
from context.

Definition 2.1. A function f:V — W is a linear transformation if

1. f(vy +v9) = f(v1) + f(va), for all vi,v € V and

2. flav) = af(v), foralla €k, ve V.

For the rest of section 2.1, let f : V' — W be a fixed linear transformation.
Lemma 2.2. f(Oy) = 0w and f(—v) = —f(v).

Proof. Using Proposition 1.1, parts (1) and (4), we see that f(0y) = f(0 -
Ov) = 0f(0v) = Ow, and f(—v) = f((=1)v) = (=1)f(v) = —f(v). O

For any vector space V' and any v,y € V, recall from Chapter 1 that v—y
means v + (—y). For any linear transformation f : V — W, and v,y € V|,
Lemma 2.2 lets us write f(v —y) = f(v) — f(y) because

flo=y)=flo+(=y) = f0) + f(=y) = f0) + (=f () = f(v) = fy).
Examples Here are some examples of linear transformations f : V' — W.
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1. If f(v) =0 for all v € V, then f is a linear transformation called the
zero transformation.

2. f V=W and f(v) =wvforallv eV, then f is a linear transformation
called the identity transformation. We denote the identity transforma-
tionon V by 1y, : V — V.

3. If U is a subspace of V, then the inclusion mapping ¢ : U — V is a
linear transformation, where for u € U we have ((u) =u € V.

4. Let V.= WEY. Each v € V can be written uniquely as v = w +
y where w € W and y € Y. Let f(v) = w. Then f is a linear
transformation from V' to W called the projection from V to W.

5. Let V.= W = Ek[z] where k[z] denotes the ring of polynomials with
coefficients in k. Thus each element of V' can be written ag+a,z+asx’+
-+ 4+ a,x™ where each a; € k and m > 0. Then V is a vector space
over k where addition in V' is the usual addition of polynomials and
scalar multiplication is the usual multiplication in k[z] of an element
in k by a polynomial in k[z]. Let f: V — V where f(ag+ a1x + asx® +
c ot ap™) = ay + agx + a3z + - apar™ . Let g 1 V — V where
g(ag + a1z + asx® + - + apr™) = apr + a1 2% + axx® + - + ap ™t
Then f and g are both linear transformations.

6. Let V={f: R = R | fisCyx}. That is, V is the set of infinitely
differentiable real-valued functions defined on the set of real numbers.
Using standard facts about differentiable functions, one can show that
V' is a vector space over the field of real numbers. Let d : V — V be
defined by d(f) = f’, where f’ is the derivative of f. Then d is a linear
transformation. Note that the hypothesis of infinite differentiability is
needed since a function f might be differentiable at each real number
but its derivative f’ might not be differentiable at each real number.

2 if 2 >0
For example, let f(z) = v ) 1 Y= Then f'(x) = 2|z|, but
—z*  ifx <O0.
f'(x) is not differentiable at x = 0.
Definition 2.3.

1. The kernel of f, written ker(f), is defined as {v € V|f(v) = 0}.
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2. The image of f, written im(f), is defined as {w € Wlw = f(v) for
some v € V}.

3. f isinjective if f(vy) = f(ve) implies vy = vy, where v, vy € V.
4. f is surjective if im(f) = W.
5. f is bijective if f is injective and surjective.
Proposition 2.4.
1. ker(f) is a subspace of V.
2. im(f) is a subspace of W.
3. f is injective if and only if ker(f) = (0).

Proof. (1) If v1,vy € ker(f), and a € k, then f(vy + v2) = f(v1) + f(ve) =
04+0 =0, and f(avy) = af(vy) = a-0 = 0. Since ker(f) is nonempty
(0 € ker(f)), the result follows from Proposition 1.5.

(2) Let wy,wy € im(f) and @ € k. Then wy = f(v1) and wy = f(v2) for
some vy, vy € V. Then wy +wy = f(v1) + f(v2) = f(v1 + v2) € im(f), and
aw; = af(v1) = f(avy) € im(f). Since im(f) is nonempty, the result follows
from Proposition 1.5.

(3) Suppose that f is injective and let v € ker(f). Since f(v) = 0= f(0),
it follows that v = 0 and thus, ker(f) = 0. Conversely, suppose that ker( f)
0andlet f(v1) = f(v2). Then f(vi—va) = f(v1)+f(—ve) = f(v1)—f(v2) =

0
Thus, v; — vy € ker(f) = (0) and so v; = ve. Therefore f is injective. O

For any function f : V — W, if w € W, recall that f~!(w) denotes the
inverse image (or preimage) of w in V. That is, f~'(w) is the set of elements
x € V such that f(x) = w.

Proposition 2.5. Let f: V — W be a linear transformation and let f(v) =
w where v €V and w € W. Then f~'(w) = v + ker(f).

Proof. Let y € ker(f). Then f(v+y) = f(v) + f(y) = f(v) = w. Thus,
v+y € f~Hw), and so v + ker(f) C f~H(w).

Now let u € f~'(w). Then f(u) = w = f(v). This gives f(u —v) =
f(u) — f(v) =0, s0 u—v € ker(f). Then u =v+ (u—v) € v+ ker(f), so
" Hw) C v+ ker(f). O

N
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Proposition 2.6. Let f be as above and assume that dimV s finite. Then
dim V' = dim(ker(f)) + dim(im(f)).

Proof. Let {v1,...,v,} beabasisof V. Then {f(v1),..., f(v,)} spans im(f).
(See Exercise 3(a).) It follows from Corollary 1.10(3) that im(f) has a finite
basis. Since ker(f) is a subspace of V| Exercise 13 of Chapter 1 implies that
ker(f) has a finite basis.

Let {wi,...,w,} be a basis of im(f) and let {u;...,u;} be a basis of
ker(f). Choose y; € V, 1 < i < m, such that f(y;) = w;. We will show that
{uy,...,u;,y1,...,Ym} is a basis of V. This will show that dimV =1+ m =
dim(ker(f)) 4+ dim(im(f)).

Let v € V and let f(v) = >0, cjw; where each ¢; € k. Then v —
> o1 ¢Y; € ker(f) because

fv— chyj) = f(v) - f(Z cY;)
= f(v) — chf(yj) = f(v) - chwj =0.

! I
Thus, v — > 70, ¢jy; = >, aju; where each a; € k, and so v =7/, aju; +

> jo1 ¢y;. Therefore V' is spanned by {uy, ..., u, 41, Ym}-
. . l m
To show linear independence, suppose that » ., a;u; + ijl c;y; = 0.
Since w; € ker(f), we have

l m l
o = 00 = (33 e) = S+
i=1 j=1 i1
= OV + Z ij<yj) = Z C;Wj.
j=1 j=1
Since {wy, ..., wy} is a basis of im(f), we see that ¢; =0, 1 < j < m. We

now have that 22:1 a;u; = 0. Then a; =0, 1 <4 < because {uy...,u} is
a basis of ker(f). Therefore, {uy, ..., u;,y1,...,Yn} is a linearly independent
set and forms a basis of V. n

Definition 2.7. A linear transformation f : V — W is an isomorphism if
f s injective and surjective. We say that V 1is isomorphic to W, written
V 2 W, if there exists an isomorphism f :V — W.
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Proposition 2.8. Let dimV =n, n > 1, and let § = {vy,...,v,} be a basis
of V. Then there exists an isomorphism ¢g: V — k™ where k™ is defined
in BExample 1 in Chapter 1.

Proof. Define the function ¢5 : V' — k™ by é5(v) = (as,...,a,), where
v =73 " av;. Then ¢g is well defined by Proposition 1.8.
To show that ¢ is a linear transformation, let v = """  a;v; and w =

S bivg. Since v +w =Y (a; + b;)v;, we have
pp(v+w) = (a1 +0by,...,a, +by) = (a1,...,a,)+ (b1,...,b,)
= ¢p(v) + dp(w).

If ¢ € k, then cv = Y7 | ca;u; and hence

pp(cv) = (caq, ..., can) = clay, ..., a,) = copp(v).

If v € ker(¢p), then ¢g(v) = (0,...,0). Then v = >_"  0v; = 0 and
therefore ¢4 is injective by Proposition 2.4(3). If (a4, ..., a,) € k™ is given,
then for v = >~ | a;v; we have ¢g(v) = (a1,...,a,). Thus ¢z is surjective

and therefore, ¢ is an isomorphism. O

The isomorphism ¢z constructed in Proposition 2.8 depends on the choice
of basis § of V. This observation will be used in Chapter 3.

Proposition 2.9. Let f : V — W be a linear transformation and assume
that dimV = dim W s finite. Then the following statements are equivalent.

1. f is an isomorphism.
2. f is injective.

3. f is surjective.

Proof. We have dim V' = dim(ker(f))+dim(im(f)) by Proposition 2.6. Thus,
f is injective <= ker(f) = (0) <= dim(ker(f)) = 0 <= dim(im(f)) =
dimV = dimW <= im(f) = W <= f is surjective. (See Exercise 13.)
Thus (2),(3) are equivalent. If (1) is true, then both (2) and (3) are true by
the definition of isomorphism. If either (2) or (3) is true then both are true,
and then (1) is true. This completes the proof. O

Proposition 2.9 fails to hold if dim V' is not finite. For example, consider
Example 5 above. Using the notation of that example, it is easy to check that
f is surjective, but f is not injective. Also, g is injective, but not surjective.
(See Exercise 19.)
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2.2 The vector space of linear transforma-
tions f:V — W

Notation. Let £(V, W) be the set of linear transformations from V to W.
We will define addition and scalar multiplication in £(V, W) so as to make
L(V, W) a vector space over k with respect to these operations.
Let f,g € L(V,W). Define f+ g to be the function f+¢g:V — W, where
(f +9)(v) = f(v) 4+ g(v), v € V. For a € k, define af to be the function
af : V. — W, where (af)(v) = af(v).

Proposition 2.10. L(V, W) is a vector space with respect to the operations
defined above.

Proof. Let f,g € LIV, W), and let v,w € V, a,b € k. Then

(f+9)(v+w)= flv+w)+g(v+w)=flv)+ f(w)+g(v) +g(w)
= f(v) + g(v) + f(w) + g(w) = (f + g)(v) + (f + g)(w),

and

(f +9)(av) = f(av) + g(av) = af(v) + ag(v) = a(f(v) + g(v))
=a(f +9)(v).
Therefore, f+g € L(V,W).

As for af, we have

(af)(v+w) =af(v+w)=a(f(v)+ f(w)) = af(v) + af (w)
= (af)(v) + (af)(w),

and
(af)(bv) = af(bv) = abf(v) = baf(v) = b(af)(v).
Therefore, af € L(V,W).

We have now verified axioms (1) and (6) in the definition of a vector space.
The 0 element of L(V, W) is the zero transformation f where f(v) = 0 for
allv e V. If f e L(V,W), then —f is the element (—1)f. Now it is easy to
verify that L£(V, W) satisfies the ten axioms of a vector space over k. (See
Exercise 8.) O

Ifg:U—Vand f:V — W, then fg (or fog) denotes the composite
function fg: U — W.
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Proposition 2.11. Let U, V,W be vector spaces over k. Let g € L(U,V)
and let f € L(V,W). Then the composite function fg € LU W). (Ifu € U,
(fg)(u) is defined to be f(g(u)).)

Proof. Let uy,us,u € U and let a € k. Then

(fg) (w1 +u2) = fg(ur +u2)) = f(g(ur) + g(uz))
= [(g(w1)) + f(g(uz2)) = (fg)(w1) + (fg)(u2),

and (fg)(au) = f(g(au)) = f(ag(u)) = af(g(u)) = a(fg)(u). O

Proposition 2.12. Let U, V,W,Y be vector spaces over k. Let f, f1, fo €
LV, W), let g,g1,92 € LU, V), let h € LIW,Y), and let a € k. Then the
following properties hold.

1. (fi+ f2)9 = fig + fag
2. f(g1+g2) = for + fgo
8. a(fg) = (af)g = f(ag)

4- (hf)(9) = (h)(fg)
Proof. See Exercise 11. O

Suppose now that U = V = W = Y. Then the composition of linear
transformations in L£(V, V') acts like a type of multiplication in L(V,V'). The
identity linear transformation 1y, has the property that 1, f = f1y, = f for
all f € L(V,V). The properties in Proposition 2.12 let us regard L(V,V) as
an associative algebra. That is, £(V, V) is not only a vector space but also
a ring whose multiplication is compatible with scalar multiplication.

Let f € L(V, W) and assume that f is bijective. Then the inverse function
f71: W — Vis defined by f~'(w) = v <= f(v) = w. The function f~' is
also bijective.

Proposition 2.13. If f € L(V,W) and [ is bijective, then f~' € LW, V).
Thus, if f is an isomorphism, then f~' is an isomorphism.

Proof. Let wy,wy € W, and let f~'(w;) = v; and f~!'(wy) = vy. Then

f(v1) = wy and f(vg) = wa. Since f(vi +v2) = f(v1) + f(v2) = w1 + wo, it
follows that f~1(wy + wy) = v1 +vg = [~ (wy) + [~ (wy).

If a € k, then f(avi) = af(vi) = aw;. Thus, f~'(aw;) = avy = af " (w,).

[
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2.3 Quotient Spaces

Let V' be a vector space over a field k£ and let W be a subspace of V. There
is an important vector space formed from V' and W called the quotient space
V mod W, written V/W.

We begin the construction by defining the following equivalence relation
on V. Let v,w € V. We say that v = w mod W if v —w € W. Then the
following three properties are easily verified.

1. v=vmod W for all v € V. (reflexive)
2. If v = wmod W, then w = v mod W. (symmetric)

3. f v=wmod W and w = y mod W, then v = y mod W. (transitive)

To see that the transitive property holds, observe that if v = w mod W
and w = ymod W, then v —w € W and w—y € W. Then v —y =
(v—w)+ (w—y) € W, and so v =y mod W.

These three properties show that = mod WV is an equivalence relation.

Recall that v + W denotes the set {v+ w|w € W}. Such a set is called a
coset of W in V' (or more precisely, a left coset of W in V).

Lemma 2.14. Letv € V. Then {y € Vly = v mod W} = v+ W. That is,
the equivalence classes of = modW are the cosets of W in V.

Proof. C: If y=vmod W, theny—v=weW andsoy=v+wecv+W.
O: Lety=v+w e v+ W, where w € W. Then y = v mod W because
y—v=we. O

Lemma 2.15. Let v,y € V. The following four statements are equivalent.
1. v=ymod W.
v—yeWw.

v+W=y+W.

(v+W)N(y+ W) #0.

In particular, two cosets of W are either equal or disjoint.
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Proof. The equivalence of statements 1 and 2 comes from the definition of
= modW.

2=3 Ifv—ye W, then v =y+w where w € W. Then v+ W =
(y+w)+W Cy+W. Similarly, y + W C v+ W because y = v — w. Thus
v+W=y+W.

3 = 4: This is obvious.

4= 2 Let z€ (v+W)N(y+W). Then z = v+ w; and z = y + wo
where wi,wy € W. Then v —y = wy —wy € W.

The equivalence of statements 3 and 4 implies that two cosets of W are
either equal or disjoint. O]

The equivalence classes of = mod W partition V' into disjoint sets. Thus,
the cosets of W in V' partition V into disjoint sets.

Let V/W denote the set of equivalence classes of = mod W (or the set of
cosets of W in V). The set V/W can be given the structure of a vector space
over k. We must define addition and scalar multiplication and then check
that the ten axioms of a vector space hold.

Addition: (v+ W)+ (y+W)=(v+y)+ W, foralv,yeV.
Scalar multiplication: a(v + W) = (av) + W, for alla € k, v € V.

It is necessary to check that these definitions are well defined. That
is, we must show that the two operations do not depend on the choice of
v or y to represent the equivalence class. Thus, it must be shown that if
v+ W =uvy+Wand y; + W = yo+ W, then (vi +y1) + W = (va+1y2) + W.
Similarly, it must be shown that (av;) + W = (avy) + W. (See Exercise 13.)

Proposition 2.16. The set V/W wunder the two operations defined above is
a vector space over k.

Proof. The zero element Oyy of V/Wis 04+ W and —(v+ W) = (—v) + W.
Now it is straightforward to check the ten axioms of a vector space. Note
that checking the axioms in V/W involves using the corresponding axioms
in V. (See Exercise 13.) O

Proposition 2.17. The function w: V — V/W defined by w(v) = v+ W is
linear transformation with ker(r) = W and im(7) = V/W.

Proof. m(v+y)=(v+y)+W=>@w+W)+ (y+ W) =n(v)+ n(y).

m(av) = (av) + W = a(v + W) = ar(v), a € k.

Thus 7 is a linear transformation. The image of 7 is clearly all of V//TV since
v+ W = m(v). For the kernel of 7, v € ker(n) <= v+ W =04+W <—
veW. []
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Corollary 2.18. Assume that dimV is finite and let W be a subspace of V.
Then dim(V/W) = dimV — dim W.

Proof. Using the notation from Proposition 2.17, we have dim(V/W) =
dim(im(7)) = dim V —dim(ker(r)) = dim V —dim W, by Proposition 2.6. [J

Theorem 2.19 (First Isomorphism Theorem). Let f : 'V — Z be a linear

transformation of vector spaces over k. Then V/ker(f) = im(f). There

exists a unique isomorphism f : V/ker(f) — im(f) such that fom = f,
where m: V. — V/ker(f).

Proof. Let Y = im(f) and let W = ker(f). Define f : V/W — Y by
f(v+ W)= f(v). We have to check five properties of f.

f is well defined: Suppose v +W =y +W. Then v —y € W = ker(f) and
50 f(v) = f(y) because f(v) — £(y) = f(v) + f(—y) = f(v—y) = 0. Now,
flo+W) = f(v)=fly)=fly+W).

f is a linear transformation: f((v + W)+ (y + W)) = f((v +y) + W) =

fw+y) = f@) +fly) = Flo+ W)+ fly+ W)

fla(v+W)) = flav + W) = f(av) = af(v) = af (v + W).

f is injective: Let f(v+ W) = 0. Then f(v) = 0 and so v € ker(f) = W.
Therefore v + W = 0 + W and therefore ker(f) = (0 + W).

f is surjective: Let y € Y. Then y = f(v) for some v € V and f(v + W) =

flo) =y.
This shows that f : V/ker(f) — im(f) is an isomorphism.

for=f: This is obvious.

Finally, f is unique since f(v 4+ W) must equal f(v). O]
Theorem 2.20 (Second Isomorphism Theorem). Let W,Y be subspaces of
V. Then (W +Y)/W XY/ (WNY).

Proof. Let f:Y — W 4Y be the linear transformation defined by f(y) =y
forally e Y,andlet g : W+Y — (W +Y)/W be the linear transformation
defined by g(w +y) = (w+y) + W for all w € W and y € Y. Then
gof:Y — (W+Y)/W is a linear transformation. We now compute
ker(g o f) and im(g o f). We have

yeker(gof) «—= yeYandy+W=0+W <<= yeWnY.
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Thus ker(go f) = W NY. Next we have that g o f is surjective because if
(w+y)+W € (W+Y) /W, then (gof)(y) = g(y) = y+W = (w+y)+W. Thus
im(go f) = (W +Y)/W. Then the First Isomorphism Theorem (Theorem
2.19) implies that W/ker(g o f) = im(g o f). Therefore, W/ (W NY)
(W +Y)/W. O

2.4 Applications

Direct Sums.

We will now show that the internal direct sum defined in Definition 1.17
and the external direct sum defined in Exercise 7 of Chapter 1 are essentially
the same.

Let V. =Vi@--- @V, be an external direct sum of the vector spaces
Vi,..., V,, and let

V, ={(0,...,0,v;,0,...,0)|v; € Vi}.

Then V; is a subspace of V and it is easy to check that V; is isomorphic to
V;. It follows from Definition 1.17 and Proposition 1.16 that V' equals the
internal direct sum V, @---@ V..

Now suppose that V' is the internal direct sum of subspaces W7y, ..., W,
as in Definition 1.17. Let V' equal the external direct sum W, @ --- @ W,,.
Consider the function f : V — V' defined as follows. If v € V, Proposition
1.16 implies there is a unique expression v = wy + - - - + w,, where each w; €
W;. Set f(v) = (wy,...,wy). It is easy to check that f is a bijective linear
transformation and so f is an isomorphism. We will no longer distinguish
between the internal and external direct sum.

Exact Sequences.

Definition 2.21. Let U 5V % W be a sequence of linear transformations.
(This means f € L(U,V) and g € L(V,W).) We say U LV S5 Wis an
exact sequence at V' if im(f) = ker(g). A sequence

vi iy By Iy

is an exact sequence if im(f;_1) = ker(f;), 2 < i < n — 1, that s, if the
sequence s exact at Vo, ..., V,_1.
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When writing sequences of linear transformations, it is standard to write
0 for the vector space (0). Note that the linear transformations 0 — V' and
V' — 0 are uniquely defined and hence we will never give a name to these
functions. The following lemma gives some of the basic results.

Lemma 2.22.
1. The sequence 0 — V — 0 is ezact if and only if V = (0).

2. The sequence 0 — U LV is exact if and only iof f 1s injective.

3. The sequence V.2 W — 0 is ezact if and only if g is surjective.

4. The sequence 0 — V. LW 0 is exact if and only if f is an isomor-
phism.

5. The sequence 0 — U LV S5 W 0 is eract if and only if [ is
injective, g is surjective, and im(f) = ker(g).

Proof. The proofs are immediate from the definitions upon noting that
im(0 — V) =0, and ker(V — 0) =V.

O

Proposition 2.23. Assume that 0 — V) g Vs fi fn—_>1 V,—0 is an exact

sequence of finite dimensional vector spaces, n > 1. Then

n

> (=1)'dimV; = 0.

=1

Proof. We prove the result by induction on n. If n = 1, then V; = (0)
and so dimV; = 0. If n = 2, then V} = V5, by Lemma 2.22(4) and so
dimV; = dimV; (see Exercise 7). Now assume that n = 3. In this case,

0—-W f# Vs fi V3 — 0 is an exact sequence. Then

dim V5 = dim(ker(f2)) + dim(im(f3)) = dim(im(f;)) + dim V3
=dim Vj + dim V3.

(Note that ker(f1) = (0) since f; is injective and so dim(ker(f;)) = 0. There-
fore dim V; = dim(im(f;)) by Proposition 2.6.) Thus, —dim V; + dim V;, —
dim V3 = 0 and the result holds for n = 3.
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For the general case, suppose that n > 4 and that we have proved the
result for smaller values of n. Then the given exact sequence is equivalent to
the following two exact sequences because im( f,,—2) = ker(f,—1).

. fn—S

— Vn_z !

01 .. 532 im(f_s) — 0,

0 = im(fos) = Vit 73" Vi, = 0.

By induction, we have 3.7 2(—1)"dim V; + (=1)""' dim(im(f,_5)) = 0 and
(—1)" 2 dim(im(f,_2))+(—=1)"'dim V,,_1 +(—1)"dim V,, = 0. Adding these

two equations gives us the result. O

Systems of Linear Equations.
Our last application is studying systems of linear equations. This moti-
vates much of the material in Chapter 3.
Consider the following system of m linear equations in n variables with
coefficients in k.
anry + apexrs + -+ A1,y = C1

A91T1 + A22%9 + ++ + + A2pTy = C2

Am1T1 + Qp2X2 + -+ - + ATy = Cpy,

Now consider the following vectors in k(™. We will write such vectors
vertically or horizontally, whichever is more convenient.

ai a12 Q1n

21 22 A2n
Uy = , Ug = . ) y Un =

Am1 Am?2 Amn

Define the function f : k™ — k(™ by f(b1,...,b,) = bius + - - + by,
Then f is a linear transformation. Note that f(by,...,b,) = (c1,...,¢p) if
and only if (by,...,b,) is a solution for (z1,...,x,) in the system of linear
equations above. That is, (¢1,...,¢,) € im(f) if and only if the system of
linear equations above has a solution. Let us abbreviate the notation by
letting b = (by,...,b,) and ¢ = (¢1,...,¢y). Then f(b) = ¢ means that b is
a solution of the system of linear equations.
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Suppose we know that b is a solution of the system and so f(b) = ¢. Then
all solutions are given by b+ ker(f) = {b+y|y € ker(f)} by Proposition 2.5.

Thus the existence of solutions of a system of linear equations and the
characterization of all such solutions can be described in terms of a linear
transformation f and the subspaces ker(f) and im(f).

The equations n = dim(k™) = dim(ker(f)) + dim(im(f)) allow us to
recover many of the usual results about systems of linear equations. We
need a method to compute a basis of ker(f) and a basis of im(f) in order to
completely describe the set of solutions to a system of linear equations. This
is one of the main applications of matrix methods developed in Chapter 3.

Notes to Chapter 2. The proof of Proposition 2.10 contains a step
where we need to know that ab = ba in a field. This is an interesting point
since much of linear algebra can be developed over skew fields. (A skew field
is a ring where each nonzero element is invertible, but multiplication need
not be commutative.) One defines left and right vector spaces over a skew
field D and other related concepts. A good reference for this is the book by
E. Artin. In this setting, Proposition 2.10 does not carry over completely.

A common problem that students have is knowing when it is necessary
to show that a function is well defined. If the domain of a function consists
of equivalence classes, and if a function is defined in terms of an element of
the equivalence class, then it is necessary to show that the definition of the
function does not depend on the chosen element of the equivalence class.

Exercises

1. Give a second proof of Lemma 2.2 using the equations 0 +0 = 0 and
—v+v=0.

2. Verify that Examples 1-5 following Lemma 2.2 are linear transforma-
tions.

3. Let f:V — W be a linear transformation. Let vy,...,v, € V and let
w; = f(v;), 1 <i<n.

(a) If {vy,...,v,} spans V, then {wy,...,w,} spans im(f). That is,
({wr, ..., w,}) =1im(f).

(b) If {v1,...,v,} is a linearly independent set in V" and f is injective,
then {wy,...,w,} is a linearly independent set in W.
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(c¢) If{ws,...,w,}isalinearly independent set in W, then {v, ..., v,}
is a linearly independent set in V.

(d) If{w,...,w,} is alinearly independent set in W and {vy, ..., v,}
is a basis of V', then f is injective.

(e) Assume that {vq,...,v,}isabasisof V. Then f is an isomorphism
if and only if {wy,...,w,} is a basis of .

. Let W be a subspace of V, dimV finite. Define the codimension
of W in V, written codim;W (or codimW if k is understood from
context), by the equation codimW = dimV — dim W. More gener-
ally, we can use Corollary 2.18 as motivation to define codimW by
codimW = dim(V/W).

(a) If Wy, Wy are subspaces of V' with codimW; = codimW, = 1, then
COdim(Wl N Wg) S 2. If W1 7é WQ, then COdim(Wl N Wg) = 2.

(b) Let Wi, W; be subspaces of V. If each codimW; is finite, then
codim(W; N W3) < codimW; 4+ codimWs.

We have codim(W; N Ws) = codimW; + codimWs if and only if
Wi+ Wy =V.

(c) Let Wh,..., W, be subspaces of V. If each codimW; is finite, then

codim(Wyn---N,) < Z codimW;.
i=1

. Isomorphism is an equivalence relation on vector spaces.

. Let f : V — W be an isomorphism of vector spaces. Let Y be a
subspace of V. Then Y = f(Y).

. Two finitely generated vector spaces, V, W, over k are isomorphic if and
only if dim V' = dim W. (One can use Proposition 2.8, and Exercise 5
for one implication, and Exercise 3 (e) for the other implication.)

. Finish the proof of Proposition 2.10 that £(V, W) is a vector space over
k.
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9. Let U,V,W be arbitrary sets and let f : U — V and g : V — W be
arbitrary functions.
(a) If f and g are injective, then g o f is injective.

(b) If go f is injective, then f is injective, but g may not be injective.
Give such an example.

(c¢) If f and g are surjective, then g o f is surjective.
(d) If go f is surjective, then g is surjective, but f may not be surjec-
tive. Give such an example.

10. Let V, W be vector spaces, and let f € L(V,W) and g € L(W, V).

(a) If fg = 1w, then g is injective and f is surjective. Similarly,
if gf = 1y, then f is injective and g is surjective. (This part
depends only on sets and functions and has nothing to do with
Linear Algebra.)

(b) Assume that dim V' = dim W is finite. Then fg = 1y if and only
(c¢) If dim V' # dim W, give an example where gf = 1y but fg # 1.

11. Prove Proposition 2.12.

12. Let V=V - PV,and W =W, P--- P W,,. Then
(a) LV,W) =D, LV, W)

(b) LV, W) =@, LV, W)

(c) LV,W) = @i, DL, £(Vi, W)

(d) If dimV =dim W =1, then L(V, W) = L.

13. Show that the definitions of addition and scalar multiplication on V/W
are well defined. Finish the proof of Proposition 2.16 that V/W is a
vector space.

14. Let W be a subspace of V' and assume dim V' is finite. Let {vq,...,v;}
be a basis of W. Extend this basis to a basis {v1,..., v, U541, ...,0,}
of V. Then {vj1 + W, ..., v, + W} is a basis of V/WV.
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15.

16.

17.

18.

19.

20.

21.

22.

Use the previous exercise to give a different proof of Corollary 2.18.
Now use The First Isomorphism Theorem, Exercise 7, and Corollary
2.18 to give a different proof of Proposition 2.6.

Show that Proposition 1.15 is a consequence of the Second Isomorphism
Theorem (Theorem 2.20), Exercise 7, and Corollary 2.18.

(Strong form of the First Isomorphism Theorem) Let f : V — Z be
a linear transformation of vector spaces over k. Suppose W C ker(f).
Then show there exists a unique linear transformation f : V/W —

im(f) such that fom = f, where 7 : V. — V/W. Show f is surjective

and ker(f) = ker(f)/W. Conclude that (V/W)/(ker(f)/W) = im(f).

(Third Isomorphism Theorem) Let V' be a vector space and let W C
Y C V be subspaces. Then

(V/W)/(Y/W)=V/Y.

(Hint: Consider the linear transformation f : V' — V/Y and apply the
strong form of the First [somorphism Theorem from Exercise 17.)

Check the assertion following Proposition 2.9 that in Example 5, the
linear transformation f is surjective, but not injective, while g is injec-
tive, but not surjective.

Let V' be a vector space and let W C Y C V be subspaces. Assume
that dim(V/W) is finite. Then dim(V/W) = dim(V/Y) + dim(Y/W).
(Hint: We have (V/W)/(Y/W) = V/Y from Problem 18. Then apply
Corollary 2.18.)

Suppose that 0 — U i> V 4 W — 0 is an exact sequence. Prove that
VUPW.

Recall k> from Example 5 above Chapter 1, Proposition 1.8, and recall
k[z] from Example 5 above Definition 2.3. Prove that k[z] and k> are
isomorphic vector spaces over k.
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Chapter 3

Matrix Representations of a
Linear Transformation

3.1 Basic Results

Let V,W be vector spaces over a field £ and assume that dimV = n and
dimW =m. Let 5 = {vy,...,v,} be a basis of V and let v = {wy,...,w,}
be a basis of W. Let f € L(V,W). We will construct an m x n matrix that
is associated with the linear transformation f and the two bases  and 7.

Proposition 3.1. Assume the notations above.
1. f is completely determined by {f(vi),..., f(v,)}.

2. If y1,...,yn € W are chosen arbitrarily, then there exists a unique
linear transformation f € L(V,W) such that f(v;) =vy;, 1 <i < n.

Proof. 1. Let v € V. Then v = Y, ¢v; . Each ¢; € k is uniquely
determined because § is a basis of V. We have f(v) = > ", ¢ f(v),

because f is a linear transformation.

2. If f exists, then it is certainly unique by (1). As for the existence of f,
letveV,v=>3", cv. Define f: V. — W by f(v) =>_", ¢;y;- Note
that f is well defined because S is a basis of V and so v determines
1, ..., Cn uniquely. Clearly f(v;) = y;. Now we show that f € L(V, W).
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Let o' = 3" | d;v; and let a € k. Then

flo+d)=f (Z(Cz‘ + dz‘)“i) =D (et dy =) cyi+ Zdiyz‘

i=1 i=1 i=1

=)+ f(),

and

flav) = f (aZcivl) = Zaciyi = aZciyi =af(v).
i=1 i=1 i=1

]

Definition 3.2. An ordered basis of a finite dimensional vector space V is
a basis {v1,...,v,} where the order of the basis vectors vq,. .., v, is fized.

Let 8 = {vy,...,v,} be an ordered basis of V', let v = {wy, ..., w,} be an
ordered basis of W, and let f € L(V,W). Assume that f(v;) = > ", a;;w;,
1 < j < n. Thus, the linear transformation f gives rise to an m X n matrix
(@ij)mxn Whose (i, j)-entry is given by a;;. Note that the j column of this
matrix gives the expression of f(v;) in terms of the basis {wy,...,w,}. We
shall denote this matrix by [f]} and refer to it as the matrix of f with respect
to the ordered bases 3, 7. The notation shows the dependence of this matrix
on the linear transformation f and on the ordered bases § and . The
notation

[f]g = (@ij ) mxn
means that f(v;) = >0 aw;, 1 < j<n.

Let M5 (k) denote the set of m x n matrices with entries in the field k.
Let A = (a;;), B = (bi;) be elements in M,,,,, (k) and let ¢ € k. We define
addition in M,,«,(k) by setting A + B to be the matrix C' = (¢;;), where
¢;j = ai; + b;j. We define scalar multiplication in M,,«, (k) by setting cA to
be the matrix C' = (¢;5), where ¢;; = cay;.

Proposition 3.3. Under the operations defined above, the set M, s, (k) is a
vector space over k that is isomorphic to k™. The dimension of My xn(k)
18 Mmn.

Proof. See Exercise 1. O
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Proposition 3.4. Let 3,7 be ordered bases of V. W, as above. The function
¢ L(V,W) = Mpsn(k), defined by ¢(f) = [f]} is an isomorphism of vector
spaces. In particular, L(V, W) = M, up(k) = k™™ and dim L(V, W) = mn.

Proof. 1 6(f) = ¢(g), then f(v;) = g(v;), 1 < j < n. Thus f = g by
Proposition 3.1(1). Therefore ¢ is injective. Now let (a;;) € Myxn(k) be
given. Let y; = > a;;w;, 1 < j < n. There exists f € L(V,W) such that
f(v;) = y;, 1 < j < n, by Proposition 3.1(2). Then ¢(f) = [f]} = (a)-
Therefore ¢ is surjective and it follows that ¢ is a bijection.

mLet f.g € L(V, VVT?1 and let [f]g = (a;), [g]g = (bij)r.n Then f(v]) -
i1 aiwi, g(v5) = D270 bijwi, and (cf)(v;) = ef (v;) = 2257, cagw;. Since

(f +9)(v;) = f(v)) + g(v;) =) (ai; + byj)w,
i=1

it follows that

O(f +9) = [f + 95 = (ai; +bij) = (aiz) + (bi;) = [[15 + [9]5 = o(f) + ¢(9)-
Similarly,
o(cf) = [efls = (cai;) = clai;) = c[f]} = co(f).
Thus ¢ is a linear transformation and so ¢ is an isomorphism.
The rest follows easily from Proposition 3.3. O

Note that the isomorphism ¢ depends on the choice of basis for V' and
W, although the notation doesn’t reflect this.

Another proof that dim £(V, W) = mn can be deduced from the result
in Exercise 12 of Chapter 2 and the special case that dim £(V, W) = 1 when
dimV =dimW = 1.

We have already defined addition and scalar multiplication of matrices
in M,,xn(k). Next we define multiplication of matrices. We will see in
Proposition 3.5 below that the product of two matrices corresponds to the
matrix of a composition of two linear transformations.

Let A = (a;j) be an m X n matrix and let B = (b;;) be an n x p matrix
with entries in k. The product AB is defined to be the m x p matrix C' = (¢;)
whose (7, j)-entry is given by ¢;; = > ;_, aibyj. A way to think of ¢;; is to
note that ¢;; is the usual “dot product” of the i'" row of A with the j
column of B. The following notation summarizes this.

n
ApsnBnxp = Cxp, Where ¢;; = E @i br;-
k=1
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An important observation about matrix multiplication occurs in the spe-
cial case that p = 1. In that case B is a “column matrix”. Suppose the
entries of B are (by,...,b,) Then a short calculation shows that AB =
>t bi(5™ column of A).

Note that the definition of matrix multiplication puts restrictions on the
sizes of the matrices. An easy way to remember this restriction is to remem-

ber (m x n)(n x p) = (m x p).

Proposition 3.5. Let U, V,W be finite dimensional vector spaces over k.
Let o = {uy,...,up}, B =A{vr,...,vn}, v = {wi,...,wn} be ordered bases
of U, V,W, respectively. Let g € LU, V) and f € LI(V,W) (and so fg €
L(U, W) by Proposition 2.11). Then [fg]2 = [f]}[g]5.

[e%

Proof. Let [f]} = (@ij)mxn, [9]5 = (0ij)nxps and [fg]7 = (¢ij)mxp- Then
(fo)(uy) = flg(uy)) = f (mevk> Zbkgf Uk)
k=1
= Zbkj (Z aisz) = Z (Z aikbkj> w;.
k=1 i=1 k=1

=1

This shows that ¢;; = Y,_, aby;, which is precisely the (i, j)-entry of
/131912 O

Proposition 3.6. Let A € M,,xn(k), B € Mysxp(k), and C € My, (k).
Then (AB)C = A(BC). In other words, multiplication of matrices satisfies
the associative law for multiplication, as long as the matrices have compatible
sizes.

Proof. See Exercise 2. O

Exercise 19 gives some properties of matrices that are analogous to Propo-
sition 2.12.

Let I, denote the n x n matrix (a;;) where a;; = 0 if i # j and a;; = 1 if
i = j. For any A € M,,,«n(k), it is easy to check that [,,A = Al, = A. If
m = n, then I,A = Al,, = A For this reason, I,, is called the n x n identity
matrix.

Definition 3.7. A matrix A € M, «,(k) is invertible if there exists a matrix
B € M, .,(k) such that AB = I,, and BA = I, The matriz B is called the
inverse of A and we write B = A™1.
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Proposition 3.8.

1. The inverse of an invertible matriz in M,y (k) is uniquely determined
and thus the notation A~ is well defined.

2. Let A, B be invertible matrices in My, (k). Then (AB)™' = B~1A™!1.

3. Let Ay, ..., A; be invertible matrices in My« (k). Then (Ay--- A)~' =
A;l -« AT In particular, the product of invertible matrices is invert-
1ble.

4o (AT = AL

Proof. Suppose AB = BA = I, and AC = CA = I,,. Then B = BI, =
B(AC) = (BA)C = I,C = C. This proves (1). The other statements are
easy to check. |

Proposition 3.9. Let 5 be an ordered basis of V and let v be an ordered
basis of W. Assume that dimV = dim W = n. Suppose that f : V — W is
an isomorphism and let f~1: W — V denote the inverse isomorphism. (See
Proposition 2.13.) Then ([f]})~" = [f~']5.
Proof. [fI31f7118 = [ff7)] = [tw]} = L. Similarly, [f~15[f1; = [/ f]5 =
[ly]g = I,,. The result follows from this and the definition of the inverse of a
matrix. O

IftU =V =W and a« = f = v in Proposition 3.5, then the result in
Proposition 3.5 implies that the isomorphism in Proposition 3.4 is also a
ring isomorphism. (See the remark preceding Proposition 2.13.) Next we
investigate how different choices of bases of VW in Proposition 3.4 affect
the matrix [f]3.

Proposition 3.10. Let 3,3’ be ordered bases of V' and let v, be ordered
bases of W. Let f € L(V,W), and let 1y, : V =V and lyy : W — W be the

identity maps on V, W, respectively. Then [f]g/, = [1w]Y [f]g[lv]g/

Proof. Since f = 1y 0 foly, the result follows immediately from Proposition
3.5. O
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An important special case of Proposition 3.10 occurs when V = W,
dimV =n, 8 =1, and 8’ = +. Then [f]3, = [Iv]] [f15[1v]}- Let A= [1,]5,
and B = [1‘/]?. Then AB = [1‘/]2,[1‘/]?/ = [1V]g = [, and similarly BA = I,,.
Thus B = A~L.

We can summarize this with more compact notation. Let M = | f]g and
let M’ = [f]},. Then M’ = A~'MA.

In Proposition 2.7 we proved that if V' has dimension n, then V is iso-
morphic to k™. We will now extend this idea to help with computations
involving linear transformations.

Let V be a vector space over k with basis 8 = {vy,...,v,} and let W be
a vector space over k with basis 7 = {wy,...,w,}. Let €, be the standard
basis of k™. That is, ¢, = {e1,...,e,} where ¢; is the vector in k™ with
coordinates equal to zero everywhere except in the i position where the
coordinate equals 1. Similarly, let €,, be the standard basis of k(™). Let
¢s : V — k™ be the isomorphism (as in Proposition 2.7) that takes v =
Yo bivi to (b, ... b,). We will write [v]g for ¢z(v). Thus [v]s denotes the
coordinates of v with respect to the basis 3. Similarly, let ¢, : W — k(™) be
the isomorphism that takes w to [w],.

Let A = (ajj)mxn € Mumxn(k). We let Ly : E™ — k() denote the
function that takes a vector b (considered as an n x 1 column matrix) to the

vector Ab € k(™) where Ab is given by usual matrix multiplication. It is
straightforward to check that L, € £(k™ k(™).

Lemma 3.11. Using the notation from above, we have [Lali™ = A, [pg]5" =
I, and [,]5" = 1.

Proof. La(e;) = Ae; = Y7 a;e;, since Ae; is the j% column of A. The
result for L, now follows from the definition of [L4]¢m.

The other two results follow easily upon noting that ¢g(v;) = e; € k™
and ¢, (v;) = e; € k™. O

Proposition 3.12. Let f € L(V,W) and let A = [f];. Then the following
diagram commutes. That is, ¢, o f = La o ¢g. In particular, [f(v)], =

[f13v]s.
v Loow
¢ﬁ (b'y

) LA p(m)
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Proof. The second statement follows from the first because
[f ()]s = (@50 f)(v) = (Laodp)(v) = Alv]s = [f]3[v]s.
For the first statement, we have
[0y 0 f15" = [9,)5"[f1} = ImA = A= AL, = [La] [9s]5 = [La o ¢p]5"-
Therefore, ¢, o f = L4 o ¢g by Proposition 3.4. [

Here is another proof of the second statement of Proposition 3.12 that is
a more concrete calculation.

Let ve V,v=>37 bju; Then f(v;) =3 1", ajjwi, where A = (a;;) =
[f]3- We have

fv) = f(z bjvj) = Z bif(vy) = Z bj(z a;jw;)

i=1 j=1
Therefore,
> i1 a17b; by
[f(v)]y = : =A| | =Apls = [fl3v]s
> o1 Gmyb; by

Proposition 3.13. Let § = {vy,...,v,} be an ordered basis of a finite di-
mensional vector space V. If f € L(V,V) is an isomorphism, define 7(f)
to be the ordered basis f(), where f(B) = {f(v1),..., f(v.)}. Then T is a
bijection between the set of isomorphisms f € L(V, V) and the set of ordered
bases of V.

Proof. See Exercise 4. O

3.2 The Transpose of a Matrix

Definition 3.14. Let A € M., (k). The transpose of A, written A?, is the
n x m matriz in My (k) whose (i, j)-entry is the (j,i)-entry of A. That
iS, ZfA = (aij)an (md Zf At = (bij)nxm; then bij = Cl,ji.
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It follows that the i row of A is the i*" column of A, 1 < i < m, and
the 5% column of A is the j¥" row of A%, 1 < j <n.

Proposition 3.15. 1. Let A,B € M,,xn(k) and let a € k. Then (A +
B)t = A+ B!, (aA)! = aA’, and (A")' = A.

2. The map g : Mysn(k) = Musm(k) given by A — A' is an isomor-
phism of vector spaces.

3. Let A € Myxn(k), B € Myxp(k). Then (AB)! = B'A".

Proof. For (1) and (2), see Exercise 7.
(3) Let C'= AB = (¢ij)mxp- Let A' = (aj;)nxm and B = (b};)pxn. Then

(i, j)-entry of B'A" = Z b;la;j = Z biaj = Z ajibi = cji
=1 =1 =1
= (j,1)-entry of AB

(i, j)-entry of (AB)" .

Therefore, (AB)! = B'A'. O

Proposition 3.16. Let A € M, (k) and assume that A is invertible. Then
At is invertible and (AY)~t = (A1)

Proof. Let B = A7'. Then A'B! = (BA)! = I! = I, and B!A' = (AB)! =
I' = I,,. Therefore the inverse of A is B = (A~1)". O

A more conceptual description of the transpose of a matrix and the results
in Propositions 3.15 and 3.16 will be given in Chapter 4.

3.3 The Row Space, Column Space, and Null
Space of a Matrix

Definition 3.17. Let A € M ,xn(k).
1. The row space of A is the subspace of k™ spanned by the rows of A.

2. The column space of A is the subspace of k™) spanned by the columns
of A.
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3. The null space of A is the set of vectors b € k™ such that Ab = 0.
Let A € M,«n(k) and let

R(A) = row space of A,
C(A) = column space of A,
N(A) = null space of A.

Let Ly : k™ — k™ be the linear transformation that takes b € k™ to
Ab e k™),

The definition of matrix multiplication shows that im(L4) = C(A) and
ker(Ly) = N(A). Therefore N(A) is a subspace of k(™. Also, R(A) =
C(A"). The subspace N (A?) is called the left null space of A. This is because
if ¢ € k(™ is considered as a 1 x m matrix, then cA = 0 <= (cA)’ =
0 <= A'c’ = 0. The dimension formula from Proposition 2.6 implies that

n = dim(ker(L4)) + dim(im(L4)) = dim(N(A)) + dim(C(A)).

Proposition 3.18. Let A € M, xn(k), D € Mpum(k), and E € M,y (k).
Then

1. R(DA) C R(A).
2. C(AE) C C(A)
3. N(DA) 2 N(A).

If p =m and D is invertible, then equality occurs in (1) and (3). If p =n
and E is invertible, then equality occurs in (2).

Proof. Let D = (d;;). The i"" row of DA is given by
d;y (first row of A) + - - 4 din (n'" row of A),

which is contained in the row space of A. This shows (1).
Let E = (e;;). The j™ column of AF is given by

ey (first column of A) + - -+ + e,;(n'™ column of A),

which is contained in the column space of A. This shows (2).

If Ax =0, then DAz = 0 and thus (3) holds.

If p=m and D is invertible, then apply (1) to A = D7Y(DA). Ilf p=n
and F is invertible, then apply (2) to A = (AE)E~!. If D is invertible, then
DAz = 0 implies D'DAx = D710 =0, so Az = 0. O
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Proposition 3.19. Let A € My, xn(k), D € Myxm(k), and E € M, (k).
Assume that both D and E are invertible. Then

1. C(DA) = Lp(C(A)) = C(A),

2. C(AE) = C(A),

3. N(DA) = N(A),

4. N(AE) = Lp-N(A) = N(A),
5. R(DA) = R(A),

6. R(AE) = LpR(A) = R(A).

Proof. Statements (2), (3), and (5) were proved in Proposition 3.18. We give
alternative proofs below.

Since E is an invertible matrix, it follows that E* and E~! are also in-
vertible matrices. Since D is also invertible, it follows that Lp, Lg, Lgt, and
Lp-1 are isomorphisms. (See Exercise 5.) Since Lp is an isomorphism, we
have

C(DA) =im(Lpa) =im(Lpo Ls) = Lp(im(La)) = Lp(C(A)) = C(A).
Since L is surjective, we have
C(AE) =im(Lag) =im(Lao Lg) =im(La) = C(A).
Since Lp is injective, we have
N(DA) =ker(Lpa) =ker(Lpo Ly) =ker(Ls) =N(A).
We have
be N(AFE) < AFEb=0 < Ebe N(A) < be Lg-:1N(A).

Thus N(AE) = Lg-1N(A) 2 N(A), because Lg-1 is an isomorphism.
From (1) and (2), we now have

R(DA) = C((DA)") = C(A'D") = C(A") = R(A),

and
R(AE) = C((AE)") = C(E'A") = C(A") = R(A).
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3.4 Elementary Matrices

We will define elementary matrices in M., (k) and study their properties.

Let e;; denote the matrix in M,, (k) that has a 1 in the (4, j)-entry and
zeros in all other entries. The collection of these matrices forms a basis of
Mxn(k) called the standard basis of M. Multiplication of these simple
matrices satisfies the formula

€€kl = 5(j7 k)@iz,

0 ifj#k
1 ifj==k.

When m = n, there are three types of matrices that we single out. They
are known as the elementary matrices.

where 0(j, k) is defined by d(j, k) =

Definition 3.20.
1. Let E;;j(a) be the matriz I, + ae;;, where a € k and i # j.
2. Let D;(a) be the matriz I, + (a — 1)e;;, where a € k, a # 0.
3. Let Py, i # j, be the matriz I,, — e;; — ej; + €5 + €.

Note that E;;(0) is the identity matrix I,,, and that D;(a) is the matrix
obtained from I,, by replacing the (i,7)-entry of I, with a. Also note that
P;; can be obtained from the identity matrix by either interchanging the ™"
and j™* rows, or by interchanging the i** and j** columns.

The notation we are using for the elementary matrices, which is quite
standard, does not indicate that the matrices under consideration are n x n
matrices. We will always assume that the elementary matrices under consid-
eration always have the appropriate size in our computations.

We now relate the basic row and column operations of matrices to the
elementary matrices.

Proposition 3.21. Let A € M,,«,(k). Let Ay = E;;(a)A, Ay = D;(a)A,
As = P A, where the elementary matrices lie in M,xm(k). Then

Ay is obtained from A by adding a times row j of A to row i of A.

Ag is obtained from A by multiplying row i of A by a.

As is obtained from A by interchanging rows ¢ and j of A.
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Proposition 3.22. Let A € M,,x,(k). Let Ay = AE;j(a), A5 = AD;(a),
Ag = AP;;, where the elementary matrices lie in My, (k). Then
Ay is obtained from A by adding a times column i of A to column j of A.
As is obtained from A by multiplying column i of A by a.
Ag is obtained from A by interchanging columns i and j of A.

Exercise 8 asks for a proof of the last two propositions. The operations
described in Propositions 3.21, 3.22 are called the elementary row and column
operations.

Proposition 3.23.

1. Eij(a)E;;(b) = Ejj(a+b) for all a,b € k. Therefore, Ei;(a)™" =
2. Di(a)D;(b) = D;(ab) for all nonzero a,b € k. Therefore, D;(a)™* =
D;(a™Y), for nonzero a € k.

3. P;' = Py.

Proof. We will prove these results by applying Proposition 3.21. We have
Eij(a)E;;(b)] = E;j(a+ b)I because each expression adds a + b times row j
of I to row ¢ of I. Since I = E;;(0) = Ejj(a + (—a)) = Eij(a)E;j(—a), it
follows that E;j(a)™' = Ejj(—a).

Similarly,D;(a)D;(b)I = D;(ab)I because each expression multiplies row
1 of I by ab.

Finally, P;; P;;I = I, because the left side interchanges rows ¢ and j of I
twice, which has the net effect of doing nothing. Therefore, P;;P;; = I and
(3) follows from this. O

Here are several useful cases when products of elementary matrices com-
mute.

Proposition 3.24.
1. E;j(a)Ey(b) = Ey(b)E;j(a) for all a,b € k.
2. Ey(a)E;(b) = Ej(b)Ey(a) for all a,b € k.
3. Di(a)D;(b) = D;(b)D;(a) for all nonzero a,b € k.
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Proof. (1) Since i # j and i # [, we have

Eij(a)Ea(b) = (In + aeij)(In + bea)
= In + Q€ + beil = (In + bezl)(In + aeij) = Ell(b)Ezj(CL).

(2) Since ¢ # [ and j # [, we have

Eil(a)Eﬂ(b) = (In + aeil)([n + beﬂ)
= I, +aey + bej; = (L, + bej) (L, + aey) = E;(b)Ey(a).

(3) Since €ii€j; = €€, WE have

Di(a)D;(b) = (In + (@ — 1)) (In + (b — 1)ejy)
=TI, + (a—1)ey + (b—Dej; + (a— 1) (b — esey;
= (In + (b= 1)ej;) (L + (a — 1)ew) = D;j(b)Di(a).

]

3.5 Permutations and Permutation Matrices

This section is important for Chapter 6 as well as for further results on
elementary matrices.

Definition 3.25. A functiono : {1,...,n} — {1,...,n} is called a permuta-
tion if o is bijective. The set of all permutations o : {1,...,n} — {1,...,n}
is denoted S,,. If o(i) =i, 1 < i < n, then o is called the identity permuta-
tion and is written o = id.

There are n! permutations in S,,. If ¢ € 5, and m < n, then we can
consider o € S,, by setting (i) = ¢ for all i satisfying m + 1 < i < n. In this
way we have S C S, C---C S5, C---

If 01,00 € S, then 01 009 € S,,. We call o1 o g9 the product of o; and
0.

Definition 3.26. A permutation o € S, is called a transposition if there
erist i,7 € {1,...,n}, i # j, such that o(i) = j, o(j) =i, and o(l) =1 for
alll e {1,...,n} withl #1,j. Let 0;; denote this transposition.

Proposition 3.27. Fach 0 € S,, n > 2, is a product of transpositions in
Sh.
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Proof. If ¢ = 1d, then 0 = 015 0 015. We now prove the result by induction
on n. Assume that n > 2. Let o(n) = ¢ and let 0/ = 04, o 0. Then
o'(n) = 04,(i) = n, so we can regard o’ € S,,_;. By induction, ¢’ is a product
of transpositions in S,,_; C S,,. Therefore, 0 = g;,00;,,00 = 0;, 00" is a
product of transpositions in S,,. O

In Theorem 6.4 of Chapter 6, we will prove that the number of transpo-
sitions in any representation of o as a product of transpositions is uniquely
determined modulo 2.

Definition 3.28. A matriz P = (p;j) € Muxn(k) is called o permutation
matrix if there exists a permutation o € S,, such that

_— 0, ifi#o(j)
K 1, ifi=o(j).

Denote this permutation matriz by P,.

Each column of a permutation matrix P € M, (k) consists of exactly
one 1 and n — 1 zeros. The same holds for each row of P because if p;; =
pi = 1, then o(j) =i = o(l). Then j = [ because o is injective.

Conversely, if each row and each column of an n x n matrix has exactly
one 1 and n—1 zeros, then the matrix is a permutation matrix. (See Exercise
14.)

The elementary matrix P;; defined in Section 3.4 is the same as the permu-
tation matrix P, where o is the transposition 0;;. We call P;; an elementary
permutation matrix.

Let P, «, denote the set of permutation matrices.

Proposition 3.29. There is a bijection f : S, — Punxn given by o — P,
with the property f(o1 0 09) = f(o1)f(02). In other words, Py osy, = Py Py,.

Proof. The definition of matrix multiplication shows that

1, ifi=o0y(l) and [ = o9(7) for some [,

1, 7)-entry of P, P, =
(i.7) Y e {O, otherwise,

_{LiMZQOQQL

0, otherwise,

= (i, j)-entry of P, os,.
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Thus Py o0, = Py, Py,
Suppose f(o1) = f(02). Then P, = P,,. This implies o1(j) = 02(j) for

all  =1,2,...,n. Therefore o1 = 09, so f is injective.
Finally, f is surjective because every permutation matrix has the form
P, = f(o0). Therefore f is a bijection. O

Proposition 3.30. Let P, be a permutation matriz. Then
1. P71 =P,.
2. P =P ' =P,-1, so P! is a permutation matriz.
3. P, is a product of elementary permutation matrices P;;.
4. If P, is an elementary permutation matriz, then P, = P! = P, L.

Proof. 1. Proposition 3.29 implies that P,-+ P, = Py = P,P,-1. Since
P,y = I, it follows that P;! = P,-1.

2. Direct matrix multiplication shows that P, Pt = PLP, = I,,. Therefore,
P! = P!, Alternatively, it follows from Definition 3.28 that P! = (g;;)

where
o, itjtel) [0 itite()
DTN =) |1, ifi=o ()
It follows that P! = P,-1.

3. This follows from Propositions 3.27 and 3.29.

4. If P, is an elementary permutation matrix, then o is a transposition.
Then 0~! = ¢ and the result follows from (1) and (2).
O

The following result will be useful later.

Proposition 3.31.

T To—1(1)
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Proof. We have

T n
P, : = ij( 4™ column of P,).
j=1

Tn

Suppose that o(j) = i. Then the j column of P, has a single 1 in the i"
T1
row. Thus the i*" row of P, : IS T = To-1(3). O

Tn

3.6 The Rank of a Matrix

Proposition 3.32. Let A € M,,xn(k). Then there exists an invertible ma-
trix D € Myxm(k), an invertible matric E € My,x,(k), and an integer r > 0
such that the matrix DAFE has the form

DAE — ( Ir Brx(nfr) ) '
O(m—r)xr O(m—r)x(n—r)

In addition we have
1. D is a product of elementary matrices.
2. E 1s a permutation matriz.
3. 0 <r <min{m,n}.

Proof. We will show that A can be put in the desired form by a sequence of
elementary row operations and a permutation of the columns. It follows from
Proposition 3.21 that performing elementary row operations on A results in
multiplying A on the left by m x m elementary matrices. Each elementary
matrix is invertible by Proposition 3.23. Let D be the product of these
elementary matrices. Then D is an invertible m x m matrix. Similarly, it
follows from Proposition 3.22 and Proposition 3.30 (3) that permuting the
columns of A results in multiplying A on the right by an n x n permutation
matrix F.

If A=0, then let r =0, D = I,,, and E = I,,. Now assume that A # 0.
Then a;; # 0 for some 1, j.
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Interchange rows 1 and ¢ and then interchange columns 1 and j. (Replace
A with Pj;APy;.) This lets us assume that a;; # 0.

Multiply row 1 by aj;'. (Replace A with D;(a;;')A.) This lets us assume
that ajl = 1.

Add —a;; times row 1 to row i, 2 < i < m. (Replace A with

Eml(—aml) . 'E31(—G31)E21(—&21)A-)

This lets us assume that a;; =1 and a;; =0 for 2 <7 < m.
Suppose by induction that we have performed elementary row operations
on A and permuted the columns of A such that for some [ satisfying 1 <1 <

min{m, n}, we have
1 ifi=y
Qij = e .
0 ifi# 7,

forl<i<mand 1 <5 <1

If a;;j =0foralll+1 <i<mandl+1 < j <n,thenlet r = [ and we are
done. Otherwise assume that a;; # 0 for some ¢,j with ¢ > [ +1, j > [+ 1.
Then interchange rows [ + 1 and ¢, and then interchange columns [/ 4+ 1 and
J. This lets us assume that a;41 41 # 0. Multiply row [ + 1 by az_+11,z+1- This
lets us assume that a;y1;41 = 1. Add —a; ;41 times row [ 4 1 to row ¢, for
¢ with 1 <4 <m, but ¢ # [ + 1. This lets us assume that a;;1;4+1 = 1 and
a; 41 = 0 for all ¢ satisfying 1 <7 <m but ¢ # [ 4+ 1. Observe that columns
7, where 1 < j <[, remain unchanged throughout this step.

By induction, this procedure either eventually ends as above or r =
min{m,n}. This puts A in the required form. ]

The matrix D in Proposition 3.32 can be found by applying to I,, the
same sequence of elementary row operations that were used in the proof of
the proposition. The matrix E in Proposition 3.32 can be found by applying
to I,, the same sequence of column interchanges that were used in the proof
of the proposition.

Corollary 3.33. Let A € M,«,(k) be an invertible matriz. Then A is a
product of elementary matrices.

Proof. By Proposition 3.32, there exist invertible matrices D, E € M, x, (k)
such that D and E are each products of elementary matrices and DAFE
has the form given in Proposition 3.32. Since A is invertible, DAFE is also
invertible, so we must have m —r = 0. Thus r = m = n. Thus DAE = I,,.
Then A= D 'E~! so Ais a product of elementary matrices. O
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Corollary 3.34. Let A € M,.,(k) be an invertible matriz and suppose that
D and E are as in Proposition 3.32 such that DAE = I,,. Then A~ = ED.

Proof. If DAE = I,,, then A= D 'E~! so A~ = ED. O
Proposition 3.35. Let A € M,xn(k). Then dim(R(A)) = dim(C(A)).

Proof. We find invertible matrices D, E as in Proposition 3.32 Then Propo-
sition 3.18 implies that dim(C(A)) = dim(C(DA)) = dim(C(DAE)), and
dim(R(A)) = dim(R(DA)) = dim(R(DAE)). This shows that we can as-

sume from the start that

A= ( [7‘ Brx(nfr) ) )
O(mfr)xr O(mfr)x(nfr)
The first r rows of A are linearly independent and the remaining m — r
rows of A are zero. Therefore, dim(R(A)) = r. The first r columns of A

are linearly independent. The columns of A can be regarded as lying in k().
Therefore dim(C(A)) = r. O

Definition 3.36. Let A € M., (k). Therank r(A) of A is the dimension of
the row space or column space of A. Thus r(A) = dim(R(A)) = dim(C(A)).

It is a very surprising result that dim(R(A)) = dim(C(A)). Since R(A) C
k™) and C(A) C k(™) there seems to be no apparent reason why the two sub-
spaces should have the same dimension. In Chapter 4, we will see additional
connections between these two subspaces that will give more insight into the
situation.

We end this section with a theorem that gives a number of equivalent
conditions that guarantee an n X n matrix is invertible.

Theorem 3.37. Let A € M«n(k). The following statements are equivalent.
1. A is invertible.
2. R(A) = kM.
3. The rows of A are linearly independent.
4. Dim(R(A)) = n.
5. C(A) = kM.
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The columns of A are linearly independent.
Dim(C(A)) = n.
There exists B € My x,(k) such that BA = 1I,,.

AN S R

There exists C' € Myxn(k) such that AC = 1I,,.
10. Ly : k™ — k™ is an isomorphism.

11. Ly : k™ — k™ 4s an injection.

12. Ly : k™ — k™ 4s a surjection.

13. A is a product of elementary matrices.

Proof. Statements (2)-(4) are equivalent by Proposition 1.14 and Exercise
13 of Chapter 1. The same reasoning shows that statements (5)-(7) are
equivalent. Statements (10)-(12) are equivalent by Proposition 2.9.

(8) = (2): We have k™ = R(I,,) = R(BA) C R(A) C k™. Therefore
equality holds throughout and (2) holds.

(2) = (8): Since the R(A) = k™), there exist constants b, ..., b, in k
such that by (first row of A)+ -+ b, (n'* row of A) = e;, where ¢; is the i
vector in the standard basis of k™. If we let B be the n x n matrix whose
(i, j)-entry is b;;, then BA = I,.

Similarly, if we apply the same reasoning to columns and column opera-
tions as we did to rows and row operations in the proof that (2) and (8) are
equivalent, then we easily see that (5) and (9) are equivalent.

Since [La]¢" = A by Lemma 3.11, it follows that (1) and (10) are equiva-
lent by Exercise 5.

The next step is to prove that (1), (8), (10), (11) are equivalent.

(8) = (11): Lemma 3.11 and Propositions 3.4, 3.5 imply that LgL =
Lpa = Lj, = 1. Then (11) follows from Exercise 9b in Chapter 2.

(11) = (10) = (1) comes from above and (1) = (8) is trivial.

Statements (1), (9), (10), (12) are proved equivalent in the same way as
the equivalence of (1), (8), (10), (11).

It remains to prove that (1) and (13) are equivalent. Since elementary
matrices are invertible and products of invertible matrices are invertible by
Proposition 3.8, it is clear that (13) implies (1). Finally, (13) implies (1) by
Corollary 3.33. O
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3.7 Systems of Linear Equations

We begin by describing an algorithm to solve systems of linear equations.
Then we will apply these results to finding bases of ker(f) and im(f) for
a linear transformation f. This will extend the results given at the end of
Chapter 2.

Consider the following system of m linear equations in n variables with
coefficients in k.

a1121 + @122 + -+ - + a1, = 1

a211 + a29T9 + -+ aonLy — Co

Am1T1 + Q2T + -+ - + ATy = Cy

Let A = (@ij)mxn, T = (j)nx1, and ¢ = (¢i)mx1- Then the system
of equations above is equivalent to the matrix equation Ax = ¢. When
¢y = -+ = ¢, = 0, this system is called a homogeneous system of linear
equations. Otherwise, the system is called an inhomogeneous system of linear
equations.

In Chapter 2, we constructed a linear transformation f : k& — k(™
with the property that f(b) = cif and only if b = (by, ..., b,) is a solution for
x = (x1,...,2,) in the system of linear equations above. It was shown that if
b is one solution, then all solutions are given by b+ker(f). It is easy to check
that f is the linear transformation L4 defined before Lemma 3.11. That is,
f(b) = Ab. Thus, ker(f) = {b € k™|Ab = 0} = ker(L,) = N(A). It follows
that finding the solutions of a homogeneous system of linear equations is
equivalent to finding either the null space of a matrix A or the kernel of the
associated linear transformation L 4. Also,

im(f) = {c € k"™ |Ab = ¢ for some b € k™} =im(L,) = C(A).
Thus
n = dim(ker(f)) + dim(im(f)) = dim(N(A)) + dim(C(A)).

Proposition 3.38. Let A € M,,xn(k) and c € k™). Suppose that D and E
are invertible matrices as in Proposition 3.32 and suppose that r is the rank
of A. Then Ax = c has a solution if and only if the last m — r coordinates
of Dc are zero.
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Proof. Since D is an invertible m x m matrix, the equation Ax = ¢ has a
solution if and only if the equation DAx = Dc has a solution, and this holds
if and only if Dc € C(DA) = C(DAE). The column space of DAE consists
of those vectors in k™ whose last m — r coordinates are zero. Therefore,
Ax = c¢ has a solution if and only if the last m — r coordinates of Dc are
Z€T0. 0

Proposition 3.39. Let A € M,,xn(k) and c € k™). Suppose that D and E
are 1nvertible matrices as in Proposition 3.32 and suppose that r is the rank
of A. Assume that the equation Ax = ¢ has a solution. Let

dl dl
d, e

Dc = 0 and d = 0 ,
0 mx1 0 nx1

where the last m—r coordinates of Dc equal zero and the last n—r coordinates
of d equal zero. (The notation is valid since r = dim(R(A)) < min{m,n}.)
Then a solution of Ax = ¢ is given by x = Ed.

Proof. We have

d;
1% column rt column aér

DAEd_dl( of DAE )*"'*d’”( of DAE )_ 0 = De.
0

mx1

Multiply by D! on the left to conclude AEd = ¢. Thus, z = Ed is a solution
of the equation Ax = c. n

We now describe N'(A). We have N (A) = N(DA) = LgN(DAE). (See
Proposition 3.19.) We first compute a basis of N(DAFE) and dim(N (DAFE)).
Since DAFE is an m x n matrix and r(DAFE) = dim(C(DAE)) = r, it follows
that dim(W(DAE)) =n —r.
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Let DAE = (aij)mxn- It follows from Proposition 3.32 that a;; = 0
for r+1 < ¢ < m, and the upper r x r submatrix of DAFE is the r x r
identity matrix I,. The null space of DAE corresponds to the solutions of
the following homogeneous system of r linear equations in n variables.

Ty + a1 Tppr + o a1y, =0

T+ Q2 p1Tpq1 + -+ A2pTp =0

Ty + Q41 Tr41 +- -+ apmr, =0

The vectors

—a1 41 —Q1 42 —Qip
—Arri1 —Qy 42 —0pp
1 0 0
0 ’ 1 Y 0
0 0 0
0 0 1

are n — r linearly independent vectors in N (DAE), which therefore form a
basis of N(DAE).

Finally we have N (A) = LgN(DAE). Since E is a permutation matrix,
the coordinates of the basis vectors of N (DAF) are permuted to obtain a
basis of N(A). The complete solution for the original system is b + N (A),
where b is any solution to Ax = c. If a solution exists, then we saw above
that we may take b = Ed.

3.8 Bases of Subspaces

A number of problems can be solved using the techniques above. Here are
several types of problems and some general procedures based on elementary
row operations.
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1. Let V be a vector space with basis 5 = {vy,...,v,}. Let Y C V be a
nonzero subspace of V' and suppose Y =< y1,...,y, >. Find a basis
of Y.

Although Corollary 1.10(3) implies some subset of {91, . .., ¥ } contains
a basis of Y, the Corollary does not produce a method to actually find
the basis. Here is a method.

We follow the notation that precedes Lemma 3.11. Suppose that y; =
2?21 aijvj, 1 <i<m. Let A = (ajj)mxn. Then

¢5(yi) = (a1, a2, . . ., Qin),
the i row of A. Thus ¢5(Y) = R(A), the row space of A. Since Y is a
nonzero subspace of V| it is clear that A is a nonzero matrix. Therefore
a basis of Y is given by gzﬁ[;l(a basis of R(A)).

Find invertible matrices D, F as in Proposition 3.32. Then R(A) =
R(DA). The matrix DA has r nonzero rows which are linearly inde-
pendent. These rows form a basis of R(A).

2. Let y1,...,ym € k™. Determine if these vectors are linearly indepen-
dent.
Let A be an m X n matrix whose rows are ¥, ...,¥y,. Find invertible
matrices D, E as in Proposition 3.32. The vectors y1, . . ., ¥, are linearly

independent if and only if r(A) = r(DAFE) = m, i.e., each row of
DAF is nonzero. The rows of A are linearly dependent if and only if
elementary row operations can be performed on A to obtain a row of
Zeros.

3. Let W C k™ be a subspace. Let {uy,...,u,} be a set of generators of
W. Let ¢ € k). Determine whether ¢ € W. If ¢ € W, find by,...,b,
in k such that ¢ = byuy + - - - + b uy,.

Let S be a basis of W. Then ¢ € W if and only if S J{c} is a linearly
dependent set. (This statement would be false if we replaced S by an
arbitrary set of generators of W. See Exercise 13.) To find by,...,b,,
it is more convenient to change the problem to one about solving a
system of linear equations. Let A be the m x n matrix whose columns
are the vectors {uy,...,u,}. Then ¢ € W if and only if the equation
Ax = c has a solution.
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. Let f:V — W be a linear transformation. Let § = {vy,...,v,} be a
basis of V' and let v = {w, ..., wn,} be a basis of W. Let A = [f]}; =
(a;;). Find a basis of im(f).

Proposition 3.12 implies that

¢y(im(f)) = &,(f(V)) = La(¢s(V))
= La(k™) = {Ab|bec k™} =C(A).

Then a basis of im(f) is given by ¢ (a basis of C(A)). A basis of C(A)
can be computed by applying elementary column operations on A in
the same manner as was used to compute a basis of R(A) in (1).

Exercises

. Prove Proposition 3.3 and find a basis of M, x,(k).

. Prove Proposition 3.6. (An easy method is to interpret each matrix as
the matrix of a linear transformation with respect to some basis, and
then to recall that composition of functions is associative. For a second
proof, compute the entries of (AB)C' and A(BC) directly.)

. Matrix multiplication is not commutative, even for square matrices.
. Prove Proposition 3.13.

. Using our usual notation, f € £(V, W) is an isomorphism if and only
if [f]} is an invertible matrix.

. Let A € Myxn(k) and let B € My (k).

(a) Suppose that AB = I,,,. Then m <n.

(b) Suppose that AB = I,, and m = n. Then BA = I,,. Thus, if
m =n, then AB = 1,, <= BA = 1,,.

(c¢) Suppose that AB = I,,, and m < n. Then BA # I,,.

. Prove Proposition 3.15 (1), (2).

. Prove Propositions 3.21 and 3.22.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

The elementary matrix Fj; can be expressed as a product of the other
two types of elementary matrices E;;(a) and D;(a). (First solve this
problem for 2 x 2 matrices.)

Give another proof of Proposition 3.23 by using the formulas E;;(a) =
In + aeij, Dz(a) = In + (Cl — 1>eii7 and Pij = [n — €4 — ejj + eij + eji-

Let f = {v1,...,v,} be a basis of V' and let v = {wy,...,w,} be a
basis of W. Set Vj =< v; > and W; =< w; > so that V' = 7_, V; and
W =@~ Wi. Let f € L(V,W) and suppose [f]} = (a;;). Then show
f=22100 "0 fij where fi; € L(V}, W;) and fi;(v;) = ajjw;. Compare
this exercise to Exercise 12 of Chapter 2.

Justify the procedures given in Section 3.8 to solve the problems that
are posed.

Justify the statement about S| J{c} in problem 3 of Section 3.8.

Suppose that each row and each column of A € M, «,(k) has exactly
one 1 and n — 1 zeros. Prove that A is a permutation matrix.

Let A be an m x n matrix and let r = rank(A). Then

(a) r < min{m,n}.
(b) r =dim(im Ly).
(c) dim(ker Ls) =n —r.

In Proposition 3.12, show that ¢g(ker(f)) = ker(L4) and ¢, (im(f)) =

Suppose that S and T are two sets and that f : S — T is a bijection.
Suppose that S is a vector space. Then there is a unique way to make T’
a vector space such that f is an isomorphism of vector spaces. Similarly,
if T is a vector space, then there is a unique way to make S a vector
space such that f is an isomorphism of vector spaces.

Use Exercise 17 to develop a new proof of Proposition 3.4. Either
start with the vector space structure of M, (k) to develop the vector
space structure of L(V, W), or start with the vector space structure of
L(V, W) to develop the vector space structure of M., (k).
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19.

20.

Let A, A1, Ay € Moyun(k), B, B1, By € Myyp(k), C € M,y,(k), and
let a € k. Then the following statements hold. (Compare with Propo-
sition 2.12.)
(a) (Al + AQ)B = AlB + AQB
(b) A(By+ By) = AB; + ABs
(¢) a(AB) = (aA)B = A(aB)
(d) (AB)C = A(BC)

Note that when m = n = p = ¢, statements (1) - (4) imply that
M.« (k) is an associative algebra.

A diagonal matrix A € M, «,(k) is a matrix that can be written
> i, aie;. In other words, A = (a;;) is a diagonal matrix if a;; = 0 for
all i, 7 where 7 # j.

Let Dy = Y »  ae; and Dy = > be;; be two diagonal matrices.
Then DDy = Z?:l a;biey;. In particular, D1 Dy = Dy D1 for any two
diagonal n x n matrices.
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Chapter 4

The Dual Space

4.1 Basic Results

Let V' be a vector space over k, dim V' = n. We shall consider k as a vector
space of dimension one over k by identifying k£ with the one-dimensional
vector space k(). That is, the element a € k is identified with the vector
(a) € kW,

Definition 4.1. The vector space L(V, k) is called the dual space of V', or
simply the dual of V' and is written V*. The elements of V* are called linear
functionals.

Let 5 = {vy,...,v,} be a basis of V. We use Proposition 3.1 to define
elements ¢1,...,0, € L(V,k) = V* as follows. Let ¢; denote the element in

V* such that
{0, if i j

Pilvs) = 1, ifi=j.

Proposition 4.2. The elements ¢1, ..., ¢, form a basis of V*.

Proof. Let f € V* and suppose that f(v;) =¢j, ¢; € k, 1 < j < n. Let
g =Y c;. Then g(vj) = >0, cidi(v;) = ¢;. Thus f = g by Proposi-
tion 3.1(1), because both functions agree on the basis 5. This shows that
¢1, ..., 0n span V*.

Suppose that Y ", b;¢; = 0. Evaluation at v; gives 0 = Y ", bip;(v;) =
b;. Therefore each b; = 0 and so ¢1,..., ¢, are linearly independent. There-
fore, the elements ¢, ..., ¢, form a basis of V*. O
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The basis in Proposition 4.2 is called the dual basis of V* to 5 and we
write * = {¢1,...,¢n} to denote this. Since dimV* = dim L(V, k) = n,
by Proposition 3.4, we could have shortened the proof of Proposition 4.2 by
making use of Proposition 1.14.

Corollary 4.3. Let = {vy,...,v,} be a basis of V and let 5*={¢1,...,on}
be the dual basis of V* to B. Let v € V and let f € V*. Then v =

Z?:l ¢j(v)v; and f = Z?:l f(vi)éi.

Proof. The proof of Proposition 4.2 shows that f = > " | f(v;)¢;. Letv e V.
Then v = Y77 | a;v;, with each a; € k uniquely determined. Then ¢;(v) =
> ie1 @ij(vi) = a;. Therefore v = 77| ¢;(v)v;. O

We now begin to develop the connections between dual spaces, matrix
representations of linear transformations, transposes of matrices, and exact
sequences.

Let V', W be finite dimensional vector spaces over k. Let 8 = {vy,...,v,}
be an ordered basis of V' and let v = {wy, ..., w,} be an ordered basis of W.
Let 8* = {¢1,...,0n} and v* = {11, ..., ¥} be the corresponding ordered
dual bases of V* and W*. Let f € L(V,W). Define a function f*: W* — V*
by the rule f*(7) = 7o f. Then f*(7) lies in V* because 7o f is the composite

of the two linear transformations V' i> w5 k.

Proposition 4.4. Using the notation from above, the following statements
hold.

1. ffe L(W* V™).
2. [f15 = (D"
Proof. (1) f* € L(W*, V*) because
fflntm)=(Mn+mn)of=nof+mnof=[f(n)+f(r)

and
f*(ar) = (aT)o f =a(T o f) = af*(7).
(2) Let [f]} = (@ij)mxn and let [f*]g: = (bij)nxm- Then

fr(y) =pjof= Z(wj o f)(wi) - b,
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by Corollary 4.3. This shows that b;; = (¢; o f)(v;). But,

m

(50 F)(0) = ¥i(f () = %O aww) =D anth(wr) = a;.

=1 =1

Therefore b;; = a;; and this proves (2). O

Let U LV % Whea sequence of linear transformations of vector spaces.
The linear transformations f, g induce corresponding linear transformations

on the dual spaces. Namely, we have W* L V* Ly IS U*. Then (gof) = frog*
because for every ¢ € W*, we have

(go f) (W) =volgof)=(bog)of=g'()of=[ og ()

Proposition 4.5. In the situation above, assume that dimU = p, dimV =
n, and dimW = m. Let a,(,v be ordered bases of U,V,W , respectively,
and let o*, B*,~* be the dual bases of U*,V*, W* to a,B,7. Let A = [g]},
B =|[fla, and C' = [go f]2.

Then (AB)t = B'A'. In fact, (AB)t = B'A" for any pair of matrices
having compatible sizes.

Proof. AB = [g]}[f]5 = [g o f] = C. Therefore, Proposition 4.4(2) implies
that

(AB)' =C"=(lgo 1) = (g0 /)5 = [f 0 g']5: = [f]5[g7]5- = B'A"

Now let A, B be any pair of matrices having compatible sizes so that A, B
can be multiplied. We may assume that A € M,,,«,, (k) and B € M, (k).
Then A = [g]} for some g € L(V,W) and B = [f]2 for some f € L(U,V).
The rest of the proof follows from above. m

Proposition 4.5 furnishes another proof of Proposition 3.15(3). Proposi-
tions 4.4 and 4.5 give a more intrinsic meaning of the transpose of a matrix.

4.2 Exact sequences and more on the rank of
a matrix

Lemma 4.6. Let Y be a vector space and let W C'Y be a subspace. Then
there exists a subspace X CY such that WP X =Y.
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Proof. Let {v1,...,u} be a basis of W. Extend this basis to a basis

{v1, .., 0,041, -, U }

of Y. Let X = (vj41,...,Un), the span of {v;41,...,0}. ThenY =W + X
and WNX = (0), and so Y = W& X by Proposition 1.16 and Definition
1.17. 0

Proposition 4.7 (Fundamental Mapping Property of Linear Transforma-
tions). Let V)Y, Z be vector spaces over k and let ¢ :V — Z, g:V — Y be
linear transformations. Assume that ker(g) C ker(¢).

1. If g 1s surjective, then there exists a unique linear transformation v :
Y — Z such that ¢ = o g.

2. In general, there always exists at least one linear transformation i :
Y — Z such that ¢ =1 og.

Proof. (1) First assume that ¢ is surjective. Define ¢ : Y — Z as follows.
Let y € Y. Since g is surjective, we may choose v € V such that g(v) = y.
Define ¥ (y) by ¥(y) = ¢(v). We must show that 1 is well-defined, v is a

linear transformation, ¢ = ¢ o g and v is uniquely determined.
Suppose that v" € V and ¢g(v') = y. Then

v—1v" € ker(g) C ker(¢).

Thus ¢(v) = ¢(v'), and this shows that v is well-defined.

To show that ¢ : Y — Z is a linear transformation, let y,y" € Y and
a € k. Let v,v" € V such that g(v) = y and g(v") = 3. Then g(v+ ') =
9(v) +9(v') =y +y and g(av) = ag(v) = ay. Thus,

by +y) = o(v+1) = d(v) + o) = d(y) + (),

and
U(ay) = ¢(av) = ap(v) = a(y).
This shows that 1 is a linear transformation.
Let v € V. Then (¢ o g)(v) = ¥(g(v)) = ¢(v) from the definition of ¢.
To show that the linear transformation v : Y — Z is unique, suppose
that ¢/ : Y — Z is a linear transformation such that ¢ =9’ og. Let y € Y
and choose v € V such that g(v) = y. Then

Y(y) = o(v) = V' (g(v)) = ¥'(y)
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for all y € Y. Therefore, 1) = 1)/

(2) Now we remove the assumption that g is surjective. Let W = im(g).
Then (1) implies that there exists a unique linear transformation ¢’ : W — Z
such that ¢ = ¢’ 0 g. Since Y = W X for some subspace X C Y, there
exists a linear transformation ¢ : Y — Z such that ¢ |y, = ¢’. (For example,
we can take ¥ (X) = 0.) It follows that ¢ = og. O

Remark: Note that the statement and proof of (1) extends to the case of
modules over a commutative ring R. The proof of (2) uses special properties
of vector spaces, namely the existence of a basis.

Proposition 4.8. If U LV 5 W s an exact sequence of linear transfor-

. g* f* .
mations of vector spaces, then W* = V* = U* is also an exact sequence of
linear transformations.

Proof. First we show that im(g*) C ker(f*). Let ¢ € im(g*). Then g*(¢) =
¢, for some ¢y € W*. It follows that

[ (@) = (g"()) = (go f)(¥) =do(gof) =0,

because im(f) C ker(g) and so go f = 0. Thus ¢ € ker(f*), so im(¢*) C
ker(f*).

Now let ¢ € ker(f*). Then f*(¢) = 0 and so ¢ o f = 0. Thus ker(g) =
im(f) C ker(¢). Proposition 4.7 implies that there exists ¢ : W — k such
that 1o g = ¢. Thus ¥ € W* and ¢*(¢) = ¢ o g = ¢. Thus ¢ € im(g*), and
so ker(f*) C im(g*). Therefore, im(g*) = ker(f*). O

Corollary 4.9. Let f € L(V,W) and let f* € LW*,V*) be the induced

linear transformation on dual spaces.
1. If f is injective, then f* is surjective.
2. If f is surjective, then f* is injective.

Proof. 1t f is injective, then 0 — V — W isexact at V and so W* — V* — 0
is an exact sequence. Thus f* is surjective.

If f is surjective, then V. — W — 0 is exact at W and so 0 - W* — V*
is an exact sequence. Thus f* is injective. O
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Corollary 4.10. Suppose that W C V' is a subspace and v : W — V s the
inclusion map. Let * : V* — W* denote the induced linear transformation
on dual spaces. Let T € V*. Then v*(1) = 7|w.

In particular, if p : V* — W* is the function given by restricting the
domain to W, then p = 1* and p is surjective.

Proof. Let 7 € V*. Then *(17) = 701 = 7|w = p(7). Therefore p = 1*. The
Corollary 4.9 implies that (* is surjective because ¢ is injective. Thus p is
surjective. O

Proposition 4.11. Let f € L(V,W) and let f* € LIW*,V*) be the induced

linear transformation on dual spaces. Then dim(im(f)) = dim(im(f*)).

Proof. The linear transformation f : V — W induces the linear transforma-
tions V % im(f) - W where ¢ is the inclusion map and g is the same as f
except that the range of f has been restricted to im(f). Then f =1 0g.

This induces the linear transformations W* £ im(f)* & V* where f* =
g*or*. We have that g* is injective because g is surjective, and ¢* is surjective
because ¢ is injective. Since f*: W* — V* this gives

dim(W?*) — dim(im(f*)) = dim(ker(f*))
(

= dim(ker(c")), because ¢g* is injective,
= dim(W™*) — dim(im(¢"))
= dim(W"*) — dim(im(f)"), because (* is surjective.

Therefore, dim(im(f*)) = dim(im(f)*) = dim(im(f)). O

Lemma 4.12. Let f : V — W be a linear transformation. Let B and v be
ordered bases of V and W, respectively, and let A = [f]}. Then dim(im(f)) =
dim(C(A)).

Proof. Proposition 3.12 and Exercise 16 of Chapter 3 imply that
¢y (im(f)) = im(La) = C(A).
Thus dim(im(f)) = dim(¢,(im(f))) = dim(C(A)). O

We now can give a new proof of Proposition 3.35.

75



Theorem 4.13. Let A € M,,xn(k). Then dim(C(A)) = dim(R(A)).

Proof. Let Ly : k™ — k(™ be the linear transformation given by L(b) =
Ab. Let €, and €, be the standard bases of k™ and k™. Then [L4]o" = A,
by Lemma 3.11.

Let € and €, be the dual bases of (k(™)* and (k'™)* to ¢, and €,,. We
have an induced linear transformation

(La)": (KU™)" = (k).
Proposition 4.4 (2) implies that
(La)7)ez = ([Laler)t = A"
It follows from Lemma 4.12 and Proposition 4.11 that
dim(C(A)) = dim(im(Ly)) = dim(im((L4)")) = dim(C(A")) = dim(R(4)).
O

Let f : V — W be a linear transformation, with dim V' = n and dim W =
m. Let f*: W* — V* be the induced linear transformation of dual spaces
where f*(7) = 7o f, for 7 € W*. We now construct bases of the subspaces
ker(f), im(f), ker(f*), and im(f*).

Let r = dim(im(f)). Then n —r = dim(ker(f)). Let {v;41,...,v,} be a
basis of ker(f). Extend this basis to a basis 6 = {v1,..., v, Vps1,...,0,} Of
V. Let w; = f(v;), 1 <i <.

We show now that {ws,...,w,} is a basis of im(f). First, {wq,...,w,}
spans im(f) because

lm(f) = <f(v1)7 cee 7f<vn)> = <f(v1)7 .. '7f(UT)> = <w17 s vwr>'

Since dim(im(f)) = r, it follows that {wy,...,w,} is a basis of im(f).

Extend {wy,...,w,} to a basis v = {wy,..., W, ..., wy,} of W. Let
v = {t1,...,¥n} be the dual basis of W* to 7. We will now show that
{rs1,..., ¥} is a basis of ker(f*). If r +1 < j < m then v¢; € ker(f*)
because f*(v;) =1 o f and

Yjo f(V) =1;(im(f)) = ;({wy, ..., w,)) = 0.
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Now let ¢ = >, ety € ker(f*). Then 0 = f*(3_0%, cidy) = (O_in, cibi) o f.
Therefore, if 1 < 7 <r, then

0= ((Z Ciwi) © f) (v;) = (Z Ci%’) (f(vy)) = (Z Ci¢i> (wj) = ¢;.

Therefore ¢ = > .| ¢, This shows that {¢r41,..., ¢} spans ker(f*).
Since {W,41,...,%n,} is part of a linearly independent set, it follows that
{trs1,...,¥m} is a basis of ker(f*).

Let 8* = {¢1,...,d,} be the dual basis of V* to 8. We will show that
{¢1,..., ¢} is a basis of im(f*).

Since {11,...,1,} is a basis of W* and since {¢,11,...,¥n} C ker(f*),
it follows that

lm(f*):<f*(¢1>77f*(¢m)>:<f*(¢l>77f*(¢r>>:<¢lofaa¢rof>

We will show that f*(¢;) = ;0o f = ¢; for 1 < i < r. This will imply that

im(f*) = (¢1,...,¢r). Since the set {¢1,...,¢,} is a linearly independent

set, being a subset of 8*, it will follow that {¢1,..., ¢,} is a basis of im(f*).
Assume that 1 < i <r. We have

Yi(w;), f1<j<r 0, ifj#£d
0 (0), ifr4+1<j<n |1, ifj=i

(i o f)(v;) = ¥i(f(vy)) = {
= ¢i(vj).

Therefore, f*(v;) = ;o f = ¢; for 1 < i < r, because the two linear
transformations agree on a basis of V.

4.3 The double dual of a vector space

L(V*, k) is the dual space of V*. It is often written V** and called the double
dual of V. Each element v € V' determines an element f, € V** as follows.
Let f, : V* — k be the function defined by f,(¢) = ¢(v) for any ¢ € V*.
The function f, is a linear transformation because for ¢, 7 € V* and a € k,
we have

fo(0+7) = (0 +7)(v) = ¢(v) +7(v) = fu(¢) + fu(7) and

folag) = (ag)(v) = a(¢(v)) = afu(@).

Thus, f, € L(V* k). This gives us a function f : V — V** where
) = fo.
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Proposition 4.14. The function f : V — V** is an injective linear trans-
formation. If dimV is finite, then f is an isomorphism.

Proof. First we show that f is a linear transformation. Let v,w € V, let a €

k, and let ¢ € V*. Since fy14(¢) = ¢(v+w) = ¢(v) + (W) = fo(d) + fu(P),
it follows that f,. ., = f, + fu in V** Thus,

f(v+w):fv+w:fv+fw:f(v)+f(w)'

Since foo(9) = d(av) = ag(v) = af,(¢), it follows that f,, = af, in V**.
Thus,

f(CL’U) = fav = afv = af(v).
This shows that f is a linear transformation.

Suppose that v € ker f. Then f, = f(v) = 0. That means f,(¢) =
¢(v) =0 for all ¢ € V*. If v # 0, then V has a basis that contains v. Then
there would exist an element ¢ € V* such that ¢(v) # 0, because a linear
transformation can be defined by its action on basis elements, and this is a

contradiction. Therefore v = 0 and f is injective.
If dimV = n, then n = dimV = dim V* = dim V**. Therefore f is also
surjective and so f is an isomorphism. O

4.4 Annihilators of subspaces

Definition 4.15. Let S be a subset of a vector space V. The annihilator S°
of S is the set S° ={T € V* | 7(v) =0 for allv € S}.

Thus S° = {r € V* | S C ker(7)}.

Lemma 4.16. Let S be a subset of V and let W = (S).
1. 5° is a subspace of V*.
2. 5°=W¢-.

Proof. 1f 7, 7 € S° and a € k, then it is easy to see that 7 + 7 € S° and
ar, € S°. Therefore (1) holds.

Since S C W, it follows easily that W° C S°. Now let 7 € S°. Then
7(S) = 0 implies S C ker(r). Since ker(7) is a subspace, it follows that
W = (S) C ker(7). Therefore, 7 € W° and (2) holds. O
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Proposition 4.17. Let W be a subspace of V. Consider the function p :
V* — W* given by restricting the domain to W. That is, p(T) = T|w.

1. ker(p) = We.
2. dim(W°) = dim(V) — dim(W).

Proof. We know from Corollary 4.10 that p is a surjective linear transforma-
tion. Then ker(p) = {7 € V*| 7|y = 0} = W°. Thus

dim(W°) = dim(ker(p)) = dim V* — dim(im(p))
=dimV* —dimW* =dimV — dim W.

]

Here is a further look at the situation in Proposition 4.17. Let W be a
subspace of V. The following sequence is exact.

0—-W SV ISV/W =0
Proposition 4.8 implies that the following sequence is exact.
0= (V/W) SvV-5Sw* =0
Since ¢* = p (see Corollary 4.10), the exactness implies
7 (V/W)) = im(r*) = ker(i*) = kex(p) = W*.
Thus 7* : (V/W)* — W® is an isomorphism and so
dim(W?) = dim((V/W)*) = dim(V/W) = dim(V') — dim(W).

Since ker(:*) = W°, we have V*/W° = W*,
See Exercise 7 for additional proofs of some of these results.

Proposition 4.18. Let f : V. — W be a linear transformation and let

fF: W* — V* be the corresponding linear transformation of dual spaces.
Then

1. ker(f*) = (im(f))°
2. (ker(f))® = im(f*)
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Proof. (1) h € ker(f*) <= hof =0 <= h(im(f)) =0 < h €
(im(f))°.

(2) Let g € im(f*). Then g = f*(h) = ho f, for some h € W*. Since
g(ker(f)) = (ho f)(ker(f)) = h(f(ker(f))) =0, it follows that g € (ker(f))°.
Thus, im(f*) C (ker(f))°. Proposition 4.11 and Proposition 4.17 (2) imply
that

dim(im(f*)) = dim(im(f)) = dim V' — dim(ker(f)) = dim(ker(f))°.
It follows that (ker(f))° = im(f*).

Let ¢ € (ker(f))°. Then ¢ € V* and ¢(ker(f)) = 0. Since ker(f) C ker(¢
Proposition 4.7 (2) implies that there exists ¢» € W* such that f*(¢)

Yo f =6, Thus ¢ € im(f7), so (ker(f))° C im(f).

O
Here is a direct proof that (ker(f))° C im(f*) in Proposition 4.18 (2).
);

4.5 Subspaces of V and V*

The following definition includes Definition 4.15.

Definition 4.19. Let V' be a vector space over k of dimension n. Let W be
a subspace of V' and let Y be a subspace of V*.

1. Let We = {f € V* |W C ker(f)}.

2. Let Yo = (\;ey ker(f).

Thus, We CV* Y, CV,and Y, = {v € V| f(v) =0, forall f € Y}.
From Proposition 4.17 (2), we have dim(W°) = dim(V') — dim(W).

It is easy to see that if Wy C Wy, then W7 O W7, and if Y; C Y5, then
(D)o 2 (Yoo

Proposition 4.20. W C (W°), and Y C (Y5)°.
Proof. 1t x € W, then f(x) =0 for all f € W°. Thus,

T € ﬂ ker(f) = (W°),.

Therefore, W C (W°)..
If feY,then f(v) =0 for all v € Y;. Thus f(Y;) = 0 and this implies
that f € (Y;)°. Therefore, Y C (Y;)°. O
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Lemma 4.21. IfY is spanned by {f1,..., [}, then Yo = (,_, ker(f;).

Proof. We have Y, = [y ker(f) C [, ker(f;), because f; € Y. Now let
z € (._, ker(f;). For each f € Y, we have f = a1 f1 + -+ a, f. with a; € k.
It follows that f(z) =>"._, a;fi(z) = 0. Then = € ker(f) and it follows that
x € (sey ker(f) = Yo. Therefore, Y, = ;_, ker(f;). O

Proposition 4.22. dim(Y;) = dim(V*) — dim(Y).

Proof. We have dim(Y) < dim((Y;)°) = dim(V) —dim(Y;). Thus, dim(Y;) <
dim(V) — dim(Y') = dim(V*) — dim(Y").

Suppose that dim(Y) = r and let {f1,..., f.} be a basis of Y. Then
Lemma 4.21 implies that Y, = ()_, ker(f;). Since f; # 0, it follows that
fi 'V — kis surjective and so dim(ker(f;)) = n—1. Thus codim(ker(f;)) =1
and codim((_, ker(f;)) < >_._, codim(ker(f;)) = r. (See Exercise 4 in
Chapter 2.) Then

dim(Y,) = dim (ﬂ ker(ﬁ))

> dim(V) —r = dim(V) — dim(Y) = dim(V*) — dim(Y).

Therefore, dim(Y;) = dim(V*) — dim(Y"). O
Proposition 4.23. W = (W°), and Y = (Y,)°.
Proof. dim((W°),) = dim(V*)—dim(W°) = dim(V) — (dim(V') —=dim(W)) =
dim(W). Since W C (W?),, it follows that W = (W°)..

dim((Y5)°) = dim(V) — dim(Y;) = dim(V) — (dim(V*) — dim(Y)) =
dim(Y"). Since Y C (Y5)°, it follows that ¥ = (¥;)°. O
Corollary 4.24. Let W1, Wy CV and Yy,Ys C V*. If (W7)° = (W3)°, then
Wi =Wy If (Y1) = (Ya)o, then Y1 = Ya.

Proof. 1t (W1)° = (W3)°, then Wy = (W7)°%)e = (W5)°)o = Wa. If (Y1), =
(Y2)o, then Y1 = ((Y1)o)* = ((Y2)o)* = Y2. u
The results above imply the following Theorem.
Theorem 4.25. Let A : {Subspaces of V} — {Subspaces of V*}, where
W — We.
Let Q : {Subspaces of V*} — {Subspaces of V'}, where Y — Y.

Then A and Q) are inclusion-reversing bijections, and A and €2 are inverse
functions of each other.
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4.6 A calculation

The next result gives a computation in V* that doesn’t involve a dual basis
of V*.

Let 8 = {vy,...,v,} be a basis of V and let v = {r,...,7,} be a basis
of V* (not necessarily the dual basis of V* to {vy,...,v,}). Let 7,(v;) = byj,
forl<i<nand1l<j<n.

Let v € V and 7 € V*. We wish to compute 7(v). Let 7=>""  ¢;7; and
let v = Z?:l djvj. Let

C1 dl
Cc = s d= s B = (le)”X"
C, d,
Then
T(’U) = ( CiTi> <Z dj’l)j) = Z CidjTZ‘(Uj) = Z Cibijdj
=1 7j=1 =1 j=1 i=1 j=1

1=1 j=1

The last equality holds because the i*" coordinate of Bd equals 22:1 bijd;.
If {71,..., 7} is the dual basis of V* to {vy,...,v,}, then B = I,, because

we would have
0, ifi#j
bij = e
1, ifi=j.
In this case, the formula reads 7(v) = c'd.

Exercises

1. Suppose that f(v) =0 for all f € V*. Then v = 0.

2. Suppose that V' is infinite dimensional over k. Let 8 = {v,}acs be a
basis of V' where the index set J is infinite. For each a € J, define a
linear transformation ¢, : V' — k by the rule ¢,(vy) = 0 if @ # X and
¢a(vy) = 1if & = X, Show that {¢,}aes is a linearly independent set
in V* but is not a basis of V*.
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. In Proposition 4.14, show that f is not surjective if V' is infinite dimen-
sional over k. (As in the previous exercise assume that V' has a basis,
even though the proof of this fact in this case was not given in Chapter

1)

. Let {v1,...,v,} be a basis of V and let {¢1,...,d,} be the dual basis
of V* to {vy,...,v,}. In the notation of Proposition 4.14, show that
{fors+-+ fo,} is the dual basis of V** to {¢y,...,¢,}. Give a second
proof that the linear transformation f in Proposition 4.14 is an iso-
morphism, in the case that dim V' is finite, by observing that f takes a
basis of V' to a basis of V**.

. Let V,WW be finite dimensional vector spaces. Let f : V — W be a
linear transformation. Let f* : W* — V* and f* : V** — W** be
the induced linear transformations on the dual spaces and double dual
spaces. Let h: V — V** and A’ : W — W** be the isomorphisms from
Proposition 4.14. Show that f**oh =h"o f.

Lt U LV S Wbe a sequence of linear transformations of finite

dimensional vector spaces. Suppose that W* v+ L5 U s an exact
sequence of linear transformations. Then prove that the original se-
quence is exact. (Hint: One method is to apply Proposition 4.8 to the
given exact sequence and use Proposition 4.14 along with the previous
exercise. One can also give a direct argument.)

. Give a direct proof that p is surjective in Proposition 4.10 and give a
direct proof of the dimension formula in Proposition 4.17 (2) as fol-
lows. Let {v1,...,v,} be a basis of W. Extend this basis to a basis
{v1, .., U, Vpg1, ..., 0} Of V. Let {¢1, ..., ¢, } be the dual basis of V*

to {v1, ..., .}

(a) Show that {¢1|w, ..., dr|w} is the dual basis of W* to {vy,...,v,.}.
Let 7 € W*. Show that 7 = Y "', a;¢s|lw = p(> i, ai¢;). Con-
clude that p: V* — W™ is surjective.

(b) Show that ¢yy1,...,¢0, € WO If 7 =3""  a;¢; € W°, then show
aj = 0,1 < j < r. Conclude that {¢,11,...,¢,} spans W°.

Since {¢y11,...,dn} is a linearly independent set, conclude that
{®r41,...,0n} is a basis of W°. Therefore dim(W°) = dim(V') —
dim(W).
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Chapter 5

Inner Product Spaces

5.1 The Basics

In this chapter, k£ denotes either the field of real numbers R or the field of
complex numbers C.

If « € C, let @ denote the complex conjugate of a. Thus if a = a + bi,
where a,b € Rand i = v/—1, then @ = a—bi. Recall the following facts about
complex numbers and complex conjugation. If a, 3 € C, then a + 5 = a+j3,
af =af, and @ = a. A complex number « is real if and only if « = @. The
absolute value of a € C is defined to be the nonnegative square root of aa.
This is well defined because a@ = a? + b? is a nonnegative real number. We
see that this definition of the absolute value of a complex number extends
the usual definition of the absolute value of a real number by considering the
case b = 0.

Definition 5.1. Let V' be a vector space over k. An inner product on V' is
a function { ) -V xV — k, where (v,w) — (v,w), satisfying the following
four statements. Let vi,vo,v,w € V and c € k.

1. {v1 + vg,w) = (v, w) + (va, w).
2. (v, w) = (v, w)

3. {(w,v) = (v, w)

4. (v,v) >0 for all v # 0.
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Statement 3 in Definition 5.1 implies that (v,v) is a real number. State-
ments 1 and 2 in the definition imply that for any fixed w € V, the function
( ,w):V — k, given by v — (v,w), is a linear transformation. It follows
that (0,w) =0, for all w € V.

Proposition 5.2. Let ( ) : V. x V — k be an inner product on k. Let
v,w,wy,wy €V and c € k. Then

5. (v,wy 4+ wa) = (v,wy) + (v, ws).

6. (v, cw) =¢{v,w).

Proof. (v,wy + wy) = (wy + wa,v) = (wy,v) + (we,v) = (wy,v) + (wy,v) =
(v, w1) + (v, ws).
(v, cw) = (cw,v) = c(w,v) = &(w,v) = (v, w). O

If £ = R, then (w,v) = (v,w) and (v,cw) = c{v,w). If k = C, then
it is necessary to introduce complex conjugation in Definition 5.1 in order
statements (1)-(4) to be consistent. For example, suppose (v, cw) = c{v, w)
for all ¢ € C. Then —(v,v) = (iv,iv) > 0 when v # 0. But (v,v) > 0 by (4)
when v # 0.

Example. Let V = k(™ where k is R or C, and let v,w € k™. Consider
v, w to be column vectors in k™ (or n x 1 matrices). Define an inner product
() : VXV = kby (v,w) — v'w. If v is the column vector given by (a1, . .., a,)
and w is the column vector given by (by,...,b,), a;,b; € k, then (v,w) =
Z?:l a;b;. Tt is easy to check that the first two statements in Definition 5.1
are satisfied. The third statement follows from >°"  a;b; = Y.~ b;a;. The
fourth statement follows from >_"" | a;@; = Y |a;|* > 0 as long as some q;
is nonzero. This inner product is called the standard inner product on k™.

Definition 5.3. Let ( ) be an inner product on V and let v € V.. The norm
of v, written ||v||, is defined to be the nonnegative square root of (v, v).

The norm on V extends the absolute value function on £ in the following
sense. Suppose V = k) and let v € V. Then v = (a), a € k. Assume that
() is the standard inner product on V. Then |[v||* = (v,v) = aa = |a|*.
Thus ||v|| = |al.

Proposition 5.4. Let () be an inner product on'V and let v,w € V', ¢ € k.
Then the following statements hold.
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1 fev]] = lef [lv]]

2. ||v|| >0, if v #0.

3. (v, w)| < |v|| ||w]] (Cauchy-Schwarz inequality)
4. ||Jv 4+ w|| < |||+ ||w]|| (triangle inequality)

Proof. 1. ||cv]|? = {cv, cv) = cc(v,v) = |¢|*|v]]?.
2. If v # 0, then ||v||* = (v,v) > 0.
3. Let y = ||w||*v — (v, w)w. Then

0< (y.y) = ([lwl*v = (v, wyw, |[w][*v — (v, w)w)

= |[wl[*(v, v) — (v, w)l[w|[*(w, v) = [[w][*{v, w) (v, w) + (v, w){v, w){w, w)
= lwl*(Jol*lwl* = (v, w)* = [{v, w)[* + [(v, w)[*)

= lwl (ol *[[wl]* = [(v, w)]*).

If w = 0, then 3. is clear. If w # 0, then this calculation shows that
0 < [|v||*||w]|* = [{v,w)|* and this gives 3.
4. First we note that 3 implies that

(v, w) + (w,v) = (v, W) + (v, w) = 2Re((v, w)) < 2[(v, w)| < 2|Jv][ [[w]].

Therefore, 4 follows from

O

Proposition 5.5. The inner product { ) is completely determined by || ||2.
The following formulas hold.

1. If k=R, then (v,w) = 1||v+w||* = 3[jv — w]]%.

2. Ifk = C, then (v,w) = {||[v+w|*—%||[v—w|]*+ %] [v+iw|]*— L||v—iw]|*.

Proof. See Exercise 2. O
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5.2 Orthogonality

In this section, let ( ) denote a fixed inner product on V.
Definition 5.6. Let ( ) be an inner product on V.

1. Vectors v,w € V are orthogonal if (v,w) = 0.

2. A subset S of vectors in 'V is an orthogonal set if each pair of distinct
vectors in S is orthogonal.

3. An orthonormal set S in V' is an orthogonal set with the additional
property that ||v|| =1 for each v € S.

Note that the relation of orthogonality is symmetric since (v, w) = 0 if
and only if (w,v) = 0.
Proposition 5.7. An orthogonal set of nonzero vectors in V' is linearly in-

dependent.

Proof. Let S be an orthogonal set in V' and let vy, ..., v, be distinct nonzero
vectors in S. Suppose civ; + - + cpv, = 0, ¢; € k. Then for each j,
0=(0,v;) = O 1 cvi,vj) = > ¢i{vi,v;) = ¢;{(v;,v;). Therefore ¢; =0
since (v;,v;) # 0. Thus vy, ..., v, is a linearly independent set and so S is a
linearly independent set. O]

Definition 5.8. Let S C V be a subset in V. The orthogonal complement
of S in 'V, written S*, is {v € V|{v,w) = 0 for allw € S}.

Note that S+ depends on the given inner product on V, although the
notation does not indicate that.

Proposition 5.9. 1. {0}* =V, VL ={0}.
2. St is a subspace of V.
3. If S; C Sy, then Sy C St
4. Let W = Span(S). Then W+ = S+.

Proof. If v € V4, then (v,v) =0 and so v = 0.

2 and 3 are clear.

4. Let v e S+ If w e W, then w =Y ¢s;, where ¢; € k and s; € S.
Then (v,w) = (v,> 1, ¢si) = do G(v,s;) = 0, since v € S+. Thus,
v € W+ and so St C W+. The other inclusion follows easily from 3. O
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Lemma 5.10. Let Y CV be a subspace.
1. IfY is spanned by {vi,..., v}, then Y+ = ﬂézl(vi>L.
2. If dimV =n and v € V, with v # 0, then dim({(v)*) =n — 1.

Proof. Since (v;) CY, we have Y+ C (v;)* and it follows Y+ C ﬂizl(vi)L.
Let w € ﬂi:1<”z‘>L and let y € Y. Then y = 22:1 a;v; and

l

<y,w> = Zai<vi;w> = 0.

=1

Therefore, w € Y- and we have Y+ = (._, (v;)™.

Now suppose dimV = n and let v € V, with v # 0. Then (v)* is the
kernel of the linear transformation f : V' — k given by f(w) = (w,v). The
linear transformation f is nonzero since f(v) # 0. Therefore, f is surjective
(as k is a one-dimensional vector space over k) and Proposition 2.5 implies

dim(ker(f)) = dim(V') — dim(im(f)) =n — 1. O
Proposition 5.11. Let W C V be a subspace, dimV =n. Then

1. WnWwt =(0),

2. dim(W+) = dimV — dim W,

3 V=WewH,

4. Wt =W, where WAt means (W+)*.

Proof. Let v € W NW=. Then (v,v) = 0 and this implies v = 0. Therefore,
W NW+ = (0). This proves (1).
Let {vi,...,v} be a basis of W. Lemma 5.10 implies that W+ =

N._,(v)* and dim({v;))* =n —1, 1 <i <. Then

l l

codim(n(vi)L) < Z codim((v;)*) = 1.

=1 i=

This implies
!

dim(V) — dim(( |(vi)") <1

i=1
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and so
l

dim(()(vi)") = n—1.

=1
Therefore, dim(W+1) > n —[. Since W N W+ = (0), we have
n=1+(n—1) <dmW + dim W+ = dim(W + W) 4+ dim(W n W)
=dim(W + W) <dimV = n.

Thus dim(W+) = n —1 and dim(W + W) = n. This implies W + W+ = V.
This proves (2) and (3).
It is easy to check that W C W+, We have equality since

dim W =dimV —dim W+ = dimV — (dim V — dim W) = dim .
This proves (4). O

The next two results give a computational procedure to find the orthog-
onal complement of a subspace.

Proposition 5.12 (Gram-Schmidt Orthogonalization). Let ( ) be an inner
product on 'V and let {vy,...,v,} be a linearly independent set in V. Then
there exists wy, ..., w, € V such that the following two statements hold.

1. {ws,...,w,} is an orthogonal set of nonzero vectors.
2. Span{vy,...,v} = Span{wy,...,w}, 1 <1 <n.

In particular, if {vi,...,v,} is a basis of V, then {w1,...,w,} is an orthog-
onal basis of V. Therefore, every finite dimensional inner product space has
an orthogonal basis.

Proof. The proof is by induction on n. If n = 1, let w; = v;. Now assume by
induction that the result has been proved for all values m < n. That means

we can assume there exist wy, ..., w,_1 € V such that {wy,...,w, 1} is an
orthogonal set of nonzero vectors and Span{vy, ..., v} = Spanf{ws, ..., w},
1<i<n-—1.
Let
n—1
_ _ <Umwj> )
R N T Eld
j=1 "



If w, = 0, then v,, € Span{wy, ..., w,_1} = Span{vy,...,v,_1}, which would
contradict the linear independence of {vy,...,v,}. Therefore, w, # 0.
If1<i<n-—1, then

<Um w >
<wn7 w’L> - <Un7 w2> - Z ] ; <w]7 wz)
2 fu
<U7L7 wz>
</Un>wi> - <wlywi> 0
w2
Therefore, {ws,...,w,} is an orthogonal set of nonzero vectors and it is
easy to check that Span{vi,...,v,} = Span{wy,...,w,}. The remaining
statements now follow easily. O]
Corollary 5.13. Assume dimV = n.
1. If {v1,...,v,} is a basis of V', then an orthogonal basis {wy, ..., w,}

of V' is given by the following formulas.

w = U

o <U2,'LU1>
B TN T

_ <U37 wl) <"U3, w2>
U BT P el

2. Let y; = mwz Then {y1,...,yn} is an orthonormal basis of V.
In particular, every finite dimensional inner product space has an or-
thonormal basis.

Proof. 1. The w;’s are well defined since each w; is defined in terms of

Vi, Wy, . .. ,w;—1. The proof of the previous proposition shows {wy, ..., w,} is
an orthogonal basis of V.
2. Proposition 5.4(1) implies that ||y;|| = 1. O
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5.3 The Matrix of an Inner Product on V

Definition 5.14. Let A € M, (k), A= (aij)mxn-

1. The adjoint of A, written A*, is defined to be At. That is, A* €
Mnxm(k) and ’Lf A* = (bij>n><m; then bij = OJ_ﬂ

2. If A* = A, then A is called a hermitian matriz. Note that if A is
hermaitian, then m = n.

Observe that At = (Z)t.

Proposition 5.15. Let A, B € M,xn(k) and let C € M,,y,(k). Let ¢ € k.
Then

1. (A+ B)* = A* + B* and (cA)* = A",
2. (AC)* = C*A~,
3. A = A, where A*™* means (A*)*.

Proof. (1) and (3) are easy using basic facts about complex conjugation and
transposes of matrices. Here is a proof of (2).

(AC)* = (AC)t = CTAT = OF AT = C* A",
]

Since we sometimes work with more than one inner product at a time,
we modify our notation for an inner product function in the following way.
We denote an inner product by a function B : V' x V' — k, where B(z,y) =
(x,y)p. If there is no danger of confusion, we write instead B(z,y) = (z,y).

Definition 5.16. Let B : 'V x V — k be an inner product on V and let
B =A{v1,...,v,} be an ordered basis of V. Let [Blz € Myxn(k) be the matriz
whose (i, j)-entry is given by (v;,v;)p. Then [Blg is called the matriz of B
with respect to the basis 3.

Proposition 5.17. Let B : V x V. — k be an inner product on V and let
B = {vi,...,v,} be an ordered basis of V. Let G = [Blg, the matriz of B
with respect to the basis 3.

Let v = 37" jajv; and y = Y77 bjv;. Then the following statements
hold.
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1. {(x,y) = [ﬁ]tﬁG@
2. G is a hermitian matriz.

3. G is an tnvertible matrix.

Proof. 1.
(z,y) = (Z a; v, ijvj> = ZZ(Gm,bjUﬂ
=1 7j=1 i=1 j=1
=Y D aibi(vi ) =Y aid (v vy)b) = [2]5GTls.
=1 j=1 =1 7=1

2. The (i,j)-entry of G* = (j,i) —entry of G = (vj,v;) = (v;,v5) =
(i, 7)-entry of G. Thus, G* = G. L o
3. Suppose G|y|z = 0 for some y € V. Then G[z|z = 0 where [z]5 = [y]s-
Now (z,z) = [x]tﬁG@ = 0. This implies z = 0 and thus y = 0. Therefore,
the null space of G equals zero. This implies that ker(Lg) = 0 and thus G is
invertible by Theorem 3.24. ]

Proposition 5.18. Let § = {vq,...,v,} be a basis of V. Let B denote
the set of all inner products B : V. xV — k on V. Consider the function
gs : B — Msn(k) given by gs(B) = [B]s where B € B. Then gg is injective.
The image of gg is contained in the set of all hermitian matrices in Myxn(k).

Proof. The function gg is injective since the entries of [B]g, (v;, v;), uniquely
determine B. The image of g3 is contained in the set of hermitian matrices
in M,,«,,(k) by Proposition 5.17. n

The precise image of g3 is determined in Corollary 5.21 below.
If 5 and v are two bases of V, the next result gives the relation between
[Bls and [B],.

Proposition 5.19. Let 3 = {v1,...,v,} and v ={wi,...,w,} be two bases
of V. Let G = [Blg and H = [B],. Let P =[ly]?. Then H = P'GP.

Proof. The formula [z]s = [1y]?[z], = P[z], and Proposition 5.17 imply for

any z,y € V that [z]! H[y], = (z,y) = [2]4G[y]s = (2]t P'G'P[y],. Since this
holds for all z,y € V, it follows that H = P'GP. O
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Exercise 5 asks for another proof of Proposition 5.19.

Theorem 5.20. Let V' be a vector space over k of dimension n and let
B ={v1,...,v,} be abasis of V. Let B:V xV — k be an inner product on
V. Then G = [B]g = P'P for some invertible matriz P € M, (k).

Conversely, let P € M,xn(k) be an invertible matriz. Then there exists
a unique inner product B : V x V. — k such that [B]z = P'P.

Proof. First assume B : V x V — k is an inner product on V. Let v =
{wy, ..., w,} be an orthonormal basis of V' with respect to the inner product
B. Let P = [ly]j. Then [z], = [ly]3[z]s = P[z]s. Thus, P is invertible since
1y is invertible. We have [B], = I,, because 7 is an orthonormal basis of V'
with respect to B. We now have

[@ls[Blslyls = (z.9)p = [l [BL ), = [el3Lalyly = [215P' 1P [y]s
= [2]3P"P [yls.

Since this holds for all z,y € V/, it follows that [B]s = P'P.

Now let P € M, x,(k) be an arbitrary invertible matrix. We will show
that the function B : V x V — k defined by B(z,y) = [x]tﬁPtﬁ@ is an
inner product on V. Statements (1),(2) of Definition 5.1 are easily seen to
hold. For statement (3) of Definition 5.1, we have

B(y,z) = [y]3P'Plals = [a]s P'Plyls = [+, P'Plyls = B(z,y).

For statement (4), we have

B(z,x) = [z]5P'Plz]s = (P[z]3) Plz]s = [yl5lyls,

for the unique vector y € V satistying [y]sg = Plz]s. Thus, B(z,z) =

[Wl5lyls > 0, with equality holding if and only if [y]s = 0. But [y]z = 0

if and only if [z]s = 0 since P is invertible. Therefore B(x,z) > 0 if  # 0.
This shows that statements (1)-(4) of Definition 5.1 hold, and thus B is an
inner product.

To see that [B]z = P!'P, we observe that the (i,j)-entry of [B]s =
B(v;,v;) = etP'Pe; = the (i, j)-entry of P!P. The uniqueness follows from
Proposition 5.18. O

We have now proved the following Corollary.
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Corollary 5.21. im(gg) = {P'P|P € M,x,(k), P invertible}. Thus a
matriz G has the form G = [Bg if and only if G = P'P for some invertible
matriz P € M, (k).

Corollary 5.22. Let V = k™ and let B = €,, the standard basis of k™. Let
G € Myxn(k). Consider the function B : V XV — k, where (z,y) — 2'GY.
Then B is an inner product on k™ if and only if G = P'P for some invertible
matriz P € M, (k).

Let us now check how P*P depends on the choice of the orthonormal basis
v of V in the proof of Theorem 5.20. Suppose 6 = {yi,...,yn} is another
orthonormal basis of V. Let @ = [1y]]. Then [z]5 = [1y]}[z], = Q[z],. Since
§ is an orthonormal basis of V, we have (z,y)p = [z]51,.[y]s = [x]th]n@@
Since this equation holds for all x y € V, and we saw earlier that (x,y)p =
[2]! I.[y],, it follows that Q'Q =

Now we repeat the computatlon of (z,y)p above with § in place of v. We
have [1y]5 = [1v] [1\/]5 = QP. Therefore, (v,y)p = [2]5(QP)" QP [y]s. But
(QP)'QP = P'Q'Q P = P'P. This shows that a different choice of v would
replace P by QP where Q'Q =

5.4 The Adjoint of a Linear Transformation

Lemma 5.23. Let (V,( )) be given and assume that dimV = n. Let T :
V' — V be a linear transformation. Let w € V' be given. Then

1. The function h : V — k, given by v — (Tv,w), is a linear transforma-
tion.

2. There is a unique w' € V such that h(v) = (v,w') for allv € V. That
is, h=( ,u').

Proof. 1. h(vy + vy) =

(Twa, w) = h(vy) + h(va).
h(cv) = (T'(cv),w) = (cTv,w) = c(Tv,w) = ch(v).

2. Let {y1,...,yn} be an orthonormal basis of V. Let ¢; = h(y;), 1 <i < n,

and let w' = > 7, Gy Then (y;, w') = (y;, 2200, Gyi) = D50, iy vi) =

¢; = h(y;), 1 < j <n. Therefore h = (,w’), since both linear transformations

agree on a basis of V.

(T'(v1 + vo),w)y = (Tvy + Tvg,w) = (Tvy,w) +
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To show that w' is unique, suppose that (v, w') = (v,w") for all v € V.
Then (v, w' —w") =0for allv € V. Let v = v’ —w”. Then v’ —w"” =0 and
sow = w". O

Proposition 5.24. Let (V,( )) be given and assume that dimV = n. Let
T :V = V be a linear transformation. Then there exists a unique linear
transformation T* : V. — V such that (Tv,w) = (v, T*w) for all v,w € V.

Proof. Define T* : V. — V by w +— w' where (T'v,w) = (v,w'), for all v € V.
Therefore, (T'v,w) = (v, T*w) for all v,w € V. It remains to show that 7™
is a linear transformation. The uniqueness of T is clear from the previous
result.

For allv eV,

<U,T*(U}1 + w?)) = <T'U7 wy + w2> = <TU, w1> + <TU, w2>
= (v, T"wy) + (v, T*ws) = (v, T* w1 + T ws).

Therefore, T*(wy + wq) = T*wy + T*ws. For all v € V,
(v, T*(cw)) = (Tv, cw) =e(Tv,w) = ¢{v, T*w) = (v, cT*w).
Therefore, T*(cw) = ¢T*w. O

Definition 5.25. The linear transformation T* constructed in Proposition
5.2/ 1s called the adjoint of T

Proposition 5.26. Let T,U € L(V,V) and let ¢ € k. Then
1. (T+U)=T"+U"
2. (cT)* =eT*.
3. (TU)* = U*T™.
4. T =T. (T"*means(T*)* .)
Proof. We have

(W, (T+U)w) =T+ U)v,w)y = (Tv+ Uv,w) = (Tv,w) + (Uv,w)
= (v, T"w) + (v, Uw) = (v, T"w + U w) = (v, (T* + U")w).

Thus, (T'+ U)*w = (T*+ U*)w for all w € V and so (T'+ U)* =T* + U*.
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Next, we have
(v, (cT)'w) = ((cT)v,w) = {(c(Tv),w) = c(Tv,w) = c{v, T w) = (v,eT*w).

Thus, (¢T)*w = ¢l™*w for all w € V and so (¢T')* = ¢T™.

Since (v, (TU)*w) = (TU)v,w) = (Uv, T*w) = (v,U*T*w), it follows
that (TU)*w = U*T*w for all w € V. Thus (TU)* = U*T*.

Since (v, T*w) = (T*v,w) = (w, T*v) = (Tw,v) = (v,Tw), it follows
that 7w = Tw for all w € V. Thus 7™ =T. O

Proposition 5.27. Let T € L(V,V) and assume that T is invertible. Then
T* is invertible and (T*)~' = (T—1)*.

Proof. Let 1y : V — V be the identity linear transformation. Then (1y)* =
Ly, since (v, (1y)*w) = (1y(v),w) = (v,w). Thus (1y)*w = w for all w € V
and so (1y)* = 1y.

Then (T-1)*T* = (TT-)* = (1y)* = 1y, and T*(T"')* = (T-'T)* =
(1y)* = 1y. Therefore, (T*)~' = (T~1)*. O

Proposition 5.28. Let (V,( )) be given and assume that dimV = n. Let
B =A{vi,...,v,} be an ordered orthonormal basis of V.. Let T : V — V be a

linear transformation. Let A = [T]g and let B = [T*]g Then B = A*(= A,

Proof. Let A = (aij)nxn and let B = (bjj)nxn Then T(v;) = >0 a;;v;,
1<j<mn,and T*(v;) = > i, bjjv;, 1 <j <n. But

n

T(v;) =Y (T(v)),vi)vi

i=1

by Exercise 3 at the end of this chapter, since § is an orthonormal basis.
Thus, a;; = (Tv;,v;). Similar reasoning applied to 7% implies that b;; =
(T*(vj),v;) = (v;, T*(vy)) = (T'v;,vj) = @j;. Therefore B = A*. O

5.5 Normal Transformations

Definition 5.29. Let (V,( )) be given and let T € L(V, V).
1. T is normal ¢f TT* =T*T.

2. T s hermitian if T* =T.
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3. T 1s skew-hermitian of T* = —T.
4. T s unitary of TT* =TT = 1y,.
5. T is positive if T = SS* for some S € L(V, V).

Clearly, hermitian, skew-hermitian, and unitary transformations are spe-
cial cases of normal transformations.

Definition 5.30. Let T € L(V,V).

1. An element a € k is an eigenvalue of T if there is a nonzero vector
v €V such that Tv = av.

2. An eigenvector of T is a nonzero vector v € V' such that Tv = av for
some « € k.

3. For a € k, let V, = ker(T — aly). Then V,, is called the eigenspace of
V' associated to «.

The definition of V,, depends on T although the notation doesn’t indicate
this. If a is not an eigenvalue of 7', then V,, = {0}.

The three special types of normal transformations above are distinguished
by their eigenvalues.

Proposition 5.31. Let o be an eigenvalue of T
1. If T is hermitian, then a € R.

2. If T is skew-hermitian, then « is pure imaginary. That is, « = 711
where r € R and 1 = +/—1.

3. If T is unitary, then |a| = 1.
4. If T is positive, then o € R and « is positive.

Proof. Let Tv = av, v # 0.

1. alv,v) = (av,v) = (Tv,v) = (v, T*v) = (v,Tv) = (v,av) = a(v,v).
Since (v, v) # 0, it follows that o = @ and so o € R.

2. Following the argument in (1), we have a(v,v) = (v, T*v) = (v, —Tv) =
(v, —av) = —a@(v,v). Therefore « = —@ and so 2Re(a) = a+@ = 0. This
implies & = ri where r € R and i = /—1.
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3. (v,v) = (v, T*Tv) = (Tv,Tv) = {aw,av) = aa(v,v). Thus, aa = 1 and
so o = 1.

4. As in (1), we have a(v,v) = (v, T*v) = (v, SS*v) = (S*v, S*v) > 0. Since
(v,v) > 0, it follows that a > 0. O

Definition 5.32. Let W C V' be a subspace and let T € L(V, V). Then W
is a T-invariant subspace of V if T(W) C W.

Proposition 5.33. Let T € L(V,V) and let W be a subspace of V. Assume
that dimV = n.

1. If W is a T-invariant subspace of V, then W+ is a T*-invariant sub-
space of V.

2. If W is a T-invariant subspace of V and T is normal, then W+ is a
T-invariant subspace of V.

3. Assume that W is a T-invariant subspace of V and T is normal. Using
(2), let Tlw : W — W and T|y. : W+ — W+ be the linear transfor-
mations induced by T by restriction of domains. Then T|w and T'|y 1
are each normal.

Proof. 1. Let x € W and let y € Wt. Then Tz € W and (z,T*y) =
(Tx,y) = 0, since y € W, Since x is an arbitrary vector in W, it follows
that T*y € W+ and so T*(W+) C W+.

2. Let {vy,...,v} be an orthonormal basis of W and let {vi1,...,v,}
be an orthonormal basis of W+. Then 8 = {vy,...,v,v41,...,0,} is an
orthonormal basis of V. Let A = [T]g Then A* = [T*]g by Proposition
5.28, since [ is an orthonormal basis of V. We have AA* = A*A, since
TT* =T*T. Since W is a T-invariant subspace of V', we have

C D
a=(5 %)
where

C e My(k), D e Mlx(n—l)(k’)y 0e M(n,l)xl(k‘), and £ € M(n—l)x(nfl)(k')

Note that the submatrix 0 appears because W is T-invariant. The equation

AA* = A* A gives

(62) (o 2 )=(5 2 ) (0 %)
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cc*+DD* DE*\ ([ C*C C*D
( ED* EFE* > - ( D*C D*D+ E*E )

It is necessary to check carefully that the block matrix multiplication
shown here works as indicated. The upper [ x [ matrix shows that CC* 4
DD* = C*C and so DD* = C*C' — CC*. It follows from this that D = 0.
(See Exercise 10 for the details of this conclusion.) Therefore,

cC 0
4= ( - ) |
Since A = [T ]g, it follows that W+ is T-invariant.

3. Since D = 0, the matrix equations above show that C'C* = C*C and
EE* = E*E. Ifwelet 8 = {vy,...,v} and 8" = {vj41,...,v,}, then we
have C' = [T\W]g, and £ = [T‘WL]g//. It follows that 7’|y and 7|1 are both

normal. O

In order to apply Proposition 5.33 we require the following two facts.
These two facts will be proved later in these notes.

Facts: Let T': V — V be a linear transformation. (There is no assump-

tion here that V' has an inner product.)

1. If £ = C, then V contains a one-dimensional T-invariant subspace.

2. If k =R, then V contains a T-invariant subspace of dimension < 2.

When k& = C, statement 1 implies that V' contains an eigenvector. To
see this, let W be a one-dimensional T-invariant subspace generated by the
nonzero vector v. Then Tv = av for some « € k since Tv € W. Thus v is
an eigenvector with eigenvalue a.

Theorem 5.34. Let (V,( )) be given and assume dimV =n. Let T :V —
V' be a linear transformation and assume that T is normal.

1. If k = C, then V can be written as an orthogonal direct sum of one-
dimensional T-invariant subspaces. Thus, V' has an orthonormal basis
B consisting of eigenvectors of T and [T]g 15 a diagonal matriz.

2. If k. = R, then V can be written as an orthogonal direct sum of T'-
invariant subspaces of dimension < 2. Let

V:W1@~~-@WGEBVI/I+1€B~~EBW!+S’
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where

) <1 <
dim W, — 1, if1<i<l
2, aifl+1<i<l+s.

Fach T|w, : W; = W, is a normal transformation.

3. If k = R, then V' can be written as an orthogonal direct sum of one-
dimensional T-invariant subspaces if and only if T is hermitian (T* =
T). That is, V has an orthonormal basis 5 consisting of eigenvectors
of T if and only if T* =T

Proof. 1. The proof is by induction on n. If n = 1, the result is clear. Now
assume the result has been proved if dimV < n and assume dimV = n.
Using Fact 1, there exists a one-dimensional T-invariant subspace W;. Then
V. = Wi @W;i", where Wi is T-invariant and Ty is normal. Since
dim W = n — 1, the induction hypothesis implies that Wi can be writ-
ten as an orthogonal direct sum of one-dimensional T]W%—invariant sub-
spaces. Thus, Wit = Wo @ --- @ W, where dimW; = 1,2 < i < n, W,
is T|WL invariant, and the W;’s are pairwise orthogonal. Therefore V' =
W, WQ P-- @ W, where each W; is a one-dimensional T-invariant sub-
space and the W;’s are pairwise orthogonal. Let W; = (v;), where ||v;|| = 1,
1 <i<n. Then g ={vy,...,v,} is an orthonormal basis of V' and [T]g is a
diagonal matrix with (4,4)-entry equal to a;, where Tv; = o;v;.

2. The proof of (2) is also by induction and is similar to the proof of
(1) except we use Fact 2 in place of Fact 1. Let W; = (v;), 1 < i < [,
where ||v;]| = 1 and Tv; = ayu;. Let {y;,2z;} be an orthonormal basis of
Wi, I4+1<i<l+s. Then 8 = {v1,...,0,Ys1, 2141, Yirs, Zl+s} 1S an
orthonormal basis of V. We know that 7|, is normal by Proposition 5.33.

It remains to describe normal transformations 7' : V' — V when £ = R
and dim V' = 2. We will do that now before proving 3.

Proposition 5.35. Let k =R, dimV =2, T € L(V,V), and assume that
T is normal. Then either T* =T or T* = XT~! for some A € R, X\ > 0.

Proof. Let B be an orthonormal basis of V and let A = [T]g Then A* =

[T*]g, since (3 is an orthonormal basis of V. Since & = R, we have A* = A%,

Let ;
a
A:(Cd).



Since T' is normal, we have TT* = T*T and so AA' = AA* = A*A = A'A.
Then AA? = A'A gives

a b a c\ [(a c a b
c d b d) \b d c d
a’+b> ac+ bd - a’+c* ab+cd
ac+bd A+d*> )] \ ab+ecd bV*+d?

Comparing the (1, 1)-entry gives v*> = c2. If b = ¢, then A = A® = A* and
so T* = T. Now assume that b = —c # 0. Then ac + bd = ab + cd implies
ac + (—c)d = a(—c) + ed and so 2¢(a — d) = 0. Since 2¢ # 0, we must have
a = d. We now have

It is easy to check that AA* = A'A = (a® + ¢*)I. Therefore, A* = A* =
(a* + *)A™! and so T* = AT~ for some ) € R. O

Proposition 5.36. Let k =R, dimV =2, T € L(V, V), and assume that T
1s normal. Then T™ =T if and only if V' has a one-dimensional T-invariant
subspace.

Proof. First assume that V' has a one-dimensional T-invariant subspace W'.
Then V = W @ W+ and W+ is also a T-invariant subspace by Proposition
5.33. Let W = (v;) and let W+ = (v5), where ||v;]| = 1, i = 1,2. Then
B = {v1, v} is an orthonormal basis of V and A = [T]g is a diagonal matrix,
since vy, vy are each eigenvectors of T. Since A* = A' = A and (8 is an
orthonormal basis of V', it follows that T™* = T by Proposition 5.28.

Now assume that 7" =T. Let 8 be an orthonormal basis of V' and let

A:[T]g:<i Z)

Since 3 is an orthonormal basis of V, we have A = A* = A" and so b = c.
A straight forward calculation shows that A? — (a + d)A + (ad — b*)I5 = 0.
It follows that T2 — (a + d)T + (ad — *)1y = 0. Let f(z) = 2* — (a +
d)z + (ad — b*). Then f(x) = 0 has two (not necessarily distinct) real roots
since the discriminant (a + d)* — 4(ad — b*) = (a — d)* + 46> > 0. Thus,
f(z) = (x—a)(z—7), where a, v € R.. It follows that (T'—aly)(T—~1y) = 0.
We may assume that ker(7" — aly) # 0. That means there exists a nonzero
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vector v € V such that Tv = av. Then W = (v) is a one-dimensional
T-invariant subspace of V. O

Now we can finish the proof of 3 in Theorem 5.34. Let 3 be the orthonor-
mal basis from the proof of 2 and let A = [T]g Let 5; = {v;},if 1 <i <,
and let 8; = {y;, 2z}, if L+ 1 < i <1+ s. Then f; is an orthonormal basis
of Wi, 1<i<l+sand =0 U---UpP, Let A; = [T|W]§l Since each
W; is a T-invariant subspace of V', 3; is an orthonormal basis of W, 3 is an
orthonormal basis of V, each T'|w, is normal (by 2), Proposition 5.36, and
k = R, we have the following conclusions.

T is hermitian & T =T & A* = A & A' = A & Al = A &
Ar =A< (T\w,)" =T|w, < each W; has a one-dimensional T'|yy,-invariant
subspace < each W, can be written as an orthogonal direct sum of one-
dimensional 7'|y,-invariant subspaces < V' can be written as an orthogonal
direct sum of one-dimensional T-invariant subspaces. O

Some special terminology for the case k = R:

Definition 5.37. Assume k =R and let T : V — V be a linear transforma-
tion.

1. If T* =T, then T is symmetric.
2. If T* = =T, then T is skew-symmetric.
3. If TT* =T*T = 1y, then T is orthogonal.
Some terminology for matrices over C and R:
Definition 5.38. Let A € M, (k). Recall that A* = A" = AT,
1. Aisnormal & AA* = A*A & AAt = AYA.

2. A is hermitian & A* = A & A' = A. Ifk = R and A is hermitian,
then A* = A and A is called symmetric.

3. A is skew-hermitian < A* = —A & A = —A. Ifk =R and A is
skew-hermitian, then A' = —A and A is called skew-symmetric.

4. A isunitary & AA* = A*A =1, & A'A = AA' =1,. If k=R and
A is unitary, then AA' = A'A = I, and A is called orthogonal.
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If A is a unitary matrix, then the columns of A are orthonormal with
respect to the standard inner product (pairwise orthogonal and have norm
1) because A*A = I,, implies A*A = I,,. The rows of A are also orthonormal
with respect to the standard inner product because AA* = I,,. If k. = R
and A is orthogonal, note that this requires the rows and columns to be
orthonormal, not just orthogonal. Tradition requires us to live with this
confusing terminology.

Theorem 5.39. Let A € M,y (k).

1. Assume k = C. Then A is normal if and only if there exists a unitary
matriz P such that P*AP is a diagonal matrix.

2. Assume k = R. Then A is a symmetric matriz if and only if there
exists an orthogonal matriz P such that P'AP is a diagonal matriz.

Proof. 1. First assume that P is a unitary matrix such that P*AP = D is a
diagonal matrix. Then

(P*AP)(P*AP)" = DD* = D*D = (P*AP)"(P*AP)
P*APP*A*P = P*A*PP*AP.
Then AA* = A*A, since PP* = I,, and P, P* are both invertible.
Now assume that A is normal. We may assume that A = [T]7 for some
T € L(V,V) and some orthonormal basis v of V. Since k = C, V contains

an orthonormal basis [ consisting of eigenvectors of T', by Theorem 5.34. Let
P = [lv]g. Then P is a unitary matrix since 8 and = are both orthonormal

bases of V. (See Exercise 8(b).) Then [T]g is a diagonal matrix and [T]g =
[y ]8[T][1y]} = P~*AP = P*AP.

2. First assume that P is an orthogonal matrix such that PPAP = D is a
diagonal matrix. Then (P*AP)" = D' = D = P'AP. Thus, P'A'P = P'AP
and so A = A, since P is invertible. Therefore A is symmetric.

Now assume that A is symmetric. We may assume that A = [T]? for
some T' € L(V,V) and some orthonormal basis v of V. Since A = A' = A*
and 7 is an orthonormal basis of V, it follows that T" = T and T is her-
mitian. By Theorem 5.34(3), V' contains an orthonormal basis § consist-

ing of eigenvectors of 7. Then [T]g is a diagonal matrix. As in 1, let
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P = [ly];. Then P is an orthogonal matrix since # and 7 are both or-
thonormal bases of V. (See Exercise 8(b).) Then [T ]g is a diagonal matrix
and [T5 = [1y]2[T[1v]} = P1AP = P'AP. O

If k is an arbitrary field, char k different from 2, and A € M« (k) is a
symmetric matrix, then it can be shown that there exists an invertible matrix
P such that P'AP is a diagonal matrix. The field of real numbers R has
the very special property that one can find an orthogonal matrix P such that
P'AP is diagonal.

Let A € M,xn(R), A symmetric. Here is a nice way to remember how
to find the orthogonal matrix P in Theorem 5.39(2). Let ¢, be the standard
basis of R™. Let 3 = {vy,...,v,} be an orthonormal basis of R(™ consisting
of eigenvectors of A. Let P be the matrix whose j** column is the eigenvector
v; expressed in the standard basis €,. Then P = [1y]7'. Recall that P is an
orthogonal matrix since the columns of P are orthonormal. Let Av; = o;v,
1 <j<n. Let D€ M,«,(R) be the diagonal matrix whose (7, 7)-entry is
;. Then it is easy to see that AP = PD and so D = P"'AP = P'AP.

Exercises

1. In proposition 5.4(3), equality in the Cauchy-Schwarz inequality holds
if and only if v, w are linearly dependent.

2. Prove Proposition 5.5.

3. Let {vi,...,v,} be an orthogonal set of nonzero vectors. If w =
S v, ¢ € k, then
¢ = <w’/Uj>.
1Ealk

4. Let (V,()) be given, with dim V' finite. Let Sy, S> be subsets of V' and
let W, = Span(S;), Wy = Span(S;). Recall that S = Wit i = 1,2.

Assume that 0 € S;, : = 1,2. Show the following are true.

(a) (S1+S)t = Wi+Wo)t = WinWi = S{nSy
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10.

11.

(b) It is possible that (S; NSy) € (W N Wy) and (W, N W)t C
(81N Sy)t.

Give another proof of Proposition 5.19 by directly computing the (r, s)-
entry of H, namely (w,,w;), and showing that it is equal to the (r, s)-
entry of P'GP.

Let G,H € M,x,(k) and suppose 2'Gy = x'H7y for all 2,y € k.
Then show G = H.

Suppose R'R = P'P, where P, R are invertible matrices in M, (k).
Let Q = PR™!. Then Q'Q = I,.

(a) Suppose that 3,7 are bases of V. Then [B], = ([1V]§)t[3]5[1v]3.
(b) Assume that 3,7 are orthonormal bases of V. Let R = [ly];.
Then R'R = I,,.

Let T € L(V,V) and let W be a subspace of V. Assume that W
is a T-invariant subspace of V and that T is normal. Then W is a
T*-invariant subspace of V.

Let A € Myxn(k), A = (aij)nxn. Define the trace of A to be trA =
a11 + Qgs + - -+ Apy, the sum of the diagonal entries of A.

(a) If A, B € My«n(k), then tr(A+ B) = trA + trB.

(b) If A, B € Mxn(k), then tr(AB) = tr(BA).

(c) If A€ M, xn(k), compute tr(AA*).

(d) If tr(AA*) =0, then A =0.

(e) If BB* = A*A— AA*, then B = 0.
Let T': V — V be a normal linear transformation. Use the following

parts to show that if 7"v = 0 for some vector v € V' and some positive
integer m, then Tv =0. (I =To---0T.)

(a) If R : V — V is a linear transformation and R*Rv = 0, then
Rv = 0.

(b) If S: V — V is hermitian and S?v = 0, then Sv = 0.

(¢) If S:V — V is hermitian and S™v = 0, then Sv = 0.
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12.

13.

14.

(d) Let S=T*T. Then S™ = (T*)™1T™.
(e) If Tv =0, then Tv = 0.

Suppose k = R, dimV =2, T € L(V,V), and T is normal. Describe
all such T’s such that 7% = T and T* = AT~!. In Proposition 5.35,
if b= —c # 0, then V' does not contain a one-dimensional 7T-invariant
subspace.

Describe all orthogonal matrices A € Myyo(R).

Let A € My.s(R) be a symmetric matrix. Find an orthogonal matrix
P € Myy»(R) such that P*AP is diagonal.
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Chapter 6

Determinants

6.1 The Existence of n-Alternating Forms

In this chapter, k£ denotes an arbitrary field.

Definition 6.1. Let V..., V,,, W be vector spaces over k. A function
fVix--oxV,—->W

is multilinear (or n-multilinear) if f is linear in each variable. That is, if
J is giwen and v; € V;, i # j, then the function f; : V; — W, given by
fi(x) = f(v1,..., 0521, 2,041, ..., Uy) 1S @ linear transformation.

We will usually assume that V=V, =--- =V, and W = k. In this case,
a multilinear function (or n-multilinear function) is called a multilinear form
(or n-multilinear form) on V.

Definition 6.2. An n-multilinear function f :V x --- xV — W 1is called
an alternating function (or n-alternating function) if

1. f is a multilinear function and

2. f(vy,...,v,) = 0 whenever two adjacent arqguments of f are equal. That
is, if vi = viy1, for some i, 1 <i<n-—1, then f(vy,...,v,) =0.

If W =k, we call f an alternating form (or n-alternating form) on V.

Iff:Vx-.-xV — W isdefined by f(vy,...,v,) =0forall vy,...,v, €
V', then f is clearly an n-alternating form on V.
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Proposition 6.3. Let f : V x --- x V — W be an n-alternating function.
Let vy, ...,v, € V. Then the following statements hold.

1 f(vr, . Vi, Vi oy Un) = = f(U1, 00, Vis1, Vg Vig1, Vi, - -+, V). (I
terchanging two adjacent arguments of f multiplies f(vq,...,v,) by

-1.)
2. If vy =vj, i # j, then f(v1,...,0;,...05,...,0,) = 0.
3. Ifi < j, then

for, oo 0 v, ) = —f(U1, 000, Uiy, U,

(Interchanging any two distinct arguments of [ multiplies the value of

foy—1.)
4. Leta € k and let i # j. Then

flor, ... 00) = f(vr,. .o, vim1, v+ avj, Vi, - o, Up).

Proof. (1) Let g(x,y) = f(v1,...,0i—1, 2,9, Vi, ..., V), x,y € V. Then g is
also multilinear and alternating, and so we have

0=g(x+y,z+y) =gxx)+gxy)+9(yz)+9(y,y) =9(x,y) + gy, ).

Thus, g(y,x) = —g(z,y), and so g(viy1,v;) = —g(vs, v;11). This gives (1).

(2) We successively interchange adjacent arguments of f until two adja-
cent arguments are equal. Then (1) implies that this changes the value of
fvr, .. 05, 05, ..., v,) by a factor of £1. Since f is alternating, the new
value of f is 0. Therefore f(vy,...,v;,...v;,...,0,) =0.

(3) This follows immediately from (2) using the argument in (1).

(4) The multilinearity of f and the result in (2) give

f(’U17. ey Uil1,U; +CLUj,Ui+1, Ce ,Un>
= f(v1, .., v, 00) Faf(vr, ..o, Vis1, U, Vi, - ., Up)
= f(v1,.. Uiy ey V).
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If char k # 2, then condition (1) of Proposition (6.3) can be taken as the
definition of an alternating function. To see this, suppose that

FiVx-xV oW

is an n-multilinear function and suppose that condition (1) of Proposition
(6.3) holds. Assume that v; = v;41, where 1 <i < n—1, and define g(x,y) as
in the proof of condition (1) of Proposition 6.3. Then condition (1) implies
that g(z,z) = —g(x,z) for all z € V. Then 2¢g(x,x) = 0. If chark # 2,
then g(x,z) = 0, and thus the original defining condition of an alternating
function holds.

If char k = 2, then there are n-multilinear functions that satisfy condition
(1) of Proposition 6.3, but don’t satisfy the original defining condition of an
alternating function.

We have not yet given an example of a nonzero alternating function as
it requires some work to produce such examples. We seemingly digress for a
moment to discuss some results about permutations and then return to the
problem of producing nontrivial alternating functions. (Permutations were
introduced in Chapter 3, Section 5.)

We now recall some concepts from Chapter 3, Section 5. Let 7;, denote
the set of all functions o : {1,2,...,n} — {1,2,...,n}. Let S, be the subset
of T,, consisting of all bijective functions

o:{1,2,....,n} = {1,2,...,n}.

The elements of S, are called permutations of {1,2,...,n} since each o €
Sy, corresponds to a rearrangement or reordering of {1,2,...,n}. An easy
calculation shows that |7,,| = n™ and |S,| = nl.

Let 0 € S,. The ordered set {o(1),0(2),...,0(n)} can be rearranged
to the ordered set {1,2,...,n} by a sequence of steps, called transpositions,
that only interchange two elements at time. Let ¢(o) denote the number of
interchanges required to do this. Although €(o) is not necessarily well defined,
Theorem 6.4 below states that €(o) is well defined modulo 2. We'll see below
that the result in Theorem 6.4 is essentially equivalent to the existence of
a nonzero n-alternating function on V. Namely, in Proposition 6.6, we will
show that if char k # 2 and if there exists a nonzero n-alternating function
on V, then €(o) is well defined modulo 2. Conversely, if (o) is well defined
modulo 2, then Exercise 1 shows that there is a nonzero n-alternating form
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on V. We will prove that €(o) is well defined modulo 2 as a consequence of
Proposition 6.6 and Theorem 6.10.

Theorem 6.4. Using the notation above, (o) is well defined modulo 2.

We will prove Theorem 6.4 later. Theorem 6.4 allows us to make the
following definition.

Definition 6.5. A permutation o € S, is called even (or odd), if e(o) is
even (or odd).

Proposition 6.6. Let V. W be vector spaces defined over k and assume that
char k # 2. Suppose that there exists a nonzero n-alternating function

f:Vx-ooxV W

Then €(o) is well defined modulo 2 for every o € S,,.

Proof. Choose vy, ...,v, € V such that f(vy,...,v,) # 0 and let o € S,,.
We apply Proposition 6.3(3) repeatedly to see that f(veq1),...,Vm) =
(=)@ f(vy,...,v,). Since f(vi,...,v,) # —f(vi,...,v,), it follows that

for any sequence of transpositions bringing (ve(1), - - - , Vs(n)) back to the orig-
inal order vy, ...,v,, the value (—1)<(?) is always the same. Therefore, €(o)
well defined modulo 2. m

The statement that ¢(o) is well defined modulo 2 has nothing to do with
whether a field has characteristic different from 2. Thus, although we will
show in Theorem 6.10 that there exist n-alternating functions over all fields,
Proposition 6.6 implies that in order to show that ¢(o) is well defined modulo
2, we need only show the existence of an n-alternating function over just one
field k£ having characteristic different from 2.

The following Proposition contains a calculation that is central to the rest
of this chapter.

Proposition 6.7. Assume that €(o) is well defined modulo 2 and let
fVx-oooxV->W

be an n-alternating function on V. Let vy,...,v, € V be arbitrary vectors.
Let w; =" ja;vi, 1 < j<mn, a; €k. Then

flwy, ... wy,) = Z (—1)6(”)%(1)1 Aoy f (U1, -, Un).

O’GSn
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Proof.

flwr, ... ;wy) = flanvr+ -+ @Gp1Vn, - -« G101 + -+ AppUp)
= Z o)1 * * Gomynf (Vo(1)s - - -, Va(n))
o€Ty,
= Z Ao(1)1 "~ Go(mynS (Vo(1)s - - - Vo(n))
oESH
= Z (_1>€(a)aa(1)l e &cr(n)nf</ula SR 7Un)'
ocES

Notations. Let A € M., (k).

1. Let A; denote the j™ column of A. Sometimes we will write A =

(A1,..., An)

2. Let A;; denote the (n—1) x (n—1) submatrix of A obtained by deleting
the i"" row and j' column of A.

Definition 6.8. Let A € M,,»,(k) and consider the columns of A as ele-
ments of k™. Ann xn determinant is a function det : M, (k) — k, where
A — det A, that satisfies the following two conditions.

1. det : k™ x ... x k™ — k is an n-alternating form on the columns of

A.
2. detl, =1.

If A€ M, xn(k), we will write either det A or det(A, ..., A,), whichever
is more convenient.

Proposition 6.9. Suppose that chark # 2. If a determinant function det :
Msn(k) — k exists, then it is unique. In particular, e(o) is well defined
modulo 2, and if A = (a;j)nxn, then

det A — Z (_1)6(0)(10_(1)1 . e ao_(n)n'

gESy
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Proof. The existence of a determinant function implies that ¢(o) is well de-
fined modulo 2 by Definition 6.8 and Proposition 6.6.

Let {ei, ..., ey} be the standard basis of k™ and let A € M,,,,(k). Then
A; =" a;e;. Proposition 6.7 implies that

det A =det(Ay,..., Ay) = Y (=) agq) - dopdet(er,. .., e,)

O’ESn

= Z (_1)6(U)a0(1)1 © Qo (n)n,
O—GSTL

because det(eq, ..., e,) = det [,, = 1. This shows that det is uniquely deter-
mined by the entries of A. m

We now show that a determinant function det : M, ., (k) — k exists.
One possibility would be to show that the formula given in Proposition 6.9
satisfies the two conditions in Definition 6.8. (See Exercise 1.) Instead we
shall follow a different approach that will yield more results in the long run.

Theorem 6.10. For eachn > 1 and every field k, there exists a determinant
function det : My, (k) — k.

Proof. The proof is by induction on n. If n = 1, let det : Myyi(k) — k,
where det(a);x; = a. Then det is linear (1-multilinear) on the column of
(a)1x1 and det I; = 1. The alternating condition is satisfied vacuously.

Now let n > 2 and assume that we have proved the existence of a determi-
nant function det : M,_1)x(m-1)(k) = k. Let A € Myxn(k), A = (aij)nxn-
Choose an integer 4, 1 < i < n, and define det A = 7", (—1)"a;; det A;;.
This expression makes sense because det A;; is defined by our induction hy-
pothesis. Showing that det A is a multilinear form on the n columns of A
is the same as showing that det A is a linear function (or transformation)
on the {** column of A, 1 < [ < n. Since a sum of linear transformations
is another linear transformation, it is sufficient to consider separately each
term (—1)"a,; det A;;.

If j # [, then a;; doesn’t depend on the I column of A and det A;; is a
linear function on the I column of A, by the induction hypothesis, because
A;;is an (n — 1) x (n — 1) matrix. Therefore, (—1)"7a;; det A;; is a linear
function on the {** column of A.

If j =, then a;; = a; is a linear function on the column of A and
det A;; = det A;; doesn’t depend on the [*" column of A because A; is ob-
tained from A by deleting the (" column of A. Therefore, (—1)"7q;; det A;;
is a linear function on the I** column of A in this case also.

lth
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We conclude that det A is a multilinear form on the n columns of A. Next
we show that det A is an alternating form on the n columns of A. Suppose
A=A It j #1141, then A;; has two adjacent columns that are equal.
Therefore det A;; = 0 by the induction hypothesis. The remaining two terms
in the expression for det A are

(—1)*ay det Ay + (1) Vay,q) det Ay,

We have Ay = Ajgs1) and ay = a;41) because the I, (I + 1) columns of
A are equal. Therefore,

(_1>i+la“ det Ay + (_I)H(Hl)ai(lﬂ) det Aj41)
— et Ay ((—1)™H 4 (~1)0D) — o,

Thus det A = 0 and so det A is an alternating form on the n columns of A.
Now we show that det I, = 1. Letting I,, = A in the formula for det A
and noting that a;; = 0 when 7 # j and a;; = 1, we have

det ]n = Z(—l)i“aij det Aij = (—1)Z+’a” det A” = det A“ = 1,

j=1

by the induction hypothesis, because A;; = I,,_;. Therefore det is a determi-
nant function. O

The formula given for det A in Theorem 6.10 is called the expansion of
det A along the 7" row of A.

We have now established the existence of a nonzero n-alternating form
on k™ for an arbitrary field k. Since any vector space V' of dimension n over
k is isomorphic to £, it follows that we have established the existence of
nonzero n-alternating forms on V' for any n-dimensional vector space V' over
k. By Proposition 6.6, we have now proved that €(o) is well defined modulo
2 for any o € S,,.

The uniqueness part of Proposition 6.9 shows that our definition of det A
does not depend on the choice of ¢ given in the proof of Theorem 6.10.
Therefore, we can compute det A by expanding along any row of A.

We now restate Proposition 6.7 in the following Corollary using the result
from Proposition 6.9.
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Corollary 6.11. Let f : V x --- x V — W be an n-alternating function on
V. Let vy,...,v, € V be arbitrary vectors. Let w; =Y " a;v;, 1 < j <n,
a;; € k. Let A= (a;j)nxn € Mpxn(k). Then

flwy, ... wy,) = (det A) f(vy, ..., 0,).

The next result summarizes the information we need for the function e(o),
where o € S,,.

Proposition 6.12. 1. ¢(0) is well defined modulo 2 for all o € S,,.
2. e(or) = €(o) + €(1) (mod 2), for all o,7 € S,.
3. €(c™) =€(0) (mod 2), for allo € S,,.

Proof. (1) This follows from Proposition 6.6 and Theorem 6.10.
(2) This follows from counting the number of interchanges needed to pass
through the sequences {o7(1),...,07(n)}, {7(1),...,7(n)}, {1,2,...,n}.
(3) €(0) + e(c™') = e(oo!) = e(identity) = 0 (mod 2). Therefore,
e(c™!) = €(o) (mod 2), for all 0 € S,,. O

Proposition 6.13. Let A € M,,«n(k). Then det(A") = det A.
Proof. Let A = (aij)nxn and let A* = (b;j)nxn. Then b;; = aj; and

det(A) = > (=) by bopuyn

O'GSn

= D> (1)aiq) - tuoim

O’GSn

e(o™ 1t
- Z(_l)( )affl(o(l))a(l)"'aofl(a(n))a(n)

O'ESn

= Z (_1)6(0_1)a0*1(1)1 ©rUe-1(n)n

O’GSn

= Z (_1>6(U)a0(1)1 *Qo(n)n

O'GSn

= det A.

Proposition 6.14.
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1. The function det: M, «x,(k) — k is an n-alternating form on the rows
of n X n matrices.

2. The determinant of a matriv A € Mx,(k) can be computed by ex-
panding along any row or any column of A.

Proof. (1) Since det(A") = det A and the rows of A are the columns of A’
the result follows from the properties of det applied to the columns of A’

(2) We have already seen that det A can be computed by expanding along
any row of A. Now let B = A", B = (b;j)nxn. Then b;; = aj; and B;; = (Aj;)".
If we expand along the j** column of A, we have

n n

Z(—l)i+j(lijdetx4ij = Z(—l)’ﬂbﬂdet(Bﬂ)t
i=1 i=1

= ) (=1)"bj;det Bj; = det B = det(A") = det 4,

i=1

where we have expanded along the j*" row of B. O

6.2 Further Results and Applications

Theorem 6.15. Let A, B € M,,n(k). Then det(AB) = (det A)(det B).

Proof. Let A = (aij)nxn, let B = (b;j)nxn and let €' = AB. Denote the
columns of A, B,C by Aj, B;,C;, respectively, 1 < j < n. Let ey,...,e,
denote the standard basis of k(™. Our results on matrix multiplication imply
that C; = AB; = > i b;A;, 1 < j <n. Since A; = > | a;;e;, Corollary
6.11 implies that

det(AB) = detC =det(Cy,...,C,)
= (det B)det(Ay,...,A,)
(det B)(det A) det(eq, ..., e,)
= (det A)(det B) det I,
(det A)(det B).

115



Here is a second proof of Theorem 6.15: Define f : M, (k) — k by
f(B) = det(AB). Then f(B,...,B,) = det(AB,...,AB,), because the
columns of AB are ABy,...,AB,. It is straightforward to check that f is
an n-alternating form on k™. Let B = (bjj)nxn. Then B; = Y7 bije;,
1 < j < n, where eq,...,e, denotes the standard basis of k™. Corollary
6.11 implies that

det(AB) = f(B)= f(B,...,B,)
(det B) f(e1,...,en)
(det B)(1I,)

(det B) det(AlL,)
(det A)(det B).

Proposition 6.16. Let A € M,,x,(k). Then A is invertible if and only if
det A # 0.

Proof. If A is invertible, then there exists a matrix B € M, (k) such
that AB = I,,. Then (det A)(det B) = det(AB) = det I, = 1. Therefore,
det A # 0.

Now suppose that A is not invertible. Then Theorem 3.37 implies that
there is a linear dependence relation by A1 +- - -+b,A,, = 0 among the columns
of A with some b; # 0. We now use Proposition 6.3(4) to see that

bidet A = bidet(Ar, ..., Ay, Ay, Aiar,y. .. Ay)
= det(Ay, ..., A1, bidy, Ay, A
= det(Ar, ..., Aiq, by A+ -+ byAn, A, A
= det(Ar,..., A1, 0, Air, ... Ay)
= 0

Since b; # 0, it follows that det A = 0. m

Proposition 6.17 (Cramer’s Rule). Let A € M, (k). Consider the sys-
tem of equations represented by Ax = b, where x = (x1,...2,)" and b =

(by,...by)t € kM,
1. If the system of equations has a solution, then

ZT; det A = det(Al, . >Ai—17 b, Ai—l—l; R ,An>

116



2. If det A # 0, then the system of equations has a unique solution given

by
det(Al, . 7Ai717 b, Ai+17 Ce 7An)

det A ’

Proof. (1) The system of linear equations represented by Az = b is equivalent
to the matrix equation z1A; + - - - + x, A, = b. This gives

det(Al,...,Ai_l,b,AH_l,...,An)
—det Al,... i— 1’21.3 z+17---7An)
= det(Al, N 7Ai—17$iAi7 Ai+17 Ce 7An)
= Z; det(Al, . ,An) = X; det A.

(2) If det A # 0, then A is invertible by Proposition 6.16. Then there is
a unique solution given by z = A~1b. Since det A # 0, the result in the first
part gives the desired formula for x;. O]

Definition 6.18. Let T' € L(V,V), dimV =n. Let § = {vy,...,v,} be an
ordered basis of V. The determinant of T', detT', is defined to be det[T]g.

Proposition 6.19. The determinant of a linear transformation is well de-
fined. That s, detT' does not depend on the choice of the ordered basis 3.

Proof. Let 3, be two ordered bases of V. Then [T]) = [1V]7[T] [1v]?. Let
P=1y)5, A= [T] , and B = [Ty]]. Then [ly]} = P~ since [1y]5[1y]} =

[1v]} = I
Thus B = P'AP and so

det B = det(P~")(det A)(det P) = det(P~")(det P)(det A) = det A.

Therefore, det T" is well defined. O

6.3 The Adjoint of a matrix

Definition 6.20. Let A € M, (k). If n > 2, the adjoint matriz of
A, written Adj(A), is defined as the matriz (bj;) € Myxn(k) where b; =
(1) det(Aj;). If n =1, we define Adj(A) = (1) (even if A=0).
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Note that the entries of Adj(A) are polynomial expressions of the entries
of A.

The adjoint matrix of A is sometimes called the classical adjoint matrix
of A. It is natural to wonder if there is a connection between the adjoint of A
just defined and the adjoint of a linear transformation 7" defined in Chapter
5 in relation to a given inner product. There is a connection, but it requires
more background than has been developed so far.

Lemma 6.21. Let A € M,x,(k). Then (Adj(A))" = Adj(A").

Proof. The (i,7)-entry of (Adj(A))" is the (j,i)-entry of Adj(A), which is
(—1)"*7 det A;;. The (i, 7)-entry of Adj(A") equals

(= 1) det((A1);5) = (— 1) det((Ay)") = (1) det Ay
Therefore, (Adj(A))" = Adj(A?). O
Proposition 6.22. Let A € M., (k).

1. Aj(A)A = AAd)(A) = (det A)T,,.
2. If det(A) # 0, then A is invertible and
Adj(A) = (det A)A™".

Proof. (1) The (i,[)-entry of AAdj(A) equals

D by =) ay(=1)" det Ay
j=1 J=1

If ¢ = [, this expression equals det A, because this is the formula for det A
given in the proof of Theorem 6.10 if we expand along the i** row. If i # I,
then let A’ be the matrix obtained from A by replacing the I** row of A with
the i'" row of A. Then det A’ = 0 by Proposition 6.14(1) because A has two
rows that are equal. Thus, if we compute det A’ by expanding along the [*"
row, we get 0 = Z?Zl(—l)”jaij det A;;, because the (I, j)-entry of A’ is a;;
and (A’);; = A;;. Therefore, the (i,)-entry of AAdj(A) equals det A if i =1
and equals 0 if ¢ # [. This implies that A Adj(A) = (det A)L,.
Now we prove that Adj(A)A = (det A)I,,. We have

(Adj(A)A)" = A'(Adj(A))" = A" Adj(A") = det(A") ], = (det A)I,.
Thus, Adj(A)A = ((det A)I,,)" = (det A)I,.
(2) This is clear from (1) and Proposition 6.16. O
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The equality Adj(A)A = (det A)I,, in Proposition 6.22 (1) could also
have been proved in a way similar to the proof of the equality A Adj(A) =
(det A)1I,,. In this case, we could have computed det A by expanding along
the I*" column of A and at the appropriate time replace the {** column of A
with the j column of A. See Exercise 8.

Note that if det A # 0, then the formula in Proposition 6.22 (1) could be
used to give a different proof of the implication in Proposition 6.16 stating
that A is invertible when det A # 0.

Lemma 6.23. Let A, B € M, (k). Then Adj(AB) = Adj(B) Adj(A).

Proof. First assume that A, B are both invertible. Then AB is invertible, so
Proposition 6.22 implies that

Adj(AB) = det(AB)(AB) ™' = det(A)det(B)B'A™!
= (det(B)B~")(det(A)A™") = Adj(B) Adj(A).

Now assume that A, B € M,,,(k) are arbitrary. Let k(z) denote the
rational function field over k. Then A+x1,,, B4+xI, € M, «,(k(x)) are both
invertible (because det(A + z1,,) = 2™ + --- # 0). Thus

Adj((A + 2L)(B + zI,)) = Adj(B + «I,,) Adj(A + z1,,).

Since each entry in these matrices lies in k[z], it follows that we may set
x = 0 to obtain the result. O

If A€ M,un(k), let tk(A) denote the rank of A.
Proposition 6.24. Let A € M., (k).

1. If rk(A) = n, then rk(Adj(A)) = n.

2. If tk(A) =n — 1, then rk(Adj(A)) = 1.

3. If tk(A) < n—2, then Adj(A) =0, so rk(Adj(A)) = 0.

Proof. If n = 1, then (1) and (2) hold, while (3) is vacuous. Now assume
that n > 2. If rk(A) = n, then A is invertible. Thus Adj(A) = det(A)A™!
has rank n. This proves (1). If rk(4) < n — 2, then det(A4;;) = 0 for
each (n — 1) x (n — 1) submatrix Aj;. The definition of Adj(A) implies that
Adj(A) =0, and so rk(Adj(A)) = 0. This proves (3).
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Now assume that rk(A) = n—1. For any matrix A € M,,»,(k), there exist
invertible matrices B,C € M, ,(k) such that BAC is a diagonal matrix.
Let D = BAC'. Then rk(D) = rk(A). Lemma 6.23 implies that

Adj(D) = Adj(BAC) = Adj(C) Adj(A) Adj(B).
Since Adj(B) and Adj(C) are invertible by (1), it follows that
rk(Adj(D)) = rk(Adj(A)).

For a diagonal matrix D, it is easy to check that if rk(D) = n — 1, then
rk(Adj(D)) = 1. Thus the same folds for A and this proves (2). O

Proposition 6.25. Let A € M., (k).

1. Adj(cA) = "1 Adj(A) for all c € k.
If A is invertible, then Adj(A™') = (Adj(A))~L
Adj(A") = (Adj(A))".

Adj(Adj(A)) = (det(A))"2A for n > 3. If n = 1, this result holds
when A # 0. If n = 2, then the result holds if we set (det(A))" 2 =1,
including when det(A) = 0.

Proof. (1) follows from the definition of the adjoint matrix. For (2), we have
I, = Adj(I,) = Adj(AA™") = Adj(A™") Adj(A).

Thus, Adj(A™') = (Adj(A))~L
Although we already proved (3) in Lemma 6.21, here is a different proof.
First assume that A is invertible. Then

A" Adj(A") = det(A)I, = det(A)I,
— Adj(A)A = (Adj(4)A)! = A'(Adj(4))".
Since A' is also invertible, we have Adj(A") = (Adj(A))".
Now assume that A is arbitrary. Then consider A + x1I,, over the field

k(x). Since A + z1, is invertible over k(z), we have

Adj(A' + xI,) = Adj((A + 21,)") = (Adj(A + z1,))" .
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Since all entries lie in k[z], we may set = 0 to obtain the result.
(4) If n =1 and A # 0, then

Adj(Adj(A)) = (1) and (det(A))" 24 = A/ det(A) = (1).

Now assume that n > 2. First assume that A is invertible. Then Adj(A) is
invertible and we have

Adj(Adj(A)) = det(Adj(A))(Adj(A)) ™"

= det(det(A)A™") (det(A)A™")
= (det(A))"(1/det(A))(1/ det(A))A = (det(A))">A.

-1

N —

Now assume that A is not invertible and n > 3. Then det(A) = 0 and so
(det(A))"2A = 0. Since tk(A) < n — 1, we have rk(Adj(4)) <1< n-—2,
by Proposition 6.24. Thus Adj(Adj(A)) = 0 by Proposition 6.24 again.

Now assume that n = 2 and A is not invertible. One checks directly that
Adj(Adj(A)) = A when n = 2. We have (det(A))" 24 = A (because we set
(det(A))"2 = 1, including when det(A) = 0). O

6.4 The vector space of alternating forms

Let V be a vector space over a field £ and assume that dimV = n. For
an integer m > 1, let Mul™(V') denote the set of m-multilinear forms f :
V x---xV — k. Then Mul™(V) is a vector space over k and

dim(Mul™(V)) = (dim V)™ = n™,

To see this, consider a basis § = {vy,...,v,} of Vandlet f: V x---xV = k
be an m-multilinear map. Then f is uniquely determined by

{f(’Uil,...,/Uim)‘il,...,im S {1,2,,7’2,}}

Thus a basis of Mul™ (V') consists of n™ elements.

Let Alt™ (V) denote the subset of Mul™ (V') consisting of m-alternating
forms f:V x---xV — k. Then Alt" (V) is a subspace of Mul™ (V') over k.
We will compute the dimension of Alt” (V') below.

Proposition 6.26. If m > 1, then dim(Alt™(V)) = (). In particular,
dim(Alt™(V)) = 0 if m > n, and dim(Alt"(V)) = 1.
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Proof. Let {vq,...,v,} be a basis of V and let f € Alt"(V). Since f €
Mul™(V'), we know that f is uniquely determined by

{f(’(]il,...,/l}im)‘il,...,im € {1,2,,7’2,}}

Since f € Alt"(V), Proposition 6.3 (2) and (3) implies that f is uniquely
determined by

{f (i, 0i,) |1 <y <y <o <y <}

Thus Alt™(V) = (0) if m > n. If 1 < m < n, it follows that Alt™ (V) is
spanned by (:L) elements. To show that these elements are linearly indepen-
dent over k, it is sufficient to construct for each 1 < iy < iy < --- < 7, an
element g € Alt"™ (V') such that g(v;,,--- ,v;,,) = Land g(vj,,- - ,v;, ) = 0 for
all j1,..., jm satisfying 1 < j; < jo-+- < gm and {j1,. .., Jm} # {i1,- -+, im}-
We define g by
donr o) {(-1)6@ i (G0, m) = Go(1)ys - - s i)

o otherwise.

]

6.5 The adjoint as a matrix of a linear trans-
formation

In this section, we identify the adjoint of a matrix as the matrix of a particular
linear transformation.

Let V,W be vector spaces over k and let T" : V' — W be a linear
transformation. Then for each m > 1, there exists a linear transforma-
tion 77, : Alt"™(W) — Alt" (V') defined by T}, (g) = goT where g € Alt" (W)
and (g o T)(u1, ... um) = g(T(uy),...,T(up)) for uy,...,u, € V. It is
straightforward to check that g o T € Alt™ (V).

Now let U > V 5 W be two linear transformations. Then for each
m > 1, we obtain linear transformations

Al (W) T Al (v B AL (o).
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Lemma 6.27. With the notation above, we have
(ToS), =S, 0T .
Proof. Let g € Alt™(W). Then
(SmoT)(9) = S (T5(9)) = S, (9eT) = (goT)oS = go(ToS) = (ToS),,(9).
0

Assume now that dim(V) = dim(W)=nand m=n—1. Let T" =T, _,
where 7" : Alt" ' (W) — Alt" (V) is the linear transformation from above.

Let 8 = {v1,...,v,} be a basis of V and let v = {wy,...,w,} be a basis
of W. Let T'(v;) = > i aijw;, 1 < j <. Then [T]) = (aij)nxn-

Let 8/ = {f1,..., .} be the basis of Alt""'(V) where

fj('l}l, Ce ,Uj,l, ’UjJrl, . 7Un) = (—1)J71
and f;(vi, ..., 0, ,) =0when 1 <4y <--- <y <mand {iy,...,0_1} #
(1,2,...,5—1,j+1,....n}
Define 7' = {g1, ..., gn} to be a basis of Alt"~!(1W) with similar properties

with respect to the basis 7. /
Let T'(g;) = S0 cijfi 1 < j < n. Then [T") = (¢ij)nxn-

Proposition 6.28. Using the notation above, we have [T’]f,/ = Adj([TT3)-

Proof. Let A = [T]} and let C' = [T’]g: We now make two computations.
First,

n
(chjf’b> (Ula ) P O/ S ,Un) = Cljfl('ula ey U1, Uig1,y - 7'Un)
i=1

= (—l)l_lclj.
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Second,

T/(gj)(vla e U=, Vg1, - - ;Un) = gj(T(Ul)v B aT(Ul—l)v T(Ul-i-l)v HE aT(Un))

n n n n
= gj E Qi1 U5y -« oy g Qi 1-1Vi, E Qi1 41Viy v vy g QinV;
=1 i=1 =1 =1
n n n n
=g E a;1V;, 5 E Q5 1-1;, § Q41415 5 E QinU;
=1 z:l‘ .i:l‘ =1
7] 7] 7] 7]

= det(Aﬂ)gj(vlv < Ui—1, U415 - 7Un)
— det(Ay)(—1),

Since T"(g;) = > i, ¢ij fi, it follows that
(=) ey = (1) det(Ay).

Thus ¢; = (—1)"7(det(A;;)). Therefore, C = Adj(A) and so [T’]g =
Adj([TT})- O

Let U i V 1> W be two linear transformations and assume that
dim(U) = dim(V') = dim(W) = n.

Let 3, ', v, v/ be as before. Let a be a basis of U and let o/ be the
corresponding basis of Alt" ! (U).
Let A= [T]} and B = [S]5.

Proposition 6.29. Using the notations above, we have
Adj(AB) = Adj(B) Adj(A).
Proof.

Adj(AB) = Adj([T]}[S]q) = Ad([T o S]7)
=[(To8))% =[S 0T = [S1%[T"]
= Adj([S]q) Adj([T1}) = Adj(B) Adj(A).
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6.6 The Vandermonde Determinant and Ap-

plications
Definition 6.30. Let aq,...,a, € k. The Vandermonde determinant of
ai, ..., a,, written V(ay, ..., a,), is defined to be det A where
1 1 1
aq (05} Qp,
A=| @ & a,
The matriz A is called the Vandermonde matrixz of aq, ..., a,.

Proposition 6.31.

Viay,...,a,) = H (a; — a;).

1<i<j<n

Proof. We prove the result by induction on n. For n = 1 the result holds
since an empty product is defined to be 1 and det(1) = 1. For n = 2, the

result holds since
det(1 1):a2—a1.
ap Qg

Now assume that n > 3.
replace row n by (row n - ay-row (n—1) ),
replace row (n — 1) by (row (n — 1) —a;-row (n —2) ),

replace row 2 by (row 2 —aj-row 1 ).
These row operations do not change V' (ay,...,a,) by Proposition 6.3(4)
since det is an alternating function on the rows of A. Therefore,

1 1 1

0 a2 — ap — ay
V(ah 7an) = det 0 a2(a2 - al) T an(an — al)

0 @ —a) o @ e, - )
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Now we expand the determinant along the first column to obtain

g — 4y ap — a1

as(as — a e aplay —a
V(ah,_,,an) — det 2( 2 1) . n( n 1)
ay(ag —ar) - ap(an —ar)

(n—1)x(n—1)

Since det is multilinear on the columns, we can factor out common factors
from entries in each column to obtain

1 1 1

a9 as (07%

Vay,... ay) = (ay —a1) -+ (an —ar)det | a3 @3 az,
ay 2 a§_2 a2

By induction on n, we conclude now that

Viay,...,a,) = H (a; — a;).

1<i<j<n
]

We will now apply the Vandermonde determinant and related ideas to
the problem of finding polynomials in one variable which pass through given
points in the affine plane.

For each integer n > 1, let V,, denote the vector space of polynomials in
k[x] of degree < n, including the zero polynomial. Thus

Vo=A{g€klz]|g=co+az+ -+ cz"},

where ¢; € k. Then 8 = {1,z,2?,...,2"} is a basis of V,,. It is easy to check
that V,, = k(*Y by the isomorphism ¢ : V,, — k"D where PRENCTA
(co,-..,¢cp). Thus ¢ maps 3 to the standard basis of k™+1).

We will shortly construct some other special bases of V,,.

Proposition 6.32. Let ag, aq,...,a, be distinct elements in k and suppose
that by, by, ...,b, are arbitrary elements in k. Then there is a unique poly-
nomial g € V,, such that g(a;) =b;, 0 <i <n.
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Proof. We will give two proofs of this result.

(1) The conditions g(a;) = b;, 0 < i < n, are equivalent to finding
CoyC1y -+, Cp € k such that g(x) = co+ 1z + -+ + ¢,2™ and Z?:o cja] = b,
0<17<n. Let

1 ay a@ - af o by
1 ay a2 - af 1 by
A= . ,e=| . |, 0=1] .
1 a, a2 --- a” c b
n n n mn n

The stated conditions are equivalent to finding ¢ such that Ac = b. Proposi-
tions 6.31 and 6.13 imply that det A # 0 because the a;’s are distinct. Propo-
sition 6.16 implies that A is invertible and therefore ¢ = A~1b is the unique so-
lution to the system of equations. This implies that g(z) = co+ciz+- - -+cpa"
is the unique polynomial in V,, such that g(a;) = b;, 0 <1i < n.

(2) Let

(z—aog) - (x—a;1)(x—aj1) (- ay)
(aj —ao) -~ (a; — aj1)(a; — aj1) -~ (a5 — an)’

fiao,man(T) = 0<j<n.

.....

Cfo it
oo m»-{l imy

Let g(x) = Z?:o bifiao....an(x). Then g(a;) =b;, 0 <i<n,and g € V,.
Suppose that h € V,, and h(a;) = b;, 0 < i < n. Then (g — h)(a;) = 0,
0 <1 < n. This implies that g — h € V,, and g — h has n + 1 distinct zeros.
A theorem from Algebra implies that ¢ — h = 0 and so g = h. This proves
the existence and uniqueness of g. O

The first proof of Proposition 6.32 depended on knowledge of the Van-
dermonde determinant, while the second proof used no linear algebra, but
used a theorem from Algebra on polynomials. We will now develop a third
approach to Proposition 6.32 and the Vandermonde determinant using the
polynomials f; 4. . 4, (z) from above.

Proposition 6.33. 1. Let a € k and consider the function a* : 'V, — k,
defined by a*(h) = h(a). Then a* € V'

127



2. Let ag, ..., a, be distinct elements in k. Then

Y ={fjaoan(®) |0 < j <n}

is a basis of V,,. The set v* = {a},ai,...,a’} is a dual basis of V,* to
7.

Proof. (1) Let g,h € V,, and let ¢ € k. Then a*(g+h) = (9 +h)(a) = g(a) +
h(a) = a*(g) + a*(h), and a*(ch) = (ch)(a) = ch(a) = ca*(h). Therefore
a* eV,

(2) We first show that +y is a linearly independent set in V,,. Suppose that
Z;‘L:() bjfj,ao ..... an (I) = 0. Since

. 0 ifi#j
ai (fjvao ----- an (1‘)) = fj7a0 ----- an (a1> - e e
1 ifie=y
we apply a} to both sides to obtain b;f; ... a,(a;) = 0. Thus, b; = 0, 0 <
1 < n, and so 7 is a linearly independent set in V,,. Since dimV,, =n + 1, it
follows that ~y is a basis of V,,. Therefore, v* is a dual basis of V* to v by

Proposition 4.2. O
Proposition 6.34. Let ag,aq,...,a, be distinct elements of k.

1. 1f g(w) € Vo, then g(@) = X7y 9(05) Frans ().

2. Suppose that by, by, ..., b, are arbitrary elements in k. Then there is a

unique polynomial g € V,, such that g(a;) = b;, 0 < i < n.
3. Vl(ag,a1,...,a,) #0.
Proof. (1) Let g(z) € V,,. Then g(z) = > 7 ¢jfjao,....a,(z) where each ¢; € k,

because 7 is a basis of V,,. For 0 <17 < n, we have

n

9(a) = aj(g(x)) = a; (Z ¢ fia0,..an (fv)> = Cifiao,..an(@:) = Ci.

J=0

(2) We saw above that g(z) = 37 b;fj.a,...an (z) has the property that
g(a;) = b;, 0 < i < n. Now suppose that h € V,, and h(a;) = b;, 0 < i < n.
Let h(z) = >0 (¢jfiao...an(¥). Then the proof of (1) implies that ¢; =
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h(a;) = b; for 0 < i < n. Therefore the polynomial h = g, so ¢ is uniquely
determined.
(3) Apply (1) to the polynomials g(z) = 27, 0 < j < n. Then

=0
Let
1 ay a agy
A 1 a a? art
1 a, a2 -+ a"
Then A = [1Vn]g. Therefore, A is an invertible matrix, being a change of
basis matrix. In particular, V(ag,a,...,a,) = det A # 0, by Proposition
6.16. =

The next application of Vandermonde matrices is to the linear indepen-
dence of exponential functions.

Proposition 6.35. Let aq,...,a, be distinct complex numbers. Then the
functions e®* ... e*® are linearly independent over C.

Proof. Suppose that cie®® + --- + ¢,e*”® = 0, where ¢; € C. Differentiate
this equation n — 1 times to obtain the system of equations

c e 4.+ cpe™® =10
ajce®® +---+ ancne®® =0
atcie® 4.+ a’c,e®® =0

n—1 aix n—1 an® __
ay” ciet 4o+ apT e = 0.

This is equivalent to

1 1 e 1 cre® 0
asx
a1 as e A, Cye 2 0
2 2 2 _
ay as an =
a?_l ag_l e CLZ*1 ¢, e 0



Since aq, . .., a, are distinct, it follows that the Vandermonde determinant

V(ai,...,a,) # 0. Therefore, the coefficient matrix is invertible and so
we must have c;e™* = ... = ¢,e™* = 0. Since e®* # 0, this implies
c¢1 =+ =c, = 0. Therefore e”* ... e are linearly independent functions
over C. O]

Proposition 6.35 can be strengthened as follows.

Proposition 6.36. Let aq,...,a, be distinct complex numbers. Then the
functions e®®, ... e™* are linearly independent over C(x), the field of ratio-
nal functions in z. (C(x) = {g(z)/h(x) | g,h € C[z]}).

an

Proof. Suppose that e®®, ... e** are linearly dependent over C(z). Then

there exists an equation
n
> filwyer =0
i=1

where each f;(z) € C(x) and at least one f;(x) # 0. After multiplying by a
common denominator of the f;(z)’s, we may assume that each f;(z) € k[x].

Of all such equations, choose one with the minimal number of nonzero
coefficients. Then after relabeling, we may assume that > . fi(z)e®® =
0, where each f;(x) € k[z] is nonzero and no nontrivial linear dependence
relation exists with fewer summands. Of all such linear dependence relations,
choose one where > " | deg f;(z) is minimal.

Clearly n > 2. Differentiate the equation to obtain

n

Z(aifi<x) + fi(z))e™" = 0.

i=1

From this equation, subtract the equation a; Y ., fi(x)e®* = 0. This gives

aluz i — @) fi(x) + fi(x)) e = 0.

If this is a nontrivial linear dependence relation, then each coefficient must
be nonzero from our assumptions. But we now show that the sum of the
degrees of the coefficients has decreased, which is a contradiction. If 7+ > 2,
then we have deg((a; — a1) fi(x) + f{(x)) = deg fi(x) because a; — a; # 0 and

deg fl(x) < fi(x) (since f;(x) # 0). For ¢ = 1 we have deg f(z) < fi(z).
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Therefore, we must have a trivial linear dependence relation. This implies
that (a; — a1)fi(z) + fi(x) = 0 for ¢ > 2. This is also impossible because
(a; — ay) f;(x) is nonzero and has degree greater than f/(x).

Therefore e™® ... e are linearly independent over C(z). ]

Exercises

1. Let A = (@ij)nxn- Define

f(A) = f(Ah s 7An) = Z (_1)E(U)aa(1)1 © Qo (n)n-

gESy

Prove directly (without use of Theorem 6.10, for example) that f is an
n-alternating form on £ such that f(ei,...,e,) = 1. (Assume the
fact that e(o) is well defined modulo 2.)

2. Compute the determinant of an arbitrary 2 x 2 and 3 x 3 matrix.

3. Suppose that A € M,,,,(k) with A = (@;j)nxn. If A s either a diagonal
matrix, an upper triangular matrix, or a lower triangular matrix, then
det A = ajjag9 -+ - apy. (Try to find several solutions. Methods could
rely on Problem 3, or Proposition 6.9 or Theorem 6.10, for example.)

4. Let A € M,,«,(k). Suppose that A has the following block form.

B"’XT’ C?"XS
A N < OSXT DSXS )
Then det A = (det B)(det D).

5. Consider the situation in Proposition 6.17 and assume that det A = 0
in each of the following parts.

(a) If Az = b has a solution, then det(Ay, ..., Ai—1,b, A1, ..., Ay) =
0,1 <1< n.

(b) Suppose that det(Al, c ;Ai—la b, Ai+17 ce ,An) = O, 1 S 1 S n,
and dim(column space of A) = n — 1. Then the system Az = b
has a solution.

(c) If Ax = b has a solution and k is infinite, then there are infinitely
many solutions to the system.
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6. Let A € Myx,(k) and let A = (a;;)nxn. The trace of A is defined by
trA =" a;. Verify the following statements for A, B € M, (k)
and ¢ € k.

(a)

(b)

()

(d) dim(ker(tr)) = n* — 1.
(e) tr(AB) = tr(BA)

(f) If B is invertible, then tr(B~'AB) = tr A.

tr(A+ B) =trA+trB
tr(cA) =ctr A
t

c) tr: Myxn(k) — k is a linear transformation.

7. Let T € L(V,V),dimV =n. Let 8 = {vy,...,v,} be an ordered basis
of V. The trace of T, trT, is defined to be tr[T]g. Then trT is well
defined. That is, tr7T" does not depend on the choice of the ordered
basis f.

8. Prove that Adj(A)A = (det A)I, using the ideas in the proof of Propo-
sition 6.22, but in this case expand along the [** column of A and at
the appropriate time replace the [*" column of A with the j** column
of A.

132



Chapter 7

Canonical Forms of a Linear
Transformation

7.1 Preliminaries

Let V' be a vector space over k. We do not assume in this chapter that V is
finite dimensional over k, unless it is explicitly stated. Let T': V — V be a
linear transformation.

We let T% denote the linear transformation 7o T o --- o T, where T is
composed with itself ¢ times. Let T° = 1. If

f(%) - amxm + amflxm_l + - t+ar+x9 € k[l’],
then f(T) denotes the linear transformation
CLme + am_le_l + s + CLlT + aolv.

Let A € M, (k). The characteristic polynomial of A is defined to be
the polynomial det(z, — A) that lies in k[x]. The methods in Chapter 6 for
computing a determinant show that det(xzl, — A) is a monic polynomial in
k[x] of degree n. (A polynomial in k[z] of degree n is monic if the coefficient
of " is 1). Thus the characteristic polynomial of A is a monic polynomial
of degree n. We let f4(z) denote the characteristic polynomial of A and so
fa(z) = det(z1, — A).

Suppose that dim V' = n. We define the characteristic polynomial of T’
to be det(z1ly — T') by setting det(z1y — T') = det(zl,, — A) where A = [T}g
and [ is a basis of V. The characteristic polynomial of 7" is independent

133



of the choice of basis of V' by Proposition 6.19. We let fr(x) denote the
characteristic polynomial of 7. Thus fr(x) = det(z1ly —T).

7.2 The Cayley-Hamilton Theorem

Let V be a vector space over k and let T': V' — V be a linear transformation.

Proposition 7.1. If dim V' is finite, then there exists a nonzero polynomial
g € klx] such that g(T) = 0.

Proof. Assume that dimV = n. Then the n? + 1 linear transformations
1y, T,T%,T3,...,T" are linearly dependent over k since dim(£(V,V)) = n?.
Thus there exist ag, aq,...,a,2 € k, not all zero, such that

an2T”2 + s + alT + CL()]_V = 0

Then g(T) = 0 where g(z) = a,22" 4 - -+ a2 +aq is a nonzero polynomial.
[

Proposition 7.1 shows that we can choose g such that degg < n?. A
stronger theorem, known as the Cayley-Hamilton Theorem, states that there
exists a polynomial g with degg < n such that g(7) = 0. We prove the
Cayley-Hamilton Theorem in Theorem 7.7 below.

Definition 7.2. Let v € V.. We define the T-cyclic subspace of V' generated
by v to be the subspace k[T|v = {h(T)v | h € k[z]|}. If V = k[T|v, then v is
called a cyclic vector for T.

Thus k[T]v is the subspace of V spanned by {v,Tv, T?v,...}.

Lemma 7.3. Suppose that dimV = n > 1 and that V = k[T|v for some
veV. Then {v,T(v), T*v),...,T" 1 (v)} is a basis of V.

Proof. Suppose that {v,T(v), T%*(v),...,T" *(v)} is a linearly dependent set
over k. Then there is a dependence relation

a;T"(v) + a; 1T () + -+ a;T(v) + agv = 0

where a; # 0 and 1 <7 < n—1. We can divide by a; so that we may assume
from the start that a; = 1. Then

Ti(v) € Span({v, T(v), T2(v),..., T ' (v)}).
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It follows that 77 (v) € Span({v,T(v), T%*(v),...,T" ' (v)}) for all j > i. Thus
k[T)v = Span({v, T'(v), T?*(v), ..., T *(v)}), and so n = dim k[T]v < i. This
is impossible because i < n — 1. Thus {v,T(v),T*(v),...,T" ' (v)} is a
linearly independent set over k. Since dim V' = n, it follows that this set is a
basis of V. [

A subspace W C V is called a T-invariant subspace of V' if T(W) C W.
For example, it is easy to see that k[T]v is a T-invariant subspace of V.

Let W be a T-invariant subspace of V' and assume that dim V' = n. Then
T induces a linear transformation T'|y : W — W. Let fy = {v1,..., v} be
a basis of W. Extend /3y to a basis 5 = {vi,...,Um, Umt1,...,0,} of V. Let
[T’W]gi = A, where A € M,,xm(k). Then

A B
= (5 ¢):
where B € me(n_m)(k?), C e M(n—m)x(n—m)(k); and 0 € M(n_m)xm(k).
Let fr, denote the characteristic polynomial of T'|yy. Thus fr,, = det(zly —
Tlw).

Lemma 7.4. Suppose that V= Vi ®Vy where V| and V5 are each T-invariant
subspaces of V. Let Ty = Ty, and Ty = T'|y,. Suppose that v = {wy, ..., w;}
is a basis of Vi and that 6 = {y1,...,Ym} is a basis of Va. Let B =~ U =
{wy,...;,w,y1,...,Ym}. Then

= (5 5)

where A = [T1]7 and B = [T5]}.

Proof. We have that T(w;) = Y.\_, a;yw; and T(y;) = S0, by, Then
A= (aij)lxl = [Tﬂz and B = (bij>m><m = [Tg]g O

Lemma 7.5. Let V be a finite dimensional vector space over k and let W
be a T-invariant subspace of V.. Then fr),, divides fr.

Proof. As above, we select a basis 3; of W and extend [; to a basis 8 of V/
so that 81 C 3. Then

fr(z) = det <:c[n — (j(é)l g)) — det (Ifmo— A xln_—mB_ C)

= det(z1,, — A) det(zl—, — C) = fr),, det(xl,—p, — C).
Thus fr,, divides fr. ]
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Forn > 1, let f(x) = 2" + ap_12" ' + -+ + a1x + ap € k[z]. For n > 2,
the companion matriz of f is defined to be the n x n matrix

00 0 00 —a
100 00 -a
010 00 —a

A= |0 01 00 —ay
000 «++ 1 0 —ans
000 01 —an,

For n =1 and f(z) =z + ag, we let Ay = (—ay).
Let 8 = {v1,...,v,} be abasis of V. Forn > 2 let T : V — V be the
linear transformation defined by T'(v;) = v;41 for 1 <i <n — 1, and

T(vy) = —aguy — a1V — +++ — Gp2Vp 1 — Ap_1Vn.

For n = 1, we define T by T'(v;) = —agv;. Then [T]g = A;. Note that for
n > 2, we have T"(v1) = v;y for 1 <i<n—1.
We now show that f(77)(vy) = 0.

f(T)(Ul) = T”(vl) + an_lTn_l(Ul> + -+ alT(vl) + aogv
= T(Tn71<1}1)) + Ap—1Vp + Qp—29Up_1 + -+ + A1V2 + Q¥
=T (vp) + n_1Vp + Ay 2Uy_1 + - -+ + a1v2 + aguy
= ()’

because T(Un> = —QapU1 — A1V — =+ — Ap—2Up_1 — Ap—_1Un.

Proposition 7.6. LetT : V — V be the linear transformation defined above.
Then the characteristic polynomial of T is f.

Proof. Since [T]g = Ay, we must show that det(xzI, — Ay) = f. The proof is
by induction on n. If n = 1, then

det(xly — Ay) =det(zy +ag) =2+ ap = f.
If n = 2, then

i (N

det(xly — Ay) = det (_1 s+ a;

>:x2+a1$+a0:f.
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Now assume that n > 3. We have

z 0 0 0 O ao

-1 T 0 0 0 ay

0 -1 X 0 0 a9
xl, — Ap = 0 0 -1 0 0 as

0 O o --- =1 =« Qp—2

0 0 O --- 0 -1 z4+a,—1

Expanding along the first row and using induction gives

det(zl, — Ap) = (2" '+ ap,12" 2+ +agr + ay) + (—=1)"Mag - (=1)"7!

="+ ap_ 2"+ Fagx® + a4 ag = f.
O

Theorem 7.7 (Cayley-Hamilton Theorem). Let V' be a finite dimensional
vector space over k and let T : 'V — V be a linear transformation. Let
fr(z) be the characteristic polynomial of T. Then fr(T) = 0 as a linear
transformation.

Proof. 1t is sufficient to show that fr(7)(v) = 0 for each v € V. This is
clearly true if v = 0. Now assume that v # 0. Let W = k[T |v be the cyclic
subspace generated by v. Since W is a T-invariant subspace of V', we know
that fr), divides fr. It is sufficient to show that fr,, (T)(v) = 0. Thus
we can assume from the beginning that V' = k[T|v. Let dimV = n. Then
{v,T(v), T*(v),..., T" ' (v)} is a basis of V by Lemma 7.3.

Let T"(v) = —apv — a;T'(v) — -+ — a1 T" *(v) and let f(z) = 2"
Up 12"V + -+ a1 + ag. Then fr(x) = f and it follows that fr(T)(v)
f(T)(v) =0, as desired.

on +

7.3 Eigenvectors, eigenvalues, diagonalizabil-
ity
Let T: V — V be a linear transformation.

Definition 7.8. An element a € k is an eigenvalue of T if there exists a
nonzero vector v € V such that T'(v) = av. A nonzero vector v € V is an
eigenvector of T with eigenvalue a, a € k, if T'(v) = av.
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Lemma 7.9. An element a € k is an eigenvalue of T if and only if ker(T —
aly) is nonzero. The nonzero elements of ker(T — aly) are the set of eigen-
vectors of T having eigenvalue a.

Proof. A vector v € V satisfies T'(v) = av if and only if (7" — aly)(v) = 0,
which is equivalent to v € ker(T — aly). Thus an element a € k is an
eigenvalue of T" if and only if ker(7" — aly ) is nonzero. The second statement
follows easily from this. O]

Proposition 7.10. Assume that dim V' is finite and let fr(x) = det(zly —T)
be the characteristic polynomial of T'. An element a € k is an eigenvalue of

T if and only if fr(a) =0.

Proof. Assume first that a € k and fr(a) = 0. Then det(aly —7T) = 0, so
T — aly is not an invertible linear transformation. (See Exercise 1.) Thus
ker(T' — aly) is nonzero, so a is an eigenvalue of 7.

Now assume that a € k is an eigenvalue of 7. Then ker(T — aly) is

nonzero. Thus T — aly is not an invertible linear transformation, and so
det(aly —T) = 0. Therefore, fr(a) = 0. O

Definition 7.11. A matric A € M,y (k) is diagonalizable (or, can be di-
agonalized) if there exists C € Myxn(k) such that C~*AC is a diagonal
matriz.

If dim V' is finite, a linear transformation T € L(V,V) is diagonalizable
(or, can be diagonalized) if there exists a basis 5 of V' such that [T]g s a
diagonal matriz.

If 8 is an arbitrary basis of V', dim V finite, then T is diagonalizable if
and only if [T]g is diagonalizable. (See Exercise 2.)

Proposition 7.12. Let T : V — V be a linear transformation, dim V' finite.
The following statements are equivalent.

1. T is diagonalizable.
2. There exists a basis of V consisting of eigenvectors of T.

Proof. Assume that T is diagonalizable. Then there exists a basis f =
{v1,...,v,} of V such that [T]g is a diagonal matrix A = (a;;). Then
T(v;) = ayv; for 1 < i < n. Thus § is a basis of V' consisting of eigen-
vectors of T'.
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Now assume that there exists a basis § = {vy,...,v,} of V consisting of
eigenvectors of T'. Let T'(v;) = ¢;v; for 1 < i < mn. Then [T]g = (a;;) where
a;; = 0 for ¢ # j and a;; = ¢; if ¢ = j. Thus [T]g is a diagonal matrix, so T
is diagonalizable. O]

If T :V — V is a linear transformation with dimV finite, then the
Cayley-Hamilton Theorem guarantees that there is a monic polynomial g €
k[x] such that g(T") = 0. Namely, we can take g = fr. In general, for a linear
transformation 7" : V' — V', suppose that there exists a nonzero polynomial
g € klx] such that g(T) = 0. Then there is a nonzero polynomial f € k[z]
of least degree such that f(7) = 0. We can multiply f by a nonzero scalar
so that we may assume that f is also a monic polynomial. Suppose that A
is another monic polynomial of least degree such that h(T) = 0 with f # h.
Then (f — h)(T) = f(T) — h(T) = 0. Since deg(f) = deg(h), both are f
and h are monic, and f — h # 0, it follows that deg(f — h) < deg f. This
is impossible because there is no nonzero polynomial h of degree less that
deg(f) such that A(T) = 0. Thus f = h. Therefore, there exists a unique
monic polynomial f of least degree such that f(7) = 0. This justifies the
following definitions.

Definition 7.13. Let T : V — V be a linear transformation. Suppose that
there exists a nonzero polynomial g € k[z| such that g(T') = 0. (This always
occurs if dim V' is finite.) The minimal polynomial of T is the unique monic
polynomial pr(x) of least degree such that pr(T) = 0. Similarly, the minimal
polynomial of a matriz A € M, xn(k) is the unique monic polynomial pa(x)
of least degree such that pa(A) = 0.

Lemma 7.14. Let T : V. — V be a linear transformation. Suppose that
f € klz] and f(T) = 0. Let pr(x) € k[z] be the minimal polynomial of T'.
Then pr(x) | f(z). In particular, if dim V' is finite, then pr(z) | fr(x).

A similar result holds for the minimal polynomial of a matriz A € M, (k).

Proof. Use the division algorithm to write f(z) = pr(z)q(z) + r(xz) where
q(z),r(z) € k[z] and either r(x) = 0 or degr(z) < degpr(z). Then

0= f(T) =pr(T)q(T) +r(T) = r(T).

If r(z) # 0, then we can write r(x) = cs(x) where s(x) is a monic poly-
nomial with deg(s(x)) = deg(r(x)) and ¢ € k is nonzero. Then r(T) = 0
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implies s(T") = 0. This is impossible because s(x) is a monic polynomial with
deg(s(z)) < deg(pr(z)). Therefore r(x) = 0 and so pr(z) | f(z).

If dim V' is finite, then fr(7') = 0 by the Cayley-Hamilton Theorem. It
follows that pr(z) | fr(z).

An analogous proof holds for the minimal polynomial of a matrix A €

Msn(k). O

7.4 More results on T-Invariant Subspaces

Let T : V — V be a linear transformation.

Lemma 7.15. Let g € k[z] be a polynomial and suppose that deg(g) = m >
1. Ifker(g(T)) # 0, then V' contains a nonzero T-invariant subspace W of
dimension < m. If g is irreducible in k[x], then dim W = m.

Proof. Let v € ker(g(T')) and assume that v # 0. Let
W = (v,Tv, T*v,..., T" 'v).

Let g = apz™ + -+ + a1 + ag with a,,, # 0. Since g(T)(v) = 0, it follows
that T (v) = —a,, (apm 1 T™ '+ - -+ a1 T+ aoly)(v). Then T™(v) lies in W
and thus T(Tiv) €W for 0 <i<m—1. Then W is a nonzero T-invariant
subspace of V' and dim(WW') < m.

Now assume that ¢ is an irreducible polynomial. We will show that
dimW = m. Suppose that v,Tv,T?v,...,T™ 'v are linearly dependent
over k. Then there exist by, ..., b,,—1 in k, not all zero, such that

b(ﬂ) + blTU + -t bmfleil =0.

Then h(T)(v) = 0, where h(x) = bp_12™ 1 + -+ + byz + by is a nonzero
polynomial. Let f = gcd(g,h). Recall that there exist polynomials r(x)
and s(z) in k[z] such that f = rg + sh. Then f(T)(v) = 0 because
g(T)(v) = 0 and h(T)(v) = 0. We have f = 1 because g is irreducible
in k[z] and deg(h) < deg(g). Therefore, v = 0, a contradiction. It fol-
lows that v, Tv,T?v,...,T™ 'v are linearly independent over k and that
dim(W) = m. O

Corollary 7.16. Suppose that there exists a nonzero polynomial f € k|x]
such that f(T) = 0. Write f(x) = fi(z)--- fi(x) where each fi(z) is an
irreducible polynomial in klx]. Then V' contains a nonzero T-invariant sub-
space of dimension equal to dim f;(z) for some i.
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Proof. First suppose that ker(f;(7)) = 0 for 1 < i < m. Then f;(T) i
injective for each ¢ and it follows that the composition f(T) = f1(T) - - fu (T
is injective. This is a contradiction because f(7') = 0. Therefore ker(f;(7"))
0 for some i. Then the result follows from Lemma 7.15.

D\H\\_/C/J

Proposition 7.17. Suppose that there exists a nonzero polynomial f € kx|
such that f(T) = 0.

1. If k = C, the field of complex numbers (or any algebraically closed
field), then V' contains a one-dimensional T-invariant subspace. In
other words, V' contains an eigenvector for T.

2. If k = R, the field of real numbers (or any real closed field), then V

contains a T-invariant subspace of dimension < 2.

Proof. Let f(T) =0, where f € k[z] is a nonzero polynomial of degree m.

(1) Since k is algebraically closed, f factors as a product of linear poly-
nomials over k. Thus we have f(z) = b(z —¢;)(z — c2) -+ (x — ¢,) where b
and each ¢; lie in k. The result now follows from Corollary 7.16.

(2) Since k is the field of real numbers (or is real closed), f factors as a
product of linear and irreducible quadratic polynomials over k. Thus we have
f(z) =11~ gi(z), where deg g; < 2 and each g; is an irreducible polynomial
in k[z]. The result follows from Corollary 7.16. O

In the next two sections, we attempt to find bases of V' so that the matrix
[T]g is as simple as possible.

7.5 Primary Decomposition

Let T : V — V be a linear transformation.

Proposition 7.18. Suppose that f is a nonzero polynomial in k[z| such that

f(T)=0. Let f(z) = fi(x)fa(x), where f1, fo € klz] and ged(f1, fo) = 1.
Let V; = ker(f;(T)), i = 1,2. Then the following statements hold.

1. V=Vl
2. Vi is a T-invariant subspace of V' fori=1,2.

3. Let T, = Ty, : V; = V; be the induced linear transformation from (2).
Let pr,(x) denote the minimal polynomial of T;. Then pr.(x) | fi(x).
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4. If dimV; is finite, let fr,(x) denote the characteristic polynomial of T;.
Then pr,(z) | fr,(x).

5. We have pr(x) = pr,(x)pp,(x). If dim Vi and dim Vy are both finite,
then fT($> = le (z)sz(x)

Proof. There exist polynomials ¢;,¢g2 € k[z] such that figy + fog2 = 1.
Let v € V. Then v = 1y(v) = fi(T)g1(T)(v) + f2(T)g2(T)(v). Let vy =
f2(T)g2(T)(v) and let vy = f1(T)g1(T)(v), so that v = vy +ve. Then v; € V)
because

AT (1) = [i(T) f2(T)g2(T) (v) = f(T)(92(T)(v)) = 0.

Similarly, vy € V5. Thus V =V + V5.
Now suppose that v; € Vi, vg € V5 and v + vy, = 0. Then

0= fo(T)(v1 +v2) = fo(T) (1) + f2(T)(v2) = fo(T)(v1).
Since f1(T")(vy) = 0, it follows that

v = 1y (v1) = g1(T) fo(T)(01) + g2(T) fo(T) (v1) = 0.

Similarly, it follows that vy = 0. Therefore, V' =V} @ V3, which proves (1).

For (2), let v; € V;. Then fi(T)(T(v;)) = Tfi(T)(v;) = T(0) = 0. Thus
T(v;) € ker(fi(T)) = V;, so (2) holds.

For (3), let v € V;. Then f;(T;)(v) = fi(T)(v) = 0 because v € V; =
ker(f;(T)). Thus f;(7;) = 0, so pr,(z) | fi(x) by Lemma 7.14.

If dim V; is finite, then pr,(x) | fr,(x) by Lemma 7.14 because fr,(7;) =0
by the Cayley-Hamilton Theorem. This proves (4).

Now we prove (5). Let v € V;. Then pr(T;)(v) = pr(T)(v) = 0. Thus, for
i = 1,2, we have pr,(z) | pr(z) by Lemma 7.14. Slnce pr,(z) | fi(x) by (3)
and ged(fy, ) = 1, it follows that ged(pr,, pr,) = 1, 50 pr, ()pn (¢) | pr().

Now let v € V and let v = v; + vy where v; € V Then

pr (T)pr,(T)(v) = pry (T)pry (T) (01 + v2)
= pr(T)pr, (T)(01) + pr (T)pry (T) (v2) = 040 = 0.

Thus pr(x) | pr,(z)pr,(z). Therefore, pr(z) = pr, (x)pr,(x).
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Now assume that dim V; and dim V5 are both finite. Then Lemma 7.4
(with its notation) implies that

o . 1’[1 - A 0
fr(z) =det(zl, —T) = det < 0 ol — B)

= det(zl; — A) det(z1,, — B) = fr,(z) fr,(x).
O

Proposition 7.19. Suppose that f € k[x] is a nonzero polynomial such that
f(T) =0. Let f(z) = fi(x)--- fin(x), where fi,..., fm € klz] are pairwise
relatively prime polynomials.

Let V; = ker(f;(T)), 1 <1 <m. Then the following statements hold.

1L.V=Vd--dV,.
2. Vi is a T-invariant subspace of V.

3. Let T; = Ty, : V; = V; be the induced linear transformation from (2).
Let pr,(x) denote the minimal polynomial of T;. Then pr.(x) | fi(x).

4. If dim 'V} is finite, let fr,(x) denote the characteristic polynomial of T;.
Then pTz<x> | sz<x>

5. We have pr(x) = pry(z) - - pr,, (z). If dimV; is finite, 1 <i < m, then
fr(x) = fr,(2) - fr, (2).

Proof. We prove this by induction on m. The case m = 1 is trivial and the
case m = 2 follows from Proposition 7.18. Now assume that m > 3. Let
g = filz) - fm-1(z), and let W = ker(¢(T")). Then gcd(g, fn) = 1 and
V =W &V, by Proposition 7.18(1). By induction, we have that W =V} &
-+ +@®V,,—1 and thus (1) holds. The remaining statements are easy conclusions
from the induction hypothesis and Proposition 7.18. (See Exercise 4.) ]

The next result gives the so called Primary Decomposition of V' respect
to T

Corollary 7.20. Suppose that f € k[z] is a monic polynomial such that
f(T) =0. Let f(x) = fi(x)? - fu(x)®™, where f1,..., fm € klz| are dis-
tinct monic irreducible polynomials and each e; > 0.

Let V; = ker(f;(T)%), 1 <i < m. Then the following statements hold.
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1L.V=Viéd---aV,.
2. Vi is a T'-invariant subspace of V.

3. Let T; = Ty, : V; = V; be the induced linear transformation from (2).
Let pr,(z) denote the minimal polynomial of T;. Then pr,(z) | f{(x).

4. If dimV; is finite, let fr,(x) denote the characteristic polynomial of T;.
Then pr,(x) | fr,(2).

5. We have pr(x) = pry(z) - - - pr,, (z). If dimV; is finite, 1 <i < m, then
fr(x) = fr,(2) - fr, (2).

Proof. The result follows immediately from Proposition 7.19. O

We now use a slightly more abstract way to obtain the primary decom-
position of V' with respect to T

Lemma 7.21. Suppose that E; -V — V, 1 < i <m, are linear transforma-
tions satisfying the following statements.

1. Ey4 -+ E, =1y,
2. EE; =0 ifi#].

Let V; = im(FE;), 1 <i<m. Then
i. B? = E;, 1 <i<m.

w. V=Vi® - dV,.

iii. ker(E;) =Y im(Ej) =Y _V;.
j=1 j=1
J#i JF#i
Proof. Since E;E; = 0 when i # j, we have

E?=E(E +E+--+E+---+E,) =FEly=E,.

7

Let v € V. Then v = lyv = (Ey + -+ Ep)v € Vi + -+ + V,,, since
Eveim(E;) =V, Thus V =V, 4+ .-+ V.
Suppose that v € ViN(Vo+---4+V,,). Then there exist y; € V;, 1 <i < m,
such that
v=FEiy = Eyyp + -+ Enlm.
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Applying E; gives
By = Efy) = E\Esys + -+ + E1Epym = 0,

because E1F; = 0 for j > 2. Since E? = Ej, we have 0 = Eiy; = Eyy; = v.
Thus Vi N (Vo + - -+ + V) = 0. Similarly,

Vin(Vi+- 4+ Via+Vigr+ -+ V) =0,

for 1 <i < m. Therefore, V=V, & --- B V,,.
Since E;E; = 0 if i # j, it follows that im(E;) C ker(E;), for ¢ # j. Thus

im(£;) C ker(E;). Let v € ker(£;). Then

M

7=1
JF£

N

v=(Bi+-+Ey)v=Y Ej(v)=)Y Ev)e> im(E))
j=1 Jj=1 Jj=1
JFi JFi
Therefore, ker(E;) = Zlm(Ej) O

7j=1
JF
We now use Lemma 7.21 to obtain a second proof of Proposition 7.19(1).

Proposition 7.22. Suppose that f is a nonzero monic polynomial f € kx|
such that f(T) = 0. Let f(x) = fi(z)--- fi(x), where f1,..., fm € k[x] are
pairwise relatively prime polynomials.

Let V; = ker(fi(T)), 1 <i<m. Then V=V, & --- ®V,.

Proof. Let gj(x) = /() 1 <j <m. Then ged(g1(x), ..., gm(x)) = 1. Thus

fi(z)’
there exist h;(z) € k:fx], 1 <j <m,such that Y77 | g;(z)h;(x) = 1. If i # j,
then fi(z) | g;(z) and so f(z) | gi(x)g;(z). In other words, —gl(?(ij)(x) =

gi(x) fi(x)
Now we show that Lemma 7.21 can be applied. Let E; = g;(T)h;(T).
Since Y 7", gj(z)h;(x) = 1, we have



Since f(z) | gi(x)g;(x) when i # j and f(T) = 0, we have g;(T)g;(T) = 0,
and thus

EiE; = gi(T)hi(T)g;(T)hi(T) = g:(T)g;(T)hi(T)h;(T) = 0.

Therefore, the hypotheses of Lemma 7.21 hold.
Now we show that im(E;) = ker(f;(T)). Since f;(T)g;(T) = f(T) = 0,
we have im(g;(T)) C ker(f;(T)). Thus

im(E;) = im(gi(T)hi(T)) < im(g;(T)) < ker(fi(T)),

Let v € ker(f;(T)). If i # j, then fi(z) | gj(x), and so f;(T)(v) = 0 implies
that g,(T)(v) = 0. Thus Ey(v) = g;(T)h;(T)(0) = hy(T)g;(T)(v) = 0. Thus

v=(E1+- -+ E,)(v) = E;j(v) € im(E;).

Therefore, im(E;) = ker(f;(T)) = Vi, 1 < i < m. Now the result follows from
Lemma 7.21. O

We can now extend Proposition 7.12 by giving another condition that
characterizes when a linear transformation 7' is diagonalizable.

Proposition 7.23. LetT : V — V be a linear transformation. The following
statements are equivalent.

1. T 1is diagonalizable.
2. There exists a basis of V consisting of eigenvectors of T.

3. The minimal polynomial pr(x) of T is square-free and factors com-
pletely over k.

Proof. We have already proved in Proposition 7.12 that (1) and (2) are equiv-
alent. Assume that (2) holds and let 8 = {v1,...,v,} be a basis of V consist-
ing of eigenvectors of 7. Let A = [T]g = (a;j). Then A is a diagonal matrix
and T'(v;) = a;v; for 1 <i < m. Let ¢y, ..., ¢, be the distinct elements that
lie in {a11,...,ap,}. Thus m < n.

Let g(z) = (x —¢1) -+ (x — ¢). Let v € B and suppose that T'(v) = ¢;v.
Since all linear transformations in k[T"] commute with one another, we have

g(T)(w)=(T—c11ly) - (T—cilv)(T—cily) - (T—eply (T —cily)(v).
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Since (T'—¢;1y)(v) = T'(v) — v = 0, it follows that g(T")(v) = 0 for all v € 5.
Then ¢g(T)(v) = 0 for all v € V. Therefore g(T)) = 0. Then pr(x) | g(x)
by Lemma 7.14. Since g(z) is square-free and factors completely over k, it
follows that the same holds for pr(z). Thus (3) holds.

Now assume that (3) holds, so that the minimal polynomial py(x) of T' is
square-free and factors completely over k. Then pr(x) = (z—c1) -+ (x —cp),
where cy,...,¢c, € k are distinct elements. Proposition 7.19 implies that
V=Vi®- &V, where V; = ker(T — ¢;1y), 1 <i < m. Each element of
ker(T — ¢;1y) is an eigenvector of T with eigenvalue ¢;. Let (; be a basis of
ker(T'—c¢;1y). Then § = B1U---Up,, is a basis of V' consisting of eigenvectors
of T'. Thus (2) holds. O

In the proof of (2) implies (3) in the proof of Proposition 7.23, we can
prove even more. We now prove that g(z) = pr(z). We have already proved
that pr(z) | g(x). If g(z) # pr(x), then we can relabel to assume that
pr(x) | (x—c1) -+ (x — ¢pm_1). There exists v € § such that T'(v) = ¢,,,v. We
have

(T —c1ly) - (T = cmerly)(v) = g(T)(v) = 0.
Since (T — ¢;1y)(v) = (¢ — ¢i)v, it follows that

m—1

(T = crly) - (T = emaly)(v) = [ ] (em — ci)v # 0.

=1

This is impossible, and therefore g(x) = pr(z).

7.6 Further Decomposition

We begin with two definitions that are similar to Definition 7.13.

Definition 7.24. Let v € V and let W C V be a subspace. Suppose that
there exists a nonzero polynomial f € k[z| such that f(T)(v) € W.

1. We let p(v, W) € k[x] denote the unique monic polynomial g € klx] of
least degree such that g(T)(v) € W.

2. In the special case of (1) when W = (0) and f(T)(v) =0, we let p,(z)
denote the unique monic polynomial g € k[z]| of least degree such that
po(T)(v) = 0. We call p,(z) the T-order of v.
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The following lemma is proved as in Lemma 7.14.

Lemma 7.25. Let v € V and let W C V be a T-invariant subspace. If
f € k[z] and f(T)(v) € W, then p(v,W) | f(x). If f(T)(v) = 0, then
polz) | f(z).

Proof. Use the division algorithm to write f(x) = p(v, W)q(z) + r(x) where
either r(z) = 0 or deg(r(x)) < deg(p(v, W)). We have that f(T")(v) € W and
p(o, W)(T)a(T)(v) = o(T)p(0, W)(T)(v) € W because p(o, W)(T)(v) € W
and W is a T-invariant subspace. Then r(T")(v) € W. The proof finishes as
in Lemma 7.14.
Since (0) is a T-invariant subspace of V, it follows that if f(7T")(v) = 0,

then p,(x) | f(2). =

Proposition 7.26. Let v € V and suppose that degp,(x) = m. Then
{v,Tv,T*v,..., T™ W} is a basis of k[T]v and dim k[T|v = deg p,(z).

Proof. Let p,(z) = 2™ + apm_12™ ' + -+ + a1z + ag. Since p,(T)(v) =0, we
have T™0 = —(apm 1 T™ '+ -+ + a1 Tv + agv). Tt follows easily that k[T|v
is spanned by {v, Tv, T*v Tmflv}.

Suppose that Zm 1b Tz = 0 is a nontrivial linear dependence rela-
tion. Then g(z) = b,_12™ ' + -+ + by + by is a nonzero polynomial with
degg(xz) < m —1 < degp,(x) such that ¢g(T)(v) = 0. Since we may multi-
ply by a scalar to obtain a monic polynomial with the same property, this
contradicts the definition of p,(z). Therefore, {v, Tv, T?v,..., T™ v} is a
linearly independent set and thus forms a basis of k[T|v. It is now clear that
dim k[T|v = deg p,(x). O

Definition 7.27. Let W be a subspace of V. Then W s a T-admissible
subspace of V' if the following two statements hold.

1. W is a T-invariant subspace of V.

2. Ify eV, g € klz], and g(T)y € W, then there exists z € W such that
9(T)z =g(T)y.

For example, (0) and V' are T-admissible subspaces of V. For if W = (0),
we may always take z = 0, while if W = V| then we may always take z = y.
The following lemma constitutes the key step in the proofs of Theorems

7.30 and 7.31 below.
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Lemma 7.28. Let W C V be a T-admissible subspace. Suppose that f(x) €
k[x] is a polynomial such that f(T') = 0. Then there ezists v € V, v ¢ W,
such that

1. W k[T = (0)
2. W+ k[T|v is a T-admissible subspace of V.

Proof. Choose y € V such that degp(y, W) is maximal. This is possible
because p(y, W) | f(x) and hence degp(y, W) < deg f(z). We have y ¢ W
because W C V. Let g(x) = p(y,W). Then g(T)y € W. Since W is
T-admissible, there exists ¢y’ € W such that ¢(T)y = g(T)y'.

Let v =y — 3. Thus v ¢ W because y ¢ W and y' € W. We now show
that W N k[T]v = (0). Suppose that h € k[z] and hA(T)v € W. Then

Ty =Ty =Ty —y') =T € W.

We have h(T)y" € W because y' € W and W is T-invariant. Thus h(T)y €
W. Therefore, g(z) | h(x). We have

9(Tv =g(T)(y —y') = 9(T)y — g(T)y = 0.

Thus h(T)v = 0 because g(z) | h(z). Therefore WNk[T]v = (0). This proves
(1).
For (2), we first note that W + k[T'|v is T-invariant because W and k[T
are each T-invariant.

Suppose that u € V and h(T)u € W+E[T|v. We must find v’ € W+E[T|v
such that h(T)u = h(T)u'. We can assume that h(z) = p(u, W + k[T|v)
because if h(T)u = h(T)u', then s(T)h(T)u = s(T)h(T)u' for all s(x) € k[z].

Let h(T)u = w + j(T)v, where w € W and j(z) € k[z]. We now prove
that A(x) | j(z). Use the division algorithm to write j(z) = h(x)q(x) + r(z)
where either r7(x) = 0 or degr(z) < degh(x). Let 2 = uw — q(T)v. Then
z —u € k[T]v, and so p(z, W + k[T|v) = p(u, W + k[T|v) = h(x). We have

1)z = h(T)(u—g(T)v) = MT)u — h(T)q(T)v
=w+ j(T)v—h(T)q(T)v =w+ (J(T) — h(T)q(T))v =w +r(T)v.

Let n(x) = p(z, W). Since h(x) = p(z, W +k[T|v), it follows that h(x) | n(z).
Let n(z) = h(xz)m(x). Then
n(T)z =m(T)WMT)z =m(T)(w + r(T)v) = m(T)w + m(T)r(T)v.
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Since n(T)z € W (because n(x) = p(z,W)) and m(T)w € W, we have
m(T)r(T)v € W. If r(x) # 0, then

deg(m(z)r(z)) = degp(v, W) = degp(y, W) > degp(z, W)
= degn(z) = deg h(x)m(z).

(The y above is the y from the proof of (1). We also used that deg(p(y, W))
is maximal.)

Thus degr(z) > degh(x), a contradiction. Therefore, r(z) = 0 and
h(z) | j(x). Thus j(z) = h(z)q(x).

From above, h(T)z = w + r(T)v = w. Since w = h(T)z and W is
T-admissible, we have w = h(T')z = h(T)z for some 2’ € W. Thus,

MT)u=w+ j(T)v = h(T)2' + WMT)qg(T)v = W(T) (2" + q(T)v) = h(T)u/,

where v = 2"+ q(T)v € W + k[T|v. Therefore, W + k[T|v is a T-admissible
subspace of V. n

Lemma 7.29. Let W be a subspace of V' and suppose that W = W, &
<@ Wy, Assume that W1, ..., Wy, are each T-invariant subspaces of V. If
W is a T-admissible subspace of V', then Wy, ..., W,, are each T-admaissible
subspaces of V.

Proof. Let y € V and suppose that g(T)y € W;. Since W; C W, there exists
z € W such that ¢(T)y = g(T)z. Let z = 2 +-- - + z,, where z; € W;. Since
each W; is T-invariant, we have ¢(T)y = g(T)z = g(T)z1+- - -+ g(T) 2, with
g(T)z; € W;, 1 < j <m. Since ¢g(T)y € W;, it follows that g(T)y = g(T)z
with z; € W;. Thus each W; is a T-admissible subspace of V. O

Theorem 7.30. Assume that f(T) = 0 for some polynomial f € k[x]. The
following statements are equivalent for a subspace W of V.

1. W is a T'-admissible subspace of V.

2. W is a T-invariant subspace of V' and there exists a T-invariant sub-
space W' of V' such that V=W & W'.

Proof. First assume that (2) holds. Since V' is a T-admissible subspace,
Lemma 7.29 implies that W is a T-admissible subspace of V" and (1) holds.

Now assume that (1) holds. If W = V| then let W’ = 0. We may now
suppose that W C V. Let S denote the set of subspaces Y of V' satisfying
the following three conditions.
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1. Y is a T-invariant subspace of V.
2. WNnYy = (0).
3. W +Y is a T-admissible subspace of V.

Then § is a nonempty set because (0) € S. The set S is partially ordered
by inclusion. Let W’ be a maximal element of S. If dim V' is finite, then it
is clear that W’ exists. Otherwise the existence of W’ follows from Zorn’s
Lemma.

We have W + W' =W & W' by (2). We now show that V. =W & W".
Suppose that W @& W’ C V. Then Lemma 7.28 implies that there exists
veV,v¢g WeW’ such that (W e W' )NE[T|v = (0) and (W& W')+E[T|v
is a T-admissible subspace of V. Then (W @ W')+k[T]v = W e W' @ k[Tv.
We now check that W’ @ k[T|v € S. We have that W’ & k[T]v is T-invariant
because W' and k[T']v are each T-invariant. We have W N (W' @ k[T|v) =0
because of the direct sum decomposition. Finally, W + (W’ & k[T]v) is T-
admissible. This is a contradiction because W/ C W' & Ek[T|v. Therefore,
V =W @& W’ and (2) holds. O

Theorem 7.31. Let V' be a finite dimensional vector space over k. Then
V' is a direct sum of T-cyclic subspaces of V.. One summand k[T|v can be
chosen such that k[T|v is a mazimal T-cyclic subspace of V.

Proof. Let W be a maximal subspace of V' with the property that W is a
T-admissible subspace of V' and is also a direct sum of T-cyclic subspaces of
V. (The set of such subspaces is nonempty because (0) is a T-cyclic subspace
of V that is also T-admissible.) If W C V', then Lemma 7.28 and Proposition
7.1 imply that there exists v € V, v ¢ W, such that W N k[T]v = (0) and
W + k[T]v is a T-admissible subspace of V. Then W + k[T|v = W & k[T|v
and W C W @ k[T|v. This is a contradiction, and thus W = V.

Now we show that one summand k[T "|v can be chosen such that k[T|v is a
maximal T-cyclic subspace of V. Suppose that v € V' is such that k[T]v is a
maximal T-cyclic subspace of V. Let W = k[T|v. The proof of Lemma 7.28
shows that W is a T-admissible subspace of V. (In the proof of Lemma 7.28,
let W = (0), y = v, and ¢y = 0 so that v = y — ¢'.) Theorem 7.30 implies
that V =W @ W', where W’ is a T-invariant subspace of V. The first part
of this Theorem implies that W' is a direct sum of T-cyclic subspaces of V.
Then V = k[T]v @ W' is also a direct sum of T-cyclic subspaces of V. [
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Exercises

. Assume that dim V is finite and let T : V' — V be a linear transforma-
tion. Then T is invertible if and only if det(7") # 0.

. If B is an arbitrary basis of V', then T is diagonalizable if and only if
[T]g is diagonalizable.

. Suppose [T]g = (8 2), where a # b. Then Pr(x) = (x — a)(z — b).

. Fill in the details to the proof of Proposition 7.19.

. Let V be the vector space over R consisting of all infinitely differen-
tiable functions f : R — R. Let T': V — V be the linear transforma-
tion given by differentiation. That is, T'(f) = f’. Show that there is
no nonzero polynomial g € R[z] such that ¢(7") = 0.
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