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Throughout we use TREIL to identify our text notes:

Sergei Treil, Linear Algebra Done Wrong (9/7/2015 version),
https://www.math.brown.edu/~treil/papers/LADW/book.pdf

As the title suggests, these notes are meant to supplement TREIL rather than
replace it. (In particular, these notes contain few examples.)

Throughout, when we refer to result (Theorem, Exercise, etc.) a.b.c of TREIL,
we mean result (Theorem, Exercise, etc.) b.c of Chapter a in TREIL.



0 Chapter 0: Background

0.1 Sets and systems

We assume familiarity with the basics of set theory.
Given a set X, we will often discuss collections of its elements that are
ordered and have repeated elements allowed. For instance

S,M,T,W,T,F,S

is such a collection of capital letters corresponding to the days of the week in
the usual order.

Such a collection is formally an ordered multiset, but we will never use this
term again. There are various names that can be used—for instance, sequence,
list, string, and word. TREIL’s preferred term is system; we shall keep to that,
although we may also use n-tuple, when we want to emphasize that the system
has exactly n entries; the example above is a 7-tuple of capital letters.

We usually write the system as above, separated by commas. We may also
delimit it to avoid confusion, for instance when we need to give the system a
name:

D =[S,M,T,W,T,F,S]

or
D= (S,M,T,W,T,F,S).

This last notation is particularly helpful when we we wish to think of the system
as a row vector with entries from X.
Systems are typically indexed by some subset of the integers:

B:Hbl,...,bj7...,b7lﬂzﬂbj7 1S]§’n]]

The number of elements n in a system (n-tuple) is its length or its size.

An ordered set is a special sort of system—one in which none of its elements
is repeated in the system. Both [T,i,g,e,7,s] and [Y,a,n, k, e, e] are systems
with six elements, but only the first is an ordered set. As e is repeated in the
second system, it is not an ordered set.

To each system X = [x1, ... ,xj, ... ,x,] there is a unique associated set
{X¥} ={z; | 1 < j < n} Its cardinality is at most n, equality occurring
precisely when X is an ordered set. Conversely, to each set Y = {y; | 1 < i <
m } (with y; # y; for i # j) there are m! systems ) with {Y} =Y.

Subsets of sets are familiar. There is a related concept for systems. If
B = ﬂbl,...,bj,...,bnﬂ = [[bj, 1 Sj Sn]]
is a system of length m, then a subsystem C is a system of length m (< n)

C=[be,...,be,....be ] =[be, 1 <i<m].



with ¢; < ¢;41 < n for 1 <i < m. We continue with the set theoretic notation,

writing C C B. If A= [aq,...,a,] and B = [by,...,b,] are systems of lengths

m and n respectively, then we can concatenate them to get the new system
AUB: [[al,...,am7b17...,bn]]

of length m + n. We then have {AU B} = {C} = {A} U{B}.

0.2 Mappings and functions

Given two sets A and B, a function, map, transformation, or operator f from A
to B is something that associates to each member a of A (the domain) exactly
one member b of B (the target or codomain). In notation,

the function f: A — B is given by f(a) =b or a—b.

The four names—function, map, transformation, and operator—for us mean the
same thing. By convention different versions are used in different situations for
various reasons.! For instance, we often use the term ‘map’ when no additional
restrictions have been made.

The range (or image)

Ranf={b|b= f(a), somea € A}
is a subset of B but need not be all of B. While each a € A gives rise to a

unique b = f(a) € B, for a given b € B there may be no a € A with f(a) =bor
many. (We will return to these issues in the next subsection.)

Given two functions f: A — B and ¢g: B — C their composition is the
function gf: A — C given by

g9f(a) = g(f(a))

for all @ € A. The process can be iterated: if h: C — D is a third function,
then we have the composition hgf: A — D given by

hgf(a) = h(g(f(a))).

Composition of functions is associative:

(hg)f = hgf =h(gf).

For each set X an important map (function) from X to itself is the identity

map
Idx: X — X
given by
Ildx(z) ==z

foreveryzx € X. If r: X — Y and [: Y — X with Ir = Idx, then r is a right
inverse for | and [ is a left inverse for r.

1So Treil uses the term ‘linear operator’ for vector space maps because his training is
that of an analyst, while I am trained as an algebraist and am more likely to use ‘linear
transformation’ in the same situation. They mean the same thing.



(0.1). LEMMA. Ift: A — B has a left inverse u: B — A and a right
imverse v: B — A, then u = v.

PRrROOF. u = u(Idg) = u(tv) = (ut)v = (Ida)v = v. O

The map ¢ is an inverse (that is, two-sided inverse) provided it is both a left
inverse and a right inverse.

(0.2). COROLLARY. Ifthe mapt: A — B has an inverse s, then s is unique.

PROOF. If r and s are inverses for ¢, then r is a left inverse and s is a right
inverse. Thus r = s by the lemma. O

0.3 Isomorphism and solving equations

We introduce here the basic concept of an isomorphism of two mathematical
objects. (See TREIL §1.6.3.) This is a formalism for saying that the two objects
are essentially the same—they are “the same up to changing names” in the
appropriate context.

For instance, two sets A and B with no further structure are “essentially the
same set” precisely when they contain the same number of elements (|A| = |B|).
Purely as sets

A={1,2,3,4,5} and B ={a,b,c,d,e}

are the same although the names of the elements are different.
This set identification is formalized by finding a map ¢ from A to B that
accomplishes the “name change”:

There is a map t: A — B such that, for every b € B, there is a
unique a € A with t(a) = b.

Such a map is called bijective. (The map is a bijection.) For instance, above we
could take
t(l)=a, t(2)=b, t(3)=c, t(4) =d, t(5) =e.

At times it is easier to consider two related properties:

(i) the map t: A — B is surjective if, for every b € B there is at least one
a € A with t(a) =b.

(ii) the map t: A — B is injective if, for every b € B there is at most one
a € A with t(a) =b.

Clearly, a bijective map is precisely a map that is both surjective and injective.
In the following three problems, consider maps f: A — B, g: B — C,
and their composition gf: A — C.

(0.3). PROBLEM.
(a) Prove that if f and g are surjective, then gf is surjective.
(b) Prove that if f and g are injective, then gf is injective.
(¢) Prove that if f and g are bijective, then gf is bijective.



(0.4). PROBLEM.
(a) Prove that if gf is surjective, then g is surjective.
(b) Prove that if gf is injective, then f is injective.

(0.5). PROBLEM. Give an ezample where g is surjective and f is injective, but gf is
not surjective and not injective.

We can think of this in terms of solving equations:

Given b € B, how many solutions x € A are there to the equation
t(x) =b?

Solution of equations will be one of our main themes in linear algebra.
(0.6). PROPOSITION. For the map t: A — B the following are equivalent:
(1) t is surjective;

(2) for every b € B there is at least one solution x € A to t(x) = b;

(3) t has a right inverse.

(0.7). PROPOSITION. For the map t: A — B the following are equivalent:
(1) t is injective;

(2) for every b € B there is at most one solution x € A to t(x) = b;

(3) t has a left inverse.

(0.8). PROBLEM. Prove Proposition (0.6).

(0.9). PROBLEM. Prove Proposition (0.7).

In both of these, the equivalence of conditions (1) and (2) is essentially the
definition. That (3) implies (1) is a consequence of a problem above. Therefore
the real issue is to prove (1) implies (3). In your proof, notice that you will have
choices to make, so that there will be more than one right (resp., left) inverse,
unless ¢ is a bijection. This observation is related to Lemma (0.1) above.

The two propositions immediately give:

(0.10). PROPOSITION. For the map t: A — B the following are equivalent:
(1) t is bijective;
(2) for every b € B there is a unique x € A to t(x) = b;

(3) t has an inverse. a
(0.11). PROBLEM. Lett: A — B be a map with |A| = |B|, both finite. Prove that
the following are equivalent:

(1) t is surjective;

(2) t is injective;

(3) t is bijective.



0.4 Equivalence relations, representatives, and canonical
forms

Consider a collection S of objects and a relation ~ between members of S. This
relation is an equivalence relation on S provided it has three properties:

(i) (Reflexive) For all S'in S, S ~ S;
(ii) (Symmetric) For all S,T in S, if S ~ T then T ~ S;

(iii) (Transitive) For all S,T,U in S, if S ~ T and T ~ U, then
S~U.

Of course, equality is the motivating example of an equivalence relation:

(1) (Reflexive) S = S;
(ii) (Symmetric) If S =T then T = S,
(iii) (Transitive) If S =T and T = U then S =U.

But there are many more examples. In particular, isomorphism as described in
the previous section is an equivalence relation on the class of all sets. (Exercise!)

Functions give us a great source for equivalence relations.

(0.12). LEMMA. Let f: A — B be a function. Define on A the relation

a; ~ Ay < f((ll) = f((lg) .
Then ~ is an equivalence relation

The various equivalence classes are the preimage sets f~1(b) as b runs
through B.

(0.13). PROBLEM. Prove Lemma (0.12).

FEarlier we saw that bijections can be thought of as changes in names. Simi-
larly equivalence relations can be thought of as assigning labels. The veterinary
clinic might have as patients Boopie, Tiger, Snoopy, Ed, Tex, and Golden River,
but for certain purposes it may be better to group them together as feline, fe-
line, canine, equine, equine, equine. From a medical point of view, a horse is a
horse.?

This reduction principle is important throughout mathematics. We discard
distinctions not important to the situation at hand. For instance, let us say that
two integers are congruent modulo 2 if their difference is a multiple of 2. This
is an equivalence relation, and the two congruence classes are the even integers
and the odd integers. Integer arithmetic induces a meaningful arithmetic on
the two classes—the product of an odd integer and an even integer is always an
even integer; the sum of an odd integer and an odd integer is always an even
integer; and so forth.

20f course, of course.



In practice, these large equivalence classes can be unwieldy. Instead we
choose a representative for the class. For instance, among all finite sets with m
elements, we might choose the representative set {1,2,...,m}. For the integers
modulo 2 we could choose 2 to represent the even numbers and 17 to represent
the odd numbers.

A particularly nice situation occurs when there is an algorithm that, for each
element S of S produces a representative S’ for the class of S that is canonical
in the sense that S; and Sy are equivalent if and only if S = S}. In this case,
S’ is sometimes called a canonical form.

The sets {1,...,m} mentioned above are canonical for finite sets. For the
integers modulo 2, we choose as canonical form for the integer z its remainder
upon division by 2—that is, 0 for even integers and 1 for odd integers. The
arithmetic described above then gives the set of representatives {0, 1}, written
Zs, the following arithmetic structure, which we shall see below is that of a field
with two elements:

+10 1 0
0(0 1 0
111 0 0

— O *
— Ol

0.5 Mathematical induction
Proof by induction has many versions, but its most basic setting is that of:

The Induction Principle. Consider a subset I of the positive
integers ZT that has the two properties:

(i) (Initialization step) 1 € I;
(i1) (Induction step) if k € I, then k+1¢€ 1.

Then I = 7%, the set of all positive integers.

Basic “proof by induction” involves some statement we wish to prove for all
positive integers. We do this by verifying that the set I of all positive integers
for which the statement is true satisfies the two steps of the Induction Principle.

Proof by induction is iterative in nature. It can be used to formalize proofs
that include remarks such as “continuing in this manner” or “repeating this
procedure.”

Here is a classic example of proof by mathematical induction:

(0.14). THEOREM. For every positive integer m we have

- 1)(2m + 1
12+22+---+(m—1)2+m222i2 _ m(m + é( m+ )

i=1

PROOF. The proof is by induction on m. Let I be the set of positive integers
m for which the identity is true. Then

: . 1 o g2 4 10412141
(i) 1elsince ), i*=1*=1= %.



(ii) Assume k € I; that is, Zle i? = k(k +1)(2k 4+ 1)/6. Consider Zf:ll i2.
Then

6
(k4 1)[E(2k + 1) + 6(k + 1)]
6
(k +1)(2k* + Tk + 6)
6
(k+1)(k +2)(2k + 3)
6

That is, k+ 1 € I.

Therefore by the Induction Principle I = ZT, and the identity is true for all
positive integers m. O

(0.15). PROBLEM. Prove the canonical induction example:
For every positive integer m we have

m(m + 1) '

1424 ... -1 — P —
F24- 4 (m—1)+m=> i 5

i=1
(0.16). PROBLEM. Consider the infinite sequence (r1,72,...) given by the recursion
rm=a and 7Tit1=3r;i+2.

Prove that, for all k, we have 1y = —1 +3*"'(a 4+ 1). REMARK. This calculation was
actually required in a recent research paper of mine.

Usually the presentation is not quite as rigid as in the theorem. Here is a
more typical version, which formalizes TREIL’s “repeating this procedure.”

(0.17). PropPOSITION.  (TREIL’s Proposition 1.2.8.) Any finite generating
system of a monzero vector space contains a basis.

PROOF. The proof is by induction on k, the number of vectors in a vector
space generating system. As the spaces considered are nonzero, we have k > 1.

If a vector space has a generating system of size k£ = 1, then that generating
system is a single nonzero vector v, which is also linearly independent and so a
basis. This initializes the induction.

Suppose now that the result is true for vector spaces with generating systems
of size k. Consider a vector space with a generating system vy, ..., vi41 of size
k + 1. If the system is linearly independent, then it is a basis. If it is linearly
dependent, then by Proposition 1.2.6 one of the vectors v, can be written as a



linear combination of the others. When we delete v, from the system, we are
left with a generating system of size k. By induction, that system contains a

basis. And clearly vi,..., Vi1 contains that same basis.
Therefore the inductive step is valid, and so the proposition holds by induc-
tion. O

See Proposition (1.6) and Corollary (1.7) below for another proof of this result.
For a very typical proof by induction, see that for Lemma (1.20) given below.

There are many variants of the Induction Principle (including infinite ver-
sions). We give two helpful and elementary modifications.

The Induction Principle starting at c. Let ¢ be an integer.
Consider a subset I of Z>., the set of all integers at least c, that has
the two properties:

(i) (Initialization step) ¢ € I;
(ii) (Induction step) if k € I, then k+1 € I.

Then I is equal to Z>..

The case ¢ = 1 yields the original Induction Principle.

The version with ¢ = 0 is often used. For instance, TREIL’s Proposition
1.2.8 could have (and perhaps should have) been proven for all vector spaces
(not just nonzero spaces) by induction on k starting at k = 0, since the only
basis for a vector space {0} is the empty set ().

Complete Induction starting at c¢. Let ¢ be an integer. Consider
a subset I of Z>. that has the property:

(a) (Complete induction step) for | € Zs., if every integer i with
c<i<lisinlI, thenl isin I.

Then I is equal to Z>..

(0.18). PROBLEM. Prove that these last two forms of induction are equivalent to
each other. HINT: If the subset I has (a), then ¢ € I since trivially every integer i
with ¢ < i < ¢ is in [—there are no such i!

(0.19). PROBLEM. Consider the following induction proof that k! > 2% for all k > 1:
Assume that the inequality is valid for k. Then

(k+1)! = (k + 1)k!

> 2k! as k> 1
>2.2* by induction
> ok+1 as desired.

(a) What is wrong with this result and proof?
(b) Fiz them.



0.6 Fields

A field is a place where we can do arithmetic as usual. TREIL almost always
uses the real numbers R (or later the complex numbers C). You may also want
to think of the rational numbers Q or the binary field Zs (discussed in Section
0.4 above).

Formally a field is a set F together with two well-defined binary operations
+:FxF—TF and *x:FxF-—F

given by
(a,b) —»a+b and (a,b) — ax*b

and subject to the following axioms:

(1) (Additive commutativity) a +b = b+ a for all a,b € F;

(2) (Additive associativity) a + (b4 ¢) = (a + ) + ¢ for all a, b, c € T;

(3) (Additive identity) there exists a element Or in F such that a+0r = a for all a € F;

(4) (Additive inverses) for every a € F there exists a b € F such that a + b = 0;

(5) (Multiplicative identity) there exists a element 1g(7# Of) in F such that lpxa = a
for all a € F;

(6) (Multiplicative associativity) ax(b*c) = (a*b)xc for all a,b,c € F;

(7) (Left distributivity) a*(b+c) = a*b+ axc for all a,b,c € F;

(8) (Right distributivity) (a +b)*xc=axc+bxc for all a,b,c € F;

(9) (Mutliplicative inverses) for every O # a € F there exists a b € F such that

axb=1;

(10) (Multiplicative commutativity) a*b = bxa for all a,b € F.

The usual convention is to use juxtaposition ab in place a*b; for instance,
(6) becomes a(bc) = (ab)e. Also we usually write 0 in place of O and 1 in place
of 1y and hope that this does not cause confusion.

Subtraction and division are not defined. These are actually derived from
addition and multiplication, using the inverses that are guaranteed. To “sub-
tract” b from a, we add the additive inverse of b to a. To “divide” by nonzero
b, we multiply by the multiplicative inverse of b.

The various axioms are presented in a small typeface to emphasize the fact
that, while complicated, their message is simple: a field is a place where we
can carry out the usual arithmetic operations of addition, subtraction, multi-
plication, and division satisfying the familiar rules (and subject to the familiar
restrictions). Don’t dwell on the axioms, just remember the message.

(0.20). PROBLEM. From the axioms, prove:
(a) (Uniqueness of additive identity) a +b = a for all a € F if and only if b = Op.

(b) (Uniqueness of additive inverse) For a € F, if a+b = a+ ¢, then b = ¢c. In
particular, the additive inverse b of a guaranteed by (4) is uniquely determined
and will be denoted —a.

10



(c)
(d)
(e) (Uniqueness of multiplicative identity) axb = a for all a € F if and only if b = 1p.
()

ax0p = Of for alla € F.
—a=(—1)*a for alla €F.

(Uniqueness of multiplicative inverse) For O # a € F, if axb = axc, then b =
c. In particular, the multiplicative inverse b of a guaranteed by (9) is uniquely
determined and will be denoted a™'.

(g) Fora,b€eF, ifaxb=0r then a =0F or b= 0Op.

0.6.1 Matrix notation

For us Mat,, ,(X) will denote the set of all m x n matrices (rectangular arrays)
with entries from the set X.
If A is the m x n matrix with entry a; ; in row ¢ and column j then TREIL
may write
A= (ai;)ily, j=

which we at times abbreviate to
A= (ai;)i;-

We will be particularly interested in the column m-tuples from X™ =
Mat,,,1(X) and the row n-tuples of X,, = Matq ,,(X).

It will helpful at times to realize that the matrices of Mat,, ,(X) can be
equally well thought of as column m-tuples with row vector entries from X,
and, especially, as row n-tuples with column vector entries from X™:

A= a1 ai2 @13\ _ (a1,1,01,27€11,3) _ ai,1 1,2 a1,3
G211 da22 G23 (a2,1,a2,27a2,3) a21 az 2 a2 3

If the m x n matrix A has a;; as its row ¢ and column j entry, then its
transpose AT is the n x m matrix that has a; ; as its row j and column 4 entry.

11



1

Chapter 1: Basic Notions

1.1 Vector spaces

We give a slightly modified version of TREIL’s definition of a vector space:

Let F be a field. A wvector space V over F is a set V together with two

well-defined maps, vector space addition

O:VxV-—V

and scalar multiplication

S FxV —V

given by

(v,w)—»vadw and (a,v)—a-v

and subject to the following axioms:

(1)
(2)
3)

(®)

(Additive commutativity) v w =w @ v for all v,w € V;
(Additive associativity) u@® (v w) = (u®v)®w for all u,v,w € V;

(Additive identity) there exists a vector Oy such that v & 0y = v for all
vev;

(Additive inverses) for every vector v € V there exists a w € V such that
vew=0y;

(Multiplicative identity) 1p-v = v for all v € V;

(Multiplicative associativity) a-(8-v) = (axf)-v for all a,f € F and
vev;

(Left distributivity) a-(v@ w) = a-v@ a-w in V for all « € F and
v,w eV,

(Right distributivity) (¢ + 8)-v =a-v@® B-vin V for all o, € F and
velV.

(1.1). PROBLEM. From the azioms, prove:

(a)
(b)

(Uniqueness of additive identity) v®w = v for all v € V if and only if w = Oy.

(Uniqueness of additive inverse) For v € V, if v x = v@y thenx =y. In
particular, the additive inverse w of v guaranteed by (4) is uniquely determined
and will be denoted —v.

For all a € F, we have a-0y = 0y
For all v € V, we have Op - v = Oy .

For all v € V, we have —v = (—1) - v.

12



We also use the terminology F-vector space or even F-space when referring
to vector spaces over the field F.

The notation emphasizes the fact that field addition and multiplication are
not the same as scalar (vector space) multiplication and vector space addition.
Nevertheless it is customary to denote both multiplications by juxtaposition;
for instance, (6) becomes o(fv) = (af)v. Similarly we use + for both types of
addition, so that (8) takes the form (a4 8)v = av + Sv. This is less cluttered
but is open to misinterpretation, so care must be taken.

We typically write 0 in place of Oy . As mentioned in the problem, the usual
convention is to write —v for the additive inverse of v and always —v = (—1)v.
We also write w — v in place of w + (—v).

By Axiom (1) the conclusion of Axiom (3) could read v+ 0 =v =0+ v,
and similarly the conclusion of Axiom (4) could read v+w =0=w + v.

It is not a coincidence that the axioms for a vector space are very similar to
the axioms for a field (as given in Section 0.6). If E is a subfield of the field F,
then F has a natural structure as a vector space over E. For instance, we often
think of complex numbers as pairs of real numbers.

1.1.1 Examples

(i) We use Mat,, (F) to denote the vector space of all m xn matrices over the
field F. (See Section 0.6.1.) The corresponding notation in TREIL is M, »,
with it understood that that entries come from the real field R. The most
important example of a vector space for us is F™ (= Mat,, 1(F)), the space
of length n column vectors. The corresponding space F,, = Maty ,,(FF) is
that of row vectors.

(ii) A second type of important example of a vector space over R is the set P,, of
all polynomials (with real coefficients) of degree at most n, provided with
usual polynomial (function) addition and real multiplication by scalars
(constant functions).

It is in fact possible, for any field F, to define a vector space P, (F) of
polynomials of degree at most n with coefficients from F. We will not give
the definition here, although we observe that the vector spaces P, (Q) and
P, (C) of rational and complex polynomials (respectively) with degree at
most n have natural definitions similar to that of P, = P,,(R).

The vector space P,, can also be viewed as a special case of a function
space. Let ® be a collection of functions f: X — W, where X is some
set and W is a vector space over the field F. We can define function
addition pointwise: while X does not itself have additive structure, the
space W does. For every z € X and pair of functions f, g € @, the vectors
f(z) and g(z) can be added together within the space W. Therefore we
have the new function f + g: X — F given by

(f +9)(x) = f(2) + g(2), forz € X.

13



Similarly we have a pointwise definition of scalar multiplication: for f € ®
and a € F we get a new function af given by

(af)(@) = a(f(2)), for z € X.

For many choices of &, X, W, and F, these operations give ® the struc-
ture of a vector space over F. P, is the case where ® consists of all real
polynomial functions of degree at most n and W = F = R. We can also
consider spaces such as C[0, 1], the space of all continuous real functions
defined on the interval [0, 1].

The matrix notation A = (a; ;);; shows that the matrix vector space
Mat,, ,(F) can be thought of as a function space. It is the set of all
functions A: {1,...,m} x {1,...,n} — F, where A(i,j) = a;;. In Sec-
tions 1.4 and 1.5.3 we shall see amother way in which the matrix space
Mat(m,n) has a natural life as function space.

(1.2). PROBLEM. Prove that C[0,1] is a vector space over R.

(iii) As arich source of examples of vector spaces, we introduce here the concept
of subspaces of vector spaces. (See TREIL §1.7.) These are the subsets W
of the F-vector space V that are themselves vector spaces over F for the
vector addition and scalar multiplication that they inherit from V. If
we examine the above axioms for a vector spaces we see that the subset
W of V is a subspace provided it contains 0 and is closed under vector
addition and scalar multiplication. (Care must be taken with the axiom
guaranteeing additive inverses.)

Clearly the vector space V is a subspace of itself. Also the set {0y} is a
subspace of V| the trivial space. If x1,...,x,, is a system of vectors in the
F-vector space X, then its span in V is the subspace

Span(xy, ..., Xm) = {Zajxj |aj eF}.
j=1

TREIL uses the notations span{xi,...,x,,} and £{x1,...,Xm}. I prefer
the upper case Span, but TREIL’s curly brackets {---} have some virtue
since the span only depends on the set {xi,...,X;,}, not the particular
ordered list x1,...,X,,.3

1.1.2 Matrix notation

This is discussed in Section 0.6.1.

3We will not use TREIL’S notation L{X1,...,Xm}.

14



1.2 Linear combinations, bases

If a1,...,05,...ap is a system of elements in the field F and vy,...,v;,..., v,
a system of vectors in the F-vector space V, then the corresponding linear
combination is the vector

n
V=a1Vi+- -+ v+ apvy :Zajvj
J1
of V, the a; being the coefficients of the linear combination.
1.2.1 Generating and linearly independent systems
Consider the system vi,...,vj,..., vy, and for arbitrary v € V the equation
Qivi+ -+ v+ oV =V
We have three important definitions:

(i) If for every v € V there is at least one solution system a1,...,q;,...,0n
to this equation, then the system of vectors is a generating system (or
spanning system?).

(ii) If for every v € V, there is at most one solution system o, ..., q;,..., 0y
to this equation, then the system of vectors is a linearly independent sys-
tem.

(iii) If for every v € V, there is exactly one solution system a,...,q; ,..., oy

to this equation, then the system of vectors is a basis (or base).

By convention a trivial space {0} has a unique basis, namely, the empty set
(. (This convention is particularly natural if we think of a basis as a minimal
generating set, as in Corollary (1.7)(b) below.) The canonical basis e; ..., ey, of
F™ will be denoted &,,, and the standard basis 1,t,...,t" of P, will be denoted
S

We have the important and immediate

(1.3). ProPOSITION.  (TREIL’s Proposition 1.2.7) A system of vectors is a
basis if and only if it is generating and linearly independent. ]

It may initially seem strange that a result, for which TREIL must work,
is immediate for us. This is because our definitions are slightly different from
those of TREIL. Our definitions match TREIL exactly for generating systems and
bases, but our definition of linear independence is different, being (apparently)
more restrictive than that used by TREIL:

4We will not use TREIL’s term complete.
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The system vq,...,V;,...,Vy, is linearly independent precisely when
the only solution system ay,...,q;,..., o, to the equation

vy + -+ aivi+ st apv, =0
is the trivial system a1 = -+ =a; = --- = o, = 0.
In any event, the system vi,...,v;,..., vy, is linearly dependent if it is not
linear independent. From our definition, this gives

for some v € V, there is more than one solution system a1, ..., ,...,
to the equation

a1vy + - oVt ap vy, =V
Equally well for TREIL, a system that is not linearly independent is linearly
dependent. From his definition, this yields

there is a nontrivial solution system a1,...,q; ,...,a, to the equa-
tion
a1vy + -+ a;vi+ o+ ap vy = 0.

In this case, we may call the lefthand side of this equality a nontrivial
linear dependence.

Correspondingly, the trivial system oy = -+ = aj = --- = a,, = 0 is said to
give a trivial linear dependence of the system.

The following lemma removes any confusion. It shows that the two concepts
of linear dependence are equivalent, and hence (by the contrapositive) that the
two definitions of linear independence are equivalent.

(1.4). LEMMA. The following are equivalent:

(1) For some v € V, there is more than one solution system ou,...,0;,. .., 0y
to the equation

a1vy + -+ oVt ap vy, =V
ere 18 more than one solution system o, ..., ,...,q, to the equation
2) Th ) th luti yst N TR to the equati
041V1+'-'+OéjVj-‘r~--+OznVn:0.
ere 18 a nontrivial solution system oy, ..., a5 , ..., o, to the equation
3) Th ) trivial soluti yst ) Gy to the equatt

a1vy + -+ o;vi+ s+ ap vy = 0.
PRrROOF. Parts (3) and (2) are equivalent, since the zero solution system

a; = 0 always yields a trivial linear dependence. Furthermore (2) implies (1)
by taking v = 0.
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It remains to show that (1) implies (2). Assume that f1,...,05;,..., 0, and
d1,...,05,...,0, are two different solutions to the equation of (1) for v. Then
the homogeneous equation of (2) has the trivial solution «; = 0, for all ¢, but
the homogeneous equation with righthand side 0 = v — v is also solved by the
system v1,...,%j,...,¥n where we set v; = 8; — d;, not all 0, as desired. a

(1.5). PROPOSITION. (TREIL’s Proposition 1.2.6)

(a) The system v1,...,vp is linearly dependent if and only if there is a k and
a system B, ..., By with v, = Zz;éj:l Bjvi.

(b) More specifically, if 0 = Z§:1 a;v; s a nontrivial linear dependence, then
for every k with oy, # 0 it s possible to find a system B1,..., B3, with vy =
Zi#j:l Bjvi-

(c) In the situation of (b), the system v1,...,Vk_1, Viyt1,...Vp spans the same
subspace of V as does vi,...,Vp.

PROOF. (a) follows immediately from (b).
(b) (<) With g =—-1,0 = Z§=1 B;jVv; is a nontrivial linear dependence.

(=) Let 0 = 3°%_, a;v; be a nontrivial linear dependence by virtue of,

say, g, # 0. Then —ayvy, = Y0, vy and v = 30, By for B =
—a; (o)t
(c) In this case, if w = >"_, y;v; then

p p
w = Z'ijj =V Vg + Z a5V
j=1 k#j=1

P p
2%( > ﬂjvj)+ > vy
kAj=1 k#j=1
p
= Y (wBj+aoy)v;. O

k=1

(1.6). PROPOSITION. Let V be a finitely generated F-space. For any linearly
independent system L and any finite generating system G, there is a subsystem
S of G such that LU S is a basis of V.

PrROOF. Let S be a subsystem of G of minimal size subject to V being
generated by LUS. (Such an § exists since G is finite.) We claim that this gen-
erating system is linearly independent. Assume not. Then there is a nontrivial
linear dependence among its members. In such a linear dependence, at least
one nonzero coefficient must belong to a member of S since L itself is linearly
independent. As noted in Proposition (1.5)(c), that element can be deleted from
S with the remaining subsystem of £ U S still generating. This contradicts the
minimality of S. The contradiction proves that the generating system £ U S is
also linearly independent and hence a basis, as claimed. O
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(1.7). COROLLARY. LetV be a finitely generated F-space.
(a) (TREIL’s Proposition 1.2.8) Every finite generating system contains a basis.
(b) Every minimal finite generating system is a basis.

(¢) (TREIL’s Proposition 2.5.4) Every linearly independent system in V is con-
tained in a basis.

(d) Every mazximal linear independent system is a basis.

PRrROOF. The first two come from the case £ = () of the proposition. The
second two come from letting £ be the system under discussion. ]

Recall that part (a) of this corollary (that is, TREIL’s Proposition 1.2.8)
was also presented as Proposition (0.17) to provide an example of a proof by
induction.

A special case of all of these is the following extremely important result:

(1.8). COROLLARY. IfV is a finitely generated F-space, then it has a basis.
O

It is clear that every nonzero vector space has a generating system (for
instance, the whole space) and a linearly independent system (for instance, any
single vector), but it is not at all clear that every vector space has a basis. The
above corollary guarantees that for finitely generated spaces.

In fact, every vector space has a basis. The corollaries (restated to remove
finite generation) remain true for arbitrary vector spaces, but we will not pursue
these extensions.

1.2.98 Sets and systems of vectors

If {vi,...,vj,...,vp} is a set of vectors in the F-space V, then it is natural to
consider the associated system [vi,...,vj,...,v,]. Is it generating? linearly
independent? a basis? Correspondingly, what do these properties for a system
[vi,...,vj,...,vy,] say about its underlying set {v1,...,v;,...,v,}?

Recall that an ordered set is a system in which no element appears more
than once.

Let V be an n-set in V' (that is, a set containing n distinct vectors of V).
We say that V is a generating set (or spanning set) if there is an ordered set

(and so a system) [v1,...,Vj,...,v,] that is a generating system with V =
{v1,...,Vj,...,vp}. Similarly the n-set V is linearly independent if there is an
ordered set (system) [vi,...,Vj,...,Vv,] that is a linearly independent system

with V = {vi,...,vj,...,v,}.5

(1.9). LEMMA.

5We shall almost always be dealing with finite systems. For infinite systems and sets the
same terminology is used, although then we must deal with infinite ordered sets.

18



(a) If V is a generating set, then any ordering of its vectors gives a generating
system.

(b) If V is a generating system, then its underlying set {v | v.€ V} is a
generating set.

(¢c) IfV is a system and its underlying set { v | v € V' } is a generating set, then
V is a generating system.

(1.10). LEMMA.

(a) If V is a linearly independent set, then any ordering of its vectors gives a
linearly independent system.

(b) If V is a linearly independent system, then it is an ordered set and its un-
derlying set {v | v € V'} is a linearly independent set.

(1.11). PROBLEM.

(a) Prove Lemma (1.9).
(b) Prove Lemma (1.10).

Note the distinctions between the two results. The list
£ =1](1,0,0),(0,1,0),(0,0,1),(1,0,0)]
is a generating system for Mat; 3(F) with underlying set
L =1{(1,0,0),(0,1,0),(0,0,1)},

which is a generating set. The set L is also linearly independent (any ordering
of it is a basis), but the original system £ is not linearly independent since it
contains (1,0,0) twice.

Since every linearly independent system is an ordered set of vectors, a basis is
by definition a linearly ordered set of vectors that is both spanning (generating)
and linearly independent. We sometimes abuse our terminology by referring to
a set that is spanning and linearly independent as a basis. In this case, any
ordering of the set gives a basis (different orderings giving different bases). So,
for instance, a more common phrasing of Proposition (1.6) would be:

(1.12). PROPOSITION. Let V be a finitely generated F-space. For any linearly
independent set L and any finite generating set G, there is a subset S of G such
that LUS is a basis of V. ]

1.2.99 Vector space isomorphism

Recall from Section 0.3 that an isomorphism exhibits two objects as basically
same except the names of elements may have been changed. Here we are specif-
ically interested in isomorphism of vector spaces (discussed in TREIL’s §1.6.3).
A wector space isomorphism of the two F-spaces V and W is a bijective map
TV —W
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(1) Ta+v)=T()+T(v), for all u,v € V;
(2) T(av)=aT(v),forallc e Fand v e V.

So an isomorphism of the F-spaces V and W is a set isomorphism of V' and
W that additionally respects the vector space operations that are defined on
the two sets. The vector space W is essentially the same as the vector space
V', only the names have been changed according to the map 7. Vector space
isomorphism formalizes natural feelings, such as the observation that there is no
essential difference between row vectors and column vectors; see Lemma (1.15)
below.

Two vector spaces V' and W are isomorphic if there is an isomorphism
T:V — W. When we think of an isomorphism as just a renaming of spaces
that are essentially the same, it is clear that V is isomorphic to W if and only
if W is isomorphic to V. Here is a more precise version of this observation:

(1.13). PROPOSITION.  Let T: V. — W be a wvector space isomorphism.
Especially T is a bijection of sets, so by Proposition (0.10) it has an inverse
S: W — V that is also a set isomorphism. In fact S: W — V is an isomor-
phism of F-vector spaces.

PRrROOF. S is a bijection by definition.
Let w,x € W and a € F. We must prove that

S(w+x)=Sw)+Sx) and S(aw)=aS(w).

Let S(w) = u and S(x) = v, elements of V' determined by the inverse set map
S from W to V. Clearly w = T'S(w) = T'(u) and x = T'S(x) = T(v). Now

5(W+X) (Tu) T(v))

S(w) +5(x),

where all the statements are at the set level except for the transition from the
first line to the second where we have used the first property of T' as vector
space isomorphism. Next we use the second vector space isomorphism property
of T to find
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as desired. O

If there is some isomorphism from V to W, then we write V= W. An
immediate consequence of the proposition is that isomorphism is symmetric:
V =2 W if and only if W 2 V. Clearly isomorphism is reflexive: the identity map
is a vector space isomorphism of every vector space with itself. The next problem
states that isomorphism is transitive. Therefore vector space isomorphism is an
equivalence relation on the class of all F-vector spaces.

(1.14). PROBLEM. For F-vector space isomorphisms T1: V. — W and Ts: U —
V', prove that the composition map S = T1To: U — W is a vector space isomorphism.

(1.15). LEMMA. (TREIL’s Proposition 1.2.7) The vector space F™ (column
vectors) and T, (row vectors) are isomorphic F-spaces, with the isomorphism
given by the transpose map.

PROOF. See Problem (1.19). )

TREIL’s Remark 1.2.4 suggests the following extremely important result,
repeated later in TREIL §1.6.3 as Example 2, and discussed in more detail in
Section 2.8.1 below.

(1.16). THEOREM. V' has a basis vi,...,Vvy over F if and only if it is
isomorphic as F-vector space to F™.

PROOF. (=) For every v in V there is a uniquely determined system

O,y Oy .o, Oy from F with
V=oVvi+ -+ oVt V.
Define the map T: V — F™ by
T(V) = (a1, e yap,) .

Then T is a vector space isomorphism.

(<) If S: F™ — V is a vector space isomorphism, then

vi=25(e1),...,v; =85(ej),...,vim = S(en)

is a basis of V. O

In the language of Section 0.4 every isomorphism class of finitely generated
[F-vector spaces is represented by a column space F™ for some integer m.

(1.17). PROBLEM. Prove that Maty, »(F) and Mat, .. (F) are isomorphic F-vector
spaces via the transpose map.

(1.18). PROBLEM.
(a) Prove P, is isomorphic to R™ .

(b) Prove P, is isomorphic to Rp41.

(1.19). PROBLEM. Prove that Mat., »(F), (F™),, and (Fn)™ are isomorphic F-vector
spaces.
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1.3 Linear Transformations

The concept of vector space isomorphism introduced in Section 1.2.99 was very
natural. Here we discard the bijectivity requirement and reveal a powerful new
topic.

A linear transformation T:V — W of the F-vector spaces V and W is a
map from V to W with

(1) T(u+v)=T(u)+T(v), for all u,v € V;
(2) T(av)=aT(v), forall a« € Fand v € V.

Here V is the domain and W is the target or codomain.

Parts (1) and (2) of the definition above can be combined into the single
“superposition” axiom:

T(au+ pv) =aT(u)+ BT (v), for all o, 3 € F and all u,v € V.
This is the case m = 2 of the following important lemma:
(1.20) LEMMA. T(Z?:l OéjVj) = Z?:l OéjT(Vj) .

PROOF. The proof is by induction on n. The case n =1 is just (2) above.
Assume the result holds for n — 1. Then by the superposition axiom and
induction,

as claimed. O

In particular (as observed in §1.3.3 on page 15 of TREIL):

(1.21). COROLLARY. A linear transformation T:V — W is completely
determined by its values on any generating system of V. |

The case in which the system is a basis is particularly important.

(1.22). THEOREM. LetV and W be F-spaces with vy, ..., v, a basis of V and
W1,..., Wy any system of elements from W. Then the map

T(vi) =wi,...,T(vj) =w,,....,T(v,) =w,
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has a unique extension to a linear transformation T:V — W, namely
n n
T( Z Olej) = Z Oéjo y
Jj=1 Jj=1

for all coefficient systems aq, ..., Q.

PrOOF. The crucial observation is that the initial definition of T" on the
subset of the v; has the given map as a well-defined extension to all of V.
This works because the v; form a basis. Every v has a unique expression as
Z?:l a;vj; the system of coefficients a1, ..., @, is uniquely determined by v,
so there is a well-defined image vector w for v given by Z?Zl a;w;. And by
Lemma (1.20) this extension is the only one that has a chance of being a linear
transformation. It remains to check that this is indeed a linear transformation.

For viw € V and a,b € F, if v =37 a;v; and w = 377, B;v; then
av +bw =377 (aa; +bB;)v;. Then

aT'(v) + bT(w —aZaJv]—i—bZﬁjv]

I
M:

ao;vj + Zbﬁj"]
Jj=1

<.
Il
a

(ac; 4+ bB;)v;

I
M=

<.
Il
—_

=T(av + bw),
as desired. O

We have discussed the basic definitions and properties of subspaces above.
Here we have definitions of two important additional examples:

(a) If A: X — Y is a linear transformation of F-vector spaces then the kernel
or null space of A is the subspace of X given by

Ker(A) = {x € X | A(x) =0y }.

(b) If A: X — Y is a linear transformation of F-vector spaces then the image
or range of A is the subspace of Y given by

Ran(A) ={y € Y | there is x € X with A(x)=y}.

(1.23). PROBLEM. Prove that Ker(A) is a subspace of X.

(1.24). PROBLEM. Prove that Ran(A) is a subspace of Y.
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1.3.1 Examples of linear transformations

(i) Vector space isomorphisms are precisely the bijective linear transforma-
tions.

(ii) If V = W, then the identity linear transformation I: V. — V (at times
written Iy ) is given by I(v) = v for all v e V.

(iii) The trivial (or zero) linear transformation Oy w: V — W is given by
Oy,w(v) =0y forall veV.

Differentiation P?* — P71,

Definite integration with domain CJ0, 1] and image R: f(x) — fol f(t)dt.

Reflection in R2.

Projection of F™ onto F™ for m < n:
T
(a17"'7amaam+1a"'7a‘n) H(ala"'aam

)
)
(vi) Rotation in R2.
)
)

)"

1.3.2 Matrix linear transformations and representation

Consider a linear transformation 7': F* — F™. We shall call such a map a
matriz linear transformation.
For each vector e; in the standard basis &, of F™ we set a; = T'(e;). The

m x n matrix with a; as its ' column,

A= (ai,...,aj,...,a,),

is then the matriz representing T'.
fx=(x1,...,25,... ,Zn) | € F" the linear transformation T has

T(x)=mxa; + -+ xja; + - +Tpa,.
(1.25). LEMMmA. T(x) = Ax. O

If you are familiar with matrix multiplication, then the lemma is immediate
from the previous displayed equation. Instead TREIL takes the point of view
that the lemma and displayed equation define matrix multiplication of the m xn
matrix A by an n x 1 matrix (vector) x with result the m x 1 matrix (vector)
Ax (=T (x)).

At times we will write [T] = A for the matrix representing the matrix linear
transformation 7. The equation of the lemma becomes

and we interpret the lemma to say that, for each matrix linear transformation
T, there is a unique matrix [T] that represents T (via matrix multiplication).
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We will have much more to say about matrix representation in Section 2.8.
Now we are content to observe that there is a one-to-one correspondence between
matrix linear transformations and matrices. The direction T' +— [T] of this
correspondence has been described above. The other direction is given by the
following lemma.

(1.26). LEMMA. Let A € Mat,, o(F). Then the map T: F* — F™ given by
T(x) = Ax is a matriz linear transformation with [T] = A.

(1.27). PROBLEM. Prove this lemma.

A common (but potentially confusing) convention is to identify the matrix A
with its associated matrix linear transformation x — Ax. That is, we sometimes
write

A(x) = Ax.
For the most part this will not cause problems, but care must be taken and the
distinction should be remembered.
1.3.3 Linear transformations and generating sets

We discussed this in Corollary (1.21) above.

1.3.4 Conclusions

This material is discussed elsewhere.

1.4 Arithmetic properties of sets of linear transformations

Let £L(V,W) be the set of all linear transformations from the F-vector space V
to the F-vector space W. The set L(V,W) can be naturally interpreted as a
function space from V' to W, as in Section 1.1.1, providing it with the structure
of an F-vector space.

For scalar multiplication by elements of F, for each a € F and each T €
L(V,W), we let the linear transformation o1 € L(V, W) be given by

(aT)(v) =aT(v), forallve V.

This is a “pointwise” definition of the map T, possible as the value T(v) of
the function T at the “point” v is a vector of W, a space that admits scalar
multiplication by a € F.

Similarly, for vector addition, when S, T € L(V, W) the linear transformation
S+ T e L(V,W) can be defined pointwise via

(S+T)(v)=8(v)+T(v), forallveV.

(1.28). PROBLEM. Let V =F" and W = F™. Prove that L(V,W) is isomorphic to
Matm,n (F).
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In certain circumstances it is also possible to “multiply” two linear trans-
formations. (See TREIL §1.5.3.) If T' € L(V,W) and U € L(W, X), where X
is a third F-space, then we can define U o T = UT € L(V,X) pointwise by
composition of functions:

(UT)(v)=U(T(v)), forallveV.

It must be checked that each of aT', S+T', and UT defined above are genuinely
F-linear transformations (not just set maps).

(1.29). PROBLEM. Check:
(a) oT is a linear transformation.

(b) S+ T is a linear transformation.
(1.30). LEMMA. UT is a linear transformation.
ProoF. For x,y € V and a,b € F,
UT(ax+by) = U(T (ax + by))
= U(aT (x) +bT(y))

= aU(T(x)) + bU(T(y))
=a(UT(x)) +b(UT(y)).0

Having done that checking, we move on to verify that our algebraic opera-
tions on sets of linear transformations have various nice (and somewhat familiar
properties). For instance, the first property follows from the associativity of
function composition (discussed in Section 0.2). In each case we must assume
that the appropriate domains and codomains are compatible as described above:

(1) Associativity: A(BC) = (AB)C;
(2) Distributivity: A(B+ C) = AB + AC and (A+ B)C = AC + AB);
(3) Scalar commutativity: A(aB) = a(AB) = (aA)B.

On the other hand, we cannot presume commutativity even with the appropriate
compatibility:

(1.31). PROBLEM. FindV and A,B € L(V,V) with AB # BA.
In the special case V = W, all compatibility conditions are valid. This gives

the space £(V,V) a rich arithmetic structure.

1.5 Matrix multiplication
1.5.1 Matrix multiplication: definition

Recall from Section 1.3.2 the definition of the matrix product

Ax:x1a1—|—~--+xjaj—|—---—|—a:pap
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for A € Mat,,,(F) and column vector (z1,...,2j,...,7,) = x € FP =
Mat,, 1 (F). In the particular case m = 1, we have the product

p
(@1,...,a5,...,ap)x = ( E aja:j>7
j=1

a 1 x 1 matrix containing the dot product of the two p-tuples a and x.
In the more general case Ax =y with y a column m-tuple, the i*? entry of
y is the dot product of the i*" row of A with x.

We now define the most general version of matrix multiplication. Let A €
Mat,, ,(F) and B € Maty, ,,(F). Then

the product AB is the m x n matriz whose j' column Ab; is the
product of A and the j™ column b; of B.

Equivalently,

the product AB is the m x n matriz whose (i,j)-entry is the dot
product of the i™ row of A and the j** column of B.

In both versions we find

p
(AB),’J = Z ai7kbk7j
k=1

for A = (aix)ir and B = (bk;)k,j-

It is important to understand that the product of two matrices with entries
from F is defined if and only if the number of columns in the first matrix is
equal to the number of rows in the second matrix.

1.5.2 Matrix multiplication: motivation

A nice consequence of TREIL’s definition of matrix multiplication in terms of
linear transformations is that we are provided with motivation for the familiar
but somewhat arbitrary looking formula above. The composition of matrix lin-
ear transformations is represented by the product of the individual representing
matrices.

(1.32). PROPOSITION. IfTo: F* — FP and Ty : FP — F™ are linear trans-

formations, then
[WTs] = [T1][T3].-

PrOOF. Let A = [T1] and B = [T»]. Thus column j of B is b; = Th(e;),
and the product AB is defined to have j'' column Ab;. This is also the j*!
column of [T} T5], since

(T1T3)(e;) = T1(Tx(e;)) = T1(b;) = [T1]b;

by Lemma (1.25). ad
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1.5.3 Arithmetic properties of sets of matrices

Much of this material was discussed in Section 1.4 above. In that section we
noted that the set of functions L(F™ F™) is an F-vector space, while in Section
1.1.1 we saw this for Mat,, ,,(F). In fact

(1.33). PROPOSITION.  The map T — [T gives an isomorphism of the
F-vector spaces L(F™,F™) and Mat,y, ., (F).

(1.34). PROBLEM. Prove this lemma.

In particular Mat,, ,(F) can be viewed as a function space, as promised in
Section 1.1.1.

This proposition and Proposition (1.32) show that the algebraic properties
of linear transformations discussed in Section 1.4 go over directly to matrices.
That is, when appropriate:

(1) Associativity: A(BC) = (AB)C;

(2) Distributivity: A(B+ C) = AB+ AC and (A+ B)C = AC + AB);
(3) A(aB) = a(AB) = (aA)B.

But often AB does not equal BA.

The above remarks illustrate the general fact that a result or concept for
linear transformations can be immediately reinterpreted in the special case of
matrix linear transformations to say something meaningful about matrices. The
correspondence will be a direct application of Propositions (1.32) and (1.33).

This translation is usually so immediate that the appropriate matrix result
will often not be specifically noted. This is the case in TREIL and also will be
in these notes, except where the matrix results seem worthy of special note. See
Lemma (1.47) and Theorem (1.52) below.

1.5.4 Transpose

Using the dot product version of matrix multiplication, we immediately find:

(1.35). LEMMA. (AB)T =BTAT. O

1.5.5 Trace

The trace of the n x n matrix A = (a; ;) ; is the sum of its diagonal entries:
trace(A) = Y0 a; ;-

(1.36). LEMMA. If B ismxmn and C is n x m, then trace(BC) = trace(CB).
(1.37). PROBLEM. Prove Lemma (1.36).
TREIL points out that this is a consequence of:

(1.38). PROBLEM.
(a) Prove that for fized A, the map T: X — trace(X A) is a linear transformation.
(b) Prove that for fized A, the map T: X — trace(AX) is a linear transformation.
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1.5.99 Block matrix multiplication

This can be useful.

1.39). PROPOSITION. Fori,j, k € {1,2}, let A; ; be an m; X p; matriz and
J j
B, be an p; x ny, matriz (all over the same field F). Then

A Aip) (Bin Big) _ (AiaBia+ 412821 A1iBip + A12Bso
A1 Aso) \Bai DBaa Az 1Bi1+ A28y 1 As1Biao+ A22Bos)

PRrOOF. This is clear for the dot product case my = 1 = ny, mo = 0 = no.
The general case then follows directly. a

More generally, any blocking of two matrices that allows all the necessary
products of submatrices gives a valid block matrix multiplication. (This can
be proved by inducting starting from the proposition.) For instance, TREIL’s
initial definition of matrix multiplication in Section 1.5.1 is the case in which
m1 =m (and all other m; are 0), p1 =n, and n; =1 for 1 < j <n.

1.6 Invertible linear transformations
1.6.1 Identity

We have introduced the identity linear transformation Iy in Section 1.3.1 above.
The identity matrix linear transformation of V' = F” is represented by the n xn
identity matrix I,, = [Ig»], which has 1’s on its diagonal and 0’s off the diagonal.
(We also may write the identity matrix as I with no subscript or as I, ,,.)

Identity matrices serve as a multiplicative identities for the matrix arithmetic
of Section 1.5.3 in the strong sense that, for an m x n matrix A,

I,2A=A and AL, =A.

1.6.2 Invertible transformation and isomorphisms

IfT:V — W is a linear transformation of F-vector spaces, then the linear
transformation S: W — V is a right inverse of T if ST = Iy, a left inverse
of T if T'S = I, and a (2-sided) inverse of T if it is both a right and a left
inverse.

Recall that, by Proposition (1.13), if the linear transformation 7' has an
inverse as set map, then the inverse is itself a linear transformation.

(1.40). LEMMA. (TREIL’s Theorem 1.6.1) If T has both a right inverse R and
a left inverse L, then L = R is the unique inverse of T .

PRrOOF. This is an immediate consequence of Lemma (0.1). ad

Thus when T has an inverse, it is unique and is usually denoted 7.

The following two results should be compared with Propositions (0.6) and
(0.7).
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(1.41). THEOREM. Let A: X — Y be a linear transformation of F-vector
spaces. Then the following are equivalent:

(1) for every b € Y, there is at least one solution x € X to the equation
A(x) = b;

(2) A is an surjection;
(3) Ran(A) =Y;

(4) for every generating system G in X, the image of G under A is a generating
system in Y.

PROOF. The first three parts are basically restatements of the definitions of
surjection and range. As X always has generating systems, (4) implies (3). On
the other hand, the image under A of any generating system G in X generates
the range of A; so (3) implies (4). a

(1.42). THEOREM. Let A: X — Y be a linear transformation of F-vector
spaces. Then the following are equivalent:

(1) for every b € Y, there is alt most one solution x € X to the equation
A(x) = b;

(2) A is an injection;
(3) Ker(4) = {0x};

(4) for every linearly independent system T in X, the image of T under A is a
linearly independent system in Y.

PROOF. The equivalence of the first two is the definition of injection. For
the equivalence of parts (2) and (3),

A(Xo) = A(Xl) — A(Xo — Xl) =0 <= x9—x1 € Ker(A)

Next (4) implies (3) since if v is a nonzero vector in Ker(A) then [v] is a linearly
independent system in X whose image in Y is linearly dependent. Finally, (3)
implies (4) since if Z is a linearly independent system in X whose image in
Y is linearly dependent, then the coefficients of that linear dependence give a
nontrivial linear combination of the elements of Z that is in Ker(A). a

(1.43). PROBLEM.  Prove that if [A(x1),...,A(xn)] is linearly independent, then
[x1,.-.,%Xn] is linearly independent.

Our definition of vector space isomorphism and TREIL’s are slightly differ-
ent. In Section 1.2.99 we have defined a vector space isomorphism as a linear
transformation that is bijective; in this section TREIL defines a vector space
isomorphism as a linear transformation that is invertible as linear transforma-
tion. The next result, among other things, shows that these two definitions are
equivalent.
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(1.44). THEOREM. (Compare with TREIL’s Theorems 1.6.6, 1.6.7, and 1.6.8.)
Let A: X — 'Y be a linear transformation of F-vector spaces. Then the follow-
ing are equivalent:

1) for every b € Y, there is a unique solution x € X to the equation A(x) = b;

2) A is a bijection;

3) Ran(A) =Y and Ker(A) = {0x};

5) the image of a basis A under A is a basis in'Y;

6

(
(
(
(4) for every basis B in X, the image of B under A is a basis in'Y .
(
(6) A has an inverse B: Y — X;

(

)
)
)
)
)
)

7) A is an isomorphism.

PROOF. The equivalence of the first four parts comes from the previous two
theorems and our definition of vector space isomorphism from Section 1.2.99.
Our definition of vector space isomorphism as a bijective linear transformation
then says that these are equivalent to (7).

If A has an inverse, then it is bijective hence (6) implies (2). Conversely, if
A is an isomorphism, then we saw in Proposition (1.13) that its set inverse is
actually a linear transformation inverse; that is, (7) implies (6).

Clearly (4) implies (5), so we can finish the proof by showing that (5) implies
(3). Assume (5). As the the image of A is a basis of Y, it spans Y hence
Ran(A) =Y. Suppose x = Y ", a;a; is a nonzero vector in Ker(A) for distinct

a; in A. Then the linearly independent system [ai,...,a,] in X would have as
its image in Y the linearly dependent system [A(a;),..., A(a,)]. This cannot
happen by (5), so no such x exists and Ker(A4) = {Ox}. O

(1.45). PROBLEM. Let A: X — Y with Y a finitely generated F-space.
(a) Prove that A is an surjection if and only if A has an right inverse B: Y — X.
(b) Prove that A is an ingection if and only if A has a left inverse B: Y — X.

Again the problem should be compared with Propositions (0.6) and (0.7).
The results of the problem remain true without the assumption of finite genera-
tion, but their proofs rely on the corresponding more general version of Corollary
(1.7) which we proved only in the finitely generated case.

(1.46). LEMMA. (TREIL’s Theorem 1.6.3) If the linear transformations S: V. —
w and T: W — X both are invertible, then T'S: V — X is invertible and
(TS)~t=s-1r-1

ProoFr.
(TS T H=T(SS™' T =T(SSHT™H) =T(Iw T H =TT ' =1Ix.

(STIMTINTS) =S HTHTS)) =S (T'T)S) = St IwS) =SS =1y.

31



O

The relationship between invertible matrix linear transformations and in-
vertible matrices is as expected. If A € Mat,, ,(F) then B € Mat,, ,,(F) is a
right inverse of A if AB = I,,,, a left inverse of A if BA = I, and a (2-sided)
inverse of A if it is both a right and a left inverse, then it is unique (see below)
and is denoted A1,

(1.47). LEMMA.

(a) Let T: F™ — F™ be a matriz linear transformation. Then T is invertible
if and only if [T] is invertible. In this case [T—1] = [T]~!.

(b) Let A € Mat,, ,(F). Then A is an invertible matriz if and only if the linear
transformation T': F™ — F™ given by T(x) = Ax is invertible. In this case
T~ is the linear transformation S: F™ — F™ given by S(y) = A™ly.

(1.48). LEMMA. If the matriz A has both a right inverse R and a left inverse
L, then L = R is the unique inverse of A.

(1.49). PROBLEM.
(a) Prove Lemma (1.47).
(b) Prove Lemma (1.48). (Compare with Lemma (0.1).)

We do not (yet) have a linear transformation interpretation of the transpose,
so the following lemma demands proof.

(1.50). LEmMMA. (TREIL’s Theorem 1.6.5) If the matriz A has an inverse,
then AT has an inverse and (AT)~t = (A=1)T.

Proor. I =17 = (AA™HT = (A HTAT and I = IT = (A71A)T =
AT(A—HT, |
1.6.3 Isomorphism
This material has been discussed under Section 1.2.99 and the previous Section
1.6.2.

1.6.4 Invertibility and equations

This material has been discussed under Section 1.6.2.
Although the following results occur later in TREIL, they naturally accom-
pany the material of Section 1.6.2.

(1.51). THEOREM. (TREIL’s Theorem 2.6.1) Let A: V. — W be a linear
transformation, and consider the equation

A(x)=b.

If the equation has a specific solution xq, then the set of all solutions is the coset
Xo + Ker A.
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In particular, Ker A is the subspace of all solutions to the associated homo-
geneous equation
A(x)=0.

PRrROOF. If x¢ and x; both solve the equation, then their difference z =
X1 — Xo solves the associated homogeneous equation and so is in Ker(A4). On
the other hand, if a vector z is in that kernel, then x; = x¢+2 solves the original
equation. O

Of particular interest is the matrix version of this result.
(1.52). THEOREM. Let A be an mxn matriz from F and consider the equation
Ax =Db,

for a fited b € F™. If the equation has a specific solution xg € F™, then the set
of all solutions x is the coset xo + Ker A.
In particular, Ker A is the subspace of all solutions in F™ to the associated
homogeneous equation
Ax =0. ]

1.7 Subspaces

This material has been discussed under Section 1.1.1.

1.8 Application to computer graphics

This material is not part of the course.
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2 Chapter 2: Systems of linear equations

The theme of this chapter is the solution of equations involving linear transfor-
mations and in particular systems of linear equations.

2.1 Different faces of linear systems

A system of m linear equations in n unknowns can be thought of and written
as a single matrix equation

Ax=Db

where the m X n matrix A, the coefficient matriz, contains the coefficients of
the system, x = (z1,...,2,) ' is the vector of unknowns and b = (by,...,b,,)"
is the vector of constants (from the righthand side of the equations).

The basic observation is that for invertible F, the set of all x solving

FAx=FEb

is the same as the solution set for the previous matrix equation. We spend a
great deal of time in this chapter looking for matrices E that make this second
equation easier to solve than the firts. Especially we seek E for which FA
contains a lot of entries 0.

At times we consider the associated augmented matrix, which is the m x
(n+ 1) matrix
(Alb),

written in block matrix form. With the invertible matrix F, the augmented
matrix is transformed into
(EA|Eb),

2.2 Solutions and echelon form
2.2.1 Elementary operations

There are three types of elementary row operations which can be carried out on
the m x n matrix A:

(i) Ezchange: exchange rows i and j;
(ii) Scaling: multiply row 4 by the nonzero constant r;
(iii) Replacement: add s times row j to row i.
The corresponding elementary matrices are:
(i) Ezchange: X; ;—exchange rows i and j of the identity matrix I,,,;
(i1) Sealing: S;(r) for r # 0—multiply row ¢ of I,,, by the nonzero constant r;

(i) Replacement: R; ;(s)—add s times row j of I,,, to row i.
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Performing an elementary row operation on the matrix A is equivalent to
left multiplying A by the appropriate elementary matrix F.

(2.1). PROPOSITION. Let A be an m x n with entries from F.
(i) X; ;A is the result of exchanging rows i and j of the matriz A;
(ii) S;(r)A is the result of multiplying row i of A by the nonzero constant r;
(ili) R;;(s)A is the result of adding s times row j of A to row i.
PRrROOF. This follows by direct calculation. m]

Further calculation shows that inverses and transposes of elementary matri-
ces are again elementary matrices.

(2.2). PROPOSITION.
(i) Xiy =X, =X],.
(i) Si(r) = Si(r~1)=t = S;(r)" for nonzero r.
(i) Rij(s) = Rij(—s)~" = Rya(s) " o

Although we will not need them for a while, the elementary column opera-
tions are found from the elementary row operations by replacing each instance
of the word “row” with “column.” Elementary column operations are carried
out through right multiplication by elementary matrices:

(2.3). PROPOSITION. Let B be an n x m with entries from F.
(i) BX; ; is the result of exchanging columns i and j of the matriz B;
(ii) BS;(r) is the result of multiplying column i of A by the constant r;
(ili) BR; j(s) is the result of adding s times column i of B to column j.

PROOF. Set B = AT in Proposition (2.1). O

2.2.2 Row reduction and Gaussian elimination

Let A be an m x n matrix with entries from F. The leading entry in the nonzero
row ¢ of A is that nonzero entry a;; with the smallest j—that is, furthest to
the left. The matrix A is in row echelon form (usually abbreviated to echelon
form and sometimes written REF) provided:

If a; ; is the leading entry in row i, then a;r = 0 for alli <k <m
and 1 <1 < j, except for a; ; # 0.
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In particular, a zero matrix is in echelon form. The leading entries of a matrix
in echelon form are the pivot entries or just pivots of the echelon form. The
columns containing pivots are the pivot columns and the remaining columns are
the nonpivot columns or nonpivots.

The process of row reduction or Gaussian elimination starts from an arbi-
trary matrix A and, by a sequence of elementary row operations (that is, by
multiplying on the left by a sequence of elementary matrices) moves the matrix
into row echelon form.

The algorithm is initialized by A; = A and k = 1.

Step k: if there are no nonzero entries in row k or below
in Ay, stop.

Otherwise, find the leftmost leading entry in one of these
rows and, if necessary, exchange that row with row k of Ag.
Then add multiples of the new row k£ to all rows from k+1
down to ensure that all those rows have 0 in that column.
The resulting matrix is Agyq.

Set k£ to K+ 1 and continue.

This clearly achieves the desired result. The algorithm is relatively practical,
since its complexity is roughly cubic in the size of the matrix. (See page 92 of
TREIL for a more detailed discussion.) Although it is not necessary, it may be
helpful to use various Sj(r~1) to rescale the pivot entry 7 in nonzero row k to
1, even while still at Step k.

If F' is the associated product of elementary matrices achieving row echelon
form R = FA, then the two equations

Ax=b and Rx=FEb

have the same solution sets of x since R = E'A for invertible E' (by Proposition
(2.2)). As R is echelon form, the second equation is easy to solve, using back-
solving (that is, back substitution) if necessary. That is, solve from the bottom
to the top of R.

Gaussian elimination will also be of theoretical use to us. The first example
of this is:

(2.4). THEOREM. Fuvery matriz can be written as the product of a sequence of
elementary matrices and a matriz in echelon form.

Especially, every square matriz can be written as the product of elementary
matrices and an upper triangular matrix and as the product of a lower triangular
matriz and elementary matrices.

PROOF. If the echelon form of A is R = EA, then E-'R = A. If A is square,
then R is upper triangular. Also for square B = A", we have B = SF with
S = RT lower triangular and F = (E~1)T = (ET)~! a product of elementary
matrices. m]
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2.2.3 Reduced row echelon form

A matrix may have many different row echelon forms. It would be nice to have
one that is more canonical and in the bargain has many 0’s.

The matrix A is in reduced row echelon form (usually abbreviated to reduced
echelon form and sometimes written RREF') provided:

A is in echelon form and additionally each pivot value a; ; is 1 and,
furthermore, a; ; =0 for all 1 <1 <.

This can be reached by elementary row operations (scaling and replacement)
from any echelon form. This amounts to backsolving prior to attempting the
solution of any equation.

If it is possible get from the matrix A to B in Mat,, ,(F) via a sequence
of elementary row operations, then A and B are row equivalent. This gives an
equivalence relation on the space of matrices, as defined in 0.4. Gaussian elim-
ination allows us to find, for every matrix A, a matrix B that is row equivalent
to A and in echelon form. In fact, reduced row echelon form is unique. That is,
row reduced echelon form provides a canonical form under row equivalence.

2.3 Counting pivots

The matrix equation Ax = b is consistent if it has solutions, otherwise it is
imconsistent.
The discussion of echelon form gives directly

(2.5). LEMMA. A system is inconsistent if and only if there is a pivot in the
last column of an echelon form of its augmented matriz. m|

We mostly focus on echelon form for the coefficient matrix A. In relating the
number of pivots to other matrix properties, the following trivial observation is
crucial.

(2.6). LEMMA. A matriz in echelon form has at most one pivot in each row
and at most one pivot in each column. O

(2.7). THEOREM. Let A be annxm matriz from F, and let R be a row echelon
form for A. We consider solutions x € F™ to the linear matriz equation Ax = b
for the various b € F™.

(a) For all b the number of solutions x is greater than or equal to 1 if and only
if R has a pivot in every row.

(b) For all b the number of solutions x is less than or equal to 1 if and only if
R has a pivot in every column.

(¢) For all b the number of solutions x is exactly equal to 1 if and only if R has
a pivot in every row and every column.
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PROOF. (a) There are corresponding augmented matrices with pivots in the
last column if and only if R has some zero rows at its bottom.

(b) The columns without pivots are free. If such columns exist then there
are b admitting many solutions.

(¢) This follows from the previous two parts. O

2.3.1 Dimension

(2.8). PROPOSITION. (TREIL’s Proposition 2.3.1) Let vi,...,V,, be a system
of vectors from F", and construct the matriz A whose column j is vj. Let R be
a row echelon form for A.

(a) The system vy, ..., V., is spanning if and only if R has a pivot in every row.

(b) The system vi,..., vy, is linearly independent if and only if R has a pivot
i every column.

(¢) The system v1,...,Vy, is a basis if and only if R has a pivot in every row
and every column.

PROOF. This comes directly from Theorem (2.7) and Section 1.2.1. |

(2.9). PROPOSITION. (TREIL’s Proposition 2.3.5) InF" the size of a generating
system is at least n.

ProOOF. This follows from Lemma (2.6) and Proposition (2.8)(a). ad

(2.10). PrROPOSITION. (TREIL’s Proposition 2.3.2) In F™ the size of a linearly
independent system s at most n.

PRrOOF. This follows from Lemma (2.6) and Proposition (2.8)(b). ad

(2.11). ProPOSITION. (TREIL’s Proposition 2.3.4) In F" the size of a basis is
n.

Proor. This is a corollary to the last two propositions or to Proposition
(2.8)(c). |

(2.12). PrROPOSITION. (TREIL’s Proposition 2.3.3) If vi,...,v, is a basis of
V', then all bases of V' have size n.

PROOF. As V is isomorphic to F™ by Theorem (1.16) and this isomorphism
takes bases to bases by Theorem (1.44), the result is a corollary to the previous
proposition. O

A vector space V' with a finite basis has all bases of size n by Proposition
(2.12). This number n is the dimension of V, denoted dimp V. Our convention
(and that of TREIL) is that any vector space not of finite dimension is said to
have infinite dimension. (More precise statements can be made, but we do not
pursue this.)

From Theorem (1.16) and Propositions (2.9) and (2.10) we get immediately:
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(2.13). PrROPOSITION. (TREIL’s Proposition 2.5.3) If dimp V' = n, then every
generating system in V' has greater than or equal to n elements. O

(2.14). PrROPOSITION. (TREIL’s Proposition 2.5.2) If dimp V' = n, then every
linearly independent system in V' has less than or equal to n elements. a
2.3.2 Invertible matrices

(2.15). PROPOSITION. (See TREIL’s Proposition 2.3.6) For the matriz A €
Mat,, . (F) with echelon form R, the following are equivalent:

(1) A is invertible;

(2) for all b € F™ the number of solutions x € F™ to Ax = b is exactly equal
to 1;

(3) R has a pivot in each row and each column;
(4) the reduced row echelon form of A is I, = I,;
(5) the columns of A form a basis of F™.

PROOF. The first two are equivalent by Theorem (1.44) (in the language of
linear transformations). The second and third are equivalent by Theorem (2.7).
The third is clearly equivalent to the fourth and is equivalent to the last by
Proposition (2.8). |

In particular (4) gives an important result mentioned earlier:
(2.16). COROLLARY.
(a) (See TREIL’s Corollary 2.3.7) Invertible matrices must be square.

(b) (See TREIL’s Theorem 2.4.1) Indeed every invertible matriz is a product of
elementary matrices.

PROOF. If A has I,, as row reduced echelon form, then there is a product
E of elementary matrices with EA = I, whence A = E~! is a product of
elementary matrices (by Lemma (1.46) and Proposition (2.2)). O

(2.17). PROPOSITION. (See TREIL’s Proposition 2.3.8) For A a square matriz,
the following are equivalent:

(1) A is left invertible;
(2) A is right invertible;

(3) A is invertible.
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PROOF. Of course, if A is invertible then it is also left invertible and right
invertible.

Now consider square matrices B and C' with BC = I, so that C has left
inverse B and B has right inverse C. Every equation Cx = b then has the
unique solution x = Bb, so by the previous proposition, C' is invertible. But
then, as in Lemmas (0.1) and (1.40), both B and C are invertible, being inverses.
Let A first be B and then C' to complete the proof. |

Lemma (1.46) says that, for A and B invertible, the product AB is also
invertible. We have a partial converse.

(2.18). COROLLARY. If A and B are square and their product AB is invertible,
then A and B are invertible.

PRrROOF. Let C be the inverse of AB. As (AB)C =1 = C(AB), A has the
right inverse BC' and B has the left inverse C'A. a

2.4 Finding inverses

To calculate the inverse of invertible n xn matrix A, begin with the block m x2m
matrix

(A[T).
Then for any matrix E we have
E(A|I)=(FA|E).
In particular for invertible A the reduced row echelon form of (A|1) is
E(A|T) = (BA|E) = (I|E) = (1| A7)
by Proposition (2.17), and the inverse matrix A=! = E has been found con-

cretely as a product of elementary matrices.

2.5 Dimension

This material material has been discussed under Sections 1.2.1 and 2.3 above.

2.5.1 Completion to a basis

A nonconstructive version of TREIL’s Proposition 2.5.4 was given in Corollary
(1.7). We will return to a constructive version in Section 2.7.4.

2.6 General solution

This material has been discussed in part under Sections 1.6.4 and 2.2.2 above.
What remains to be observed here is that in the process of completing the
solution via backsolving, we have the following:
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(2.19). PROPOSITION. Consider a system of linear equations with matriz

form
Ax=Db

that has solutions, as in Theorem (1.52).
The following numbers are equal:

(1) The number of free variables in the general solution of the system.
(2) The number of nonpivot columns in an echelon form of A.

(3) The dimension of ker A. O

2.7 Fundamental subspaces and rank

Earlier we associated to any linear transformation T7: V. — W two spaces:
Ker(T)={veV|T(v)=0w } <Vand Ran(T) ={T(v) |[veV}<W,

the kernel and range of T

In Theorem (1.51) we decided that, for a linear transformation A and for
each b € Ran(A), the set of solutions x to the equation A(x) = b is the coset
Xg + Ker A, for an individual solution xq. This suggests a result of the shape

dim Ran(A) + dimKer(4) = dim V',

and we confirm this below in various forms.

For the matrix transformation of multiplication by an m x n matrix A, these
are two of four fundamental subspaces:

e The column space of A, CS(A) is the subspace of F™ spanned by the
columns of A. Its dimension is the column rank of A. In terms of the
matrix linear transformation x — Ax, we have CS(A) = Ran(A).

e The (right) null space of A, NS(A) is the subspace of all x € F" with
Ax = 0. Its dimension is the (right) nullity of A. In terms of matrix
linear transformations, NS(A) = Ker(A).

e The row space of A, RS(A) is the subspace of F,, = Mat ,,(F) spanned
by the rows of A. Its dimension is the row rank of A. We have RS(A) =
(CS(AT) .

e The left null space of A, LNS(A) is the subspace of of all w € F,, =
Matq ., (F) with wA = 0. Its dimension is the left nullity of A. We have
LNS(A4) = (NS(AT))T.

Rather than these two final spaces, TREIL prefers to discuss their isomorphic
transposed spaces CS(AT) and NS(AT).

A basic result is
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(2.20). THEOREM. Let E be an invertible m x m matriz, and A an m X n
matriz.

(a) NS(A) =NS(EA).
(b) RS(A) =RS(FA).
(¢) dimg CS(A) = dimp CS(EA).
(d) dimp LNS(A) = dimp LNS(EA).
PRroOOF.
(a) Ax =0 if and only if EAx = 0, therefore NS(A) = NS(EA).
(b) Set y = wkE. yA = v if and only if wEA = v, therefore RS(A) = RS(FA).

(¢) The map w — Ew is an isomorphism of CS(A) and CS(EA), therefore
dimp CS(A) = dimy CS(E A).

(d) The map y — yF is an isomorphism of LNS(EA) and LNS(A), therefore
dimg LNS(A) = dimg LNS(EA). O

This immediately gives:
(2.21). COROLLARY. Let R be an echelon form of A.
(a) RS(A) = RS(R).
(b) dimy CS(A) = dimp CS(R). O

(2.22). THEOREM. (See TREIL’s Theorem 2.7.1) The column rank of A is equal
to the row rank of A.

ProoF. By Corollary (2.21) we only need prove this for matrices in echelon
form. But in that case, both dimensions equal the number of pivots. O

We therefore may define rank(A), the rank of A, to be the common value of
its column and row rank. TREIL defines rank(A) to the the column rank of A.
Thus from his point of view this theorem states that

(2.23). COROLLARY. (TREIL ’s Theorem 2.7.1) A and AT have the same rank.
O

In any event, the rank, column rank, and row rank of A are all the same.
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2.7.1 Calculation

We wish to find explicitly a basis for each of the fundamental subspaces of the
m X n matrix A with entries from F. Let R be an echelon form of A with
R = F A for invertible E.

(I) NS(A): This is not new for us, since it is just the kernel of A; that is, the
set of all solutions to Ax = 0. We solved such matrix equations easily by
passing to the echelon form and noting that Rx = 0 has the same set of
solutions x.

(IT) RS(A): By Corollary (2.21)(a) above, a basis for RS(A4) = RS(R) consists
of the nonzero rows of the echelon form R for A.

(ITI) CS(A): The map E: w — Ew is an isomorphism of CS(A4) and CS(R) =
CS(EA). As the pivot columns of R are a basis of CS(R), the images
of these pivot columns under E~! are columns of A that form a basis
of CS(A). That is, the columns of A in the same positions as the pivot
columns of R form a basis of CS(A).

(IV) LNS(A): This is a little trickier, and TREIL does not really discuss it.
However it turns out (exercise!) that if the zero rows of R are its last r
rows, then the last 7 rows of E form a basis of LNS(A).

2.7.2 Explanation

Given above.

2.7.3 The rank theorem

(2.24). THEOREM. (Rank plus nullity: TREIL’s Theorem 2.7.2) Let A be an
m X n matriz over FF.

(a) dimp CS(A) + dimp NS(A) = n.
(b) dimp Ran A 4+ dimp Ker A = n.

)
)
(c) dimpRS(A) + dimp LNS(A) = m.
(d) dimpRan AT + dimpKer AT = m.

PRrROOF. For the first part, we note that the rank dimp CS(A) is the number
of pivot columns in the echelon form R while the nullity dimp NS(A) is the
number of nonpivot columns by Proposition (2.19).

The second part is the first, rephrased using linear transformation language.
The last two parts are just the first two applied to the transpose AT. O

(2.25). CorOoLLARY. (TREIL’s Theorem 2.7.3) Let A be an m X n matriz over

F. The equation
Ax=Db
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has a solution x for every b € F™ if and only if the dual equation
Aly=0
has only the trivial solution y = 0.

PRrooF. Exercise. O

(2.26). PROBLEM. Prove the corollary.

2.7.4 Completion to a basis

We know by Corollary (1.7) that every linearly independent subset of a vector
space F™ can be completed to a basis. Here is presented a concrete way of doing
that. Namely, write the linearly independent m-set as the rows of an m x n
matrix A. Then put A into an echelon form R. Then there are n — m nonpivot
(“free”) columns. Add any set of n —m vectors with the property that, for each
nonpivot column, there is exactly one new vector whose leading entry is in that
column. (For example, one can choose vectors that are all 0 except for a single
1 in a nonpivot column.) These vectors combined with the original m vectors
gives n = m + (n — m) vectors that (transposed) form a basis (since the row
space of R is equal to the row space of E, and these vectors clearly complete
the rows of R to a basis).

2.8 Matrix representation

2.8.1 Matrix representation of vector spaces

We recast our earlier observation Theorem (1.16). Let V' be an F-space with
basis A = [ai,...,a,]. Then for

n
vV = E ozjaj
Jj=1

we write
V]a=(a1,...,an)"

)

the coordinate vector of v for A. Especially if V' = F" then v = [v]¢ where £ is
the standard basis of F".

(2.27). THEOREM. The map
KA: Vi [V]g

gies an isomorphism of V and F™. O
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2.8.2 Matrix representation of linear transformations

Let T: V. — W be a linear transformation. Further let A = [a;,...,a,] be a
basis of V and B a basis of W.
Define
(T]54

to be the m x n matrix whose column j is
[T(a;)]s -
Then

(2.28). PROPOSITION. [T]ga is the unique matriz with [T (V)]s = [T|galv]a
forallv eV,

PrROOF. Just as Theorem (2.27) is a more formal version of the earlier
Theorem (1.16), so this result follows on from Lemma (1.25) and the remarks
surrounding it.

Under the circumstances of the proposition, the map S = I{BTKZ\I is a linear
transformation from F™ to F™ (for the appropriate dimensions of V' and W).
This is a matrix linear transformation, so by Lemma (1.25) there is a unique
matrix [S] = [ksT'k ;'] that represents it. As in Section 1.3.2, column j of [S]
is the vector

(ksTr')(e;) = (5T (k4 (€;)) = (k5T)(a;) = ki(T(a;)) = [T(a;)]5-

That is, [xsTk '] = [T]Ba, as claimed. O

This result and its proof can be nicely expressed in terms of commutative
diagrams. Specifically, given the linear transformation T: V. — W and bases
A of V and B of W, the result says that the partial diagram of linear transfor-
mations

W o—— v

Ngl KAl
F F"
completes uniquely to the commutative diagram of linear transformations

WLl v

wl “l .
Fm™ «— ™
T4

The proof makes use of Lemma (1.25), which is really just the special case of
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matrix linear transformations:

(5]

We have the following important extension of the “rank plus nullity” Theo-
rem (2.24).

(2.29). THEOREM. LetT:V — W be a linear transformation between finite
dimensional vector spaces over F. Then

dimp Ker T' + dimg RanT = dimyp V.

PROOF. This is now immediate from Theorem (2.24)(a). O

In keeping with our earlier definitions, the rank of a linear transformation is
the dimension of its range, while its nullity is the dimension of its kernel.

(2.30). PrROPOSITION. If additionally S: W — X with C a basis of X, then
[ST]ca = [Sles[T]5aA -
PROOF. By Proposition (2.28) the partial diagram

X<S—TV

K¢ J{ K,AJ(
F! F™
completes uniquely to the commutative diagram

X Ty

el |
Fl ¢ F»
[ST]ca

On the other hand we can glue two commutative diagrams together to get a
larger commutative diagram:

X% w Loy
| ow| ]
Fl «+——— F™ «— Fn
[Sles [Tlsa

By the uniqueness of the first completion, we conclude

[ST)ca = [S]es[T|Ba. O
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2.8.3 Change of coordinates for vector spaces

Assume V = W and specialize Proposition (2.28) to the case T' = Iy,. Then we
find

vls = [I(v)]s = [I]a[v]a.
That is, the matrix
[I]5a
is the change of coordinates (or change of basis or base change) matrix for V|

from the basis A to the basis B.
As [I].AA = [I]BB = I, we have

s = g4 -

For instance, if V' = F™ then always v = [v]g for the standard basis £ of F",
s0 [I]g is easy to find: its column j is a;. Then [I] 4 can be calculated via

g = Taclles = Iz [)es -

2.8.4 Change of coordinates for linear transformations

Let T: V — W with A and C bases of V and B and D bases of W. Then using
change of coordinate matrices for V' and W, we can “change coordinates” for
T:

[Tlpe = U]ps[T]All] Ac -

2.8.5 Similarity of matrices

If above we take V. =W, A= B, and C = D, then we find
[Tlee = Ues[Tss]se = g[8 Isc = Q7' [T]85Q

where Q = [I]gc.
Two square matrices A and B are similar if there is an invertible matrix @
with
B=Q 'AQ whence A= (Q H'BQ'.

In this case, @ may be thought of as a base change matrix.

Similarity gives an equivalence relation on the set of square matrices. The
members of a class can be thought of as representing the same linear transfor-
mation but with respect to different bases for the associated space V. Canonical
form theory then has the goal of finding “nice” matrices representing a given
linear transformation—particularly matrices containing lots of zeros, with diag-
onal matrices as the grail. Such issues are a focus for Chapter 4.
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3 Chapter 3: Determinants

The determinant is, at its most basic, a function from the set of all n xn matrices
over F to F having properties that are important, particularly in the context of
linear algebra. At a more general level it provides a concept of volume (area)
that is not restricted by dimension or field of definition.

3.1 Introduction

The best known case of the determinant is that of 2 x 2 matrices:

a c
det <b d) = ad — be.

Pleasant geometric arguments show that this is the area in the real plane of
the parallelogram with adjacent sides given by the two vectors (a,b) and (c, d)
(although your answer may turn out to be bc — ad = —(ad — bc), depending
upon the placement of the two vectors).

The geometry of 2 x 2 space and also the above formula confirm three prop-
erties:

(1) (i) The area of the parallelogram bounded by r(a,b) and (¢, d) is r times
the area of the parallelogram bounded by (a,b) and (c, d).

(ii) The area of the parallelogram bounded by (a,b) and (¢ + e,d + f) is
the sum of the area of the parallelogram bounded by (a,b) and (¢, d)
and the area of the parallelogram bounded by (a,b) and (e, f).

(2) The area of the parallelogram bounded by (a,b) and any scalar multiple
a(a,b) is 0.

(3) The parallelogram bounded by (1,0) and (0, 1) is the unit square of area 1.

Area in dimension 2 corresponds to volume in dimension 3. In calculus and
elsewhere the determinant of an n x n matrix is viewed as a (generalized, signed)
volume, giving the volume of the n-parallelepiped bounded by a given set of n
vectors at the origin. We will characterize the determinant as a generalized
volume having properties extending the three above.

We have regularly considered the matrix A from Mat,, ,,(F) as the n-tuple
(system) A = (ai,...,a;,...,a,), where a; is column j of A. In doing so, we
are making an unspoken appeal to the natural vector space isomorphism

n: Maty, o(F) — (F™),,

this last space consisting of row n-tuples whose individual entries are column
vectors from F™. For instance the correspondence

(6 3)=(6) ()
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played a role in our discussion of 2 x 2 determinants and planar area above.

In our discussion and development of determinant functions and determi-
nants, we shall take both views of the n xn matrices under consideration. Specif-
ically, we will consider determinant functions D: (F™),, — F, taking n-tuples
of vectors from F™ to F and the related matrix functions d: Mat,, ,,(F) — T,
the correspondence formally given by D(n(A)) = d(A). For instance

NG}

3.2 Properties determinant functions should have

In this section we consider “volume-like” functions taking n-tuples of vectors
from F™ to F. We call these determinant functions.

We consider determinant-like functions D: (F™), — F that satisfy the
following natural generalizations of the first two “volume-like” properties of the
previous section:

(I) (n-Linear) Always D(v1,...,Vi_1,"0+ SW, Vi i1,...,Vp)
=rD(Vi, ..., VE—1, U, Vi1, oo, Vi ) FSD(V1, o oy VE—1, W, Vg1, ..o, Vi) .
(Il) (Flat) Always D(v1,...,Vic1,V,Vit1,...,Vj—1,V,Vjt1,...,Vy) =0.

These can be restated:

(I) (n-Linear) If we fix n—1 of the arguments of D, then D is linear in the
remaining argument.

(IT) (Flat) When two arguments of D are set equal, the value of D is 0.

The following lemma describes the effect of elementary column operations
on a determinant function. (See Proposition (2.3).) These properties also in-
clude those with which TREIL §3.2 characterizes the determinant. In particular,
TREIL prefers the Antisymmetry Condition (3.1)(a) to our Flatness Condition
(II). Provided the characteristic of F is not 2, Antisymmetry implies Flatness,
since —d = d if and only if d = 0. In the other direction, Flatness always
Antisymmetry regardless of characteristic, as we see in the lemma.

(3.1). LEMMA. Let D: (F™),, — F have (I) and (II). Then always

(a) (Exchange: antisymmetry)For i # j,

D(Vla sy Vie1, W, Vg, . 7Vj—17wavj+17' .. avn)
= —D(Vi,. .., Vie1, W, Viq1,... 7Vj—1,11;Vj+1,~--,Vn)-
(b) (Scaling)
D(Viy,.. V1, T, Vg1, ..o, Vi) = TD(Vi, o0, VE—1, W, Vg1, .0, Vi)

(¢) (Column replacement) For j # k,

D(vi,...,Vk—1, 0+ SV}, Vii1,...,Vy) = D(V1, ..., Vo1, 0, Vg1, ..., Vp) .
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PRrROOF. (a) (IT) with v = u+ w then (I) four times and (II) twice again.

(b) (I) with w = 0.

c) By (b) and (II) D(v1,...,Vk—1, SV, Vkt1,...,Vy) = 0, so this follows
(I). ad

from

The following easy consequences may be used without reference.

(3.2). COROLLARY. Always

(a) D(v1,...,Vgk—1,0,Viq1,...,vy) =0.
(b) D(Vi, -, Vie1, Vy Vi1, oo+, Vi—1, TV, Vi1, o, Vi) = 01 ]
(8.3). COROLLARY. If the system [v1,...,v;,...,Vvy,] is linearly dependent,

then D(vq,...,Vj,...,vy) =0.

Proor. This follows from the last part of the lemma and Proposition (1.5).
O

The following technical result will also be of use.

(3.4). LEMMA. Let D have properties (I) and (II). Then

D(V17 ey Vit 1, Vi, Vg1, -3 Vi1, V5, Vit g, .. 7VTL)
— i+
= (—1) ]D(Vl, e ,Vl',l,Vj,Vi,ViJrl, e 7Vj71,Vj+1, e ,Vn)
— i+j
= (—1) jD(Vl, sy Vie 1, Vigly -5 V-1, V5, Vi, Vit g, ... 7Vn) .

PROOF. Note that (—1)7=¢ = (=1)/7¢(=1)?* = (=1)"*J. The proof is by
induction on k = j — 4, the number of steps from 4 to j. Lemma (3.1)(a) gives
the initialization case & = 1 and also for k£ > 1

D(Vl, <oy Vie1, Vi, Vg1, -3 Vi1, V5, Vit g, .. ,Vn)
= —D(Vl, ey Vi1, Vi, Vi, . ,Vj7Vj,1,Vj+1, N ,Vn) s
and
l)(Vl7 . ,Vi_l,Vi,VH_l, . 7vj—1avj,vj+17' .. ,Vn)
= 7D(V1, e 7Vi—17V1',+1aVi7- .. 7Vj—1anan+1;~ .. ,Vn) .
The result then follows by induction. O

As seen in the proof, we can think of the result as saying:

When you move one element of the system [vi,...,v;,...,v,] to
another spot, the determinant changes by the factor (—1)*, where k
is the number of elements in the system that you have jumped.
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3.3 Existence, uniqueness, and properties of determinants

The most familiar example of a determinant function is the matrix determinant
det: Mat,, ,,(F) — T, where, as before, we view a matrix as the list of its
column vectors.

We shall say that a function d: Mat,, ,(F) — F has properties (I) and (II) if
its associated vector function D (= dn~!) has properties (I) and (II). The basic
result is:

(3.5). THEOREM. There is a unique function det with (I) and (II) and addi-
tionally having
det(l,) =1.

We will prove the theorem and, along the way, find various properties of the
determinant and several ways of calculating it.

The proof of the theorem falls naturally into two parts—existence and unique-
ness. There are (at least) four familiar ways to calculate a determinant:

e row expansion (row development);

e column expansion (column development);
e permutation sum;

e clementary column or row operations.

We prove existence using row expansion and uniqueness using elementary col-
umn operations. Later we discuss all the methods of calculation.

Authors typically use one of these methods of calculation as the initial def-
inition of the determinant. Although TREIL develops the theory by using gen-
eralized volume, determinant functions, and elementary operations, his actual
definition (in his Section 3.3.4) is via the permutation sum. We instead use row
expansion on the first row as our initial definition, although ultimately we see
that all are equivalent.

3.3.1 Existence of determinants

We show that determinant functions and determinants do exist. Uniqueness
will then be proven in the next section.

If Ais an nxn matrix, then A7) is its (n—1) x (n—1) submatrix constructed
by dropping row ¢ and column j from A.

(3.6). ProPOSITION. (First row expansion) The function det,, : Mat,, ,,(F) —
F defined by deti(r) = r (when n = 1) and for larger n iteratively by

det,(A) =Y (=1)"ay;det, 1 (A7),

J=1

has (I) and (IT) and det,,(I,) = 1.
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PROOF. The proof is by induction on n. The function det; (with det;(1) =
1) certainly has (I), and (II) holds vacuously for n = 1. Now assume n > 1.
(I) Let ay = ru+ sw with u= )" be; and w = >, c;e;. Set

B = IIalw"aak—17u7ak‘+17"~7an]]

and
C= Halw"aak—lawaak—i-l,"'aan]] .

We prove that
det,, (A) = rdet, (B) + sdet,,(C),

by considering the individual terms for each j in the expansion (definition) of
det,,(A) = det,(ay,...,ap_1,70+ SW,8541,...,2,) .
If j # k, then
dety,_1 (A1) = rdety,_1 (BY)) + sdet,,_1 (C1))

by induction and property (I) for det,—;. Multiply throughout by the constant
(_1)1+ja1j to get the terms

(=) ayjdet,, 1 (ADD) = r(=1) " ay;det,,_ (B))+s(—1) " aydet,, o (CH9)).
On the other hand for j = k we have a1, = rb;+sc; and AR = B(LE) — C(l’k),

so that also

(=) **aqdet, 1 (ADR)) = r(=1)H* b det,, 1 (BUER))45(—1) ey det,,_ (CHHR)
Therefore term-by-term

det,,(A) = rdet, (B) + sdet,,(C),

as desired and giving (I).

(IT) We must examine
det,(A) = det,(ar,...,a;-1,8,8;41,...,85—1,8,a)4+1,-..,8p)

with a; = a5 = a. Again we consider the individual terms for each j.

If j ¢ {i,k}, then A19) contains the repeated column agl) =al) = ag)
(the various columns with their first entries deleted). Thus for these j we have
det,,_1 (A1) = 0 by (II) for det,,_;.

For j € {i, k}, the submatrices AMD and AR are the same except that the
vector a!) is in different positions—the first contains the column subsequence

1 1 1 1
cnalall el a®al)

and the second 0 W oW
..,;311‘71,a(1),awr17 coap A
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From Lemma (3.4) we find
det,,_1 (ALY = (=1)"F*=1det,,_; (ALR)

Also since a; = a = a we have a1; = a1;. Combining all the terms, we have

dety (A) =Y (—1)"ay;det,, 1 (A1)

j=1

= (1) ardety 1 (ATD) + (=1)Faypdet, 1 (AT)

= a1k ((—1)1+i(—1)”’“‘1detn71(A“”“)) + (—1)1+kdetn,1(A(1vk)))
=0.

This gives (II).
Finally for A = I,, we have a;; = land a;; = 0 for j > 1. Also A®Y =1, 4,
SO

dety (L) = > (=1)"ay;det, 1 (AT)) = (=1)' " 1+ det,_; (ATD)
j=1
=1-1- detn_l(In_l) = 1,

as claimed. O

3.3.2 Uniqueness of determinants

As an immediate consequence of Gaussian elimination, we find in Theorem (2.4)
that every matrix is the product of elementary matrices and a matrix in echelon
form. In particular, every square matrix is the product of elementary matrices
followed by an upper triangular matrix (0’s below the diagonal). By transposing,
we then have that every square matrix can be written as the product of a lower
triangular matrix followed by a product of elementary matrices.

(3.7). THEOREM. Let det: Mat,, ,(F) — F be a function satsifying (I) and
(I1) and additionally having det(l,) = 1.

(a) det(XiJ) = —1,’ det(Sl(r)) =T, det(Rw-(s)) =1.

(b) If T € Mat,, ,,(IF) is a triangular matriz, then det(T') is the product of the
diagonal entries of T.

(c) For A € Mat,, ,,(IF), let A= Tl_[f:1 E; where T is a triangular matriz and
the E; are elementary matrices. Then det(A) = det(T) Hle det(E;).

Before discussing the proof of this we observe an immediate corollary.
(3.8). COROLLARY. For everyn there is at most one function det: Mat,, ,,(F) —

F satsifying (1) and (I1) and additionally having det(I,,) = 1.
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ProOF. Indeed, using the theorem and the remarks that precede it, we can
calculate all the values of such a function. a

This is uniqueness for the determinant. What is not clear from this result
is that such a function exists. It is conceivable that different factorizations
A= T]_[f:1 E =T Hle E! give conflicting values det(T) Hle det(E;) and
det(T") Hle det(E!), in which case the function would not be well-defined and
so cannot exist. Luckily Proposition (3.6) prevents this:

PROOF OF THEOREM (3.5).
A determinant map det = det,, exists for all n by Proposition (3.6) and is
unique by Corollary (3.8). O

Having discussed these important consequences, we now proceed to the proof
of Theorem (3.7).
Throughout the remainder of Section 3.3, we consider a function

det: Mat,, ,(F) — F

that has (I) and (IT) and additionally det(I,,) = 1. We shall at times refer to this
function as “the determinant” although we do not yet know that it is unique.
3.3.3 Diagonal and triangular matrices

See Proposition (3.10) of the next section.

3.3.4 Calculation of determinants using elementary operations
(3.9). LEMMA. Let A be an n x n matriz over F.
(a) (Exchange)Fori # j, det(AX; ;) = — det(A).
(b) (Scaling) det(ASk(r)) =r det(A), for 0 #r € F.
(c) (Column replacement) For j # k, det(AR, 1(s)) = det(A).
ProoF. This is Lemma (3.1) rewritten in matrix terms. a

(3.10). PROPOSITION. The determinant of a triangular matriz is the product
of its diagonal entries.

PROOF. If none of the diagonal entries are 0, then multiplication by column
replacement matrices as in Lemma (3.9)(c) leave the determinant unchanged
while moving to a diagonal matrix with the same nonzero diagonal entries. The
determinant of this diagonal matrix is the product of its diagonal entries by
scaling as in Lemma (3.9)(b).

If there are 0’s on the diagonal, then the first diagonal 0 is in a nonpivot
column of the eventual echelon form, so the matrix is not of full rank. But then
its determinant is 0 by Corollary (3.3). O
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(3.11). PROPOSITION. Let det: Mat,, ,(F) — F be a function satsifying (I)
and (I1) and additionally having det(I,,) = 1.

(a) det(X,'J) = —1,’ det(SZ(r)) =T, det(Rivj(s)) =1.

(b) For A € Mat,, ,(F), let A = Bl_[f:1 E; where B € Mat,, ,(F) and the E;
are elementary matrices. Then det(A) = det(B) Hle det(E;).

ProoF. The first part comes from Lemma (3.9) with A = I,,. The same
lemma and (a) then give the case k = 1 of (b) at which point the rest follows
by induction on k. a

PROOF OF THEOREM (3.7).
This is immediate from Propositions (3.10) and (3.11). O

3.3.5 Some nice determinant properties

(3.12). PROPOSITION. A square matriz is invertible if and only if its deter-
minant 1S nonzero.

PROOF. From Theorem (2.4) we get A =T Hle E;, where T is a triangular
matrix and the E; are elementary matrices. By Theorem (3.7) the matrix A
is invertible if and only if T is invertible, and the proposition follows from
Proposition (3.10). m

(3.13). THEOREM. Let A and B be square matrices with entries from the field
F. Then det(AB) = det(A) det(B).

ProoF. If A or B is not invertible, then AB is also not invertible by Corol-
lary (2.18). In that case both sides of the equality are 0 by the previous propo-
sition.

We may now assume that A and B are invertible. By Corollary (2.16) we
have A = Hle E; and B = Hé‘:1 F; for elementary matrices E; and Fj;. Of

course AB = Hle E; Hé‘:1 F;, so the equality follows from the last part of
Theorem (3.7). o

The previous theorem gives one of the most important properties of the
determinant. Indeed there are places where this property, together with the re-
quirement (as in Proposition (3.10)) that a diagonal matrix have the product of
its diagonal entries as determinant, is used as the definition of the determinant.

(3.14). THEOREM. Let A be a square matriz with entries from the field F.
det(A) = det(AT).

PRrROOF. By Proposition (3.12) we need only consider matrices A that are
invertible. By Theorem (2.16) A =[]/, E; as a product of elementary matrices.

Then AT = ngm ElT . Every elementary matrix is either triangular or equal
to its own transpose, hence det E; = det E,’ (by Proposition (3.10)). Thus this
theorem follows from the previous one. O
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3.3.6 Summary of properties of determinants

(1) The determinant is linear in each column (resp., row) when the other
columns (resp., rows) are fixed: (I) and Theorem (3.14).

(2) The exchange of two columus (resp., rows) negates the determinant: Lemma
(3.9)(a) and Theorem (3.14).

(3) The determinant of a triangular matrix is the product of the diagonal en-
tries: Proposition (3.10).

(4) If a matrix has a zero column or row, then it has determinant 0: Corollary
(3.2)(a) and Theorem (3.14).

(5) If a matrix has two equal columns or rows, then it has determinant 0: (II)
and Theorem (3.14).

(6) If one of the columns (resp., rows) of a matrix is a linear combination of
the remaining columns (resp., rows), then the matrix has determinant O:
Corollary (3.3) and Theorem (3.14).

(7) det(A) =0 if and only if A is not invertible: Proposition (3.12).
(8) det(A) # 0 if and only if A is invertible: Proposition (3.12).

(9) The determinant is not changed by column (resp., row) replacement: Lemma
(3.9)(c) and Theorem (3.14).

(10) det(A) = det(AT): Theorem (3.14).
(11) det(AB) = det(A) det(B): Theorem (3.13).
(12) If A is n x n, then det(aA) = a™ det(A): Lemma (3.9)(b) (n times).

3.4 Permutation sum expansion

Let £ = [e, ..., e,] be the standard basis of F". For A = (a; ;);; € Mat,, ,,(F)

we have

det(A) = det(as,...,aj_1,aj,a41,...,a,)
n
= E aijdet(al,...,aj_l,e,;,aj+1,...,an)
=1

by n-linearity (I). If instead we write every a; as a linear combination of basis
elements from £ and then expand in every coordinate, we arrive at

n n n
det(A) =Y D" @105, i, ndet(e;,, 5,5 €5,)

i1=112=1 ip=1
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which can be better written as

det(A) = > | [Tawws | detlepayepe - epm),
@EFun(n) \Jj=1

where Fun(n) is the set of all functions from {1,...,n} to {1,...,n}. Calculation
of the determinant is thus reduced to finding

det(egp(l), €,(2) - - - 7e¢(n))

for the various ¢ € Fun(n).

Many of these are easy to calculate. If different a and b have p(a) = (b),
then [e,(1),€4(2), - - -, €4(n)] contains a repeat and det(ey(1), €,(2), - - - s €p(n)) =
0 by (II). Therefore we need only sum over the set of functions that are bijections
of {1,...,n} with itself. Thisis the set Perm(n) of all permutations of {1,...,n}.

For a permutation o, a sequence of “column exchange” operations turns
the list [ey(1),€5(2):- - -, €o(n)] into [er,es,...,e,], the n x n identity matrix.
Therefore by Lemma (3.1)(a)

det(eq(1);€5(2), -+ €o(n)) = (—1)* det(ey, es,...,e,) = (fl)k 1= (=1F,

where k is the number of exchanges made.

The number (—1)* is called the sign (or signum) of the permutation o and
is denoted sgn(o). There may be many different sequences of exchanges that
move us from [e,(1),€(2); - -, €x(n)] to [e1,e2,...,e,], but they all must have
the same sign by Theorem (3.5) and the above. 5 That is, if one sequence for &
contains an odd number k of exchanges, then all sequences for ¢ have an odd
number of exchanges (although not necessarily k). In this case o is called an
odd permutation. On the other hand, if one sequence for ¢ uses an even number
of exchanges then they all do, and o is an even permutation.

This discussion proves

(3.15). THEOREM. (Permutation sum expansion) Let A = (a;;);; be ann xn
matriz with entries from the field F. Then

det(A) = Z sgn(o) H Ao (j),j - O
j=1

o€Perm(n)

3.5 Column and row expansion

(3.16). THEOREM. (Column expansion) Let A = (a;;)i; be an n X n matriz
with entries from the field F. Then for every column index j

det(A) = Z(—l)”jaij det(A®9))

i=1

6Note that since TREIL uses the permutation sum to demonstrate formal existence of the
determinant, he must (unlike us) independently prove that sgn is well-defined. He discusses
this on page 88.
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PRrOOF. For column j = 1 this follows from first row expansion (Proposition
(3.6)) and the invariance of determinant under transpose (Theorem (3.14)).

Let B be the matrix A with column 5 of A moved to column 1 of B with
the remaining columns sliding to the right. Then always a; ; = b; ; and A(v9) =
BGED)

Thereofore by Lemma (3.4) and the column 1 case,

det(A) = (=1)7T! det(B)

= (1)) (1) iy det(B™Y)
i=1

= Z(—l)i-‘r]‘ai‘j det(A(i’j)) s
i=1

as desired. ]
(3.17). THEOREM. (Row expansion) Let A = (ai;);; be an n x n matriz with
entries from the field F. Then for every row index i
det(A) = Z(—l)iJrjaij det(A(l’])) .
j=1

PROOF. This is an immediate consequence of the previous theorem, using
the transpose and Theorem (3.14). m|

3.6 Minors

This material was not covered in the course.
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4 Chapter 4: Introduction to spectral theory

Chapter 2 and Gaussian elimination were motivated by the solving of linear
equations. We wish for representatives and canonical forms for row equivalence—
especially, we want representatives containing lots of zeros.

At the end of that chapter we introduced matrix similarity as the equiva-
lence relation associated with choosing different bases for representation of a
fixed linear transformation. A large part of this chapter is devoted to finding
representatives and canonical forms for similarity; again we prize representatives
that contain many zeros.

A square matrix is triangulable or triangularizable if it is similar to a tri-
angular matrix. In the special case when it is similar to a diagonal matrix it
may also be called diagonable or diagonalizable (this is the most frequent ter-
minology and is preferred by TREIL). Although these are critical concepts in
this chapter, we avoid the specific terminology.

Parts of this chapter can be made valid for infinite dimensional spaces (when
stated appropriately), but we shall only consider finite dimensional spaces.

4.1 Main definitions
4.1.1 Eigenvalue, eigenvectors, and spectrum

If T is a linear transformation of V' (that is, from V to V'), then the nonzero
vector v is an eigenvector associated with the eigenvalue \ € F when

T(v)=Av.

The spectrum of T is then the set o(T') of all its eigenvalues.

Of particular interest are the eigenvalues and eigenvectors of the n x n matrix
A from F, viewed as the matrix linear transformation [A]: F* — F" given by
v — Av. It spectrum is o(A) = o([4]).

The motivation here is that the standard basis of F™ is a basis of eigen-
vectors for a diagonal matrix from Mat,, ,(F), its diagonal elements being the
corresponding eigenvalues.

(4.1). THEOREM. Let T be a linear transformation of the F-space V' of di-
mension n, and let A € F. The following are equivalent:

(1) X is an eigenvalue of T';
(2) Ker(T — M) is nonzero;

A a
0 B
of F"=1 a is some vector of F,_1 = Maty ,,_1(F), and B is some matriz of
Matnfl’nfl(F).

(3) there is a basis B of V with [T)|pg = ( ) , where 0 is the zero vector
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PrOOF. For v# 0 and A € F
veKer(T—X) < 0=(T-A)(v)=T(v) = Av <= T(v) = v.

Therefore (1) and (2) are equivalent.
Always [T)gg[vls = [T(v)]g for the basis B = [by,...]. In particular

[Tss = 3 ]3 if and only if (1,0,...,0)T = [by]5 is an eigenvector of [T]sz

for the eigenvector A\, which is in turn true if and only if by is an eigenvector of
T for the eigenvector A. Thus (1) holds if and only if (3) holds. ad

4.1.2 Eigenvalues and the characteristic polynomial

See Section 4.1.4 below.

4.1.3 Characteristic polynomial of an operator

See Section 4.1.4 below.

4.1.4 Multiplicities and the characteristic polynomial

Theorem (4.1) makes it clear that the set of all eigenvectors associated with a
fixed eigenvalue A is a subspace of V' (indeed, the kernel of T'— AI). This is the
eigenspace of A\. Here and elsewhere we abuse our terminology somewhat: by
definition all eigenvectors are nonzero; nevertheless the zero vector 0 belongs to
the eigenspace for each eigenvalue A. (Think of 0 as a weak eigenvector.) For
eigenvalue A, the dimension of its eigenspace is its geometric multiplicity.

(4.2). PROPOSITION. Let T be a linear transformation of the F-space V
of dimension n, and let A\ € F. For the positive integer h, the following are
equivalent:

(1) X is an eigenvalue of T of geometric multiplicity at least h;

(2) there is a basis B of V with

[T)ps = <)\éh g) :

PROOF. As in Theorem (4.1), the basis B = [by,...,bp,bpi1,...] includes
by,...,b, spanning a subspace consisting of (weak) eigenvectors of T for A if
and only if [T]zp has the given form. O

By Corollary (3.3) and Theorem (4.1) we know that X is an eigenvalue of the
matrix A if and only if it is a zero of the function det(A — zI). This function is
very important.

(4.3). LEMMA. If A is annxn matriz from F, then det(A—zI) is a polynomial
function of degree n in the variable z.

60



PROOF. This follows from permutation sum expansion of the determinant,
Theorem (3.15) (or from row or column expansion and induction). |

We call det(A — zI) the characteristic polynomial of a matrix A and denote
it by cp4(2).

(4.4). LEMMA. Similar matrices have the same characteristic polynomial.

PrOOF. This follows from Theorem (3.13). O

In particular we can define the characteristic polynomial cp,(z) of the linear
transformation (operator) T as the characteristic polynomial of any matrix A
that represents it. Since every square matrix represents some linear transforma-
tion, we usually restrict our discussion to characteristic polynomials of square
matrices, always remembering that each result could be easily restated in terms
of linear transformations.

We have an extension of Theorem (4.1):

(4.5). THEOREM. Let A be an n x n matriz from F, and let A € F. The
following are equivalent:

(1) X is an eigenvalue of A;
(2) NS(A — \I) is nonzero;

L (A a

(3) A is similar to a matriz (0 B
Matn—l,n—l(F);
(4) det(A — M) =0;

) for 0 € F*~! a € Maty ,,—1(F), B €

(5) A is a root of the characteristic polynomial cp 4(z) = det(A — zI);
(6) cpa(z) = (A —2)q(2) for a polynomial function q(z) of degree n — 1.

PROOF. The first three are equivalent by Theorem (4.1).

(4) is equivalent to (2) by Proposition (3.12) and to (5) by the definition of
the characteristic polynomial. Finally (5) and (6) are true by basic properties
of polynomials. |

By Proposition (4.2) and Lemma (4.4)
pa(z) = (A —=2)p(2)

where ¢ is the geometric multiplicity of A as an eigenvalue of A and p(z) is some
polynomial of degree n — g. The algebraic multiplicity of the eigenvalue A of A
is the largest integer a with

cpa(z) = (A= 2)%(2)

for some polynomial o(z) of degree n — a. Clearly then
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(4.6). PROPOSITION. (TREIL’s Proposition 4.1.1.) If X is an eigenvalue of A
with geometric multiplicity g and algebraic multiplicity a then 1 < g < a. a

(4.7). PROPOSITION. Let A be an n x n matriz from F, and let A € F. For
the positive integer b, the following are equivalent:

(1) A is an eigenvalue of A of algebraic multiplicity at least b;

(2) A is similar to a matriz

A * *
0 c. . * Cb,’nfb
0 0 A

Onfb,b anb,nfb

PrOOF. That (2) implies (1) is clear.

Assuming (1), we have similarity to a matrix (0,3171 ;) by Theorem
(4.1). Here ) is an eigenvalue of B of algebraic multiplicity at least b — 1, and
we are done by induction. a

(4.8). LEMMA. If v is an eigenvector of A associated with the eigenvalue A
and p(x) is a polynomial, then v is also an eigenvector of p(A), now associated
with the eigenvalue p(\). The geometric and algebraic multiplicities of p(\) as
an eigenvalue of p(A) are at least equal to those of A as an eigenvalue of A.

PRrROOF. This is a direct consequence of Lemma (4.4) and Propositions (4.2)
and (4.7). O
4.1.5 Trace and determinant

See Corollary (4.11) below.

4.1.6 Similarity and triangular matrices

(4.9). THEOREM. The n x n matriz A with entries from F is similar to a
triangular matriz with diagonal entries A1, ..., A, if and only if

n

epaz) =[N —2).

=1

PRrROOF. Use Proposition (4.7) and induction. ad

By the Fundamental Theorem of Algebra, we get immediately:

(4.10). COROLLARY. FEvery complex n x n matriz is similar to a triangular
matriz. o

(4.11). CoroLLARY. (TREIL’s Theorem 4.1.2.) Let A be an n x n matriz
with eigenvalues A1, ..., \n (including algebraic multiplicities). Then
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(a) det A=TI"_; \is
(b) trA=>"" 1 N\
PrROOF. By Lemma (4.4) and Theorem (4.9) we need only consider triangu-
lar matrices, for which the result is clearly true. O
4.2 Similarity and diagonal matrices
(4.12). LEMMA. (TREIL’Ss Theorem 4.2.2.) If
Alyeeoy A
are distinct eigenvalues of T with associated eigenvectors
Voo, Vi
then the system [v1,...,v,] is linearly independent.
PROOF. Pages 106—7 of TREIL presents a nice induction proof of this. O

(4.13). THEOREM. (See TREIL’s Theorems 4.2.1 and 4.2.8.) Let A be an
n X n matriz over F that is similar to a triangular matriz. Then the following
are equivalent:

(1) A is similar to a diagonal matriz;
(2) F™ possesses a basis of eigenvectors for A;

(3) the geometric multiplicity of each eigenvalue of A is equal to its algebraic
multiplicity.

PROOF. For the diagonal matrix D with A\,..., A, down the diagonal
Q'AQ=D < AQ=QD,

and we see that column j of @ is an eigenvector of A for the eigenvalue A;.
Therefore (1) implies (2).

Conversely, if B is a basis of eigenvectors for A and @ is the matrix whose
columns are the members of @ then A = [A]ge and Q = [I]gp gives

Q 'AQ = [I|pe[Alee[l]en = [Alps = D,

a diagonal matrix. Thus (2) implies (1).

Clearly (1) and (2) imply (3).

We conclude by proving that (3) implies (2). Assume cpy(z) = HE:l()‘i -
z)%, where q; is the algebraic and geometric multiplicity of the eigenvalue A;.
For each i let v; 1,...,V; 4, be a basis of the eigenspace V; for A;. We claim that
the system

B= IIV1,17~"7V1,a17-"7vi,17~"7Vi,ai7"'7vt,15'~-avt,at]]
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is a basis of eigenvectors for A on F™. It certainly consists of eigenvectors, and
its size is 22:1 a; = n; so we only need to prove that it is linearly independent.

Suppose
t a;
Z Z QG Vi = 0.

i=1j=1

That is, Zle v, =0 for v; = Z?=1 a; ;v;; € V;. The various v; are (weak)
eigenvectors for the distinct eigenvalues \;, so by Lemma (4.12) each is 0. But
then as the corresponding [v;1,...,Viq,;] is a basis of V;, we find that every
o ; is 0. B is indeed a basis. ad

(4.14). COROLLARY. (TREIL’s Theorem 4.2.3.) If the n x n matriz A has n
distinct eigenvalues, then it is similar to a diagonal matriz.

PRrROOF. This follows from the theorem and Lemma (4.12). ad
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