LINEAR ALGEBRA

SIDDHANT CHAUDHARY

ABSTRACT. In this document, I discuss topics in linear algebra. I have also included
solutions to some selected exercises from the book Linear Algebra (Third Edition)
by Serge Lang.

I, §1. EXERCISES

1. Let V be a vector space over a field K. Let ¢ € K. We show that ¢c0O = 0. The
proof is as follows:

c0 =¢(0+0)
=c0+c0

and by adding the inverse of cO on both sides, we may obtain the required equality.

2. Suppose ¢ € K such that ¢ # 0, and let v € V. Also, suppose ¢v = 0. Then, by
multiplying ¢! on both sides (K is a field), we may obtain that v = 0.

6. Before solving this problem, we prove a theorem: Let V be a vector space over
some field K, and let U, W be K-subspaces of V. Then, U NW is a K-subspace of V.
Proof: 1t is clear to see that 0 € U N W. If u and v are vectors in U N W, so is
u+v. If c € K, and if uis a vector in UNW, so is cu. Hence, UNW is a K-subspace
of V.
This problem now directly follows from this theorem.

A FEw PoIiNTS ABOUT DIMENSION

Here, I won’t prove any theorem about the dimension of a vector space. But, I
just want to plot a chain of reasoning which leads to beautiful statements about the
dimension. If V' is a vector space over a field K, and suppose it is finite dimensional,
we denote its dimension by dimg V'

(1) Suppose {vy,vs,v3,...0,} is a basis for V. Then, any subset of V' the size
of which is greater than n must be linearly dependent. The proof of this
fact has the following sketch: assume that the subset is linearly independent,
and show that a smaller subset of that subset generates V', thereby getting a
contradiction.

(2) This means that any two bases of V must have the same size. This is why the
dimension is a well-defined number.

(3) Any maximal subset of linearly independent elements of V' constitutes a basis.

EXTENSION TO INFINITE DIMENSIONAL SPACES

Here, we’ll try to extend the notion of a basis even to infinite dimensional spaces.
First, let’s start with a definition.
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Definition: Suppose V is a vector space over a field K, and suppose X C V. We
denote by (X) the smallest subspace of V' that contains X, and call it the span of X.
We will now show that (X) always exists.

Theorem 0.1. Given X C V such that X is non-empty, (X) exists.
Proof: Let S be the set of all subspaces of V' that contain X. Clearly, V € S, and
thus S is non-empty. Then, it is not hard to see that the set M defined by

M=(W
wes
is a subspace and contains X. Also, if W is a subspace that contains X, then M C W,
and so the theorem is proved.

If X is finite, (X) cooincides with the usual definition of span, which we prove in
the next theorem.

Theorem 0.2. Let X C V be a finite set, say {vq, va, ..., v, }. Then, (X) is the set of
all linear combinations of elements of X.

Proof: Consider the set @ = {a1v1 + agve + ... + a,v, = a; € K}. Clearly, @ is a
subspace that contains X. So, (X) C Q. Now, by definition, note that v; € (X) for
each i, and since (X) is a subspace, it follows that

a1v1 + asvy + ... + av, € (X)
for any constants a; € K. This means that Q C (X), and hence we have

Q= (x).

The next theorem is a beautiful way of thinking about what the span of an infinite
set X is.

Theorem 0.3. Suppose X C V, X is non-empty, and let P be the set of all finite
subsets of X. Then,

YeP

Proof: Set M = |J (Y). First, lets show that M is a subspace. Let x and y be in
Yep
M. Then, z € (Y;) for some finite subset Y; of X, and similarly y € (Y3) for some

finite subset Y5 of X. Let Y1 = {vy,v9,...,v5} and let Yo = {uq, us, ..., us}. Then, by
Theorem 0.2, z is a linear combination of elements of Y7, and y is a linear combination
of elements of Y5. This means that x 4y is a linear combination of elements of Y; UY5.
But, Y7 UY3 is a finite subset of X, and hence z + y € (Y} UY3), which means that
x+y € M. Similarly, it may be proved that cx € M, where ¢ € K. Now, it is
clear that M contains X. This means that (X) C M. Also, if z € M, then z is a
linear combination of finitely many elements of X. Since (X) is a subspace containing
each of those elements, it follows that € (X)), which means that M C (X). Hence,
M = (X).

The above theorem means that the span of a set X is the set of all linear combina-
tions of finitely many elements of X. This is a great way of extending the meaning of
span to infinite sets.

Observe that the definition of Linear Independence remains that same for a finite
subset X of V. For an infinite subset X, we say that X is linearly independent if
every finite subset of X is linearly independent. The definition of a maximal linearly
independent set remains the same. Now, we introduce another definition.



LINEAR ALGEBRA 3

Definition: Let V be a vector space, and let X C V . We say that X is a minimal
spanning/generating set of V if (X) = V and if Y is a proper subset of X, then
(¥) £V

Now, we give a theorem which generalises the notion of a basis to arbitrary vector
spaces, finite or infinite dimensional.

Theorem 0.4. Let V' be a vector space, and let X C V. Then, the following state-
ments are equivalent.

(1) X is a maximal linearly independent set of V.
(2) X is a minimal spanning set of V.

(3) X is linearly independent and (X) = V.

(4)

Every v € V is uniquely representable as
UV = a1V + AUy + ... + a, v,

where a; € K, and vy, vs, ..., v, are some elements of X.

Proof: We will show that (1) = (2) = (3) = (4) = (1), which will
complete the proof.

First, lets show that (1) = (2). Suppose X is a maximal linearly independent
set in V. Let y € V. Then, if y € X, then by definition, y € (X). If y ¢ X, then
the set X U {y} is linearly dependent. So, there exist some vy, vs,...,v, in X and
ai, s, ..., an, a,+1 in K not all zero such that

a1V + agVy + ...apyv, + apiy = O

and we know that a,,; # 0. Hence,
aq (05} Qp,
Yy = — V] — Vg — ... —
(p41 An+41 An+1
and hence (X) = V. Now, let Y be a proper subset of X, and let v € X — Y. Then,
v cannot be represented as a finite linear combination of elements of Y (because X is
linearly independent), and hence v ¢ (Y'), and hence (Y) # V. So, X is a minimal
spanning set of V.

Now lets prove that (2) = (3). So, let X be a minimal spanning set of V.
Then, by definition, (X) = V, and we only need to show that X is linearly indepen-
dent. Suppose, on the contrary, that X is linearly dependent. Then, there exist some
v1, Vg, ...,v, in X and aq, ag, ..., a, in K not all zero such that

Un

a1V, + asvy + ... + ayv, = O

Without loss of generality, suppose a; # 0, and thus v; is a linear combination of
Vg, V3, ..., Up. But, this means that the set X — {v;} spans V', which is not possible
since X is a minimal spanning set of V. Thus, our assumption is wrong, and hence X
must be linearly independent.

Lets show that (3) = (4). Suppose X is linearly independent and (X) = V.
Let v be a non-zero element of V. It is clear that v is a linear combination of finitely
many elements of X. We need to prove that this representation is unique. So, let
a1,02, ..., 0Apn, b1, ba, ..., b,, be in K, and let vy, v, ..., v,, U1, ua, ..., u,, be in X such that
each a; and b; is non-zero, and

V= a1V + Uy + ... + U, = biug + boug + ... + b,
which means that

a1v1 + agUy + ... + a,v, — biug — batts — ... — b Uy, = O
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Now, we show that u; = v; for some i. If that is not the case, then it would imply
that by = 0, since X is linearly independent, which is a contradiction. So, without loss
of generality, suppose u; = v;. We can continue this method and argue that us = vy,
uz = vy and in fact m = n, and u,, = v,. So, it follows that

(by — ay)vy + (by — ag)vg + ...(by — ay)v, =0

and since X is linearly independent this implies that b; = a;. Thus, each v € V' has a
unique linear representation.

Finally, let’s prove that (4) = (1). Suppose every non-zero v can be uniquely
written as

UV = a1V + agVy + ... + a, v,

for some ay,ay, ...,a, in K and some vy, v, ...,v, in X. First, observe that O ¢ X,
because otherwise representations will not be unique. Now, we show that X is linearly
independent. If X was linearly dependent, there would be some v, vy, vs,...,v, in X
and aq,as, ..., a, not all zero in K such that

V= a1V + AUy + ... + a,v,

Note that 1v = v is also a representation of v. Thus, this shows that the representation
of v is not unique, and hence our assumption was wrong. So, X must be linearly
independent.

To show that X is a maximal linearly independent set, suppose there is some y €
V — X, and consider the set X U {y}. If y = O, then the set if clearly linearly
dependent. If y # O, then y can be uniquely written as

Y = A1V + QU2 + ... + ApUy

for some ay,as,...,a, in K, and some vy, vy, ...,v, in X, and note that v; # y. Also,
since y # O, this means that one of a; is non-zero. And this gives us linear dependence
for the set X U {Y}. So, X is a maximal linearly independent set.

Next, we will show that every non-zero vector space has a basis. We will use what

is known as Zorn’s Lemma, which is equivalent to the Axiom of Choice. Before that,
let us introduce some definitions.
Definition: Let X be a partially ordered set. A subset C' C X is called a chain if given
any ¢ € C' and y € C, either x > y or y > x. For a subset Y of X, an element zy € X
is called an upper bound of Y is y < x( for all y € Y. An element x € X is called a
maximal element of X if for any y € X, y > x implies that y = z.

The statement of Zorn’s Lemma is as follows:

Zorn’s Lemma: Let X be a poset, such that every chain C' has an upper bound in
X. Then, X contains a maximal element.
Let’s now prove that every non-zero vector space has a basis.

Theorem 0.5. Let V' be a vector space over some field K. Then, given a linearly
independent subset S of V, S is contained in some maximal linearly independent
subset of V.

Proof: Let S be a linearly independent subset of V. Define

X :={T C V :Tis linearly independent, S C T'}

Since S € X, X is non-empty. Let’s define a partial order in X. For 77 and 75 in
X, we say that T7 < Ty if T} C T5. It is not hard to see why this is a partial order.

If we show that X has a maximal element w.r.t this partial order, then that maximal
element will be linearly dependent, and it will contain S. Also, this maximal element
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will also be a maximal linearly independent subset of V. So, let’s show that X has a
maximal element w.r.t the partial order.

Let C be a chain in X. Put
M=|JT

TeC
Let us show that M is linearly independent. Suppose not. Then, there exist elements
vy, U, ..., U, in M and scalars aq, as, ..., a,, not all zero such that

a1V + agvy + ... + a,v, = O

Also, v1 € Ty, vy € T, ..., v, € T, for some T1,T5,...,T,, in C. Since C' is a chain,
this means that there is some 1 < ¢ < n such that vy, vy, ..., v, are in T;. But, this is a
contradiction because T; is a linearly independent subset of V. So, M must be linearly
independent. Also, observe that for any T € C, T' < M, which shows that C has an
upper bound. So, every chain in X has an upper bound, and thus X has a maximal
element. This maximal element of X is a maximal linearly independent subset of V'
that contains S.

As a corollary to this theorem, we can immediately conclude that every non-zero
vector space has a basis.
Next, let us show that every spanning set of a vector space contains a basis.

Theorem 0.6. Let V' be a vector space over a field K, such that V' # {O}. Let S be
a spanning set of V. Then, S contains a basis of V.

Proof: We will do a very similar proof as we did in Theorem 0.5.
If S is linearly independent then we are done. So, assume that S is not linearly
independent. Define the poset

X :={U C §:U is linearly independent }

It is clear that X is non-empty. Again, the partial order in X is defined as: if T}
and Ty are in X, we say that 77 < T if T} C T5. We will show that X contains a
maximal element w.r.t this partial order. Then, it can be easily shown that the span
of this maximal element is V', which will mean that this maximal element is a basis of
V', and at the same time this maximal element is a subset of S, which will complete
the proof of the theorem.

Let C be a chain in X. Then, define

M=|JT
TeC
That M C S is clear. We will show that M is also linearly independent, which will
give us an upper bound for this chain C. Suppose M is linearly dependent. Then,
there are vy, vy, ..., v, in M and aq, as, ..,a, in K not all zero such that

a1V + agvy + ... + a,v, = O

Also, v; € T;, for each 1 < i < n, where T; is in C. Since C is a chain, this means
that each v; is in T}, for some 1 < j < n. But, this already gives us a contradiction,
because Tj is a linearly independent set. Hence, M must be linearly independent. So,
M € X, and this is the upper bound for C.

By Zorn’s Lemma, this means that X must contain a maximal element. Let this
maximal element be H. Since H is linearly independent, the set S — H is non-empty
(because S is linearly dependent). So, take any v € S — H, and consider the set

HU{v}
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Since H is a maximal element of X w.r.t the partial order, it must be true that HU{v}
is linearly dependent. But, this means that v is a linear combination of finitely many
elements of H. So, this means that every element of S is a linear combination of
finitely many elements of H. Since the span of S was V, this means that the span of
H is also V| thereby proving that H is a basis of V.

Let’s prove a stronger version of the previous theorem.

Theorem 0.7. Let V be a vector space over a field K. Suppose S; is a spanning set
of V, and Sy is a linearly independent subset of V' such that S; C S;. Then, there is
a basis # of V such that S; C 5 C 9s.

Proof: 1f S5 is linearly independent then there is nothing to prove. So, let’s assume
that S5 is linearly dependent. Now, define the set

X :={U C Sy:5, CU, U is linearly independent}

Clearly, S; € X, and so X is non-empty. Again, our partial order on X remains the
same. We will show that X has a maximal element w.r.t this partial order, and we
will show that this maximal element is a basis of V.

Let C be a chain in X. Define
M=|]JT

TeC

Clearly S; C M, and M C S;5. By the same reasoning as we did in Theorem 0.6, M
is linearly independent. So, M € X, and M is an upper bound for this chain C'

By Zorn’s Lemma, X has a maximal element w.r.t this partial order. Let the
maximal element be H. So, H is a maximal element of X. By similar reasoning as we
did in Theorem 0.6, it follows that H is a basis of V. So, the theorem is proved.

I1, §3. EXERCISES
18. Let A be a square matrix.
(a): Suppose A% = O. Now, observe that
(I-A)I+A)=I"-A=1

so that (I — A) is invertible.
(b): We can extend this trick. Suppose A% = O. Then, observe that

(I-A)I+A+A)=DP-A =]

which again means that (I — A) is invertible.
(c): In general, if A" = O, then we have

(I-AI+A+ A+ A H="—A"=]

so that (I — A) is invertible.

(d): Suppose A% +2A + I = O. This means that [ = —2A — A?, which means
that [ = A(—21 — A), which means that A is invertible.

(e): Suppose that A* — A+ T = O, and by using a similar argument, we can
show that A is invertible.
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27. Let A and B be n x n matrices given by:

aj; ai2 ... Qip bii bz ... biy

a a .. a b b .. b
A= 21 22 2n . B= 21 022 2n

Api Qpa ... Qpp, b1 bna ... b

Now, a diagonal element [AB];; is given by
[AB]u = Z a,»jbji

Jj=1

and a diagonal element [BA];; is given by
[BA]” = Z bl-jaﬂ
j=1

Note that if we sum over the diagonal elements of AB and BA, we get the same
result. Hence, tr(AB) = tr(BA).

30. Let A be a diagonal matrix given by:

a1 0 0
A— 0 929 0
0 0 Ann
Then, it is very clearly observable that
aty, 0 .. 0
0 O ak

Proving this is just induction.

34. Let A be a diagonal matrix such that [A];; = a;, such that all diagonal elements
are non-zero. Then, it is not hard to see that the diagonal matrix given by [A]; = a;;*
is the inverse of A. So, all such matrices A are invertible.

ITI, §2. EXERCISES
2. Let V and W be vector spaces, and let T : V' — W be a linear map. Observe that
T(20y) = 2T(Oy)
But we know that 20y = Oy, which means that
T(0y) = 27(0y)
and by adding the inverse of T'(Oy) on both sides, we get
Ow =T (Oy)

which proves the claim.
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7. Let V and W be vector spaces, and let F': V' — W be a linear map. Define
U={veV:F({)=0w}
First, observe that F'(Oy) = Ow, so Oy € U. Next, suppose u and v are in U. Then,
F(u+wv) = F(u) + F(v) = Ow

which means that u 4+ v € U. Finally, if ¢ € K, then F(cu) = cF(u) = cOw = Ow
which means that cu € U. Thus, U is a subspace of V.

15. Suppose that wq, ws, ..., w, are linearly independent elements of W, and suppose
F(v;) = w;. Also, suppose that the equation

a1v] + agvy + ... + a,v, = Oy
holds for some numbers a4, as, ..., a, in K. Then, observe that
F(ajvy + agus + ... + ayv,) = F(Oy) = Ow
which means that
a1 F(vy) + aoF(v2) + ... + a, F(v,) = Ow
However, the last equation implies that
ag=a=a3=..=a, =0

because wy, ws, ..., w, are linearly independent. Hence, vy, vo, ..., v, are linearly inde-
pendent.

16. Let vy be an element of V' that does not lie in W. So, F(vy) is a non-zero real
number. Now, let v € V. If v € W, then we can write v = v + 0 - vy, and we are done.
So, suppose v ¢ W. So, F(v) # 0. Now, we can write

F(v) = (F(v)F(vo) ") F(vo) = cF(uo)
where ¢ = F(v)F(vp)~!. But, F is a linear map, so we can write
F(v) = F(cv)
which means that
F(v—cvy) =0
and thus v — cvg € W. So, let w = v — cvy, and thus we can write
V=W + cvy.

17. In exercise 14 we showed that W is a subspace of V. Now, if {vy,v9,...,v,} is a
basis of W, then using exercise 16, it follows that {vg, v1,vs, ..., v, } is a basis of V.

THE RANK-NULLITY THEOREM

In this section, I will attempt a proof of the so called Rank-Nullity theorem, one of
the central results of linear algebra. Its a relatively simple proof.
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Theorem(Rank-Nullity): Suppose V' and W are vector spaces, and let L : V. — W

be a linear map. Let KerL be the kernel of L, and let imL be the image of V' under
L. Then,

dimV = dim KerL 4+ dimimL

Proof: Let dimKerL = ¢ and dimimZ = s. Note that if imL = {O}, then there is
nothing to prove. So, let us assume that s > 0. We first look at the case where the
kernel of L is not {O}.

Let {wy, ws, ..., ws} be a basis of imL, and let {uy, ua, ..., u,} be a basis of KerL. Let
{v1,v9, ..., v5} be elements of V' such that L(v;) = w; for each 1 <1i <s. We will show
that {v1,va, ..., Vs, U1, Ug, ..., u,} is a basis of V', proving the theorem for this case.

Let v € V. Then, there are elements ay, as, ...,as in K such that

L(v) = aqjwy + asws + ... + asw
which could also be written as
L(v) = a1 L(vy) + asL(ve) + ... + a5 L(vs)
and since L is linear, it follows that
UV — A1V — GoUy — ... — .U, € KerL
which in addition means that there are numbers by, bs, ..., b, in K such that

UV — A1U] — AU — ... — QsVUs = byuy + baug + ... + byuy,

and so it follows that every v € V' can be written as a linear combination of {vy, vs, ..., vs, U1, us, ...

Now, we will show that this set of vectors is also linearly independent.
Suppose that there are numbers x1, 2, ..., s and y1,y2, ..., y, in K such that

T1U1 + TV + ... + TsUs + YUy + Yoo + ... + Ygug = O
Applying L to the above equation, we see that
Tiwy + Tows + ... + zsw, = O
which by our assumption implies that
Ty =T9=..=23=0
and thus at the same time implies that
Y1 =Y2= .=y, =0.
This completes the prove for this case.
Now, suppose KerL = {O}. Then, suppose {w;, ws, ..., ws} is a basis of imL. Again,
if {v1,vg, ..., v5} are in V such that L(v;) = w;, it is not hard to show that {vy, ve, ..., v5}
is a basis of V. So, the proof is even simpler in this case.

III, §3. EXERCISES

1. Let A and B be a basis of R?, and let F' : R?> — R" be linear. Then, by the
Rank-Nullity theorem, we have

2 =dim KerF + dimim#F

Now, three cases are possible. If KerF' = {O}, then observe that F(A) and F(B)
form a basis of imF’, and thus they are linearly independent. If KerF' is not {O},
then it has a non-zero dimension. If dim KerF = 1, it follows that dimimF = 1. If
dimKerF = 2, then KerF' = R? and thus imF = {O}.

,Uqg -
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3. Define a linear map F : R* — R? given by
F(l’l, $2,$3,ZE4) = (ZL’l —f- 2[E271’3 — 155(34)

The problem now reduces to finding the dimension of KerF'. Observe that, imF is R,
which is very clearly observable. So, by Rank-Nullity, it follows that dim KerF' = 2.

9. (a) Suppose f € KerL. Then, it follows that
fl(x) = f(=)

for all x € R. Every solution of this equation is of the form ce”, where ¢ € R.

(b) If we rather have to find the kernel of the map D — al, then it consists of all
functions f of the form ce®, where ¢ € R.

10. (a) Define the map L : K™ — K by the formula
L(ay,as,...,a,) = a1 +as+ ... + a,

It is not difficult to see that L is linear. Now, the problem reduces to finding the
dimension of KerF'. Observe that imF' = K, and hence by Rank-Nullity, we see that
dimKerF' =n — 1.

(b) Consider the space of n x n matrices with entries in K. Let’s denote this space
by M, (K). Then, we have that

dim M, (K) = n?

Now, we sum of the diagonal elements is just the trace (tr : M,(K) — K) of the
matrix, which is a linear map. So, the subspace of M, (K) such that the trace of a
matrix in this subspace is 0 is just Ker tr. Applying Rank-Nullity, we see that

dimKer tr = n? — 1

11. We have already shown earlier that tr is a linear map, and that
tr(AB) = tr(BA)

for any two square matrices A and B.
(c) Suppose B is invertible. Then,

(d) Let A and B be in M,,(K), and define
(A, B) = tr(AB)

First, it is clear that (A, B) = (B, A). Second, it is also clear that (A4, B + C) =
(A, B) + (A, C). The third property regarding scalar multiplication is also clear. So,
this is a scalar product.

(e) Consider the equation

AB - BA=1,
where A and B are elements of M, (K). Taking the trace of the left hand side, we see
that
tr(AB — BA) = tr(AB) —tr(BA) =0

However, the trace of I,, is non-zero. So, this means that there are no matrices A, B
which satisfy this equation.
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12. Consider S, the set of symmetric n X n matrices. Let’s verify the vector space
axioms for S (assume that the entries are in a field K). In the following, A, B and C
are any three symmetric matrices, a and b are any scalars in K.

(1) We have that (A+ B)+C =A+(B+C)

) We have A+ B=B+ A

) The zero matrix O satisfies O+ A=A+0 = A

) For every A, there is a —A such that A+ (-A)=0=(-A)+ A
) We have a(A+ B) = aA+aB

) We have (a + b)A = aA+bA

) We have a(bA) = (ab)A

and thus S is indeed a vector space.
Let us try to determine the dimension of S. Since these matrices are symmetric
about their diagonals, it follows that

dim s =3 i = ”("T“)
=1

For example, when n = 2, a possible basis is:

W ) (0)- (0 0))

and when n = 3, a possible basis is:
100 010 0 01 000 000 0 00
0o0O0),{r0O0]),{00O0),10 1T O0},10 0 1,10 0 O
000 000 100 0 00 010 0 01

14. Let A be a matrix in M, (K). Observe that
(A+ A =A"+ A=A+ A
which means that A + A" is symmetric. Also,
(A-ANY =A"'— A= —(A- A"
which means that A — A! is skew symmetric. Finally, write
A+ At N A— A
2 2
We can also show that this representation is unique. Let
A=B+C=B+C
where both B and B; are symmetric, and C' and ' are skew symmetric. So, we have
B-B =C,-C
Take the transpose of both sides to get
(B-B)'=(Ci—C)

A:

which means that
B-B =Cl-C'=C-0C
which means that
2(B—By) =0
which implies that B = B;. And from there, we can conclude that C' = (.
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15. Define P : M,,(K) — M, (K) by the formula
A+ A
2
(a) Let A, B be in M,(K) and let ¢ € K. Then,

A+ B+ (A+B) _A+At+B+Bt B

P(A)

P(A+ B) = 5 5 5 P(A)+ P(B)
and A+ (cA)t cA+cAt A+ A
P(cA) = ¢ +2(C ) = ¢ ;C =c _; = cP(A)

which means that P is linear.
(b) Suppose P(S) = O for some S € M, (K). This means that
S+ 5

220

which implies that
S=-5
and hence KerP is the space of skew-symmetric matrices in M, (K).
(c) Now, AJ;At is always a symmetric matrix, and hence imP is the subspace of all
symmetric matrices in M,,(K'), whose dimension is w
see that

. Applying Rank-Nullity, we

dim KerP = n* — n(n+1) = n(n = 1)
2 2

or in simple words, the dimension of the subspace of skew-symmetric matrices in

M, (K) is 2,

17. (b) Let U and W be two vector spaces of dimension n and m respectively. It is
easy to see that the dimension of U x W is n 4+ m. To see this, let {uy, us, ..., u,} be a
basis of U, and let {wy, wy, ..., w,, } be a basis of W. Now, any element (u,w) € U x W
can be written as

(u,w) = ay(u1,0) + az(ug, 0) + ... + an(un, 0) 4+ b1 (0, wy) + ba(0, wa) + ... + by (0, w5,)

IIT, §4. EXERCISES

1. Suppose L : R? — R? is a linear map such that L # O and L? = O. Since L # O,
there is some A € R? such that
L(A)=B
for some B # O. It is clear that
L(B) = L(L(A)) = O.
We will show that A and B are linearly independent, thus implying that they form a

basis of R2.
Suppose x and y are real numbers such that

tA+yB = 0.
Applying L to both sides, we get
zL(A)+yL(B)=0
But since L(B) = O, it means that
zL(A) =0
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which means that x = 0(because L(A) = B # O). Also, it means that y = 0. Hence,
A and B are linearly independent, meaning that they form a basis of R2.

10. Let v € V. Write v as
v=v—P(v)+ P(v)
Observe that
P(v— P(v)) = P(v) — P(P(v)) = P(v) — P(v) =0
which means that v — P(v) € KerP. Next, let x € KerP NimP. Then,
P(z) =0 and z= P(y)
for some y € V. But, this means that
P(P(y)) = P(y) = P(x) =0 =
and thus KerP NimP = {O}.

16. Let V and W be vector spaces over a field K, both of dimension n. For any v € V|
we can find numbers aq, as, ..., a, in K such that

V= a1V + agUy + ... + a, Uy,
and these numbers are unique. So, consider the map L : V — W given by:
L(v) = aywy + asws + ... + a,w,

It is clear that L is linear. We will show that L is an isomorphism. First, let © € KerL.
Then,

L(z) =0
If x = byvy + bavy + ... + b, v, this means that
L(iL’) = b1w1 + b2w2 —+ ...+ bnwn =0

which means that by = by = ... = b, = 0, since wy, wo, ..., w,, are linearly independent.
So, KerL = {O}.
By the Rank-Nullity theorem, it follows that

dimImL =dimV =dimW =n

which means that ImL = W.
Hence, L is both injective and surjective, and hence is bijective. So, its an isomor-
phism, and hence V' and W are isomorphic.

MATRICES AND LINEAR MAPS

In this section, I will prove that every linear map can be thought of as a matrix.
Let’s start with a special case.
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Theorem: Let K be a field, and let L : K™ — K™ be a linear map. Then, there is
a unique m X n matrix A such that
L(X)=AX

for any column vector X in K". Here, AX is the matrix product of A and X.
Proof: Let FEy, Es, ..., E, be a basis of K", and let ey, es, ..., €, be a basis of K™.
Note that the values of L(E,), L(E2), ..., L(E,) determine L. So, suppose

L(El) = aj1e1 + as1es + ... + apmi1em
L(EQ) = a12€1 + A92€9 + ... + Ay2Em

L(E,) = aipe1 + aones + ... + Gmnem

So, it X = x1Ey + x9Fy + ... + x, ), then
L(X) 2171(@1161 + ag162 + ... + amlem)—}-

513'2(@1261 + age9 + ... + amgem)+

+z,(a1ne1 + agnes + ... + Gpnem)

and writing in component form, we get:
L(X) =ei(a11z1 + ajaxs + ... + a1,x,)+
ea(a 1 + agews + ... + ag, )+

em(Am1T1 + AmaTa + ... + Qpn®n)+

or, in matrix multiplication form, we can write

a1 a12 ... Qip T a11T1 a12L2 ... QA1pTp
921 a12 ... Qip i) i 211 a12L2 ... QA1pTp . L(X)
Am1 Am2 ... Amn Iy Am1T1 Ama2Ty ... Amnpdpy

The unigeness of A is very easy to prove.
NOTE: This proof also gives us a quick way to find the matrix of such a linear map.
Find numbers a;; in K such that

L(El) = ay161 + ag169 + ... + @pim
L(EQ) = a12€1 + A92€9 4+ ...+ Am2Em

L(E,) = aipe1 + aones + ... + Gmpem

and the transpose of the matrix

aipr a921 ... Q1
12 Q929 ... Qm2

A1p Q2p ... Qmp



LINEAR ALGEBRA 15

will be the matrix associated with the map L.

IV, §2. EXERCISES

These exercises will be a very good practice to get familiar with how linear maps
and matrices are related to each other.

1. In these computations, the general method remains that same: find the co-ordinates
of the values at basis elements, and take the inverse of the coordinate matrix to get
the matrix of the linear map!
(a) F : R* — R? given by F('(xy, 22, 23,74)) ="' (21, 25): Here, let’s compute F at
the basis elements:
F('(1,0,0,0)) =" (
F(*(0,1,0,0)) =" (
F(*(0,0,1,0)) =" (
F(*(0,0,0,1)) =" (

and thus the matrix associated with F’ is:

1 0 00

0100
(c) F : R*> — R? given by F(!(z,y)) =' (3z,3y). Again, F' at the basis elements is
given by:

and so matrix is:
3 0
0 3
(d) F:R"™ — R" given by F(X) =T7X. Here, F' at the basis elements will look like:

F(1,0,0,...,0) = (7,0,0,...,0)
F(0,1,0,...,0) = (0,7,0, ..., 0)

F(0,0,0,...,1) = (0,0,0, ...,7)

and thus the matrix of F' will be given by:

7 0 0 0
0o 7 0 0
0 0 7 0
0o 0 0 .. 7

which is the diagonal matrix with the all diagonal elements equal to 7.
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(f) F: R* = R? given by F('(x1, 22, 73,74)) =" (x1,72,0,0). F at the basis elements
is given by:

F(1,0,0,0) = (1,0,0,0)
F(0,1,0,0) = (0,1,0,0)
F(0,0,1,0) = (0,0,0,0)
F(0,0,0,1) = (0,0,0,0)
and thus the matrix is:

1 0 00

01 00

00 00

00 00

MATRICES AND GENERAL LINEAR MAPS

In this section I'll not prove anything, but I will discuss how we can relate any
general linear map to a matrix. Let V', W be vector spaces over some field K, and
let L :V — W be a linear map. In addition, suppose #Z = {vq, vy, ..., v,} is a basis
of V, and suppose Z' = {wy, ws,...,w,} be a basis of W. Note that the map L is
completely determined by the values of L(vy), L(vs), ..., L(v,,). So, suppose there are
numbers a;; in K such that

L(Ul) = a11W1 + a91 W2 4+ ...+ A1 Wi,

L(Ug) = a12W1 + A929W2o + ...+ A2 Wy,
L(v,) = ajpwy + agpws + ... + QWi

Now, suppose v € V. Then, it has coordinates with respect to the basis Z. Let the
coordinate vector of v be denoted by X4(v). For example, if v = v; + vg + ... + vy,
then X4(v) = (1,1,1,...,1). Note that X4 (v) € K™. So, using coordinate vectors, we
can say that

aiy a2 ... Qip

a a . QAop 9
XalZ() = [ 22 Xa(0) = ME(D)Xa(0)

Am1 Am2 - Qmp

Note that the matrix MZ% (L) is the transpose of the matrix

aipr a921 ... Qm
12 A929 ... Qm2
A1p Q2p ... Amp

This is very similar to what we did for maps from K™ to K™.
We can also say that the space Z(V, W) of all linear maps from V' to W is isomorphic
to the space of all m x n matrices over the field K under the isomorphism

[ MZ(f)
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This gives us a very powerful formula to describe any linear map. For instance,
let’s talk about converting from one basis to another. If #Z and %’ are two basis of
a vector space V, then the map associated with the matrix MZ (id) converts a vector
represented in basis Z to the same vector represented in basis #’. Also, observe that

MZ,Gd)MZ (id) = I, = MZ (id) M2 (id)

where [, is the n x n identity matrix over the field K, and id is the identity map.

1V, §3. EXERCISES
1. (a) Here, we have Z = {(1,1,0),(—1,1,1),(0,1,2)} and Z' = {(2,1,1),(0,0,1),(—1,1,1)}

Now, we have

2 1
(1,1,0) = 5(2, 1,1) = (0,0,1) + g(—l, 1,1)
(—1,1,1) =0(2,1,1) + 0(0,0,1) + (—1,1,1)

1 2
(QL%:§@JJ%HQQn+§FLLD
and thus
] 0 1
MZ%Gd)=-|-3 0 3
3 3 9

(b) Here we have Z = {(3,2,1),(0,-2,5),(1,1,2)} and Z’' = {(1, 1,0), (—1,2,4),(2,—1,1)}.

Now, we have

11 2 7
2,1)=—(1,1 —(—1,2,4 —(2,—-1,1
(37 Y ) 5(7 ’O)+15( Y ) )+15(7 Y )
—11 13 23
—2 =—(1,1 —(—1,2,4 —(2,-1,1
(0,-2,5) = —(1,1,0) + 7= (=1,2.4) + =(2. =1, 1)
3 2 2
(1>1a2):_(17170)_'__(_17274)_'__(27_171)
5) 5) 5)
and thus
1 33 =33 9
A@@D:T 2 13 6
7 23 6

2. Suppose L : V — V is a linear map. Let #Z = {vy,vs,...,v,} be a basis of V', such
that L(v;) = ¢;v;. Then,

cgc 0 0 O 0

0 ¢ 0 O 0

% 0 O C3 0 0
Mz = 0 0 0 ¢ 0
0 0 0 0 ... ¢

which means that L is diagonalisable.
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7. Let F be the rotation through an angle 6. Let {F;, E»} be the usual basis of R
Now, the rotated coordinate system has basis F'(E;) and F(FE3), which are given by:

F(E,) = (cosf,sin0)
F(Ey) = (—sin#, cos0)

Now, if (z,y) are the coordinates of a point w.r.t the usual basis Z = {E, E»}, we
wish to determine the coordinates w.r.t the basis #' = {F(E}), F(E,)}, which is the
rotated coordinate system.

Now, we have

(1,0) = cosf(cos#,sin ) — sin f(— sin 6, cos )
(0,1) = sinf(cos B, sin ) + cos f(—sin @, cos f)
and so the matrix MZ (id) is given by

% [ cosf sind
Mg (id) = <—sin9 cosQ)

and so, the coordinates of the point (z,y) w.r.t the rotated system is given by:
Ha' ) = M2,(id)!(x,y) =" (v cosf 4 ysin b, —x sin 6 + y cos )

8. In this exercise T will only describe how to do part (a), and the other parts have
the same method.

(a) Suppose Z = {e',e*}. Then, V is the vector space of all linear combinations of
these two functions. Let D : V' — V be the derivative. We only need to find D at the
basis elements. So, observe that

D(e") = e' + 0e*
D(e*) = 0e' + 2¢*

and hence
Mz = (5 5)
(b) We have
D(1) = 0(1) + 0t + 0" + 0e* + Ote*
D(t) = 1+ 0t + 0e' + 0e* + Ote*
D(e') = 0(1) + 0t + e + 0e* + Ote*
D(e*) = 0(1) + 0t + 0’ 4 2% + Ote*
D(te*) = 0(1) + 0t + 0e' + e* + 2te*
and hence

3

—

S

I
coocoo
cooc o
co~ooO
oNno oo
O N )
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10. Let P, be the vector space of all polynomials of degree < n, and let D : P, — P,
be the derivative. Observe that, the map D" is the O map, because the n'" derivative
of a polynomial in P, must be the zero polynomial. This means that D is actually

nilpotent.
(a) Observe that

(I —=D*o(I+D*+ D"+ ..+ D72
=lo(I+D*+D*+...+D"?) ~D*o(I+D*+ D"+ ...+ D%

=I+D*+..+D"2_D>-D*— .. — D™
=I1-D"
=7

because D" is also the O map.
(b) We can extend this technique to a general map D™ — I. Here, observe that

(D™ —I)o (=] — D™ —D?™ —  —pn=Umy—_pmr |

because D™" is the O map.

SCALAR PRODUCTS

Let V' be a vector space over a field K. Then, the scalar product is simply a function
from that takes two vectors and returns a scalar. I won’t list the axioms here. For a
vector space over R, we say that a scalar product is positive definite if for every v € V/,

(v,v) >0

and if v # O, then the inequality is strict. Let’s prove two distance theorems:
Pythagoras Theorem: If v and w are perpendicular, then

v+ w|]* = [[v]]* + [ |w]]*
Proof: We have
llv +w|]* = (v+w,v+w)
= (v+w,v) + (v + w,w)
= (0,0) + (w,v) + (v, w) + (w, w)
= [[v]]* + [ [wl]]*
Parallelogram Law: For any v, w in V', we have
o+ w[]* + [Jv — wl* = 2[jv[|* + 2| [w]]*
Proof: We have
v+ w|* + |Jv —w||* = (v +w,v+w) + (v —w,v—w)
= 2(v,v) + 2(w, w) + 2(v, w) — 2(v, w)
= 2(v,v) + 2(w, w)
= 2|[vll* + 2[[w]]?
There are two useful inequalities associated with norms and the scalar product (I am
not proving them here):
Cauchy-Schwarz Inequality: If V is a vector space with a positive-definite scalar

product, then
[ (v, w)] < [Jo][[[w]]
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Triangle Inequality: If V' is a vector space with a positive-definite scalar product,
then

[|v +wl| < lo]] + [w]]

V,61. EXERCISES
1. Suppose V is a vector space with a scalar product. Then, for any v € V'
(0,v) = (0 + 0,v) = (0,v) + {0, v)
which implies that (O,v) = 0.
2. Suppose that V' has a positive definite scalar product. Let vy, vs, ..., v, be non-zero

elements that are mutually perpendicular. We will show that these vectors are linearly
independent. So, let aq,as, ..., a, be in K such that

a1v1 + asVy + ... + anv, = O
Then, taking the scalar product of both sides with v, we get
(a1v1 + ... + apvp,v1) = (O, v1) =0

Also, we have
(a1v1 + ... + apvy,, v) = ag(vy,vy)
which means that
ai(vy,v1) = O

Since the scalar product is positive definite and v; # O, this means that a; = 0.
Similarly, it can be proved that

ap=a=..=a,=0

and thus the vectors are linearly independent.

3. Let M be a symmetric n x n matrix. Let X and Y be column n-vectors, and define
(X,)Y)=X'"MY
Since X!MY is a 1 x 1 matrix, it is symmetric, and thus
(X'MY) = X'MY
which means that
YIM'X =Y'MX = X'MY

and so (X,Y) = (Y, X). The other two properties may also be easily verified, and
hence this is a scalar product.

ORTHOGONAL AND ORTHONORMAL BASIS

In this section, we will prove a very important theorem about the existence of
orthogonal basis.

Theorem 0.8. Suppose V is an n-dimensional vector space over R with a positive
definite scalar product. Suppose W is a subspace of V', and suppose {wy, ws, ..., w,,}
is an orthogonal basis of W. If W 2 V| then there exist elements w11, ..., w, such
that {wy,ws, ..., W, Wi, .., W, } is an orthogonal basis of V.
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Note: In a way, this theorem is saying that if we start with a set of linearly inde-
pendent vectors which are also orthogonal to each other, we can always extend them
to form a basis of V.

Proof: We know that we can find elements v,, 1, ..., v, such that

{w17w27 "'7wmavm+l7 ’/UTL}

is a basis of V. But, this basis may not be orthogonal. The idea is to replace v,
with some w,, ;. Consider the vector

Wm+1 = Uyl — QW1 — QW2 — ... — CWy,
(Vimg1, wy)
(wi, wi)
definiteness is required for each ¢; to we well defined. Now, it is clear that wy,, is
perpendicular to every w;. Also, we have

where ¢; = , i.e ¢; is the component of v,,,; along w;. Note that, positive

U4l = W41 + CLW1 + ... + Crpy,

which means that {wy,ws, ..., Wy, Wy i1, Uma2, -, Un ) 1S a basis of V. We repeat this
step for v,,492, Uymas till v,. Thus, we obtain an orthogonal basis.

A corollary of this theorem is that every finite dimensional vector space V' that is
not equal to {O} and which has a positive definite scalar product has an orthogonal
basis. This proof also tells us how to construct one.

Given an orthogonal basis, we can find an orthonormal basis by dividing each vector
by its norm.

Exercise: As an exercise let’s find an orthonormal basis for the vector space generated
by the vectors v; = (1,1,0,1), v = (1,—2,0,0) and v3 = (1,0,—1,2). These vectors
are linearly independent. Now, orthogonalise the second vector w.r.t the first and get

, (v9, v1) 4 -5 1
== — = _ — 0 —

Then, orthogonalise v3 w.r.t v; and v} to obtain

;o (vs,v1) (vs,v5) , _ (—_4 -2 6)

Vg = U3 — v — Uy = =, —1, =
U ) ) 2\ TTT
So, the vectors vy, v5, v} are an orthogonal basis. To get an orthonormal basis, divide
these vectors by their norms.
The next theorem gives is both theoretically and practically powerful:

Theorem 0.9. Suppose V is a vector space over R with a positive definite scalar
product, and let V' have dimension n. Let W be a subspace of V' of dimension r.
Denote by W+ the space of vectors perpendicular to W. Then, V is a direct sum of
W and W+, and W+ has dimension n — 7.

Proof: 1f W = {O}, then W+ = V| and the theorem is true. If W = V., then
W+ = {0}, and again the theorem is true. So, let’s assume that W is not one of those
subspaces.

There exists an orthogonal basis of W; let it be {wy, ws, ..., w, }. Then, by a previous
theorem, there are elements .1, ...,u, of V such that

{wlaw27 ey Weey Uy 1, 7un}

is an orthogonal basis of V. We will show that {u,41, tr42,...,u,} is an orgthogonal
basis of W=.
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Suppose w € W=. Then, we can write w as
W= QW1 + Wz + ... + QW, + Qrp1Upt1 + ... + AUy,
Taking the scalar product of w with any w;, we obtain
(w,w;) =0 = a;{w;, w;)

which implies that a; = 0. So, uy41,...,u, generate W=+, Also, these elements are
mutually perpendicular and linearly independent, so they constitute an orthogonal
basis of W+. Also, it is clear that V is a direct sum of W and W+.

The importance of this theorem is that given any subspace, we can find the dimen-
sion of the space that is orthogonal to this space. W+ is also called the orthogonal
complement of .

V, §2. EXERCISES

0. Let V = RS and W be the space generated by the vectors (1,1,—2,3,4,5) and
(0,0,1,1,0,7). Clearly, dimW = 2. We are interested in finding the dimension of
W+. We know that

dim V' = dim W + dim W+
and it follows that dim W+ = 4.

1. We will only do one part of this problem.

(b) Consider the subspace of R* spanned by the vectors A = (2,1,1) and B =
(1,3, —1). One basis of this subspace is obviously {A, B}. However, A and B are not
perpendicular. So, let’s orthogonalise B with respect to A to obtain

B-A -1 7 =5
B=B—-—A=|(—,-,—
A-A ( 3733 )
and thus {A, B’} is an orthogonal basis of the subspace. To get an orthonormal basis,
we just divide these vectors by their norm, and so an orthonormal basis is

{%(2, 1,1), \/%(—1, 7, —5)}

3. For real-valued continuous functions on [0, 1], let’s define
1

(f.g) = / F()g(t)de

0
It is clear that

(fr9) =149, f)

Also, we have
1

/0 (F(t) + g(&)h(t)ds = / F(h()dt + / g(t)h(t)dt

which gives us
(f+g.h) = (f,h)+ (g, )
Finally,

(cf,g) = / ef()g(t)dt = ¢ / F(Hg(t)dt = e(f, g)

and thus this is a well-defined scalar product. Also, it is not hard to see that this
scalar product is actually positive definite and non-degenerate.
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4. Let V be the subspace of functions generated by f(t) =t and g(t) = t*. It is then
clear that one basis of V' is

{f. 9}

However, we have

(,9) —/0 £t # 0

and hence this is not an orthonormal basis. So, let’s orthogonalise g with respect to
f and get
<gu f> 42 ﬁ

9(0) = o(0) = (F5 0 = =

(¢' is not the derivative!) and hence {¢’, f} is an orthogonal basis of V. On dividing
by their norms, we observe that an orthonormal basis is

{\/§t, V80 (t2 - %)}

5. Let V be the space of functions generated by f(t) =1, g(t) =t and h(t) = t>. An
obvious basis is given by

{f.9.h}
Now we will do the exact same method as we did in 4. So,
PN UV D P YP N |
9(0)=o(t) — T 0 =1 =
and
/ — _M _<hvg/>/ :2_1_<_1)_2_ 1
R (t) = h(t) 7. f>f(t) (g’,g’)g (t)=t 3 t 5 " —t+ 5
and so

{f.d'.h'}
is an orthogonal basis of V. To get an orthonormal basis, we just divide by the norm
of these functions.

6. In this exercise, we will use the hermitian inner product.
(a) Let V' be the space generated by A = (1,4,0) and B = (1,1,1). So, a clear cut
basis of V' is

{A, B}
However, this is not an orthonormal basis. Let’s orthogonalise B with respect to A to
get
B, A) 1+¢ 1—1
B'=B — —< A= 1
aat= ()

Now, observe that (A, B') = (B’, A) = 0, and hence {A, B’} is an orthogonal basis of
V. So, an orthonormal basis is of V' is

{79 (g e )
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(b) Let V' be the complex space generated by A = (1, —1,—i) and B = (7,1, 2). So,
a basis of V' is clearly

{A, B}
but this basis is clearly not orthogonal. Orthogonalising B with respect to A, we get

!/ <B7A> _
B‘B_CEBA‘(

12430 3—1
33 7 3

and so {A, B’} is an orthogonal basis of V. So, an orthonormal basis is given by:

{( 1 -1 —z) ( 1 243 3—2’)}
V33 V3T \2v6 2v6 26
7.
(a) We have already shown that for any n x n matrices A and B, it is true that
tr(A+ B) = tr(A) + tr(B)

tr(AB) = tr(BA)
and hence this is a scalar product. To show that it is also non-degenerate, suppose
there is a matrix M such that

tr(MX)=0

for all square matrices X. If M; is the i*" row of M, this means that

My - XY+ My - X2+ .. +M,-X"=0

where each X' is a column vector with n elements. So, this means that every entry of
M is 0, and hence M = O. So, the trace is a non-degenerate scalar product.

(b) Suppose A is a symmetric square matrix. Let A; be the i*" row vector of A, and
let A’ be the i column vector of A. Now, we have

tr(A%) =) A A
=1

Since A is symmetric, we have that A; = A’. So, the trace is > 0, and if A # O, then

the trace is strictly positive.

n(n+1)

(c) The dimension of the space of symmetric n X n matrices is as we proved

earlier. Now, observe that if A is a matrix whose trace is 0, then it means that
a1l + agog + ... + Qpyp = 0

Given any values of aj1, az upto a(,—1)mn-1), a value of a,, can be determined which
makes the trace 0. So, the dimension of W is

dimW =dimV —1

and hence the dimension of the orthogonal complement of W is 1.
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Proor THAT COLUMN RANK = Row RANK

Let A be an m x n matrix. The 'column’ rank of A is the dimension of the space
generated by the columns of A. Similar is the definition of the 'row’ rank. Now, we
will prove that the column rank is equal to the row rank for a matrix over a field K,
where in this discussion K is either R or C. Before giving a proof, we will make use
of the fact that if W is a subspace of K", then

dimW +dimW+ =n

Here, the associated scalar product is the normal dot - product. Note in this case of
C, the normal dot product is not positive definite. But, as we will prove later, this
theorem still remains true. For R, we have already proven this theorem because the
dot product is positive definite.

If A is a matrix over K, let L be the linear map associated with it. So, L4 : K" —
K™ is a linear map. We are interested with the kernel of L,. By Rank-Nullity, we
have

dimKerL 4 +dimImL, =n
And the key observation is that

Column Rank of A = dimImZL 4
Now, we can interpret KerL 4 in another way: if X € KerL,4, then
AX =0

which means that the dot product of X with every row of A is 0. In other words, if @
is the space generated by the rows of A, then KerL 4 is the orthogonal complement of
@ with respect to the dot product. So, it follows that

dim@ +dim KerL, =n
But, Row Rank of A = dim (), and hence it follows that
Row Rank of A = Column Rank o A
Additionally, the dimension of the kernel of L4 is n — Rank(A).

V , 83. EXERCISES

1. In this exercise, we will just compute the rank of some matrices. Nothing special

here, so I'll not write all the steps involved.

(a) A= (? ; g) and Rank(A) = 2

(b) A= (‘31 : :g) and Rank(A) = 2

(c) A= G . _71) and Rank(A) = 2

1 2 =3
(d) A= _41 _82 _312 and Rank(A4) =1
0 0 0

jan}

(e) A— <(2) _5) and Rank(A) — 2
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2. Suppose A is an m X n matrix and B is an n X p matrix over some field K. Consider
the corresponding linear maps L4 : K™ — K™ and Lg : KP — K™. Now, the matrix
AB is the matrix of the linear map Lo Lg : KP — K™. Also, we have

Rank(AB) = dimimL,4 o Lp
Rank(A) = dimimZ4
Rank(B) = dimimLp

Now, imL4 o Lg C imL,4, which means that dimimL, o Lg < dimimL 4, which
basically is saying that Rank(AB) < Rank(A). Now, by Rank-Nullity theorem, we
have

dim KerLp + dimimLp = p
dimKerL o Lp +dimimLyo Lp =p

Also, observe that KerLg C KerL 40 L, which means that dim KerLp < dim KerL 40
Lp, and so we conclude that

dimimLg > dimimL 0 Lg
which is basically saying that Rank(AB) < Rank(B). So, it can be concluded that
Rank(AB) < min(Rank(A), Rank(B))

3. Let A be an upper triangular square matrix with none of the diagonal elements 0,

i.e
a11 a2 aiz ... Qaip
0 Q99 A923 ... QA9p
A= 0 0 asz ... Qa3zn
0 0 0 .. a4
0 0 0 .. as,

with a;; # 0. Then, it is very easy to see that the rows of A are linearly independent,
and hence Rank(A) = n.

4. (d) The given system of equations is

r+y+z2=0
r—y=20
y+2z2=0

We can write this in matrix form as

1 1 1 T
1 -1 0 y| =0
0 1 1 z

Now, we know that
3 = dim Space of solutions + Rank(A)

which means that the dimension of the space of solutions is 0. So, the only solution
to this system is (0,0,0).
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5. (c) The given system of equations is:

20 =3y+z2=0
r+y—2z=0
3r+4y =0
Sr+y+2=0

which in matrix form can be written as:
2 -3 1 .
1 1 -1
3 4 0 Z =0
5 1 1

Again, we know that
3 = dim Space of solutions + Rank(A)

which means that the dimension of the space of solutions is 0, which means that the
only solution of this system is (0,0, 0).

6. We need to find the dimension of the space of solutions of
X-A=P-A
which can also be written as
(X—P)-A=0

Note that, the dimension of the solution space of the above equation is equal to the
dimension of the space of solutions of the equation

X-A=0

We can interpret A as a row matrix, and thus Rank(A) = 1. So, the dimension of the
space of solutions is n — 1.

Row OPERATIONS AND INVERTIBLE MATRICES

This is a section inspired from the book ”Algebra” by Michael Artin. Let A be an
n X p matrix. Then, there are three fundamental "row” operations related to matrices:

(1) Add a multiple of the j® row to the i*" row of A, where i # j.
(2) Switch the i*" and j* rows of A.
(3) Multiply the i*® row of A by a scalar c.

It turns out that these three operations can be carried out by multiplication with
suitable ’elementary matrices’. Corresponding to every elementary row operation,
there are three types of elementary matrices. Let e;; be an n X n matrix, all of whose
entries are zero except the 75" entry.

(1) The first type of elementary matrix is given by the formula
E1 = ]n + ceij

where c is any scalar, and 7 # j. If A is any n X p matrix, then the matrix F; A
adds ¢ times the j*® row to the i*" row of A. Note that E, is an n x n square
matrix.
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(2) The second type of elementary matrix is given by the formula
E2 = In + Gij + 6]'2' — € — ejj

If Ais an n x p matrix, then the effect of EyA will be to switch the i*" and ;™
rows of A. Again, F5 is a n X n square matrix.
(3) The third type of elementary matrix is given by formula

E3 = In + (C — 1)6“
and the effect of E3A is to multiply the i*" row of A by a scalar c.

All the three elementary matrices are invertible, which is not hard to see. If we apply
a sequence of elementary row operations Ey, Fs, ..., E}y to A, then the resultant matrix
is given by
Ek-EQElA
It is also not hard to see that the product of elementary matrices is also invertible.
One advantage of using row reduction is to solve linear equations. Suppose we have
a system of m equations in n unknowns, then we can write the system as

AX =B

where A is an m X n matrix, and B is an m x 1 matrix. If we simultaneously do
row-reduction on A and B, and obtain matrices A’ and B’, then the key fact is that
the solutions of the system A’X = B’ will exactly be the same as the solutions of the
original system. Thus, row-reduction can help to easily solve linear equations.

Using row-reductions, given any m X n matrix, we can reduce to a form known as the
row echelon form. It is basically an m x n matrix, which has the following properties:

(1) The first non-zero entry of every row is 1. These entries are called the "pivots’.
(2) The first non-zero entry of the (i + 1)™ row is to the right of the i*" row.
(3) All entries above a pivot are zero.

Now, if A is a square matrix, then we can reduce it using elementary row operations,
to an echelon form. Also, if M is a square echelon matrix, it is not hard to see that
either it is the identity matrix, or its bottom row is zero. So, A is invertible if and
only if, it can be reduced to the identity matrix by a sequence of row operations, and
that is the case if and only if it is a product of elementary matrices.

Now, if A is invertible, then a sequence of row operations reduce it to I,,, i.e

EkEQElA = [
and we have
Ey..EyF ] = A1

Hence, applying the same operations to the identity matrix will give us the inverse of
A.

DETERMINANTS

We already know how to define determinants for 2 x 2 and 3 x 3 matrices. We can
inductively define determinants for an n x n matrix. We can view determinants as
a multilinear function of the columns of a square matrix. We will see from the next
theorem that determinants can be characterised by three properties. We will not give
a complete proof of the theorem.

Theorem 0.10. There exists a unique function D : K™ x K" x ... x K™ — K which
has the following properties:
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(1) D is multinlinear
(2) D is alternating, i.e

D(Al, ...,Aj,Aj, 7An) - 0

which means that if two consecutive columns are equal, then D is zero.
(3) D(E1, Es, ..., E,) = 0, where Ey, Es, ..., E, is the standard orthonormal basis
of K™. We can also write it is D(I) = 0, where [ is the identity square matrix.

Proof: We will not prove uniqueness here. We will only prove the existence, and we
will do so by induction.
Let us define

D(A) = (=1)"ay;D(Ay;)
j=1
where Aj; is the (n — 1) x (n — 1) matrix obtained by removing the 1% row and the
7 column of A. We will show that this definition satisfies the three properties.
Let’s interpret D as a function of columns of A. Now, consider the term

(—1)"*"ay; D(Ay)

and consider the k™ column of A. If j # k, then the term ay; is independent of the
column of A, and by induction hypothesis D(A1;) is linear in the k" column of Aj;.
If j = k, then ay; is linear on the £™ column of A, and D(A;) is independent of this
column. So, every term is linear on the column, and so is D.

The second and third properties have simple proofs. I will not include them.

Now, we will prove some interesting properties of determinants. In the below dis-
cussion, A is a square n X n matrix.

Theorem 0.11. If consecutive columns of A are interchanged, then the determinant
changes sign.

Proof: Suppose columns A’ and A7*! are interchanged. Then,

D(AYL, .. AT, AFY AT D(AL, . AT AT ATy = DAY, AT AT AT AT

and the last term is zero because two successive columns are equal. So the assertion
follows.

Theorem 0.12. If two columns of A are equal, then the determinant is 0.
Proof: Suppose the determinant is of the form
D(A) = D(AY A%, A" . AT .. A™)

where A* = A7. We keep on switching A® with A“"!, until we reach a situation where
two adjacent columns are equal. Since switching consecutive columns only changes
the sign of the determinant, it follows that the determinant must be 0.

Theorem 0.13. If two columns of A are interchanged, then the determinant changes
sign.

Proof: The proof is very similar to Theorem 0.11, and we just use Theorem
0.12.

Theorem 0.14. Adding a scalar multiple of one column to another column doesn’t
change the determinant.

L AM
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Proof: Let the required determinant be given by
D(AY, A tAT AT LAY

where 7 # j, and t € K. Expanding this by linearity and taking out the constant ¢,
we get the required result.

VI, §3. EXERCISES
3. The determinant of a diagonal matrix is the product of its diagonal entries.

6. (i) In general, the determinant of an upper-triangular or lower-triangular matrix is
the product of its diagonal elements.

DETERMINANTS AND LINEAR INDEPENDENCE

We will now prove a theorem that will tell us how to know if a set of vectors in K™
is linearly independent or not:

Theorem 0.15. Suppose A, ..., A" are column vectors in the space K™. If Al ... A"
are linearly dependent, then
D(A', ..., A") =0

Proof: Suppose A!, ..., A" are linearly dependent. So, there are numbers a4, ..., a,
in K, not all zero, such that
aw A+ .+ a, A" =0

Without loss of generality, suppose a; # 0. Then, we can write A as a linear combi-
nation of A2, ..., A", so let
Al =m A2+ 4" AT
Now, we see that
D(A', ..., A") = D(29A* + ... + 1,A", ..., A")

= 2°D(A? .. A") + a3D(A%, .. A") + ..+ 2" D(A", ..., A")

=0
because all the determinants on the right hand side have two equal columns. So, the
vectors must be linearly dependent.

As a corollary to this, we can say that vectors Al, ..., A" are linearly independent if

the determinant of these vectors is non-zero. Later, we will prove that this is actually
an if and only if condition.

At this point, we will prove another important theorem about invertibility of square
matrices:

Theorem 0.16. Suppose A is an n X n matrix over some field K. Then, A is invertible
if and only if the columns of A are linearly independent.

Proof: First, suppose that the columns of A are linearly indepedent. So, this means
that there is a linear map 7" : K™ — K" such that

T(AY) = E,
T(A?) = E,

T(A") = B,
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where {E1, Fs, ..., E, } is the standard orthonormal basis of K™. Consider the matrix
corresponding to T', and denote it by Mp. Then, we have

MrA' = E;
but this means that
MprA=1
and so A is invertible.
Conversely, suppose A is invertible. Then, the linear map L4 associated with A is

also invertible. This means that KerL, = {O}. Also, observe that if X € K™ such
that X = (21, 29, ..., x,), then

La(X) =2, A' + 29 A% + ..+ 2, A"

and since KerL 4 = {O}, it follows that {A',..., A"} are linearly independent. So the
proof is complete.

Next, we will prove a theorem about column equivalent matrices. We say that two
matrices A and B(over some field K') are column equivalent if B can be obtained from
A by a finite sequence of column operations.

Theorem 0.17. Suppose A and B are n x n column equivalent matrices. Then,
Rank(A) = Rank(B),
A is invertible if and only if B is invertible, and det(A) = 0 if and only if det(B) = 0.

Proof: Let A', ..., A" be the columns of A. If we interchange columns, then the
space generated by the columns still remains the same. If we multiply a column by a
(non-zero) constant, then again the space generated by the columns still remains the
same. Finally, adding a scalar multiple of one column to another doesn’t change the
space generated by the columns. So, it follows that the column ranks of A and B are
equal, and thus

Rank(A) = Rank(B)
Next, observe that column operations only change the sign of the determinant or scale
it by a non-zero constant. So, det(A) = 0 if and only if det(B) = 0.
Finally, if A is invertible, then

Rank(A4) =n

(because A is invertible if and only if its columns are linearly independent) which
means that Rank(B) = n, and hence B is also invertible. Similarly if B is invertible
then A is invertible because the rank doesn’t change. Hence, the claim follows.

Theorem 0.18. Let A be an n x n matrix. Then, A is column equivalent to a
triangular matrix

bp O 0 ... O
bgl bgg 0 ... 0
B = b31 b32 b33 0

bnl bn2 bn3 bnn
Proof: The proof is by induction. If the first row of the matrix A is zero, then
inductively do column operations on the (n—1) X (n—1) submatrix to get the required
triangular matrix. If some element of the first row is non-zero, we can assume that

the first element of the first row is non-zero(by switching columns). Then, make all
elements of the first row except the first zero by adding a suitable scalar multiple of
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the first column to the other columns. Then, inductively do column operations on the
(n — 1) x (n — 1) submatrix. The required triangular matrix is thus obtained. Now,
let’s prove the most important theorem of this section:

Theorem 0.19. Suppose A = (AY, ..., A") is an n X n matrix. Then, the following
conditions are equivalent:

e A is invertible
o Al ..., A" are linearly independent

e det(A) #0

Proof: We have already shown the equivalence of the first two conditions. Now, by
the previous theorem(Theorem 0.18), we can assume that A is a triangular matrix.
We have already shown that if det(A) # 0 then the columns of A are linearly indepen-
dent. Now, if the columns of A are linearly independent, then none of the diagonal
elements is zero. Also, for a triangular matrix, determinant is the product of diagonal
elements. Hence, det(A) # 0. So the proof is complete.

PERMUTATIONS
Let’s start with some examples.
Example 1. We wish to express the permutation
{1 2 3]
31 2
as a product of transpositions. It is not difficult to obtain this product:

12 3] |1 2 3|1 2 3
312 |1 3 2[(213

1 2 3 4
2 3 41
as a product of transpositions. Again, this is not difficult, and we obtain
1 2 3 4 |1 2 3 4]|1 2 3 4|1 2 3 4
2 3 4 1] |42 3 1|13 21 4|21 3 4
It can actually be proven that every permutation can be represented as a product of
transpositions. Lets prove that.

Example 3. Lets express

Theorem 0.20. Let o be a permutation of {1,...,n}. Then, o can be expressed as a
product of transpositions.

Proof: We can prove this by induction. If n = 1 then there is nothing to prove. Now,
suppose o is a permutation of {1,2,...,n}. Let o(n) = k. Consider the transposition
7 such that 7(n) = k and 7(k) = n. So, the permutation 7o fixes n, and so it is a
permutation of {1,2,...,n — 1} that keeps n fixed. By induction hypothesis, we can
write

TO = T1T72...Tg

where each 7; is a transposition, and thus
o =T . Ty =TT T

and the claim follows.
We will denote {1, ...,n} by the symbol [rn]. We now prove an important theorem.
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Theorem 0.21. To every permutation o of [n] we can assign a sign €(o), which is —1
or 1, and which satisfies the following properties:

e If 7 is a transposition, then €(7) = —1
e If o and ¢’ are permutations then

e(oo’) = e(o)e(d”)

Proof: Let E', E?, ..., E™ be the standard orthonormal basis of K™. Let o be any
permutation of [n]. We define
det(E), B, pon)

(o) det(EL, ..., B
which we can also write as the equation
det(E°W E°®) E°™) = ¢(o) det(E", ..., E™)

It is then clear that if 7 is a transposition, then e(7) = —1.
Next, let ¢ and ¢’ be any two permutations. Then,

det(E7°'W Eoo'@ EoCM = ¢(g0) det(E, ..., E)
But, we can also write
det(E77' M Eor'@ Eo00) = (o’ det(E°W, E7P) | ETM)
= e(o")e(o) det(E, ..., E™)

and the equality e(co’) = €(0)e(o’) immediately follows. Note: Using this theorem
and the fact that any permutation can be written as a product of transpositions, we
can easily compute the sign of a given permutation. Permutations with sign 1 are
called even, while those with sign —1 are called odd.

VI, §6. EXERCISES

1. In this exercise we will determine the sign of some permutations:

JRES
1)) ==
| 3)) ==

3. We will show that the number of even permutations of [n] is equal to the number
of odd permutations. We will establish a bijection between the even and the odd
permutations.

First, let 7 be any transposition. Then, consider the map given by ¢ — 70. Suppose
there are permutations o; and o, such that

—~

=

S~—

(@)

7N
R S
o NN o

TO1 = TO2
Then it is clear that o1 = 05, and so the map is injective. To show that the map is
surjective, observe that for any permutation o, we have
T(r7 o) = 0.

Finally, since 7 is an odd permutation, for any even permutation o, we have that 7o
is an odd permutation. So, this is a bijection between even and odd permutations.
Hence the claim follows.
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We will now use our knowledge of permutations to prove that any alternating mul-
tilinear function D (multinear on columns) such that D(E, ..., E,) = 1 is uniquely
determined by these three properties.

First, let’s try to prove it for the simpler 2 x 2 case. Let

a b
c d
be any 2 X 2 matrix, and observe that
A" = aE" 4 cE?
A* = bE' + dE®
where E' and E? are the standard orthonormal column vectors. Then,
D(A', A?) = D(aE" + cE*,bE' + dE?)
= aD(E',bE" + dE?) + cD(E? bE' + dE?)
= abD(E', E") + adD(E", E?) + ¢bD(E*, E') + cdD(E?, E?)
= ad — bc
Note that we used some additional properties of determinants which can be proven
using the three initial properties.
There was no mention of permutations here. But, let us see why this is ultimately
related to permutations. We will prove it as a general theorem for n x n matrices.

Before doing so, let’s make a quick remark. Let A be an n x n matrix with entries a;;.
Then, we can write the columns of A as

Al = CL11E1 + (121E2 + ...anlE” = Z ClelEjl

Jji1=1

A? = CL12E1 + CL22E2 + apE" = Z CLj22Ej1
Jo=1

A" = a1, EY + a9, E? + ...ap, B = Z ajnnEj"
Jn=1

In the following theorem, we will replace E!,..., E™ be any general column vectors
XX
Theorem 0.22. Suppose B is any n X n matrix with entries b;;. Let X', ..., X™ be
any column vectors. Define the columns

A = b X 4 b X2+ o b X

A% = b X 4 b9 X2+ o 4 b X

A" = by, X+ by X2+ o+ by X
Then,
D(A', ., A") =) €(0)bo(uiba@z- bomnD(X', ..., X")

g

where the sum is taken over all permutations o of [n].
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Proof: By the the definition of A%, we can write

Al = zn: b;.i X7

Ji=1

Then, we use multilinearity of D to get

D(Al, ,An) - D (i bjlllea ceey i bjnnX]n>

j1:1 jnzl
=> bjuD (in, =Y bjnnXﬂ'n)
j1=1 jnzl

=D 3 D bbb DXL X

ji=1j2=1 Jn=1

Now, in the above sum, ji, ..., j, can take any values from 1 to n, but we can only
focus on the cases where the j;s are distinct. So, the sum becomes

D(A', . A") =Y byayiboy- b D(XTD, . X7M)

= Z E(U)bg(l)lba(g)g...ba(n)nD(Xl, ceny Xn)

and so the formula is proven. Note that the only thing we used was multilinearity,
and the fact that D is alternating.

We can replace X!, ..., X" by the vectors E', ..., E™ to obtain that for any n x n
matrix A, we have

det(A) = Z E(J)ag(l)lag(g)g...ag(n)n

and hence the determinant is uniquely determined by these properties.
Let’s now prove some more useful facts about determinants using this formula.

Theorem 0.23. Suppose A and B are n x n matrices. Then,
det(AB) = det(A) det(B)
Proof: Suppose C' = AB. Then, the i*® column of C is given by
C' = by AL + by A% + .+ by A
So, by Theorem 0.22, we have
det(C) =Y €(0)bo(1)1ba(@)2---bo(mnD(A", .., A™) = det(A) det(B)

g

and so the claim follows.
Theorem 0.24. For any square matrix A,
det(A) = det(A")
Proof: For any permutation o, consider the product

Ag(1)1---Ao(n)n
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Suppose (1) = k, so we can write

Ag(1)1 = Qko—1(k)
and so we can write
Ag(1)1---Ao(n)yn = alo-—l(l)...a/no-—l(n)

det(A) = Z 6(071)a10—1(1)...am,_1(n)
g
As o ranges over all permutations, so does ¢~1. So, the second hand side of the last
equation is the determinant of AY. So, the claim follows.
Now, let us prove a formula for the inverse of a non-singular matrix.

and so

Theorem 0.25. Let A be an n x n matrix such that D(A) # 0. Then, the inverse of
A is given by a matrix B such that

Bz’j =

where the vector EJ occurs at the it column in the numerator.

Proof: To find the inverse of A, we need to find a matrix B such that AB = I, or
we can write
Ej - Blel + + Bn]An
This is a system of n linear equations in n unknowns. The solution can be obtained
by using Cramer’s rule as

and so the theorem is proved.

This shows that B is the right-inverse of A. Now we will show that B is also the
left inverse. Since D(A) = D(A"), we can repeat the above process to obtain a matrix
Y such that

AY =1
and taking the transpose on both sides, we get
YIA=1

So,
BA = (Y'A)(BA) =Y (AB)A=Y'A=1

and hence B is also the left-inverse of A.

Define 4;; to be the matrix obtained after removing the i row and the j™ column
of A. So, observe that

(—=1)"" det(A;)

v det(A)
and so we can say that the inverse of A is the transpose of the matrix of cofactors of
A divided by det(A).

B

THE BINET-CAUCHY FORMULA

In this section, we will see a generalisation of the product rule for determinants.

1. VI, §8. EXERCISES

1. As an exercise, we will compute the inverse of a matrix using the above formula.
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The matrix is

2 1 2
0 3 -1
4 1 1
and the inverse by the above formula is
1 4 1 =7
— | -4 -6 2
0 \-7 2 &

INTERNAL AND EXTERNAL DIRECT SUMS

Suppose V' is a vector space over a field K. Let V; and V5 be subspaces of V' which
satisfy the following properties:

(H) Vi+Va=V
(2) inV, = {0}
Then we say that V' is a direct sum of V; and V5, and we write

V=Via

This is also called the internal direct sum, because V; and V5 are subspaces of V.
Now, suppose V; and V5 are abstract vector spaces over a field K. Now define

V=VxW
Now, define N
Vi=Vi x{Ow}
and also B
Vo = {0y} x {Va}
Then it is not hard to see that
V=Vi+V,
Also, the nice thing about 171 and \72 is that V] & ‘71 and V5 = \72 This kind of direct
sum is called an external direct sum, because V; and V5 are no more subspaces of V.

But due to the isomorphism, any external direct sum can be interpreted as an internal
direct sum.

QUOTIENT SPACES

Let V' be a vector space over some field K, and let W be a subspace of V. We define
a relation «~ on V as follows: v «~ w if v —w € W. It is then easy to see that « is
actually an equivalence relation. The set of all equivalence classes under this relation

is called the quotient space, and is denoted by 4 / 1 - For a vector v, we denote its
equivalence class by the symbol [v]. Also, the equality
v =v+W
is true, where
v+Wi={ut+v:ueW}

Now, we will define addition and scalar multiplication of equivalence classes as

follows:
[v1] + [v2] = o1 + v2]

alvi] = o]
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where @ € K. This shows that ¥ / F 1s itself a vector space, whose zero element is

[O] = W. We now define a map 7: V — V/W as
m(v) = [v]

It is then easily seen that Kerm = W, and imm = 4 / 1w And by Rank-Nullity
theorem, we get

dimV/W =dimV —dim W
This gives us an important fact: given any subspace W of V| there is a linear map
from V' to some vector space whose kernel is W. Let’s do an example of quotient

spaces.
Example. Let V = R?. Let Ly be the subspace of V' given by

Lo ={(z,0): z € R}

We wish to find V' / Lo The elements of this quotient space are the translates of Ly,

which are basically elements of the form v + Ly, where v € V. So, the elements are
L., where « is any real number, and

Lo, ={(z,a):z € R}

which means that the quotient space consists of all lines in R? parallel to the line
y = 0.
We will now prove what’s called the first isomorphism theorem.

Theorem 1.1. Let V and W be vector spaces over some field K, and let T : V — W
be a linear map. Then,

V/ Ker7 = imT
Proof: We will give an isomorphism from 4 / Ker7 toimT.
For v + KerT € V/KerT? define
P(v+KerT) = T(v)

We must ensure that this map is well-defined, in the sense that if v +KerT = v+ KerT
then P(v; + KerT') = P(vy + KerT'), but this is easily checked. We will show that P
is a one-one and onto linear map.

First let’s show that it is a linear map. Let v; + KerT and vy + KerT be in v/KerT‘
Then,

P(vy + KerT + vy + KerT') = P(vy + vg + KerT)
(v1 + v2)

(

(

v1) + T'(vg)

T
T
P(vy + KerT') + T'(vy + KerT))

and if o € K, then
P(a(vy + KerT)) = P(av, + KerT)

= aP(v; + KerT)
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To show that P is one-one, we will prove that KerP = {O + KerT'} (O is the zero
vector in V). Suppose there is some v + KerT" such that
Plv+KerT)=T(v) =0

(observe that here O is the zero element of ). This means that v € KerT, which
means that v + KerT' = 0 4+ KerT'. So, T is one-one.

Finally, showing that P is onto is trivial. So, it follows that P is an isomorphism,
and hence

V/ KerT = imT

GENERAL ORTHOGONAL BASES AND THE ALGEBRAIC DUAL

In this section, we will first prove that any non-zero finite dimensional vector space
V has an orthogonal basis.

Theorem 1.2. Let V be a finite dimensional vector space over a field K, equipped
with a scalar product, and suppose V' # {O}. Then, V has an orthogonal basis.

Proof: We can prove this by induction on the dimension of V. If V is one-
dimensional, then any non-zero vector in V' forms an orthogonal basis. So, suppose
n =dimV > 1. Then, two cases are possible.

Case 1: For every vector v € V', we have

(v,v) =0
and a consequence of this is that for every v,w € V, we have
(v,w) =0

which means that every basis of V' is orthogonal.
Case 2: There is some vector v; € V such that (vy,v1) # 0. Let Vj be the space
generated by the vector v;. We will show that

V=VieV
To show this, suppose v € V', and let
= <U, Ul)
(v1,01)

and observe that (v — cvy,v;) = 0, which means that v — cv; € Vi+ and hence
v=(v—cvy)+cv

Also, we must have VNV = {O}, which proves our claim. Now, dim V;* = dim V —1,
and by induction hypothesis, V;* has an orthogonal basis {vs, ..., v,}, and it follows
that

{Ul, V2, vuny Un}

is an orthogonal basis of V. This proves the claim.

V,85. EXERCISES

1. In this exercise we will find orthogonal basis for the indicated spaces.
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(a). A=(1,1,1), B=(1,—-1,2) and X - Y = z1y; + 229y + z3y3. It is clear that A
and B are linearly independent, but
(4, B) £0
Also, observe that (A, A) # 0. Consider the vector B’ given by
B, A 3 .57
p-z-iaaa=(373)
So, the set {A, B’} is an orthogonal basis for the given space.

2. Consider the space C? over C. For elements (xy,x3) and (y1,y2) in C?, we define

((z1,72), (Y1,12)) = T1y1 — iT2y1 — iT1Y2 — 27212

Consider the elements A = (1,1) and B = (1, —1), which form a basis of C?. Also, we
have

((1,1),(1,1)) = =1 —2i 40

B, A) 8 —6i —2— 61
B'=B — <’—A =
Aot (505
So, {A, B’} is an orthogonal basis of C2.
Suppose V' is a vector space over some field K. We define the space V* as

V*:={T:V — K : T is linear}

Observe that V* is a subspace of KV. We call this space the algebraic dual of V.
Suppose dimV = N. We already know that V = K. We will prove that in this
case, V* = KV as well, which will prove that V = V*.
Suppose {v1,...,ux} is a basis of V. Any f € V* is completely determined by the
values f(v1),..., f(vx). So, consider the map ¢ : V* — K* defined as

¢(f> = (f(U1>, ) f(Un))

It is then clear that ¢ is a one-one map. Also, it is clearly onto. Finally, it is also easy
to see that ¢ is a linear map. Hence, ¢ is an isomorphism, and hence

V=v

Note that V was assumed to be finite dimensional. It turns out that this is a necessary
and sufficient condition for the dual space to be isomorphic to the original space.

We will now look at finite dimensional vector spaces with a non-degenerate scalar
product. It turns out that the dual space in this case is isomorphic to something
simple, as we prove in the following theorem:

Now, define B" as

Theorem 1.3. Suppose V is a finite dimensional vector space with a non-degenerate
scalar product. For any v € V, define the map L,(w) = (v,w). Then, L, € V*. The
map

v = L,

is an isomorphism between V' and V™.

In other words, this theorem means that any map ¢ € V* can be written in the
form

¢(v) = {vo,v)

for some element vy € V.
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Proof: First, the mapping v +— L, is clearly linear by the properties of the scalar
product.

Next, suppose there is some v € V such that L, = O, where O is the zero-map.
This means that for all w € V', we have

(v,w) =0

and since the scalar product is non-degenerate, this implies that v = Oy. So, the
kernel of the mapping v — L, is {Oy}. By the Rank-Nullity theorem, it follows that
the dimension of the image of this map is dim V. Since dim V' = dim V%, it follows
that this map is surjective. Hence it is an isomorphism.

Let’s prove one final theorem in this section:

Theorem 1.4. Suppose V is a finite dimensional vector space, and let W be a sub-
space. Define

Wh={pcV*: (W) =0}
Then, W+ is a subspace of V*, and
dim W 4+ dim W+t = dimV

Proof: That W+ is a subspace of V* is easy to see. If W = {Oy}, then W+ = V*,
and the claim follows. So, suppose W # {Oy}. Let {w;,ws,...,w,} be a basis of W,
and extend it to a basis of V, that is let

{wy, wa, .oy Wy, W1, ooy Wi }

be a basis of V. Corresponding to this basis, let {¢1, ¢, ..., ¢} be the dual basis. We
will show that {¢, 1, P10, ..., &n} is a basis of W.

First, any linear combination of {¢, 1, ..., ¢, } is in W+. Next, if ¢ € W=, then we
can write

¢ = a1¢1 + ...+ an¢n

and observe that

¢(U}1) =
P(w2) = ap =
o(w,) =a, =0

and hence ¢ is a linear combination of {¢,1, ..., ¢, }. This proves the theorem.
Observe that in the above theorem no use of the scalar product is made. But we
will now use it to prove a corollary.
Let V be a finite dimensional vector space with a non-degenerate scalar product.
For a subspace W of V', we define it’s orthogonal complement in two ways:

perpy, (W) ={v eV : (v,w) =0Vw e W}
perpy« (W) = {¢ € V*: ¢(W) = 0}

Since the scalar product is degenerate, the map v +— L, gives an isomorphism between
perpy (W) and perpy. (W), where L,(w) = (v,w) for all w € V. So, as a corollary to
the previous theorem, we obtain:
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Theorem 1.5. Suppose V is a finite dimensional vector space with a non-degenerate
scalar product. For any subspace W of V', we have

dimV = dim W + dim W+

Here, W+ is the set of all vectors in V' which are orthogonal to every vector in W.

V, §6. EXERCISES

3. Suppose W is the subspace of C3 generated by the vector (1,4,0). We know that

the dimension of W+ is 3—1 = 2. So, let’s find two linearly independent vectors which

are orthogonal to (1,7,0). Any such vector (x,y,2) € C* will satisfy the equation
r+i1y =0

Observe that two such vectors are (i,—1,1) and (1,4,0), both of which are linearly
independent. Hence, the set {(i, —1,1),(1,4,0)} is the basis of W+.

4. Suppose V is an n dimensional vector space over K, and consider ¢, a non-zero
functional (a map in V*). By Rank-Nullity theorem, we have

n = dim Ker(¢) + dim Im(¢)
and since the image is a non-zero subspace of K, it must be K. Hence,
dim Ker(¢) =n — 1.

SPACE OF OPERATORS

In this section we will study something known as the space of operators. Let V' and
W be finite dimensional vector spaces over a field K. The set of all linear maps (or
operators) from V' to W is denoted by Hom(V,W). This is a vector space over K as
we proven before.

We define End(V') = Hom(V, W). Observe that not only is End(V') a vector space,
but it is equipped with another operation, which is the composition of linear maps.
Let T € End(V). As a notation, we write

KT ={col+aT+..+c,T" :¢cp,...cr, € K}

Here, I is the identity map in End(V'). Note that if ¢ € K[T] and f € KI[T], then we
have

feg=gof
that is composition is commutative in K[T]. Let’s again come back to the space
Hom(V, W). We will find the dimension of this space.

Theorem 1.6. If V and W are finite-dimensional vector spaces over K, then
dim Hom(V, W) = dim (V') dim(W)

Proof: Let {vy,...,v,} be a basis of V| and let wy, ..., w,, be a basis of W. Here, the
key fact that we will use is that any 7' € Hom(V, W) is completely determined by the
values T'(vy), ..., T'(vy,).

For 1 <i<mnand 1l <j<m, define T;; € Hom(V, W) by the formula

Tij(vr) = diww;
forany 1 < k < n. In simpler words, the map T;; sends the vector v; to w;, and sends all

other vectors to the zero vector. We will show that the set {T}; : 1 <i<n,1 <j <m}
is a basis of Hom(V, W), which will prove the claim.
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First, let A\;; be scalars in K such that
f=> MNT;=0

1<i<n
1<j<m
Here, O is the zero map. Let’s compute f(v1). We have
flor) = > ANiTy(v)

1<i<n
1<j<m

= Z )\Z'j(sile

1<i<n
1<j<m

=2_ M
j=1

and since wy, ..., w,, are linearly independent, it follows that A17 =0 for each 1 < j <
m. Similarly, by computing f(vy), we can show that A\;; = 0 for each 1 < j < m. This
proves that \;; = 0 for all 7 and j, and hence the set {T}; : 1 <i <n,1 <j < m}is
linearly independent.

Now, let T': V — W be a linear map which takes the following values on the basis
elements of V:

T(v1) = anywy + ajawy + ... + AWy,

T('UQ) = QoW1 + Ag2Wo + ... + A9y W,
T(v,) = apywy + Apaws + ... + AWy,

and this can be written as

T(v1) = anTii(v1) + aroTia(v1) + oo + a1 Tim (V1)
T'(ve) = a1 To1(ve) + axTha(ve) + ... + agmTom(v2)

T(Un) - aannl(Un) + an2Tn2(Un) + ...+ aannm(Un)

and so we can write the map T as

T= Y aT;
1<i<n
1<j<m

which proves that the set {T;; : 1 <i <n,1 < j < m} is a basis of Hom(V,W). So,
it directly follows that

dim Hom(V, W) = dim (V') dim(W)
In particular, the above formula tells us that
dim End(V) = (dim(V))?

if V is finite dimensional.
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Polynomials. Let V be a vector space over some field K, and consider the objects
End(V') and K|[z]|. As a convention, we define

deg O = o0

where O € K[z] is the zero polynomial. We already know an important fact about
the ring K|z]: it has Euclidean division. Let’s now prove the following theorem:

Theorem 1.7. Suppose V is finite dimensional, with dim V' = N. Let T" € End(V).
Then, there is a non-zero polynomial f € K|[z] of degree less than or equal to N? for
which the map f(7') is the zero map.

Proof: Consider the following maps in End(V)
T, 72,73, ... TV
where [ is the identity mapping. We know that these must be linearly dependent,
because dim End(V) = N2, and so there are scalars cq, ..., cy2 not all zero such that
ol + 1T+ eT? + 4 2TV =0
where O is the zero map. Consequently, the polynomial f € K|z| defined by
fl@)=co+ x4 ... + cyex™

is non-zero, and the map f(7') is the zero map. This proves the claim.

Let’s make a couple of definitions. Let 7" € End(V). We say that T is regu-
lar/invertible if there is some map S € End(V') such that SoT =1 =ToS. It T is
not regular, then it is called singular. We also define the general linear group GL(V)
to be the set

GL(V) :=={T € End(V) : T is invertible}
(Its called a group because it forms a group under composition). If V' is finite dimen-
sional, then 7" € End(V) is invertible if and only if KerT' = {O}. This is easily seen
by the Rank-Nullity theorem.

Another definition. For T' € End(V'), we define the annihilator of T to be the set

An(T) = {f € K[z] : f/(T) = O}

where O € End(V) is the zero map. Let’s prove a relatively simple theorem.

Theorem 1.8. Let 7' € End(V). Then:
(1) f,ge An(T) = f+ g€ An(T)
(2) f € An(T) and g € K|z] implies that fg € An(T') and ¢gf € An(T).
Proof: For the first assertion, suppose f,g € An(T"), and let
f=co+ ...+ cpa”
g=by+ ...+ b, z™
and wlog let m > n. Then, observe that
(f+9)(T) = (co+ b)) + ... + (¢ + b)T" + ...cyT™
and for any element v € V', we have
(f 4+ 9)(T)(0) = (co +bo) I (V) + ... + (¢ + b)) T™(V) + ... + e T™(v)
=col(v) + ... + e T™(v) +bol(v) + ... + b, T (v)
=0+0
=0
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and hence f+ ¢ € An(V). In a similar way, we can prove the second assertion.

Now suppose V is finite dimensional. Then, by Theorem 1.3, there is some non-
zero polynomial f € K[z| such that f € An(T), for any 7' € End(V'). Also, if this f
satisfies

flx)=co+ ...+ ca"
then by Theorem 1.4, we see that ¢, ! f € An(T'), and observe that ¢, ' f is a monic
polynomial. With this in mind, for a given T', we define its minimal polynomial to be
the monic polynomial of least degree which annihilates 7. By Euclidean Division in
K[x] combined with Theorem 1.4, it follows that this minimal polynomial is unique.

Examples. Following are some examples of linear maps and their minimal polynomi-
als:
(a) The minimal polynomial of the zero map is .
(b)The minimal polynomial of the identity mapping [ is © — 1. The minimal poly-
nomial of the map Al is x — A.
(c) Let’s see an example where the minimal polynomial is 22 + 1. Suppose V = R?,
and let {e;, es} be the standard basis of R?. Define a map T' € End(V) as
T(el) = €2
T(eg) = —€1
It is then easy to see that no monic polynomial of degree one can be the minimal
polyomial. Also, observe that
T°+1=0
and hence its minimal polynomial is 2% + 1.
Let’s make some more definitions. We say that 7' € End(V) is nilpotent there is
some n > 1 such that 7™ = O. Let’s do prove an easy theorem:

Theorem 1.9. If T is nilpotent, then both T — I and T + I are invertible.

Proof: The conclusion follows from the simple observation that
I=T-D(-I-T—..—-T""
I=(-T—-D)(-I+T-T%.. +(-1)"T"1)

Let’s do another important fact about invertible operators:

Theorem 1.10. Suppose dimV' < oo, and suppose T' € End(V). Let Pr be the
minimal polynomial of 7. Then, T" is invertible if and only if Pr(0) # 0

Proof: First, suppose that Pr(0) # 0. Then, let
Pr(z)=co+crx+ ...+ 2"

where n > 1. So, we have
col+cT+...+T"=0

_ Tn— 1
I:T(—ﬁ]—m— )
Co Co

which implies that T is invertible.
We will prove the other direction by proving the contrapositive. Suppose Pr(0) = 0.
Then, let

which implies that

Pr(z)=cz+..+a"
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which means that

al+...+T"=0
where n > 1. If n = 1, this means that

T=0
and hence T is not invertible. If n > 1, then we have
Tl +..+T" ) =0
and since Pr is the minimal polynomial for T, it must be true that
ol +..+T""

is not the zero map. So, there is some non-zero w € V such that (¢;/+...+T" ) (w) #
Oy, which means that T'(w) = Oy, and hence Ker(7) is non-zero, which means that
T is not invertible. This completes the proof.

So, to check whether a given operator is invertible or not, we just need to check the
constant of its minimal polynomial.

Let’s make some more definitions. Suppose V' is finite dimensional, and let T" €
End(V). A € K is called an eigenvalue of T if T'— A1 is singular(not invertible). This
is equivalent to saying that there is some non-zero v € V' such that

T(v) =M

Let’s prove an important theorem about eigenvalues of an operator:

Theorem 1.11. Let V' be a finite dimensional vector space, and let T" be an operator
on V. Then, \ € K is an eigenvalue of T if and only if X is the root of Pr.

Proof: We might as well assume that T is the non-zero operator. Suppose A is an
eigenvalue of 7. We have that

Pr(z) = (z = A)g(z) + ¢

where ¢ € K. Let v € V be the corresponding non-zero eigenvector for this eigenvalue.
Then, we have

Pr(T)(v) =0y = (T — X ) o q¢(T)(v) + cl(v)
=q(T) o (T — X)(v) + cl(v)
= OV +cv
which implies that cv = Oy, and since v # Oy, it implies that ¢ = 0. So, \ is a root
of PT.
Conversely, suppose A is a root of Pr. Then,
Pr(z) = (x — Nq(z)

for some non-zero polynomial g. This means that (7" — A )q(7T') is the zero-map. But,
q(T') cannot be the zero-map, and so there exists some non-zero v € V such that
(T'— M )(v) = Oy, which means that A is an eigenvalue of 7. This completes the
proof.

Now let us prove another important theorem:

Theorem 1.12. Let 7' € End(V), and let A be an eigenvalue of T'. Let V) be the set
of all eigenvectors of T' corresponding to this eigenvalue. Then, V), is a subspace of V.
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Proof: It is clear that O in V). Also, suppose vy, vy are in V). Then,
T(v1 + v9) = vy + Avg = A(v1 + vg)

and hence vy + vy € V). It can be similarly shown that cv; € V) for any ¢ € K. So,
the proof is complete.

This space is called the eigenspace corresponding to A.

Let us now prove another theorem:

Theorem 1.13. Eigenvectors corresponding to distinct eigenvalues are linearly inde-
pendent.

Proof: Suppose T € End(V) and let ay,...,a, be distinct eigenvalues of T', with
corresponding eigenvectors vy, ...,v,. We prove the claim by induction. Clearly, a
single vector is linearly independent. So, let vq,...,v,. be a subset of vq,...,v,, and
suppose all sets of r — 1 vectors are linearly independent. Now, suppose there are
scalars ¢y, ..., ¢, such that

cv1 + ... + ¢, =0
Appplying T on both sides, we get
ajcvy + ... + a.cv, = 0O
and this means that
ca(ag — ay)vg + ... + ¢(a, — ag)v, = O

and since this is a set of r — 1 vectors, these are linearly independent. Since a; — a; is
not zero for ¢ # 1, we see that

co=..=¢ =0

and hence ¢; = 0 (because v; # O). So, by induction, it follows that vy, ..., v, are
linearly independent.
Now, we will prove a theorem which will lead to a concept called diagonalisation.

Theorem 1.14. Suppose T € End(V). The following hold:

(1) T e GL(V) if and only if 0 is not an eigenvalue of 7.
(2) For any S € GL(V), we have

(STS™H" = ST"S™!
(3) For any f € K{z], we have
f(STS™) = SF(T)S™
(4) The operators T and STS™! have the same eigenvalues.

Proof: For (1), we know that T is invertible if and only if Pr(0) # 0. Also, Pr(0) # 0
if and only if 0 is not an eigenvalue of T (because eigenvalues are roots of Pr). Hence
the claim follows.

For (2), we prove it using induction. The case n = 1 is trivial. Then, observe that

(STS 1"+t = (STS H)™(STS™)
= (ST"S™H(STS™)
= STHg!

and so we are done by induction.
For (3), suppose f € K[xz] is given by

f(z) =co+ 1y + ... + cpa”
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Then, we have
f(STS™) = coSIS ™ 4+ 1 STS ™ + ¢ ST?S™ + ... + ¢, ST"S ™
= S(colS™ 4+ TS 4 cT?S™ + . 4+, T"S™)
= S(col + 1T+ coT? + ... + ¢, T")S™
= Sf(T)S™!

Note that we first used left distributivity of composition, then we used right distribu-
tivitly. For (4), we will prove something stronger: we will show that the minimal
polynomials of ST'S™! and T are equal.

Let g be the minimal polynomial of ST'S™!, and let f be the minimal polynomial
of T.

Then, observe that

g(STS™) =0 = Sg(T)S™*

where O is the zero map. Since S € GL(V'), it follows that ¢(7") is the zero map, and
hence g € An(T). So, f|g. Similarly, observe that

FSTS™) = SHT)S =0

and hence f € An(STS™!), so that g|f. Since f and g are both monic polynomials in
K[z] that divide each other, it follows that f = ¢g. So, the minimal polynomials are
equal, and hence the eigenvalues are also equal.

Respecting the above theorem, we define a diagonalisable operator. T' € End(V') is
said to be diagonalisable if there is a basis of V' which consists of eigenvalues.

Let’s now prove a key theorem about diagonalisable operators:

Theorem 1.15. 7' € End(V) is diagonalisable if and only if all roots of Pr are in the
field K and each root has multiplicity 1.

Proof: First, suppose T is diagonalisable. Then, there is a basis {vy,...,v,} of V
that consists of eigenvectors of 1. Suppose

T(Ul) = )\1’01
T(Ug) = )\2’01
T(v,) = Ay,

Consider

F(z)=(z—X\)...(x = \)
where 1 < r < n, and each \; is distinct (this is done to ensure that each A; has
multiplicity 1 in F'). Now, observe that

F(T)=0

and hence F' annihilates T, so Pr|F. Also, we know that each J); is an eigenvalue, and
hence (x — \;)|Pr for each i. But, observe that if i # j, then (z — ;) and (x — \;)
are coprime, and hence it follows that (x — Ay)...(x — A\,.)| Py, which means that F|Pr.
Finally, both F' and Pr are monic polynomials which divide each other, and hence
F = Pr. So, each root of Pr is in K and has multiplicity 1.

Conversely, suppose that P = (x — A\;)...(x — A,), where each )\; is distinct, and
1 <r <n. Let Wy, ..., W, be the eigenspaces corresponding to the eigenvalues Ay, ..., A,



LINEAR ALGEBRA 49

respectively. We will show that V' is the direct sum of Wy, ..., W, and hence it will
show that 7" is diagonalisable.

It is clear that W; NW; = {O} if i # j. So, all we need to prove is that every v € V
can be written in the form

V=W, + ... +wW,
, where w; € W,.
First, suppose w € W;, for any 7. Observe that

and hence T'(w) € W;. We say that each space W; is T-invariant.
Consider the polynomials

Qi(z) = xP_(:L’))\Z

for each 1 < ¢ < r. Then, the polynomials @4, ...,Q, are relatively prime. So, there
are polynomials GGy, ..., G such that

QIGI + .+ QTGT‘ =1

where 1 is the constant polynomial.
First, we will show that for any v € V', Q;(T)(v) € W;. Since Pr is the minimal
polynomial, we have

Pr(v) =0
for all v € V. Hence
(T —XNI)o(T—MIDo..o(T—X D)o (T =Ny )o...o(T—\I)(v)=0
for all v € V', which means that
(T = XNI)(Qi(T)(v)) = O

for all v € V, and hence Q;(T)(v) € W;.
Finally, observe that

QG (T)(W) + . + QGo(T)(w) = I(v) = v

for all v € V. This proves that we can write any v € V' in the form v = wy + ... + w,,
and hence V is the direct sum of Wy, ..., W,.. Hence, T is diagonalisable, and the proof
is complete.

Let us now prove another important theorem regarding upper-triangular maps (or
matrices):

Theorem 1.16. Suppose V is a finite dimensional vector space over K, and let T' €
End(V') such that there is basis B for which Mg(T') is upper triangular, i.e

aj;p a2 ... Qi
0 a .. Qo
Mpmy=| o 7 0
0 0 0 apn

Then, a;; is an eigenvalue of T', for 1 <1 < n.
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Proof: Let the basis B be {v,...,v,}. Then, the following hold:
T(Ul) = a11V1

T'(v3) = a1201 + azovs
T(v,) = a1pv1 + oo + Ay,

A simple calculation shows that
(T — allf)(vl) = O
(T — CLH]) o (T — a22.[)<v2) = O

(T —anl)o (T —agl)o...o(T — apd)(v,) = O

First, it is clear that aq; is an eigenvalue. Now suppose that a1, ..., ax_15_1 are eigen-
values. If ayy is any one of aqq, ..., ax_1,—1 then ag is also an eigenvalue. So, suppose
arr 1 not one of those values. Observe that

(T — ap_1p11) o ..o (T — ay I)(vg) = dyvg + ... + dpvg
where dy, ..., d; are in K. A simple calculation shows that
dp = (ark — Qg—15-1)---(akr — an)
and hence dj, # 0. Hence, (T — ag_1x-11) 0 ... o (T'— a11I)(vy) # O. But, observe that
(T —agpl) o (T — ap_1_11) 0 ... o (T — a1 I)(vy) = O

and hence it follows that ay is also an eigenvalue of T'. Hence, all the diagonal elements
are eigenvalues of T, and the proof is complete.

Next, let’s prove that upper triangulizable and lower triangulizable are essentially
the same thing, and hence we can just say a triangulizable operator:

Theorem 1.17. T' € End(V) is upper triangulizable if and only if it is lower trian-
gulizable.

Proof: Suppose T is upper triangulizable. Then, there is some basis {v1,...,v,}
such that

T(Ul) = 1101

T(v1) = a1201 + asvs
T(vn) = a1v1 + ... + Gppvy

Consider the basis {v,, ...,v1}. The matrix of 7" with respect to this basis is then:

Ann 0 .. 0
Ap—1n OQp—1n—-1 .- 0
Ap—2n Op—2p—1 .- 0

A1n A1n—1 e Qayy
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which is a lower triangular matrix. Hence, T is lower triangulizable. Similarly, the
other direction may be proved, and hence the claim follows.

VIII | §1. EXERCISES
1. Suppose a € K and a # 0. It is easy to see that the only eigenvalue of the matrix

b 1)

is A = 1, and any eigenvector corresponding to this eigenvalue is of the form (a,0),
and a basis for this eigenspace is {(1,0)}. Evidently, this is a one-dimensional space.

(5 2)

and again the only eigenvalue is A = 2, and every vector is an eigenvector. So, a basis
of the eigenspace is {(1,0), (0,1)}.

2. Consider the matrix

3. Suppose A is a diagonal matrix given by

a1 0 0
A— 0 929 0
0 0 .. ap

Suppose FEji, ..., F, are the standard orthonormal basis. Then observe that
A(El) = CLHEl
A(EQ) = CL22E2

A(E,) = apE,

and hence the dimension of the space generated by the eigenvectors of A is n (caution:
this does not mean that every vector is an eigenvector). All diagonal elements are the
eigenvalues, and their corresponding eigenvectors are these vectors.

5. (a) Suppose 0 € R and consider the matrix
cosf)  sinf
A= (sin@ —cos@)

First, suppose cos # 1. Consider the vector v given by

B sin 6 .
YT —cosf’

It is not hard to see that Av = v. Hence, in this case, A has an eigenvector with a
real eigenvalue. If cos@ = 1, then the matrix A is simply

1 0
= 5)
and the vector v = (1,0) is an eigenvector of A with corresponding eigenvalue 1.

6. Let R(A) be a rotation matrix in R?. The characteristic polynomial of this matrix
is t2 — 2tcos @ + 1. This polynomial has real roots if and only if sin@ = 0, which is
equivalent to saying that R(0) = +1.
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THE CHARACTERISTIC POLYNOMIAL

We have already shown before that if 7' € End(V'), then A is an eigenvalue of T' if
and only if T'— AI is not invertible. If 7" is interpreted as a matrix, then we define the
characteristic polynomaial of T" to be the polynomial

det(T'— M) =0
where [ is the identity matrix. Let’s prove an important theorem:

Theorem 1.18. )\ € K is an eigenvalue of 7" if and only if A is a root of the charac-
teristic polynomial of T. Here T is a matrix.

Proof: Suppose A € K is an eigenvalue of T'. Then, we know that the matrix T'— \I
is not invertible, and hence det(T" — AI) = 0. Conversely, suppose A € K is a root of
the characteristic polynomial. Then, we have

det(T — M) =0

and hence T'— AI is not invertible, and hence A\ is an eigenvalue of T'.

The characteristic polynomial gives us a good computational tool to calculate the
eigenvalues of a map.

Let’s also prove a relationship between determinants of similar matrices:

Theorem 1.19. Suppose A and B are two n X n matrices, such that B is invertible.
Then, the characteristic polynomials of A and B~'AB are equal.

Proof: We have that
det(A —tI) = det(B~'(A — tI)B)
=det(B'AB —tI)

and this proves our theorem.

VIII | §2. EXERCISES

1. (a) The characteristic polynomial of A is (z — a1)(x — ag)...(x — a,).
(b) The eigenvalues of A are ay, ..., a,.

2. If A is a triangular matrix, the answer is still as it was in 1.

9. Suppose V' is an n dimensional vector space and suppose that the characteristic
polynomial of a map A € End(V) has n distinct roots. Then, it implies that A has
n distinct eigenvalues, and hence A is diagonalisable. This means that there is some
basis of V' consisting of eigenvalues of A.

10. We will prove something more general: suppose V' is an n dimensional vector
space with a non-degenerate scalar product. Then, for any map A € End(V), the
eigenvalues of A and 'A are equal.

Proof: Suppose A is an eigenvalue of A and let v; € V' be the corresponding eigen-
vector. Then, for every w € V', we have

(Av,w) = v, w) = (v, Aw)
which implies that
(v, \w —"Aw) =0
Now, if X is not an eigenvalue, then the map A\ — A is invertible, and hence an
isomorphism. So, the expression Aw — "Aw runs through all vectors in V as w runs
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through all vectors in V. But since the scalar product is non-degenerate, it implies
that v = O, which is a contradiction. So, A must be an eigenvalue of *A.

Similarly, we can show the other way: if A is an eigenvalue of YA, then it is also an
eigenvalue of A. Hence, this completes the proof.

This theorem implies that the eigenvalues of a matrix and its transpose are the
same.

15. Suppose V is a finite dimensional vector space over K. Let A and B be linear
operators. We will show that AB and BA have the same eigenvalues. Suppose A # 0
is an eigenvalue of AB. Then, there is some non-zero vector v such that

ABv = \v
Now, observe that B(v) is a non-zero vector. Also, we have

BABv = B\v = \Bv

which implies that A is also an eigenvalue of BA. We can show the other direction
similarly. Hence, the eigenvalues of AB and BA are the same.
Now we deal with the case when A\ = 0. So, there is some non-zero v such that

ABv =20
Now, if Bv # O, then we are done, because in that case,
BABv =0

and hence Bw is the required eigenvector. If Bv = O, then there are two cases: first,
if Ker(A) # {O}, then there is some v # O such that Av = O, and hence

BAv =0

so that v is the required eigenvector. If Ker(A) = {O}, then A is an isomorphism.
Hence, there is some w € V such that A(w) = v. Hence, in that case, we have

BAw = Bv =0

and hence w is the required non-zero eigenvector. So, in all cases, AB and BA have
the same eigenvalues.

SEMI-SIMPLE OPERATORS

Let’s define what a semi-simple operator is. Let V' be a vector space over some field
K. T € End(V) is called semisimple if for every T-invariant subspace of V', there
is a T-invariant complement. T is called a simple operator if the only T-invariant

subspaces of V are {O} and V.
Let’s look at two examples:

Example 1: T : V — V| such that T'(e;) = e; and T'(e2) = e1 + e5. We will show
that 7' is not semi-simple.

Suppose 1" is semi-simple. Consider the subspace spanned by e;. Since e; is an
eigenvector, this subspace is T-invariant. So, there is a T-invariant complement as
well, and call it W. Since V is two-dimensional, dim W = 1, and let {e} be a basis of
W. Since W is T-invariant, we must have

T(e) =ce

for some ¢ € K.
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Now, it is clear that ¢ # 1, because T is not the identity operator. Now, suppose
es = aeq + be, where a,b € K. We then have

T(es) = aey + cbe = (1 + a)ey + be

which implies that b(c—1) = 0, and since b # 0, we have ¢ = 1, which is a contradiction.
Hence, T' is not semi-simple.

Example 2: Suppose V is a two dimensional vector space over R, and let T be given
by T'(e1) = —es and T'(es) = e;. It is clear that the minimal polynomial of T"is 2%+ 1,
and hence it is not diagonalisable. But, we will show that 7T is simple, and hence
semi-simple. This is a good example to show the fact that if the ground field is not
algebraically closed, then semi-simpleness and diagonalisable are not the same thing.
Suppose W is a T-invariant subspace of dimension 1. Let {e} be a basis of W. Since
W is T-invariant, it follows that T'(e) = ce, for some ¢ € R, which means that ¢ is an
cigenvalue, which contradicts the fact that 22 4+ 1 is the minimal polynomial. Hence,
V' cannot have any T-invariant subspaces of dimension 1, and hence it is simple.
Now, lets prove another useful theorem:

Theorem 1.20. Suppose T is an operator on V' such that 7" is diagonalisable. Then,
T is semi-simple.

Proof: We prove this by reverse induction on the degree of the T-invariant subspace.
Suppose W is a T-invariant subspace of V' of dimension n. Then, it follows that
W =V, and hence the T-invariant complement is {O}.

Now, suppose dim W = r < n, and suppose it is true that all T-invariant subspaces
of V of dimension > r have a T-invariant complement. Let {wy, ..., w, } be a basis of .
Since T is diagonalisable, there is a basis {v1,...,v,} of V consisting of eigennvectors
of T. Now, in this basis, there is atleast one vector vy such that the set {ws, ..., w,, v;}
is linearly independent. Without loss of generality suppose v, = vy, and the set
{wy, ..., w,,v1} is linearly independent. Define W, = ({wy,...,w,,v1}), and hence
dimW; = r 4+ 1. Also, since v; is an eigenvector, it follows that W7 is a T-invariant
subspace of V. Hence by our hypothesis, it has a T-invariant complement, say W.
Let {uyy2, ..., u,} be a basis of Ws.

Now, define

—~

W = <{’U1, Upa2,y .-y 'Lbn}>

Then, W is a T-invariant subspace of V', and observe that
V=WaWw

and hence, W has a T-invariant complement. So, it follows that all T-invariant sub-
spaces of V' have a T-invariant complement, and our proof is complete.
Let’s now prove another important theorem:

Theorem 1.21. 7' € End(V) is triangulisable if and only if all the roots of the minimal
polynomial are in the ground field.
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Proof: First, suppose T is triangulisable, and suppose there is a basis {vy, ..., v, } of
V' such that the following equations hold:

T(Ul) = 1101

T(Ug) = a12V1 + 22V
T(Un) = A1pV1 + AppUp

We earlier showed that the polynomial (x — ay1)...(z — a,y,) annihilates T'. Hence, Pr
divides this polynomial, and hence it follows that all roots of Pr are in the ground
field.

We prove the converse by induction. If dim V' = 1, then the statement is trivial. So,
suppose the statement holds for some n — 1 € N, and suppose dim V' = n. Suppose T
is an operator on V' for which Pr has all its roots in the ground field. We know that
deg(Pr) > 1, and hence there is some root A of Pr, and this root is also an eigenvalue.
Let v; be the corresponding eigenvector. Consider the subspace W = (v). Since v; is
an eigenvector, W is a T-invariant subspace of V.

Now, consider the quotient space 4 / 1. We define an operator T on this space as
follows: for v+ W € V/W, define T'(v + W) = T(v) + W, i.e the equivalence class
of v is sent to the equivalence class of T'(v). We will now verify that this is a well
defined operator. So, suppose z,y € V such that  —y € W. Then, T(z —y) € W,
because W is T-invariant, and this means that 7'(z) — T'(y) € W. So, this means that
T(x) +W = T(y) + W, and hence the map T is well defined.

Now, we will show that Pr(7') is the zero map in the quotient space. So, suppose
v+ W e V/W, and suppose

Pr(z) = cy + c10 + cox® + ... + "
for some k € N. Then, we have
PrT)=cil+aT+ceT +..+T"

where I is the identity operator in the quotient space.
Now,

Pr(T)(v+ W) =colv+ W) +aTw+ W)+ T (v+ W)+ . 4 T (v + W)
= (cov + W) + (1T () + W) + (caT?*v + W) + ... + (T"(v) + W)
=(cov+aTW)+...+T"w)+ W
= Pr(T)(v) + W
=0+ W

and hence Pr annihilates T. So, it follows that Pz divides Pr, and hence all roots of
P are in the ground field. By induction hypotheses, it follows that 7" is triangulisable.
So, let {vy + W, ..., v, + W} be the required basis of V/W with respect to which the
matrix of T is triangular.
Now, we will first show that {vy,...,v,} is a basis of V. So, suppose there are
constants ¢; such that
cvr + ... + e, = 0
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This means that

o +W)+ .+ (v, +W)=0+W
in the quotient space. But, v; € W, and hence ¢;(v; + W) = O + W. So, it follows
that

(v +W)+ .o, +W)=0+W

but because the elements vy, + W, ..., v,, + W are linearly independent, it follows that
ca=c=..=c¢,=0

and hence {vy,...,v,} is a basis of V.
Moreover, observe that

T(vj+ W) =co(vg+ W)+ ... +¢j(v; + W)
for 2 < j7 < n and for some constants ¢;. Hence, we have
T(vj)+ W = (coua + ... +cju;) + W
for each 2 < j < n, and hence
T(vj) — (covg + ... + ¢cjv;) € W
for each 2 < j < n, which implies that
T(vj) = c1v1 + ... + ¢,

for some scalar ¢;. Hence, the matrix of T" with respect to the basis {vq,...,v,} is
triangular, and hence T is triangulisable. This completes the proof.

As a corollary to this, it can be inferred that if the ground field is algebraically
closed (like C), then every operator is triangulisable.

We now know that a diagonalisable operator is both semi-simple and triangulisable.
We now show the converse, but before that we will prove a lemma:

Lemma: Suppose 7' € End(V) is semi-simple. Let W be a T-invariant subspace of
V. Then, the restriction of T" to W is also semi-simple.

Proof: Let Wi be a T-invariant subspace of W. Then, W) is also a T-invariant
subspace of V. Hence, there is a T-invariant complement of Wi, and call it W5. Now,
consider the space W NWs,, which is also T-invariant. It is clear that Wy n(WNWs,) =
{O}, because WiNW, = {O}. Also, suppose w € W. Then, we can write w = w; +ws,
for some w; € Wiy and wy € W5, and hence wy € W N W5, Hence it follows that

W =W, & (WnWws,)

and hence the restriction of 7" on W is also semi-simple.
Let’s now move to the main theorem:

Theorem 1.22. Suppose T" € End(V) is both triangulisable and semi-simple. Then,
T is diagonalisable.

Proof: We prove it by induction on dim V. The theorem is clear if dimV = 1. So,
suppose dim V' > 1. Since T is triangulisable on V', there exists a basis {vy,...,v,}
of V' such that the matrix corresponding to this basis is upper triangular. Now, put
W = (v1,...,0,_1), so that dim W = n—1. It is clear that W is a T-invariant subspace

of V.. So, there is a T-invariant complement of W, say W. The dimension of W is 1,

and let {v} be a basis of W. It is clear that v is an eigenvector.
Also, the restriction of 7" on W is triangulisable, and this restriction is also semi-
simple by our lemma. So, by induction hypothesis, the restriction of 7" on W is
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diagonalisable. So, there is some basis {uy,...,u,—1} of W consisting of eigenvectors
of W.

Finally, it follows that {u,...,u,_1,v} is a basis of V' consisting of eigenvectors of
V. Hence, T is diagonalisable.

We now look at an example.

Example 1: Consider the map 7" given by T'(e;) = 0, T'(e2) = —e3 and T'(e3) =
es, where the ground field is R. We will show that T is not diagonalisable, not
triangulisable, but it is semi-simple.

The minimal polynomial of T is z(z? + 1), and hence T is not diagonalisable, and
hence not triangulisable. Now, we will prove that T is semi-simple. So, suppose W
is a one-dimensional T-invariant subspace of V. Let {v;} be a basis of W. Then, v,
must be an eigenvector, and hence the eigenvalue must be 0, so T'(v;) = 0. We show
that {vy, es, ez} are linearly independent. So, suppose there are a,b, ¢ in R such that

avy + b€2 + ces = O

and applying T" to both sides, we obtain that a = b = ¢ = 0, and hence {vy, ey, e3} are
linearly independent. Hence, it is a basis, and the required T-invariant complement of
W is (e, e3).

Observe that dim Ker7" = 1 and hence dim Im7 = 2. Now, suppose W is a two-
dimensional T-invariant subspace of V. Consider the map 7' : W — W. Let’s call
this restriction map 7”. Now, dim Ker7” cannot be 2, because the dimension of the
kernel of the original map was 1. We will deal with two cases: when dim Ker7” = 1
and when dim Ker7” = 0.

First, suppose dim Ker7T” = 1. Then, KerT” = KerT = (e;). Also, dimIm7" = 1,
and let {u} be the basis of this image, where u € W. This means that u must be an
eigenvalue of 7", and since the only eigenvalue is 0, it follows that 7"(u) = O, and hence
u € KerT’, which means that u = key, for some scalar k. Hence, ImT" = KerT" = (ey).
Now, consider a basis {e;,v;} of W, where v; € W. Then, T'(v1) = Aej, where A\ # 0
(if A were 0, we will get two linearly independent elements of Ker7”). We will show
that {e1,vq, e3} are linearly independent. So, suppose there are scalars a, b, ¢ in R such
that

aey + bvy + ces = O

and applying T on both sides, we get
bT(Ul) + cey = O

which is the same as saying

bhey + cea = O
and hence b = ¢ = 0 (because A # 0). And hence, a = b = ¢ = 0, and the required
T-invariant complement of W is (es).

Now, suppose dim Ker7” = 0, and hence Im7” = W. Also, we have that ImT =
({es, e3}), and hence it follows that W = ({eq, e3}). Hence, a possible T-invariant com-
plement is ({e;}). Hence, T is semi-simple, as we have found T-invariant complements
in all cases.

Example 2: Consider the map given by T'(e;) = e, T(e2) = —e3 and T'(e3) = ea.
The minimal polynomial of this map is (x —1)(z*+1). Clearly, it is not diagonalisable
and not triangularisable either. We will show that 7" is semi-simple.

Suppose W is a one-dimensional T-invariant subspace of V', and let its basis be
{v1}. Then, v; must be an eigenvector, and the only possible eigenvalue is 1, and
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hence T'(vy) = v1. We will show that {vy, ey, €3} are linearly independent. So, suppose
there are scalars a, b, c in R such that

avy + b€2 + ces = @]
and applying T on both sides, we get
avy + bT'(e2) + cT'(e3) = O

By subtracting the first equation from the second, we get that b = ¢ = 0, and hence
a = 0. So, the T-invariant complement of W is {es, e3}.

Now, it is not hard to see that Im7T = V', and hence dim KerT = 0. Suppose W is a
two dimensional T-invariant subspace of V| and let {vy,v,} be its basis. Extend this
to a basis of V', and say the new basis if {v1, v9, v3}. We will show that T'(vs) is not in

{v1,v2}

Finally, let’s prove what’s called the Cayley-Hamilton theorem.

Theorem 1.23. Suppose T is an operator on V', and let Cr be the characteristic
polynomial of 7. Then, Cp(T) = O, and hence the minimal polynomial of 7" has
degree at most dim V.

Proof: We will prove the corresponding statement for an n x n matrix, and that
will prove the theorem for the operator as well. Let M be the matrix of T. We
consider three cases. First, if M is triangular, then it clear that Cp(M) = O. If M
is triangulisable, then there is an invertible matrix S such that SMS~! is triangular.
Now, the characteristic polynomial is invariant under conjugation, and hence

Cr(SMS™) =0 = SCp(M)S~?

and hence Cp(M) = O. Finally, suppose M is a general matrix. If the ground field
is K, then let K be the corresponding algebraically closed field. Then, M can also
be viewed as a matrix over the field K. Now, since K is algebraically closed, M is
triangulisable. Hence, Cp(M) = O, and this proves the theorem.

This establishes a fundamental fact about the minimal polynomial: its degree is at
most the dimension of the vector space.

SYMMETRIC AND UNITARY OPERATORS

First, let us study Symmetric Operators. Let V' be a finite dimensional vector space
over a field K with a non-degenerate scalar product. Let’s prove the following two
theorems which will justify the meaning of transpose:

Theorem 1.24. Let A € End(V). Then, there exists a unique B € End(V') such that
(A(v), w) = (v, B(w))
for all v,w in V. This map B is also called the transpose of A, and is denoted by A?.
Proof: First, fix w € V. Consider the map
L(v) = (A(v), w)

Then, L € V*, where V* is the dual space. Since V is finite dimensional and the scalar
product is non-degenerate, there exists w’ in V' such that

L(v) = (v, ')

Let’s denote w’ by B(w). Then, B is a map from V to itself. We just need to show
that it is linear.
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So, suppose w; and wy are in V. Then, for any v € V,
(v, B(wy + wg)) = (A(v), w; + ws)
= (A(v),w1) + (A(v), w2)
= (v, B(w1)) + (v, B(w,))
= (v, B(wy) + B(w,))
which means that since the scalar product is non-degenerate, it means that B(w; +
wy) = B(wy) + B(ws). Similarly, if ¢ € K, then for any v € V,
(v, B(ewn)) = (A(v), cwq)
= c(A(v), wy)
= c(v, B(un))
= (v, cB(wy))
and again since the scalar product is non-degenerate, it follows that B(cw;) = c¢B(wy),
and so B € End(V).
That B is unique is easy to see, because the scalar product is non-degenerate.

Because the scalar product is non-degenerate, the transpose also satisfies the fol-
lowing properties which are not difficult to prove: (here A and B are in End(V))

(1) (A+B)= A"+ Bt
(2) (AB)" = B'A!
(3) (cA)’ —cAt
( ) Att
VII, §1. EXERCISES

5. Suppose V is a finite dimensional vector space over a field K with a non-degenerate
scalar product. Let vy, wg be fixed elements of V. Let A € End(V') given by

A(v) = (v, v)wo
Consider the map A'. For any v,w in V, we have
(A(v),w) = (v, A'(w))

Now, observe that

and hence A*(v) = (wp,v)vy for all v € V.

6. Let V be the vector space over R of infinitely differentiable functions vanishing
outside the interval (0,1). Now, we know that the scalar product is positive definite,
hence it is non-degenerate. So, there is some operator D' such that for every f,g in
V', we have

(Df.g) = (f,D'g)

Observe the following integration by parts identity for such functions

/Olf%:r)g /f d:c—/ e
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and hence it follows that D' = —D, which means that D is anti-symmetric.

9. Suppose A, B and C' are three symmetric matrices such that A < B and B < C.
Let X # O be any vector in K". Then, we have

X(C-A)X="X(C-B)+(B-A)X
='X(C-BX+'X(B-A)X
>0

and hence A < C.

10. Suppose V is a finite dimensional vector space over R with a positive definite
scalar product. Suppose V =W @ W+. Let P be the projection on W, and suppose
W # {O}. First, let us show that P is semipositive.

Let v € V such that v = w + W, where w € W and @w € W+. Then,

because the scalar product is positive definite. Hence, P is semi-positive.
Now, suppose v,w € V, such that v = w; + w; and w = wy + wy. We then have

<w1,w2> = (wl,w2>
= (w1, we + W) = (wy + Wy, wa)

— (Pv,w) = (v, Pw)

and hence P is symmetric.

11. Again, suppose v,w € V such that v = w; + w; and w = wy + wy. We have

(cwr, wa) = (wi, cwy)
= (cwy, wy + W) = (w1 + Wy, cws)

— (Av,w) = (v, Aw)

and hence A is symmetric.

14. Suppose V is a finite dimensional vector space with a positive definite scalar
product. Suppose A is an operator such that

(Av, Aw) = (v, w)

for all v,w € V. This means that ‘AA = I, where I is the identity operator. This
means that the matrix of the operator ‘AA is the identity matrix, and hence
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Unitary Operators: Let V' be a finite dimensional vector space over R with a positive
definite scalar product. A map A € End(V) is said to be unitary if for all v,w in V,
it is true that

(Av, Aw) = (v, w).
Unitary maps are also called orthogonal or morm-preserving maps. Let’s prove the
following theorem which justifies the name unitary’:
Theorem 1.25. Suppose V is a finite dimensional vector space over R with a positive
definite scalar product. Then, for A € End(V), the following are equivalent:

(1) A is unitary.
(2) A is norm-preserving.
(3) A maps unit vectors to unit vectors.

Proof: Let’s first prove the equivalence between (1) and (2). First suppose A is
unitary. Then, for any v € V', we have

(v,v) = (Av, Av)

and hence A is norm-preserving. Conversely, suppose A is norm preserving. Then, it
follows that (v,v) = (Av, Av) for all v € V. Now, for v,w € V| we have

2<U7w> = (v—l—w,v—i—w) - <U7U> - <’LU,’LU>
= (Av + Aw, Av + Aw) — (Av, Av) — (Aw, Aw)
= 2(Av, Aw)
and hence we get that (v, w) = (Av, Aw), which means that A is unitary.
Now, let’s prove the equivalence between (2) and (3). If (2) is true, then any unit

vector v will always be mapped to a unit vector Av, and hence (2) implies (3). Now,
suppose (3) is true, and let v be any vector in V. Then, observe that

is a unit vector. This means that

is a unit vector. So, this means that

< Av Av >:1
V(v 0) (v, 0)

(Av, Av) = (v, v)

and hence A is norm-preserving, and hence (3) implies (2) as well. This completes the
proof.
There is also a connection between unitary maps and their transpose:

which means that

Theorem 1.26. Let V be a finite dimensional vector space over R with a positive
definite scalar product. A € End(V) is unitary if and only if *tAA = I, where I is the
identity mapping.
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Proof: Suppose A is unitary. Then, for any vectors v, w in V', we have
(Av, Aw) = (v, w)

which means that
(PAAv, w) = (v, w)
and this implies that ‘AA = I, where I is the identity operator.

If we take V' = K", and the scalar product to be the dot product, then the matrix
A is said to be orthogonal or unitary if 'tAA =1, or

tA:A—l

DIAGONALISATION OF SELF ADJOINT MAPS

First, I would apologise if the content in this section is repeated in an earlier section
(there is a slight chance, but most of the content is new). I wrote this section after
almost three months of not touching the pdf.

Suppose V' is a finite dimensional vector space over K, where K € {R,C}, and
suppose V is equipped with a positive-definite hermitian product (if K = R then the
product will just be a scalar product).

Here is a general fact (general because the only condition on the inner product
will be non-degeneracy): suppose the scalar (or hermitian) product is non-degenerate
(positive-definite products are always non-degenerate). Then, the map v — f, is a
linear isomorphism (and if V' is a space over C, with a hermitian product, then it is
an anti-linear isomorphism) between V' and V*, where f, : V' — V is defined as

fo(w) = (w,v)
The above fact means that for non-degenerate products, every functional ”looks like”
the product taken with some fixed vector. Try proving this fact, it is not difficult. For
such a space, let A be an operator. Then, try to show that there is a unique operator
A* on V such that
(Av,w) = (v, A"w)

for all v,w € V. The operator A* is called the adjoint of A. A is said to be self-adjoint
if A* = A. It is also easy to show that the adjoint satisfies the usual matrix conjugate
transpose properties.

Now, let’s come back to our original vector space V with a positive definite product.
In the following theorem, we will show how conjugate transpose is related to the
adjoint:

Theorem 1.27. Suppose {ey, ..., e,} is an orthonormal basis of V' (existence is clear
because of positive-definiteness). Suppose T is an operator, and let A be the matrix of
T with respect to this basis. Then, the matrix of 7™ is Xt, i.e the conjugate transpose.

Proof: Let fi,..., f, be the standard basis of K", and regard A is an operator on
K". Let B be the matrix of 7™, and similarly we regard B as an operator. Observe
that B;; is given by
where the above inner-product is the standard one on K". Also, we know that

(Bfj, fiy = {f3, Afi) = Aji
which proves that B = A
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From the last theorem, we see that an operator is self-adjoint if and only if its matrix
is hermitian (hermitian is the same as symmetric if K = R).

We now define the complezification of an operator over R". Suppose V = R", and
let the matrix of T : V' — V be A. The complexification of T', denoted by Tt, is the
map T¢ : C* — C” given by

Te(z) = Ax
where the last equation is matrix multiplication. In other words, we regard T' is an
operator on C". Now, it is easy to see that T is self-adjoint if and only if Tt is self
adjoint, because a real matrix is symmetric if and only if it is hermitian.

We are now in position to prove some very important results on self-adjoint maps:

Theorem 1.28. Suppose V' is a vector space over K with a positive definite hermitian
product, and let T" be a self-adjoint operator. Then, all the eigenvalues of T are real.
In particular, if K = R, then T" has an eigenvector in V'

Proof: First, suppose K = C, so that T is hermitian. Let A be an eigenvalue of T'
(exists because C is algebraically closed). Let v # O be a corresponding eigenvector.
Then,

M2 = Mo, v) = Qw,v) = (Tw,v) = (v, Tv) = (v, W) = X||v||?
and since ||v||*> # 0, we see that X is real.

Now, suppose K = R, so that T"is symmetric. Let A be the matrix of T' with respect
to some basis of V. Consider the linear operator on R", whose matrix with respect
to the standard basis is A. Let Ac be the complexification of A. Since A is real and
symmetric, Ac hermitian, and hence it is self-adjoint. By the first paragraph of this
proof, any eigenvalue of Ac is real. Since eigenvalues are precisely the roots of the
characteristic polynomial, all roots of the characteristic polynomial are real. Finally,
observe that the characteristic polynomials of A¢ and A are exactly the same (because
they are the same matrices), and hence all eigenvalues of A are real. This completes
the proof.

So, it follows that any self-adjoint map has real eigenvalues. It actually turns out
that any self-adjoint map is diagonalisable, which we will now prove. First, let us
prove a lemma:

Lemma: Suppose 7T is a self-adjoint operator on V. Let A be an eigenvalue of 7', and
consider the eigenspace Vy. Then, Vit is T-invariant, and 7 is self-adjoint on Vit.

Proof: First, we will show that Vit is T-invariant. So, suppose w € V3. Then, for
any v € V), we have

(Tw,v) = (w, Tv) = Mw,v) =0

and hence Tw € Vit so that Vit is T-invariant.

That T is self-adjoint on Vi is clear because it is self-adjoint on V.

Finally, we can show that any self-adjoint operator is diagonalisable with an or-
thonormal basis:

Theorem 1.29. Let T be self-adjoint. Then, there is an orthonormal basis of V'
consisting of eigenvectors of T'. Hence, T' is diagonalisable.

Proof: We proceed by induction on the dimension.

Let A be an eigenvalue of T (even if the ground field is R, an eigenvalue exists
because of self-adjointness). Let V) be the corresponding eigenspace. If V' = V), then
we are done, because we can just choose an orthonormal basis of V). If not, then

V=VeVd
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and since T restricted to Vi is self-adjoint, the claim follows by induction.
The last claim is a very powerful result, which is used in many areas of mathematics.
Next, we will discuss unitary maps, even though they are discussed in bit in earlier
sections. The imporant takeaway will be that self-adjoint matrices (or maps) can be
diagonalised via unitary matrices (or maps). We begin with the following theorem:

Theorem 1.30. Suppose A : V — V is a linear map. Then, the following are

equivalent:

(1) A is invertible and A1 = A*

(2) A maps every orthonormal basis of V' to an orthonormal basis of V.

(3) A transforms some orthonormal basis of V' to an orthonormal basis of V.
(4) A preserves the inner product.

Proof: First, let us quickly see the equivalence between (1) and (4). Observe that
if A preserves the inner-product, then

(Av, Aw) = (v, w) = (v, A" Aw)

for all v,w € V, and hence we see that A*A = I, implying that A=* = A*. The
converse is similarly proven.

(3) follows from (2) easily. To prove (2) from (3), suppose {vy, ..., v,} (an orthonor-
mal basis) is mapped to {v],...,v),} (another orthonormal basis), and let {wy, ..., w,}
be another orthonormal basis of V' (different from {vy,...,v,}). Let i,j € {1,...,n}.
Let

W; = a;1V1 + ... + ajnUy

w; = a;101 + ...+ A jnUn
and hence we get that

Aw; = ajv] + ... + apv,,

Aw; = ajv] + ... + ajv;,
and hence

(Awi, ij> = aﬂ@%— e ama]_-n = (wi,wj> = 51’]’

and hence {Awy, ..., Aw,} is an orthonormal basis of V. This proves both directions.

Finally, we will look at the equivalence between (2) and (4). If (4) is true and that
A preserves inner product, then (2) clearly follows. Next, suppose (2) is true. Let

{v1, ..., v, } be an orthonormal basis of V', and hence {Avy, ..., Av,} is an orthonormal
basis of V. Let v,w € V, so that

V= a1V + ... + ayv,
w = byvy + ... + by,
Now, we have
(Av, Aw) = (a1 Avy + ... + a, Avy, by Avy + ... + b, Avy,)
= a1by + ... + a,b,
= (v, w)

and hence A preserves inner products. This completes the proof.
A matrix A is said to be unitary if A=t = At
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Some properties of unitary maps: Suppose A is a unitary operator on V', and let
A be its matrix.

(1) Clearly, A satisfies det A% = 1, and hence det A lies on the unit circle.
(2) Suppose A is an eigenvalue of A. Let v be a corresponding unit eigenvector.
Then we have

1= (Av, Av) = AP =1
and hence |[A]? = 1. So again, A lies on the unit circle.

We will now do a spectral theorem for unitary maps as well.

2. PosiTivE DEFINITE OPERATORS

As before , suppose V' is a finite dimensional vector space over K.

A self-adjoint operator 7" on V' is said to be positive semi-definite if (T'v,v) > 0 for
all v € V. T is said to be positive definite if the inequality is strict for all v # O.
Similarly negative semi-definite and negative definite operators are defined.

These operators are characterised by the sign of the eigenvalues:

Theorem 2.1. Let T be a self-adjoint operator. Then, T is positive semi-definite
(or positive definite) if and only if all eigenvalues of T' are non-negative (or strictly
positive).

Proof: First, suppose T is positive semi-definite (or positive definite). Let A be an
eigenvalue. Let v be a corresponding eigenvector. Then, we have

0 < (Tw,v) = N, v)

and hence A > 0 (inequality is strict if 7" is positive definite). Conversely, suppose all
eigenvalues are non-negative (or positive). Let {vy,..,.v,} be a spectral basis (exists
because T is self-adjoint). Let v € V| and let

VvV =a1v1 + ... +a,v,
Then,

(Tv,v) = (a1 \v1 + ... + apApVp, a101 + ... + apvy)

= |a1|* A1 + oo+ |an P
>0

(the inequality is strict if 7" is positive definite). This completes the proof.
Note: The analogous fact is also true for negative semi-definite operators.
The following theorem is a special characterisation for dimension 2:

Theorem 2.2. Let A = Z ﬂ be a symmetric 2 x 2 matrix. Then, A is positive

definite if and only if det A > 0 and a > 0. It is negative definite if and only if
det A >0 and b < 0.

Proof:
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3. BILINEAR MAPS AND QUADRATIC FORMS

Suppose U,V and W are vector spaces. A map g : U x V — W is said to be
bilinear g(z,y) is linear in both arguments (similarly, multilinear maps are defined).
Scalar products are examples of bilinear maps. An example of multilinear map is the
determinant.

In this section, we will be interested in bilinear forms (i.e, maps taking values in
the ground field).

First, suppose we are given an m xn matrix A over K. Define amap g4 : K™ x K"

K given by

ga(X,Y) = X' AY

It is easy to see that g4 is then a bilinear form. We now prove the following theorem:

Theorem 3.1. Given a bilinear form g : K™ x K" — K, there is a unique matrix A
such that g = g4, i.e

g(X,Y) = XTAY

The set of bilinear maps from K™ x K™ to K is a vector space over K, denoted by
Bil(K™ x K™, K) and the association

A— ga
gives an isomorphism between M,,.,(K) and Bil(K™ x K", K).

Proof: First, suppose a bilinear form ¢ is given to us. Fix the standard basis
{Ei,...,E,} and {E],..., E/} of K™ and K".
Now, let X = 1E1 + ... + ¢nFEy, and Y = d Ef + ... + d, E!,. Then, we have

g X,Y)=g(c1Ey + ... + cuEpy, i B + ... + d, E))

cig(E;,diE] + ...+ d,E))

Z d;9(E;, E;)

Now, let A;; = g(E;, E;), so that A is an m x n matrix. The above equation says that

= i zn: Cideij = XtAY

i=1 j=1

||M3 N'Ms 9«

and hence the required matrix has been found. Showing the uniqueness of A is not
difficult, and I will skip that. Observe that we could have fixed some other basis of
K™ and K™ as well.

So, the map A — g from M, s, (K) to Bil(K™ x K" K) is clearly one-one and
onto. To show that it is a homomorphism, observe that if g; and g, are two bilinear
forms, then we have

(914 92)(X,Y) = i(X,Y) + ga2(X,Y) = X'A)Y + X' AY = X'(A + Ay)Y

and hence the matrix of g; + g is Ay + A,. This shows the isomorphism.
The two exercises in the next section are important properties connecting inner-
products to bilinear forms.
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4. V.,84. EXERCISES

This is the solution to problem 1. and 2. combined.

First, suppose A is an n X n symmetric matrix. Let g4 be the associated bi-linear
form. We have that g4(X,Y) = X*AY and ga(Y,X) = Y'AX. Now, observe that
X'AY is the standard dot product of X and AY', which we write as X - AY (note that
this dot product is over any arbitrary field). This is commutative, and hence

XPAY = X - AY = AY - X = (AY)'X = Y'AX

and hence g4(X,Y) = ga(Y, X).
Conversely, suppose ga(X,Y) = ga(Y, X) for all X,Y € K™. Let X = (X1,..., X,,)
and Y = (Y1, ..., Y,). We expand both sides, and get

i=1 j=1 i=1 j=1

Now, take for any 1 < a,b < n, let X be the vector whose a'* coordinate is 1, and rest
are 0. Similarly, let Y be the vector whose b coordinate is 1 and rest are 0. So, we
have

Aab = Aba

and hence A is symmetric.
It is now easy to see that for a symmetric matrix A, the bilinear form associated
with it defines an inner product.

Positive definite Inner Products. : Let V be a finite dimensional vector space with
a positive definite inner (scalar or hermitian) product over K, where K € {R,C}.

By a similar strategy as we did in Theorem 3.1, we will see a one-to-one corre-
spondance between positive definite operators and positive definite inner products on
V.

First, suppose T : V' — V is a positive definite operator. Define (v, w)r = (T'v, w).
Then, it is not hard to see that (-)r is an inner product on V. Conversely, suppose an
inner product (-)’ is given on V. Let {vy,...,v,} be an orthogonal basis of V. Observe
that if a;v; + ... + a,v, and byv; + ... + b,v,, are any two vectors, then we have

(a1vy + ... + AV, b1vy + oo + by, = Z Z aibj{vi,v;)’
i=1 j=1
So, we define a linear map 7" such that the entries of the matrix of 7" (with respect to
the given basis) are (v;,v;)’. In other words, T" is defined by
T(Uj) = Z<Uj>vi>lvi
i=1

Then, observe that

n n

DD aibi(vivy) = (Tw,w)

i=1 j=1
and hence it follows that
(v, w) = (Tv,w)

and hence T' is a positive definite operator.
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Quadratic Forms. A map @) : V — R is said to be a quadratic form if there exists
a self-adjoint operator T': V' — V such that

Q) = (Tw,v)
Note that we can define quadratic forms over other fields as well, but we restrict

ourselves to R for now. Take an orthogonal basis {fi, ..., fn} of V', and suppose A is
the matrix of A with respect to this basis (so that A is symmetric). Then, we see that

Qi fi+ ...+ fpn) = Z inxj(Tvi, vj)

i=1 j=1

i=1 j=1

=1

1<j



