LINEAR ALGEBRA II
SPRING 2024 - HKU

ARON HELEODORO

These notes will be updated as the semester progresses. Their goal is to present the material from the
textbook and the class in a more concise form. I will often try to give slightly different phrasing (and/or
proofs) than the one provided in the textbook. The intent is to make you think the concepts through and
to work the concepts by yourself.

You are strongly encouraged to do the exercises as you read. They will help you parse the definitions,
examples, and concepts used in the proofs of the theory. Some of these exercises will be assigned as
Homework or will be discussed in class.

Points in red and blue are still being edited.

I would appreciate any comments. If you find mistakes, which are probably present, please let me know
too. I normally revise part of the notes after the class in which we discussed the material, so please refer
frequently to the website for the most up-to-date version.

1. JAN. 15, 2024

1.1. Fields. In your previous linear algebra class (Math 2101) you defined a vector space over the real
numbers. The very same definition works in a slightly more general context, we start by introducing some
terminology for that.

Definition 1. A field is a triple (F,+,-), where F is a set, and we have operations (i.e. functions):
e addition +:F x F — F,
e multiplication - : F x F — F;
satisfying the following list of axioms:
(a) addition and multiplication are associative;
) addition and multiplication are commutative;
) there exists 0 € F, such that a +0 =0+ a = a, for all a € F;
) there exists 1 € F, such that a-1=1-a = q, for all a € F;
(e) 0#1;
(f) every a € F has an additive inverse, i.e. an element b € F such that a+b=b+ a = 0;
) every a € F\{0} has a multiplicative inverse;
) distributivity, i.e. for every a,b,c € F one has: a-(b+c¢)=a-b+a-c.

Notation 1. We will omit the - when writing the multiplication operation, i.e. for any a,b € F we will write
ab for a - b.

Example 1. (i) The real numbers R form a field with usual addition and multiplication.
(ii) The complex numbers C form a field with usual addition and multiplication.
(ili) The rational numbers Q := {2 | p € Z, q € Z\{0}} are a field.

Exercise 1. Write out explicitly what conditions (a-b) and (g) above are and check them in one of the
examples in Example 1.
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Exercise 2. Let p be a prime number and consider F, = {0,1...,p — 1}, then for a,b, c € F,, we define:

(i)
(if)

a+b:=cif (a+b— c¢)is a multiple of p, a-b:=cif (a-b—c)is a multiple of p.
Check that 4+ : F, x F, — F, and - : F, x F, = [F,, are well-defined.

Prove that I, is a field.

Exercise 3. Can you come up with another example of a field?

1.2.

Vector spaces. In a previous Linear Algebra class you probably approached vector spaces by concrete

examples. The main point of this class is to develop the theory from an abstract point of view focused on
proofs, mostly basis-free, and applicable to general fields of characteristic zero, until later results that might
require ' to be the real or complex numbers.

Let F be a field.

Definition 2. A wvector space over F is the data of

(i)
(i)
(i)

a set V;
an operation +: V xV — V;

a scalar multiplication operation - : F x V — V.

These are subject to the following axioms:

(a)
(b)
()
(d)

the operation + is associative, commutative, it admits an identity 0y € V and inverse;
the operation - is associative;
for every v € V one has 1 -v = v;

scalar multiplication distributes over vector addition (i.e. the operation + on V) and vector addition
distributes over scalar multiplication®.

Example 2. (i) The set {0} is a vector space over any field F.

(i)

(iii)

Given a set S consider F° the set of functions f : S — F. The operations are defined by pointwise
addition and multiplication, i.e. given f,g € F¥ and a € F we let:

(f+9)(s) == [f(s)+9(s),  (a-[f)(s):=a-f(s),
and Ogs is the zero function.

For any n > 1, the set F™ is a vector space, where the operations are defined as follows. Let v =
(v1,...,0,) EF* w=(wy,...,w,) €EF, and a € F, then:

v+ w:i= (v1 +wr,. ..U, + wy), a-v:=(avy,...,av,),
and O]Fn = (0,,0)

For any n,m > 1 the set M, (F) of m x n matrices with coefficients in F equipped with matrix
addition and scalar multiplication is a vector space over F.

The set FN of sequences with value in F is a vector space with termwise addition and scalar multipli-
cation.

Remark 1. A set G equipped with an operation + : G x G — G satisfying condition (a) above is an Abelian
group. These objects are very important in algebra and are studied in more detail in an abstract algebra
course, e.g. Math3301 (Algebra I).

Lemma 1. Let V' be a vector space over F.

(1) Given v €V such that v+ w = w for allw € V, then v = 0y.

1See Exercise 1 in Worksheet 1 for an example where this fails.
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(2) The additive inverse is unique.

(3) For every v € V, we have 0-v =0y .

(4) For every a € F, we have a -0y = Oy .

(5) For every v € V we have v+ (—1) -v =0, i.e. the additive inverse of v is given by —v := (—1) - v.

Proof. (1) We have v = v + 0y = Oy, where the first equality follows from Definition 2 (a) and the
second from the assumption.

(2) Assume there exists uj,us € V such that u; +v = Oy = ug +v. Then we have: u; = u; + 0y =
U +us +v=uz +u +v=1us + 0y = us.

(3) Noticev+0-v=(140)-v=1-v=wv. Thus by (1), we have 0-v = Oy.
(4) For any a € F, we have: a-0y =a-(0y +0y) =a-0y +a-0y. By (1), we have a - Oy = Oy.

(5) Notice v+ (—1)-v=(1+(—1))-v=0-v = Oy, where in the last step we used (3).

Notation 2. (1) Notice that for a,b € F and v € V' we have:
(ab) - v=a-(b-v)

by Defintition 2 (b). Thus, we can omit the - for the operation of scalar multiplication as we omitted it
for multiplication in a field (see) without causing ambiguity.

(2) We will denote the additive inverse of v by —v.

(3) We will denote Oy simply by 0. This should not be confused with 0 € F the identity of the operation +
in IF, as these live in different sets, except when V' =F, in which case the notation is consistent.

Remark 2. (i) The empty set @ is not a vector space. Namely, it fails condition (a) from Definition 2.
(ii) Condition (a) from Definition 2 can be substituted by

(a)’ the operation + is associative, commutative, it admits an identity Oy € V and (3) from Lemma
1 holds.

Indeed, assume (a)’, then we have Oy =0-w = (1+(—1)) - w = w+ (—1)w for every w € V. Thus (a)
holds.

Example 3. Let V' be a vector space over R. We can define a vector space over the complex numbers V¢,
called the complexification of V as follows:

e asaset welet Vo=V xV;
o +: Ve x Ve — Vi is given by (u1,v1) 4 (ug, v2) := (ug + ug,v1 + v2);
e scalar multiplication is defined as (a + bi) - (u1,v1) = (au; — bvy, bug + avq).

The reader should check that V¢ is a vector space over C.

Exercise 4. Universal property of complexification. Let V be a vector space over R and W a vector space
over C. Notice that W can be seen as a vector space over R, where a-w := (a+10) - w, i.e. using the natural
inclusion of R into C. Let Homg(V, W) denote the set of linear operators between V and W, where W is
seen as a vector space over R and let Home(Vg, W) denote the set of linear operator between Ve and W as
vector spaces over C. Prove that there exists a bijection:

Homg (V, W) = Home(Ve, W).
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2. JAN. 18, 2024
2.1. Subspaces.

Definition 3. Let V be a vector space, a subset U C V is said to be a subspace if:
(a) 0 € U;

(b) the restrictions +¢ : U x U = V and -y : F x U — V factors as:

UxU —2 U U
PN DN
1% v

Given a subspace U C V we will simply write +: U xU — U and - : FxU — U for 4+, and -},, respectively.
Exercise 5. (i) Check that Definition 3 agrees with Definition (1.33) from the textbook.

(ii) Show that only requiring condition (b) in Definition 3 would not agree with the notion as defined in
the textbook.

Example 4. (i) let U C F™ defined as U := {(v1,...,v,) € F" | v1 + 203 + - - + nv, = 0};

(ii) let p € Flx,y, z] be a polynomial of the form p(x,y,z) = ax + by + cz, for some constants a,b,c € F,
then U := {(v1,va,v3) € F3 | p(vy,v2,v3) = 0} is a subspace;

(iii) the subset of functions f : [0,1] — R which are continuous is a subspace of all the functions from [0, 1]
to R;

(iv) let U C F[z] denote the subset of polynomials p such that p(0) = p’(0) = --- = p*)(0) = 0;
(v) the set of all sequences of complex numbers whose limit is 0 is a subspace of CN.
Exercise 6. (i) Let p € R[z,y, 2] be a polynomial of degree 1 and define the subset:
Up == {(v1,v2,v3) € R? | p(v1, v, v3) = 0}.
Show that U, is a subspace if and only if p is of the form taken in (ii) of Example 4.

(ii) With the notation as in (i), assume that p1, ps € R[z,y, 2] are polynomials of degree 1 with no constant
term, prove that
Up, UUp, = Up,ps,-

Is Up,p, a subspace of R3? What about Uy, N U,,?
(iii) Can you guess which types of polynomials p € R[x,y, z] have the property that U, is a subspace of R3.

Exercise 7. Let FY be the vector space of sequences over F. For an integer p > 1, we define the subset
S, C FY of sequences (a,)n>1 satisfying:

o0

Z lan,|P < oo.

n=1

Proof or disproof S, is a subspace for every integer p > 1.

Definition 4. Given U;,U; C V two subspaces of V' we define the sum U; + Uy C V as the subset of
elements v € V such that there exist u; € U; and Us such that uy + us = v. For Uy,..., U a collection of
k subspaces of V, we inductively define:?

Ui+ + Uy :=U + (U + Uy)).
Example 5. (i) let U; = {(v1,v2,vs3,v4) € F* | v; =0 for j # 4} for i = 1,2,3,4. Then
Us +Us4+ Uy = {(Ul,’Ug,’Ug,U;;) S ]F4 | v = 0}, U +Us+Us+ Uy = ]F4.

2In fact, this definition is independent of the choice of parenthesization, hence justifying the notation.
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(ii) let Uy = {(v1,v2,v3,v4) € F* | v3 + vy = 0 and vy + vy = 0}, let Uy = {(v1, v2,v3,v4) € F* | v1 = 0},
then U; + Uy = F4.

Exercise 8. In the condition in Definition 4 are the vectors u; and us uniquely determined? Compare (i)
and (ii) in Example 4.

Definition 5. Given Uy, Us C V two subspaces of V' we say that Uy + Us is a direct sum if u; and uy are
uniquely determined. In this case, we use the notation U; @ Us®. Similarly, given subspaces Uy,..., Uy C V
we say that Uy + - -+ + Uy is a direct sum if any vector v € Uy + - - - + Uy, can be written in an unique way
as v = uj + - - - ug, where u; € U; for 1 < j < k. We denote the direct sum by U; @ --- @ Uy.

Exercise 9. Let V = F*. Provide three distinct subspaces Uy, Us, Us C V such that:
Vi+Vo=Viaa Vo, Vo4+ V3=V V3, butV1+V2—|—V37EV1®V269V3.

Remark 3. Let Uy,...,U;r C V be a family of subspaces, then we have Uy + - -+ 4+ Uy, is a direct sum if
and only if for every j € {1,...k} we have U; N (307, ;.; Ui) = {0}, where 371, U; denotes the sum of
Ui,...,U; where we omit Uj.

2.2. Span and linear dependence.

Definition 6. Given a subset S C V we define Span S the span of S to be the subset of V' consisting of
vectors v € V such that
V=a1v1 + ...+ apvg

for some k € N, ay,...,a; € F, and vy,...,v; € S. It is convenient to define Span) = {0}. If Span S =V
we say that S spans V.

Remark 4. It is clear that Span.S is a vector space and that it contains S. We claim that Span.S is
the smallest subspace of V' containing S. Consider a subspace U C V such that S C U, we claim that
Span S C U. Indeed, given v € SpanS we have v = v = aju; + ... + apux for some aq,...,ar € F, and
V1,...,0, € 5. Since uq,...,ur € U we have v € U. Thus, it follows that Span S belongs to the intersection
of all subspaces of V' containing Span S.

Example 6. (i) Consider {ey,...,e,} C F", where e¢; = (0,---,0,1,0,---,0) where 1 is in the ith
position. Then Span {ey,...,e,} =F™.

(ii) Let a,b,c € F and consider S = {(b, —a,0), (0, ¢, —b)}, then we have Span S = U,,, where U, is defined
as in Example 4 (ii).

Exercise 10. Let e; be as in Example 6 (i) and consider the set S = {je; — ie;}1<i<j<n, then
Span S = {(v1,...,v,) € F™" | vy + 2v9 + - - 4+ nv,, = 0}.

Also notice that S is not a basis in general. How could you change it to be a basis?

Definition 7. A vector space U is finite-dimensional if there exists a finite subset S C U such that
Span S =U.

Example 7. (i) F" is finite-dimensional;
(ii) the set P, (F) of polynomials of degree at most n;
(iii) for any S a finite set F¥ is a finite-dimensional vector space.
Exercise 11. Check which of the examples of vector spaces defined so far are finite-dimensional.
Definition 8. (1) A polynomial with coefficients in F is a function p : F — F such that

n

(1) p(z) =ap+ a1+ - anx
for some n € N and a; € F.

(2) We let F[z] denote the set of polynomials in F, notice that the textbook uses the notation P(F).

3At the moment this notation might seem unmotivated, but it will be clearer when we consider this operation on vector
spaces.
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(3) Given a polynomial p € F[x] the degree of p is the smallest natural number n € N such that p can
be written as (1). By convention, we set the degree of the zero polynomial to be —oo.

(4) Let P,(F) denote the set of polynomials of degree at most n.
Exercise 12. Check that P, (F) forms a vector space.

Exercise 13. Assume that F =R or C. Let p: F — F be a function. Check that p € P, (F) if and only if
(n+1) —
D .

Exercise 14. The set F[z] = P(F) is a vector space. Think about how we can formally define this.

Definition 9. Let V be a vector space over F. Given a finite subset S = {v1,...,v,} C V we say that S
is linearly independent if
an+---+av, =0 = ay=---=a, =0,

where ay,--- ,a, € F. By convention, we declare that S = () is linearly independent. We say that a subset
S C V is linearly dependent if it is not linearly independent.

Example 8. (i) For every k € {1,...,n}, the set S = {e1,...,ex} C F", where e;’s are defined as in
Example 6 (i), is linearly independent.

(ii) For any k > 0 the set Sy := {1, x,...,2%} C F[z] is linearly independent.

(iii) Given {v,w} C V, then {v,w} is linearly independent if and only if v # aw for every a € F and bv # w
for every b € F.

Exercise 15. Given a finite subset S C V. Prove that S if 0 € S then S is linearly dependent.
Example 9. (1) the subset S = {e; — e2,e2 — e3,e3 — €1} C F3 is linearly dependent.
(2) the subset S = {z?, 2% — 22,3z} C F[z] is linearly dependent.

Exercise 16. Given S = {(2,3,1),(1,-1,2),(7,3,¢)} C F3. Check that S is linearly dependent if and only
if c=8.

Exercise 17. Given {vy,vs,v3,v4} C V a linearly independent set. Prove that {vy, vy +va,v1 +vo+vs,v1 +
vy + v3 + v4} is a linearly independent set.

The next result is extremely useful in many future proofs since it allows one to make a linearly dependent
set smaller.

Lemma 2. Let {vy,...,v,} C V be a linearly dependent subset of a vector space V.. Then there exists
ke{l,...,n} such that
vg € Span {vy,...,v5_1},

when k = 1 the right-hand side above should be interpreted as Span®. Moreover, one has:
Span {v1,...,v,} = Span{v1,..., v, }\{vk}
Proof. Since {vy,...,v,} is linearly dependent there exists a1, ...,a, € F not all zero such that
a1v1 + -+ apvy, = 0.
Thus, let k& € {1,...,n} such that aix # 0, then we have:
vp = —ay, (a1v1 + -+ Qo 1Vk—1 F At 1Vk41 o+ Q)

where the expression on the right above works for k € {2,...,n—1}, we leave it to the reader to write the cor-
rect expression for the edge cases. To prove the last assertion we notice that clearly Span {vy, ..., v, }\{vrx} C
Span{vi,...,v,}. Now suppose that w € Span{vi,...,v,} and let w = ajv; + -+ + apv,. Since
vg € Span {vy,...,v,_1}, there exists by,...,bg_1 € F such that vy, = bjvy + -+ + bg_1vg—1. Then

n
w= (a1 +b1)vi + -+ (@k—1 + bg_1)vk—_1 + Z a;iv;,
=kl

so w € Span {vy, ..., v, }\{vr}. This finishes the proof. O
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Definition 10. Let T' C V be a subset of a vector space. We say that T is a spanning set of V if SpanT = V.

Lemma 3. Let V be a finite-dimensional vector space. Consider S, T C V subsets of a vector space V.
Suppose that Span S =V and that T is a linearly independent subset. Then |T| < |S].

Proof. Let v1 € T and consider S U {v;}. Since SpanS = V we have that v; € Span S, so S U {v1} is
linearly dependent. By Lemma 2 there exists u; € S such that Span S U {v1} = Span S U {v1 }\{u1}. Now
let Ty :=T\{v1}, S] := S\{w1}, and Sy := S{ U {v1}.

Let ve € T} and consider S7 U {vs}, as argued in the previous paragraph we can find us € Sy such that
Span S1 = Span (S1 U {va}\{uz}). Then we let Ty := T1\{v2}, S5 := S1\{u1,u2}, and Sz := S U {v2}.
Notice that we can repeat this process k times, where k = |T| to obtain two sequences:

0cT,c---CcTh CT, and S, C---CcS;cS

where SpanS; = Span S, |S!| = |S| — ¢ and |T;| = |T| — ¢ for every ¢ € {1,...,k}. This implies that
|S| > k=T
This is the same argument as in (2.22) in the textbook. (]

Corollary 1. Let U CV be a subset of a finite-dimensional vector space V, then U 1is finite-dimensional.

Proof. We do an induction on the number of vectors necessary to span U. The base case is U = Span () = {0},
in which case U is finite-dimensional. Assume that U # {0} and let v; € U be a non-zero vector. Then
if U = Spanwv; we are done, otherwise there exists vo € U such that vo ¢ Spanwv; and we can consider
Span {v1,v2}. We claim that repeating this step k times gives Span{vy,...,vx} = U for some k € N.
Indeed, let S C V be a finite set such that Span.S = V. Such a set exists since V' is finite-dimensional.
Then consider {vy,...,vx} C {v1,..., v} US. Since S C {vy,...,vx} US spans V, we have that k < |S],
thus k is finite. O

3. JAN. 22, 2024

3.1. Basis. The following concept is extremely important in linear algebra. One could say that the main
difference between this course and Math2101 is that in Math2101 one is choosing a basis for every vector
space that is considered by default, whereas in Math2102 we are not.

Definition 11. A subset S C V is a basis if it satisfies:
(a) SpanS =V;
(b) S is linearly independent.
Example 10. (i) The set {e1,...,e,} as defined in Example 6 (i) is a basis of F".
(ii) The set {1,...,2%} is a basis of P4(F) the vector space of polynomials of degree at most 4.
(iii) The sets {(7,5), (—4,9)} and {(1,2),(3,5)} are both basis of F2.

Remark 5. A subset S = {v1,...,v,} C V is a basis of V if and only if every element u € V' can be written

as:
U= a1 + -+ aply
for an unique choice of a1, ..., a, € F. Indeed, suppose that there are two n-uples (a1, ...,ay), (b1, ...,b,) €
F™ such that
U=aiv1+ -+ apn, u="bvy + -+ bpuy,
and a; # b; for some ¢ € {1,...,n}. Then we have:

O0=u—u=(a1vi + -+ apvy) — (brvi + - + byuy)
= (a1 — b1)’(11 + -+ (an - bn)vn-
Since S is linearly independent, we have that a; = b; for all i € {1,...,n}.
One of the consequences of Lemma 2 is that any finite spanning set contains a subset which is a basis.

Lemma 4. Let T C V be a finite spanning subset of V.. Then there exists S C T such that S is a basis.



8 ARON HELEODORO

Proof. We proceed by downward induction. If T is linearly independent we are done. If T is linearly
dependent, by Lemma 2 there exists v € T such that SpanT\{v} = SpanT =V and |T\{v}| < |T|. Since
T is finite this process stops and we obtain a basis. O

We get two immediate consequences:

Corollary 2. (1) Every finite-dimensional vector space V' admits a basis.
(2) Any linearly independent subset S = {v1,...,u} CV extends to a basis.

Proof. For (1) let T be a finite set such that SpanT = V. By Lemma 4 there exists S C T such that S is a
basis of V.

For (2) let T'= {w1, ..., wy} be a finite set such that SpanT = V. Then Span SUT = V. Order the set
TUS as follows {v1 <wvy < -+ <wp <wy < -+ < wy}, then running the argument in the proof of Lemma
4 we notice that we obtain a subset R C V such that:

SCRCSUT and SpanR=1V.
O

The following result is interesting because it uses that F is a field in a serious way. In other words,
certain concepts so far would make sense for more general objects as (commutative) rings, i.e. the integers
Z, however, the following result is on of the first to fail.

Lemma 5. Let V' be a finite vector space and consider a subspace U C V. Then there exists a subspace

W CV such that U W =V.

Proof. Notice that U is also finite-dimensional. Let T' be a basis for U (it exists by Corollary 2 (1)). By
Corollary 2 (2) we can find T C R such that R is a basis of V. We claim that W := Span R\T satisfies
Ua@W =V. Indeed, it is clear that U + W = V| by Remark 3 we need to check that UNW = {0}. We give
names to the elements of U = {vy,...,vx} and W = {vgy1,...,0,}. Assume by contradiction that there
exists a non-zero vector v € U N W, then we have

v =a101 + - QpVk = Qg4+1Vk+1 + -+ + AnUn.

Thus, ayv1+- - - agvg—(ag4+1Vp+1+- - ~+anv,) = 0, and since {vq, ..., Vg, Vkt1, . - ., Up } i linearly independent,
we have that a; = 0 for all ¢ € {1,...,n}. So we get a contradiction with U N W # {0}. This finishes the
proof. O

3.2. Dimension. The notion of dimension is rather intuitive. The next result justifies that one can define
it in a naive way.

Lemma 6. Given T, S two basis of a vector space V, we have |S| = |T|.

Proof. Notice that S and T are both linearly independent sets and spanning sets for V. Thus, Lemma 3
implies that |S| < |T| and |T] < |S]. O

Definition 12. The dimension of a vector space V', denoted by dim V', is the size of any basis of V.

Exercise 18. Go through all the examples of finite-dimensional vector spaces we had so far and find out
their dimension.

Here are a couple of easy consequences of the defintion.

Lemma 7. Assume that V is finite-dimensional.

(1) For any subspace U C V', we have dimU < dim V.

(2) Let S CV be a linearly independent set, if |S| = dim 'V, then S is a basis.
(3) Given a subspace U C'V such that dimU = dimV, then U = V.

(4) Let S CV such that Span S =V and |S| = dimV, then S is a basis.
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Proof. (1) Let S C U be a basis of U. Notice that S C V is also linearly independent. Now Lemma 3
implies that |S| < |T| for any basis T of V, i.e. |S] < dim V.

(2) Assume that S is not a basis, then by Corollary 2 (2) there exists S C S’ such that S is a basis.
However, this would imply that dim V' = |S| < |S’| where S’ is a basis of V, which is a contradiction.

(3) Let S C U be a basis of U. Since S C V is linearly independent in V and |S| = dimU = dim V, by
(2) we have S is a basis of V. Thus, U = SpanS = V.

(4) Assume that S is not a basis, i.e. S is linearly dependent, then by Lemma 2 there exist v € S such
that Span S\{v} = V. This gives dimV < |S| — 1, which is a contradiction. O

Now we investigate how the notion of dimension interacts with sums of subspaces.

Lemma 8. Let Uy, Us CV be subspaces of V. Then we have:
dimU; + Uy = dim Uy + dim Uy — dim Uy N Us.

Proof. Let Si2 be a basis of Uy NUs. By Corollary 2 (2) there exists S12 C 57 and S12 C S such that S; is
a basis of U;, for i = 1,2. We claim that S U S5 is a basis of U; + Us. Clearly, we have S; U Sy C Uy + Us,
this gives that Span.S; U Se C U; 4+ Us. Since U; C SpanS; U Se and U; C Span S7 U S, we obtain
Span51 U SQ = U1 + UQ.

Now, we need to check that S; U S5 is linearly independent. For this we actually need to give names to
the elements of Si2, S1 and Ss. Let S1o = {u1,...,u;}, S1\S12 = {v1,...,v;} and So\S12 = {w1, ..., w}.
Suppose we have an equation:

ajui + -+ + aju; + byvy + -+ bjv; + crwy + -+ 4 cpwy = 0,

for some aq,...,a:b1,...,b5,c1,...,c; € F. Then solving for w := cywi + - - - + cpwy, we have that w € U;.
But this also gives that w € U,. Thus, there exist some scalars dy, ..., d; such that

cawy + -+ cpwg = diug + - - diug.

Now, since {wy,...,wg}U{u1,...,u;} = Ss is a linearly independent set, we get that all ¢,’s vanish. Thus
we have that aquq + -+ + a;u; + byvy + -+ + bjv; = 0. Since S7 = {v1,...,v;} U {us,...,u;} is linearly
independent, we get that all ay’s and by’s also vanish. This finishes the proof. (I

The previous result is an example of how questions about vector subspaces can be reduced to set-theoretic
questions by using bases. We will return to this in later sections.

Exercise 19. Let V be a ten-dimensional vector space.

(1) Suppose that Uy, Us C V are subspaces of dimension 6. Prove that there exists two vectors uy, us €
U1 N Uy such that neither is a scalar multiple of the other.

(2) Suppose that Uy, Us,Us C V are subspaces such that dimU; = dimU; = dimUs = 7, prove that
U NnU;NU; 7& {0}

Exercise 20. Let Uy,...,U,, CV be a set of subspaces such that Uy ®---® U,, = V.
(i) Prove that dimV =", dim U;.

(i) Let B; = {vi,..., v}%} be bases of U; for 1 <i < m, where k; = dimU;. Prove that B := Uj<;<m,B; is
a basis of V.

4. JAN. 25, 2024

4.1. Linear Maps. Most objects we encounter in mathematics only have “real” meaning when compared

in an appropriate way to other objects of the same type. For instance, when study sets we are naturally
lead to studying functions and comparing sets using them.

Vector spaces, a more structure kind of set, need to be compared with each other using a more structured
kind of function. We introduce that now:

Definition 13. Let V and W be two vector spaces. A linear map, sometimes also called a linear transfor-
mation, is a function T : V' — W satisfying:

(a) (additivity) T'(u +v) = T'(u) + T'(v) for every u,v € U;
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(b) (homogeneity) T'(au) = aT'(u) for every a € F and v € U.

We will let £(V, W) denote the set of linear maps between V and W, and simply write L(V') := L(V, V) for
the set of linear maps from V to itself. Also notice that for any linear map T, one has T'(0) = 0.

Example 11. Let V be a vector space.

(i) The zero map 0:V — V, where 0(V) := 0y = 0 is a linear map.
The identity map Idy : V' — V given by Idy (v) = v.
Given any a € IF then T, (v) := a - v is a linear map.
Differentiation D : Rlz] — RJz] is a linear map, i.e. D(p) := p'.
Integration Tjg 1) : R[] — R given by Tjg 1j(p) := fol p(z)dz.
Let ¢ € R[z] then T, : R[z] — Rz] given by p(z) — p(¢(x)) is a linear map.
Let consider a collection of scalars a; ; € F for 1 <i<mand 1 <j < n.
115y 015 01,2,02,2, -5 Q25 -« Q1 ms - - -5 Ap,m € F, then

T(vi,...,05) == (@1101 4+ + QL nUn, ..o s G101+ -+ + G nUn)

is a linear map.

Exercise 21. Prove that any linear map 7' : F™ — F™ is of the form given in Example 11.(vii).

Lemma 9. Let V and W be finite-dimensional vector spaces and {v1,...,v,} CV be a basis of V. Given
any subset {wy,...,w,} CW there exists an unique linear map T : V — W such that
(2) T(v;) = w; forie{l,...,n}.

Proof. We first define T. Given any v € V can be written as v = ajv1 + - -+ + a,v, we let Tv := cywy +
-+ cpwy. Notice that this is well-defined, since there is only one single way of written v as above and that
it satisfies the conditions required. It is clear that it is a linear operator, we leave the details to be checked
to the reader. Finally, assume that there exists 77 € L(V, W) satisfying equations (2). Then for any a; € F
we have T (a;v;) = a;w;, thus for any v € V| which can be written uniquely as v = ajv1 + - - - + a,v, we
obtain:

T (v=a1vy + -+ apvy) = aqwy + -+ + apwy, = T(v).

This finishes the proof of uniqueness.
We leave the details to check that T is a linear map to the reader. [l
We now observe that the set £(V, W) can be naturally endowed with the structure of a vector space.

Lemma 10. For any two vector spaces V,W the set L(V,W) is a vector space with addition and scalar
multiplication defined as:

(Th + To)(v) := Ty (v) + Ta(v) and (a-T)(v):=a-T(v).
Proof. The details are left to the reader. O

Exercise 22. Given U,V , and W vector spaces we can consider the composition operation:
(=)o (=) : LV, W) x LU, V) = LUW)
(S,T)— SoT(v):=5(T(v)).

(i) Check that o defined above is a linear map.

(ii) Check that the operation o is associative and that it has identity elements. Part of the exercise is
making sense of what that means.

Remark 6. This is an abstract remark and can be skipped as we will not use this concept in this course.. A
mathematical concept that is really helpful in organizing certain mathematical objects is that of a category.
You can look up its definition here. We essentially just showed that vector spaces together with linear maps
form a category Vect. In fact, the category Vect has many nice properties.

Exercise 23. Let V be a vector space, such that dim V' > 1. Prove that there exists T, S € £L(V') such that
ST #TS.


https://en.wikipedia.org/wiki/Category_(mathematics)
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4.2. Null spaces and ranges. In this subsection we define subspaces that are naturally associated to a
linear operator.

Definition 14. Let T': V — W be a linear map.

(1) the null space of T
nullT :={v eV |Tv =0}

(2) the range of T
rangeT := {w € W | Tv = w, for some v € V}.

We check that null 7" and rangeT are in fact subspaces of V' and W, respectively. Let u,v € nullT we
have
Tu+v)=T(u)+T(v) =0, and Ta-u)=a-T(u)=a-0=0.

Assume that wq,ws € range T, then there exist uy,us € U such that T'(u;) = w;, for i = 1,2. Then we
have
T(uy + ug) = wy + wa, and T(a-u) =a-w,

thus range T is a vector space.
Remark 7. The null space is sometimes also called kernel of T'. The range is sometimes called image of T'.
The next results shows how the kernel and range related to the notions of injective and surjective.

Lemma 11. Let T : V — W be a linear operator.
(i) T is injective if and only if nullT = {0};
(i) T is surjective if and only if rangeT = W.

Proof. For (i), first assume that T is injective. Assume that there exists a non-zero vector v € nullT.
However, this is a contradiction with Twv # 0, since v # 0. Now assume that T is injective, and suppose
that Tv = 0. Since Tv = T(0) = 0 and T is injective, we get v = 0. For (ii) there is nothing to check. O

Theorem 1 (Fundamental theorem of linear maps). Let V' be a finite-dimensional vector space and T €
L(V,W). Then
dimV = dimnull T 4+ dim range T'.

Proof. Let {uq,...,u,} beabasisof null 7. By Lemma 2 (2) we can extend it to {u1, ..., Up, Unt1s .- s Untm}
a basis of V. We claim that {Tup41,...,TUn1+m} is a basis of range T. Indeed, let w € W, then there exist
v € V such that Tv = w. Since {u1, ..., U, Unt1,---,Untm ) 1S & basis of V| there exists scalars a;’s such

that v = aju; + - + AGp4mUn+m and we have:
w=Tw)=T(a1u1 + - + GntmlUntm) = a1 T (u1) + - anT(up) + an1T(Unt1) + - + GngmT (Untm)-

Since the first n terms vanish, we get w = @, 117 (Un41)+ -+ ntmT (Untm). This shows that {Tupt1,. .., Tntym}
is a spanning set. We now check that it is also linearly independent. Assume that there exists scalars
b1,...,b, €F, not all zero, such that we have

blT(un—i-l) + -+ me(un+m) =0

this implies that bjup11 + -+ + bpUpem € null T. However, since {u1,...,u,} is a basis of null T', it means
there are scalars c1,--- ,c, € F, not all zero, such that:

ciuy + -t ey = blun+1 R bmun+m~

However, this is a contradiction with {uy, ..., %n4m} being a basis of V.
This finishes the proof. O

Here are a couple of easy consequences of the previous result.

Corollary 3. Let V and W be finite-dimensional vector spaces.

(1) Assume that dimV > dim W, then any linear map T : V — W is not injective.
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(2) Assume that dimV < dim W, then any linear map T : V — W is not surjective.

Proof. (1) Assume by contradiction that there exist 7' : V' — W an injective linear map. By Lemma 11.(1) we
have null T = 0 and Theorem 1 implies dim V' = dim rangeT < dim W, which is a contradiction. (2) Assume
by contradiction that there exist T': V' — W a surjective linear map. Then Lemma 11.(2) and Theorem 1
implies that dim W = dimrangeT < dim T, since dimnullT" > 0, which is also a contradiction. O

In fact, we can deduce some statements you will be familiar with from Math 2101 from Corollary 3.

Remark 8. (1) Any homogeneous system of linear equations with more variables than equations has a
nonzero solution. Consider V = F" and W = F™, a system of linear equations is given by an m X n
matrix A, which gives a linear operator T4 : F™ — F™, by Exercise 21. By Corollary 3(1) we get
that there exists v € F™ such that Tv = 0.

(2) Any inhomogeneous system of linear equations with more equations than variables has no solution for
some choice of the constant terms. Again consider V = F" and W = F™ and a linear transformation
T :V — W encoding the system of linear equations. If m > n, then by Corollary 3.(2) there exists
w € W such that Tv = w has no solution.

4.3. Matrices. Given two positive natural numbers n,m > 1 and a field F an m-by-n matriz with coeffi-
cients in IF is a list (@i j)1<i<m, 1<j<n Sometimes denoted by:
i1 QG1n
A =
am,1 " Am,n

We let F™™ denote the vector space of m by n matrices. You should make sure you understand why this is
a vector space.

Definition 15. Given T € L(V,W) a linear map between two vector spaces V,W. Let By = {v1,...,v,}
be a basis of V and Bw = {w1,...,wn,} be a basis of W. The matriz A associated to T and these basis is
defined by:
Tvj = a1 w1 + -+ + Gm jWnm forl1 <j<n.
Sometimes we emphasize the dependence on the basis by denoting A := M(T, By, By ).
Example 12. (i) Let T : P3(F) — P2(F) be the linear map associated to the differentiation. Consider
the bases Bz = {1, 2,22, 23} and By = {1, 2, 2%} of P3(F) and Py(F), respectively. Then we have:
01 0 O

M(T,B3,Bs)= [0 0 2 0
0 0 0 3
(ii) For T as in (i) if we take the basis Bs = {1,1+z,1+z + 2% 1+ 2+ 22+ 23} and By = {1, z, 22} for

P3(F) and Py(F), respectively. Then we obtain a different matrix:

M(T7 B37 BQ) =

o OO
OO =
O N =
W N =

(iii) Consider T': R* — R?* the linear map given by T(vyi,ve,v3,v4) = (v1 + v2,v3,0,v2). On the basis
By = {e1, e, e3,e4} for the source V =R* and B,, = {e1, e, e3,e4} for the target, we have:

1 10 0
0010
M(T. By, Bw) =14 ¢ ¢ o
0100

However, if we take the basis BI(/E,) = {e1 + ea,e2 + €3,€3 + €4, 4} then we have:

1 1 0 O
-1 -1 1
1 1 -1
-1 0 1

M(T, By, B{Y)) =

o O O
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Exercise 24. (i) Make sure that you understand how to obtain the matrices in the Example above.
(ii) Can you come up with a basis of R* in Example 12.(iii) where all of the columns are non-zero?

(iii) Can you come you with a basis By such that the set of column vectors of the matrix in Example
12.(iii) are linearly independent?

Remark 9. The construction from Definition 15 sends the operations of addition and scalar multiplication
of linear maps to the corresponding operations between matrices as defined in Math 2101. Indeed, given
two linear maps T, .S € L(V,W), a scalar a € F, and two bases By of V and By of W. Then we have:

M(T + S, By, Bw) = M(T, By, Bw) + M(T, By, Bw) and ./\/I(G,T7 By, Bw) = aM(T, By, Bw)

Question: When did you learn matrix multiplication? Have you every thought what was the meaning
behind the rule of how to multiply matrices?

Lemma 12. Consider U,V , and W three vector spaces and suppose that we picked bases By, By and By,
respectively. Consider T : U —V and S : V — W two linear maps. Then

(3) M(SOT,BU,BV[/) :M(S,Bv,Bw)M(T,BU,Bv),
where on the righthand side above we consider the multiplication of matrices.
Proof. This is done on page 73 of the textbook. We leave the details to the reader. (|

Problem 1. Does the formula fail if we take different bases for V', i.e. do we have
M(S o T, BU, Bw) = M(S, B@v, Bw)M(T, BU7 Bv)

for By, different than By ?
Let’s recall a couple of concepts from Math 2101.

Definition 16. Given a matrix A represented as follow:

a1 -t G1p
(4) A=

m,1 " Am,n

(1) The column space of A, denoted col(A), is defined as the span of {vy,...,v,} in R™, where v; =
(@15, samy) for 1 < i <n.

(2) The row space of A is the span of {w1, ..., wy,} in R" spanned by w; = (a;1,...,a;,) for1 < j <m.
Lemma 13. For any m X n matriz A we have
dim col(A4) = dimrow(A).
Proof. TODO: Write this. O
5. JAN. 29, 2024

5.1. Isomorphisms. The following notion is going to allow us to compare vector spaces and identify when
there are “essentially” the same for all purposes of linear algebra.

Definition 17. A linear map T : V — W is invertible if there exists a map S : W — V such that
SOT:IdV and TOS:Idw.

Remark 10. Notice that if an inverse exists it is unique. Indeed, assume that S; and S5 are inverses of
T. Then we have S; = S; 0T 0 Sy = S3. Thus, we will denote by T~! the uniquely determied inverse, if it
exists.

Example 13. Consider T : R3 — R3 given by T'(vy,ve,v3) = (v1 + v2 + v3,v2,v3). Then T~ (uy, us, us) =
(ul — U — U3,’LL2,’LL3)~
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Exercise 25. Determine which ones of the linear maps that we consider so far are invertible and determine
their inverses.

Lemma 14. Let T : V — W be a linear map. The following are equivalent:
(1) T is invertible;
(2) T is injective and surjective;
(3) nullT = {0} and rangeT = W.

Proof. The equivalence (2) < (3) is Lemma 11. Assume (1). Let v,u € V such that Tv = T'u then we have
v =TTy = T 'Tu = u, thus T is injective. Now let w € W be any vector, then T~ 'w € V satisfies
TT 'w = w, so T is surjective.

Assume (2). For any w € W we let S(w) = v for any v € V such that Tv = w. This is well-defined,
since by the injectivity of T, there is only one v satisfying Tv = w. We claim that S is an inverse of T.
Indeed, we have T'Sw = w and STv = v for every w € W and v € V. O

In the case where our vector space is finite-dimensional, then we have a stronger version of Lemma 14.

Corollary 4. Assume that V and W are finite-dimensional vector space and that dimV = dim W and
consider T € L(V,W). The following are equivalent:

(1) T is invertible;
(2) T is injective;
(2)’ null T = {0};
(8) T is surjective;
(3) rangeT = W.

Proof. The implications (1) = (2)/(2)" and (1) = (3)/(3)" are clear.

The equivalences (2) < (2)" and (3) < (3)’ were establishes in Lemma 11.

Assume (2)’, then by Theorem 1 we have dim V' = dimrange T = dim W, so we have (3)’. Now (2)’ and
(3)” imply (1) by Lemma 14.

Assume (3)’, then by Theorem 1 we have dim V' = dimrange T — dimnull 7 = dim W —dimnull 7. Thus,
dimnull T = 0, so we have (2)’. Now (2)” and (3)’ imply (1) by Lemma 14. O

Remark 11. It is important to notice that the assumption that V and W are finite-dimensional in Corollary

4 is crucial. Indeed, consider the linear map 7 : RY — RN given by

0ifn =0,

T(Hn) = {f(n +1) else.

This is injective but not an isomorphism.
Exercise 26. Write an example of a linear map which is surjective but not an isomorphism.

Exercise 27. Prove that there exists a polynomials p € R[z] such that ((z2 + 5z + 7)p)” = ¢ for any
q € R[z].

Exercise 28. Consider S € L(V,W) and T € L(W, V) two linear maps. Assume that dim V' = dim W < oo.
Prove that ST = Idyy if and only if T'S = Idy .

The next concept plays the role for vector spaces of what bijections are for sets.

Definition 18. Two vector spaces V and W are said to be isomorphic if there exists an invertible linear
map T : V. — W, equivalently if there exists an invertible linear map S : W — T. In this case either
morphism T : V — W or S : W — V are called isomorphisms.

Notation 3. We will sometimes simply write V ~ W to say that V and W are isomorphic.

It turns out that it is rather easy to determine if two finite-dimensional vector spaces are isomorphic or
not as the next result shows.
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Lemma 15. Let V and W be two finite-dimensional vector spaces. The following are equivalent:
(1) V~W.
(2) dimV = dim W.
Proof. Assume (1) and let T : V — W be an invertible linear map. By Theorem 1 we have:
dimT = dimnull7" 4 dimrange 7' = dimrange 7" = dim W,

where the second and third equalities above follow from Corollary 4.

Assume (2) and let {v1,...,v,} be a basis of V and {ws,...,w,} be a basis of W. Let T'(c;v; + -+ +
CnUn) 1= W1 +- - -+ €Wy, which is well-defined as argued in the proof of Lemma 9. We claim 7' is injective.
Indeed, assume that T'(civ1 + -+ + cpvn) = crwy + -+ + cyw, = 0 for some non-zero combination of ¢;’s,
then linear independence of w;’s imply that all ¢;’s are zero which gives that cyvy + -+ + ¢,v, = 0. Thus,
by Corollary 4 we are done. ([

The next result justify the idea that on can always think of a linear map between finite-dimensional
vector spaces as a matrix. Notice however that this depends on the choice of bases.

Lemma 16. Let V and W be finite-dimensional vector spaces of dimensions n = dimV and m = dim W.

Then L(V,W) o~ F™",
Proof. Let By = {v1,...,v,} be a basis of V and By = {w1,...,w,} be a basis of W. We claim that
M= M(—, Bv, Bw) : E(V, W) — F™"

as defined in Definition 15 is an isomorphism. First notice that M is a linear map by Remark 9. First we
prove that M is injective. Indeed, assume that M(T") = 0, then Tv = 0 for every v € By since By is a basis
we get Tu = 0 for every u € V, thus T'= 0. Now we prove that M is surjective. Let A € F""™ represented
as equation (4). Let Tw; := aq1,;w1 + -+ + G iWi, for 1 < ¢ < mn. This is a well-defined linear operator and
it is clear that M(T') = A. O

Here is a nice consequence of the discussion so far:

Corollary 5. For any finite-dimensional vector spaces V and W, we have dim L(V,W) = dim V - dim W.

Proof. By Lemma 16 and Lemma 15 we have that
dlmﬂ(‘/, W) —_ Fdim W,dimV.
The result now follows from calculating the dimension of the space of dim V' by dim W matrices. (|

The following is variation on Definition 15.

Definition 19. Let V be a vector space of dimension n, given a basis By = {v1,...,v,} we let M(V, By) :
V' — F™ denote the linear map determined as follows

M(V,By)(v) = (a1,...,ay) if agv1 + -+ + apv, = v.

You should check this is well-defined and indeed a linear map.

Remark 12. Notice that M(V, By) is always an isomorphism. Indeed, the same argument as in the proof
of Lemma 16 works, we simply take W to be F.

Remark 13. This remark is a bit abstract, but the reason we need it is to obtain certain matrix and vector
multiplication compatibility without doing many calculations. Given a vector v € V in a finite-dimensional
vector space V', we can think of v as a linear operator L, : F — V given as L,(1) := v. Notice that there
was a choice in determining this linear operator, namely a basis of F, in this case {1} C F*. Now we claim
that:

M(Lv7 {1}a BV) = M(M BV)(”)'

430 there are other linear operators associated to v, but in a sense picking {1} C F as a basis of F over itself is rather
natural, i.e. it makes sense for any field.
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Indeed, let {v1,...,v,} = By, then M(L,, {1}, By) = (a;,1)1<i<n as defined in Definition 15 is given by:
L,(1)=v=a11v1 + -+ Gn,1Vn,
whereas M(V, By )(v) = (b;.1)1<i<n, as defined in Defintion 19, is the set (b1,1,...,b,,1) such that
v=">b1,1v1 + 4 by 1Un.

The following is a consequence of Remark 13.

Corollary 6. Let T : V — W be a linear map between finite-dimensional vector spaces and By and By
bases, respectively. Then for any v € V we have:

M(T, By, Bu) M(V, By)(v) = M(W, Byy)(Tv).
Proof. Indeed, we compute:

M(T, By, By )M(V, By )(v)

M(T, By, Bw )M(Ly, {1}, By)
(T'o Ly, {1}, Bw)
(Tv, {1}, Bw)
(W, Bw)(T).

M
M
M

O

The next result relates a notion from Math 2101 which was defined using a basis, namely the column
space of a matrix, with the range of a linear map which didn’t depend on a basis to be defined.

Proposition 1. Let T : V. — W be a linear map between finite-dimensional vector spaces and let By =
{v1,...,0n} and By = {w1,...,w,} be basis of V and W, respectively. The restriction of M(W, By) to
rangeT’ has the following factorization:

range T —~— col(M(T, By, Bw))

| e
dim W
w M(W,Bw) F

and @ is an isomorphism.

Proof. TODO: maybe this proof becomes simpler after the previous Remark.

UML) >

b1,...,b, € F such that w = T'(byv1 + - - - + byv,, ), we have
w="bT(v1)+ -+ b,T(vs,).

Now we notice that M(W, By )(T'(v;)) = (a;1,...,a;m) € F™ for j € {1,...,n}. (Check this!). By
definition we have

col(M(T, By, Bw)) = Span ({(a1,1,.--,81,m),- -, (@n,1,--snm)}).
Thus, linearity of M (W, By,) implies
M(W, By )(w) € Span {M(W, By )(Tv1), ..., M(W, Bw)(Tv,)} = col(M(T, By, Bw))

as required. This shows that ¢ factors as claimed.

We now check that ¢ is an isomorphism. We first notice that it is injective since it is the restric-
tion of an injective linear map. Finally, let w € col(M(T, By, Bw)), then it can be written as w =
dy MW, By )(Tv1) + -+ - + dy M(W, By )(T,,) for some dy,...,d, € F. By the linearity of M(W, By,) we
have

w= MW, Bw)(d1Tvy + - - dp,Tvy,)

and it is clear that d1Tvy + ---d,Tv, € rangeT. This finishes the proof. O
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The proposition immediately imply:

Corollary 7. Let V,W be finite-dimensional vector spaces, T : V. — W a linear map and By and By
bases, then
dimrangeT = dim col(M(T, By, By)) = dimrow(M(T, By, By)).

We emphasize that in Corollary 7 the quantity dimrangeT is defined without any appeal to a basis
either of V or W.

We end this subsection stating a useful formula for change of bases. Before it we introduce some notation
to simplify the formula.

Notation 4. Let V be a finite-dimensional vector space and consider T': V' — V a linear map and By a
basis of V', then we simply write:
M(T, Bv) = M(T, Bv, Bv).

Lemma 17. Let V be a finite-dimensional vector space and consider T : V — V a linear map and B‘l, and
B two bases of V.. Then we have:

(5) M(T, By) = M(ldv, By, BY,) " M(T, B},)M(1dv, By, BY,).
Proof. This is (3.84) from the textbook. Write details. O
6. FEB. 1, 2024

6.1. Products and Quotients of Vector spaces. In this section we introduce some constructions that
define a new (abstract) vector space from a number of other vector spaces.

Definition 20. Let n > 1 be a natural number. Given a collection of vector spaces {V7,...,V,} the product
Vi X xV,of {Vi,...,V,} is the vector space whose:

e set is the Cartesian product Vi x - -+ x Vy;

o +: (Vi x- xVy)x (Vi x---xV,) = V] x---xV, is defined coordinate-wise, i.e. (v;)+ I+ (w;)r :=
(vi + w;), where I = {1,...,n};

o Fx(Vix- - xV,)—=Vpx---xV,is also given coordinate-wise.

Remark 14. The following is the universal property of the product. Given another vector space W and a
collection of linear maps f; : W — V;, then there exists an unique linear map ¢ : W — V; x --- x V,, such
that for every ¢ € I the following diagrams commute:

W Lo Vix---xV,

Vi

where p; : Vi x --- x V,, = V; sends (v;)er to v;. You will prove this for I = {1,2} in Homework 1.

Example 14. (i) Let V; = C? and V5 = C3, then we have V; x Vo = {((v1,v2), (v3,vs,v5)) € C? x C3}.
Notice that C2 x C3 # C®, because of the parenthesization. We however normally simplify this to C®
because C? x C? is isomorphic to C°.

(ii) Let V4 = P(R) and Vo = R™", then we have V; x Vo = P(R) x R™".

Remark 15. In fact, it is more natural, and sometimes convenient, to take Remark 14 as the definition of
product. More precisely, we say that the product U of vector spaces {Vi,...,V,}, if it exists, is a vector
space U satisfying the condition of Remark 14. Then we check two things:

(i) the construction given in Definition 20 solves the question asked in Remark 14;
(ii) any solution to Remark 14 is isomorphic to Vi x - -+ x V.

Actually, one can do even better than (ii), we can prove that for any solution U, there exists an isomorphism
Y :U — Vi x--- xV, and that ¥ is unique, if we require it to be compatible with the morphisms p; for
Vi x -+ xV, and p; for U.



18 ARON HELEODORO

Remark 16. In fact, V] x - -- x V,, also satisfies a dual universal property. Namely, let W be a vector space
and g; : V; = W be a collection of linear maps. Then there exists an unique linear ¢ : V3 x --- x V, = W
such that for every ¢ € I the following diagrams commute:

where 1; : V; = Vi x --- x V, sends v; to (0,...,0,v;,0,...,0). You will also prove this for I = {1,2} in
Homework 1. A similar comment as in Remark 15 applies to the object that would satisfy this condition, it
is called the coproduct of {V1,...,V,}.

Proposition 2. Let S be a (not necessarily) finite set, and {Vi}s a collection of vector spaces. Consider:
(1) [l,es Vs the subset of functions f: S = U,cq Vs satisfying f(s) € V for every s € S.

(2) @V, the subset of [[,cq Vs such that f(s) # 0 only for finitely many s € S.

seS

Then:
(i) T1g Vs and &%V, are vector spaces.

(11) [1g Vs together with the morphisms p, : [[¢ Vs = Vi given by ps(f) := f(s) satisfies the conditions of
Remark 14.

iii) SV, together with the morphisms 15 : Vy, — ®SV, given by 1(v)(t) = v for t = s and 0 otherwise,
S S
satisfies the conditions of Remark 16.

Proof. We define (a- f + ¢)(s) :=a- f(s) + g(s) for a € F and f,g € [[4Vs. This clearly makes [ V5 into
a vector space.

Let’s specify the morphisms p, : [[¢ Vi = Vi. Given f € [[¢ Vi we let ps(f) := f(s).

We prove (ii). Let {gs : W — Vi} be a collection of linear maps, then we define h: W — []¢ Vi by

h(w)(s) := gs(w).

We notice that ps o h(w) = h(w)(s) = gs(w) as required. Assume we are given h' : W — []¢ V another
linear map satisfying
psoh’ =g, forallsecS.

Then we have that for any w € W and s € S:

b (w)(s) = ps o I (w) = gs(w) = ps o h(w) = h(w)(s),

so h' = h.
The argument for (iii) is analogous to (ii) and we leave the details for the reader. O

Exercise 29. Let {V;}scs be a collection of vector spaces and assume that { Bs}ses is a collection of subsets
B, C Vg, such that each B, is a basis of V;. Let B :=:= UzcsBs:

(i) prove that B is a basis of ®scsVs;

(ii) give an example to show that B is not a basis of [[,.¢ Vs in general.

ses
Here are some immediate properties of the product of vector spaces.

Lemma 18. (1) Let Vi,...,V, be finite-dimensional vector spaces, then we have dim(Vy x --- x V,,) =
(dim Vi) 4 -+ + (dim V;,).

(2) Suppose that Vi,...,V, are subspaces of an ambient vector space W. Then we have a linear map:
''vix---xV,—=->Vi+---4+V,

given by T'(v1,...,v,) :=v1+-+v,. Then Vi+---4+V, is a direct sum if and only if T is injective.
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(8) Given subspaces Vi,...,V, of a finite-dimensional vector space W, then Vi + -+ V,, is a direct
sum if and only if dim(Vy + -+ V,,) = >, dim V;.

Proof. (1) can be proved by induction. We notice that given {v1,...,v,} a basis of V5 and {u1,...,un} a
basis of Vs, then {(v1,0),..., (vpn,0), (0,u1),...,(0,uy)} is a basis of V1 x Va. Indeed, assume we are given
(v,u) € Vi x Vs, then there exist unique ai,...,a, in F such that v = Y"1, a;v; and there are unique
bi,...,by, in F such that u = Z;”:l bju;. Thus we get:

n m
(u,v) = Zai(vi, 0) + Z b;(0,u;).
i=1 j=1
that is ay,...,an,b1,..., by are unique coefficients writing (v, u) as a linear combination of the basis vectors.

(2) Again by induction it is enough to consider the case n = 2. Now recall that dim V; + V5 = dim V4 +
dim Vo — dim V3 NV, and that V; + V5 is a direct sum if and only if dim V3 NV, = 0. If we assume I is
injective then Corollary 4 implies I is an isomorphism, thus dim V; 4+ V5 = dim(V; x V2), which gives that
V1 + Vs is a direct sum. Conversely, if dim V3 N'Ve = 0, then dimnullT" = dim(V; x V) — dimrangeT. But
T' is surjective, thus dimrangeT' = dim V; + Vo = dim V7 + dim V5, which gives that nullT" = 0.

(3) is essentially a simple restatement of (2). O

Notation 5. Given a set of vector spaces {V;}ses, we will simply denote by @scsVs their direction sum as
defined in Proposition 2. Moreover, given linear maps fs : Vi — U we will let @scsfs : DsesVs — U denote
the map determined by Remark 16.

Assume that S is finite, i.e. S = {1,...,n} for some n € N. Notice that if each V;, C U is a subspace of
a vector space U. Then Lemma 18 gives a linear map:

Vi@V, = Vo4V,

which is an isomorphism if and only if V; N V; = {0} for every i # j. In particular, this shows that the
notation V; & --- @ V,, is unambiguous.

7. FEB. 5, 2024

7.1. Quotient spaces. The motivation for this session is the following. Suppose we are given a subspace
U C V and linear map L : V — W to another vector space such that L|, : U — W is the identically 0
linear map. Can we describe the data of L in “smaller” terms, i.e. is there some vector space ) and a map
T : @ — W such that we recover L from T'. Notice that if V is finite-dimensional, one answer would be to
pick a subspace U’ C V such that U’ @ U = V, which exists by Lemma 5 and consider T := L|,, : U — W.
There are however two problems with this solution:

(1) we had to assume that V is finite-dimensional;

(2) we had to make a choice of U’, which we know, by Exercise 5 from Worksheet 1, is not unique-so T is
not unique either.

To solve these two problems we need some preparatory discussion.
Let U C V be a subspace, the consider the relation Ry C V x V on V defined by

(v1,v2) € Ry if v1 — vy € UL

Exercise 30. For any subspace U C V the relation Ry is an equivalence relation®.
Let V/U denote the set of equivalence classes of Ry .

Lemma 19. There exists an unique structure of vector space on V/U such the natural map:

7V =>V/U
v = m(v)

is a linear map.

51f you don’t remember this definition from set theory, see here.


https://en.wikipedia.org/wiki/Equivalence_relation
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Proof. First we give a concrete description of 7(v). Notice that w € w(v) if and only if w —v € U, i.e.
wev+U :={weV |w-—veU}. Now we define / : F x V/U — V/U as follows:

a''v:=m(a-v"), for any v’ € V such that 7(v') = v.

Similarly, we define +' : V/U x V/U — V/U as follows:
01 + 0 = w(v} + vh), for any v}, vh € V such that n(v]) = 9y and 7(v}) = Va.

Let’s check that these are well-defined. Let v’ and v” be such that w(v') = w(v"), i.e. there exist u € U such
that v' +u = v”. Then we have

a-7(v)=m(a-v)=m(a-v"+a-u)=n(a- (v +u)=n(a-v")=a-x(").
The check that + is well-defined is similar. We leave it to the reader to check that 7 is a linear map. O

Definition 21. Given a subspace U C V the quotient set V/U with the structure from Lemma 19 is called
the quotient space of V by U.

Remark 17. Notice that nullm = U. Indeed, for any u € U we have m(u) = m(u — u) = w(0) = 0. Thus,
Theorem 1 imply that dim V/U = dim V — dim U, whenever V is finite-dimensional.

We now show that this construction solves the problem that motivated us in the begining of this sub-
section.

Lemma 20. Given a subspace U C'V and a linear map L : V. — W such that L|, = 0. Then there exist
an unique T : V/U — W such that the following diagram commutes

V" VU

|
N i

74
i.e. Tom=1L.

Proof. We let T(v) := L(v') for any v' € V such that w(v') = . We check this is well-defined. Let v’,v"”
such that m(v") = w(v"”) then v/ = v” + u, which gives

L(v") = L +u) = L").
We leave it to the reader to check that T is linear and uniquely determined. O

Remark 18. Notice that given a subspace U C V of a finite-dimensional vector and a linear map L : V — W
we can always modify L on U to make it satisfy the conditions of Lemma 20. Indeed, consider L — L~|U7
where LN\U : V. — W is the extension of L|U defined as follows: let W C V be any subspace such that
W eU =V, then L~|U = 0|, ® L~|U. Notice that L~|U does not depend on W. Explain the notation
0l @ L~|U and why it doesn’t depend on U.

Corollary 8. Let L: V — W be a linear map, then one has a canonical map:
L:V/aullT — W
satisfying the following:
(i) Low = L;
(ii) L is injective;
(iii) range L = range L;

(iv) V/null T ~ range L.
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Proof. The existence of L and (i) follow directly from Lemma 20, by noticing that L|_ ,; =0

For (ii), suppose that there exist © € V/null L such that L(v) = 0, but ¥ # 7(0). This implies that there
exist v/ € V such that 7(v') = 7(0), i.e. v/ € null L and L(7(v")) = L(v') = 0, which is a contradiction.

For (iii), we notice that range L. C range L by set-theoretic consideration. Now assume that w € range L
and let v € V such that L(v) = w, then L(7(v)) = w.

For (iv), we simply notice that L factors as:

V/mullT —2— range L

|
e
L +

w
where by (ii) and (iii) ¢ is injective and surjective, hence an isomorphism by Lemma 14. O

8. FEB. 8, 2024
8.1. Duality. The next definition associates a vector space to given vector space that is very useful.

Definition 22. Given a vector space V the vector space V* := L(V,F) is called its dual space®. Elements
A € V* are called linear functionals on V.

Example 15. (1) Let P3(R), then ¢ : P3(R) — R given by ¢(p) := fol p(x)dz is a linear functional,
ie pe€ Pg(R)*

(2) For any a := (ai,...,a,) € F" we have A, : F* — F given by Aq(vi,...,v,) == >, a;v;.

(3) Let V = R[[z]] denote the vector space of Taylor series, i.e. f : R — R given by a series f(z) =
Zizo a;x'. Then V* ~ R[z]. Give details.

Here are a couple of properties on the finite-dimensional case.

Lemma 21. Given a finite-dimensional vector space V.
(1) One has dimV = dim V*.
(2) A choice of basis By for V determines a basis By~ for V*.

Proof. By Corollary 5 we know that dim L(V,F) = dimV - dimF = dim V.
Let B, = {v1,...,v,} be a basis of V, then we define By« := {A1,...,\,} C V* as follows:

1ifj =i
Aj(vi) = {

0 else
Notice that if there exists a collection of scalars ay,...,a, € F not all zero such that \ := Z:L a;A; = 0,
then A(vy + ---v,) = 0 would contradict {vy,...,v,} being linearly independent. Thus, By~ is linearly
independent. By Lemma 7 (2) By~ is a basis. O

Remark 19. The set By~ is called the dual basis. It has the following property:

v= i i (v)vg,
i=1

with the notation as in the proof of Lemma 21.

Definition 23. Given a linear map T € L(V,W) its dual is the linear map T* € L(W*,V*) defined as
follows:

T*(A) :== Ao T for every A € W*.
Example 16. Let D : R[z] — R[z] be the linear map given by differentiation. Then D* : R[z]* — Rlz|* is
given by D*(¢) = ¢ o D. For example, if ¢ € R[z]* is given by ¢(p) = fol p(z)dz, then D* o fol p(z)dr =
p(1) — p(0) by the fundamental theorem of Calculus.

6The textbook uses the notation V' for the dual of V and similarly to other dual concepts. We adopt a notation that is
consistent with Wikipedia.


https://en.wikipedia.org/wiki/Duality_(mathematics)
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Here are some properties of the construction from Definition 23.

Lemma 22. Let V and W be two vector spaces. Then (=)* : LIV, W) — LI(W*,V*) is a linear operation.
Moreover, we have (T 0 S)* = S* o T*.

Proof. Let T, T € L(V,W) then (aT +T")* : W* — V* is given on an element A € W* by
(@T +T)*N)=Xo(aT +T')=XoaT +XoT =aXoT +XoT’
by Exercise 22. The second equation is left as an exercise. (]

Exercise 31. Is the operation linear map that sends T € L(V,W) to T* € L(W™*,V*) an isomorphism?
Prove or give a counter-example.

Exercise 32. Let V be a finite-dimensional vector space, prove that the map:
Oy V — (VY)Y v @y (v)(N) := A(v), for every A € VY
is an isomorphism of vector spaces. Notice how we didn’t need to pick a basis of V' to write @y .

We now study how the notion of dual vector space interacts with the concepts of null space and range.
First we introduce the following;:

Definition 24. Let U C V be a subspace, the annihilator of U is:
U%:={AeV*| Au)=0foralluecU}.
We notice that U? C V* is a subspace. Indeed, let A, u € U°, then we have
(@- A+ p)(v) =a-Av) +pv) =Aa-v)+ pv) =0+0,
if v € U, since this implies a - v € U as well.
Example 17. (1) Let P3(R) C P(R) be the subspace of degree at most 3 polynomials.
(2) Let R[z] C R[[z]] be the subspace of polynomials. Then R[z]® What is this?
Lemma 23. Let T : V — W be a linear map, then:
(i) null T* = (range T')°;
(ii) range T* C (null T)° is a subspace.

Proof. For (i) let A\ € nullT* this implies that Ao T : V' — F vanishes. Consider w € rangeT, i.e. w = Tv
for some v € V, then
AMw) = A(Tw) = 0.

So null T C (rangeT)°. Now let A € (rangeT)° then for any w = Tv € W we have
Aw) =A(Tv) =AoT () =T*(\)(v) =0.
Notice that the above equation holds for any v, thus 7*()\) = 0, which gives (rangeT)° C null 7*.
For (ii), consider A € rangeT*, i.e. A\ = po T for some p € V*. Let v € (nullT)°, then we have
A(w) = poT(v) =0.

This implies that range T* C (null7)? as sets. We leave it to the reader to check that one is a subspace of
the other. (]

Warning 1. Notice that in Lemma 23 (ii) we don’t always have that (nullT)" C range T*. Can you give
an example where this does not happen?

Remark 20. Let U C V be a subspace of a finite-dimensional vector space V. Let T': U — W be a linear
map, then there exist an extension of T to V, i.e. a linear map T : V — W such that T‘ =T. Indeed, let

U
{u1,...,u,} be a basis of U, which can be extended to {uy,...,Un, Upt1,...,Wn} a basis of V. Then we
define:
T(ug) = T (u;) forz: < n;
0 fori >n+ 1.

Notice that this is well-defined and satisfy the required condition to be an extension.
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We collect some properties of the annihilator when the ambient vector space is finite-dimensional.

Lemma 24. Let U C V be a subspace of a finite-dimensional vector space V.
(i) dimU° = dim V — dim U;
(ii) U° = V* if and only if U = {0};

(iii) U° = {0} if and only if U = V.

Proof. For (i) let 2+ : U — V denote the inclusion linear map. Then we get a linear map ¢* : V* — U* and
Theorem 1 implies that:
dimrange?® + dimnull2* = dim V'*.

Notice that null2* = U°, by Lemma 23(i), since range? = U.
_ Now we claim that range:* = U*. Indeed, let A : U — F be a linear map, by Remark 20 there exist
A:V — F such that Aos = A. Thus, U* C range+*, which implies the equality, since we have range+* C U*
by definition. Thus, we obtain:
dimV = dim V*

= dimrange+* 4+ dim null 2*

= dimU* + dim U°

= dimU + dim U",
where in the first and last equalities we used that V ~ V* and U ~ U* for finite-dimensional vector spaces.

For (ii) we notice that U° C V* being a subspace, we have that UY = V* if and only if dimU° =

dimV —dimU =dimV =dim V*, that is U = 0.

Since (iii) is proved similarly, we leave the details to the reader.
O

Similar to Lemma 24 we collect some properties of the dual of a linear map when the vector spaces
involved are finite-dimensional.

Lemma 25. Suppose that V and W are finite-dimensional and let T :' V — W be a linear map. Then:
(i) dimnullT* = dimnull 7T + dim W — dim V;

(i) dimrangeT* = dimrangeT’;

(iii) range T* = (null T)°;

(iv) T* is injective if and only if T is surjective;
(v) T* is surjective if and only if T is injective.

Proof. For (i) notice that by Lemma 23 we have dimnull 7% = dim(range T')°. By the fundamental theorem
of linear maps we have:
dimV = dimnull T + dimrange T

Notice that by Lemma 24 (1) we have dim(rangeT)? = dim W — dimrange T. Thus, substituting back we
obtain:

dimV = dimnull T + dim W — dim(range T')° =dimnullT + dim W — dimnull T*.
For (ii) we compute:

dimrange T* = dim W* — dim null T*
= dim W — dim(range T)°
= dimrange T,

where the first equality is the fundamental theorem of linear maps applied to T%, the second uses that W
is finite-dimensional, so dim W = dim W* and Lemma 23(i). The last equality follows from Lemma 24(i).
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For (iii), by Lemma 23(ii) we have that range T* C (nullT')? is a subspace. We will be done if we prove
that they have the same dimension. Notice that:

dimrange T* = dimrange T'
=dimV —dimnullT
= dim(null 7)°,
where the first equality comes from (ii), the second from the fundamental theorem of linear maps, and the

third from Lemma 24(i).
(iv) We have the following sequence of logical equivalences:

T* is injective < nullT* =0
& (range T)° =0
& rangelT =W
& T is surjective .
Here the first equality is Lemma 11(i), the second is Lemma 23(i), the third is Lemma 24(ii) and the last is

Lemma 11(ii).
The argument for (v) is similar to that for (iv) and we leave it as an exercise. O

Finally, we remark on how passing to the dual linear map interacts with associating a matrix to a linear
map. Consider the function:

(_)t - e s Frem
(aij) = (aji)
that sends a matrix to its transpose, i.e. we swap the indices of its terms.

Lemma 26. Let V and W be two finite-dimensional vector spaces with bases By and By . These deter-
mine bases By~ and By~ of V* and W*, respectively, as explained in Remark 19. The following diagram
commutes:

M(—=,Bv,Bw)
—

LV, W) o

=) (=)

E(W v )M(—,BW*,BV*)me

where n = dimV and m = dim W.
Proof. Write this! O

Here is a nice consequence of the previous result.

Corollary 9. Let A € F™" be an m by n matriz. Then dimcol(A) = dimrow(A).

Proof. Let T : F" — F™ be the linear operator corresponding to A for B, and B,, the standard bases of
F™ and F™, respectively. That is we have M(T, B,,, B,,) = A. Then we have:

dim col(A) = dimrange T
= dim rangeT™
= dim col(M(T*, B}, B}))
= dim col(A")
= dimrow(A).
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8.2. Polynomials. This subsection is a digression that collects some facts about polynomials that we will
need in the next topic.

Recall that C is the field of complex numbers. As a set one has C ~ R xR the addition and multiplication
are given by:

(a,b) + (a’, V') = (a+a,b+b) and (a,b)- (a’,b") = (aa’ — b, ba’ + ab’).
These are normally denoted by a + ib := (a,b). We have functions:
° g : C — C given by m = a — ib called complex conjugation;
e Re: C — R given by Re(a + ib) = a called the real part;
e Im : C — R given by Im(a + ib) = b called the imaginary part;
e |—|:C — R given by |a +ib| = Va2 + b2 called the absolute value.
Here is a list of properties they satisfy:
Lemma 27. For any two complex numbers z,w € C we have:
(i) z+Z=2Rez;
(i) z —z = 2Im zi;
(iii) 2z = |z|?;
() z+w=Z+w and Zw = Zw;
(v) z=z;
(vi) |Rez| < |z|] and |Im z| < z;
(vii) |2] = |2|;
(viti) 2w = |2][w];
fia) |z 4wl < 2] + ul.
Proof. Left as an exercise. O

Definition 25. Given a polynomial p € F[z] a zero of p is an element o € F such that p(«) = 0.
Lemma 28. Let p € Flz]| be a polynomial then the following are equivalent:

(1) « is a zero of p;
(2) there exists a polynomial g € Flx] such that p(z) = (z — a)q(x).

Proof. Assume (1) and let p(z) = >/~ a;2" for some coefficients a; € F. Then we have:

m
= Zai(zZ —a')
i=1

Recall that each z* — o’ can be factored as:

i
Z—at = (2 — a)z,zi*jajfl.
j=1

Thus, we obtain:

m m
Z zfa Zalzfa Zzl Jai—t
i=1 i=1 =
:(z—a)ZaiZzi_jaj_l,
i=1  j=1

that is we can take ¢(z) = > a; 22:1 2=Jad =1, Notice that this is not unique.
Now assume (2), then clearly we get p(a) = (o — a)g(a) = 0. O
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Here is a basic result about polynomials that follows from the previous Lemma.

Corollary 10. Let p be a polynomial of degree m > 0. Then p has at most m zeros.

Proof. We proceed by induction on m. For m = 0 we have p(z) = ag where ag # 0”. Thus, p(a) = ag for
every a € F, so p has no zeros.

Assume we proved the result for all polynomials of degree up to m — 1. Let p have degree m. If it has no
zeros, there is nothing to prove. Assume that p has a zero «, then p(z) = (z — a)g(z) by Lemma 28. Since
deg p = deg(z — ) deg(q) we obtain that ¢ has degree m — 1, so it has at most m — 1 zeros by the inductive
hypothesis. This finishes the proof. O

The following result is called the division algorithm for polynomials, it is analogous to the Euclidean
algorithm that you learned to perform division of integers.

Lemma 29. Let p,s € Flx] be two polynomials such that s # 0. Then there exist unique polynomials
q,r € Flz] such that®

(i) p=gqs+r;
(ii) degr < degs.
Proof. Exercise for the reader. (|
The following result is a fact. In fact, it can be seen as the “raison d’étre” of the complex numbers.
Theorem 2. Every non-constant polynomial with complex coefficients has a root.
Proof. See page 125 in the textbook. TODO: Give another argument. O

Remark 21. There are many proofs of this theorem. You should make sure you know at least one. Also,
most places call the Theorem 2 the “fundamental theorem of algebra”.

We also need a result on the factorization of real polynomials.

Proposition 3. Let p € R[z]| be a nonconstant polynomial. Then p has an unique factorization:

m k
p(x) = a] [ =) [ @ + bz +¢)),
i=1 j=1
where a, A1, ..., Am,b1,. .., b, ¢c1,...,cx € R and for each 1 < j < k we have b? < 4c;.

Proof. The proof is obtained by considering the factorization of Theorem 2, i.e. that p(z) = [T, (z — ;)
where «; € C. We then split this product into the factors which are already real and the factors where we
have (z — o;)(x — ;) where o = o; = @;. One can prove by induction that this most be the case for p(z)
to have real coefficients. Then the product:

22 — (a4 @) +aa
can be easily seen to satisfy (o + @)? < 4]|a|? by Lemma 27 (i). O
9. FEB. 19, 2024

9.1. Invariant subspaces.

Definition 26. Let T : V — V be a linear map from V to itself. We will call T an operator. A subspace
U C V is invariant (with respect to T)” if the restriction T, : U — V factors as follows:

U ----- »U
C Co
V7>V
i.e. for every u € U we have T'(u) € U.
"Recall that we posed that deg0 = —oo, which avoids us having to deal with the exception of the zero polynomial, which

possibly has infinitely many zeros, e.g. if the field F is infinite.
8Notice that if we drop condition (ii) that there are no unique polynomials satisfying (i).
9When the operator T is clear from the context we will omit the part “with respect to T”.


https://en.wikipedia.org/wiki/Euclidean_division
https://en.wikipedia.org/wiki/Euclidean_division
https://mathoverflow.net/questions/10535/ways-to-prove-the-fundamental-theorem-of-algebra
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Example 18. (i) Given any operator T : V — V, then {0}, V,null T, and range T are invariant subspaces
of V.

(ii) Let D : P(R) — P(R) denote the differentiation operator. Then P,(R) C P(R) the subspace of
polynomials of degree at most n is invariant subspace for every n € N.

The following concepts are key definitions in this class.

Definition 27. Given an operator T : V. — V. A non-zero vector v € V such that Spanv C V is an
invariant subspace with respect to T is called an eigenvector.

Remark 22. Given an operator T : V — V and a non-zero vector v € V such that Spanv C V is an
invariant subspace with respect to T. Then we claim that T'(v) = A - v for an unique A € F. Indeed, since
T(v) € Spanwv we have that T'(v) = Av for some X € F.

Definition 28. Let T : V — V be an operator.

(i) if v € V is an eigenvector of T', with T'(v) = Av we say that A is the eigenvalue of v;

(ii) we will say that A € F is an eigenvalue of T if there exists an eigenvector v € V such that A is an
eigenvector of v.

Remark 23. Suppose that A € F is an eigenvalue of T and v € V and eigenvector, then any non-zero
multiple av is also an eigenvector of T' with eigenvalue .

Lemma 30. Given a vector space V' and an operator T : V. — V the following are equivalent:
(1) X is an eigenvalue of T';
(2) T — A1dy is not injective.
Assume that V is a finite-dimensional vector space, then the above are also equivalent to:
(8) T — A1dy is not surjective;
(4) T — A1dy is not invertible.

Proof. Left as an exercise. O

Example 19. (i) Let T : R? — R? denote the operator given by T'(z,y) = (—y,z). Assume that
T(z,y) = M(—y, z) for some non-zero (z,y) € R. Then we have x = —\y = —A\?z and y = Az = —\2y,
which gives A2 = —1, since either x or y is non-zero. However, there is no A € R such that A2 = —1.
Thus, T has no eigenvectors and so no eigenvalues.

(i) Now consider Let T : C? — C? denote the operator given by T'(z,w) = (—w, z). The same argument
as in (i) gives that A> = —1 which gives A = &7 in C. By inspection we see that T'(z, —iz) = i(z, —iz)
and T'(z,iz) = —i(z,1z), so for any z # 0 we have that (z,—iz) is an eigenvector of ¢ and (z,4z) is an
eigenvector of —i.

Lemma 31. Given an operator T : V. — V and {v1,...,v,} a list of eigenvectors whose eigenvalues
{Niti<i<n satisfy \i # A; for every i # j. Then {v1,...,v,} are linearly independent.

Proof. Let {v1,...,v,} be the smallest set of vector such that we have a non-trivial linear combination

n
E a;v; = 0.
i=1

We apply (T — A,,) to the equation above to obtain:

n—1

Zai(/\i — Ap)Us = ai(Ai — Ap)v; =0,
i=1 1

i
where all of a;(\; — A\,) # 0 for 1 <4 < mn — 1. This gives a non-trivial linear combination of smaller set of
vectors, which is a contradiction with the initial assumption. O

Corollary 11. Let T : V — V be an operator on a finite-dimensional vector space. Then T has at most
dim V' distinct eigenvalues.

Proof. If T has m distinct eigenvalues then Lemma 31 gives that there are m distinct linearly independent
vectors. Lemma 3 gives that m < dim V. (|
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9.2. Powers of operators. Let T : V — V be a linear operator on a vector space V over a field F. Then
for any polynomial p € F[z] we let p(T) : V' — V be the linear operator given by:

p(T) = apIdy +a1 T + axT? + - - + a, T™.

Notice that this assignment respect the following compatibilities, given p, ¢ € F[z] two polynomials and
an operator 7' : V' — V then we have:

(6) (pg)(T) = p(T)q(T) and p(T)q(T) = q(T)p(T).

Exercise 33. Check the relations in (6).

It turns out that by applying polynomials to an operator T" we can create, possibly new, invariant
subspaces.

Remark 24. Given an operator T': V — V and a polynomial p € F[z], then null p(T") and rangep(T) are
invariant under T'. Indeed, assume that v € null p(T), then p(T) o T(v) = T op(T)(v) = T'(0) = 0. Similarly,
if for w € rangep(T") then w = p(T)(v) for some v € V and we have T'(w) = T o p(T)(v) = p(T) o T(v) =
p(T)(T(v)), thus T'(w) € rangep(T).

10. FEB. 22, 2024
10.1. The minimal polynomial. The following is one of the most important results of this course.

Proposition 4. Let T : V — V be an operator on a finite-dimensional complex vector space V.. Then T
has an eigenvalue.

Proof. Let n = dimV and consider v € V' a non-zero vector. The set {v,Tv,...,T™v} is not linearly
independent, since it has size n 4 1 which is larger than the dimension of V. Thus, there exist ag, a1, ,an
such that

Zn: a;T'(v) = 0.
=0

We let p(T) = Y. ,a;T". Notice that we can assume that p(7) has the smallest possible degree. By
Theorem 2 there exist A € C such that p(A) = 0. Let g € C[z] such that p(z) = (z — X)g(z). Thus, we have:

(7) 0=p(T)(v) = (T = Aldv)(q(T)(v)).
Since deg ¢ < degp we have ¢(T")(v) # 0. Thus, ¢(T")(v) is an eigenvector of T" with eigenvalue . O

Example 20. Let T : P(C) — P(C) be given by Tp(z) := zp(z). We claim that T has no eigenvalues.
Indeed, assume by contradiction that A € C is an eigenvalue of T, i.e. there exist ¢ € P(C) such that

Tq(z) = zq(z) = \g(2).

However, this is a contradiction, since degTq > deg \q.

Proposition 5. Given a finite-dimensional vector space V' and an operator T : V. — V, there exist an
unique monic'’ polynomial p € Flz] such that p(T) = 0 and degp < dim V..

Proof. We induce on dim V. For dimV = 0 then T' = Idy and we can take p = 1 the constant polynomial
with value 1.

Let n = dimV > 1 and assume that the result holds for every vector space W over F of dimension
(stricly) less than n. Consider v € V' a non-zero vector, then {v,Tv,...,T™v}} are linearly dependent and
Lemma 2 implies that there exist m < n such that

m—1
Ty = E a; T"v
i=0

10A polynomial p(z) = S o a;x’ of degree n is said to be monic if an = 1.
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for some scalars ag,...,a;,—1. Thus, p(T) = T™ — Z?iﬁl a;T* is such that p(T)(v) = 0. Notice that

p(T)(T?) = T? o p(T)(v) = 0 for every i > 1. The set {Tv,T?v,...,T™ v} is linearly independent and
Span {Twv, T?v,...,T™ v} C nullp(T), which implies that:

dimrange p(T) < n — m.
By Remark 24 rangep(T') C V is subspace invariant under 7". Thus, we can consider:

T|rangep(T) : range p(T) — range p(T)

and we notice that dimrange p(T') < n, since m > 1. Thus the inductive hypothesis implies that there exist
an unique monic polynomial r € F[z] such that

(1| angep(ry) = 0, and degr < dimrangep(T’) <n —m.

Hence for all v € V' we have:
rp(T)(v) = r(p(T)(v)) = 0,
ie. rp(T) = 0. And degrp < n — m + m = n. This finishes the proof of the existence of a polynomial.
Assume that there exist two monic polynomials p, ¢ € F[x] such that p(T) = ¢(T') = 0 and they are both
of minimal degree. Notice that degp — ¢ < degp. Assume that p — ¢ # 0, then we can divide p — ¢ by the
coeflicient of its highest power to make it a monic polynomial of degree less than p, which is a contradiction.
Thus, p = ¢q. This finishes the proof. (I

Definition 29. Given an operator 7" : V' — V on a finite-dimensional vector space the unique monic
polynomial pr'! determined by Proposition 5 is called the minimal polynomial of T.
Example 21. Consider T : F" — F" given by T(x1,...,2,) = (1 + - -+ Zp,..., 21 + - - 2,). Notice that
for any 7 € {1,...,n} we have v := T(e;) = (1,...,1). And that T'(vg) = nuvg, i.e. vy is an eigenvector with
eigenvalue n.
Also notice that T'(e; —e;4+1) =0 for 1 <i<n-—1,ie. e; —e;11 are all eigenvectors with eigenvalue 0.
Thus, for any v =) | a;e; we have:
n
T(v) = (Z a;)vo.
i=1
Since T'(vg) = nvg, we obtain that
T?(v) — nT(v) =0
for every v € V. As T'(v) # v for every v € V, we have that p(T) = T? — T is the minimal polynomial of
T.

Remark 25. It can be sometimes tricky to compute the minimal polynomial of an operator, you should
read the discussion on page 145-146 just after Definition 5.24. See also, Example 5.26 for a concrete example
of how one can compute the minimal polynomial.

The following illustrate the relation between the minimal polynomial and eigenvalues of an operator.

Lemma 32. GivenT : V — V an operator on a finite-dimensional vector space over F, let pr be its minimal
polynomial. For A € F the following are equivalent:

(1) pr(A) =0, i.e. A is a root of pr;
(2) X is an eigenvalue of T.

Proof. (1) = (2) by Lemma 28 we can write pr(z) = (x — A)g(z) for some monic polynomial ¢ € Flz]. Then
we have p(T') = (T — N)¢(T') = 0, which gives
(T' = Ady)q(T)(v) = 0,

for every v € V. Now, since degq < degpr, there exist at least one non-zero vector v € V such that
q(T)(v) # 0, which implies that (T — AIdy)(v) = 0, i.e. v is an eigenvector with eigenvalue A.

(2) = (1) let v € V be such that T'(v) = \v. By applying T repeatedly we obtain 7% = A\*v, which
implies:

pr(T)v = p(A)v.

Since pr(T)(v) and v # 0, we have pr(A) = 0, as required. O

HWe sometimes will use the notation pr for the minimal polynomial associated to T
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Corollary 12. Let T : V. — V be an operator on a finite-dimensional vector space over C the minimal
polynomial of T is given by:

p(z) =[]z =M,
where each \; is an eigenvalue of T
Proof. This is a direct consequence of Theorem 2 and Lemma 32. O

Warning 2. Notice that in Corollary 12 the roots A; might appear multiple times. Here is an example.
Consider T : C? — C2 given by T'(x1,x2) = (21,1 +22). We know that T should have a minimal polynomial
of degree 2, since T is not a multiple of the identity. We want to find a,b € C such that

(T? + aT +b)(e1) = 0, and (T? + aT + b)(ea) = 0.

The first equation gives 1 4+ a + b = 0, while the second gives 1 +a+ b =0 and 2+ a = 0. We solve for
a = —2 and b = 1. Thus, we have:

p(T)=T%*-2T+1= (T -1)%
The following result is very useful for understanding how the minimal polynomial interacts with other
polynomials we can write down from an operator.

Lemma 33. Let T : V — V be an operator on a finite-dimensional vector space and consider a polynomial
q € F[z]. Then q(T) =0 if and only if pr divides q.

Proof. By Lemma 29 there exist r, s € F[z] such that
q=prs+r
with degr < degp. Then we have:
o(T) = pr(T)s(T) + r(T) = 0.

We claim that r is the 0 polynomial. Indeed, if that were not the case then r divided by the coefficient of
its highest term would be a monic polynomial of degree smaller than deg py such that r(T") = 0, which is a
contradiction with py being the minimal polynomial. Thus, ¢ is a multiple of pr as claimed.

Assume that ¢(x) = pr(x)s(x), then clearly we have ¢(T') = pr(T)s(T) = 0. O

Corollary 13. Let T : V — V be an operator on a finite-dimensional vector space. Then T is invertible if
and only if pr has a non-zero constant term.

Proof. Recall that: by Lemma 30
0 is an eigenvalue < 7T is not invertible,

by Lemma 30. And that:
0 is an eigenvalue < 0 is a root of pr

by Lemma 32. It is clear that 0 is a root of pp if and only if the constant term of py vanishes. O

The next result is the first general statement about the existence of eigenvalues for operators on real
vector spaces.

Proposition 6. Let T : V — V be an operator on a finite-dimensional real vector space V' and assume that
dimV is odd. Then T has an eigenvalue.

Proof. Let dimV = 2n + 1, we will use induction on n to prove the result.

The base case is clear, since when V = R any operator is simply given by scalar multiplication.

Let n > 1 and assume the result holds for all V' such that dimV = 2k + 1 and & < n. Let pr be
the minimal polynomial of T. If pr is a multiple of (x — A\) then by Lemma 32 X is an eigenvalue and
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we are done. So we can assume that there exist b,c € R and a monic polynomial ¢ € R[z] such that
pr(z) = q(z)(2? + bz + ¢) and that b*> < 4c. Then

p(T) = q(T)(T? +bT + ¢),

which implies that q(T)|range(T2+bT+c) = 0. Since degq < degp we have that range(T? + bT +c) # V. By
Theorem 1 we have:
dim V' = dimnull(T? + bT + ¢) + dim range(T? + bT + ¢).

Now, dimnull(7? + bT + ¢) is even by Lemma 34 below, which implies that dimrange(7? + bT + ¢), since
dim V is odd. Thus, T|range(T2 +bT+c) has an eigenvalue by the inductive hypothesis, which implies that T
has an eigenvalue. O

Lemma 34. Let T : V. — V be an operator on a finite-dimensional real vector space. Consider b,c € R
such that b*> < 4c. Then dimnull(T? + bT + ¢) is even.

Proof. By considering T|null(T2+bT+c) we can assume that null(T? + bT + ¢) = V. Assume there are A € R
and v € V such that Tv = AV, then we have:

b b?
(T? 0T +c)v = (A2 +bA +c)v = ((/\—|—2)2+c—4)v,

and since (A + g)z +c— % > 0, we obtain that v = 0, i.e. T has no eigenvectors.

Let U C V be the largest even-dimensional subspace invariant under 7. If U = V we are done. So
assume that there exist w € V such that w ¢ U. Notice that W := Span {w, Tw} is invariant under T, since
T?w = —bTw — cw. Also dim W = 2, otherwise w would be an eigenvector of T. Moreover, it is clear that
UNW = {0}, otherwise it would be a one-dimensional subspace invariant under 7. So we have:

dim(U+ W) =dimU +dimW —dimU NW =dimU + 2.

Thus, we produced a larger invariant subspace U C U + W C V, which contradicts the assumption that
U # V. This finishes the proof. O

11. FEB. 26, 2024

11.1. Upper-Triangular matrices. In this section we discuss the relation between finding invariant sub-
spaces of an operator and being able to write a matrix in upper-triangular form.

Lemma 35. Let T : V — V be an operator on a finite-dimensional vector space and By = {v1,...,v,} a
basis of V. Then the following are equivalent:

(1) the matriz M(T, By) associated to T (see Notation 4) is upper-triangular;
(2) T(v;) € Span (v1,...,v;) for everyi € {1,...,n};
(8) Span (vy,...,v;) is invariant under T for every i € {1,...,n}.

Proof. (1) = (2). By assumption for each i € {1,...,n} we have

T(vi) = a;vj,
j=1

for some constants a;, i.e. T(v;) € Span (v1,...,v;).

(2) = (3). For any ¢ € {1,...,n}, notice that T'(v;)Span (v1,...,v;) for every 1 < j < i. Thus
T(Span (v1,...,v;)) C Span (vy,...,v;).

(3) = (1). For each i € {1,...,n} we have

T(v;) € Span (vy,...,U,),

i.e. there exist a; ; € F such that

T(’UZ') = Z ;i V5.

j=1
Since M(T, By) := (@i j)1<i,j<n, the claim follows. O



32 ARON HELEODORO

Exercise 34. Let T : V — V be an operator on a finite-dimensional vector space and By = {v1,...,v,} a
basis of V. Assume that

)\1 * *

0 )\2 *
(8) M(T, By) = .

0 )\n,1 *

0 0 0 An
for some scalars Aq,..., A\, € F. Prove that

Corollary 14. Let T : V — V be an operator on a finite-dimensional vector space. Assume that for some
basis By = {v1,...,vn}, the matrix M(T, By) has the form (8). Then the eigenvalues of T are precisely
Alyoves An-

Proof. Notice that T'(v1) = A\jv1 and v; is non-zero, since it is part of a basis. Thus, A; is one eigenvalue.
For any i € {2,...,n} notice that

(T — X\)v; € Span (v, ...,v;-1).

Thus, T'— Ailspan (uy,...0,)) factors as follows:

T— /\i|Span (W1r0)) Span (vy,...,v;) = Span (vy,...,v;_1).
Since ¢ = dim Span (v1,...,v;) > Span (v1,...,v;—1) = @ — 1., the linear map T — )‘i|span (01,0 01)) is not
injective. So there exists v € Span (v1,...,v;), v # 0 such that (T'— X\;)v = 0, so A; is an eigenvalue of T.
This proves that {A1, -+, A, } are all eigenvalues.

One needs to argue that there are none others. Let q(z) := [[;—,(z — A;), then ¢(T) = 0; then Lemma
33 implies that ¢ is a multiple of pp, the minimal polynomial. Thus, Lemma 32 imply that all eigenvalues
of T are of ¢, hence contained in the list {A1,..., A, }. This finishes the proof. O

Let’s now analyze an example that illustrates the relation between a property of the minimal polynomial
and the existence of upper-triangular matrix representation.

Example 22. Consider T : R* — R* given by T'(x1,z2,23,74) = (=12, 21,271 + 323, 23 + 324). For B the
standard basis of R* we have:

0 -1 0 0
1 0 0 0
MBI =15 o 3 ¢
0 0 1 3

You can use some computation tool'? to get that the minimal polynomial of T is:
pr(z) = 2* — 62% +102% — 62 + 9.
Over the real numbers we have the factorization:
pr(z) = (z* +1)(z - 3)%,
where the term 22 + 1 can’t be factored further. However, over the complex numbers we have:
pr(2) = (z —i)(z +i)(z — 3)%

Now, with respect to the basis B’ = {(4—3i, —3—4i, —3+1i,1), (4+3i, —3+4¢,—3—14,1),(0,0,1,0),(0,0,0,1)}
the operator T' is given by:

¢ 0
0 —
0 0
0 0

0
/ 0
M(B',T) = .
3

O W oo

12 ¢ried ChatGPT and the result was terrible. But WolframAlpha did, tough they called it the characteristic polynomial,
so one needs to check that is actually the minimal polynomial.


https://www.wolframalpha.com
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Lemma 36. Let T : V — V be an operator on a finite-dimensional vector space. Then the following are
equivalent:

(1) there exists a basis B of V', such that M(B,T) is upper-triangular;
(2) the minimal polynomial pr(z) = [[i2,(z — Xi), for some A1,..., A\, €F.

Proof. (1) = (2) let {a1,...,a,} be the diagonal entries of M(B,T) and define ¢(z) := [],(z — ;).
Lemma 33 implies that pr divides g, so pr = [[;=,(x — A;) for a subset {A1,..., A} C {aq, ..., a0}

(1) = (2) we proceed by induction on m. For m = 1, the claim is clear, since T' = A; Idy. Assume the
result holds for all £ < m. Let U := range(T — Ay, Idy ), it is clear that U is invariant under T. Consider
T, by Exercise 34 and Lemma 33 we see that H;Z_ll(:c — Ai) is a multiple of pp .

By the inductive hypothesis, there exists By = {ui,...,u;} a basis of U, such that M(By, T|,,) is
upper-triangular. Let By = {u1,...,u,v1,...,0} be an extension of By to a basis of V. For each
i€ {l,...1} we have:

T(v;) = (T — An)vi + Amv; € Span{uq, ..., uk,v;} C Span{uq,..., uk,v1,...,0;}.
Thus, Lemma 35 implies that M(By,T') is upper-triangular. O

Corollary 15. Let T : V. — V be an operator on a finite-dimensional vector space over C, then there exist
a basis By of V, such that M(By,T) is upper-triangular.

Proof. Left to the reader as an exercise. O

Warning 3. Notice that in By = {v1,...,v,} the basis given in Corollary 15, a priori, only the vector vy
is an eigenvector with eigenvalue A;.

From Math2101, you learned how to transform a matrix into row echelon form (recall it here). The row
echelon form of a matrix has no relation with a triangular form whose existence Corollary 15 guarantes. For
instance, one can not read off the eigenvalues of a matrix from its row echelon form. However, in contrast
with Gauss elimination, there is no method to compute the upper-triangular form from Corollary 15.

12. MAR. 11, 2024

12.1. Diagonalizable Operators. We start this session with a definiton.

Definition 30. Given a linear operator T': V — V and A € F. The eigenspace corresponding to A is
E\T) :=null(T — Xdy),

ie. E(A\,T) = Span{v1,...,v,}, where vy,...,v, are all the eigenvectors of A.

Lemma 37. Let T € L(V) and M1, ..., \y, be distinct eigenvalues of T, then

9) EA,T)+ -4+ E\n,T)CV

is a direct sum.

Proof. This follows directly from Lemma 31. Make sure you understand why! O

Proposition 7. Assume thatV is finite-dimensional. Let T € L(V) and Ay1,..., A\ € F be a list of distinct
eigenvalues. Then the following are equivalent:

(1) there exist a basis By such that M(By,T) is a diagonal matriz;
(2) there exist a basis By consisting of eigenvectors of T';
(3) V=EMT)® - ®E\,,T);

(4) dimV = dim E(A;,T) + - - - + dim E(A,, T).


https://en.wikipedia.org/wiki/Row_echelon_form
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Proof. (1) < (2) is clear.

(2) = (3) let {\1,..., A} be the set of eigenvalues of T and define By, := {v € By | T(v) = \v} for
1 <i<m. It is clear that E();,T) = Span (By,). Moreover, since By = Li<;<», By, is a disjoint union we
obtain V' = Span By = ®1<;<mSpan By,.

(3) = (4) follows from Exercise 20.

(4) = (3) let By, be a basis of E(\;,T) for each ¢ € {1,...,m}. We claim that {ui,...,u,} = By =
Ur<i<mBi is a basis of V. Indeed, since |By| = dim V' it is enough to check that By is linearly independent.
Assume that there exist a; € F such that

n
Z a; U; = 0.
i=1

We can arrange such that the sum becomes:

m
E v = 0,
j=1

where v; € E(A;,T). By Lemma 31 the set {v1,...,v,,} is linearly independent, since they have different
cigenvalues. Thus each v; = 0, as each v; = };c; aiju; with {u;}, a basis of E();,T) we have that each
collection {a;}icr; consists of only zeros, which gives that {a;}1<i<n all vanish.

(3) = (2) foreach 1 <i <mlet B; := {v],..., v}, } beabasis of E(\;,T). We claim that By = Ui<;<m B
is a basis of V' (see Exercise 20). O

Definition 31. We say that an operator T': V — V is diagonalizable if it satisfies one of the equivalent
conditions of Proposition 7.

Remark 26. Definition 31 gives a name to a collection of equivalent mathematical properties. Many
definitions in Mathematics work the same way. Something is made into a definition to summarize many
important facts about a mathematical object. An interesting example to read about is the definition
derivative of a function. Notice that it is easier to envision how to generalize some of the conditions in
Proposition 7 to infinite-dimensional vector space, but not others.

Corollary 16. Let T : V. — V be an operator on a finite-dimensional vector space. Assume that T has
dim V' distinct eigenvalues, then T is diagonalizable.

Proof. Let {vy,...,v,} be a collection of eigenvectors for {\1,..., A\, }. By Lemma 31 we see that {vy,...,v,}
is linearly independent. Also Span (v;) C E(\;,T) for each i. Thus, by dimension reasons we obtain
Span (v;) = E(X\;, T), which implies that V' = @, E(\;,T). That is T is diagonalizable by Proposition
7. O

Exercise 35. Give an example of a diagonalizable operator T : V' — V such that T" does not have dim V'
distinct eigenvalues.

We record the following important relation between diagonalizable and the minimal polynomial.

Lemma 38. Let T : V — V be a operator on a finite-dimensional vector space. Then T is diagonalizable if
and only if the minimal polynomial pr = [[i-;(z — A;) where {\1,..., A} are distinct eigenvalues.

Proof. Left as an exercise in HW 3. O

12.2. Inner Products and Norms. The following is a quick review of concepts discussed in Math2101.
From nowon F =R or F =C.

Definition 32. Let V be a vector space. An inner product is a function (—, —) : V- x V — F satisfying:

o (positivity) (v,v) € Ryq for every v € V;

definiteness) (v,v) = 0 if and only if v = 0;

additivity on the first slot) (av,u) = a (v, u) for every v,u € V and a € F;

(
(
e (additivity on the first slot) (vy + va,u) = (v1, u) + (ve,u) for every vy, ve,u € V;
(
(

conjugate symmetry) (v, u) = (u, v).


https://www.math.toronto.edu/mccann/199/thurston.pdf
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Notice that for F = R the last equation becomes (v, u) = (u,v). An inner produced space is the data of a
pair (V,(—,—),/), where V is a vector space over F and (—, —),, : V x V — F is an inner product.

Example 23. (i) Let V =R", then (—)- (=) : R” x R™ — R given by

n
(@1, yn) - (Y1, Yn) == Zwlyz
i=1

is an inner product, sometimes refered to as the dot product.

(ii) Let V = C", then (=) - (=) : C" x C" — C given by
(xlw-'al‘n) : (yl,"'ayn> = Z'/I;iEa
i=1

is an inner product, also refered to as the dot product.

(iii) More generally, given ¢y, ..., ¢, € Rsg a collection of positive numbers, then

n

(1, s xn)y Y1y Un)) = chz,ﬁ

i=1
defines an inner product on bR™ or C™.
(iv) {(—,—): P(R) x P(R) = R given by
1
aa) = p0)a(0) + [ 5.
We list some basic consequences of the definition.

Lemma 39. Let V' be an inner product space.

(i) (—,v) € V* for everyv € V;

(i) for F =R we also have (v,—) € V* for everyv € V.
Proof. Left to the reader. O
Exercise 36. Convince yourself that (ii) in Lemma 39 does not hold for F = C.
Definition 33. A norm on a vector space is a function ||—|| : V — R satisfying:
@
(i
(iii
(iv

A normed vector space is the data of a pair (V,||—||) where V is a vector space and ||—|| is a norm on V.

) llv]] > 0 for every v € V;

) |lv|l = 0 if and only if v = 0;

) llav]] = |a| ||v|| for every v € V and a € F;
)

(triangle inequality) for every u,v € V' we have ||u + v|| < |lu|| + [Jv]].

Example 24. (i) Given a vector space V with an inner product (—, —) : VxV — F. Then |jv]| := (v, v)1/2
is a norm on V.

(ii) Consider V =R" and let p € Z>1 be an integer, then:

(21, 20| = (|or P+ + |wn|p)1/p

defines a norm.
The following are immediate properties:

Lemma 40. Let (V,||—||) be a normed vector space, then
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(i) v =0 if and only if ||v|| = 0;
(i) |lav|| = |a| ||v|| for everya € F and v € V.

Proof. Exercise for the reader. O
Definition 34. A pair of vectors u,v € V in an inner product space are said to be orthogonal if (u,v) = 0.
Here are a couple of basic results relating to orthogonal vectors that we leave as an exercise as well.

Lemma 41. Let V be an inner product space.
(i) let v € V such that (v,u) = 0 for every u € V, then v = 0;
(ii) (Pythagorean theorem) |u+v||> = |ul® + |[v||* for every u,v € V;

(i1i) For every u,v € V such that v # 0 we have u = cv + w, where

~ (u,v) o (u, )

- 2 - v 2
[[v]l o]l

v and {(w,v) =0,

i.e. u can be written as a scalar multiple of v plus a scalar multiple of a vector w, which is orthogonal
to v.

The following is a rather important inequality:

Lemma 42 (Cauchy—Schwartz). For any u,v € V in an inner product space, we have:
[ (w, o) | < flul [lvf]-

Moreover, the above is an equality if and only if v = au for some a € F.

The Cauchy—Schwartz inequality has the following two consequences which have a geometrical interpre-
tation:

Corollary 17. Let u,v € V be two vectors in an inner product space, then
(i) (triangle inequality) ||u + v| < ||u]l + |[v|l;
(ii) (parallelogram equality) ||u+v| + |u —v| = 2(||ul® + [[v]?).
Proof. Exercise! O

Example 24 poses the question if we can go back, that is, given (V,||—||) a normed vector space, is there
an inner product (—, —) : V' x V — F such that ||v|| = (v,v) for every v € V?

Exercise 37. Given a normed vector space prove that there an inner product (—,—) : V x V — F such
that |[v]] = (v,v) for every v € V if and only if ||| satisfies the parallelogram equality (see Corollary 17

(i1)).
12.3. Orthonormal bases.

Definition 35. Given V an inner product space, a subset of vectors S C V is called orthonormal if for
every u,v € S we have:
1 ifu=
(1, 0) = fu=v
0 else
Exercise 38. (i) The standard basis of C™.

1) Let = -, T enote the vector space of continuous real-valued functions with inner product
ii) Let V =C d h f i l-valued f i ith i d
given by (f,g) := ffﬂ f(z)g(z)dz. Then the set

{ 1 cosz cos2x cosnx sinz sin na }

Vor’ \/27r’ V2T v V2T ’\/2#’.“ " Vo

is an orthonormal list of vectors. Check this!
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Here are a couple of consequences of having a list of orthonormal vectors.
Lemma 43. Let S = {ey,...,en} CV be an orthonormal set. Then
(i) llarer + - + anenl|” = 37y lasl?;
(i) S is linearly independent;

(iii) (Bessel’s inequality) for every v € V we have:
n
2
Do lwe) P <ol
i=1

Proof. For (i) we proceed by induction. The case n = 1 is |larer]|* = |a1|?|lex]|* = |a1|?. Now assume the
result holds for n — 1, Lemma 41 (ii) gives:

— n
larer + - + anen|” = llarer + -+ + an_ren1||* + lanenl|* =Y lail® + |an|* = > |ail*.

For (ii) assume that there are ay,...,a, € F such that
aier + -+ ape, = 0.

Then we have ||aje; + - -+ + aney,|| = 0, which implies >;"  |a;|?> = 0 by (i). Since all |a;|?> > 0, we obtain
that a1 =---=a, =0.

For (iii), let uw:= Y"1 ; (v, €;) ¢; and w = v — u. Notice that (w,e;) = 0 for all ¢; € S. Thus (u,w) = 0.
Now we compute:

2 2 2 2
oll* = [lel® + llwll* = Jull® = D 1 {v,e) [,
i=1
where the first equality is by Lemma 41 (ii) and the last follows from (i). O

Definition 36. Given V an inner product space an orthonormal basis is a basis S which is also an or-
thonormal set.

Remark 27. Notice that by Lemma 43 (ii) if one is given an orthonormal subset S C V such that
|S| = dim V, then S is an orthonormal basis.

Example 25. The set {(3,2,2, 1), (3,3, -3.-3),(3.—-3.-3.3), (3.3, -3, 1)} C F* is an orthonormal
basis of F4.

Here is a nice consequence of using an orthonormal basis for an inner product space.
Lemma 44. Let {e1,...,e,} CV be an orthonormal basis of an inner product space V.
(i) v=321"1 (v,ei) ei;
(ii) (Parseval’s identity) |lv|| = > i, | (v, e;) |?;
(i) (u,v) = 304 (u, e) (v, €0).
Proof. Left to the reader. O

The natural question to ask now is if given a basis B of an inner product space V' can we modify B into
an orthonormal basis. The following result says this is always possible in finite dimension.

Theorem 3 (Gram Schmidt procedure). Let {v1,...,v,} be a basis of an inner product space V. Induc-
tively, define e; := TouT and

UH

Z qul fi and e, = In

I£:ll” Il
Then for every 1 <k < n:
(10) {e1,...,er} is an orthonormal set and Span (eq, ..., ex) = Span (vy,...,vx).
In particular, {e1,...,en} CV is an orthonormal basis.

1311 fact, I like to remember this formula as: (u,v) = Sor g (u,e) (eg, v).
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Proof. We proceed by induction on (10). The case k =1 is clear, since |le1]| = 1 and v; = ||vy|| e1.

Assume the result holds for every 1 < ¢ < k — 1. Since {vy,...,v;} is linearly independent we have that
vk € Span (vy,...,vk—1) = Span (e1,...,ex—1) = Span (f1,..., fx—1). Thus, fr # 0, so ej is well-defined. Tt
is clear that ||ex|| = 1.

We check that (ey,e;) =0 for every 1 < j <k —1.

1
tex-€i) = T

_ 1 ’Cz—l Uk:afz f f
A .

i=1

(fr> )

k—1
1 <’Uk,fi>
=7 | (e fi) — (fir f3)
AN < = [P
1
= e (ks fi) — vk f5))
el 15 ! !
=0.
This gives that {e1,...,er} is orthonormal. Since by definition we have v, € Span(ey,...,ex) by the

inductive hypothesis we have:
Span (v1, . ..,vr) C Span (eq, ..., ex).

Since both lists are linearly independent and have the same number of elements we have that their span are
the same by Lemma 7 (4). This finishes the proof. O

Exercise 39. Work out an orthonormal basis for Pa(R).
These are direct consequence of Theorem 3.
Corollary 18. (i) Every finite-dimensional inner product space V. has an orthonormal basis.
(ii) Ewvery orthonormal subset S C V extends to an orthonormal basis.

Proof. For (i) by Corollary 2 (1) a basis exists, then applying Theorem 3 we get the result.
For (ii), we know that S is linearly independent by 43 (ii), then Corollary 2 (2) allows us to extend this
set to a basis, which then applying Theorem 3 can be made into an orthonormal basis. O

We also have a consequence of the Gram—Schmidt procedure to the question of whether there exist a
basis such that a linear operator is upper-triangular with respect to such a basis.

Lemma 45. Let V be a finite-dimensional inner product space and consider T € L(V). The following are
equivalent:

(1) there exists a basis By of V' such that M(T, By) is upper-triangular;
(2) there exists an orthonormal basis By, of V such that M(T, By,) is upper-triangular.

Proof. We only need to prove (1) = (2). Let By = {v1,...,v,} be a basis for which T is upper-triangular.
Notice that because of Lemma 35 it is enough to notice that applying Theorem 3 we have obtain a set
{e1,...,en} such that:

T(Span (e1,...,ex)) = T(Span (vr, .., vg))
C Span (v, ...,v)
= Span (eq,...,ex).
Thus, M(T,{e1,...,e,}) is upper-triangular. O

Corollary 19 (Schur’s theorem). Let T : V. — V be an operator on a complex inner product space. Then
there exists an orthonormal basis By such that M(T, By) is upper-triangular.

Proof. By Corollary 15 there exist a basis Bj, such that M(T, Bj,) is upper-triangular. By Lemma 45 we
can find By as claimed. [l
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We end this subsection discussing the so-called Riesz representation theorem.

Proposition 8 (Riesz representation). Let V' be a finite-dimensional inner product space and A € V*. Then
there exists an unique v € V', such that A = (—,v).

Proof. The proof comes from trying to find v € V' such that the equation A(u) = (u,v) holds for every u.
Let {e1,...,e,} be an orthonormal basis of V| we calculate:

AMu) = A((u,e1)er + -+ (u, en) ep)
= (u,e1) Aler) + -+ (u,en) Aen)
= (u,Xerjer + - + Alen)en )

Thus, if we pose v := A(ej)e; + -+ + A(en)en, we obtain the desired equality.
Now assume that there exists v’ € V a different vector such that (u,v) = (u,v’) for every u. This implies
that:
(uy,v — 0"y = 0 for every u € V.

In particular, we obtain ||v — ¢’|] = 0, which gives that v = v’. O
13. MAR. 14, 2024

13.1. Orthogonal Complements and Minimization Problems. We begin this subsection with a defi-
nition.

Definition 37. Let U C V be a subset of an inner product space V. The orthogonal complement of U is:
Ut :={veV]| (uwv) =0 for every u € U}.
Here are a list of direct properties.
Lemma 46. Given a subset U C V we have:
(i) U+ is a subspace of V ;
(ii) {0} = V;
(iii) V+ = {0};
(iv) if U is a subspace, then U N U+ = {0};
(v) if W C U is a subset, then U+ C W+,
Proof. We prove (i). Let vi,vo € U+ and a € F, then by Lemma 39 we have:
(u,v1 + ava) = (u,v1) +a(u,v2) =04+a-0=0,

that is v + avy € U™,
For (ii), notice that for any v € V' we have (0,v) = (v,0) = (v,u — u) = (v,u) — (v,u) = 0.
For (iii) notice that v € V+ implies that (v,v) = 0, which by (ii) from Definition 32 gives that v = 0.
For (iv), again notice that u € U N U+ implies (u,u) = 0, which gives u = 0.
For (v), let v € U+ and consider (v, w). Since for every w € W C U, this implies that (v, w) = 0, we
have v € W+, O

Example 26. (i) Let V = R? and consider U = {(2,3,5)}, then
Ut ={(z,y,2) € R® | 22+ 3y + 5z = 0}.

(ii) Let U = Span{(2,3,5)}, then UL = {(z,y,2) € R® | 2z + 3y + 52 = 0}, as well.

(iii) Let e1,...,€m, f1,---, fn be a orthonormal basis of V. Then

Span (e1,...,en)" = Span (fi,..., fa)-

Corollary 20. Given U CV a subspace of a finite-dimensional inner product space, then U @ U+ = V.
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Proof. By Lemma 46 (iv) it is enough to prove that U + Ut = V. Let v € V if v € U+ then v € U + U*.
Assume that v ¢ UL and let u € U such that (u,v) # 0. In particular, we have u # 0, thus Lemma 41 (iii)
implies that we can write v = ¢~ - (u — w) where ¢ = Tﬁ)ﬁ’g # 0 and (u,w) = 0, i.e. w € UL. This finishes

the proof. O

We leave the next two statements as an exercise:
Lemma 47. Let U C V be a subspace of a finite-dimensional inner product space V.. Then
(i) dim U+ = dimV — dim U;
(ii) (UHt =U.
We end this section by giving another proof of Proposition 8.

Proposition 9. Given V a finite-dimensional inner product space consider the map ® : V — V* given by:
O(v)(u) = (u,v).
Then ® is a bijection.

Proof. First we prove that ® is surjective. Let ¢ € V* be a linear functional on V. If ¢ = 0, then ®(0) = ¢.
So we assume that ¢ # 0. Notice that nullp C V is a subspace of dimension dim V' — 1. Indeed, by the
fundamental theorem of linear algebra we have that dim V' = dimnull ¢ + dim range ¢ and range ¢ # 0, so
it is easy to see that range ¢ = F. Then Corollary 20 implies that dim(null)* = 1. Let 0 # vy € V be a
basis of (null ). We want to find v a scalar multiple of vy such that ®(v)(u) = p(u) for every u € V. Let
v = awg for some a € F and applying Lemma 41 (iii) we have that u = cvg + w for some ¢ € F and w € W
such that {(w,vg) = 0. Then we have

D(v)(u) = (u,v) = (cvg + w, avg) = CEHUOH2 = p(u) = @(cvg) = ep(vy),

since by definition of vy, w € null . Thus, we notice that taking o = lfv(:ﬁg gives v with the desired property.

We leave it to the reader to check that ® is injective. (I

Warning 4. In Proposition 9 the case where V' is a vector space over the real numbers, then ® is an
isomorphism, i.e. it is also linear. In particular, the proof of Proposition 9 becomes easier since we only need
to check the map is injective. However, over the complex numbers @ is anti-linear, i.e. ®(av) = a®(v).

Definition 38. Let U C V be a subspace of a finite-dimensional inner product space. The orthogonal
projection Py : V — V is given by
Py(v) =,
where v = u 4+ w is the unique decomposition of v in U @ U-.
The following is a list of properties of the orthogonal projection:

Lemma 48. Let U C V be a subspace of a finite-dimensional inner product space. Then

(i) Py is linear;

(i) Py(u) =wu for every u € U;
(iii) Py(w) =0 for every w € U;

(iv) range Py = U;

(v) null Py = U+;

(vi) v — P,(v) € Ut for everyv € V;

(vii) P2 = Py;
(viii) || Py (v)]| < ||v|| for every v e V;
(iz) given {e1,...,em} CV an orthonormal basis of U, we have:
Py(v) = Z (v,e;)e;.
i=1

Proof. Left as an exercise. O
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13.2. Self-Adjoint and Normal Operators. TODO: Change all the dual notation from before here
from V* to V'V and from T* to TV. Similarly for dual basis and all other related notions and constructions.

Warning 5. Change of notation. I will from this section on change notation so that we free the use of
(=)* for adjoint operator. I will revisit the notation for dual space and morphisms to appropriately clear
the ambiguity that is now being introduced.

Before introducing the definitions that follow it is interesting to try to motivate them. We saw in Lemma
45 that if an operator T : V' — V is upper-triangular, then we can find an orthonormal basis By of V such
that M(T, By ) is upper-triangular. We can ask if the same happens for other conditions on T'. For instance,

Question 1. Given T : V — V a diagonalizable operator with respect to some basis By, can we find an
orthonormal basis By, such that M(T, By,) is a diagonal matrix?

The answer to the above question is given by the spectral theorem, which has a slightly different version
over R and over C. To formulate this theorem we need to introduce the following two concepts.
Notice that given T': V' — W an operator between two inner product spaces, for every w € W we obtain
a functional on V given by
w:V = F Yuw(v) == (Tv,w)y, -

By the Riesz representability theorem, there exist an unique v’ € V' such that (v,v"),, = @ (v) = (Tv,w)y, .
Let T*(w) := ', we claim that T* : W — V is linear. Indeed, let wq,wy € W and a € F then we have that
(Make sure you understand each step here!)

(v, T* (w1 + aws))y, = (Tv, w1 + aws)y,
= (Tv,wi)y +a(Tv,wa)y,
= (v, T"wy)y, + (v,aT™wz),,
= (0, T"(w1) + aT™(w2))y,
holds for every v € V. By the Riesz representability theorem we obtain that T*(w; + aws) = T*(wy) +
aT* (ws).
Definition 39. Let T: V — W be an operator between two inner product spaces. The adjoint of T is the
unique linear map 7% : W — V such that
(T, w>V = (v, T*w>W

forallveVand we W.
Notation 6. From now one we will drop the subscript of V' or W from the notaiton of the inner product.

Example 27. (i) Let T : C3 — C? be given by T(x1,z2,73) = (221, 3z2 + iz3). We calculate the adjoint
of T

<T($1, Ta, 1‘3)’ (yl; y2)> = <(2£E1, 3%2 + Z’l’3)7 (y17 y2)>
= 221y1 + 3x2y2 + 123Y2

= ((z1,22,73), (291, 3Yy2, —1y2)) -
Thus, T* : C? — C3 is given by T*(y1,v2) = (2y1, 3y2, —iy2).

(ii) Let W be of dimension 1. Fix u € V and x € W define T : V. — W by T'(v) := (v, u) x. We compute
T

<Tv,w> - <<U7u> Z,

Thus, T* : W — V is given by T'(w) = (w, z) u.

Here is a list of properties of passing to the adjoint operator:
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Lemma 49. Let T,S : V — W be two operators between two finite-dimensional inner product spaces. Then:
(i) (S+T) =8*+T%

(ii) (\T)* = NT*, for every \ € F;

(is) (T*)* =1T;

(iv) (ST)* =T*S*;
(v) (Idy)* =Idy;

(vi) T is invertible if and only if T* is invertible, in which case (T*)~t = (T~1)*.

Proof. Exercise. ([

We also have properties similar to Lemma 50 describing the relation between the range and null spaces
of the adjoint of an operator in terms of the range and null of the original operator.

Lemma 50. Let T, S : V. — W be two operators between two finite-dimensional inner product spaces. Then:

(i) (nullT*) = (range T)*

(iii) (nullT) = (range T*)*

( )
(ii) (rangeT*) = (nullT)*;
( )
(iv) (rangeT) = (null T%)+.
Proof. Write this! O

It is also very useful to have the following result which relates the adjoint of an operator T" to the matrix
representing T in an orthonormal basis.

Lemma 51. Let By be an orthonormal basis of V and T : V — V an operator. Then
M(T, By) = M(T*, By)',
where M(T*, By)! is the conjugate transpose of the matriz M(T, By).
Proof. To do. O
Warning 6. In Lemma 51 it is necessary that By is an orthonormal basis. See Exercise 4 in Worksheet 7.

Finally we can pose the following definition:

Definition 40. Let T : V — V be an operator on an inner product space.
e we say that T is self-adjoint if T =T;
e we say that T is normal if it commutes with 7%, i.e. TT* = T*T.
Example 28. (i) Consider T'(z,y) = (3z + y, z + 3y) this operator is self-adjoint over R.
(ii) Cousider T'(z,y) = (2x + 21y, —2ix + 2y). This operator is self-adjoint over C.
(iii) Consider T'(x,y) = (2¢ — 3y, 3z + 2y). This operator is normal but not self-adjoint.
Here is a characterization of self-adjoint operators.

Lemma 52. Let T : V — V be an operator on a finite-dimensional complex inner space. The following are
equivalent:

(1) T is self-adjoint;

(2) (Tv,v) € R for everyv € V.



LINEAR ALGEBRA II SPRING 2024 - HKU 43

Proof. Assume (1), then T — T* = 0 and Remark 28 gives that

(11) ((T'—T")v,v) =0 for every v € V.

Since (T™*v,v) = (v, T*v) = (T'v,v), we have

(12) (Tw,v) — (Tv,v) =0 for every v € V.
Assume (2), then (12) holds, which implies (11) that by Remark 28 gives that T' = T*. O
We collect some properties of self-adjoint operators.
Lemma 53. Let T : V — V be a self-adjoint operator, then:
(i) all the eigenvalues of T are real;
(ii) (Tv,v) =0 for every v € V if and only if T = 0.

Remark 28. Before giving the proof we notice that if T': V' — V is an operator on a compler vector space,
then (ii) in Lemma 53 holds without the assumption that T is self-adjoint. Namely, (Tv,v) = 0 for every
v € V if and only if T'= 0. Indeed, for every u,w € V consider:

(Tu+w),u+w)—(T(lu—w),u—w) (T(u+iw),u+iw)— (T(u—iw),u—iw)

(Tu, w) = : + 1 i.

Thus, if (T'v,v) = 0 for every v € V, then we have (Tu,w) = 0 for every v,w € V, which gives that T = 0.
The other direction is clear.

Proof of Lemma 53. For (i), let T'(v) = Av for some non-zero v € V. Then
Mol = (v, 0) = (Tv,v) = (0, Tv) = (v, 30) = X |lv].

Since ||v|| # 0 we obtain A = .
For (ii), one direction is clear. Since T is self-adjoint, we have (Tw,w) = (v,Tw) for every v,w € V.
Thus, we obtain:
(T(uw+w),u+w) — (T(u—w),u —w)
4 9
which implies that (Tw,w) = 0 for every u,w € V, s0 T = 0. O

(Tu,w) =

We collect some properties of normal operators.

Lemma 54. Let T : V — V be an operator on a finite-dimensional complex inner space. The following are
equivalent:

(1) T is normal;
(2) | Tv| = || T*v|| for everyv € V.

Proof. We have the following chain of equivalences:

T isnormal < TT* —T*T =0
S (ITT"—T"T)v,v) =0for allv € V
< (TTv,v) = (T*Tv,v) for allv e V
& (T, T*v) = (Tw, Tv) for allv e V
& ||T*0|)* = || Tv|)? for allv € V
& || T*|| = ||Tv| for allv €V,

where the second equivalence follows from Lemma 53 (ii). ]

We collect some further properties of normal operators that we won’t need for now so we leave the proof
as exercise.

Lemma 55. Let T : V — V be a normal operator. Then
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(i) null T = null T*;
(ii) rangeT = rangeT™;
(i) V = null T @ range T';
(iv) T — A1dy is normal for every X € F;
(v) ifveV and X\ € F, then Tv = \v if and only if T*v = \v.
Proof. Exercise. O
14. MAR. 21, 2024

14.1. Spectral Theorem. The goal of this section is to prove the following two results:

Theorem 4 (Real Spectral Theorem). Let F =R and T € L(V) an operator on a finite-dimensional vector
space over R. Then the following are equivalent:

(1) T is self-adjoint;
(2) there exists an orthonormal basis By such that M(T, By) is a diagonal matriz;
(3) there exists an orthonormal basis By consisting of eigenvectors of T.

Theorem 5 (Complex Spectral Theorem). Let F = C and T € L(V) an operator on a finite-dimensional
vector space over C. Then the following are equivalent:

(1) T is normal;
(2) there exists an orthonormal basis By such that M(T, By) is a diagonal matrix;
(3) there exists an orthonormal basis By consisting of eigenvectors of T.

Warning 7. We stress that condition (2) in Theorem 4 is not equivalent to 7' being diagonalizable.

Consider the basis {v1,va} of V = R? given by v; = e; + ez and vy = e5. Let T : V — V be defined by
T(v1) = 2v1 and T'(v2) = 3vy. By construction T is diagonalizable. However with respect to the standard
basis B = {e1, ea} we have that

M(T,B)=(21 g) M(T*,B):(g ‘31).

Thus T # T*. See this discussion as well.
Similarly, condition (2) in Theorem 5 is not equivalent to T being diagonalizable. See Exercise 7 in
Worksheet 7. You can also check here for a counter-example.

Proof of Theorem 5. (1) = (2). By Lemma 45 there exists By = {e1,...,e,} an orthonormal basis of V'
such that M(T, By ) is upper-triangular. Let

a1l ai2 o Aip
0 a2 -+ azn
0 0 ann

be the matrix representing 7'. We have
ITer]® = faral* amd [ T7er|* = 3 farif.
i=1

Lemma 54 implies that ||Te;|| = ||Te1]|, thus a;,; = 0 for j # 1. Substituting a; ; = 0 for j € {2,...,n}
into (13) we obtain that:

n
lagal? = || Tea|* = [T*ex]* = lazl*.
=2


https://math.stackexchange.com/questions/4661454/self-adjoint-if-and-only-if-diagonalisable
https://math.stackexchange.com/questions/4217982/an-operator-that-is-diagonalizable-but-not-normal
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This implies that ag ; = 0 for j # 2. We continue this process until we obtain that M(T, By) is in fact
diagonal.

(2) = (1) let M(T,By) be the diagonal matrix corresponding to T, by Lemma 51 we have that
M(T*, By) = M(T, By)! so M(T*, By) is also diagonal. In particular, we obtain that

M(T*T,By) = M(T*, By)M(T, By) = M(T, By )M(T*,By) = M(TT*, By),

since diagonal matrices commutes. Since M(—, By ) is an isomorphism, we obtain T*T = TT*.
The equivalence (2) < (3) is clear. O

Before proving Theorem 4 we need a couple of preliminaries. The first is the following:

Proposition 10. Let T : V — V be a self-adjoint operator. Then the minimal polynomial is of the form
pr =12 (x — N;) for a collection of \; € R.

Proof. First assume that F = C. In this case we have that pr = [[;~,(z — A;) by Corollary 12. By Lemma
53 iall A\; € R.
For the case F = R, by the factorization of real polynomials Proposition 3 we have that

m k
(14) pT(T) ZCLH(T—/\i)H(T2+b]‘T+Cj) =0
i=1 j=1
where a, A1, ..., A, b1,...,bk,¢1,...,cr € Rand for each 1 < j < k we have b? < 4c;. We can assume that

k is minimal. Now from Lemma 56 below we know that (T? 4 b;T + ;) is invertible whenever b3 < 4c;.
Thus, by multiplying (14) by the inverses of (1% + b;T + ¢;) we obtain that

m

pr(T) =a][(T = X) =0.

i=1
This finishes the proof. (|

The following is a technical result needed in the proof of the above Proposition.

Lemma 56. Let T : V — V be a self adjoint operator and consider b,c € R such that b*> < 4c. Then the
operator T? + bT + cIdy is invertible.

Proof. Since T? + bT + cIdy is a map from V to itself, it is enough to check that it is injective. Consider a
non-zero v € V such that (T2 + bT + cIdy )v = 0. Then we calculate:

((T? +bT + cldy)v,v) = (T?v,v) + b (Tv,v) + c (v, v)
= (Tv, Tv) + b(Tv,v) + v’

2 2

> || Toll” = [l [T lvll + ¢ [|v]l

ol [lo]|\? b2\
= (o= S5 s (=) e

>0,

where —|b| |[Tv]| ||v]] < b(Tv,v) follows from the Cauchy—Schwartz inequality, i.e. | (Tv,v) | < || Tv|| ||v]|. So
we obtain that 0 = (0,v) > 0, which is a contradiction. O

Proof of Theorem 4. (1) = (2) By Proposition 10 we know that pr is the product of linear factors. Then
Lemma 36 implies that there exists a basis By such that M(T, By) is upper-triangular and Lemma 45
implies that we can assume that By is orthonormal.

Since By is orthonormal, Lemma 51 implies that M(T, By) = M(T*, By )", since the transpose is equal
to the conjugate transpose. Since M(T, By) is upper-triangular, this implies that M (T, By ) is diagonal,
as we needed to prove.

(2) = (1) there exists By such that M(T, By ) is diagonal. Since By is orthonormal Lemma 51 implies
that M(T*, By) = M(T, By)' = M(T, By). Since M(—, By) is an isomorphism we obtain 7" = T*.

The equivalence (2) < (3) is clear. O
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Example 29. (i) Let T : V — V be an operator on a finite-dimensional vector space over C. Assume
that T' is normal and has a single eigenvalue. By the Spectral Theorem there exists an orthonormal
basis By such that

A 0

M(T’ BV) = .

0 A

for A € C. Now consider any other basis By, let C' = M(Idy, B{,, By), then
M(T, Bj,) = C*M(T, By)C = M(T, By)

since diagonal matrices commute with all other matrices. Thus, we have that M(T, B{,) = M(A1dy, By,)
for any basis By,, which gives that ' = A1dy.

(ii) Let T : V — V be a self-adjoint operator on a real vector space. Assume that 2 and 3 are the only
eigenvalues of T', then
T? — 5T +6 = 0.

Indeed, there exists an orthonormal basis By such that M(T, By ) is a diagonal matrix with only 2’s
and 3’s in the diagonal. Then we have:

M(T? = 5T +6,By) = M(T —2)(T - 3), By) = M((T — 2), By )M((T — 3), By) = 0,

where the last equality follows because of the following. There exist a proper subset S C {1,...,n}
such that:

1 fori=jandie S
0 else,

M((T —2),Bv)ij = {

and
—1 fori=jandie{l,...,n}\S

0 else.

M((T —3),By)i; = {

Since M(—, By) is an isomorphism we obtain 7% — 5T + 6 = 0.

14.2. Positive operators. Given an operator T : V. — V a square root of T is an operator S : V. — V
such that S? =T.

Example 30. Let T : F3 — F3 be given by T(x1, x2,23) = (23,0,0). Then S(x1, 72, 73) = (72, 73,0) is a
square root.

The motivation of this section is two-fold:
e we want to understand what happens if we impose a stronger condition than Lemma 52 (2);
e we want to understand when we can find square root of linear maps.
Proposition 11. Let T : V — V be an operator on an inner product space. The following are equivalent:
(i) (Tv,v) >0, i.e. (Tv,v) € R>g, for everyv € V;
(ii) T is self-adjoint and all eigenvalues of T are non-negative'*;

(i1i) there exists an orthonormal basis By such that M(T, By) has only non-negative numbers in the diag-
onal;

(iv) T has a square root satisfying (1);
(v) T has a self-adjoint square root;
(vi) T = R*R for some R € L(V).

14By non-negative we mean the eigenvalues belong to R>q.
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Proof. (i) = (ii). By Lemma 52 we have that T is self-adjoint. Let A be an eigenvalue for some non-zero
vector v € V. Then (Tv,v) = A|[v||* > 0, since ||v]| # 0, we obtain A > 0.

(ii) = (iii). By Theorem 5 or Theorem 4 we know that there exists an orthonormal basis By such that
M(T, By ) is diagonal. Clearly the entries in the diagonal are eigenvalues, and hence we have the claim.

(iii) = (iv). Let {A1,..., A\n} denote the diagonal entries of T" in the orthonormal basis By = {v1,...,v,}
of V. Let R(v;) := v/Av;, where \/A; denotes the non-negative square root of \;. By expanding any v € V
in the basis {v1,...,v,} we can check that (Rv,v) = > i v/A;| (v,v;) |?, which is non-negative.

(iv) = (v). This follows from (i) = (ii).

(v) = (vi). Since R = R* and R?> =T, we get R*R=T.

(vi) = (i). Given any v € V we compute (T'w,v) = (R*Rv,v) = (Rv, Rv) = |Rv|* > 0. O
Definition 41. We say an operator T : V — V is positive if it satisfies the equivalent conditions of
Proposition 11.

Lemma 57. Let T be positive operator, then there exists an unique positive operator R, such that R2 =T.
Proof. Exercise. u
Notation 7. Let T : V — V be a positive operator, we denote by v/T the unique positive operator which
is a square root of T, whose existence is guaranteed by Proposition 11 and uniqueness by Lemma 57.

14.3. Singular Value Decomposition.

Definition 42. Let T € L(V, W), the singular values of T are the non-negative square roots of the eigen-
values of T*T, listed in decreasing order, each included as many times as the dimension of corresponding
eigenspace of T*T

We need the following results for this section.
Lemma 58. Let T € L(V,W), then
(i) T*T : V =V is a positive operator;
(i) null T*T = null T';
(i4i) range T*T = rangeT*;
(iv) dimrangeT = dimrange T* = dimrange T*T.

Proof. For (i), notice that (T*T)* = T*(T*)* = T*T by Lemma 49 (iii) and (iv). Thus T*T is self-adjoint.
We now calculate:

(T*T)v,v) = (Tw, Tv) = | Tv||* > 0
for every v € V, so T*T is positive. Todo! O

Theorem 6. Let T : V. — W be a linear map and let {s1,...,8m} be the positive singular values of T.
Then there exist orthonormal lists {e1,...,em} in V and {f1,..., fm} in W such that

Tv=s1(v,e1) fi+- -+ sm (v,em) fm
for everyv € V.

Proof. Let {s1,...,$n} be the singular values of T. By Lemma 58 the operator T*T is positive, so Theorem

5 or Theorem 4 implies that there exists an orthonormal basis By = {ey,...,e,} such that
(15) T*Te; = s?e;
for 1 <4 <n. Foreach j =1,...,m define f; := 7;6 Then we have:

1 ifj=k,

555k 5j8k 0 ifj#k;

(fi, fx) = 1 —— (Te;, Tey) = L —— (e;, T*Tey) = Z—: (es,ex) = {

for every j,k € {1,...,m}. Thus the set {f1,..., fm} is orthonormal. Let v € V, then we compute:

n m
Tv = T(Z (v,e;)e;) = Z v,e;) Te; = Z (v, ) fi,
i=1 i=1 i=1
where we drop Te;, for m + 1 <i <n, since by assumption {s,,41,...,S,} are all zero. O

Example 31. Discussion Examples 7.67 and 7.79 from the textbook. Write the examples here.
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15. MAR. 25, 2024

15.1. Generalized Eigenvectors. We start this section by understanding the null space of powers of an
operator.

Lemma 59. Let T € L(V), then null T4V = null TH™V+E for any k > 0.

Proof. Let v € null T* for some k > 0, then T*+(v) = T(T*v) = T(0) = 0, thus v € null T*+1,

Notice that if null 7% = null T¥*+! for some k > 1, then null7* = null7%*% for every i > 1. Indeed,
assume v € null T%+%, then 7" 'v € null T%*!, which implies that 7°~'v € null T*, that is v € null TF+i~1,
Continuing in this way, we obtain that v € nullT*. The other inclusion is clear.

Finally, suppose that null 79™" ¢ nulld™ VL g g proper subset. Then we have the sequence:

{0} =null 7° € null T C - null 7492V ¢ pup 7dim v

of proper subsets. This implies that dim null 74™V+1 > dim V41, which is a contradiction since null 74™V+1 C
V. H

Lemma 60. For any T € L(V) we have
null 74V @ range 79V = V.,

Proof. First we claim that null 74V N range 74mV = {0}. Assume that v € null 79V N range 7™V
such that v # 0, then we have v = T"u for some v € V and T = 0. This gives T?"u = 0. Since
null 72" = null T", we get v = T"u = 0.

Thus, null 79V @ range 79V = null 79V + range 79™ V. Moreover, by the fundamental theorem
of linear algebra we have dim(null74™V @ range T4™V) = dimnull 74V + dimrange 74"V = dim V.
Thus, we obtain that null 74V @ range 74V = V. O

Example 32. Let T : C? — C? be given by T(z1,22,73) = (412,0,523). Notice that null7 = Spane;
and rangeT = Span{ej,e3}, so nullT NrangeT # {0} and nullT + rangeT # C3*. However, we have
null 7% = Span {e1, ea} and range 7> = Span ez. Thus, we obtain null 7% & range T°® = C3, as expected.

Definition 43. Let A € F. A non-zero vector v € V is said to be a generalized eigenvector for X if
(T — M\d,)"» =0, for some k > 1.
Remark 29. Notice that by Lemma 59 v is a generalized eigenvector if and only if
(T — \d,)"™ Vv = 0.

The following is a generalization of Remark 22.

Remark 30. Let v be generalized eigenvector for A and )\, then A = ). Indeed, let m be the smallest
integer such that (T'— X Idy )™v = 0. Then we compute:

0= (T —Aldy)"™ "o
= ((T = N1dy) + (N = A) Idy)4m Ve
dim V/ _
= ) (T = NIdy)F (N = NIV Idy o
k=0
where by = 1 and the other by are some binomial coefficients that we don’t need to specfiy. By applying
(T — XN Idy)™ ! we obtain: .
0=\ =N)""Y(T - NIdy)™ 'o.

Since (T — N Idy)™ v # 0, then we get (A — \)¥™V which implies that A = .

The next result shows that over the complex numbers for any operator T : V. — V we can always
decompose V as a directed sum of spaces which are generalized eigenvectors for distinct eigenvalues. This
is in contrast to Theorem 5 and Lemma 38.

Proposition 12. LetT : V — V be an operator on a complex vector space. There is a basis of V consisting
of generalized eigenvectors.
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Proof. We proceed by induction on n = dim V. The case n = 1 is clear, since then T is simply given
by multiplication by a scalar, so any non-zero vector is an eigenvector, hence in particular a generalized
eigenvector.

Assume that n > 1 and that the result holds for every vector space of dimension & < n — 1. Let A be an
eigenvalue of T. Then by Lemma 60 applied to T' — A1dy we have:

null(7 — A1dy )4V @ range(T — AIdy ) 4™V = V.

If null(T— A 1dy )4™V = V| then every non-zero vector in V is a generalized eigenvector, hence the conclusion
is clear. Assume that null(7 — A Idy )¥™ " = V', then we have:

0 < dimrange(T — A1dy)¥™Y < dimV = n.

Thus, let S be the restriction of T to range(T — AIdy )¥™ V| which is invariant under 7' by Remark 24. By
the inductive hypothesis, there exists a basis of range(T — AIdy )™V consisting of generalized eigenvectors
of S. It is clear that these are also generalized eigenvectors of 7. Now we add to this basis a basis of
null(7 — A1dy)4™ V. This finishes the proof. O

The following is a continuation of Example 32.

Example 33. Let T : C3 — C? be given by T'(z1, 72, 73) = (472,0,523). We notice that \; = 0 and Ay = 5
are eigenvalues of T. We can see that by considering the matrix representation of T' in the standard basis
and calculating its characteristic polynomial.

We notice that (z1,0,0) with z; # 0 are eigenvectors for Ay = 0 and that (0,0, z3) with z3 # 0 are
eigenvectors for Ay = 5. These don’t form a basis for V.

However, if we calculate null 7% = {(z1,x2,0) | 21,72 € C}, we notice that (z1,z2,0) where not both 4
and x5 are zero given generalized eigenvectors for A\;. Whereas null(T' — 5)% = {(0,0,x3) | #3 € C}, thus
(0,0,x3) with x3 # 0 are generalized eigenvectors for A\ = 5. And we obtain a decomposition of C? as
claimed.

Here is a useful observation which generalizes Lemma 31.

Lemma 61. Any finite list of generalized eigenvectors for distinct eigenvalues is linearly independent.

Proof. Suppose by contradiction that there exists a list {v1,..., v} of generalized eigenvectors for distinct
eigenvalues A1,...,\,, € F which is linearly depend. Notice that we can assume that m is minimal. Let
ai,...,ay, € F not all zero such that:

aivy + -+ amvy, = 0.
By applying (T — A\, )%™V we obtain:
(16) a1 (T — X)) ™ Vo + - 4 a1t (T — M) ™ V01 = 0.
Thus, Remark 30 imply that for every i € {1,...,m — 1} we have:
(T — X)) 8™V £ 0.

Since (T — )3 V(T =\, )40 Vo, = (T— N\ )3V (T — X\ )4 Ve, = 0. We have that each (T'—\,,,)4™ Vo, is
a generalized eigenvector of \; for i € {1,...,m—1}. Thus, the list {(T—\,,)¥™ Vo, ... (T—X\p) 3™ Vo, 1}
is list of generalized eigenvectors for distinct eigenvalues which by (16) is linearly depend. This contradicts
the minimality of m. This finishes the proof. U

Corollary 21. Let T : V — V be an operator on a real vector space. Then the following are equivalent:
(1) there is a basis of V' consisting of generalized eigenvectors;
(2) the minimal polynomial of T is of the form pr(z) = [[iv,(x — \i).

Proof. Exercise! O

We end this section with a brief discussion of nilpotent operators, which collects some properties that
will be useful in the next section.
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Definition 44. An operator T : V — V is said to be nilpotent if 7% = 0 for some k > 1.

Remark 31. Notice that if T : V — V is nilpotent, then 79™V = (0. Indeed, since null7* = V for some
E>1and V = null T** for every i > 1 if null 79" £ V then we would have a sequence of proper
subspaces 0 C null7 C -+ - C null 79™V € null 74™V+1 C V of length dimV + 1, which is a contradiction.

Exercise 40. Let T : V — V be a nilpotent operator and let m > 1 be the smallest integer such that
T™ = 0. Prove that there exists v € V such that {v, Tw,...,T™ 1o} is a linearly independent set.

Lemma 62. Let T : V — V be a nilpotent operator. Then
(i) the only eigenvalues of T are 0;

(i) if F = C and 0 is the only eigenvalue of T, then T is nilpotent.

Proof. For (i) let v # 0 in V such that Tv = M. Then we have 0 = T4mVy = \4mVy, which implies that
AV — g g9 \ = 0.

For (ii) by (i) and Corollary 12 the minimal polynomial of T has the form pr(z) = [[-,z, that is
pr(T) =T™ =0 for some m > 0. U

Exercise 41. Give an example of T : V' — V on a real vector space, such that 0 is the only eigenvalue of
T but T is not nilpotent.
Lemma 63. Let T € L(V). Then the following are equivalent:

(1) T is nilpotent;

(2) the minimal polynomial of T is z™ for some m > 1;

(3) there exists a basis By of V' such that M(T, By) has zeros on the diagonal and all entries below it,
1.e. it is strictly upper-triangular.

Proof. Exercise. U
Exercise 42. Let T : V — V be nilpotent, then 74™V = (.

15.2. Generalized Eigenspace Decomposition. We start with a defintion:

Definition 45. Let T € L(V) and A € F. The generalized eigenspace of T corresponding to X is:
G\ T):={veV|(T -\ =0for somek € Z>,}.
Notice that by Remark 29 one has G(\, T') = null(T — \)4m V.
Example 34. Let T : C3 — C3? be given by T'(x1, 72, 73) = (422,0,523). Then
G(0,T) = Span{ey,e2} and G(5,T) = Spaneg,
which gives V = G(0,T) & G(5,T).
The following is a generalization of Proposition 7.

Theorem 7 (Generalized Eigenspace Decomposition). Assume that F = C. Let T € L(V) be an operator
and A1, ..., \m its distinct eigenvalues. Then

(i) G(\;,T) is invariant under T for every i € {1,...,m};
(it) T'— Xildv|g, ry is nilpotent for every i € {1,...,m};
(itt) V=GM,T)& - & G(A\n,T).
Proof. For (i), since G(\;, T) = null(T — \; Idy )¥™V the result follows by applying Remark 24 to q(T) :=
(T = Ai Idy)dimV
For (ii), we notice that for any v € G(\;, T') we have (T—\; Idy )3 Vy = 0, thus (7' — \; IdV\G(Ain))dimV =
0.
For (iii), assume that we have
v+ -+ vy, =0,
for v; € G(\;, T). Since each v; has a different eigenvalue Lemma 61 implies that {v1,...,v,,} is linearly
independent, which gives that each v; is zero; that is G(A1,T) + -+ + G(Am,T) is a direct sum. Finally,

Proposition 12 implies that each v € V' can be written as a finite linear combination of generalized eigen-
vectors, i.e. VC GA, T)+ -+ G(An, T). O
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We know introduce the following:

Definition 46. Let T' € £L(V) and X be an eigenvalue of T'.

e The algebraic multiplicity of X is
,LLT(>\1L') = dim G(/\,L', T)

e The geometric multiplicity of X is*®

Yr(N;) = dim E(\;, T).

Notice that v7(A;) < pr(A;) for every ;.
Remark 32. Assume that F = C. It follows directly from Theorem 7 that

> pr(Ai) =dimV,
i=1

i.e. the sum of the multiplicity of all eigenvalues of T' equals the dimension of V.
Definition 47. Given T € L(V) the characteristic polynomial of T is defined to be:'°

m

er(a) = [ J(@ = A,

i=1
where A1,..., A, are all the distict eigenvalues of T

Remark 33. When F = C, the following are a direct consequence of Definition 47:
(i) deger = dimV;
(ii) the zeros of ¢y are precisely the eigenvalues of T

Remark 34. Normally (for instance in Math 2101), the characteristic polynomial and algebraic multiplicity
are defined using the determinant of 7' — xIdy. We will see in a couple of sections that Definition 46 and
Definition 47 agree with this previous definition that you are probably familiar with.

The following result is harder to prove if one adopts the definition of characteristic polynomial via the
determinant.

Theorem 8 (Cayley-Hamilton theorem). Assume that F = C and let T € L(V). The characteristic

polynomial cr is a multiple of the minimal polynomial pr.

Proof. By Lemma 33 it is enough to prove that ¢y (T) = 0. Notice that since each G(\;,T) is invariant
under 7', then given ¢(T') any polynomial on T" we have ¢(T') = @%y q(T)|gy, 1), where &2 q(T)|, 1)

(Dlg(x,
is the unique map from &, G(X\;,T) determined by the composites G(A;, T') ! S G\, T) CV via
Proposition 2.
Thus, by Theorem 7 we have:
cr(T) = H(T AT = g er(Dlaonr -
i=1
but for each A\, we have
T = T— )\ ur(Ai) T — N\ AT (M%) —0
er( )|G()\k,T) 4 H ( ) COWT) ( k) COWT) )
i=1, i#k
where the last equality follows from G(Ag, T) = null(T|g(», 1) — Mg )dim G, T) O

15T am not sure if there is a standard notation for the geometric multiplicity.
161 am also not sure what is the standard notation for characteristic polynomial. Some references use pr, but we will reserve
that for the minimal polynomial.
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The last result gives us a way to compute pup(A;) from an upper-triangular matrix representing 7.

Proposition 13. Assume that F = C and let T € L(V). Assume that By C V is a basis such that
M(T, By) is upper-triangular. Then pur(\;) equals the number of times that A\; shows up in the diagonal of
M(T, By).

Proof. Let By = {v1,...,v,} and Ap,..., A, be the diagonal entries of M(T,By). Let S C {1,...,n}
be the subset such that for k € S we have A\ # 0. Thus, TlSpanS is injective and {Tv;};cs is linearly
independent. In particular, we obtain:

dimrangeT > n —d,

where n = dimV and d := |{1,...,n}\S], i.e. d is the amount of 0’s in the diagonal of M(T, By ). The
fundamental theorem of linear algebra gives that

(17) dimnull T < d.

Since M(T™, By) = M(T, By )™, it is clear that the diagonal entries of M(T™, By ) are AT,...,A”. And we
have 0’s in the same positions in the diagonal of M(T™, By) as in the diagonal of M (T, By). Thus (17)
applied to T™ gives:

(18) dimnull 7" < d.

Let dy denote the number of times that A appears in the diagonal of M(T, By) and let pur(A) be the
algebraic multiplicity of A. Then by apply (18) to (T'— \) we obtain:

(19) pr(A) = dimnull(T — )" < d,.

However, now we notice that Y ., pur();) = dimV by Remark 32 and clearly >, dy, = dimV, where
Aty A are a list of distinct eigenvalues of T. Thus (19) is an equality for every eigenvalue A. This
finishes the proof. (Il

We end this section interpreting the decomposition of Theorem 7 in terms of matrices.
Definition 48. A block diagonal matrix is a square matrix of the form:

Ay 0

0
Am,

where each A; is a square matrix along the diagonal and all other entries are 0.

Lemma 64. Assume that F = C and let T € L(V). Let Ai,..., A\ be distinct eigenvalues of T with
(algebraic) multiplicities dy, . ..,d,,. Then there exists a basis By of V' such that

A 0
(20) M(T, By) = -
0 A,

where each A; is an i-by-i upper-triangular matrix of the form:

Proof. Exercise. O
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16. MAR. 28, 2024

16.1. Jordan normal form. The goal of this section is to improve on the results of §15.2.

From the point of view of Theorem 7 we can ask: “Given an eigenvector v, € E(\,T) how can we extend
this to a set that is a basis of G(A,T)?”

From the point of view of Lemma 64 we can ask: “Can we do even better and make each block matrix
A; into a simpler form?”.

Let’s first consider a couple of examples for motivation. For this discussion the specific value of an
eigenvalue \ is not relevant, so we will assume that the operator is nilpotent, hence its eigenvalue is 0.

Example 35. Let T': C* — C* be given by T'(21, 22, 23, 24) = (0, 21, 22, 23). Notice that T* = 0. Moreover,
for v1 = ey, we have T3v;, T?vy,Tvy, v; is a basis of C*. Notice this case is particularly nice, since we have
vy € B(0,T) and then {T3vy, T?vy, Tvy,v1} becomes a basis of G(0,T) = V.

Example 36. Let T : C5 — C° be given by T'(21, 22, 23, 24, 25, 26) = (0, 21, 22,0, 24, 0). Notice that T3 = 0.
However, there is not a vector v € C® such that {v, Tw, T?v, T3v, T*v, T5v} is a basis of C5. However if we
consider v; = €1, v = €4 and v3 = eg, then we have that By = {T?vy, Tv1,v1, Tva,v2,v3} form a basis of
CS. In fact, we have

o O O
o OO

(21) M(T,By) = (8 (1))

0 0

O O OO oo
[eslien el e e
[l leNell =)
—
O O OO oo
~

In other words, we can think of M(T, By) as three block matrices Ay, As and Az, where Ay is a 3 by 3
matrix, As is a 2 by 2 matrix and Az is a 1 by 1 matrix. Moreover, notice that each of these block diagonal
matrices only has non-zero entries on the first row above the diagonal.

It turns out that the behaviour of Example 36 is not special in two regards.

Firstly, for any nilpotent operator we can find a basis of V' such that the matrix representing 7" in this
basis has a form similar to that of (21).

Secondly, even for arbitrary operators (on a complex vector space) we are able to find a basis such that
we have a block diagonal matrix as in (20), where each A; only has non-zero entries at the diagonal and on
the first row above the diagonal.

To prove the next results we introduce the following:

Definition 49. Given an operator T : V' — V on a finite-dimensional space. A Jordan basis for T is a basis
By such that
Ay 0

M(T’ BV) = .
0 A,

where each A; is an i-by-i upper-triangular matrix of the form:

Ai 1 0
A; =
0 Ai

Warning 8. The eigenvalues A; of A; are not necessarily distinct. See Example 36.

Proposition 14. Let T : V — V be a nilpotent operator. Then T has a Jordan basis By .

Proof. We proceed by induction on dimV. The case dimV = 1 is clear, since any non-zero vector v € V
would be a Jordan basis.

Let n = dimV and assume that the result holds for every vector space U and nilpotent operator
on U such that dimU < n — 1. Let m be the smallest positive integer such that 7™ = 0. Consider
v € V such that T™ v # 0, then by Exercise 40 {v,Tw,...,T™ v} is linearly independent. Let U :=
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Span {v,Tw,...,T™ 1o} if U = V, then it is clear that By = {T™ v,...,Tv,v} gives a Jordan basis of
T.

So we assume that U # V. Notice that U is invariant under 7. Thus, the inductive hypothesis gives
that T'|,, has a Jordan basis.

Let ¢ € VV := L(V,F), the dual space of V, be such that ¢(T™v) # 0. Define:

W={veV|pTv)=0,for0<i<m-—1}.

Since o(T') =0 = o(T*Tv) =0 for i € {0,...,m — 1} we see that W is invariant under 7. We claim that
V=UaoW.

First, we show that U N W = {0}. Assume by contradiction that there is a non-zero w € U N W, then
we have

(22) uw=av+aTv+- - +a,T™ v,

for some constants a; € F. Let j > 1 be the smallest integer such that a; # 0, by applying T™=J to both
sides of (22) we obtain: 4
Ty = aij_lv.
By applying ¢ we obtain 4
O(T™ Iu) = a;p(T™ tv) # 0,
which gives that « ¢ W. Thus, UNW = {0}.

Now consider S : V — F™ given by S(v) := (¢(v), o(T), ..., o(T™ 1v)). Clearly, we have W = null S.
By the fundamental theorem of linear algebra we obtain:

dimW = dimnullS = dimV — dimrange.S > dimV — m.

Thus, we calculate:
dim(U e W) =dimU +dimW >m+dimV —m = dimV,
which implies that U @ W = V.
Since Ty, : W — W is nilpotent and dim W < dimV, by the inductive hypothesis we have By a
Jordan basis of W for T'|;,,. It is clear that B = By U By is a Jordan basis of V' for T'. This finishes the
proof. O

Finally, we have the following.

Theorem 9 (Jordan normal form). Assume that F =C and let T :V — V be an arbitrary operator. Then
there exists a Jordan basis of V' for T

Proof. Let A1,..., A\ be the distinct eigenvalues of T'. By Theorem 7 we have V = @ G()\;, T) and each
(T — Aildv)|g s, 1) is nilpotent. By Proposition 14 each (T'— A;Idv)|g(y, ) has a Jordan basis B; for
i€{1,...,m}. Then it is clear that B = By U---U By, is a Jordan basis of T g

Remark 35. Theorem 9 is sometimes also refered to as Jordan canonical form.

Remark 36. Let T: V — V be an operator on a complex vector space with minimal polynomial pr(z) =
[T, (z = A;)%, where {1, ..., Ap } are distinct eigenvalues and d; > 1 for i € {1,...,m}. As a consequence
of Exercise 11 in Worksheet 8 and Exercise 42 we know that the largest Jordan block for the eigenvalue \;
is di-

Example 37. Let T : C® — C8 be an operator whose minimal polynomial is pr = (z — 2)2(x — 3)(z — 4).
Then up to reordering of the blocks the possible Jordan forms of T are:

21 0000 21 0000 21 00 00 21 00 00
020000 020000 020000 02 0 00O
0 02000 002100 002000 00 2 000
0 00 200 000 200 000 3 00 000 3 00O
0 00030 0 00030 000 03O0 0000 40
0 00 0 0 4 0 00 0O 0 4 0 000 0 4 00 0 0 O0 4

Exercise 43. Make sure you understand Example 37. Calculate the characteristic polynomial for each
possibility.
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17. APR. 8, 2024

17.1. Tensor Products. There are many different ways to motivate the construction of tensor product.
Here is one that I find particularly useful. Let V be a finite-dimensional vector space. Recall that V'V :=
L(V,F) is the dual vector space. Consider the function:

evy VYV XV S F
(¢, 0) = @(v).

We notice that this assignment satisfies the following:

evy ((ap1+¢2,0)) = aevy ((p1,0)) +evi((p2,v)) and  evy((p, bur +v2)) = evy ((p, v1)) +bevy ((p, v2))-

However, it is not linear. Namely, V¥ x V is a vector space, where given (p,v) € V¥ x V we have
a(p,v) = (ap, av)'”, however:

plav) = ap(v) = aevy ((p,v)) # evy ((ap, av)) = (ap)(av) = a¢(v).
Here is a definition that abstracts what the function evy actually satisfies:
Definition 50. Given vector spaces U,V and W, a function B : V x W — U is a bilinear map if
e B(avy + ve,w) = aB(vy,w) + B(vy, w) for every a € F, vy,v9 € V and w € W; and
o B(v,aw; + w2) = aB(v,w1) + B(v,ws) for every a € F, wy,wy € V and v € W.
We let B(V x W,U) denote the set of bilinear maps from V' x W to U.

Remark 37. In fact, the set B(V x W,U) is a vector space, with multiplication and addition point-wise,
i.e. given By, By and a € F we let (aBy + Bs)(v,w) := aBy(v,w) + Ba(v,w) for every v € V and w € W.

Example 38. (i) The function evy : V* x V — F from the beginning of this section is a bilinear map;
(i) Let ¢ € VY and ¢ € WV, then B(v,w) := p(v)(w) is a bilinear map;

(iii) Let B € B(V x W,F), for any T € L(V) we have B'(v,w) := B(Tv,w) is another bilinear map.

(iv) The function (=)o (=) : L(V) x L(V) — L(V) is a bilinear map.

(v) The function ev(—, —) : V x L(V,W) — W given by

is a bilinear map.
The following exercise is crucially important:

Exercise 44. Let B: V x W — F be a bilinear map. Suppose that B is also linear. Then B(v,w) = 0, for
every v € Vand w e W.

The question that the tensor product tries to answer is the following;:
Question 2. Can we formulate the data of a bilinear map B : V x W — F in terms of a linear map?

Notice that Exercise 44 tells us that V' x W is not the correct vector space to consider.

18. APr. 15, 2024
18.1. Tensor Products (continued).

Definition-Construction 1. Given two vector spaces V and W, the tensor product of V and W is a vector
space T equipped with a bilinear map: ¢ : V x W — T such that for every bilinear map B : V x W — U to

L7Recall how we defined the structure of a vector space on a product of vector spaces.
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an arbitrary vector space U, there exists an unique linear map L : T'— U such that the following diagram
commutes:

V xW
(23) . B
L

L

The idea to construct T is to build a very large vector space out of V' x W and then to take its quotient
by the relations that we expect to hold for a linear map out of it to always exist.

Let T := D(v,w)eVxWF(vw), where each F(, ) is the 1-dimensional vector F. Let d(, .,) € T’ denote
the vector that is 1 in F(, ., and 0 in every other copy F(, ), where (v',w’) # (v, w). Consider the set of
vectors:'®

(24)
S = {5v+v’,w - 5v,w - 511/,1113 5v,w+w’ - 5v,w - 5v,w’ ) 5av,w - aév,wa (;v,aw - aév,wa 5av,w - 5v,aw}a€F v’ eVw,w ew-

Let R := Span S C T" be the subspace spanned by all the vectors in (24). We claim that T := T"/R satisfy
the conditions to be a tensor product.

For any v € V and w € W we let v @ w := §,,, + R € T, i.e. the image of §, ., € T’ via the quotient
mapm: T — T.

Firstly, we notice that by construction we have the relations:

(25) (+V)Qu=vw+vw, v (w+w)=vRw+vuw, () @w=a(v@w)= (v aw).

Secondly, we claim that the function ¢: V x W — T given by ¢(v,w) := v ® w is bilinear. We leave this
for the reader to check!

Finaly, we prove the universal property. Let L' : T — U be the linear map defined by L'(0y.,,) =
B(v,w), since {0yw}(uwvyevxyv is a basis of T" this is well-defined. We notice that L’ vanishes on each
element of (24). For instance, we have:

L/(5v+v’,w - 6v,w - 5v’,w) = B(U + Ulvw) - B(Ua U)) - B('Ulaw) =0.

One also needs to check the other relations, we leave that as an exercise.
Thus, R C null L' and Lemma 20 implies that we have map L such that the following diagram commutes:

I

k‘g.

Now we notice that L o ¢(v,w) = L(v ® w) = B(v,w), that is ¢ : V. x W — T together with L : T — U
make the diagram (23) commute.

We only need to argue that L : T'— U is the unique linear map that makes the diagram (23) commute.
Assume there exists M : T — U another linear map making the diagram (23) (with M in place of L)
commute, by considering the image of (v, w) we would have M (v ® w) = B(v,w) = L(v ® w). Notice that
{0(v,w) }(w,wyevxw is a basis of 7", by Exercise 29. Since 7 : T" — T' is surjective, it is clear that the set of
VW = (0y,y), for (v,w) € V x W spans T. Thus, if M(v® w) = L(v ® w) for every v ® w then M = L.

We leave it to the reader'? to prove that 7" is unique up to isomorphism, i.e. any other vector space with
the same property will be isomorphic to 7. The idea is the same as in the proof that any direct sum or
product of two vector spaces is isomorphic.

Notation 8. Given two vector spaces V and W we will simply denote by V' ® W their tensor product.
Normally, the bilinear map from V x W to V ® W is also denoted by ®. We will avoid this and denote it
by:

UV,W:VXW%V@)W

18Strictly speaking, since we are working over a field of characteristic 0, these vector are not all linearly independent, so we
could have considered a smaller set. But for the more general case we need all these relations.

9You can find a proof in the page 6 of the following notes. The set up of these notes is more general than our course, since
they treat R-modules for a commutative ring R. However, they are a very good read for this material.


https://kconrad.math.uconn.edu/blurbs/linmultialg/tensorprod.pdf
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The description of Definition-Construction 1 is very abstract and not necessarily useful in practice. The
thing that is useful is the universal property, as examplified in the proof of the following result.

Lemma 65. Let V and W be vector spaces and {v;};cr and {w;};cs bases of V. and W, respectively.
Then {v; ® wj}(iﬁj)elxj is basis of V@ W. In particular, if V and W are finite-dimensional, then we have
dmV @W =dimV -dim W.

Proof. Since {v ® W} (y,w)evxw is a spanning set of V @ W, it is easy to see that {v; ® w;} jjerxs is a
spanning set (Make sure you understand why!).

We will prove that the set {v; ® wj}(; jyerx s is linearly independent. Assume that there are coefficients
a; ; € F not all zero, such that Zi’j a; jv; Q@w; = 0. Consider (i, j') € I x J and define the following bilinear
function By : V. x W — F by

Bi/j/(v, w) = Ci/dj/,

where v = ), civ; and w = ZjEJ djw; are expansions of v and w in the given bases. By the universal
property, there exists an unique map f;/;+ such that the following diagram commutes:

nv,w

VXW — VoW
\ J{fi/j"
Bi,jl
F

In particular, we obtain that

1 if (i, 5) = (@, 5")
fir(vi ® wj) = Birjr ((vi, wy)) =
0 else.
Since fi;+ is linear we obtain
iy O aijvi @wy) = i iy (Y v @wy) = @i o =0.
0,J (2%
Since (7', j') € I xJ was arbitrary, we obtain that a; ; = 0 for every (4, j) € I xJ. This finishes the proof. [0

Example 39. (i) Let V = C3, then V ® V ~ C?, with basis given by e; ® e;, where 4,5 € {1,2,3} and
{e1, e, e3} is the standard basis of C3.

(ii) Let V be a finite-dimensional vector space, then VV ® V ~ L(V). Indeed, let {e1,...,e,} be a basis
of V, Lemma 21 gives {\1,...,\,} a basis of the dual vector space V. Consider the linear map
Dy VY ®@V — L(V) defined on the basis {\; ® e;}i jer by

Dy (N @ej)(v) = Ni(v)e;.

We claim that ®y is a isomorphism. Since the dimensions are the same it is enough to check that
®y is surjective. Let T : V' — V be an operator, and let T'(e) = Z;;l agje; for some coefficients
(akj)i<k,j<n. We claim that T' = ¢V(Z?j:1 a;jA; ® ej). Indeed, we compute:

Oy ( Z ai; A ®ej)(eg) = Z a;i; Py (N ®e;)(ex)

i,j=1 t,5=1

= > aihi(er)e;

4,j=1

n
= > aydie;

i,7=1
n
= E Ap;€j.
j=1

Thus, T(ex) = Pv (307 =, aij\i®e;)(ex) forevery k € {1,...,n}, which gives that T = &y (37, _ ) aijj \i®
e;) as desired.
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(iii) Let f: V43 — V4 and g : Wi — Ws be linear maps between vector spaces. Then there exists an unique
linear map f®g¢g: Vi @ W7, — Vo ® Ws. Indeed, consider the function:

Byg:Vix Wi = Va@Wa, Byg((vi,wr)) = f(vi) ® g(wy).

We leave it to the reader to check that By, is bilinear, hence by the universal property there exist
f ®g as claimed. Moreover, for each v1 € V4 and w; € Wy, we have (f ® g)(v1 @ w1) = f(v1) ® g(wy).

We go back to the motivating question in this section. We notice that evy : VV x V — F determines a

linear map?®:

evy : VYRV = F.
Exercise 45. Let V be a vector space over F consider B : F x V' — V given by B(a,v) := av.
(i) Check that B is bilinear and prove that the map ly : F® V — V is an isomorphism.
(ii) Similarly prove that there exists an isomorphism ry : V@ F 5 V.

(iii) For every vector space W over F. Consider the morphism a{,7W defined as the composite:

Nw, v

VxW 29 Wk v Y we

Prove that O’{/,W is bilinear and that the induced linear map oy,w : VW —— W®V is an isomorphism.
(iv) What is the compatibility between Iy, ry and oy p?

Notation 9. Given V a vector and L : F — W a linear map between F and a vector space W. In view of
Exercise 45 and Exercise 8 from Worksheet 9, we will simply write Idy ®a : V' — V ® W for the composite:

-1
VY S VeF 2 yew,

and similarly a ® Idy : V. — W ® V for the composite:

15t a
VL S FeV S, weV.

Given b : W — F a linear map, we will also simply write b ® Idy for the composite W @ V beldv VSV
and so on.

19. Apr. 18, 2024
19.1. Further properties of tensor products. Let U,V and W be three vector spaces. Given T': V —
LV, W), we let (T): V ® W — U be the linear map induced by the bilinear map:
ST VW —=U  ¢(T)(v,w):=Tv)(w).

Indeed, notice that ¢'(T")(avy + vy, w) = T'(avy + v2)(w) = (aT(v1) + T(v2))(w) = aT (v1)(w) + T (v2)(w)
ag'(T)(v1, w) + ¢'(T)(v2,w), and similarly ¢'(T)(v, aw1 + w2) = ap'(T)(v,w1) + ¢'(T)(v,w2). So ¢'(T) is
bilinear and induces ¢(T') : V @ W — U which satisfies o(T)(v @ w) = T'(v)(w) for every v@w € V@ W.

Lemma 66. Let U,V and W be three vector spaces, the linear map constructed above:

0: LV, LW, U)) = LV @ W,U),
(V5 LV, W) = o(T),

is an isomorphism.

20We will still use the same notation for evy.
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Proof. First we check that ¢ is injective. Let T,7" € L(V,L(W,U)) such that ¢(T) = ¢(7”). That is for
every v @ w € V@ W we have:

T(v)(w) = ¢(T) (v & w) = (') (v & w) = T'(v)(w).

Thus, T(v) = T(v') for every v € V| which implies that T = T".
Now consider a linear map S: V@ W — U. We let ®(S) : V — L(W,U) be defined by:

O(S)(v)(w) := S(v @ w).

We notice that ®(5)(v)(aws +wz) = a®(S)(v)(w1) +@(S)(v)(wz) and &(S5)(av1 +v2)(w) = a®(S)(v1)(w) +
D(S)(v2)(w) so ®(S) is well-defined. Finally, we leave it to the reader to check that

which gives that ¢ is surjective. This finishes the proof. O

Remark 38. This is an abstract remark and you can skip it for now. The statement of Lemma 66 is
sometimes referred to as the Hom-®-adjunction. It holds in my more general contexts and it is also functorial,
e.g. given a linear map T : V3 — V5 we obtain linear maps (—) o T : L(Vo, LW, U)) — L(V1, L(W,U)) and
(m)oT@Idw : LIV2@ W, U) — L(V; @ W,U) such that the following diagram commutes:

PVy,W,U

L(Va, LOW,U)) L2 £V 0 W,U)

(—)OTJ J(_)OT®MW

LV, LW, U)) o L1 @ W,U)

Pvy,w,U

The following is a result about the interaction between tensor products and dual spaces.

Lemma 67. Let U and V be finite-dimensional vector spaces. Then one has an isomorphism

UVeVY S (U V).

Proof. Let {u1,...,un} C U and {v1,...,v,} C V be basis of U and V, respectively. We define: B :
UV x VY= (U®V)Y as a linear map by:

B\ p)(ui ®v) =Y Mug)u(vy),
i=1

since {u; ®@v; }(5,5)e[n]x [m]21 is a basis of U®V'. It is easy to see that B is a bilinear map, hence by the universal
property of UV ® VV (Definition-Construction 1) we obtain the linear map: L: UV @ VY - (U@ V). O

Corollary 22. Let V and U be finite-dimensional vector spaces, then we have
LUV) U@V,
Proof. For (i), consider the chain of isomorphisms:

UVeV —— UeVV)Y —— LU VV,F) —=— L(U,(VV)V) —=—— L(U,V),

LPU,(V\/)\/,]F

where the first isomorphism is from Lemma 67, the second from Lemma 66, and the third from Exercise
32. O

21Here we use [n] = {1,...,n} and [m] = {1,...,m}.
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19.2. Trace of an operator. The goal of this section is to define the trace of an operator on a finite-
dimensional vector space V' without refereeing to a basis of V. Given V a finite-dimensional vector space
and let By = {v1,...,v,} be a basis of V. We define the linear map:

gV F>VVeV

n
Vv
a—a E v, vy,
i=1

where {vY,...,v’} denotes the dual basis associated to By .
Let B{, = {u1,...,un} be another basis of V. We claim that 05" = 05". Indeed, by using Example 39
(i) we notice that ®y o coevil¥ (a): V — V is simply

Dy ol (a)(v) = av,

v

for any basis By . Since ®y is an isomorphism, we obtain that ce is independent of the basis. Henceforth

we drop By from the notation and simply write ¢y, : F — VY @ V.
The following result on the interaction between the coevaluation and evaluation maps is very useful:

Lemma 68. Let T : V — W be a linear map between finite-dimensional vector spaces, then the following
diagram commutes:

v —4v Ly
VevVVeV

T lidv(g,vv QT
VeVVeWw

’
|evh

W W

d

where evl, : V@ VYV — F is given by evi, (v ® ¢) = (V).

Proof. Left as an exercise. O

Definition 51. Let T € L£(V) be an operator on a finite-dimensional vector space. We let tr(T") be the
composite of the following linear maps:

FE VYoV V55T vV ey,

i.e. any linear map from F — F is given by multiplication by a scalar, tr(7T") is that scalar.

Lemma 69. Let By be a basis of a finite-dimensional vector space V and T :' V — V an operator. Then

n

tl“(T) = Z M(T, BV)i,i-

i=1
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Proof. Let By = {v1,...,v,} and {vY,...,v,} be the dual basis, we compute:

tr(V)(a) = evy o(Idyv ®T)( Z v ® ;)

=evy(a Z vy @T(vy))
i=1

=evr(a ZZU ®@ M(T, By);,iv;)

n

= Z M(TaBV)j,ieVT(U;/@)Uj)
ij=1

n

=Y M(T,By);idi;

4,j=1

= ZM(Tv BV)i,i'

i=1

The following is an interesting way to think about the trace.

Lemma 70. Suppose that for every finite-dimensional vector space V, we have a linear function Ty :
L(V) = F, which satisfies the following conditions:

a) for every V- and W and pair of linear maps T : V — W and S : W — V we have:
Tv(SoT)=1w(ToS);

b) 7v(Idy) = dimV for every V.
Then
(i) for every decomposition Uy & Uz =V we have try(T) = try (Py, T Py,) + try (Py,TPy,), where P; :
V' — V is the projection onto U;, fori=1,2;
(ii) if such a data {7y }v exist, it is unique.

Proof. We first prove (i). First we notice that try (Py,T o Py,) = try (T'o P§,) by a), and that try (T'o P§ ) =
try (T o Py,), since any projection satisfy P51 = Py,, for i = 1,2. Moreover, one has P» = Idy —P;. Since
Ty is linear, we obtain:

Tv(TO Idv) = Tv(TO PUl) + T\/(T o PV2) = trV(PlePUl) + trv(PU2TPU2).

We now prove (ii). Suppose that there are two 7y, 7{, for all vector spaces V satisfying both a) and b).
We argue by induction on n = dimV that 7y = 7{,. For n = 1, since any linear operator T' € L(V) is
T = aldy for some a € F then we have:

Tv(T) = G,Tv(Idv) =adimV = (LT‘//(Idv) = T‘//(T)

Now we assume that 7y = 7}, for all vector spaces W, such that dimW < n. Let V be a subspace of

dimension n and U; ® U = V and decomposition into non-zero subspaces U; and U,. Let V U SV
denote the factorization of Py, via U, for i = 1,2. We notice that T o Py = (T 01;) o Py, agree. Thus, we
obtain:

v(T) =1v(TPy,) + mv(TPy,)
= 71, (Po, o (T ow)) + 70,(Pur, 0 (T 012))
=14, (Py, o (T o11)) + 10, (Pu, o (T 012))
v (TPy,) + (T Py,)
=7, (T).
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We end this section checking that the trace we constructed in Definition 51 is cyclic, namely it satisfies
condition a) from Lemma 70.

Theorem 10 (Cyclicity). Let T :V — W and S : W — V be two linear maps between finite-dimensional
vector spaces, then tr(SoT) =tr(T o S).

Proof. The proof is contained in the following two diagrams. For better readability we omit certain the
horizontal arrows, they should all be identity arrows and the fact that the respective diagrams commute is
tautological.

F id F id F id F
cvl lcv lcv lcv
VeV VeV id VeV VeV
idy v ®Tl lidvv ®T lidvvm ®cw lidvvm Qcw
VWew —4 s yVew VeVeWYeW —<45 vVWeVeWYeWw
lidvv Qew lidvv T Ridgw gwv lidvv@)‘,@,wv ®S
VoWeWVYeW s VWeWeoWYeW VVeVeWYeV
idyv ®S lidvv@,W@Wv ®S lidV\/@W@Wv ®S lidvv @T®idgw gwv
VVeWeWwYeV VWeWeWVeV 4L vVWeWwWeWwYeV
lidvv ®ely, Qidy lidvv ®ety @idy lidvv ®ely @idy
VWev —4 s yvey VeV VeV
evvl levv levv lew
F id F id F id F

In the diagram bellow, on the third line, the horizontal map between the first and second column
c:VVRQVIWVYeW - WYeW VY ®V is given by o(vV,v,w",w) — (w",w,v",v). To simplify the
notation we use o for the similarly defined map between the first and second column on the fourth and fifth
lines.

F id F id F id F
cvl lcw lcw lcw
VeV Wew ——94 s WwVew wY oW
idyv gy ®cwl lidW\/@W Qcy lidwv ®S lidwv ®S
VVQVWYeW —2s WYeaWeVVeV WYeV —4 s wVev
idyvgyvewy ®Sl lidwv ®S®idyv gy lidwvm ®cv
VWoVeWYeV —Zs WYeVeVVeV L wYeVeVVeV
idy v ®T®idwv®vl lidwvm@‘,v ®T lidwv[@v@vv T idy,v ®T
VVeWeoWVeV — 2 WVeVeVVeW WVeVeVYeW
idy v ®e’W®idvl J/ide®ev’V ®idy J/idw\/®ev’v ® idyy
VeV WY oW wYew —4 s wVew
evvl levw levw leVW
F id F id F id F

We claim that all the above diagrams commute. We leave it to the reader to justify each one of them.
Notice that the composition of the left most column in the first diagram is tr(S o T'), whereas the
composition of the right most column in the second diagram is tr(7 o .S). O

Exercise 46. Formulate which diagrams need to commute in the proof of Theorem 10 and prove that each
of them commute. In fact, there are only three different type of abstract commuting diagrams that are



LINEAR ALGEBRA II SPRING 2024 - HKU 63

needed to justify all the diagrams in the proof, one of them is in Lemma 68, so you only need to formulate
and prove the other two.

Remark 39. Here are some comments about the proof above. If one traces what happens to an element
a € F via all of the above diagrams we will obtain equations proving tr(7'S) = tr(ST) in terms of matrix
coefficients. The above proof has the advantage of never using matrices, however it is a bit abstract and
hard to see what is happening. A nice perspective on this comes from thinking of the diagrams we wrote in
terms of pictures. The following two blog posts explains this very nicely.

19.3. Bilinear Forms. The following is a special case of Definition 50:

Definition 52. Let V be a vector space over F. A bilinear form on V is a bilinear map B: V xV — F in
the sense of Definition 50.

Example 40. (i) An inner product on a finite-dimensional real vector space (—,—) : V.xV — Fis a
bilinear form.

(i) Let B :F3 x F3 — F be given by B((z1, %2, 73), (Y1, Y2, ¥3)) = T1y2 — 5Toys + 273y
(iii) Let 8 : Pp(R) x P,(R) — R be given by B(p,q) = p(2)¢'(3).
(iv) Let o, A € VV = L(V,F) be two linear functions on V. Then B(v,u) := ¢(v)A(u) is a bilinear form.
Exercise 47. (i) Check that all the examples in Example 40 are not linear.
(ii) Let f:V x V — F be a bilinear form and linear functional on V. Prove that g = 0.
We can consider:
Definition 53. Given a vector space V, the set £2(V)?? of bilinear forms on V is a vector space.

Warning 9. Make sure that you understand why the set £2(V) is a vector space and that you understand
why it is different from £(V x V,F). This is extremely important!

Exercise 48. (i) Let 8 € £L2(V), prove that, for every v € V, 8(v, —) and B(—,v) are linear maps.

(ii) Consider the function:

©y: L2(V) = LV, L(V,F))
®1(B)(v) := B(v, —).

Prove that ®; is an isomorphism.

Remark 40. Let By be a basis of V and 8 € £2(V) a bilinear form. The matriz of B in the basis
By ={v1,...,v,} is defined by:

(M(Ba BV))ij = ﬁ(viv vj)‘
In fact, the assignment M(—, By) : £L2(V) — FdimV:dimV g a5 jsomorphisms of vector spaces. Indeed, it is
clear that M(—, By) is a linear map. Assume that M(3, By) = M(8’, By), then for every ui,uz € V we

let u; = Z?:l afvi, be the expression of u; and wus in the basis By. Then we have:

M(B, By )ira}ai

1

M=

B(u17u2) =

ik

M(B, By )iralas

i, 1

= B'(u1, uz).

E
Il

-

Thus, M(—, By) is injective. We can similarly prove that M(—, By/) is surjective by defining 3 on a basis
using (bik)lfi,kgn c FdimV,dimV.
In particular, we obtain that dim £2(V) = n?.

22The book uses the notation V@) which I find confusing—but there does not seem to be a consistent notation in the
literature.


https://qchu.wordpress.com/2012/11/05/introduction-to-string-diagrams/
https://qchu.wordpress.com/2012/11/06/string-diagrams-duality-and-trace/
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The following are some things we can prove by using the matrix representation of a bilinear form
introduced in Remark 40.

Lemma 71. Let B:V xV = F be a bilinar form and T : V — V an operator. We define two linear forms
B1: =0T x1Idy and B2 := Boldy xT. Consider a basis By = {v1,...,v,}, then we have:

(i) M(B1, By) = M(T)* M(B);
(ii) M(B2, By) = M(B)M(T);

(1i1) given another basis Bi, = {u1,...,u,} we have:
(26) M(B, By) = M(1dy, By, B{,)* M (B, By,)M(1dy, By, BY,).
Proof. Exercise. See textbook §9A. (]

Warning 10. We stress how formula (26) is different than formula (5). The relation between the two will
become clearer when we rewrite the vector spaces £2(V) and £(V, V) in terms of tensor products involving
V and its dual VV.

Exercise 49. Consider § : P2(R) x P2(R) — R given by 8(p,q) = p(2)¢’(3). Consider the basis By =
{1,z,2%} and Bj, = {1,z — 2, (x — 3)?}. Check the formula (26) in this case.

Definition 54. A bilinear form 8 :V x V — F is said to be
o symmetric if it satisfies: S(v,u) = B(u,v) for every u,v € V;
o alternating if it satisfies: (v, u) = —B(u,v) for every u,v € V.

We will let £2 (V) C £3(V) and £2,(V) C L2(V) denote the subsets of symmetric and anti-symmetric

sym
bilinear forms, respectively.

Remark 41. Notice that £2 (V) is a subspace of £2(V). Indeed, 8 = 0 belongs to both of them, so they

sym

are non-zero. Given f1, 8y € LZ,,(V) we have:

(/81 + @/82)(u7 U) =5 (u’ U) + a62(u7 U) =5 (Uv U) + aﬁg(ﬂ, u) = (61 =+ aﬂQ)(’Uv u)a

for every u,v € V and a € F.
Similarly, one can check that £2, (V') is a subspace of £2(V). This is left as an exercise.

Exercise 50. Let §:V x V — F be a bilinear form. Prove that the following are equivalent:
(1) B(v,v) =0 for all v € V;
(2) B is an alternating (bilinear) form.

Lemma 72. We have a decomposition of L2(V') as follows:

LAV) = L (V) & Loy (V).

sym
Proof. We leave this as an exercise. O

20. APr. 22, 2024
20.1. Multilinear maps.
Definition 55. Let n > 1 be a positive integer, a function g : V"™ — F is an n-linear map, if 8 is linear on
each factor, i.e. given {uy,...,u,—1} fixed vectors in V' the functions f; : V' — F given by:
fitv) == Blug, .o Uim1, 0, Uy e oo Uy 1)
is linear, for 1 < i < n. We will denote the vector space of n-linear maps by £™(V).

Remark 42. In the textbook they call such multilinear n-forms, however in certain contexts n-form is
used for what we will call alternating n-linear map (see below). We will try to avoid this term so as not to
cause too much confusion. Notice however that this is in contrast with what we called bilinear form in the
previous section.
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Example 41. (i) Let a, 8 € £2(V), then v((v1,va,v3,v4)) := a(v1,v2)B(v3,v4) gives a 4-linear map 7.
(ii) Let 5 : (L(V))™ — F be given by
B(T,....Tn) =tr(Tyo---0Ty,).
Then f§ is an m-linear map on L(V).

Remark 43. Notice that for n > 3, there is no matrix representation of n-linear maps as we had for bilinear
forms in Remark 40.

20.1.1. Interlude on symmetric group.

Definition 56. For every n > 1 we let S,, denote the set of bijections from {1,...,n} to itself. The set S,
forms a group?® which we call the symmetric group in n elements.

Given o, 7 € S, we will write o7 for the composition co7. An element o € S,, is said to be a transposition
if there are 4,5 € {1,...,n} such that

k ifk+#diandk # 7,
olk)y=<j ifk=1;
i itk =
In this case we might denote o = 7.
We define a function sign(—) : S, — {£1}, vialet [n] :=1 < 2 < --- <n be a linear order on {1,...,n}
and consider o([n]) := o(1) < 0(2) < -+ < o(n) the new order on the set {1,...,n}. We define I(o) the

number of inversions on o([n]) to be the number of pairs (i, j) € [n] such that i < j and o(j) < o(¢). Then
we let sign(o) := (—1)1(?). Here are couple of things that one can check:

Lemma 73. For every o,7 € S,, we have:
sign(o o 7) = sign(o) sign(7).
Also sign(1) = (—=1), for any transposition T € S,,.
Proof. Exercise. O
For V a vector space and ¢ € S,, an element of the symmetric group we let:
po V= VX"
(V1,5 00) = (Vo(1)s - -+ s Vo(n))s

i.e. the map from V™ to itself that sends the ith entry to the o(i)th entry. Notice that p, is a linear map
and when o = 74;, pr, . (v1,...,v,) simply swaps v; with v;.
The following generalizes Definition 54 to n-linear forms:

Definition 57. A n-linear map £ : V*™ — F is said to be:
o symmelric if for every transposition 7;; € S, we have 8 = (o 7y ;
e alternating if for every transposition 7;; € S, we have 8 = —f o 7y;.
We let £,,,(V) and L]} (V) denote the subspaces of symmetric and alternating n-linear maps.
Example 42. (i) Consider a: F" x F" x F" — T given by
al(@1y .oy )y (Yt ooy Yn)s (21, oy 2n)) 1= T1Y223 — TaY123 — T3Y221 — T1Y322 + Tay122 + Tays21.
Check that « is an alternating 3-linear map.
(ii) Let V be a real inner product space. Consider a: V x V x V x V — T given by
a(vy,ve, v3,v4) 1= (V1,V2) (vs,v4) + (v1,V3) (U2, va) + (V1,v4) (U2, V3) .
We claim that « is a symmetric 4-linear map.

233ee here for a definition.


https://en.wikipedia.org/wiki/Group_(mathematics)
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Remark 44. Let 8 € L™*(V), then 8 is an alternating n-linear map if and only if
a(V1,. V., V), .., Uy) = 0, for every {v1,...,v,} CV, where v; = v;, for some i # j.

Here are a couple of simple properties of alternating n-linear maps.

Lemma 74. (i) For every set {v1,...,vm} CV of linearly dependent vectors, we have
a(v1, ..., 0m) =0
for every a € LT (V).
(ii) Let m > dimV, then L, (V) = {0}.

Proof. For (i). Let Y_7" | a;v; = 0 be a non-trivial linear combination of the given vectors. Let j € {1,...,m}
such that a; # 0. Then we have:

m
a(vr, ..V, Uy) = — Z a; (V1 .oy Uiy ey U) = 0,
i=1,i#j

where each term in the sum vanishes by Remark 44.
For (ii), assume by contradiction that there exist {vy,..., vy} C V such that a(vq,...,vm) # 0. By (i),
we have that {v1,...,v,,} is linearly independent, which is a contradiction with dim V' < m. ([

Here is a useful consequence of Lemma, 74:

Corollary 23. Let a € L]}, (V), where n = dim V' and consider a set of vectors {e1,...,e,} C V. Then the
following are equivalent:

(1) aler,...,en) #0;
(2) {e1,...,en} is linearly independent.

Proof. (1) = (2) is the converse of Lemma 74 (i).
For (2) = (1) there exist {v1,...,v,} C V such that a(vy,...,v,) # 0. Since {ey,...,e,} are n linearly

independent vectors, they form a basis. Let v; = Z;;l a; je; then we compute:

n n
a(vr,. o vn) = (Y i, Y Aig,e,)

Jji=1 Jn=1

n n
_ E RS E A1y e Upg, o€y, €5,)

Jji=1 Jn=1

= Z Ay,o(1) """ an,o(n)a(ea(l)v CERX} ea‘(n))
oESy
=aler,...,en) Z sign(o)ay o1y - Uno(n),
oESy
where the second line is equal to the third line, because a(ej,, ..., e;, ) vanishes if j; = jj for two i,k €
{1,...,n} such that ¢ # k. Thus, a(ey,...,e,) # 0. O
Remark 45. Let {e1,...,e,} be a basis of V' and consider a list of vectors {vy,...,v,}. In the proof of

n

Corollary 23 we obtained the following very useful formula. Let v; =) =1 @i j€5, then

(27) Oé(’Ul, s ,’Un) = ( Z Sign(o)al,a(l) et an,U(n)) 04(617 cee 7en)7

oES,
for any aw € L, (V).
The following result is important to define the determinant.

Proposition 15. Let V' be a vector space of dimension n. Then dim L7, (V) = 1.

Proof. The proof is a bit lengthy, but the ideas are simple. See 9.37 in the textbook. (|



LINEAR ALGEBRA II SPRING 2024 - HKU 67

20.2. (Multi)linear maps in terms of tensor products. The goal of this section is to reformulate the
content of §19.3 and §20.1 in terms of tensor products.

Corollary 24. Let V be a finite-dimensional vector space, then one has an equivalence:

~

VVe VY = LAv).
More generally, for every n > 2 we have (VV)®" =5 L"(V).

Proof. Consider the following sequence of isomorphisms:
VVeVY == (VeV)! —— L(V®V,F) % LV, L(V,TF)) % L2(V)
PV, VF 1

where the first isomorphism is Lemma 67, the third is Lemma 66, and the last isomorphism is from Exercise
48 (ii).
The case n > 3 can be proved by induction, we leave it to the reader to check the details. O

Finish this section in the future.

21. APr. 22, 2024

21.1. Determinant of an operator. We notice that given T : V' — V an operator, one has an induced
map T : L2, (V) — L, (V) defined as follows:

(T*a)(v1, ...y 0n) = a(Tvr, ..., Ty,).
Indeed, it is easy to check that the above is well-defined, i.e. T« is still an alternating n-linear map,
and that the assignment o — T« is linear.

Definition 58. Let T': V — V be an operator on a finite-dimensional vector space, then for any non-zero
alternating form a € L7, (V) we have:
T* () = (det T«

for an unique detT € F. We call detT" the determinant of T'.

Remark 46. It is clear, from Proposition 15 that det 7" does not depend on the choice of o € L7};, as long
as it is non-zero.

Example 43. (i) Consider Idy : V — V then one has (Idy)*a = a for every a € £ImV(V), thus
det(Idy) = 1.

(ii) More generally, for any A € F notice that (AIdy)*a = A™Va, so we have det(AIdy ) = A4V,

(iii) Let T : V — V be diagonalizable and consider {vy,...,v,} a basis of eigenvectors with eigenvalues
A, ..., A, respectively. Notice that for any o € L7, (V) we have:

(det T)a(vy, ..., vp) =T a(vy, ..., vn) = a(Tvy, ..., Tog,) = a(Avr, ..., \pop) = (H Ai)a(vy, ... op).

i=1
Thus, if a(vy,...,v,) # 0, then det T' = ([T, ;).

We notice how Definition 58 is very elegant and doesn’t involve any choice of basis. We can actually use
it to define determinant of matrices as follows:

Definition 59. Let A € F™™ be an n-by-n matrix, we let:
det(A) :=det Ta,

where Ty : F" — F™ is the operator on F such that M(T4, By) = A, where By = {e1,...,e,} is the
standard basis of F".

Lemma 75. Consider o : F* — F defined by:
a(vy,...,v,) =det (v1---vy),

where (vy -+ - vy,) is the matriz obtained by considering the n vectors vy, ..., v, as its columns. Then « is an
alternating n-linear map.
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Proof. Let {ey,...,en} be the standard basis of F” and consider the operator T : F” — F" uniquely defined
by T'(e;) = v;. Then it is clear that det T = det (v - --v,). Let 8 : F* — F be an alternating form such that
B(e1,...,en) =1. Then

det (vy -+ -v,) =detT
= (detT)B(e1,-..,en)

=p(Tey,...,Tey)
= B(v1,..., ).
O
Here is a consequence of the previous Lemma.
Lemma 76. Let A € F™"™ then we have:
(28) det(A) = Y sign(0) Aoy - Ao(nyn-
o€S,

Proof. Exercise. O

Lemma 77. (i) Let S,T € L(V), then det(S o T) = det(S) det(T).
(i) Let A, B € F™" be two n by n matrices, then
det(AB) = det(A) det(B).
Proof. For (i), let a € L7}, (V') be an alternating multilinear map on V, where n = dim V. Then we have:

(ST)* () (v1,...,0,) = a(STv1,...,STv,)
=det(S)a(Tvy,...,Tv,)
= det(S) det(T)a(vy,...,v,).

Thus, by picking vy, ...,v, such that a(vy,...,v,) # 0; we conclude that det(S) det(T") = det(ST).
(ii) follows from (i), we leave the details to the reader. O

Lemma 78. Let T € L(V), then T is invertible if and only if det T # 0. Moreover, if T is invertible then
det T~ = (det T)~ 1.

Proof. Assume that T is invertible, then 1 = det(Idy ) = det(TT~!) = det(T) det(7~!), which implies that

det(T) # 0.
Now assume that det T' # 0. We will prove that T is injective. Let v € V' be a non-zero vector. Consider
{v,e2,...,e,} an extension to a basis of V. Let v € L7}, (V') be a non-zero alternating multilinear map, by

Corollary 23 we have:
a(Tv,Teq,...,Te,) = (det T)a(v, ez, ...,e,) # 0,

which implies that T'v # 0 as we needed to prove. ([

Here is a consequence for eigenvalues, which sometimes is taken as the definition of eigenvalues.

Corollary 25. Let T € L(V), then X is an eigenvalue of T if and only if det(T — A1dy) = 0.

Proof. By Lemma 78 we see that T'— A Idy is not injective, i.e. A is an eigenvalue (see Definition 28) if and
only if det(T'— AIdy) = 0. O

Exercise 51. (i) Let T € £L(V) and S : V — W be an invertible linear map, i.e. an isomorphism. Prove
that det(T) = det(STS™1).

(ii) Let T € L(V) and By a basis of V, then det T = det(M (T, By)).
Corollary 26. Let T € L(V) where V is a finite-dimensional complex vector space.

(i) detT is the product of all the eigenvalues of T';
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(ii) let A1, ..., Am be the list of eigenvalues of T and dy, . .., d,, their (algebraic) multiplicities, respectively,
then:

m

(29) det(zIdy —T) = H(z —2)% = er(2).
i=1

Proof. By Corollary 15 and Proposition 13, there exists a basis By, such that M(T, By) is upper-triangular
with the eigenvalues \; of T on the diagonal appearing exactly d; times each.
(i) and (ii) now follow directly from (28) and Exercise 51 (ii). O

Exercise 52. Let T € L(V).
(i) Conmsider TV € L(VV) the dual operator determined by 7. Then det7 = det T".

(ii) Assume that V is an inner product space. Then detT* = detT, where T* € L(V) is the adjoint
operator.

Definition 60. Let V be a vector space either over C or R and T' € £L(V'), then the characteristic polynomial
of T is defined as:
er(z) :=det(zIdy —T).

Notice that this agrees with Definition 47 in the case of F = C, by formula (29).

Theorem 11 (Cayley—Hamilton theorem). Let V' be a finite-dimensional vector space, then cp(T) = 0. In
particular, we obtain that the characteristic polynomial cr is a multiple of the minimal polynomial pr.

Proof. The case of complex vector spaces is Theorem 8.
Assume that F = R and let A := M(T, By), where By is the standard basis of V. Let S4 be the
operator on CU™V whose matrix with respect to the standard basis of C1™" is A. Then for all z € R we

have:
q(z) = det(zIdy —T) = det(zI — A) = det(z Idcaimv —S4).

Thus, ¢(z) is the characteristic polynomial of S4, and by the complex case, we obtain ¢(T) = ¢(A) =
q(SA) =0. U
Lemma 79. Let T € L(V) and n = dim V. Then the characteristic polynomial of T has the form:

(30) er(z) =2" — (tr T)2" "t 4+ - 4+ (=1)"(det T).

Proof. The constant term is given by det(—7'), which is given by (—1)"det T, since ((—1)7)*a = (—1)*T*«
for any o € L, (V).

Now let By be a basis of V and A = M(T, By ). Then the term coming from the identity permutation
e € S, in formula (28) applied to det(zI — A) gives:

(31) (Z - A171) et (Z - Anm).

Notice that the terms coming from other permutations o € S, have at most n — 2 factors of the form
(z — Ay k), thus they don’t contribute to the coefficients of 2™ and 2"~!. We can now read the parts of
formula (30) from (31). O
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