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1

1.1

Fields and Ideals

Axioms of a Field

Axiom 1.1.1 (Field). A field, denoted F, is a set which has two binary operators

+r (addition) and xp (multiplication)

such that if a,b € F, then

(a) a+pbeF (closed under addition)

(b) axpbeF (closed under multiplication)

The set must satisfy the following rules:

1.
2.

8.
9.

30p such that Op +ra = a for any a € F (the additive identity exists)
Va €F, 3 —a € F such that (—a) +ra = O (the additive inverse exists)
. Va,b,ceF, a4y (b+rpc)=(a+rd) +rc (Associative with addition)
.Va,beF, a+pb=b+ya (Commutative with addition)
J1p such that 1p xpa=a foralla € F (the multiplicative identity exists)
. VaeF\ {0}, Ja=! € F such that a™! xpa =1p (the multiplicative inverse exists)
. Va,b,ce€F, axp(bxpc)=(axXpb) Xpc (Associative with multiplication)
Va,beF, axpb=bxra (Commutative with multiplication)
Va,b,c€F, axp(b+pc)=aXpb+4ra Xpc (Distributes over addition)

Remarks 1.1.1.0.1. Two common fields are C,Q and R. Also, two common nonexinclude
N and Z. Since for naturals, Ap4. is not satisfied; for integers, Apb. is not satisfied. Further-
more, the order of the axioms matters.
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Definition 1.1.2 (modulo n). Let n be an integer such that n > 2 A k € Z. Then,
k=gn+r
where 0 < r < n A q € Z. Now we define modulo by an integer n,
kmodn = r.
L.e., we define the integer remainder of k£ divided by n.
Ex.
i. Hmod7=>5.
ii. —bmod7=2'-5=(-1)7T+2.
iii. 12mod4 = 0.

Remarks 1.1.2.0.1 (mod and long division). Let a € Z* be arbitrary. Consider an integer
divsor d, quotient ¢ and remainder r such that

a=qd+r.

Then, amodd = r.
Ex. Compute 47mod 3 by long division.

15
Solution. Note that 3 ? Thus, 47mod 3 = 2. [

17

15

2

Remarks 1.1.2.0.2 (Extended long division and mod for negative numbers). Let k be a
negative integer. To find ¢ and r s.t. k = gn+7rA0 < r < n we run the followings algorithm:

1. Apply long division to |k| /n s.t. @ is the quotient and R is the remainder.
2. If R=0, then

—Q
R

(a) ¢
(b) r
3. If R # 0, then

—(Q+1)
n— R.

(a) ¢

(b)
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Ex. Compute —56 mod 3.

18
Solution. Consider 3@. By remark 1.1.4.0.2,

2
24
9

—56/3=—(184+1)3+1 = —56mod3 = 1.
Or, note that
R=2 = r=n—-R=3-2=1 = —56mod3=1.
[ |

Definition 1.1.3 (Congruent Modulo). Let n > 2 be a fixed integer. Then, two integers
my and my are congruent modulo, denoted

m1 = my (modn) <= my —my =knst. ke€Z.
The integer n is called the modulus of the congruence.
Remarks 1.1.3.0.1 (congruence and remainder). Let a,b € Z. Then,
a=b (modn) <= the remainder of a/n =b/n.

Proposition 1.1.3.1 (Properties of congruent modulo - equivalent class).

1. A=A (Reflexivity)
22 A=2B = B=A (Symmetry)
3. AZBAB=C = A=C (Transitivity)

Definition 1.1.4 (Integers Modular n (Z,)). Integers modulo n,Z,, is the set {0,...,n — 1}
with the two operators +modn = @ and Xpeq, = ©. Let a,b € Z,, then

a®db=(a+b)modn, a®b= (ab)modn.
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Proposition 1.1.4.1 (properties of modular arithmetic). Let a,b € Z.

1.
((amodn) + (bmodn)) modn = (a + (bmodn)) modn
= ((amodn) + b) modn
= (a + b) mod n.
2.

((amodn) x (bmodn))modn = (a X (bmodn)) modn
= ((amodn) x b) modn
= (a X b) mod n.

Proof. Trivial, the idea is to define
a=qn+nr;b=qgmn+ry, 1+ 79y =q3n+ 13110y = quNn + T4.

And then apply definition repeatedly with algebraic rearangement of n with some Z coeffi-
cient. In particular, arithmetic equality = r3 and multiplicative equality = ry. O

Theorem 1.1.4.2 (Properties of a Field). Let F be a field with By and g . Then, the
followings hold:

1. The additive identity O is unique.
2. The multiplicative identity 1 is unique.
3. For any a € F, the additive inverse —a is unique.

4. For any a € F such that a # 0, the multiplicative inverse a !

is unique.
5. Addition is cancellational; For any a,b,c € Fif a +r b = a +r ¢, then b = c.

6. Given a # O, multiplication is cancellational;
For any a,b,c € F if a Xxp b = a Xp ¢, then b = c.

7. Addition is distributive over Multiplication.
(a+b)c = ac+ be.

8. Ifa,beFand axb=0,thena=0orb=0.
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Ex. Show that Zg is not a field.

Proof. Note that 3 X046 5 = 3 and 3 X006 1 = 3 thus the multiplicative identity is not
unique. Thus, Zg is not a field. O

Ex. Show that Z, is a field iff p is a prime.

Proof. First we show that p is not a prime == 7, is not a field. Sps p is not a prime.
Then, p is composite. Hence p = ab s.t. a,b € Z, — {0,1}. H

Definition 1.1.5 (Subfield). Let S C F. Then, S is a subfield if S is a field.
Theorem 1.1.5.1 (Field Closure). Let S C F. Then, S is a subfield iff
1. S contains at least 2 elements.
2. Va,be S,a+ (—-b) € S. closed under additive inverse

3. Va,be S,b#A0 = axbtecS closed under multiplicative inverse.
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1.2 Rings, Commutative Rings, Integral Domains, Principal Ideal
Domains

Axiom 1.2.1 (Ring). A set R is a ring with
additive (+x) and multiplicative (Xz) operators such that

(a) If a,b € R, then a+rbeR (Closed under addition)
(b) If a,b € R, then a xgb e R (Closed under multiplication)
1. 930% such that O +r a =a for all a € R (The additive identity exists)
2. Va € R, —a € R exists such that (—a) +r a = O (The additive inverse exists)
3. Va,b,ceR, a+r (b+rc)=(a+rbd)+rc (Associative with addition)
4. Va,beR, a+rb=b+ra (Commutative with addition)
5. d1x such that 1z Xg a = a for any a € R (The multiplicative identity exists)
6. Va,b,c € R, axp (bXxgc)=(axgb)xXgc (Associative with multiplication)
7.Va,b,ceR, axg (b+rc)=(axrb)+r (axgc) (Distributes over addition)

Definition 1.2.2 (Commutative ring). Let (R, X, +) be a ring. If the multiplication oper-
ator is commutative, then (R, x,+) is a commutative ring.

Definition 1.2.3 (Integral Domain (non-zero commutative ring)). Let (R, X, +) be a ring.
If the multiplication operator is non-zero, then (R, x,+) is an integral domain. Note: non-
zero operator means that a x b =0 = a = 0V b = 0. This condition is equivalent to
multiplication being cancellational.

Definition 1.2.4 (Principal Ideal Domain). Let (R, x,+) be an integral domain. If every
ideal of R is a principal ideal, then (R, X, +) is a principal ideal domain.

Definition 1.2.5 (Field). Let (R, x,+) be a principal ideal domain. If
VaeR,Ja st a-a”t =1,

then (R, x,+) is a field.
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1.3 Rings, Additive Subgroups, Ideals, Principal Ideals

Definition 1.3.1 (Additive Subgroup). Let (R, x,+) be a ring. Let S C R. Then, (S, +)
is an additive subgroup if

1. Va,be S;a+be S
2. 0r €8
3. Vae S,3—a€ Sst. atr(—a)=0
4. VYa,b,c€ S;a+ (b+c¢)=(a+b) +c.
Definition 1.3.2 (Ideals). Let (R, X,+) be a ring. Then a subgroup (I,+) is a left ideal if
Vre Randz € I,rz € 1.
Else, subgroup (I,+) is a right ideal if
VreRand z € I,zr € 1.

Remarks 1.3.2.0.1. Since we are dealing with commutative rings, we will refer to two sided
ideals as ideals.

Ex.Show that the even numbers form an ideal within the integers.

Solution. Let x € {even numbers} and k € Z. Then, z € 2h s.t. h € Z. Thus kx = k(2h)
2(kh) € {even numbers} .

Definition 1.3.3 (Polynomials over a field ). The set of polynomials over a field F, (F [z])
is the set of polynomials with coefficients from F. If p(x) € F [z], then

p(z) = Zaixi s.t. a; € F,Vi.

1=0
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Definition 1.3.4 (Generator for Ideal and principal ideal). Let (R, x,+) be a ring and
I C R be an ideal. Then, G C I is a generator for I, if

Viel dg1,...,9, € Gand ry,...,7, € R s.t. i:Zrigi.
i=1
If 3g € I s.t. G = {g} is a generator, I is a principal ideal

Remarks 1.3.4.0.1 (We can equivalently define generator for ideal as follows). Let (R, X, +)
be a ring and I C R be an ideal. The G C [ is a generation if

VS C1I,S is an ideal and S # {0} = G C S.

Ex. Consider the set S C Z; [x] s.t. if f € S, then f(4) = 0. Show that S is an ideal
and that (x 4 3) generates S.

Theorem 1.3.4.1 (Fundemental Remainder Theorem). Let p(z) in F[z] be a nonconstant
polynomial such that p(a) = 0. Then there exists g(z) in F[z] such that

p(z) = (z + (—a))(q(z))
Proof. Suppose f € Z7 [x] and g € S. Then g(4) = 0. Consider

(f9) (4) = f(4)g(4) = f(4)0 = 0.

Thus (fg) € S. 7 Let g € Z7 [x] s.t. g(z) = 0,Vx. Thus, g(4) =0. Thus, g € S. ?
Now we show {(z 4+ 3)} is a generator. Let f € S. Then, f(4) = 0.
By fundamental remainder theorem,

3G € Z7 [x] s.t. f(x) = (x + (—4)) - g(x)
)

=(x+3) g(x as 3 is the additive inverse of 4 in Z;.

[]
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2 Vector Spaces
Axiom 2.0.1 (Vector Space). A vector space is a set V with two binary operations:
H:VxV-=sV L:FxV->V

called vector addition and vector multiplication such that the following axioms hold:

Ayl. Ya,be Via+beV closed under addition.
Ay2. VeeFanda € V,ca eV closed under multiplication.
Ay3. H is associative.

Ay4. H is commutative.

Ayb. There is an additive element 0€eV st
0B7=7
for all # € V. We call 0 the zero vector of V.
Avy6. For each ¥ € V, there is an additive inverse ' € V' such that
7B =0.
Ay7. For all ¥ and  and ¢ € FF, scaling by ¢ distributes over addition:
cH(ZBY) = c¥Hcy.

Ay8. For all Z € V and ¢,d € F, the field addition in F

distributes scalar multiplication in V:

(c+d)EDi=(cO7)BAOI).

Av9. For all ¥ € V and ¢, d € F,[] associates with scalar multiplication on F :

(cd)BZ=cE(dED),

Ay10. For all ¥ € V, we have 1 1% = 7, the 1 is the multiplicative identity from F.
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Definition 2.0.2 (Subspaces). Let (V,+, x) be a vector space. Then U C V is a subspace
if (U, +, x) is a vector space.

Theorem 2.0.2.1. Let V be a vector space. Then a subset U of V' is a subspace if and only
if U satisfies

1. U #0.
2. Vu,v e Uju+velU
3. VeeFand ueUcuel.

Proposition 2.0.2.2 (Subspace as Restriction). Let U be a non-empty subset of V. Then
the set U is a subspace of V' over the field F if

1. a+beUVa,belU
2. caecUVNaecF,acU

This is what is meant when we say that addition and scalar multiplication is restricted from

VitoU

Proposition 2.0.2.3. If U is a subspace of V and W is a subspace of U, then W is a
subspace of V.

Definition 2.0.3 (Sums, Intersection and Unions). Let Si,...,.S, be a collection of sets.
Then,

1. SlLJSgU-'-USn:U?:lSi:{xs.t. EliE{l,...,n},xGSi}
2. SlﬁSQUQSn:ﬂszlsz:{iUSt Vz,xGSZ}
3. 51+Sg+---+5n22?:15i:{xzzyzlais.t. CLZ'GSZ'}

Remarks 2.0.3.0.1. When dealing with sets we are used to looking at the union and
intersections of the sets. For vector spaces we will look at the sum and intersection of
subspaces.
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2.1 Linear Comb., Spans, L.I., Bases

Definition 2.1.1 (Linear Comb.). An element ¢ € V is a linear combination of v;,Vi €
[1,n] NN if there exists aq,...,a, € F st

n

U= E a;V;

=1

Definition 2.1.2 (Span). Let V' be a vector space and S be a subset of V. The span of a
set S is the set of all vectors in V' that can be made using a linear combination of vectors in

S.

Span(S) := {all possible linear combinations of S} = {v eVstov= Z aivl} :

i=1
Note, we use Spany to emphasize the field on which the vector space is defined.

Proposition 2.1.2.1. Let V be a vector space and vy, - - - , v, € V. Then the span{vy,--- ,v,}
is a subspace of V' and is contained in all the subspaces of V' that contain vy,--- , v,.

Definition 2.1.3 (Generator set/ Spanning Sets). Let V' be a vector space. If the span(vy, -+ ,vy) =
V', we say that the set {vy, -, v} generates the vector space V. The set {vy, -, v} is a
generating set (also known as a spanning set) of V.

Remeber that {vy,..., v} is a set of vectors; whereas Span({vy,...,vx}) is the set of all
possible L.C. of {vy,...,v.}. They are different.

Proposition 2.1.3.1. Let V' be a vector space, W; and W5 be subspaces of V. Let Sy be a
generating set of W, and Sy be a generating set of S. Then S; U Sy is a generating set of
Wi+ Wa.

Definition 2.1.4 (linearly independent). Let V' be a vector space. Then a set of vector
vy, ..., € V are linearly independent iff

Va € F,Vv € V,Zaivi =0
i=1

This is equivalent to saying that for any v; ¢ Span({vy, ..., v })Vi, if i s.t. v; € Span({vy,...,v})
then the vectors vy, ..., v, are linearly dependent.
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Definition 2.1.5 (basis). A set S is a basis of V' if S is a set of linearly independent vectors
that generates V.

Proposition 2.1.5.1. Suppose {vy,...,v,} is a basis for V. Then, for arbitrary v € V!
scalars ay,...,a; € F s.t.
V= a1V, + -+ a,v,.

Definition 2.1.6 (dimension). Let V' be a vector space such that {v1,...,v,} is a basis for
V. Then, the dimension of V,

dim(V) = {vy, ..., 0.} = n.

Definition 2.1.7 (cardinality of a set). Let S be a set. Then |S| is the cardinality of the
set S s.t.
|S| = the number of elements in S.

Definition 2.1.8 (Coordinate Vectors). Let V' be a vector space and 5 = {vy,...,v,} be a
basis for V, the scalars aq,...,a, that satisfies

v=a1v1 t+ -+ ayv,
are called the coordinate of v in this basis 8. The coordinate vector is denoted

a1
ply=|:| €F>

Qn,

Ex. The following vectors form a basis for the vector space F**!.

1 0 0
0 1 :
. ) E P ? O
0 0 1
a1
Proof. Let v e F". Thenv = | ! | =a1e1 + -+ ane,.
an
1 0 0
1 :
Thus, v € Span I I I O . #excercise: show independence. O
0 0 1
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Proposition 2.1.8.1. Suppose V is a finite vector space. Then,
e V has a basis which can be written and all bases of V' has the same cardinality.
e Every generating set contains a basis

e For all linearly independent set, there is a basis such that the LI set is a subset of the
basis

e All subspaces have a basis.

Definition 2.1.9 (Dimension II.). The cardinality of the basis for a vector space is the
dimension of the vector space, denoted dim(V').

Proposition 2.1.9.1. If U; and U, are finite dimensional subspaces of V| then

Proof. Outline: 1. create a basis for U; N Us(a). 2. Extend said basis to create a basis for
Ui(p1),Ua(B2). 3. B1 U Ps is a basis for U; + Us (But how?) O

Ex. Let o = (1,1,1,0)7, 8 = (0,1,1,1)7, v = (1,0,0,1)”. We can see that «, 3,7 € R*
and «, 3,7 € (Zy)*. Show that «, 3, v are linearly independent in R*, but linearly dependent
in (22)4.

Proof. Consider a linear combination of «, 3, equal to zero.

I +ZE3 = 0
— 0

(1,1, 1,007 + 290, 1,1, )7 + 25(1,0,0, )7 = 0 —> { 1 772
T+ To = 0

ro+ 23 =0

For, R"

O~ =
ol T e
_ o O =
o O O O

For (Zs)*

O~ =
— == O
_— o O =
o O O O
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2.2 Direct Sum

Definition 2.2.1 (Direct Sum). The sum V; +---+V,, is a direct sum if the only choices of
vectors v; € Vi,v9 € Vo, ... v, €V, s.t.

v+ v, =0
is vy = --- = v, = 0. We denote the direct sum as
Vid---aV,
Proposition 2.2.1.1. Let V be a finite dimension vector space. Then V =V, ®---dV, iff
L. V=Vi+...V,.
2. Vi,je{l,....,n} st. i # 5, VinV; ={0}.
3. dim(V) = dim(V}) + - - - + dim(V},)

Definition 2.2.2 (Ordered Basis). A basis listed in a specific order is called an ordered
basts.

Proposition 2.2.2.1. Suppose that V' = Vi@ - - @ is finite dimensional and ; = {v1, . .., Vin, }
is a basis forall V;. Then, the ordered set

S: {’Uu,...,?)lnl,l)gl,...,?}QnQ,...,’Unl,...,’Unnn}

obtained by concatenating [, ..., [, is a basis of V.
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3 Linear Transformation

Definition 3.0.1. Let V' and W be vector spaces defined over the field F. Then, T": V — W
is a linear transformation if T is a function such that

. T(x+y)=T(x) + T(y),Vr,y € V
2. T(cx) =cT(x),Yee F,x e V.

Definition 3.0.2 (L(V,W)). The set L(V,W) is the set of all linear transformations from
V to W.

Definition 3.0.3 (linear operator). A L.T., T : V — V is called a linear operator.
Definition 3.0.4 (£(V)). The set L£(V) is the set of all linear operators of V.

Ex. Suppose T : R — R and T is a linear transformation. What can 7" be?

Solution. First observe that T'(cz) = ¢T'(z);T(x) = 2T(1) = kx s.t. k € R.
Thus, T(z) = kx,k € RT(xz) = kx + 0, i.e., linear function s.t. y—intercept equals to 0.

Remarks 3.0.4.0.1. Linear Function are a very restricted set of function. But they have
very mice properties.

|
Ex. Let V =W = R. Find the linear operations 7": V' — W.
Solution. T(x) = 2T(1) = T(1)x. Then, T'(x) is a line through the origin. [
Exercise. Find eigenvalue of T, for T € L(R).
Solution. T(1). [
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Ex. Quantum Mechanics Ex.

In quantum analysis, vector a € V are called quantum bit or bit for short. Let A = <(1) (1)) .

The matrix A is known as the bit flip operation. Let a = (z) eV

Define T4 (o) = Aa, i.e.,
nlyl=al =1 ol )= 12

If we consider out standard basis e; = (é) and ey = <(1)> , we can notice that

T (1) = [2 (ﬂ H _ m ey amd T (eg) = [2 ﬂ m _ H e

Definition 3.0.5 (Identity Operator). The function I : V' — V defined by I(«a) = o, Voo € V
is called the identity operator

Definition 3.0.6 (Zero Operator). The function O : V' — V defined by O(a) = 0,Ya € V
is called the zero operator

Ex. Let V' be the space of all continuous functions f : R — R. Let T": V' — V such that

_ / " Fydt

Then, T is a linear operator called integration operator.

Proof. Let f,ge V,ce R. WIS T(cf + g) = ¢T(f) + T(g). Let x € R be arbitrary. Then,

borT (f+g) (x) =T (f +9) (f)
- / (f + ) ()t

-/ Cf0) + o)
/f dt+/ g(t)dt

() + (Tg) (x) proof of scaling left as exercise.

O
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Ex. Let A be a fixed m x n matrix with entries in a field F. Let T4 : F**! — F™x1 g,

TA($) = AJ;)
where A is a real m x n matrix and X € F*™*!. Show that T} is a linear transformation.
Proof. Let c € F and X,Y € <1,

TA(X+Y)=AX+Y)
= AX + AY

COnfirm if n x 1 is correct. O
Ex. Rotations and Reflections in R2.

1. T := reflection in a line through the origin.

T(z,y) = (y,z).

0 1

Check T4, where A = [1 0

1 . Then,

nfj- 1)

2. Let 0 < 60 < 27.T := a counterclockwise rotation through the angle 6.
# fill up the notes!!

Remarks 3.0.6.0.1 (A is a orthogonal matrix). Let AT := transpose of A. Then,

— 4= |0 o)

[ ]

10
TA
Then, A" A = {O 11 :
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Exercise. Let V' be the space of complex polynomials f : C — C given by

f(z)=ap+arz+---+ay,2", where a; € C,Vi.

Let Df : C — C be the polynomial

(Df)(2) = a1 + 2a92 + - - + na,z"
Then D : V — V is a linear operator called the differentiation operator.
Show that (D f)(z) is a linear operator. Exercise.

Let a € C™ be a non-zero vector. Then

is called the projection of v onto . Show that P,(v) is a linear transformation.
# fill up notes!!!!

Proposition 3.0.6.1 (Linear transformations ”preserve“ the additive identity). If 7" is a
linear transformation, then 7°(0,) = 0,.

Proof. Observe that

0y, = 0, + 0,
= T(0,) = T(0, +0,)
— T(0,) =T(0,) +7(0,) as T is linear
— T(0,) +a=T(0,) +7(0,) +a for a := the additive inverse of T'(0,)
— T(0,) +a=T(0,) + (T(0,) + a)
— 0, =T(0,) + 0,
= 0, =T(0,)

O

Exercise. Similar to fields and vector spaces, linear transformations have a lot of nice
properties. Prove the following:

1. The set L(V, W) forms a vector space.
2. LetveVand T € L(V,W). Then —T'(v) =T(—v) =T((—-1)v) = (=1)T(v).
3. Let Se L(V,W)and T € L(U,V). Then T'S :==T o S is in L(U, W).

p- 20
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Theorem 3.0.6.2 (ordered basis). Let {aq,...,a,} be an ordered basis for V', and let
{B1,...,Bn} be vectors in W. Then ezxactly one linear transformation 7' : V — W exists
such that:

T(aj)=p; forj=1,2,...,n.

This theorem is also useful in constructing linear transformations in the following man-
ner:
Suppose you have an ordered basis {a, ..., a,} and you need a linear transformation 7" such
that Ta; = B;, for j = 1,2,...,n. By applying this theorem, we can produce such a T

Ex. Let us, once again, consider our rotation matrix, using our standard basis:

(e (1) e ().

Recall that A = (Cf)s((e)) —sm(e)> .

sin cos(0)
. cos(0) : :
Solution. Ta(e1) = sin(9) ) = cos()e;+sin()es. And Ty(ez) = - -+ = —sin(f)e; +cos(h)es.

Note that
A= [Tale0)) oy eny | [Tale2)) oy ey |-

Definition 3.0.7 (nullspace, nullity, range, rank). Let T : V' — W be a linear transforma-
tion.

The nullspace of T' is the set {v € V | T'(v) = Ow }.

The nullity of T is defined as nullity(7") := dim(nullspace(T)).

The range of T, denoted range(T), is the set {w € W | w = T'(v) for some v € V'}.

The rank of T is defined as rank(7") := dim(range(T)).
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Exercise. Show that nummspace of T is a subspace of V, while the range of T is a subspace
of W.

Theorem 3.0.7.1 (Rank/Nulity Theorem). For T': V — W,
rank(7") 4+ nullity(7") = dim(V)

Exercise. Let T : F* — F™ be a swap operator.

T(ﬂfl, ey Li 15, L5y it 1y - - - ,.Tj_l,xj,ﬂfj+1, Ce ,.Z'n) = (Z’l, . ,.fL"Z'_l,.ij,.TH_l, e 7$j—17$iaxj+la ..

Show that 7" is a linear operator. Compute the rank(7) and nullity(T) and verify the
rank-nullity theorem.

Remarks 3.0.7.1.1 (Permutation Notation.). In abstract algebra, and later in the course,
we often construct permutations using the following notation:

(ijk) means that the ¢th entry moves to the jth entry, the jth entry moves to the kth
entry, and the kth entry moves to the ¢th entry.

Using this notation, (4j) denotes the swap operator T' from the previous ex.

This notation is also sometimes referred to as cycle decomposition.

‘7'7:77/)
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3.1 Algebra of Linear Transformations

Theorem 3.1.0.1. Let V and W be vector spaces. Suppose S,T : V — W are linear
transformations. Any linear combination of S and T is also a linear transformation mapping

V to W. That is,
Va,be F,aS +bT :V — W.

Let v € V, then
(aS +bT) (v) = aS(v) + 0T (v).

Remark: thus there are many different linear transformation from a vector space V to a
vector space W.

Definition 3.1.1. The set £(V,W) is the set of all linear transformations from V to W.
L(V, W) is itself a vector space. The set of linear operators that can act on the vector space
V' are denoted L(V) := L(V, V). The elements of L(v) can be multiplied by composition:
Let S,T € L(V). Then,

ST € L(V) s.t. ST(V) = S o T(v) = S(T(v)).

Ex. Let A, B € C™™, Then, VX € C"', TgT4 = Tga.
Let 2 € C™*!. Then,

TpTa(x) = Tp(Ta(x))

Recall that AB # BA in general. Thus we conclude that
TaTg # TTj,.

The multiplication of linear operator (element of £(V')) is not commutative.
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Ex m = n = 2. The standard basis for F?*2, Let x € F?*2. Then,

a b 10 01 00 0 0
x=[0d =elo o] <olo o] +ef) o] +a

“11 o 0 1|

1 0f {0 1] |0 O] (0 O
Thus,:BESpan{{O O} , {O O} , L O} , {O 1}}
Note that Va € such span, t =0 <= a,b,c,d = 0. Thus, this set is a basis.
Suggested Exercise: Standard Basis for F™*"

V1<p<mand1l<gqg<n,let EP? be the matrix with a 1 in the entry e,, and 0’s in all
other entries.

Show that the following set is a basis for F"*™:
{EP1[1<p<m,1<q<n}

Theorem 3.1.1.1 (L(V,W) dimension). Let dim(V) = n,dim(W) = m s.t. n,m < oo,
then
dim(L(V,W)) =

Proof. Let = {ay,...,a,} and B’ = {B1,..., Bm} be ordered bases for V and W respec-
tively. For each pair (p,q) with 1 < p < m,1 < q < n, we define a map EP? € L(V,W)

by
0,if 7 #£ ¢
Then,
1,1 =¢q
EPY ;) = [, where 7,4 = ,
0,7#q.

From which it follows that
{EP|1 <p<m,1<q<n} forms a basis for L(V, ).

Thus,

n

Tw)=T Zazaz Za'z ;).

=1
Then,

T(a;) = Xm:bjﬁj Zb E(q;) = T(v Zaz ij/sj
j=1 i=1

p. 24
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Definition 3.1.2 (Invertability). 7" € L(V, W) is invertable if and only if
1. T is one-to-one, i.e., Ta =T —= a = [.
2. Tis onto. Yw € W,3v € V s.t. T'(v) = w.

Proposition 3.1.2.1 (equal dimensional invertability). Let " € L(V,W). If dim(V) =
dim(W) < oo, then T is invertable iff T'is one-to-one or T is onto.

Remarks 3.1.2.1.1. This does not hold for infinite dimensional spaces. Consider the fol-
lowing counter ex. Let A =>"° Eh B =3%"> E“* Then

BA = io: E%  whereas AB = f:E”
i=1 i=2

Use the definition of matrix multiplication to verify this counter ex. Note that the left inverse
exists for A but no right inverse exists. . ..

p- 25
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3.2 Isomorphisms and Coordinates

Definition 3.2.1 (Isomorphisms). An invertible map 7" € L(V, W) is also called an isomor-
phism. If such a map exists, we say V' is isomorphic to W or V and W are isomorphic.
Intuitively, isomorphic vector spaces are “the same up to relabeling”.

Definition 3.2.2 (Standard basis for F"). The set {e,...,e,} is the “standard basis” for
F", where
€1 = (1,0,,0)

e = (0,1,0,...,0)

en=(0,...,0,1).
Theorem 3.2.2.1. If V' is a IF vector space and dim(V') = n, then V is isomorphic to F".

Proof. Suppose {aq,...,a,} is an ordered basis for V. Then define T' € L(V,F") by Ta; =
ei, Vi, where {eq,...,e,} is the standard basis for F". Let v € V. Then,

T(w)=T(cra1 + -+ + cpavy)
=cT(v)+ -+, T(ay)
=c1e + -+ Cpey

=(c1,...,Cpn)-
[l

Exercise. Show that T from the previous exis an invertible linear transformation.
Suppose V' and W are both finite dimensional F vector spaces such that dim(V') = dim(W).
Show that V' and W are isomorphic.

p. 26
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3.3 Matrix Representations of Linear Transformations

Definition 3.3.1 (Coordinate Vectors). Let § = {ay,...,a,} be an ordered basis for V and
a vector aw € V, we let [a]; denote the coordinates of a relative to 3.
As a = ciaq + o + ... + ¢, where ¢; € F are uniquely determined, then

[a}ﬁ =

Cn

Definition 3.3.2 (Matrix representation). Let V and W be vector spaces, with dim(V') =n
and dim(W) = m. Let 8 be an ordered basis for V and 5’ be an ordered basis for W. Then
VT € L(V,W), there is a unique m x n matrix A such that

[T(@)]pr = Alalg, VaeV

The matrix A is called the matriz of T relative to the ordered bases 3, 3. Note that in
the case where w = v and 8 = ', we use the notation [17)s.

Proof. Let A := (A;;) € ™™, where the scalars A;; are obtained by
T(a;) = ZAisz‘avj e{l,...,n},
i=1

where 8 = {ay,...,a,} and 5 = {f1,...,Bn}, i€,
Ay
[Toyly= |
Apj
Now, let a = > "

j=1 CjOéj.



MATB24: Eric Wu 3 LINEAR TRANSFORMATION
Then,

T(a) = T(Z cjoy)
= Z ;T (ay)

=Y ;> AijB)
1=1 =1

Thus,
> i1 Aje
[T()]; = : = Ala]

. 8"
n
Zj:l Am]CJ

Remarks 3.3.2.0.1. Note that the j** column of A is given by the coordinate, [T'(c;)]

Ex. Let T : R? — R be defined by T'(x1,2z2) = (0, 2). Then T is a (linear operator) on
R%. Let’s explore how the operator T acts on the standard basis: 3 = {e1, es}.

Te, = T(l,O) = (1,0) =1le; +0ey — [Tel]elm = [8:| .

Similarly, T'es = {O

1} . Note

So

= [22)
And _
= |,
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# insert three ex.

Definition 3.3.3 (Matrix Representation). Given a linear operator T : V — V and a
ordered basis f = {ou,...,a,} for V, we can get the matriz representation [T]g for T
relative to 3, by:

7], = [Tl [Tl
Question: Given T' € L(V), and order bases 3, 3', how are [T, and [T];g related.

Definition 3.3.4 (Change of Basis). Let 5 = {ay,...,a,} and 5’ = {a/, ..., a/,} be an ordered
basis for V. Suppose T € L(V). Let P = [P,..., P,] be the n x n matrix with columns

Pj:[a;]B V1< j<n. Then

[T]g = P~ [T]sP
Definition 3.3.5. The matrix P is the change of basis matrix from 3’ to f.
-1
P~ =|[P|,...,P)] whereP; = [a;-]ﬁ

Ex. Let T : R? — R? be given by T(x1,2z3) = (0,22). Let 3 = {e1,e2}. Then

=10 5

Let 8’ = {a1, a}, where a; = (1,1) and as = (2,1). Solve for [Tz using a change of
basis matrix.

Solution. Note that

o) = (1,1) — [Oél]ﬁ

| — Y E—
— N
—_ 1

Oy = (2, 1) — [Oég]ﬁ

p-[ )

Note that by Gaussian Elimination, we can get

o [-1 2
mo )

e et | i R e et _

Definition 3.3.6 (Similarity). Let A, B € F"*". Then B is similar to A if an invertable
matrix P € F"*" exists such that A= PBP!

Thus,
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= = = =

Ex. Let X = {O 1J , 4= F 0 J be matrix representation in the standard basis, so

1 0 0 —1
Xep = ey Zey = e
Xey =€ Zey = —e

Show that X and Z are similar.

1/\/5 1/\/5} Then,

Solution. Let P = L/\/ﬁ _1/\/§

rrae=live o Sl S =ah Al A1G AR

1/vV2 —1/v2] |0 =1 [1/vV2 —1/v2 1 -1 1 -1

Remarks 3.3.6.0.1 (Similar Matrices Represent the same linear transformations in different
bases.). Let 5 = {e1,ea} and ' = {ay, as}, where

( 1 1 ) ( 1 1 )
a=\—"7=7) C=\"—"F7m=—7%=]-
Ve Ve V2 Ve

Note that Xa; = a7 and Xa; = «;. In this ex, P is the change of basis matriz from [’
to 3, and

X =P 'ZP

This means that X and Z are matrices that represent the same transformation, but in
different bases.

Theorem 3.3.6.1 (Properties of Determinant). Let M € M, ,(R). Suppose that M’ is
obtained from M by row operation.

Scale a row. If M M

M’ then det(M') = Adet(M).

Exchange R; and R;. It M "% N[’ then det(M) = — det(M).

Add a multiple of a row. If M LZXZ v rihen det (M) = det(M).

Note: These properties of det are sometimes called “row operation invariance”. This
is not quite right, because the determinant does change when applying row operations.
However, the determinant changes in simple and predictable ways.

Definition 3.3.7 (Submatrices - Minors). The i — j—minor of M € M,,»,(R) is the matrix
M;; obtained by deleting row ¢ and column j from M.

Theorem 3.3.7.1 (Recursive Formula for det). If M = [m;;] € Myxn(R) and 1 < i < n
then we define:

n n

det(M) = (=1)"my; det(Mj;) = > (—1)"my; det(M;;)

j=1 i=1

|
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3.4 Linear Functionals

Definition 3.4.1 (Linear Functionals). Let V' be a vector space over F. The linear trans-
formations, L(V,F) are called linear functionals.

Ex.(Trace) Let A = A;; € F™*" and define the trace of A by
trace(A) = Z A
i=1

Proof. As trace(A) € F,F"*" — F. Let ¢ € F and A, B € F**". Then,

n

trace(cA + B) = Z(CA + B)y by definition of trace

i=1
= Z cAy; + By by definition of matrix add/scaling

i=1
:CZAii+ZBii as [F is a field

i=1 i=1

= ctrace(A) + trace(B) definition of trace
Thus, trace € L(F"*" F), i.e., trace is a linear functional. O

Ex. (Evaluation maps.)
Let V' be the space of polynomial. Let t € F. Show that

Li(p) = p(t),Vp € V.
defines a linear functional Ly € L(V,TF).
Proof. As p(t) e F,.Vp eV, Li(p) : V — F. Let c € F and f,g € V. Then,
Li(cf +g) = (cf +9)(t)

= cf(t) +9(t)
= cLi(f) + Lu(g)

Thus, L, € L(V,F). O

Remarks 3.4.1.0.1. Such a linear function is often called aa evaluation map because it
maps V to the field it is defined over by evaluating the functions at a given point.
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Ex. (Definite integration.) Let a,b € R and V' = C|a,b] (the set of continuous functions
f :]a,b] = R). Define

b
L) = [ s
Then L is a linear functional on V.
Proof. Let f,G € Cla,b] and ¢ € R. The output of a definite integral is a real number, by
calculus. Thus, L : C[a,b] — R. Then,
b
Lef +9) = [ (ef + g)(0)i

b
= [ et + ot

:c/bf(t)dtJr/bg(t)dt
= cL(f) + L(g).

Thus, L € L(c[a,b],R). O

Definition 3.4.2 (Standard Inner Product for C™). Let V' = C" and fix o € C". Let inner
product (-,-) : C" x C* — C be the standard inner product;

given = (z1,...,2,);y = (Y1,...,dn) = (x,y) = iny}
i=1

where g; is the complex conjugate of y;. Define f,, : C* — C by f,(8) = (B, a) for all 5 € C™.
Theorem 3.4.2.1.

fa € L(C",C).
Proof. as (-,-) : V xV = C, f, : C" — C by definition. Let ¢ € C and =,y € C". Then

fo = {cx+y,a)

= Z(Cl’ +v)i(a)
i=1

= z”: cxiof + Yok
i=1

n n

* *

=c g T;o; + E Y; O
i=1 i=1

= clz, o) + (y, @)
= Cfa(x> + foz(y)'
Thus, f, € L(C",C). O
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Definition 3.4.3 (Standard Inner Product for R"). Let V' = R" and fix a € R™. Let inner
product (-,-) : R" x R" — R be the standard inner product (“dot product”);
Define T': R" — R by T'(z) = (z,«a) for all x € R™.

Ex. Let a = (i,1) € C? 8 = (by, bg). Determine the explicit formula for f,(/3). Note that
Ja(b1,02) = ((b1,b2), (4,1)) = b;i(2)" + ba(1)" = by (—1i) + bo.
Thus, fo(bi,b2) = by — byi.

Theorem 3.4.3.1 (Riesz Representation Theorem). Every linear functional on C" is of the
form T'(z) = (x, a) for some a € C", i.e., if f € L(C",C), then

Ja s.t. f(v) = (v,a), Vv € C".

Definition 3.4.4 (Annihilator). Let S be a subset of the vector space V over F. The anni-
hilator of S is the set
S°={T € L(V,F)|T(v) =0,Vv € S.}

Note that S° is a subspace of L(V,F). Also note that when F = R, C we replace T" with f,,.

Definition 3.4.5 (Orthogonal Subspace). Let S be a nonempty subset of the vector space
R™ (or C") and (-, -) be the corresponding standard inner product, then

St={reV|{x,y)=0,Vyec S}
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Ex. Let W = span{a;, as, as, ay} C R®, where

(2,-2,3,4,-1)
(— 1,1,252)
= (0
(

b 7 73)
1,1, 2 3,0)

Solve for W+.

Solution. Let x € W+, Then, (z,w) = 0,YVw € w'. As w € wt,

W= T1001 + -+ + Tg0y
— (z|ri00 + -+ 1404) =0

= sz(x|al> =0
i=1

If (x|a;) = 0,Vi, then (x|w) = 0. (Converse left as exercise).
As z € Wt (z|a;) = 0,Vi. This means z is a solution to

(lon) =0
(z|og) =0
Let x = (vy,...,vs). Then, (vy,...,v5) s a solution to

201 — 209+ 3vus +4vy —vs =0
—v1 + v+ 203+ Dy + 205 =0
—3v3 — 2v4 + 3u5 =0
V] — Vg + 2v3 + 3uy =0

Consider W = Span({v1,...,v,}) C C". Then,
x € Wt <= zis a solution to

{xlvn) =0
{xlon) =0
(x|v,) = 0.
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3.5 Error Correcting (Hamming Codes) and XOR Encryption

In classical computers all our information is stored in bits. These bits are either on 1 or off
0. We can represent a string of n bits as a vector (x1,xo, ..., z,) € (Z2)" .

In many situations, we would like to pass this information from one place to another.
For ex, a DVD player reads from a DVD, your Laptop receives data from the Wi-Fi router,
and so on. These situations can be represented as follows:

Alice has a piece of information and would like to pass it to Bob. She does so using the

following process:
. endcode sending super
Alice > - . Bob.

7

Naive Solution. Let us first consider a straightforward error-correcting code to get a feel
for error-correcting codes.

The code works as follows. Say Alice would like to send 0, 1, 0, she would instead send
each bit in triplets. That is, she would send: 000, 111, 000.

Then, if Bob receives 010, 101, 000, Bob would know that at least one error has occurred
since numbers do not occur in triplets. Using a “majority vote” strategy for each triplet,
Bob would be able to fix the incorrect string to regain the original message 010.

As we can see, there are two benefits to this method:

1. Bob knows stuff happened.
2. Bob can fix it.
However, note the drawbacks:
1. Two errors in one triplet can lead to incorrect deductions
2. Tt requires one to send a lot of excess information
Consider Hamming codes which were developed in an attempt to deal with the issue:
1. Alice encodes to an error-resistant code
2. Alice sends the code
3. Bob receives the code

4. Bob decodes the message
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Definition 3.5.1 (Hamming Distance). Let v; and vs be two strings (over Z%.) The Ham-
ming Distance between vy and vy(d(vy,v2)) is the numbers of bits as we travel along the
string (vector) that are different.

In our ex, the 2nd and 5th entries of v; =0,0,0,1,1,1,0,0,0 and v = 0,1,0,1,0,1,0,0,0
are different, so their Hamming distance is 2.

It turns out that we can use vector addition to calculate the Hamming distance between
vectors in (Zz)™.

If we add two vectors using Zs addition component-wise, then the entries of the resulting
vector that are equal to 1 are exactly the entries that are different. Thus, the Hamming
distance is the number of 1s in the summed string.

For ex,
vy +v,=0,1,0,0,1,0,0,0,0

So the Hamming distance between v, and v, is 2.
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Definition 3.5.2 (Erro correcting code). An E-error correcting code is a code designed to
direct and fix a total of e errors.

If Alice sends Bob a message using an e-error correcting code, then the message can be
decoded if there are < e errors.

In proceeding section, we explore a special type of Hamming code, the Hamming(7,4)
code. This is a 1-error correcting code.

Definition 3.5.3 (Hamming Codes). Let the parity of a string of bits v be d(v,0),i.e., the
number of 1 in the string. Note that the sum of the the bits over Z, in a string is 0 iff the
string has even parity, otherwise 1 with odd parity.

In illustration of Humming(7,4) code with 4 bits, (z1, xs, z3,z4) :

Circle 2 Location label
T Ly=(1,1,1)
T Ly =(1,0,1)
XT3 Lg = (1, 1, 0)
Ty L4 = (O, 1, 1)
y4 L5 = (17 07 0)
b2 LG - (07 17 0)
Y2 L; = (07 0, 1)

Circle 1  Circle 3

Where for any L; = (I1,02,03),l;, =1 <= L;isinp;,Vj € [1,3]NNand i € [1,4] NN.
Also note that for any

pi = (p1, p2, p3), pi = 1 <= the sum of all entries in the i"" circle = 1.
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Ecoding the error resistant vector.
Consider G € (Zy)™* s.t.

10 0 O
0o 1 0 0
0O 0 1 0
G=|0 0 0 1
.
L{ Ly Ly Li
I I R R
Then, we have i i o
1 0 0 0 1
o 1 0 0 . To
0 0 1 0 xl T3
0o 0 0 1 ; = |z4
R I b
Ly Ly Ly Ly b2
L | | | | i | D3 |
Recieving the message. Suppose Bob receives the message m = (zf,...,p}). Further

suppose that Bob uses the same VennDiagram as Alice. Let
H=[CF LI [f [f LI LT LT |.

Then, Hm = (c1, ¢2, c3)T. In particular, shall any ¢; be non-zero, an error has occurred—because
Alice had ensured even parity within each circle. Assume only one error occurs. Then, a
quick check shows that the error occurs precisely at the location L; = (c1, ¢a, ¢3).

1. If i € [1,4] N N. The vector (z1,...,24)" + e; would then be the corrected message
where e; is a standard basis.

2. if i > 4, an error occurred in one of the parity bits, thus the message is error-free and
irrelevant.

Note that for k—tuple, we have 2* binary numbers. In particular, with k parity bits and
(0,0,0), we in total have 2¥ — k — 1 locations to store information.
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3.6 XOR Encryption
Theorem 3.6.0.1. Let 2,y € (Z)" s.t. y # 0. Then,

r+y#r, r+yty=ux.

Motivation: after Eve receives message, she can add the secret vector y then recover the
code encrypted by Alice by adding y.

Send Message

XOR encrypt 5 XOR decrypt
/ Eve
Encode Decode
Alice Bob
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4 Size and Distance

4.1 Metrics and Absolute Values for Integral Domains

Remarks 4.1.0.0.1. Thus far, we have explored many different vector space notions. We
now discuss the notions of “length” and “distance” for vectors.

In point set topology, the distance between objects is defined using a metric, while the
length of an object is defined using a norm.

Definition 4.1.1 (A Metric). Let M be a set. Let d : M x M — R be a function. The
function d is a metric if

1. d(z,y) > 0,Vx,y € M. non-negativity
2. d(z,y) = d(y, x). commutativity /symmetric
3. d(z,y) =0 <= x=y. zero distance is equivalent to equality
4. d(x,z) < d(z,y) + d(y, 2). A inequality

p- 40
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Ex. Euclidean metric.
Let 21,20 € C. Let 2y = a+ bi and 25 = ¢+ di. Let

d(z1,2) = \/(a — )2+ (b— d)%

show that d is a metric.

Solution. First we show that d(z,y) > 0.
Let z,y € C be arbitrary such that x = a + bi and y = ¢ + di. Then,

d(z,y) = v/(a—c)? + (b~ d)?
note that (a —c)? and (b—d)*> >0 = (a—c)*(b—d)* >0
thus, \/(a — ¢)2 + (b — d)? is defined for all 2,y € C
— d(z,y) > 0,Vx,y € C as range(v/-) = [0, 00).

Then, we show that d(z,y) = d(y, z). Note that

d(z,y) =/(a—c)?+ (b—d)?
=Va2 — 2ac+ 2 + b2 — 2bd + d?
= V2 —2ac+ a? + d% — 2bd + b2

R T
=d(y,x) by definition

Now we show d(z,y) =0 <= x =y. Consider

d(z,y) =0=+/(a—c)? + (b—d)?
< a—c=0andb—d=0 since (-)? > 0,V-
< a=cand b=d
= r=y by definition.

Exercise, prove A inequality. [
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Ex. Consider Z,, where p # 2 and p is prime. Let

d(a,b) =min{a + modp (—b), b+ modp (—a)}.
Show that d is a metric.

Solution. First we show non-negative. As elements of Z, are non-negative,

@ +modp (—b) = 0 and b +inoap (—a) = 0.

Then, we show symmetry. Let a,b € Z,. Then,

d(a,b) = min{a + mod p (—b), b+ modp (—a)}

=min{ b+ moap (—@),a + moap (=)}
by set extensionality axiom,i.e., set identity despite order

= d(b,a) by definition.

Next, we show that d(a,b) =0 <= a =b.
As Z, is a field, additive inverse is unique.

— a=0
And that
b+ modp (—a) =0 <= —a=—b
— a4 =
Lastly, we show A inequality. # left as an exercise. [
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Definition 4.1.2 (Absolute Value—valuation,magnitude,norm). Let D be an integral domain
or field. The function |-|: D — R is an absolute value function if

1. |z| >0,Vz e D non-negativity

2. |z|=0 <<= =0

w

- Nyl = |zlly|, Yz, y € D multiplication

W

Nz +yl < 2|+ |yl Vo,y € D. A Inequality

Remarks 4.1.2.0.1. Oftentimes in math, there is a “natural” choice for something. For ex,
the “natural” choice for a basis is the standard basis. Similarly, there are sets for which we
have a “natural” absolute value. For ex,

For real numbers: |z| = V2?2

For complex numbers: |a + bi| = va? + b? modulus
For Finite Field: The Trivial Absolute Value

For Polynomials: There are plenty, but they are more obscure

Ex. The modulus and trivial absolute value.
Show that the modulus of a complex number forms an absolute value.

Trivial Absolute Value:
1, ifx#0
fx) = { ’

0, ifx=0

Show that f is an absolute value for all fields. Ex. The degree of a polynomial is not an
absolute value!
Let f be a polynomial. The deg function is not an absolute value (as it fails multiplication
and A inequality.)

Remarks 4.1.2.0.2 (Norms can mean different things for different algebraic structures.).
Some authors define a norm to be a function f: D — R such that

L f(z) 20
2. If f(z) # 0 and f(y) # 0, then f(z) < f(z)f(y).

This definition of a norm does not agree with our definition of norms: such functions are
not necessarily absolute value functions. We will not use this nomenclature here.
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Theorem 4.1.2.1. The absolute value of 1 is 1(€ R)

Proposition 4.1.2.2.

~

1—1

1, —0=0.

Proof. Let a be the multiplicative inverse for 1. Then,

l-a=1
— [1-a| =1
= [1f|a| = [1]
— [la] = 1] =0
— [1(jal — 1) = 0.
As 1#0,]1] # 0. Thus,
la|] —1=0
— |a| =1
as the multiplicative inverse of 1 is 1,
la| = 1.

O

Theorem 4.1.2.3 (uniqueness of trivial absolute value for finite fields.). The trivial absolute
value is the only absolute value for finite fields

Proof. Let y € F be nonzero. As I is a finite field, the set {y,y',v?, ...} is finite. It follows
that there exists 0 < a < b < oo such that y* = ¢°, and so there exists 0 < k < oo such that

y* = 1. Because | - | is a norm,
lyl* =1ly"l =] =1

S0,

Iy = +1, if k is even,
Y701, if ks odd

As | -] is an absolute value it is nonnegative, thus |y| = 1. It follows that |- | is the trivial
absolute value. ]

Ex. Let D be an integral domain. Let a € D. Then, |a| = |—al.

Remarks 4.1.2.3.1. Given an absolute value, we can define a metric.
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Theorem 4.1.2.4 (Absolute values functions induce a metric). Let D be an integral domain
(or field). Let

|-|:D—=R
be an absolute value. Let d(z,y) = |z — y|, for all z,y € D. Then d is a metric for D.
Proof. Let x,y € D. Then,

dz,y)=|r—y| >0 as |- : D — [0,00)
Also,

d(z,y) = |z —y|
= [z + (—y)|
= |z + (-1)y|
=[(-1y + z|
= [=1||(-D)y + |
= [(-D((-=D)y + )|
= |y — 2
=d(y,x).

Now, note that
dlz,y) =0 <= |z —y|=0
= rv—y=0
= r=4y.
Lastly,
d(z,z) = |z +0— 2]
=lr—y+y-—2|
<lz—yl+ly— 2|
=d(z,y) +d(y, 2).
O

Ex.Show that the Euclidean distance is a metric by showing that it is the metric induced
by the modulus function for complex numbers and the standard absolute value function for
real numbers. That is to say, show

1. |(a+bi) — (c+di)] = /{a— )2+ (b— d)?
2. la— b = \/{a—b)?
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Remarks 4.1.2.4.1. Not all metrics are induced by an absolute value function. Consider
Ly s.t. p # 2. Let

d(a,b) =min{a —b( (mod p)),b—a( (mod p))}.

Show that d is not induced by the trivial absolute value.
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4.2 Metrics and Norms for Vector Spaces

Definition 4.2.1 (A metric for vector spaces). Let B be a vector space. Let d: V xV — R
be a function. The function d is a metric, if:

1. d(v,w) > 0,Vv,w e V. non-negativity
2. d(v,w) = d(w,v) commutativity /symmetric
3. dv,w) =0 <= v=uw. zero distance for equality
4. d(u,w) < d(u,v) + d(v,w) A inequality
Ex. Euclidean Metric Let z,y € R%. Let f(z,y) \/Z:Z N i)

Show that the function f(z,y) is a metric.

Theorem 4.2.1.1 (1-metric —Taxi/Manhattan Metric). Let z,y € F". and d(x,y) be a

metric for F. Let .
- Z d(xm yz)
i=1

Then, f is a metric.

Exercise. Let F be a field and d be a metric. Show that the following definitions of
f(z,y) define a metric on F™:

1. Euclidean Metric (2-metric): f(z,y) = /> 1, d(zi, yi)?

2. L* or Chebyshev distance: f(x,y) = max{d(z;,y;)}",

Remarks 4.2.1.1.1. Not all metrics are “nice” for vector spaces. When working with
vector spaces, we typically would like our metric further satisfy two specific properties to
be considered “nice”. Conveying why such metrics are “nice” is the goal of the rest of this
section. Explicitly, we will show that a metric is “nice” iff a norm induces the metric.

1. Scaling our vectors by A, scales our metric.
e Let A € F, then d(Azx, \y) = |A|d(z,y).
2. Translation invariance

o Let z €V, then d(z + 2,y + z) = d(z,y).
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Definition 4.2.2 (Vector Norm). A norm (vector norm). Let V be a set. Let || - | :

V' — R be a function and |- | : F — R be an absolute value. The function ||-||: V — R is a

norm if:
1. ||lz|]| > 0 for all z € V. (Non-negative)
2. ||z|| = 0 if and only if z = 0. (zero if and only if zero)
3. [|Az]| = [M|||z]|, for al A € F and z € V. (distributes with scaling)
4.z +y|l < |lz| + |lyl|, for all z,y € V. (Triangle inequality)
Exercise. Let || - || be a vector space with absolute value |-].

Show that ||a|| = || — al|,Va € V.

Ex. Euclidean Norm.
Let z € R% Let ||z]| = /22 + z%. Show that || - || is a norm with the standard absolute
value for real numbers.

Proof. Let A € R and = € R?. Then z = (1, x5). Thus,

[Az]| = [|A (21, 22)|
= [(Az1, Azs) ||

= \/()\:1:1)2 + ()\1'2)2
= [l

Also,
|z +yll <|lz|| + ||y see week five lecture notes; note the iff with disjunction
[

Remarks 4.2.2.0.1. We have shown that in R? we can define a metric using the norm in
the following manner:
d(z,y) = |z =yl
The next theorem shows that this procedure of inducing a metric from a norm works

generally.
See suggested exercises from lecture.
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Theorem 4.2.2.1 (All vector norms induce a metric). Let || - || : V' — R be a norm with
absolute value | - |. Then d(z,y) = ||z — y|| is a metric for V.

Proof. Let x,y € V. Then, d(z,y) = ||z — y|| > 0. Further,

d(z,y) = |lz,yl = (=)= -yl = -1 -1z =yl = 1ly — z| = d(y, ).
Note that
dlz,y) =0 <= |z —y[| =0 <= 2—-y=0 <= z=y.

Finally, for z € V.

d(z,z) = ||z — 2| = [[(x — y) + (y — 2)|
<z —yll + Iy — 2|l
= d(v,y) +d(y, 2)

]

Exercises: Let ||-|| : V — R be a norm. Let d(x,y) = ||z —yl||. Show that the following
two properties hold:

e Let A € F, then d(Az, \y) = |A|d(x,y). The function |A| depends on the field used to
define the vector space.

o Let z €V, then d(x + z,y + 2) = d(z,y).

Remarks 4.2.2.1.1. If V is a vector space with a norm || - ||, then we can create a metric
for the vector space, by letting d(x,y) = ||z — y||.

It is natural to ask if the converse holds. That is, given a vector space V and a metric d,
can we create a norm by letting ||z|| = d(x,0)? It turns out that the answer is yes provided
that our metric is “nice.”
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Theorem 4.2.2.2 (Nice Metrics Induce a Norm). Let V' be a vector space and d be a metric
such that

e Let A € F, then d(\x, \y) = |A|d(z,y). The function || depends on the field used to
define the vector space.

o Let z € V, then d(x + z,y + 2) = d(z,y).

Show that ||z|| = d(z,0) is a norm.

Proof. let x € V. Then,
||| = d(x,0) > 0.

Also,
|z]| =0 <= d(2,0) =0 <= 2 =0.

Further,
[Az] = d(Az,0) = [A] d(x,0) = |A] ||=]] .

Let z,y € V. Then,

||575+?/||—dx+ 0)=d(z+y—y,0-y)

(
= d(z, —y)
< d(

z,0) +d(0, —y) triangle inequality
=d(z,0)+d0+y,—y+y) assumption
= [lzll + 1yl -

[

Remarks 4.2.2.2.1. We have just shown that given a “nice” metric d we can define a norm
by setting ||z|| = d(z,0).

Now, observe that the metric d can alternatively be interpreted as the metric induced by
this exact norm. Combining this observation with the results we have shown thus far, we
see that a metric is “nice” iff the metric is induced by a norm!
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4.3 Operator Norms and Matrix Norms

Definition 4.3.1 (operator norm). Let V' and W be both be real or both be complex vector
spaces. Let T': V — W be a linear transformation. Let || - [y be a norm for V and || - ||w
be a norm for W. Then the operator norm of T is defined as

1T lop = supt|T(0)[lw : vl <1}

Definition 4.3.2 (matrix norm). Let A be a real or complex n x m matrix. Let || - ||y, be a
norm for I and || - ||w be a norm for F”. Then the matriz norm of A is defined as

[A]lop = sup{[[Avlw : [lv][y <1}
Exercise: Show that the Operator norm and Matrix norm are norms. That is to say:
LT[ =0
2. |T||=0if and only if =0
3. [laT|| = lal - ||
A NIS+ T < ISII+ 1T
and

LA =0
2. JA||=0if and only if =10
3. [laAll = fal - [[A]

4. [[A+ Bl < [|All + 1B
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5 Inner Product Spaces

5.1 Hermitian Inner Product

Definition 5.1.1 (Inner Product). Let V be a vector space over F,(C V R). An Inner
Product on V is a function (-,-) : V' x V' — F such that Vo, 5,7 € V and Ve € F

>0and (a,a) =0 <= a=0.
Exercise. Prove that conjugate linear in the second argument:

(o, cf +7) =2, ) + (a,7) .

Ex. Standard Inner Product.
Let a = (xla"' 7In)7 6 - (yl:"' 7yn)

OverC = a~ﬁ:Zacjy_j

J=1

Over R = a~6:Z:z:jyj

j=1

Proof. Let a, 8 € C". Then,

(a+8,7) = {a,7) + (8,7
Let o, 3,7 € C" s.t. the i*" entry of z is z;. Then,

<O‘+/377> = <(Oél,...,06n)—|—(/31,,..,6“),(’)/1,...,’7”»
:Z(Oéi+yi)'2_i

= i TiZi + i YiZi
i—1 i—1
= (z,2) + (y,2) .

The rest left as an exercise. O
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Exercise. For each of the following functions, show that they are inner products:

1‘ Let a = (I‘l,I'Q), /8 - (91792) & Rz, deﬁne
(a]B) = 2191 — Tay1 — T1Y2 + dT2Yp.

2. Given A := (a;x) € C", the A* := (ay,) is the complex transpose of A. We can
define an inner product on C**" by:

n

(A|B) = trace(AB*) = Y (AB*);; =Y > aibi.

j=1 7=1 k=1

3. Let V be the space of continuous functions f : [0,1] — C. Define an inner product of
V by:

(flg) = / ()a(a) d.

Theorem 5.1.1.1 (Basic properties of inner products). Let (- | -) be an inner product. Let
x,y, 2z be arbitrary vectors and a, b be arbitrary scalars. Then:

—_

Az |0)=(0]|z)=0

2. (x| z)y=0if and only if 2 =0
3. (x| ay +bz) =alz | y) + bz | 2)
A

4 (z+y|lz+y)=(z|z)+2Re((z | y)+ (v |y)

Theorem 5.1.1.2 (Inner Products Induce a Norm). Let (:|-) be an inner product on V, we

can define a norm
[v]] = V/(v]v).

Remarks 5.1.1.2.1 (Are all norm’s induced by inner products). The 1-norm and L* norm
are not induced by an inner product. Similar to how not all metrics are induced by norms,
not all norms are induced by inner products. Luckily, there was—with determining if a
metric could be induced by a norm—a nice way to determine if a norm is induced by an
inner product.

Theorem 5.1.1.3 (Parallelorgram Law). Let || - || be a norm for a vector space V. Then,
| - || is induced by an inner product if and only if the norm satisfies the Parallelogram Law:

lz+yl1* + llz = yl* = 2ll2]* + [ly]1*).

Proof. Leave as an exercise. O
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Exercise. Let (- | -) be an inner product and let || - || be defined as follows:

Jull = V{ulw) YueV.

Show that || - || satisfies

Iz +yl1* + llz = lI* = 2(ll=]* + [ly]1*).

Definition 5.1.2 (Polarization identity). Let V' be a vector space and || - || be a norm that
satisfies the parallelogram law. Then the polarization identity recovers the inner product
from the norm:

Real domain:

(@] 8) = Zlla+ B — Flla— B

Complex case domain:

1 1 ' '
(@ | B) = glla+ 812 = Zlla = B + o +iBI* = Zlla— i8I

Exercise. Consider V = C". Let x = (xy,...,2,) € V. Let || - || be defined as follows:

where | - | is the modulus of the complex number.

4.
d.

. Show that | - | is an absolute value function.

Show that || - || is a norm.

. Define the metric induced by ||z||.

Show that || - || satisfies the Parallelogram Law.

Define the inner product induced by ||z||.

Definition 5.1.3 (Matrix Representation of Inner Products). Let V' be a vector space and
let § = {1, - ,a,} be an ordered basis for V. Suppose (- | -) is an inner product on V.
Then the matriz of the inner product in S is

Gjr = ({ag, a;)) € C*" vV R™™
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Ex. The matrix G. Let V be a vector space and let = {ay, -+ ,a,} be an ordered basis
for V. Suppose (- | -) is an inner product on V. Let

Gj,k = <Oék ’ Oéj> € Cnxn.

Let x,y € V, show that
(| y> = [y]3Glx]s.
Proof. Asz,y e V.o =" oy =Y., y;«;. Note that we have

<zx z>
= Z x; <0¢Z, Zyjaj> as () is linear in the first entry

by definition of x,y

:zxz<

3 (Zy] )
> (zyj )
=Y e, - o))

j=1 i=1

Y, o conjugate symmetry

On the other hand,

X1

WGlals=[m - WG

j=1 i=1
=D« (aiey)

j=1 i=1
= (x,y) as needed.
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Exercise. Show that matrix G for the standard inner product, using the standard basis,
is the identity matrix. Exercise.

1. Let /8 be a finite basis for a real vector space V' and (-,-) be an inner product. Show
that the matrix representation is a symmetric matrix.

2. Let [ be a finite basis for a complex vector space V' and (-,-) be an inner product.
Show that the matrix representation is a Hermitian matrix (we will learn what this
means shortly).

Ex. Let (-|]-) be the standard inner product for R". Define

e [(el,q} <ez,el>] _ {1 o] |

(e1,e2) (e2,e2) 01

Then, A is the matrix representation of the inner product.
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5.2 Quadratic Forms

Definition 5.2.1 (Quadratic Forms). Let z € R™. A function f(z1,...,2,) = > 1L, Y70 @i 735,
Let © € C". A function f(zy,...,2,) =D 1y 2?21 a; ;T

Theorem 5.2.1.1 (Matrix Representation of quadratic forms). Let x € R™ and f be a
quadratic form f(z) =710 > a; ;5. Let A= la;;]. Then,

v Ax = f(x).
Theorem 5.2.1.2 (Complex case). Let z € R" and f be a quadratic form f(z) = >, >0 | a; ;Tiw;.
Let A = [a;j]. Then,
2T Az = f(x).
5.3 Inner Product Spaces
An inner product space is a vector space, V', with specified inner product on V.

Theorem 5.3.0.1 (Inner Product Spaces). Let (V. (-)) be an inner product space. Let |||
be the norm induced by the inner product. Then, Vo, € V and c € T,

L leall = [ef llall-

2. ||af| > 0,Va # 0.

3. [{alB)] <l 18] - Cauchy-Schwartz inequality
4. e+ B < ||l + 115]] - Triangle Inequality
Ex. By Cauchy-Schwartz inequality, we have

(Se) " (Em)

1. (Dot product)

n
E TrUk
=1

k=1 k=1
2. 1/2 1/2
|T1y1 — Tay1 — T1Y2 + 4xays| < ((351 — 5172)2 + 3x§) ((y1 - y2)2 + 3y§) .
3.
ltr(AB*)| < (tr(A*A)Y? (tr(B*B))"2 .
4.

[ e < ([ i) " ([ ot a) "
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Proof. Of Cauchy-Schwartz Inequality. We prove by cases.
Case 1: a = af3, for some alF. Then,

(e, B)] = [a (B, B)|
= |al (8, 8)

lal* (88)°
— \/Ial*(8,8) (88)
= \/aa (8, B) (B, B)
— /(aB, aB) (B, B)
— /() (B, B)

= V{a, @)/ (B, )
= llall- 1151 -

Case 2: o # af,Va € F Note that thus a — a8 # 0,Va. By Properties of inner product,

(a —afB,a —af) >0
= (a,a) —a(B,a) —ala,B) +aa(B,B) >0

From which it is established for all a. Consider a = iggg Then, substitution yields:
AN (B]a) (a]B){B]a)
o)~ (g0 = gl + =gy >0
e B)Blay  (Bla)fa]B)  (a|B)B|a)
- el =g Gla T els
A{a | BB a)
> lelo =T >0
= {afa)(f|f) —(a|B){B]a)>0
= (a|B)Bla)<(a|a)(B]|B)
= {a| B)B | a) < [l
= V(| B)(B|a) <Al
= [ | B < lallllB]-
The idea is we pick the value of a a that minimizes the expression — and the resulting
inequality still holds, and gives us the sharpest possible result. O
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5.4 Orthogonality

Definition 5.4.1 (Orthogonality). Let V be a vector space with a defined inner product.
Then « is orthogonal to g if

{@|B) = 0.

Remarks 5.4.1.0.1. One can show that

(x,y) = ||z|| - ||y|| cos (9) where theta is the angle between x and y

when n = 2, 3.

Definition 5.4.2 (Orthogonal and Orthonormal Sets).

1.

2.

A set of vectors S C V' is orthogonal if
(@, 8) = 0,Ya # B € 5.
S CV is an orthonormal set if S is an orthogonal set of unit vectors, i.e.,

|laf]| = 1,V € S.

3. A basis that is orthonormal is called an orthonormal basis.

Ex.

1.

Let V' = C™™ with the trace inner product (A | B) = tr(B*A). The set {EP9:1 <
p,q < n}, where EP9 has zero entries everywhere except the p, gth entry, which is equal
to 1.

The prototypical exof an orthonormal basis is the standard basis {eq,--- ,e,} for R"
and C". While the standard basis is an orthonormal basis, with respect to the standard
inner product, the standard basis does not form an orthonormal basis with respect to

(a| B) = x1y1 — way1 — T1y2 + 422

Let the vector space V be the set of continuous functions f : [0,1] — C. For all n € N,
let:
folz) = V2cos(2mnz),  gn(x) = V2sin(2mna),

Prove that the set {1, f1, g1, f2, g2, - - - } is an infinite orthonormal set in V' with respect
to the inner product

<f|g>:/01f§-

(This is often called the Fourier Basis for V.)
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Proposition 5.4.2.1 (Orthogonal Sets are Linearly Independent). Let V' be an inner product
space. An orthogonal set S C V' of non-zero vectors is linearly independent.

Proof. Let ay, ..., a, be distinct vectors that is non-zero in S and let § = >"7" ¢;oy; Then,

(Blow) = (cra1 + -+ - + Cmm| )
= ¢ {oylay)
j=1

= cx (o lag)

= cp [low]* # 0

Thus ¢, ”ﬁ‘aﬁg ,V1 < k < m. Note that as ay, # 0, Vk this is valid. Note that if 5 = 0, then,

cL = ﬁcljﬁg = 0. Thus, {aq,...,q,} is linearly independent. ]

Corollary 5.4.2.1.1 (p € S). If {a4,...,a,n} = B is a set of orthogonal non-zero vectors
that spans V| then V3 € Span(B),

ﬁ Z <6|ak2 .

o o]

Remarks 5.4.2.1.1 (Orthonormal Basis Defines Nice Coordinate Vectors). Observe, if
{ai, - ,a,} is an _orthonormal basis for V, then

VBeV, B= Z | ap)a

This result tells us that if we have an orthonormal basis aq,...,a,, we can similarly
assign coordinates, except that this time the coordinates are: (3, a;).

Thus, the standard basis and orthonormal basis are similar in the sense that they allow
us to easily assign coordinates to vectors.
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Ex. Let oy = \%(1, 1), ag = \%(1, —1) € R?. Prove that {ay,ay} is an orthonormal basis
using the standard inner product.

Proof. Prove Unit Length:

Prove orthogonal:

1 1
<C¥1 | Oég> \/— \/—

Verifying the corollary for this ex: Let 8 = (a,b), then

(B ar)or + (B | ag)as = &j—b (\/ \}—) aT_gb (%_%)

:%[(a+b,a+b)+(a—b,a—b)]=(a,b)=ﬁ-

— (MM + (1(=1)] =0

O
Ex. Compute the coordinate vector for (1,3) using the basis
1 1
=4 (1,1), —(1,-1) 5.
o= {500,500}
Solution.
(L3)]s = <( 3) 1 %5(1,1)> [ Hwsy ] [Ha+3] 5
o (L3 50 -0)| ~ [0~ [H0=-3)] 7 [Z]

[

Theorem 5.4.2.2 (Matrix Representations of Linear Transformations with respect to Or-

thonormal Bases). Let T' € £(V') and suppose 5 = {ay, - , @, } is an ordered orthonormal basis

for V. Let

A= [Tl = (Asj),

where 1 < k, 7 < n, then

Ak:j:<Taj|ak>v V1§]7k§n
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Ex. Let T € L(R?) and

p={ 0. 5500}

If T(z,y) = (z +y, o — y), compute [T]s.

N}

T, = (Ton | an) (Tay | Oéﬁ} _ L((Q/\/i 0) (1/v2,1/v2))  ((0,2/v2) ] (1/v2,1/v2))

(Tay | ag) (Tas | as) (2/v2.0) | (1/v2,-1/v2)) ((0,2/v2) | (1/v2,-1/V2))

S

5.5 Gram-Schmidt Process

Remarks 5.5.0.0.1. As we just learned, and we will continue to learn, life is generally much
better when working with an orthonormal basis as opposed to a regular basis. Thus, it is of
interest to develop a method to produce one from a basis which preserves the span and is
orthonormal. Explicitly, what we want to achieve is the following:

Let {f1, -+ ,Pm} be Linearly Independent in V. Then we can construct a set of
orthonormal vectors {ay, -+, @, } in V that preserves the span, that is

span{al, e aak} = Span{ﬁla e 7/8k}7 Vk = 17 T 75m-

The Gram-Schmidt process accomplishes this goal.

Theorem 5.5.0.1 (Gram-Schmidt Procedure). Let {fi,...,5;} be a linearly independent

set of vectors. Consider the set of vectors {a, ..., a;} defined by the Gram-Schmidt proce-
dure:
1. Let a1 = ﬁl-

2. Let Qg = /82 — <62‘a1>041.

[EHE

j. Let
j—1
g S Oilan)

= llowl?

Then, the set {a, ..., @;} is orthogonal and «; # 0. Note that the Gram-Schmidt process
only produces an orthogonal set and not an orthonormal one.
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Theorem 5.5.0.2 (Gram-Schmidt-Orthonormality). Let V' be a finite dimensional vector
space such that dim(V) > 2. Let § = { e L} be a basis constructed using the

lleall”" "7 o]

Gram-Schmidt process. Then, § is Orthonormal.
Proof. Firstly, note that ||c;|| # 0 so we can define /3 as follows.
B=Aar/llaall,. - a;/llesll}-

First, we will prove that every vector is unit length.

<!ai . >:| 1 <ai>az‘>=<;<a,~,a,~>:1.

|04iH’ vl |vi|? i, Q)

As we have proven every vector is unit length, we must show that

<i,i>:0 when i # 7.
il [yl
Note that .
Q; a; > <
, = g, Q).
<HO@H o] il [ ev]] ’
Thus,

a; Q;
(o o) =0 = fawe =0
To make the analysis easier, we will show that (o, ;) = 0 for all ¢ # j. (This is going
to be a proof via strong induction.)
Base case: n = 2.

(e [an) = (B | ) = 21040 ) = (5 ) — (B | ) =01
(ar | an)
n+1 case:
Assume that (o, «;) = 0 for ¢ # j, when 4,5 € {1,...,n}. (This is our use of strong
induction.)

Consider (a,11 | a;):

(o ) = <ﬁn+1— " (e | o)

k=1 <Oék ’ ak) o
- - <ﬁn+1 | ak>
= (Bns1 | oj) — <k—1 (o | ag) o aj>
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- <6n+1 | ak>

(o | o)

(o | )
k=1

Jj—1 ‘ n
= {Bur1 [ a5) Z Vs ak ay | oj) — M(%’ ENES M(CM | o)
k=1

o [ ar) (g | o) 1y (o | aw)

= (Bt | O‘j> —0—(Bnt1 | aj>—020.

Corollary 5.5.0.2.1. Every finite-dimensional inner product space has an orthonormal ba-
sis.

5.6 Orthogonal Projections

Definition 5.6.1 (Best Approximation). Let W be a subspace of an inner product space V.
Let 8 € V. The best approximation to 3, by the vectors in V' is the vector a € W s.t.

1B —all <If =l += d(B,a) <d(B,7) <= |8 - ol =min |5 —4]l,¥y € W.

Theorem 5.6.1.1. Let W be a subspace of an inner product space V and let g € V. Then:

1. Best approximations are characterized by an orthogonality relation:

The vector x € W is a best approximation to 8 by vectors in W if and only if g — z is
orthogonal to every vector in W.

2. The best approximation exists and can be computed with a formula:

If W is finite-dimensional and {w;, ..., w,} is any orthonormal basis for W, then the

vector < | >
N Bl
‘Z (wilws)

is the (unique) best approximation to S by vectors in W.

3. Best approximations are unique:
(a) If a best approximation to [ by vectors in W exists, it is unique.
Proof. First let v € V| then f —~v = (y — ) + (o — ), thus

18 =1 =118 = al* + 2R ({8 — ala =) + a ="
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< . Suppose 3 — « is orthogonal to every vector in W, that v € W s.t. v # «. Then, since

a —v € W, it follows that as (8 — aja — ) =0 and |ja — 7| >0,

18 =7 =118 =4I + lla = ~I” > 118 = al*.

Thus, « is the best approximation to $ by definition.
= . Suppose || — al|* < ||8 —4||*, ¥y € W. Thus, by definition

2R ((8 — alm) + la = 7[* = 0,y € W
Asae W = a —~ € W holds for all vectors in W. Consider such arbitrary r € W,
2R (B — alr) + ||r||> > 0.
If v € W and v # a, we may thus specify

p—ala—vy

r:——< | 5 >(a—fy).
o =l

From which it follows that

o (3o L ole ) g |Boale s

lov =12 lov =12

e (B=ala=3),, | (B-ala—n) _ |B-ala—y
- 2%< CEEEE. ”>+< ]

(B-ala=—nP (B-ala—y) B-ala—)

T e lo =~ ez ‘e~ vla=7 =20
2 2
- 2. 0 HS‘_O;HJH + 1 HSHH' o =~[* >0
N _2~|</3—Oé|0z—7>|2+|(6—a|a—7>|2>0
o =2 o —~2  —
L _B-ala—)P
la =~ ~

which is true only if
(6 —ala—7)=0.

Therefore § — « is perpendicular to every vector in W.
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Now we prove uniqueness. Suppose there is two best approximation a,a’. WTS: a = a, i.e.,
(a —a'|la — a’) = 0. Thus,

(a—dla—d)y=(—-F+a—dl|a—ad)
= (f—dla—d)—(6—ala—a)
=0-0=0.

Lastly, sps the W is finite-dimensional subspace of V. Then, by Gram-Schmidt W has an
orthogonal basis, {a1,...,a,}. Sps B ¢ W, for otherwise the result is trivial. Then, the set
{ai,...,ag, B} is linearly independent so we may apply Gram-Schmidt. Applying so yields
that 8 — « is orthogonal to vectors in Span{ay,...,a,}, e, Yw € W. If vy # a is in W, it
follows that

18 =l > 115 = all.
O

Definition 5.6.2 (Orthogonal Projection). Let {as, ..., o, } be an orthonormal basis for W.
The linear operator £ € L£(V') defined by the best approximations is called the orthogonal
projection of 5 onto W.

n

E(B) =) (Blai) .

=1
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Exercise. The orthogonal operator E () has the following properties. Prove that

1. E is linear
2. E is a projection (E? = E)
3. range(F) = W.

Definition 5.6.3 (Orthogonal Compliment). The orthogonal complement of a subspace
W C V is a subspace

Wt ={veVst (v,w)=0YwecW}.

Theorem 5.6.3.1 (5 — B—E(f)). Let V be an inner product space, W a finite-dimensional
subspace of V', and E the orthogonal projection of V on W. The mapping

B p—EPB)

ie.,
n

(I—E)(B)=8->_(Blai) a

=1

is the orthogonal projection of V on W+,

Proof. Let § be an arbitrary vector in V. Then, it follows from the properties of best
approximations that 8 — E(3) € W+ and Vy € W+,

B—~=EB)+(B-EPB)—).
Since E(B) € W, and 8 — E(B) — v € W+, from the Pythagorean Theorem we get:

18 =~ = 1E@B)?+ 18 - EB) = = 18- (8 - EB)|*
with strict inequality when v # 3 — E(3). Therefore, 5 — E(/3) is the best approximation
to 3 by the vectors in W+, O
It turns out that we are able to calculate the orthogonal projection of V' onto W+ using
our function E:

I — E is the orthogonal projection of V onto W+, and range(/ — E) = W+.
O

Remarks 5.6.3.1.1. Let W be a plane through the origin in R3. Geometrically, one sees
that W+ is the line centred at the origin normal to the plane. In a similar fashion, the
orthogonal complement to this line is the original plane, so in this case (W)t = W. It
turns out that this is true more generally, as we shall see.
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Ex.

Ela)=a NaeW (I —E)a)=a YacW?t
E(a) =0 Va € W+ (I —E)(a)=0 Yaoe W

Theorem 5.6.3.2. Let W be a finite-dimensional subspace of a finite-dimensional inner
product space V', and let E be the orthogonal projection of V on W. Then E is a projection
of V onto W, W+ is the nullspace of E, and

V=WaeWw
Proof left as an exercise:
e Step 1: Show that E is a projection.
e Step 2: Show that F is a linear operator.
e Step 3: Show W+ is the nullspace of E.
e Step 4: Show that W @ W+ is a direct sum.

Corollary 5.6.3.2.1. Let W be a finite-dimensional subspace of an inner product space V/,
and let E be the orthogonal projection of V onto W. Then I — F is a projection of V' onto
W+, and W is the nullspace of I — .
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Corollary 5.6.3.2.2 (Bessel’s Inequality). Let {aq, - ,a,} be an orthogonal set of non-
zero vectors in an inner product space V. If £ is any vector in V', then

with equality if and only if

Proof. Let

By definition of 7, (6 | v) = 0.
Hence, by the Pythagorean Theorem,

1B1% = 11711 + ll811*.

By definition of ~,

(5
IyII* = Z H2 <||7H2+H5||2 181,

with equality if and only if ||§||* = 0.
The equality part follows immediately.
It now suffices to prove that

’ B | Oék
P = Z o H2

The remainder of the proof is left as an exercise. n
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Ex.Let W = span{(1,—1)} be a subspace of R®. Let E : R* — R? be the orthogonal
projection of R? onto W.

1. Find a formula for E(xq,x2).

2. 8 ={e, e} Find [E]s

3. Find W+

4. Let 8/ ={(1,-1),(1,1)}, Solve for E.

Solution. 1. Consider

2 B’

2. Note that

It is noteworthy that [E],; = [E]% = [El; = [E¥],.
3. Observe that

v = (21,79) € W <= (1, 2») satisfies ((z1,25)](1,—1)) =0
<= (x1,22) is a solution to 1 —xy =0

= 1, =1y = w =Span({(1,1)}).

4. Note that

2 27 2 2

E(1,-1) = (1—_—1 _—1+_—1> =(L,-1)

E(1,1) = (0,0)
~ o1, §
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5.7 The Least Squares Problem V =R" s.t. n < o0

Consider a data set
{(1,2),(2,2),(3,4)}.
Observe that there is not a line that passes through these three point. As one can attempt to
2=b+a 1 1 2
solve fory =br+ast. {2=2b+a = |1 2 [Z} = |2]| . Which is an inconsistent
4=3b+a 13 4
system of equations. Let e denote the difference between our estimation and the actual data,
i.e., y; — ;- And so we have

€1
€= | €
€3
Note that
n n
2 2
lelly = ([ D leil® <= (llell,)* =D el
i=1 i=1

This is what we call the least squares where ||e|| is the least squares error of the approxima-
tion. The line that minimizes the least squares error of the approximation is called the least
square approximation line.

Suppose we have a set of data

{(z1,92) - (T yn) } -

Consider
1 = U1
1 =z
A pry . _2 ,I‘ pry |:a:| s CcC = y.2
Lo b :
1 =z, Un

A quick computation shows that e = ¢ — Ax. It follows that finding a line of best fit is
equivalent to fining a vector

7= (a,b) € R*st. |lc— AZ|| < |lc — AZ]||,Vz € R%

p. 71
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Definition 5.7.1 (Least Squares Solutions). If A is an m X n matrix and b € R™, a least
squares solution of Ax = b is a vector £ € R” such that

|lc — AZ|| < ||c — Az||,Vz € R™.
where ||-|| is induced by the standard inner production.

Theorem 5.7.1.1 (The Least Squares Theorem). Let A be an m x n matrix and b € R™.
Then Az = b always has at least one least squared solution z. Moreover,

1. If z is a least square solution of Az = b, then z is a solution of the system of equations
AT Az = ATh

2. A has linearly independent columns iff AT A is invertible. It follows from 1. that in
this case, the least squares solution of Ax = b is unique and is given by

7= (ATA) " ATh

Proof. Suppose we have a set of data with k — 1 explanatory variables, n observations, and
a dependent variable y:

{(@1, - memrvi) oy -
Thus, the model is

YZnopulation = populationﬁ + g,

where ¢ is the noise. Consider a multiple regression model estimation thus built:
v 5,

where X € R™* which records each of the observation; explicitly,

1 11 --0 Tg-11

1 12 ... Tk-12
X — bl ) bl ,

1

1 Tin -+ Tk-1n

with /5’ € R¥ being the vector list of coefficient and intercept.
Y1
Let Y := | : | be the vector recording the actual observed dependent variable.

Yn
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Then, define the least square residual,

full, = [y =¥

-

n
Clearly, the objective now is to minimize [ju]|, .
Let Ly : R¥ — R" be a linear transformation such that 3 — Y. Then, note that

1 Th—1,1
range(L ) = column (X) = Span o I

1 Tk—1n
Now to achieve the minimization, we want to find X B satisfying
HY — XBH <||Y —Z2]|,VZ € range(L ;) = column (X) .

By theorem, best approrimation exists and can be computed by its orthogonal projection,

~

the best approximation of Y onto column(X) is thus the orthogonal projection of ¥ onto
column (X ) ,

XB = P10 gumn(x) (V) = E(Y).
Consider our X 3. Note that
xl (Y - XB) = <$ZT|Y — XB> =0,Vi
as z! € column X, and Y — projcolumn(x)(Y) = perpcolumn(X)(Y).
From which it follows that

XT(y —XB)=0 we stack all of z7
— X"y - X"TXB=0 associativity of matrix
— XTy = XTX§5.

In particular, suppose XTX is invertible, i.e., perfect-multicollinearity does not exists, then

~ ~r AN L &
j= <XTX> XTy.

p- 73
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Thus, back to our ex,

11 2
A=1|1 2|,6=12
1 3 3
To compute the line of best fit we solve
AT Az = AT,
That is,
{1 1 1} i; m_ll 1 1] ;
1 2 3 1 3 b 1 2 3 4

Thus, we obtain y = x + %

6 Linear Operator and Adjoint Operators

6.1 Linear Functionals

Definition 6.1.1 (linear functionals and fz). A function f that maps a [ vector space V
to a scalar ¢ € F is called a linear functional.

Given any inner product space V and fixed vector 3, fsz is the linear functional defined
by:

fs(a) = (a, B)

Theorem 6.1.1.1 (Riesz Representation Theorem). Let V' be a finite dimensional inner
product space and f be a linear functional on V. Then

g e Vst fla)=(a|f),YVaeV.
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Proof. Let {ay,...,a,} be an orthonormal basis of V. Let

Bzzmai

Claim. f = f,. It suffices to check fz (o) = f (ax), Vk.

fi () = (ol Flai)as)

Flaw) (awles) + flow) (alan) + > flai) (aklas)

1 i=k—1

N

™

(2

= f(aw).
]
Now we prove uniqueness. Suppose 3y, 5 s.t. («|8) = (alv),Va. Then,
(alB) = (aly) =0

= (a|f—7)=0

= (B-118—7) =0

= f—7=0

— [ =nr.
L]

Remarks 6.1.1.1.1 (Necessity of Finite-Dimensionality). It is possible for us to prove that
the Riesz Representation Theorem is not true for infinite-diemensional vector spaces. Let
the inner product be

(flg) = / (/9)(@)dz.
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6.2 Adjoints

Theorem 6.2.0.1 (Adjoints exists for finite-dimensional vector spaces). For any linear op-
erator T on a finite-dimensional inner product space V,

VI'e LV, AT € L(V) s.t. Vo, €V, (Ta|B) = (a|T*f),
where T™ is the adjoint of T

Proof. Let 8 be any vector in V with T € L(V).
Let f be the function such that o — (T'«|fB), i.e., f(a) = (T'a|B) . Note that f is a linear
functional. By Riesz Representation Theorem,

B st (alB) = fla) = (Ta|B).
Which is true Va € V. Let T* :  — ['. Then, T* = ['. Thus,
(al@) ={a|T"B) = f (a) = (Ta|B) .

Now we prove linearity and uniqueness of 7*. If dim(V') = 0, then all linear transforma-
tions are the same; thus suppose dim(V) > 0. Then,

(T B) = {(a|T35)
= (aT7p) = {alT35) = 0
= (BIT{B—-T58) =0,Ya,B € V.
— (B -TATYB—T58) =0,VB eV
= 17 =15.
Thus, T™ is unique. Now linearity is left as an exercise. ]
Definition 6.2.1 (Adjoint). Let T be a linear operator on an inner product space V. Then
we say that T" has an adjoint on V' if there exists a linear operator 7™ on V such that
(Ta | B) = (| T*B) ¥a,BeV.
(Note that if V' is not finite dimensional, then 7 may not exist.)
Proposition 6.2.1.1 (Properties).
1. If an adjoint exists, then it is unique

2. The adjoint depends on 7" and definition of (-|-) .

3. If V is finite dimensional, then an adjoint always exists. Note that the converse does
not hold.
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Theorem 6.2.1.2 (Matrix Representations of linear transformations with respect to Or-
thonormal Bases). Let T € £(V) and suppose 5 = {ay,...,a,} is an orthonormal basis for
V. Let A= [T]; = (Ay;), where 1 <k, j <n then,

Akj = <T&j|ak> 7Vkaj € [1,71] NN.

Theorem 6.2.1.3 (Matrix Representation of Adjoints wrt Orthonormal Basis). Let V' €
L (V) and 3 be any ordered orthonormal basis {a1,...,a,}. Let [T]; = (Ay;) then

(775 = (Aj) = (05| T" ) = [TT5.

(The conjugate transpose of A), i.e., the matrix representation for 7* given the ordered basis
B is the conjugate transpose of the matrix representation for 7' using the same basis.

Proof. Let A= [T, and B = [T"],. Then,
Ajk = <Tak]aj> and Bkj = <T*Oéj‘04k>

But L
Byj = ([T ay) = (Tay|oy) = Aj.
]
Ex. Consider A = [3 ;tj . Compute A*.
Solution. _ ~
R ) i || 2 —i
AT= L—l—i 3—2} - {1—2’ 3—1—2} '
[ |

Corollary 6.2.1.3.1 ((T*)" = T'). Let V be a finite-dimensional vector space and T' € L (V)
then
(T*)" =T.

Proof. As exercise. O

Remarks 6.2.1.3.1 (Orthonomral basis is required). If 8 is not an orthonormal basis, then
the matrix representation of 7% [T%] 5 is not necessarily equal to the conjugate transpose of

the matrix representation of T i.e., ([T} B) # [1™] 5 necessarily.
Definition 6.2.2 (Self Adjoint - Hermition). A linear operator T € L (V) is self adjoint or

Hermition if
T=T(AecF>"A=A").

The matrix representation of an inner product is hermitian matrix. Thus, its name hermitian
inner product spaces.
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6.3 Pauli Matrices

It is well known that observables (quantum properties that we can measure) in quantum
mechanics are all represented using Hermition matrices. The Pauli Matrices are a special
set of Hermitian matrices in C2*2 that are connected with the “angular momentum” relations
in quantum mechanics

Definition 6.3.1 (Pauli Matrices). There are four Puali Matrices

LI:w@:B?}
Zszﬁzﬁé}
3Y:@gzwid

42:@@:B_g

Proposition 6.3.1.1 (Properties of Pauli Matrices). The Pauli Matrices have some very
interesting properties.

XY = —iZ, YZ=—iX, ZX=—iY

YX =iZ ZY=iX, XZ=iY

Also,
XX=YY=ZZ=1I.

Thus,
{£X, Y, + 7, +1, +i X, +iY, +iZ, +il}

form a group with respect to Matrix Multiplication.

Remarks 6.3.1.1.1. Pauli Matrices can send a message that is resistant to probabilistic
attack. As we shall see, Pauli Matrices are self adjoint and unitary.

Definition 6.3.2 (Preserving Inner Products and Vector Isomorphism). Let V' and W be
inner product spaces over F, T' € L(V, W), then T preserves inner products if

(Ta|T8), = {al8) Ve, B € V.
Note a vector isomorphism of V' onto W is an inner product isomorphism T of V onto W,

which preserves the inner products.

p- 78
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6.4 Unitary Operator

Definition 6.4.1 (Unitary Operator). A unitary operator on an inner product space is
an (inner product) vector isomorphism of the space to itself. That is,

T e L(V) st. (Ta|TB) = (a|B),Ya,B € V.

Definition 6.4.2 (Orthogonal and Orthonormal Matrices).
A matrix A € R™" is orthogonal (real) if AAT = ATA =1,.
A matrix A € C"*" is orthonormal (complex) if AA* = A*A =1,

Remarks 6.4.2.0.1. Orthoonal and Orthonormal Matrices are unitary operators acting on
M, «1 (R) and M,,x; (C) respectively.

Ex.

1. Identity Matrix/Operator : {(1) (1)}

2. Pauli Matrices.
3. diag (¢, ..., e"), where 6; € [0,2).
4. Rotation Matrix.

Proof.
In=1II=1I.

Now we show
diag (ew1 e ,ew") . [diag (€i91 cee ew")] =1

The given = diag (..., ™) - diag (™ ..., ¢™")
— ding (™ ... -diag (¢ ... )
(
(

— dlag €i91€—191’ ol ezen e—zen)
=diag(1,...,1)
=1
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Theorem 6.4.2.1 (Characterizations of Unitary Operators for Finite Dimensional Vector
Spaces).

1.
2.

3.

U is unitary
U =1=U0"U
U is inner-product preserving:

(Uz,Uy) = (x,y) forallz,y eV

U is norm preserving:

\Uz|| = ||z|| forallzeV

If {aq,...,a,}is an orthonormal basis for V, then {Uq,, ..., Uaq,} is also an orthonormal
basis for V.
. If B is any orthonormal basis for V, then the columns of [U]sz are orthonormal in F"

with the standard inner product.

If B is any orthonormal basis for V', then the rows of [U]s are orthonormal in F™ with
the standard inner product.

Proof. 1. <— 2. O



MATB24: Eric Wu 6 LINEAR OPERATOR AND ADJOINT OPERATORS

6.5 Quantum Application

A quantum system is represented using a complete inner product space, also known as a
Hilbert Space. For finite dimensional systems, a finite inner product space is a complete
inner product space. You will discuss this more in a real analysis class. Every state that the
quantum state can be in is represented using a unit vector. Ex. The spin of an electron.

e1 = (1,0) = “|0)"represents the spin up of an electron

es = (0,1) = “|1)"represents the spin down of an electron

A system state could be

1 1
a25(61+62)=E(|O>+|1>)~

This is known as the quantum superposition of |0) and |1). Every quantum operation maps a
state of a system to a new state. Let a quantum operation be represented using the following
matrix:

U:%E _111 U|O>:u[é}zﬁj\/§ = = (10) + 1) = o

Since every state is represented using a unit vector, any quantum operator U € L (V') is norm
preserving. Therefore, it is a unitary operator. Since unitary operators satisfy the property
that UU* = I, we can state that “all quantum operations are reversible.

6.6 Normal Operator

Definition 6.6.1 (Normal Operators). Let V' be a finite-dimensional inner product space
and 7" € L (V). Then, T is normal if it commutes with it’s adjoint:

TT* =T"T.
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Theorem 6.6.1.1 (Basic Properties of Normal Operators). Let V' be a finite-dimensional
inner product space and 7" be a normal operator on V.

Then
L Tal =Tl
2. for any scalar ¢, (T — ¢I) is also normal
3. (T—c)y*=T*—7¢I
4. T has a eigenvector o with eigenvalue c¢ if and only if 7™ has characteristic vector «

with characteristic value €.
From 1,2,3,
(T —cl)a| = [[(T" —cI) af .
It follows that
Ta=ca < T*a = ca.
Definition 6.6.2. A Matrix A € C*"*" is normal if AA* = A*A.
Ex.

1. Identity
2. Hermition Matrices

3. Unitary Matrices

Theorem 6.6.2.1 (Uppe Triangular Matrices are Normal iff they are diagonal). Let V' be
a finite-dimensional inner product space, 7' € £ (V), and [ be an orthonormal basis for V.
Suppose that the matrix A = [T] 5 is upper triangular, then T" is normal iff A is a diagonal
matrix.

Proof. Since (3 is an orthonormal basis, A* = [T*] 5. Suppose A is diagonal. Then, A =
diag (a1, - .., anyn) and A* = diag (a11, . - ., ann) -
Thus, [TT*]ﬁ = AA* = diag (a11a11, - - -, Qppapn) .
Similarly,
[T*T] = diag (a11G11, - - -, Appann) .
Thus, [TT"]; = [T*T]z. Thus, TT* = T"T.
Now suppose 7' is normal and A = [T'],. Then, A" = [T*],. If A is upper triangle and
p=A{vi,...,v,}, then

a1
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From which it follows that

an
[T*(n)]z=| i | = a; =0,Vj€{2,...,n}.
0
Repeating this argument forces all of the diagonal entries to 0. Thus, A is diagonal. [

Theorem 6.6.2.2 (Orthogonal Complements of Invariant Subspaces are Invariant under
Adjoints). Let V' be an finite-dimensional inner product space ad that T € V. Sps W is a
subspace of V which is invariant under 7. Then, W+ is invariant under 7%, i.e.,

(wWeW = T(w)eW) = (weW+ = T*(w) e WH).
Proof. Let « € W and 8 € W. Suppose T € W. Then,
(Talf) = 0.
Thus,
(T"B) = 0 as (Talf) = (alT"f) .
Thus, T*3 € W+. n
Theorem 6.6.2.3 (Schur’s Decomposition). Let V' be a finite-dimensional complex inner

product space and let 7" be any linear operator on V. Then there is an orthonormal basis
for V' in which the matrix of T is upper triangular.

Proof. We prove by induction. Base case: let dim (V') = 1. Then,
[T]5 = lan1], which is upper triangular.

n+1 case: V is an n+ 1 dimensional complex vector space. Assume that if W is a complex
inner product space of dimension n, there exists an orthonormal basis such that the matrix of
T is upper triangular. As T is an operator on a complex vector space, there exists a non-zero
vector such that Tv = cv. Additionally, if @ = 7, then, Tar = ca. Let W = Span ({a}).

[v]
Let W+ = Span ({vy,...,v,}). Let 8= {a,v1,...,v,}. Then,

c VW
Tls=|0 W W
o w w
Let Sy, : Span ({v1,...,v,}) — Span ({vi,...,v,}) be the linear transformation defined

using W in basis

B:{vl,...,vn}.
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By our inductive hypothesis, there exists a basis / = {ai,...,q,} s.t. [SW]B’ is upper

triangular. Let P be the change of basis matrix from 5’ — B’ . Then,

[SW]B =p! [Sw] P = [SW]B’ =P [SW]B Pl =pPWwp.
Notice ' = {a,a1,...,a,} is an orthonormal basis for V. Additionally, the matrix [(1) 2}

-1
is the change of basis matrix from § — f’. It follows that [T] 5= [(1) 2} [T] 8 [(1] g} )
Thus,

1o 1 0] [10]fe w]ft 0] [¢c pto
LT 8 e e g
Thus, the matrix is upper triangular. O
Remarks 6.6.2.3.1. Shcur’s Decomposition tells us that when V' is a complex inner product

space, there exists an orthonormal basis § s.t. T"is upper triangular. We say that T" unitarly
triangalizable. This leads to the following definition.

Definition 6.6.3 (Unitarily Diagonalizable). Let V' be a finite-dimensional vector space,
T € L(V). T is unitarily diagonalizable if there exists an orthonormal basis such that the
matrix representation of T' with respect to this basis is diagonal.

Definition 6.6.4 (Unitary triangularizable and unitary diagonalizable matrices). A matrix
A is unitary upper triangularizable if there exists a unitary matrix P such that

A= P 'BP.

where B is upper triangular.
A matrix is unitary diagonalizable if there exists a unitary matrix P such that

A= P 'DP,
where D is a diagonal matrix.

Theorem 6.6.4.1 (Spectral Theorem for Normal Operators). Let V' be a finite-dimensional
complex inner product space. Let T € L(V).
The following are equivalent:

1. T is unitarily diagonalizable
2. T is normal

Proof. Exc: 1 — 2. By Schur’s Deconposition, 3 orthonormal basis s.t. [T 5 is upper trian-
gular. By our previous theorem, a matrix representation of a normal operator is triangular
implies that it is diagonal. O

p- 84
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Definition 6.6.5 (Spectrum of a Matrix). Given A € F"*", the set of characteristic values
(eigenvalues of A) is called the spectrum of A, denoted by

og(A):={ eFst. Ja#0,Aa= Ao, }.
This implies that o (A) CF, and o (A) has at most n values.
Remarks 6.6.5.0.1. Let A and B be similar matrices. Then,
l.det (A) =det (B), 2.trace(A)=trace(B), 3.0(A)=o0(B).

Theorem 6.6.5.1 (Relationshop between the trance, the determinant and characteristic
values). Let A be n x n matrix with C and Ay,...,\, be the eigenvalues of A, repeating the
terms if there is algebraic multiplicity. Then,

1.trace (A) = Z)‘i’ 2.det (A) = H/\i'
i=1

i=1
Theorem 6.6.5.2 (The spectrum of Unitary Operators on a complex inner product lies on
the unit circle). Let V' be a complex inner product space and U € £ (V') be unitary and ||
be the modulus of a complex number. Then,

o(U)C{AeCst. |[N=1}.
Proof. 1f Ux = Az, then, |A\| = 1. Note that
]| = [|U=]]
= [[Az]]
= |Al ]
— |zl = Alz]] =0
— [lzll (1= [A[) =0
— |\ =1 since ||z|| # 0.
]

Theorem 6.6.5.3 (Spectral Theorem for Unitary Operators). Let U € L(V') be unitary.
Then an orthonormal basis 3 of unit vectors of V' exists, such that

[U]s = diag(e”)
where €1, ... e are the characteristic values of U.

Theorem 6.6.5.4 (Unitary Similarity). Let U € F"*" be a unitary matrix. Then there
exists a unitary matrix V € F"*" such that

VUV* = diag(e')
where €1, ... e are the characteristic values of U including multiplicities. We say that U
is unitarily similar to the diagonal matrix.

Remarks 6.6.5.4.1. All quantum operators are unitarily similar to a diagonal matrix.
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7 Polynomials

7.1 Polynomials

Definition 7.1.1 (Polynomials). Let F[x] := the set of polynomials with coefficients in F.
Let
fx)=co+az' +.. . +aat, glx)=ay+...+aa" € Flx].

We define the degree of f, denoted deg(f), to be the number k, where ¢, # 0. If Ak > 0
such that ¢; # 0, then deg(f) = 0. We define g(z) = f(z) if all the coefficients of f and g
are equal (i.e. a; =¢; for all 0 < i < k).

Furthermore, if ¢, = 1, then we say f is .

Remarks 7.1.1.0.1 (Polynomials v.s. Polynomial functions). It is important to note that
our definitions of polynomials are purely formal, and are not to be confused with polynomial
functions.

For ex, the polynomial function f : R — R defined by the rule 2 — 22 is not the same as
the polynomial 2? € F[x]. The former is a function, whereas the latter is merely a symbol.

Definition 7.1.2 (Applying Polynomials to Operators: f(7T') and f(A)). Let f = co+c1x+
vt opt e Flz], T € L(V) and A € M,,x,, (F) then,

k
fO)=col +aT+...qT" =Y T

=0
k
fA)=col + A+ .. A" = A
=0

2 1

Ex. A= [_1 3

} . f(z) = 2 — x + 2. Then,

2 1 2 1 2 1 10
J(A4) = {—1 3] {—1 3] - {—1 31 ”{0 1]'
Ex. Let T : R? — R? be defined by T'(z1, z2) = (w9, 3z1 —23). Find f(T)where f(z) = 2*—1.

Solution.

f()(x1,21) = (T2 — I) (21, 22)
= (2$1 — T2, —31’1 + ZL’Q) .



MATB24: Eric Wu 7 POLYNOMIALS

7.2 Polynomial Ideals

We now discuss some factorization results on polynomials. As we shall see later, these
results will be helpful in the quest of finding nice matrix representation. There are two main
factorization results that we shall discuss: the Division Algorithm for Polynomials and the
Fundamental Theorem of Algebra. Then, we will provide a new alternative definition for
polynomial ideals.

Theorem 7.2.0.1 (Division Algorithm for polynomials). If f,d € F[z] and d # 0, then
dlg € F[z] s.t.

1. f=dg+r

2. either r = 0V deg(r) < deg(d).
If the remainder r = 0, we say

1. d divides f

2. fis a multiple of d

3. q is the quotient of f and d.

Corollary 7.2.0.1.1 (Fundamental Remainder Theorem). Let ¢ € F. Then f(z) is divisible
by x — ¢ if and only if f(c) = 0.
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Theorem 7.2.0.2 (Division Algorithm for Integers). If f € Z, U {0} and d € Z, then a
unique ¢,r € Z, U {0} exists such that

1. f=dqg+r

2. either r =0 or |r| < |d

If the remainder r = 0, we say

1. d divides f

2. f is a multiple of d

3. q is the quotient of f and d

Ex. Let f =16 and d = 3. Solve for ¢ and r s.t. f =qd+r.

Solution. Note that
16=53)4+1 = ¢g=>5and r =1.

|
Ex. Let f(x) = 22 + 2 + land d(z) = x — 1. Solve for ¢(z) and r(x) s.t. f(x) =
q(z)d(z) + r(x).
Solution. Noe that
P?+r+1=(x+2)(r—1)+3.
|

Ex. f(z) = 2*—223—22?—22—3 and d(z) = 2*+62%+Tz+1. Solve for q(x) and r(z) s.t. f(x) =
q(z)d(z) +r(z).

Solution. Note that

ot —22% — 227 — 22 — 3 = (z — 8)(2° + 627 + Tz + 1) + (392% + 53z + 5).
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Definition 7.2.1 (Irreducible and Prime Polynomials ). A function f € F[z] is reducible
over [ if two polynomials g, h € F[z] exist such that

1. deg(g) > 1 and deg(h) > 1

2. f=gh

Otherwise f is irreducible over F.

A polynomial p € F[z] is a prime polynomial if it
1.p#0

2. Bf € Flz] such that fp=1

3. If p| ab, then p |aorp|b

Remarks 7.2.1.0.1 (Irreducble v.s. Prime). A non-scalar irreducible polynomial is a prime
polynomial.

In higher-level algebra courses, you may explore the differences between being irreducible
and prime, but we do not explore this here.

Theorem 7.2.1.1 (Fundamental Theorem of Arithmetic). If n € Z then a unique set of
positive primes exist such that
n=upi*...pk

where u = —1 if n is negative and otherwise 1.

Theorem 7.2.1.2 (Prime Factorization of Polynomials). Let f € Flz| be a non-scalar
polynomial. Then there are unique distinct prime polynomials p,...,p, € F[z], positive
integers ey, ..., e,, and scalar a such that

f=api'p3*---py

Theorem 7.2.1.3 (Fundamental Theorem of Algebra). Every non-zero polynomial in C|x]
factors completely; i.e.,

der, ..., cp € Cand Iy, ..., rp € Z such that

f@)=(z—c) (@ =)™ (2 — )™

The roots of f(z) are ¢y, ..., ¢ and the respective multiplicity is 71, ..., 7.

Remarks 7.2.1.3.1 (Prime Factorization of Complex Polynomials). An immediate corollary
of the fundamental theory of algebra is that the only prime polynomials in C [x] are the linear
factors of the form (x — ¢) which have degree 1. This is not necessarily true for polynomial
over R. To better understand this, consider the following ex.
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Ex. Let f(z) = 23 — 1. Find the prime factors of f(z) over R and C.

Solution. Over R.

—14++12 -4 —1 3
?—l=(r-D@*+z+1) = le\/x:fZT_kgi_

But the latter is not in R. Thus, the primary decomposition of f(z) is

(z—1) (z*+z+1).

vl () - (-2)

Theorem 7.2.1.4 (Alternate Characterizations of Polynomial Ideals). Let M C F[z]. The
following are equivalent:

Over C.

1. M is an ideal
2. M is a nonempty subset such that:

(a) if f € Fz] and g € M, then, fg=gf € M
(b) if f,g € M, then, f+g € M.

Corollary 7.2.1.4.1 (Polynomial Ideals are Subspaces). Let M be an ideal of F [z]. Then,
M is a subspace of F [z].

Proof. Let ¢ € F and f,g € M. Note ¢ € F[z]. Thus,
cfeMandcf+ge M.

Thus, by the characterization by closure theorem, M is a subspace. O

Definition 7.2.2 (Finitely Generated Polynomial Ideal). Let D = {d;,...,d,} C Flz].
Then, the ideal generated by D is the set

Flz] D= {fidi + -+ fudy st. f; € F[a]}

Definition 7.2.3 (Principal Ideal). If D contains only a single element d € F [z]| then the
ideal M generated by d is called a principal ideal,

M =Fz]d={fdst. feF[z]}.
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Ex. d(r) = z*. The principal ideal C [z]d is the set of all polynomials that have z* as a
factor.

Cla]a® = {2®la® +ia® + ... }.
Ex. Show that F [z] is a principal ideal. What is the generator.

Solution.
Flz] =F[z]1

Note that if f € Fz], then (f-1) (z) = f(x),Vz. Thus, f € Flz] - 1. |

Ex. Let di(z) = 2 + 2, do(x) = 2® + 8z + 16. Let M = Fz|d; + F[z]d,.
What is interesting about this exis that M = F[z].

1 1

‘. the constant function 1 € M
= Flz] =F[z] -1 C M C F[z]

M is the principal ideal generated by 1.

Theorem 7.2.3.1 (F [z] is a Principal Ideal Domain). Let M be a non-zero ideal in F[z],
then exists a unique monic polynomial d € F[z] s.t. M is the principal ideal generated by
d,ie., M =TFlz]d.

Proof. Left as an exercise. m

Definition 7.2.4 (GCD of Polynomials). Let py,...,p, € F[z]. A monic polynomial d €
[F[z] such that:

L. deFlz]({p1,-..,pn}) = Flz]ps + - - + Fla]p,
2. d divides each of the p;
3. d is divisible by every polynomial which divides each of py,...,p,

is called the greatest common divisor (gcd) of py, ..., p,.
We say pi, ..., p, are relatively prime if ged(py,...,pn) = 1.
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Remarks 7.2.4.0.1 (Problem with definition). The careful reader may note some strange
things about this definition:

1. How do we know d exists?

2. We referred to d as THE greatest common divisor despite not knowing that d is unique.
Is d indeed unique?

We now make amends to these holes, showing that the greatest common divisors do
indeed exist and that they are unique.

Theorem 7.2.4.1 (The GCD is the unique monic generator). Let py,...,pn,d € F[z]. The
following are equivalent:

1. d is the unique monic generator of F [z] ({p1,...,pn})
2. disagedof pr,...,pn.

Definition 7.2.5 (Te Euclidean Algorithm). Suppose you are given a and b. WLOF assume
a > b. The following step compute the ged,

1. set f = a,d = b then solve for p,r s.t. f=qd+r.
2. while r # 0 set f = d,d = r and solve for ¢,r s.t. f=qd+r.
3. When r = 0, ged (a, b) = d from the last iteration.
Ex. Find ged (20,15).
Solution.

20=1x15+5
= 15=3x5+0
= gcd (20,15) = 5.

Definition 7.2.6 (Euclidean Algorithm for Polynomials). Given f; and f,. WLOG, let
deg(f1) = deg(f2).

1. Set f = f1, d = f5, then solve for ¢, r such that f = qd + r.
2. While r # 0, set f = d, d = r and solve for ¢,r such that f = qd + r.

3. When r = 0, ged(a,b) = a;'d where g, is the lead coefficient of d from your last
iteration.
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Ex. Let d; = 2® + 222 — x — 2 and dy = 2® + 22 + 1. What is the ged(dy, ds)?

3+ 20— —2

= z+0
2242z +1
P22 —x—2 — (234222 +1)=—-21-2

So we write:
di(xz) =z -do(z) + (=2)(z + 1) = ged(dy, dg) = ged(ds, )

Now divide:
22 +2r+1 _ e
x4+ 1 o2
2 4+2r+1 — (22+22+1)=0

N =

We conclude that ged(dy, ds) =z + 1.

The only property that stops polynomials from being a field is the lack of a multiplicative
inverse. Note that this is the same property that stops the integers from having a multi-
plicative inverse. As we discussed in the first lecture, there were two ways we were able to
create a multiplicative inverse.

1. Rational Numbers

2. Modular Arithmetic

Theorem 7.2.6.1. The set of rational functions,

_h($)s X T | an X
{£0) =55 st ) g(0) € Flal and g (o) # 0}

is a field.
Proof. Exercise. m

In the first lecture we claimed this was true, but we shall now prove that it is true for integers
in such a way that the same result holds for polynomials.

As we discussed in the first week of lectures, the integers can be used to create a field
using modular arithmetic, but why? It is a result of it being a principal ideal domain. As
polynomials are also principal ideal domain, we can also use a similar argument to prove that
using modular arithmetic for polynomials also creates a field. Using the similar argument
will hopefully make it easier to follow. The argument relies on the following theorem.

Theorem 7.2.6.2. Let (R, +, x) be a principal ideal domain. Let a,b € R, then there exist
ac,d€EeR s.t.
ca+ db = ged (a,b) .
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Proof. Let a,b € R. Let I be the ideal generated by ab. As I is an ideal, there exists a ¢ €
that generates I. Additionally, as I was generated by ged (a,b). Thus, ged (a,b) € I. Thus,
Je,d s.t. ca+ dbged (a,b). O

Theorem 7.2.6.3 (Creating a field from a Principal Ideal Domain). Let (R,+, x) be a
principal ideal domain and a € R be a prime element. Then, R mod a forms a field.

Proof. see lecture notes. O

7.3 Annihilating Polynomials

Remarks 7.3.0.0.1 (Defining Operators using Polynomials). Let 7" € £ (V') where V is an
Fvector space. Given a polynomial

p(z) =co+ .. .cpx” € F[a]
we can define the operator p(T) = col + ;T + -+ + ¢, T*.

Definition 7.3.1 (Annihilator). Let V' be an F vector space, T" € L(V). A polynomial p
annihilates 7" if p(T") = 0.

Similarly, a polynomial p annihilates a square matrix A if p(A) = 0. The annihilator of
T, denoted M (T'), is the set of all polynomials in F[z] which annihilate T.

Proposition 7.3.1.1 (The set of annihilators is an ideal). Let T' € £ (V). Consider the set
Ann(T) =M (T) :={f € F[z] s.t. f(T)=0}.

1. Tt is a principal ideal of F [z].

2. If V is a finite-dimensional vector space, then this ideal contains more than just the 0
map (i.e., it is nontrivial).

Proof. We show that M is an ideal of F [z]. Consider Z (z) = 0,Vz € V. Notice Z =
f(T) st. f(x) = 0. Thus, f € M. Let f,g € M. Then, f(T) = Z and ¢g(T) = Z. Thus,
(f+9)(T) = f(T)+¢g(T)=Z+Z =2 Thus, f+g € M. Let f € Flz]g € M. Then,
g(T) = Z. Thus, (fg)(T) = f(T)-g9(T) = f(T)-Z = Z. Thus, fg € M. Reacall that

dim (£ (V,V)) = dim V x dim V. Thus {[,T, T, ... ,T”Z} must be L.D., that is 3 an scalar

such that a,2T™ + a2 (T™ "1 + -+ +agl = Z. Let f(z) = ap2x™ + - + a1z’ + ag, then
() = 2. O

Proposition 7.3.1.2. Let A € F"*". Consider the set M = {f € F [z] s.t. f(A) =0},
1. M is a principal ideal of F [z]

2. If V is a finite-dimensional vector space, then this ideal is always non-zero.
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Definition 7.3.2 (Minimal Polynomial). The minimal polynomial for T is the unique monic
generator for the ideal

M(T) = {f € Fla] st. f(T) =0}

The minimal polynomial for a matrix A € F™*™ is the unique monic generator for the ideal
M(A) ={f €eFlz] st. f(A) =0}

Remarks 7.3.2.0.1. The minimal polynomial can be used to determine whether a matrix
or linear transformation is diagonalizable or triangularizable. This is the subject of the next
section. For now, we will focus on basic properties of the minimal polynomial and how to
compute it.

Theorem 7.3.2.1 (Alternate characterization of minimal polynomials). Let V' be an F
vector space, T' € L (V) ,(A € F**"),p € F[z]. The following are equivalent

1. p is the minimal polynomial for M (T") (M (A))
2. pis a polynomial such that

(a) p is monic
(b) p(T) =0
(¢) f(T) =0 = deg(f) = deg(p).

Ex. Show the characteristic polynomial of A = E g] annihilates A.

Solution. f(z) =det (z — A) then f(A) = Z.

f(x) = det <[m_—31 ;ﬂ) = 22 — x — 6. Thus,

F(A)= A — A—6I = {8 g}
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Theorem 7.3.2.2 (Cayler-Hamilton Theorem). Let T € £ (V) ,dim(V) < oo and f(X) =
det (xI — T') be the characteristic polynomial for 7. Then,

f(T)=Zand f € M(T).

Similarly, if A is an n x n matrix with characteristic polynomial f(z),then f(A) = 0.

Proof. 1t suffices to prove the matrix version as [f(T)]; = f ([T] 8) . Let f(z) = det (xI — A).
We know from the det section that A adj (A) =det (A) -1 = (xI — A) adj (xl — A) =
det (2] —A) I = f(A)l = 0= f(A) = fe M(A). O

Corollary 7.3.2.2.1. Let p be the monic polynomial for T and f be the characteristic
polynomial. Then, the minimal polynomial p divides the characteristic polynomial f.

Theorem 7.3.2.3. Let T' € £ (V) and ¢ be a characteristic value. Show that (z — ¢) divides
te minimal; polynomal.

Corollary 7.3.2.3.1. The minimal polynomial has the same roots as the characteristic
polynomial

Theorem 7.3.2.4. The minimal polynomial has the same prime factors as the characteristic
polynomial.

Ex. Suppose the characteristic polynomial of A : C!* — C!%is f(z) = (z — 1)%(z +
)z —2).

Solution. p=(x+1),(z —2,...,(x — 1)z + 1)(x — 2). We know

p=(x—-1)"(z+1)(zr—1)st. re NN[L,8].

Ex. Let
-9 4 4

A=1|-8 3 4
-16 8 7

Compute the minimal polynomial of A. Note that f(z) = (z + 1)*(z — 3). We check

fx)=(x+1)(x—3)=0or p(z) = (v +1)*(z — 3).
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7.4 Invariant Subspaces

Definition 7.4.1 (Invariant Subspaces). Let 7' € V and let W be a subspace of V. Then W
is tnvariant under 7' if:

Ve W, T(B) e W, ie, T(W)C W.

Ex. Let 8 = {e1,e2};[T]; = [(1) 1 . Show that Span ({e;}) is invariant under T.

Solution. .
1
[T(e1)]5 = {0 = T'(ce1) =c- e = cey.

If v € Span{e;}, then v = ce;. Note that T(ce;) = cey € Span{e;}. Thus, Span{e;} is
invariant. |

Exercise. Let W7 =V and Wy = {0} . Show that W; and W, are both invariant under
T. Ex. A vector space without nontrivial invariant subspace. Let T': R? — R? represented

in the standard basis by A = [0

1 _01} . Show the only invariant subspace is the trivial

invariant subspace.
Proof. Note that
det (z1 — A) :det{[_xl ﬂ} =2+ 1.

Thus, as R is the field, 22 + 1 does not factor, that is, there are no eigenvalue. Sup-
pose for the sake of contradiction that there is an invariant subspace 1 dimensional W =
Span {a} s.t. a # 0. By definition of an invariant subspace, Ta € W — dcs.t. Ta = ca,
i.e., T has a characteristic value contradicting our observation that it has no eigenvalue. [J

Remarks 7.4.1.0.1. This exis theoretically significant. It tells us that we cannot achieve
“nice” matrix representations for vector spaces over an arbitrary field F because nontrivial
invariant subspaces may not exist. (Recall the comment that “nice” matrix representations
rely on the existence of nontrivial invariant subspaces.) Thus, we must choose a F better for
this cause. As we shall see, C is the perfect choice because of the Fundamental Theorem of
Algebra.

Ex.Consider the infinite-dimensional vector space F[z].
Let D : Flx] — F[x] be the differentiation operator.
Let W be the subspace of polynomials of degree less than or equal to n.

W:{f(x):co—i—clqu...—i-ckxk‘cjG]F,kzgn}.

Then, W is invariant under D.
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Theorem 7.4.1.1 (Commuting Operators Provide Invariant Subspaces). Let T, U € L (V) s.t. TU =
UT, i.e., U and T are commutative. Let W = range(U) and N = ker(U). Then, W and N
are invariant under T

Proof. Let v € W. Then, v = Uz s.t. x € W. Consider T'(v). Note that
Tw)=TUx)=TU(x

)
T(x)
(T'(x)) € range(U) = W.

U
U
Thus, T(V) € W. Let a € ker (U). Then, Ua =0 = T(Ua) =0 = u(Ta) =0 =
Toa € ker (U) = N. O

Definition 7.4.2 (Restriction Operator). Let W be invariant under the operator T. The
restriction operator Ty : W — W induced by T is the linear operator Ty, defined by
Tw(w) =T (w), for all w € W. Note that since the domain of Ty, is W and the domain of
T is V, it may be the case that Ty, # T

Theorem 7.4.2.1 (Invariant Subspaces give block diagonal matrix representations). Let
V' L be a finite dimensional vector space. et W be an invariant subspace under the linear
operator T'. Then there exists a basis such that the matrix representation of 7" with respect
to this basis has the following form:

=[G 5| where s =51

(The 0 is very nice.)
(We shall explain what 1, f> mean in a moment.)

Proof. Let 1 = {a,...,a;} be a basis for W. Then,
To; = a1, ..., a;,v;, Vi
Let B2 = {aj+1,. .., a,} be the set of vectors used to extend /31 to create a basis for V. Then,
Ta; = a0+ -+ aj;v; +0(vjp1 + - +v,),Vie {1,...,j}.
That is,
[T]ﬁl,ﬁQ = ﬁ)? g] :
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Corollary 7.4.2.1.1 (Characteristic and Minimal Polynomial of a Restriction Operators
Divides those of the parent operator). Let W be an invariant subspace for 7. Then the
characteristic polynomial (resp. minimal polynomial) for the restriction operator Ty, divides
the characteristic polynomial (resp. minimal polynomial) for 7.

Proof. Here we prove only the characteristic polynomial result. As W is an invariant sub-
space, exists 5 = {01, f2} s.t.
B C
M= [0 o)
Now show that
det (9:] (1] 5) — det (¢ — B) - det (z] — D).

As det (1 — B) is the characteristic polynomial of Ty, it divides det (m] — [T] 5) which is
the characteristic polynomial of T'. O

Theorem 7.4.2.2. Let T' € L(V) and let ¢y, - , ¢, be the distinct characteristic values of
T. Then there exists a basis 8 such that:

diag(cila,, -+, crla,) ‘ C

[T]ﬂ = 0 ‘ D

where d; = dim (ker (T — ¢I)).

Proof. See lecture notes. m

Corollary 7.4.2.2.1 (Sum Characterization of Diagonalizable). Let T' € L(V), ¢1,..., ¢
be the characteristic values and W; = nullspace(T — ¢;I). The following are equivalent:

1. T is diagonalizable
2 Wi+ o+ W=V
3 We---aW,=V

Definition 7.4.3 (Conductor/Stuffer). Let V be an F vector space and T' € L(V'). Let W
be an invariant subspace for T', o be a vector in V. The *T-conductor® of o into W is the
set:

Sr(a; W) :={g € Flx] : g(T)ax € W}

(i.e., the set of all polynomials g € F[z] such that g(T)« is in W)
In the case that W = 0, we call Sp(a; {0}) the *T-Annihilator* of a.
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Lemma 7.4.3.1 (Conductors Are Ideals). Let W be an invariant subspace for T, then
St (a; W) is a principal ideal in F [z].

Definition 7.4.4 (T-Conductor). Since Sy (a; W) is a principal idea, it has a monic gener-
ator g. We call g the T-conductor of o onto W.

Remarks 7.4.4.0.1 (Computing the T-conductor using the minimal polynomial). Note
that as the minimal polynomials maps a — 0 € W, the minimal polynomial of 7" is in
St (c;; W) . Since the T-conductor generates the conductor, it follows that it divided the
minimal polynomial of T'. Thus, the T-conductor is made of a product of the factors of the
minimal polynomial. This fact is useful in computing the T-conductor.

7.5 Triangularizability /Diagonalizability by Minimal Polynomial

Lemma 7.5.0.1. Let V be a finite-dimensional vector space over F. Let T" € L(V') such
that the minimal polynomial for 7" is a product of linear factors:
pla)=(z—c)™ .. (x—cp)™.
Let W be a proper subspace of V invariant under 7. Then there exists vector a« € V
such that

l.ag¢W
2. (T —c¢l)a e W. (« gets stuffed by T'— ¢;1.)

Proof. Let B ¢ W. Let g be the T-Conductor of Sr(8;W). As the g divides the minimal
polynomial of 7', there exists 71, -- - , 7%, where r; € {0, ...,d;} for all i, such that

glx)=(r—c1)" ... (x —cx)™ s.t. at least one ¢; # 0.

Redefine .

g = ﬁ(x — i), wheren = Zr,-
i=1

i=1
. Then consider the sequence {g1, g2, ..., g}, Where

J

gi =[]z = M)

=1

As 5 ¢ W and g¢,(T)p € W, there must exist an m € {1,...,n} such that

gm—l(T)ﬁ ¢ W and (T - )‘mI) gm—l(T)ﬁ = gm(T)B cw.
Letting o = ¢,,,—1(T") 8 gives our result as o ¢ W, but (T' — A\, ])a € W. O

Definition 7.5.1 (Upper Triangulable). T" € L(V') is triangulable if there exists an orghonom-
ral basis (8 for V s.t. [T]ﬁ is upper or lower triangular.
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Remarks 7.5.1.0.1. Triangular metrices are connected with invariant subspaces:
Suppose 3 = {ay,...,a,} and

ai; Qa2 ... Qip
[T],B — 0 as ... as
0 0 ass :

Now define W; in the following way:.

W, = span(aq)

Wy = span(ay, )

W1 =span(ay, ..., an_1)
W, = span(ay, ..., ay,)
The set Wy, ..., W, have a few very nice properties. (Here, we use subset to denote a

proper subset.)
1. (Well-ordered) W, Cc Wy C --- C W,
2. (T-invariant) T(W;) C W, forall 1 <j<i<n

If we show that a basis such that Wy, c Wy C --- C W,, and W; is T-invariant for all 7,
then T is triangulable.

To show that a subspace is invariant, we simply need to check a basis of the subspace is
mvariant.

Theorem 7.5.1.1 (Invariant Subspace Characterization of Triangularbility). Let V' be a [F
vector space, T' € L(V). The following are equivalent:

1. T is upper triangularizable.
2. There exists a basis {ay, ..., a,} for V such that if W; = span(ay, ..., q;), then:

(a) (Well-ordered) Wy C Wy C --- C W,
(b) (T-invariant) T(W;) C W, forall 1 <j<i<n

Theorem 7.5.1.2 (Characterizations of Triangularizability and Diagonalizability in terms
of the minimal polynomial: IMPORTANT). Let T' € £(V') and dim(V') = n < oo. Then

1. T is triangularizable if and only if the prime factorization of the minimal polynomial
for T is a product of linear factors.

2. T is diagonalizable if and only if the prime factorization of the minimal polynomial for
T is a product of distinct linear factors.

p. 101



MATB24: Eric Wu 7 POLYNOMIALS

Proof. (1.) =
Suppose [T is triangularizable, then the characteristic polynomial for T is

fw) = det (I = [T],) = (2 = (T))1) - (@ = ([T])un)) = (& = )™ (2 = )™

where ¢; are distinct characteristic values of T'. Therefore, the minimal polynomial for T has
a similar form since it divides F'(z), by the Cayley-Hamilton Theorem:

plx)=(r—ca)"...(x — ), st. r; €{0,...,d;} and 3r; # 0.

2.) =
If T is diagonal, then p(x) = (x — ¢1) - - - (x — ¢) is the minimal polynomial for T.

p([T]ﬁ)ij _ {zé[i]?z =7 p((I71,)
— p(mﬁ) — 0.

) — OV

0

(1.) <«
Suppose the minimal polynomial is a product of linear factors. Apply the previous lemma
to W = {0} to get ay. Then

(T—cl), €ew = (T—cl), =0
- TOél = Gy € Span ({Oél}> .

Note that W is T-invariant. Now apply the previous lemma to W; to get as. Then

(T — cjl)a2 eW, = (T—- ch)a2 =ka; = Tay = cjos + kay € Span ({og, as}) .

Let Wy = {a1, as} Note that W is T-invariant. Continue this way until you have W,, = V.
By construction W; C W;yq,Vi € {1,...,n— 1} and T'(w;) C w;V1l < j,i < n. Thus, T is
triangularizable.

(2.) < diagonalizability (Not diagonalizable = not distinct factors)

Suppose T is not diagonal. Suppose W is the subspace spanned by all the characteristic
vectors of T. If W = V| then T is diagonalizable as we proved earlier, which contradicts our
assumption.

Instead, suppose W # V.

By the previous lemma, there exists a vector a ¢ W and a characteristic value ¢; of T
such that the vector

f=(T-cl)aeW.
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Let h(T) be some polynomial. We have shown that h(T)5 € W. Now p = (z — ¢)q,
for some polynomial q. We show ¢ (¢;) = 0. Pick hst. ¢q(T) — q(¢;) = (T — ;) h(T),
ie,q—q(c)=(x—c)h. Asp(T)a=0and p(T)a = (T —c;) (q(T) @),

q (T) v is an eigenvector,

thus ¢ (T)a e W. As q(T)a=q(c;)a=h(T)B =hT)5 —q(T)a € W. But o ¢ W. Thus,
q(¢;) =0. Thus, (x — ¢;) |q(x), i.e., p(z) has the linear factor (z — ¢;) at least twice. O

Corollary 7.5.1.2.1. Every Operator over C vector space is triangularizable.
Corollary 7.5.1.2.2. Sps T' € L (V) and f is the characteristic polynomial of 7. Then,
1. if f is a product of linear factors T is triangularizable.

2. if f is a product of distinct linear factors, then T is diagonalizable.

0 - ] . Determine if 7" is triangularizable;

Ex. Let T : R? — R2 be represented by A = L 0

if so, is it diagonalizable.

Solution. det (xI — A) = det( [_1‘1 ﬂ ) = 2%+ 1. As the discriminant is negative, %+ 1 has

no real roots. Thus, 2% + 1 is prime over R. Therefore the characreristic polynomial is not a
porduct of linear factors. Thus, T is neither triangularizable nor diagonalizable. [ |

Ex. What if T : C?2 — CZ2.

Solution. det (xI — A) = det({ v 315 ) = a?+1 = (z —i)(x +4). As the characteristic

-1
polynomial is a product of distinct linear factors, T" is both triangularizable and diagonaliz-
able. [ |
0 1 0
Ex. Let A= |2 —2 2]|. Is A similar to a triangular matrix over R?
2 =3 2
Solution.
x 1 0
det [ |2 z4+2 2 =z [(x+2)(x —2)+ 6]+ [-2(x — 2) — 4] = 2°.
2 -3 x-2
Thus, it is triangularizable but not diagonalizable. [ |
Remarks 7.5.1.2.1. We have shown that every operator over a C vector space admits a

triangular matrix representation. Turns out another matrix representation is nice in the
following sense.
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Definition 7.5.2 (Block Diagonal Matrices). A matrix A is a block diagonal matriz if

A0 0
A=diag(Ay,...,A) =10 . 0| st. A isasquare matrix.
0 0 A

Note that this study will eventually lead to an improvement: the Jordan Canonical Form:

AT 00
0 . 0
0 0 A7

7.6 Direct-Sum Decomposition and Projection

Definition 7.6.1 (Independent Subsets). Let Wy, . .., W} be subspaces of V. The subspaces
Wy, ..., Wy are said to be independent if Zle a;=0st. a; eW;, = «; =0,V.

Remarks 7.6.1.0.1 (Equivalence). Note that it is equivalent to say
LVje{2,..k}. W,n{Wi+---+W;1} =0

2. If By,. .., By are ordered basis for W7y, ..., Wy, then the concatenation, 8 = {81, ..., B},
is a basis for W;®- - -®@W,. The final sum is called the direct sum and W = W ®- - -@W,.

Ex. Let aj,as, a3 € R3 be linearly independent. Let W) = Span ({ay,...,as}). Let
az € V be a vector not in Wy. Let W5 = Span ({as}) . Then,

R? =W, & Ws.

Ex. If {aq,...,a,} is any basis for V with W), = Span{ay}, Wy = Span{as},..., W, =
Span {a,}. Show that V =W, & --- & W,,.

Theorem 7.6.1.1. Let T' € L (V) with ¢y, ..., ¢, be the distinct characteristic values for
T and W; =ker (T'—¢;I),j =1,..., k. Then, the set {W;,..., W,} is linearly independent.
T is diagonalizable <—= V =W & --- W, =W +---+W,.

Definition 7.6.2 (Generalized Projection). A projection on V is an operator E € L (V) s.t. E* =
E. (A matrix A is a projection matrix if A? = A.)

Ex. Prove any projection matrix A has eigenvalues 0 and 1.
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Theorem 7.6.2.1 (Properties of Projections). There are four well-known properties of pro-
jections. Let R =range (F) and N = ker (E).

1. BeER < E(B) =p.
2. VaeV,EFae Rand (I — F)(a) € N.
3. V=Re&NNMaecV,a=Fa+ (I -E)a).

4. F is diagonalizable. Ja basis § s.t. [E]; = [é 8]

E' is called the projection onto R along N.

Ex. Find a projection E that porjects R? onto R = Span {(1,2)} along N = Span {3, —1} .
We can define E by FE(z1,x9) = E (a10q + bag) for = {ay, as} which explicitly gives

E (z1,29) = a(1,2) =

T+ SIQ . 1+ 3.772 21’2 + 61’2
T T T '

10 . .
As BEa; = al and Eay =0 = [E];,, 1 = [O O} . Now we show that E is a projection.

E? = E. As [E?]; = [E],, E*> = E. Thus, E is a projection,

o= 2B R AT

Note that the column on the left of P is the range and on the right is the null.
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Theorem 7.6.2.2. Sps V = @F W, then IE;,..., By € L(V) s.t.
1. B2 = E;,Vj
2. Vi # j, B,E; = 0
3. 1=V E
4. range (E;) = W,, Vi.

Proof. Let ; = {ai1,...,qin} be a basis for W;. Then, 8 = {f4,...,8,} is a basis for V.
Using the basis for 3, we can define E; € L(V) for j =1,...,d,

Oéilmi :j

Given this definition for E; show that all conditions are satisfied.

P\ E )i £ 0,i

Then,

E; JA=7 0,l=3
i# ] = EiEj(alk):{ () J :{ J

E; (0),1# ] 0.1# ]

Thus,
(Ei+ E)) (Ei + E;) = E} + E} = E; + E;,Vi # j.

7.7 Invariant Direct Sums

Definition 7.7.1 (Direct Sum of Linear Transformations). Suppose 7' € L (V) and V =
@§:1Wj s.t. W; is invariant for T. Let T; be the representation of 7' — W;. As V is a
direct sum, every vector o € V' is represented uniquely by vectors in Wy, ..., Wy, ie., Va =
a;+ -+, € V. Applying T to a gives T () = Thag + - - - + Tray. Then we say T is the
direct sum of T; € L (W;) and we write T = @}_,T}.
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Theorem 7.7.1.1 (Block diagonal form from an invariant direct sum). Let V = @;?:1 W;
with each W; invariant under T' € L(V). For each j, let T; := T|w, € L(W;). Then there
exists a basis § of V' such that

T 0 0
[T]ﬁ _ : [TQ],32 ) 0
0 0 - [Tis

where 3; is a basis of W and 8= g1 U---U f.

Proof. Pick a basis 3; for each W; and set 8 = 5 U ---U (. Because V is a direct sum,
every v € V is uniquely v = Z?Zl v; with v; € W;. Since T'(W;) € W;, applying T to a basis
vector from W; yields a linear combination of vectors only in W;. Hence, in the basis 3, the
columns corresponding to ; have nonzero entries only in the rows corresponding to 3;, and
there are no cross terms between different W; and W;. Therefore [Tz is block diagonal with

diagonal blocks [T}]3;. O

Theorem 7.7.1.2 (Invariance <= commuting with projections). Let V = @?21 W; and
let E; € L(V) be the projection onto W (so E} = Ej, range(E;) = W, and E;E; = 0 for
i#j,>,;Ei=1). Then

W; is invariant under 7' <= TFE; = E;T.

Proof. (=) Assume T'(W;) C W;. For any v € V, E;u € W, and hence T(E;v) € W;. As
E; acts as the identity on W;, E;TE;v = TE;v. Writing v = Ejv + (I — E;)v and using
E;(I — E;) = 0 gives E,Tv =TEv, ie. E;T = TE;.

(<) Assume TE; = E;T. For w € W, we have E;w = w, hence Tw = TE;w = E;Tw €
range(E;) = W,. Thus W; is invariant. O
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Theorem 7.7.1.3. Let T € £ (V) ,dim (V') < oo. Sps T is diagonalizable and ¢4, ..., ¢ are
the distinct characteristic values of T. Then, 3Ey, ..., Ey € L (V) s.t.

1. T=cEi+ -+ cpEy
2. [=FE +---+ E,

3. BEE; =0,Yi#j

4. E? = E;,Vi

ot

range(E;) = ker (T' — ¢il) , which is the characteristic space of ¢; for T.

Proof. Sps T is diagonalizable with distinct characteristic values ¢y, ..., cg. Let W; be the
space of characteristic vectors associated with the characteristic values ¢;. As we have seen
V = Wi+ -4+W,. Let Ey, ..., Ej be the projection onto W; along Wi+ - -+ W, 1+ W, 1+ W,.
We have shown that @ = la = Fia + ... Eyaand so Ta = TEa + --- + TEa, i.e.,
TzclEl—f—"'—i—CkEk. D

Theorem 7.7.1.4 (Lagrange Polynomial to Compute E;). If T is diagonalizable with char-
acteristic values cy,...,cp, we can compute the projection F; using Lagrange Polynomials:
for 1 <j <k,

Tr — C r —C T —Cj—1 T — Cjq1 T — Ck
pi () =] =

oy Cj — C; Cj — C1 Cj — Cj—l Cj — Cj+1 Cj — Ck
Then, p,; (T) = E;.

Exercise. Show that p; (') = Ej.

p. 108



MATB24: Eric Wu 7 POLYNOMIALS
Ex. Let

Solve for Fi, ..., E}y such that
1. A= Zle aE;
2. I=0F E, FEE;=0fori#j
3. E4E;, =0
4. B} =FE, and Fi=FE,
5. range(E;) = nullspace(A — ¢;I)

Ex. Let T : R® — R3 be represented in the standard basis by

-9 4 4
A=1|-8 3 4
—-16 8 7
Determine if A is diagonalizable. If so, compute F, ..., E} such that:

1. A= Zle ciF;

2. I=F E, FEE;=0fori#j
3. E1Ey, =0

4. E?=F, and E?=F,

5. range(E;) = nullspace(A — ¢;I)

Remarks 7.7.1.4.1 (Non-Diagonalizable and Non-Triangularizable Matrices). We started
the discussion about direct sum decompositions to create block diagonal matrices. We have
shown that 7T is a direct sum of linear transformations if and only if 7" is block diagonalizable.
In order to show that 7" is a direct sum of linear transformations we need to decompose V'
into a direct sum of invariant subspaces. Can we always do this?

It turns out the answer is yes! In the upcoming sections, we shall explore two ways
to decompose V' into the direct sum of invariant subspaces. The first technique, called the
primary decomposition theorem, uses the prime factors of the characteristic polynomial. The
second technique, called the cyclic decomposition theorem, uses the minimal polynomial.

While we will leave the proofs for both types of decompositions, the proofs are quite
fascinating, and I encourage anyone interested in them to explore them further.
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8 Decomposition and Jordan

8.1 The Primary Decomposition and Cyclic Decomposition

Definition 8.1.1 (T-annihilators of a vector). Let o € V. Then, M (o; T) = {f € P (F) s.t. f(T)a =0}
is the T-annihilator of .

Proposition 8.1.1.1. M («;T) is an ideal.

Definition 8.1.2 (T-annihilator). The monic generator of M («; T') is called the T-annihilator
of a.

Proposition 8.1.2.1 (A vector exists with T annihilator equal to the minimal polynomial).
Let V' be a finite-dimensional vector space, T' € L(V) and p(z) be the minimal polynomial
of T. Let deg(p) = k, p(x) = p1(z)™ - pp(z)"™ be the prime factorization of p. Then for
each i there exists a vector a € V such that the T-annihilator of « is p;(7T")".

Theorem 8.1.2.2 (Primary Decomposition Theorem). Let T € L(V), dim(V) < co. Let
p(z) be the minimal polynomial for 7" with prime factorization

p(x) = pi(x)™ - pr(x)™,

i.e., the p,; are distinct irreducible monic polynomials and r; > 1).
j j
Let W; = nullspace(p,;(T")"7) for j =1,...,k. Then:

L.V=W & - oW
2. W; is T invariant, V2

3. If T, is the restriction of 7" to W;, then the minimal polynomial of T, is p;'.
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Proof. Write mp = Hle p;' and, for each i, set

mr(z) ()
i(@)" _Hpj( )

p i

¢i(x) =

Note that gcd(qi, p:) = 1 for every i.

Step 1: Construct commuting projections. Because the polynomials ¢, ..., q, are
pairwise coprime, there exist polynomials ¢y, ..., ¢, € F[z] such that
k
ch<l’) gi(x) = 1. (1)
i=1

(Proof by induction using Bézout’s identity.) Define

From we get Zle E; = Iy. Moreover, for i # j we have ¢;(z)g;(x) divisible by my(z),
hence

because mr(T") = 0. Finally, since mr = p;'q;, there exist polynomials a;, b; with a;(x)g;(x)+
bi(x)p;(x)" = 1; evaluating at T' shows

Ei=c¢(T)g(T)=1 (modp,(T)") and E; =0 (mod p;(T)7) (j #1). (2)

Step 2: Identify ranges with the primary kernels. We claim Im(E;) = W,.
Inclusion C. Since mp = p;'q;, we have

pi(T)"E; = p(T)"ei(T)qi(T) = (cime)(T) =0,

so Im(E;) C ker(pi(T)”) = W,.
Inclusion 2. If w € W, then p;(T)"w = 0. Applying to w yields

so w € Im(E;). Hence Im(E;) = W;.
Step 3: Direct-sum decomposition. From ) . E;, = Iy and Im(E;) = W, we obtain
V = ZLVVZ-. If >, w; = 0 with w; € Wj, then applying E; and using E;|w, = I and
Ejlw, = 0fori # j (by (2))) gives w; = 0 for each j. Thus the sum is direct, establishing (1).
Step 4: T-invariance. For any polynomial f we have T f(T) = f(T)T. Hence

veW;, = pi(T)"v=0 = p;(T)"(Tv) =T p;(T)"v=0,

so Tv € W;. This proves (2).
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Step 5: Minimal polynomials on the primary components. First, p;(7)" annihilates
Wi by definition, hence the minimal polynomial mg,, divides p;*; write mg, = p;* with
0 < s; <r;. Because V=W @®---®dW), and each W; is T-invariant, the operator Hle pi(T)*
acts as 0 on each W, hence on V. Therefore my divides [ [, pi’, i.e. r; < s; for all i. Combining
si < r; with 7; <'s; forces s; =13, s0 mpy, = p;', proving (3). O
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Remarks 8.1.2.2.1. Let us now point out some important observations regarding the pri-
mary decomposition theorem:

1. The minimal polynomial of each of the T; are a power of a single prime factor.

2. If the characteristic polynomial has the same prime factors as the minimal polynomial
(ie. f(z) = pi(x) - pp(x)%) then

dim (W;) = deg (p;) - d;-
Ex. Let V be a real vector space. Let T' € £(V') such that the characteristic polynomial
1s
fl@)=(z=3)*(@* +1)*(z — 1)
and the minimal polynomial is

p(z) = (z —3)(2® + 1)(z — 1).

Using the primary decomposition theorem, decompose V' and provide the minimal polyno-
mial of each subspace W; and dim(W;).

Solution. fix) = (x=3)", o) = (#*+1)°, fy(2) = (v = 1);p1 (1) = (2 -3),p2 () =
(2 4+ 1), Py (x) = (x — 1). For W, the min polynomial

p1 () = (z—3),dim (W) =deg(z —3) -2 =2.
For Wy,the min polynomial is 22 + 1. Thus,
deg (W) = deg (2* + 1) -2 = 4.
For W3, the min polynomial is z — 1. In particular, dim (Ws) = deg (z — 1) - 1 = 1. Thus,

Ay

As

where Al S MQXQ,AQ S M4><4,A3 S M1><1, s.t. Dj (AJ) = O,VJ |
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Theorem 8.1.2.3 (Cyclic-Subspaces). Let a« € V and p be the T-annihilator of a. Let
deg(p) = k. Then

1. {a,Ta,--- ,TF1a} is linearly independent.
2. span({a, Ta,- -+, T*a}) is T-invariant.
The set
Z(o;T) = span({e, Tax, - - - , T *a})
is called the cyclic subspace of a.

Theorem 8.1.2.4 (Cyclic subspace generated by ). Let 7' € L(V) and o € V. Let p € F[z]
be the T-annihilator of «, i.e. the monic polynomial of least degree such that p(T)a = 0.
Write degp = k. Then

1. {a,Ta,...,T*1a} is linearly independent;
2. W= span{a, Ta, ..., T* a} is T-invariant.

Proof. (1) Linear independence. Suppose Z;‘:& ¢;T9a = (0 with scalars ¢;. Set g(x) ==
Z?;é cjzl. Then ¢(T)a = 0 and degq < k — 1 < k = degp. By the minimality of p, the
only polynomial of degree < k that annihilates « is the zero polynomial; hence ¢; = 0 for all
7. Thus the listed k vectors are linearly independent.

(2) T-invariance. Let W = span{a,Tc,...,T* 'a}. Since p is the monic annihilator,
write
p(x) = 2" + bp_1a" "+ -+ b + by,

so p(T)a = 0 gives
k—1

Tha == " bT'a e W. (3)
=0
Take any v = Zj:é a;T7a € W. Then
k—1 k=2
Ty = Z a; T o = a1 TFa + Z a;T" e W,
=0 =0
using (3). Hence T(W) C W, i.e. W is T-invariant. O
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Theorem 8.1.2.5 (Matrix representation of a cyclic subspace). Let V' be a vector space,
aeV, TeLllV),px)=az"+a, 12" '+ -+ aix + ag be the T-annihilator of o, 3 =
{a,Ta,...,T" 'a} be a basis for Z(a;T), Tz be the linear operator defined by restriction
of T" onto the subspace Z(a;T). Then

00 -+ 0 =—a

10 0 —aq
Tds=Cp)= [0 1 0 —a

_O 0o --- 1 —an_l_

Furthermore, the minimal polynomial and characteristic polynomial of T; are both equal
to p(x). We call the matrix C(p) the companion matriz of the polynomial p.

Theorem 8.1.2.6 (Cyclic Decomposition Theorem). Let T' € L(V), f(z) = py(x)% - - - pp(x)%
be the characteristic polynomial and p(z) = p;(z)™ - - - pg(x)™ be the minimal polynomial.
Then there exists o, ..., a; such that

1. V=2Z(a;T)® - & Z(oj;T),

2. P =D,
3. p; divides p;_1 for all i € {2,..., 7},

where p; is the minimal polynomial of Z(«;;T). Note that by construction

f:plpz"'pj-
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Lemma 8.1.2.7. Let T' € L(V), p be the minimal polynomial of 7', and o € V' such that p
is the T-annihilator of . Then there exists W C V such that:

. V=Z(uT aeWw
2. W is T-invariant.

Remarks 8.1.2.7.1 (Significance of the Cyclic Decomposition Theorem). The Cyclic De-
composition Theorem tells us that every finite-dimensional vector space can be written as
the direct sum of cyclic invariant subspaces. This has the following important consequences
for matrix representations of linear transformations:

Let T € L(V) with characteristic polynomial f and minimal polynomial p. Then there
exists a basis  such that

C(p1) 0 0
[T = O C.(‘pz) . o |
0 0 Cly)

where p = py, p; divides p;_; for all ¢, and f = p;---p;, and C(p;) are the companion
matrices of the polynomial p;.

Definition 8.1.3 (The Rational Canonical Form). Let T' € £(V'). Then [T3 is in Rational
Canonical Form if

C(ﬁl) 0 0
Tls = (.) O-(.p2) 0 |
00 Cly)

where C'(p;) are the companion matrices of the polynomial p;, p = p1, p; divides p;_; for
all ¢, and f =pi---p;.

Theorem 8.1.3.1. Two matrices are similar if and only if they have the same rational form.
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Ex.Let V' be a real vector space. Let T' € L(V') with characteristic polynomial

f@) = (z—2)*(x = 3)°(2” + 1)

and minimal polynomial
p(z) = (x —2)(x — 3)(2* + 1).

Construct the rational canonical form of 7.

Solution. Z(cy;T) has min polynomial p(x) = (z — 2) (x — 3) (% + 1) . Then, for W7,

o f— f_ _@=2P =3 @+ 1)
fw1p1_f = D fwl = fw1 (:E—Q)(ZL’—3)(I’2+1)

— fu, = (x—2) (x —3)°.
Thus, p,, containts all rots of f,, and py, |p2. Since ps|p;. Thus, we have
Py = (7 = 2)" (2 = 3)" s.t. puy| (2 —2) (x = 3) (2® + 1)
It follows that p,, = (x —2) (x — 3). Z (a2; T') has min polynomial p, () = (z — 2) (x — 3).
fwy _ (2—2)(z— 2 o
Thus, fu, = 5 = % = (x — 3). Note that py,|pw, = Pu,| (z —2) (x — 3). Thus,

MUSt pul (@ —2) (2 —3) = pu, = (. —3).

Pwy = (SC - 3)
Lastly, Z (a3;T) with minimal polynomial (z — 3). Thus,

p(z)=(x—-2)(x—=3) (2 +1) =2 - 52>+ 72 —5x + 6
V=Z(a;T)®Z (a; T)DZ (a3;T) st. < pa(x) = (2 —2)(x —3) =22 - 52+ 6

ps(z) = (z — 3).
Now, we construct the rational form.
[[1 0 0 0 —6 1
0100 5
0010 —7 0] 0]
[T] s= 110001 5
0 —6
0 R
i (0] o 3]

p. 117



MATB24: Eric Wu 8 DECOMPOSITION AND JORDAN

Ex. Decompose the rational cononical form of T further by applying the primary decompo-
sition theorem.

Solution. We know that
Wy =Wy @ Wis @ Wig st p1y(z) =2 —2,p1a () =2 — 3, pae (z) = 22+ 1

WQ = W21 S5 W22 S.t. P21 (ZL’) = (CL’ — 2) , P22 (I) = (ZL’ — 3) .

Thus,
[T]; = [ fillitup)

8.2 Jordan Canonical Form

Definition 8.2.1 (Jordan Blocks and Jordan Canonical Form). Suppose T € L(V'). A basis
of V' is called a Jordan basis for T if with respect to this basis 7" has a block diagonal matrix

A, 0 - 0
0 Ay - 0
0 0 - A,

in which each Ay is an upper-triangular matrix of the form

A 10 - 0
0O X 1 -+ 0
e
0 0 - X 1
0 0 - 0 X

A matrix in this form is said to be in Jordan Canonical Form.

In such a case, these blocks are called Jordan Blocks.

A matrix representation of 7" in Jordan Canonical Form is said to be a Jordan Canonical
form for T.

plx) = (@ = N)".
Then, we have
A0 00
1 X200
01 X O
00 1 A

we have a jordan block if p(x) = (x — M)k
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Theorem 8.2.1.1 (Jordan Basis Exist for triangularizable linear transformations). Let V'
be a finite-dimensional vector space over F, T € L(V).
If T is triangularizable, there exists a Jordan Basis for 7T'.
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