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September 4

Groups:

Definition: A symmetry is a map from an object to itself preserving all relevant struc-
ture.

Consider a smiley face in a plane. It has two symmetries: the identity map id and the
“flip” map f that rotates it 180 degrees around the vertical axis. We can consider the four
possible compositions of the maps:

idoid = id foid=f idof=7f fof=1id.
What is a group? First we consider the following:

Definition: A semigroup is a set G and an operation - (or mult;) : G x G — G such
that this operation is associative, i.e. (a-b)-c=a-(b-¢) V¥V a,be G.
Remark: Composition of functions is always associative.

Definition: A monoid is a s semigroup (G, -) such that there exists an element (1) which is
a unit.

Definition: A unit in a semigroup is an element such that V2 € G, 1- 2 =2 -1 =z.

Lemma: A monoid has at most one unit.
Proof: Assume for the sake of contradiction that 1 and 1’ are both units. Then 1 =11
because 1’ is a unit and 1’ = 1’ - 1 because 1 is a unit. Thus 1 = 1’.

Definition: A group is a monoid such that every element has an inverse.
Definition: An inverse of an element a € G is an element b € G such that a-b=b-a = 1.

Lemma: An element a in a monoid G has at most one inverse.
Proof: Assume for the sake of contradiction b, c € G are both inverses of a € GG. Then:

b-a-c=(b-a)-c=1-c=c

b-a-c=b-(a-c)=b-1=0.

Thus b = ¢. We usually represent the inverse of a as a~! when the operation is multiplication
(or analogous to it) and as —a when the operation is addition.



Summary:

A group is a set G with an operation - : G X G — G such that:
1. The operation is associative.

2. There exists a unit.

3. Every element has an inverse.

Comments on Associativity:
Given x1,...x, € G (group), define x; - x,, inductively as (1 - zp—1) - Ty, i.e. as (--- ((z71 -
x2) T3) ... Tp_1) " Tn

Lemma:
n

k n
[z 11 = =11
i=1 =1

j=k+1

Proof: By induction.

Examples of Groups:

The Mattress Group is the set of actions one one can perform on a mattress, also known as
the Klein Four Group. It consists of the identity 1, a horizontal flip H, a vertical flip V' and
a spin S. The multiplication table follows. Note that the operation of the column is applied
first.

wn| < Db |-
<|@|~|m =
T » <<
| T <| | wn

v < = -

(Z,+) is an abelian (commutative) group (i.e. V a,b € G,a-b="b-a). Its unit is 0.
(Z,-) is not a group, but it is a monoid with 1 as its unit. The same is true for (R, ).
(R —{0},-) is an abelian group with 1 as its unit.

(Mat,(R),-), i.e. the set of n x n matrices with real elements, is not a group, but it is
a monoid with I (as a matrix) as its unit. because no inverse for all

zeros, and other matrices.
GL,(R) = {A € Mat,(R) | A is invertible} is a group known as the general linear group
with I (as a linear map) as its unit.

Check: If A, B € GL,(R), (AB) € GLa(R).
Proof: A and B are both invertible, and (AB)~! = B~'A~! € GL,(R)

Definition: A subgroup H < G is a subset H C G such that:
1. If a,b € H, then ab € H. (Closure under the operation).
2.1e H

3. Ifa € H, then a=! € H. (Closure under inversion).
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Examples of Subgroups:

(Z,+) < (R, +)  (2Z,+) < (Z,+)  ({1,-1},) < ({1, —1,4,—i},-) < (C*,") Note: C* = C—{0}.

Aside (Application to Number Theory): What are the subgroups of (Z, +)?

Lemma: Let H < Z. Then either H = {0} or H = aZ,a € Z>o. In fact, a will be
the smallest positive integer in H.

Proof: Either H = {0} or 3 b € H,b# 0. Then either b > 0 or —b > 0, so 3 some positive
integer in H. Then we shall use the well-ordering principle, a property of Z* that states
that every non-empty set of positive integers contains a least element. So 3 a € H that is the
smallest positive integer in H. We know that 0 € H and —a € H because it is a subgroup.
We know that ka = a + - -- + a € H by repeated application of the property of the subgroup

k times
of closure under addition. We treat k(—a) similarly.

So aZ = {al | ¢ € Z} C H. Now suppose 3 n € H with n # ka for some k € Z. Then
n=gqa+rwithqeZ, re{l,...,a—1}. Soga € H and —qga € H. Thus —ga+n =1r € H.
But r € {1,...a — 1}, so r is a number in H that is smaller than a the smallest number in
H. This is a contradiction. Thus 3 n € H with n # ka for some k € Z, i.e. H C aZ. Thus
H =aZ.

Idea: Given two integers a,b, we can form (a,b) = {ka + (b | k.0 € Z} < Z. We call
this the “subgroup generated by a and b.”

Proposition: Let (a,b) = dZ,d > 0. Then:

1. d =ra+ sb with r,s > 0.

2. d = ged(a, b)

Proof:

1. dZ = {ka+ b | k.l € Z}, so d = ra + sb.

2. a € dZ, so a = kd and d | a. Similarly for b. If e | @ and e | b, then e | ra + sb, so e | d.
Thus e < d, so d is the greatest common divisor of @ and b.

Definition: p is prime if its only divisors are 1 and p.

Lemma: If p is prime and p | ab, then p | a or p | b.
Proof: Either p |a or p | b. If pta, ged(p,a) = 1. So 1 = ra + sp. Thus b = rab + spb.
p | rab and p | spb, so p | rab + spb, which implies that p | b.

Corollary (Unique Factorization Theorem):
Given n € Z-, there exists a unique function f : {p € Z | p is prime} — Z>¢ such that

n= H /P,

p prime

(We omit the terms with f(p) = 0).

Proof (from PSet 1):

Assume for the sake of contradiction that the set of integers with no prime factorizations is
nonempty. The well-ordering principle tells us that this set has a smallest element a. This
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means that if n < a, n has a prime factorization. We know a # 1, because 1 has a trivial
prime factorization. Also, a cannot be prime, because all primes have a prime factorization
as well. Thus ¢ must have at least one divisor not equal to 1 or itself, which we will call b.
a/b is an integer, and it is less than a, so it must have a prime factorization. b < a, so b has
a prime factorization as well. Let

a/b=pi---pr andb:qll-uqﬁn

be the prime factorization of a/b and b, respectively. Here the p; and ¢; are all prime and
the exponents e; and f; are at least 1. If we multiply the prime factorization of a/b by b, we

find

a:pil pi”q{l qgn’

which is another prime factorization. Obviously for any p; = ¢;, we would combine the terms
and add the exponents. This contradicts our assumption that a was the smallest integer that
does not have a prime factorization. Thus there can be no smallest element of the set de-
scribed above, which means the set is empty.

Now we shall prove that every integer n has a unique prime factorization. Assume for the
sake of contradiction that the set of integers with multiple prime factorizations is nonempty.
Again, the well-ordering principle tells us that this set has a smallest element a. Thus if
n < a, n has a unique prime factorization. Let the two prime factorizations of a be p{* - - - p&
and ¢7" - -q/:", where the p; and ¢; are all prime and the exponents e; and f; are at least 1.
There are now two separate cases to consider: either the prime factorizations share at least
one prime or they have no primes in common. In the first case, assume that there exists some
tand j, with 1 <7 <m and 1 < j < n such that p; = ¢;. We can divide each factorization
by p; or ¢;, which yields
a/pi=pSt-pSiTe gt = q{1 ;’j—l...qg;n,

If the prime factorizations are the same after dividing by the same number, the original prime
factorizations must have been the same. But a/p; < a, so this contradicts our assumption
that a was the smallest prime with multiple factorizations. In the second case, the two prime
factorizations do not have any prime in common. Take pi, the first prime in the first factor-
ization. p; divides a, so p divides the second factorization. By Euclid’s Lemma (proved in
class), p1 must divide some g;. But p; cannot divide any number except itself, so p; = g;.
This contradicts our assumption that the two factorization do not have any prime in common.

E . Like what are these objects in the
What exactly Examples of Groups:

?
is this? group’
Permutations: Perm(S) = ({f: S — S| f is a bijection}, o)
gok?kzli’s\/\ils\t,\rqe If S ={1,2,...,n}, we call Perm(S) S,, the symmetric group on n figures. We shall examine
set of a few of these groups.
possible
ways a So ={id,T}. T is a transposition, i.e. T(1) =2 and T'(2) = 1.
bijection
could exist . .
between S To represent an element of Sg, consider how it acts on the elements of S. For example,
and S. So the consider
id will always 1—3 2—6 3—5 4+—4 5—1 6 — 2.
be in this set )
for all n. We examine the cycles:

l1—3—5—1 26—~ 2 4 4.
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We represent

these maps as
cycles, we can
do so because

don’t get
ugh

Where H is
an arbitrary
subgroup?

No, | think it
could be any
group

Using cycle notation, we can represent this element as (1 3 5)(2 6)(4). Note that each number

occurs once, although we usually omit the cycles of 1 element. A caveat: this map is the
same as (5 1 3)(6 2)(4).

Thus the elements of S3 are 1 (the identity), (1 2),(1 3),(2 3),(1 2 3),(1 3 2).
The product of any of these cycles is equivalent to composition of functions. Note that

the second cycle is applied first. Consider (1 2 3)(1 2). Since the cycles have overlapping
elements, we can represent this as one cycle. To do so, we follow the elements:

1—2—3 212 3= 31
By examining the cycles again, we see that (1 2 3)(1 2) = (1 3).

Group Homomorphisms:

Definition: ¢ : G — H is a group homomorphism if and only if V a,b € G,¢(a - b) =
6(a) - 6(b).

Note that the - on the left represents the group operation of G, and the - on the right repre-
sents the group operation of H. Another way to see this is that a group homomorphism is
a map between groups that preserves the structure. A fancy way to write this is

Gx G2 HxH

multgl lmultH .

¢ is a group homomorphism if this diagram commutes.
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it just means
that if you have
a subgroup
you can create
an injective
map that goes
from the
subgroup to
the group.

it's the obvious
map, which
just sends an
element in the
subgroup to
the same
element in the

group

Should | really
unpack this stuff
if | understand
the result?

so these are just adjacency
matrices for a given bijection
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Properties of Group Homomorphisms:

Lemma: If ¢ is a homomorphism from G to H, then:

1. ¢(1g) = 1g.
2. g(a~1) = Bla) .
Proof:

1. o(1g) - o(1lg) = ¢(1g). H is group, so there exists an inverse of ¢(1¢). Call it ¢(1g)~*
Then ¢(1g) "1 (1) - ¢(1g) = ¢(1g) "L - #(1g) = ¢(1g). Thus ¢(1g) = 1g.

2. ¢a) - pla)™! = ¢(a-at) = ¢(lg) = 1. Similarly, ¢(a)~! - ¢(a) = 1y. Thus
¢la™t) = ¢(a)”".

Inclusion of a subgroup, e.g. i : Z — R (as additive groups), is a group homomorphism.

Consider C’6 = {1, m x2, 23, m 4 2%}, with the group law defined as ' - 27 = 2'*J mod 6.
Note that 23 2° = 22 and x~1 = 2°. We call C,, with n € Z~q the cyclic group on n elements.

Consider ¢ : C3 — Cg, i.e. {1,5,9°} — {1,z,2% 23 2% 2°}. We must have 1 = ¢(1) =
v = ¢(y)? for ¢ to be a group homomorphism. One option is
1—1 y > 2 y? zt.

Another is
1—1 y— xt Y- = .

Of course, another option is for ¢(a) =1V a € Cs.
Now consider 9 : Cg — C3. There are similar restrictions that yield three options. They are
1—1 Ty 22 5 P 231 zt sy 20 5 y?

or
1—1 x> y? 2y 31 zt g2 5=y

or the constant map. Note that, ignoring the constant map, v is surjective. Note also that

¢ o1 is neither injective nor surjective, though it is of course a group homomorphism.

Another example of a group homomorphism is the determinant det : GL,(R) — R*. (We
know det(AB) = det(A)det(B)).

Group Representations:

Recall the symmetric group Sy, the set of bijections o : {1,...,n} — {1,...,n}. Given
a group homomorphism p : S,, = GL,(R), we define p(o) to be the linear map such that
p(o)(exr) = eq(k), where ey, is the n x 1 column vector consisting of a one in the kth spot and
zeroes elsewhere. As a matrix, the ij entry of p(o) is one if o(j) = ¢ and zero otherwise.

As examples in S3, consider

M(p((123))) = M)(p((1 2))) =

O = O
= o O
S O =
O = O
o O =
= o O

(that’s provided in cycle

notation)
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(M is just the map from a linear map to its associated matrix).

Lemma: p is a group homomorphism.
Proof: We need to show that p(o) o p(7) = p(o o 7). It suffices to check this on the e, as
they form a basis:

p(a) o p(T)(ex) = p(0)(er(k)) = Co(r(k)) = €(oor)(k) = P(T © T)ek.

What is a linear group?

So here we
conclude that
the kernal of
S3 could only
be {1}, which
is where phi
maps 1->1
but nothing
else there. Or
it could be all
of S3 where
phi maps
everything to
1. But it can’t
be in
between.

What the
fuck is the

point of this?

Definition: A representation of a group is a homomorphism to a linear group (e.g. GL,(R)).

Example:

detop : S, — R* is the representation of S,. It is usually written as sign : S,, — {—1,1}.
For example sign((1 2 3)) =1 and sign((1 2)) = —1.

Image and Kernel:

If ¢ : G — H is a group homomorphism, there are two important subgroups to consider.
They are the image and kernel of ¢ and are defined as

im(¢) ={y € H | 3 = € G such that ¢(z) =y} < H

ker(p) ={z € G| ¢(z) =1} < G.

Any subgroup of H is the image of some map ¢ from some group G. If M < H, let the
inclusion mapping ¢ : M < H be our map. This is not true for the kernel. For example,
consider S3 with subgroup G = {1, (1 2)}. Are there a group H and a map ¢ : S3 — H such
that ker¢ = G?

Lemma: No.

Proof: We saw that (1 2 3)(1 2) = (1 3) but (1 2)(123) =(23) =(132)(12). Let
(12) =aand (1 23)=b. Then ab = b?a. By assumption ¢(a) = 1y because a € ker(¢),
so ¢(b) = ¢(b)p(b). This is only true if ¢(b) = 1y. Also, ¢((1 3)) = ¢(ba) = 1y and
?(2 3) = ¢p(ab) = 1. So ¢ must be the constant map to 1g. Thus is (1 2) € ker(¢), then
ker(¢) = Ss.

Given a group homomorphism ¢ : G — H, we consider the sequence
ker(¢) — G — im(¢).

This “breaks up” G into smaller parts which interact in some way. More on this later.

Definition: N < G is a normal subgroup if g-z-¢g ' € NVa € N andV g € G. Then
g-x-g!is known as the conjugate of = by g.

Lemma: Given a homomorphism ¢ : G — H, ker(¢) is a normal subgroup of G.
Proof: Suppose z € ker(¢) and g € G. Then ¢(gzg~!) = ¢(9)d(2)¢(g~") = ¢(9)¢(9) ' = L.

Definition: Conjugation by g is the map C, : G — G that sends x to grg~ L.
Note that this is a group homomorphism.

1

=z, 50 gr = xg and gxg lx ! = 1. (The

is known as the commutator of g and x).

Aside: What does Cy(x) = = mean? gxg~
term ga:g_lx_l
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So is an isomorphism a map that goes from G->H such that
Lecture 4 every element in G has an image in H and no two elements in
September 11 G share their image in H, and moreover if you apply this map to

two elements in G, the resulting image is the same regardless

. . of whether you apply the map before or after you apply the
Isomorphisms and Automorphisms: group operation to the two elements?

Definition: An isomorphism is a bijective group homomorphism.

Theorem: Given a group homomorphism ¢ : G — H, the following are equivalent and
show ¢ is an isomorphism:

1. ¢ is a bijection

2. 44y : H — G that is a group homomorphism and such that ¢ o ¢ = idg and ¢ o ¢p = idy.
Proof:

2 = 1: An inverse group homomorphism is also an inverse of a mpa of sets, so this shows
that ¢ is a bijection of sets.

1 = 2: If ¢ is a bijection, then it has an inverse map of sets ¢~ : H — G. We can show
that ¢! is a group homomorphism.

Given a,b € H, there exists z,y € G such that ¢(z) = a and ¢(y) = b. Then ¢(zy) = ab, so

¢~ (ab) = zy and ¢~} (a)p ™ (b) = zy.

If ¢ : G — H is an isomorphism, we write G = H. Also, if some isomorphism ¢ : G — H
exists, we write G = H and say G is isomorphic to H.

Definition: An automorphism is an isomorphism from a group to itself.

Aut(G), the set of all automorphisms on G, is a group and is often called the “group of
symmetries of G.”

Examples:

Consider C3 = {1,z,2%} with 2° = 1. Then Aut(C3) = {id,swap} = C3. (The swap
map is defined with 1+ 1, z +— 22, and 2?2 — 2).

Recall conjugation by g € G, the map C; : G — G that take  to gzg~'. This is an
automorphism, which can be easily proved by proving it is a homomorphism and proving it

has an inverse.

Now consider C': G — Aut(G) that sends g to Cj,.
Proposition: This is a group homomorphism.
Proof: Cy,(z) = (gh)z(gh)™! = ghah™tg™! = g(hah™Y)g~! = Cy(hah™) = (Cy 0 Cy)(x).

Warning/Note: If we were to use CN’g(x) = g 'zg = Cy-1(z), then C:G - Aut(G)
is not generally a homomorphism.

Also, ker(C) ={g | Ty 0 = Gisidt ={g | grg ' =a2VgeG={g|gr=agV e
G} = {g | g commutes will all elements of G} = Center(G).

Examples of the Center:

1. Center(C3) = C3. (This is true for all abelian groups). An elementis in the center if it commutes with every
9 Center(Sg) _ {1} element in the group (eg. the identity is always in

the center)
3. Center (GL2(R)) = {A[ | A € R*} < GLy(R).
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If H is abelian, then would there be no distinction
between right and left cosets?
Cosets: So you're picking a
specific g, not all g in G.
Definition: Given H < G, a left coset of H is a set of the form gH = {gh | h € H}
with g € G. A right coset is defined similarly.

Proposition: the left cosets of H < G partition G, i.e.

1. Given two left cosets g1 H and goH, either g1 H = goH or gy H N goH = ().

2. The union of all left cosets is all of G

Proof:

1. Given g1 H and goH, either giH NgoH = () or 3 & € g1 H N goH. Assume the latter is
true. Let x = g1h = gok for some h,k € H.

We first show g1 H C goH. Given g1f € g1 H with ¢ € H, we can use g1h = g2k, which implies
g1 = gakh™Y, to write g1£ = gokh™'0. kh~'¢ € H, as H is a subgroup. Thus g1£ € go H, which
implies g1H C goH. Using a similar argument for goa € goH, we can show goH C g1 H, so
g1H = goH if their intersection is non-empty.

2. g=g-1€gH,soany g € G is in some gH.

When is the set of left cosets a group?

Proposition: Given H < G, the following are equivalent:

1. H is a normal subgroup of G.

2. gH=HgV geq.

3. Every left coset is a right coset.

Proof:

1 = 2: Assume H <G. We need to show that gH C Hg. Given gh, we need to write it as
ag for some a € H. We can do this thus using an inverse: gh = ghg~'g = (ghg~')g € Hg.
2 = 1: If gH = Hg, then gh = kg for some k € H, so ghg™' =k € H.

2 = 3: Left cosets are sets of the form gH = Hyg.

3 = 2: The left and right cosets containing g are gH and H g, respectively. So Hg = gH.
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Quotients:

Given H < G, we want to form G/H, i.e. “setting H equal to 1,” such that G/H is a
group. As a set, G/H is the set of all cosets of H. How should multiplication on G/H be
defined, i.e. what should aH - bH be?

Proposition: The set aH - bH = {zy | x € aH,y € bH} is a coset of H. In fact, it is
abH. Then aH - bH = abH.

Proof: We first show that abH C aH -bH. Given h € H, abh € abH. abh = (a-1)(b- h) €
aHbH.

Now we show aH - bH C abH. Given h,k € H, we must show that ah - bk € abH. We shall
use an inverse: ahbk = abb~'hbk = ab(b~'hb)k. We recall that b~1hb is conjugation of h by
b~1. Since H is normal, b='hb € H. Thus ahbk = abx for some x € H, so ahbk € abH.
Alternate Proof: bH = Hb, as H is normal. aH -bH = aH - Hb = a(H - H)b = aHb =
a(Hb) = abH.

We now have a set G/H and a well-defined operation on this set.

Proposition: this is a group.

Proof: Associativity follows from associativity of G. (aH - bH)(cH) = (ab)cH = a(bc)H =
(aH)(bH - cH). The identity is H = 1H = hH for any h € H. The inverse of an a element
aH is a 'H.

Examples of Quotients:

nZ < Z: 7 is abelian, so any subgroup is normal. Z/nZ is the group of cosets of nZ.
The cosets are 0 + nZ,1 + nZ,...,(n — 1) + Z. We call this group the integers modulo n
with addition modulo n.

G={f:R—=>R| f(z) =ar+b, a € R, b € R} with composition. Two interesting
subgroups of this are the translations 7' = {f : R — R | f(z) =  +b,b € R} and the
dilations D = {f : R — R | f(z) = ax, a € R*}. Note that 7" and D are abelian. We shall

also define the maps 7 : R — T that takes b to the map f(z) =z + b and m : R 5 D that
takes a to the map f(z) = ax.

Also, we see that G is not abelian: with fi(z) = 2+ 1, and fa(x) = 2z, fi o fa(z) =22+ 1
but fo o fi(x) =2z + 2.

Now we consider if either of these subgroups is normal. If 7" is normal, then m,,, ot o
mg € T, and if D is normal, then 7_ o my, 0o 7, € D. Examining the first case, we see
my/q ©ty o ma(z) = (1/a)((ar) +b) =z +b/a € T, so T is normal. In the second case, we
see T_pomgoTp(z) =a(x+b) —b=ax+bla—1) ¢ D, so D is not normal.

Claim: G/T = R*.

Proof: The cosets are m;T ={f : R+— R | f(z) =axr+b, b € R} with a € G (as exercise).
Also, (ma, T)(ma,T) = may;ma, T = Mg a,T- So G/T = R* via ¢ : R* — G/T that maps a
to myT.

T S
We now consider: R — G — R*, with 7(b) = 7, and S({x — ax + b}) = a. 7 is injec-
tive, S is surjective, im(7) = ker(S), and S gives the isomorphism between G/T and R*.
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Quotients and Extensions:

First Isomorphism Theorem:
Suppose ¢ : G — G’ is a surjective group homomorphism. Then G’ = G/ ker(¢)
Proof: Delayed.

Note that if we have a short exact sequence: H < ¢ L K with im(i) = ker(m), then
K = G/im(i) by this theorem.

Theorem (Universal Property of the Quotient):

Given H <G, suppose there is a homomorphism ¢ : G — G’ such that H < ker ¢. Then there
exists a unique homomorphism ¢ : G/H — G’ such that ¢ om = ¢, i.e. that the following
diagram commutes:

a—°% ¢

| A4

G/H

Proof: What must ¢(gH) be? If must be ¢(g), as ¢ om(g) = ¢(g). Since this must hold for
arbitrary ¢ € G, we have proved the uniqueness of ¢.

Now we must prove the existence of ¢. First we check that ¢(gH) is well-defined. We know
hH = H if h € H, so we pick two elements hi,ho € H and ensure that ¢ maps hjH
and hoH to the same element in G’. This is equivalent to checking that ¢(gh1) = ¢(gh2).
bgh1) = 6(9)6(hn) = 6(g) because hy € H < ker(¢). Similarly d(ghs) = ¢(g)6(hs) = 6(9),
so ¢(gx) with x € H is well-defined.

Next we check that this is a group homomorphism: ¢(g1goH) = ¢(g9192) = ¢(g91)d(g2) =

¢(g1H)p(g2H)

Aside:

Definition: An abstract quotient Q,n for G and H with H < G is a group ) and a map
m: G — @ such that H < ker(7) such that the Universal Property of the Quotient is satisfied
(with @, 7 is place.)

Theorem: Any abstract quotient is isomorphic to G/H
Proof: Exercise.

Proof of First Isomorphism Theorem: Given H < G and ¢ : G — G’ such that
H = ker(¢). By the Universal Property of the Quotient, there exists a unique homomor-
phism ¢ : G/ ker(¢) — G’ such that ¢ o 7(g) = ¢(g - ker(¢)) = ¢(g) ¥ g € G.

We claim that this map is bijective, which implies it is an isomorphism. We first show that
¢ is surjective. We know that ¢ is surjective, so given # € G’, 3 g such that ¢(g) = x. Then
¢(gH) = z for any x € G’, so ¢ is surjective. Next we show that ¢ is injective. We know
that ¢(gH) = ¢(g9) = 1 < g € ker(¢) < gker(¢) = ker(¢). So the only element of G/ ker(¢)

which is mapped by ¢ to 1 is the coset ker(¢). Thus ¢ is injective.

Definition: A group extension of the groups H and K is a group G and two maps i, 7

12



such that H < G % K is a short exact sequence (with im(i) = ker(w)), i.e. with G/H = K.

Examples of Extensions:

Definition: The direct product of the groups H and K is the set H x K = {(h,k) |
h € H,k € K} with multiplication defined as (hi, k1)(he, k2) = (h1ho, ki1ke). This a group
with unit (1g1x). Note also that H x {1x} and {1y} x K commute, as (h,1) - (1,k) =
(h,k) = (1,k) - (h,1).

Proposition: Suppose H, K < G with HK = G and hk = kh V h € H, k € K. Then
G=HXxK.

Proof: We can show that ¢ : H x K — G is an isomorphism. First we show that it is a
homomorphism:

&((h1, k1)(he, k2)) = ¢(h1ha, kika) (definition of multiplication in H x K)
= hihokiko (definition of ¢)
= hikohoko (elements of H and K commute with each other)
= ¢(h1, k1)d(he, k2). (definition of ¢)

Next we show that ¢ is surjective. We know that HK = G, which means that any element

g € G can be expressed as g = hk. This means that V g € G,3 (h,k) € H x K such that

o¢(h,k) = hk. Thus ¢ is surjective. To show that ¢ is injective, consider ker(¢). The only

element of H x K that will map to the identity in G is (1g, 1)), which is the identity in

H x K. Thus ¢ has a trivial kernel and is injective. Thus ¢ is a bijective homomorphism,
S0 it is an isomorphism, and G = H x K.

Example: Cy x C3 = Cg, or more generally, C,, x C,, =2 C),, if m and n are relatively
prime.

Proof: {1,z} x {1,y,3%} = {1, 2,22, 23, 2%, 25} via ¢ defined with z > 23, y > 22, y? s 2%,
xy = 2° =271 and xy? — 2.

In general, we can form ¢ : Z/mnZ — Z/mZ x Z/nZ. (Note that Cy = (Z/kZ,+) with 0 as
the unit). ¢ maps 1 to (1,1). 4(Neither of these is the unit). Because m and n are relatively
prime, the lowest k such that (kK mod m,k mod n) = (0,0) is k = mn. So the map ¢ has a
trivial kernel, which means it is injective. Also, |Z/mnZ| = mn and |Z/mZ x Z./nZ| = mn,
So ¢ is surjective.

Remark: Cy 2 Cy x Cy

Order and Index:

Definition: Given a group G, the order of G (|G|) is the number of elements in the group.

Definition: Given an element = of a group G, the order of x (|z|) is the smallest k € Z
such that 2% = 1. If no k exists, then x has infinite order.

Definition: Given a group G and a subgroup H, the index of H in G ([G : H]) is the
number of left cosets of H in G.

Lagrange’s Theorem: If G is a finite group and H < G, then |H| | |G|.
Proof: The left cosets of H partition G, and all are of size |H|, so |G| = |H| - |G : H]

13



Corollary: The order of an element divides the order of the group if the group is finite.
Proof: Let x € {1,z,22,..., 2" 1} < G. |z| = k = |H|, so |z| | |G|.

Application (Fermat’s Little Theorem):

a? = a mod p for a € Z, p prime.

Proof: The group (Z/pZ)* with multiplication modulo p has order p — 1. So if a #
0mod p, a?~! = 1 mod p because a* = 1 mod p for some k such that k | (p — 1). So
(a*)™ = P~ = 1mod p. So if a = 0mod p, the a? = amod p and if & #Z 0 mod p,
a’'=1modp = a” = a mod p.

14



Lecture 7
September 18

More on Order and Index:

Lemma: (Even if |G|,|H| are infinite), there are n left cosets in G if and only if there
are n right cosets of H in G.

Proof: We know z € gH < g la ¢ H < (g o) ' =27 g€ H < 7' € Hg™!. Suppose
g1 H,...g,H is a list of all the different left cosets. These partition G. Thus Hgl_l, . Hgt
partition the set of inverses, which is G.

Theorem: Z/mnZ = 7,/mZ x Z,/nZ if m and n are relatively prime.
Proof: We can form the isomorphism ¢ : Z/mnZ — Z/mZ x Z/nZ defined with a
(a reduced mod m, a reduced mod n)

Rule: Given a cyclic group Z/kZ, a group homomorphism from Z/kZ to G is just a choice
of an element = € G such that ¥ = 1 (or k-2 = 0 if the group is additive). If we examine
the previous map defined with 1+ (1,1), we see that this is a homomorphism.

Claim: This is an isomorphism.

Proof: Suppose (¢,¢) = (0,0) € Z/mZ x Z/nZ. Then m | £ and n | £. Since m and n
are relatively prime, 3 a,b € Z such that am + bn = 1. Let £ = e¢m. Then n | em, so
acm +ben =¢ = al +ben = c. Son | acm +bn, ie. n|c. So ¢ =cm = dmn and mn | /.
So the least multiple of (1,1) that maps to (0,0). is (mn,mn) = (0,0). Thus the kernel is
trivial, so this is a bijection and thus an isomorphism.

Corollary: If ny,...n, are relatively prime, then Z/ny - -nxZ = Z/mZ X --- X Z./niZ
via a — (a mod ni,...,a mod ng)

Chinese Remainder Theorem: Suppose we want z € 7 such that x = a mod nq,x =
ar, mod ng. Then 3 x which is unique modulo nq - - - ng.
Proof: Exercise.

More on Group Extensions:

We shall discuss three types:

1. Direct Products: (G = H x K with H <5 G % K a short exact sequence). We've
discussed these already.

2. Split Extensions (Semidirect Products)

3. Non-Split Extensions (These are tricky).

Definition: Given H < G > K (ie. K = G/H), this is a split extension if there ex-
ists a group homomorphism (a “section”) o : K — G such that 7 oo = idf, i.e. there exists
a copy of the quotient G/H = K in G which is given as im(c). If there is no such o, this
is a non-split extension. (We informally say that an extension is non-split if “we can’t see
G/H in G.” More on this later.)

Split Extensions:

Example: G = {f : R — R | f(z) = az + b,a # 0}. Consider the sequence R <> G 5 R
with 7 defined with b — f(z) = = + b and 7 defined with f(z) = ax + b — a. The section
o : R* — G is defined with a — f(x) = ax. If we consider the translations 7" and the
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dilations D that we have previously discussed, we see that 7' = im(7) = R in G is normal
and D = im(o) 2 R* in G is not normal.

Non-Split Extensions:

Example: Consider Z /27 <4 Z /A7, with i defined with 1 — 2. We choose the subgroup
{0,2} < {0,1,2,3} < Z/4Z. Then the quotient is (Z/4Z)/im(i) = {{0,2},{1,3}}, These ele-
ments are the cosets im(i) and 1+im(¢). Here {0, 2} is the identity and {1, 3}+{1, 3} = {0, 2},
so (Z/AZ)/im(i) = Cs.

If we now consider the sequence 7 < 7 /47 5 (Z,/47.) /im(3), does there exist a section o
such that m o o = id? We know that ¢ must be a homomorphism, so o({0,2}) = 0. Thus
0({1,3}) canbe 1 or 3. 1+ 1 =2mod 4 and 3+ 3 = 2 mod 4, so for whatever element we
choose, o({1,3}) + 0({1,3}) = 2. But o({1,3}) + 0({1,3}) = 0({0,2}) = 0 because o is a
group homomorphism. This is a contradiction, so no such ¢ exists. Thus this extension is
non-split.

Quaternions:
Definition: The quaternions are a group defined as Q = {%1, i, £j, £k} and with multi-
plication defined with i? = j2 = k® = ijk = —1,ij =k, ji = —k, jk =i, kj = —i, ki = j, and

ik = —j. Note that 1 is the identity and —1 commutes with everything.

To see why this is a group, we represent Q < GLy(R) with

e B P B R e N L
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Lecture 8
September 20

More on the Quaternions:

The set of elements in @ that commute is Center(Q) = {1, —1}<@Q. The quotient of @ by this
subgroup is Q/{1, -1} = {{£1}, {£i}, {£j}, {£k}}, which we can represent as {1,z,y,z}
with 22 = 32 = 22 = 1 and oy = yz = 2. Thus Q/{1, 1} is isomorphic to Ky, the Klein
Four Group (which is also isomorphic to Cy x C3).

We now consider the sequence {1,—1} < Q NN @/{1,—1}. This is a short exact sequence,
as im(i) = {1, —1} = ker(7). We wish to know if this forms a split extension, that is, if there
is a homomorphism o : Q/{1,—1} — @ such that 7 o 0 = idg.

We know that o(1) = 1, as o is a homomorphism. We have two choices for o(x), namely i or
—i, because 7({*i}) = z. For either of these choices, we know that o(z)? = —1, but we also
know that ()% = o(22) = o(1) = 1 because ¢ is a homomorphism. This is a contradiction,
so there is no such o. '

Thus the extension, which can also be written as Z/27Z < Q Sz /27, x Z,/27Z, is non-split

Aside: This is called a central extension, i.e. an extension 4 < G —» K with A C Center(Q)
(i.e. A is abelian).

Lemma: If a central extension G of A, K is split, then G =2 A x K.
Proof: Exercise.

More on Split Extensions:

We consider the sequence H <+ G —» K with im(z) = ker(m), i.e. a short exact sequence. By
the First Isomorphism Theorem, G/H = K. If it is split, there exists 0 : K — G such that
com =1idg.

Claim: If im (i) and im(o) are two subgroups of G, then im(i) <G and

1. im(7) Nim(o) = {1}

2. im(7) - im(o) = G.

Proof:

1. comoi(z) =0(1l) =1 € K because im(i) = ker(7) and o is a group homomorphism. So
if x € im(7) Nim(o), then k = 1.

2. Let g € G. Then n(g) € K, comn(g) € im(o) < G, and moo om(g) = w(g). We
now consider (o o 7(g)) - g~ ! We know mooom(g) - n(g7t) = w(g)-n(g7!) = n(1) = 1.
Thus (0 o 7(g)) - g~ € ker(n) = im(i). So 0 o 7w(g)) - g~! = h for some h € im(i). Then
h=Yo o7n(g)) = g. We know h~! € im(i) and o o 7(g) € im(c). So we have expressed an
arbitrary element in G as a product of elements in im(7) and im(o). Thus im(7) -im(c) = G.

Now we suppose (after some renaming), that H, K < G with H <G, HN K = {1}, and
HK =G.

Corollary: G is in bijection with pairs (h, k) via (h, k) — hk.

Proof: Suppose h1k; = hoko. Then h;lhl = k:gkfl. Both of these must equal 1, as they are
in H N K. Thus the map defined above is an injective map between maps of the same size,
so it is bijective.

(Note that the above conditions are close to those for a direct product, except we need
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the elements of H and K to commute with each other, which is not necessarily the case
here).

What is the group law? Cleverly using some inverses, we can write hkh'k’ = h(kh'k~1)kE'.
Since H is normal, h(kh'k~!) € H and we know kk’ € K. To record this, we define a map
¢ : K — Aut(H) with k — ¢p(x) = kxk™'. We have previously shown that ¢ is a group
homomorphism. Using this, we can write hkh'k’ = hoy(h')kK .

Definition: A semidirect product of H and K mediated by ¢ : K — Aut(H) is a group
which is H x K (as a set) with group law (h, k) - (', k") = (hor(h'), kk"). We write this as

H x K.
¢

Theorem:
1. Given any H,K,¢ : K — Aut(H), H x K is a group and H < (H x K)
¢ ¢

2. Any split extension is a semidirect product.

3. Any sequence H <5 H x K —» K (with ¢; defined with h — (h,0)) is a split short exact
¢
sequence with section iy : K — H x K defined with k — (0, k).

]
Proof:

1. Exercise: Check that it is a group and the maps i1, 7, i3 are homomorphisms.
2. Done.

Examples:

Consider G = {f: R = R | f(z) = ax + b,a € R*,b € R}. We shall denote f(z) =az +b

as fqp. We then consider the split short exact sequence R < G 5 R with 7(b) = fop and

7(fap) = a and with section o : R* — G defined as o(a) = fq0. Then G = R* x R for some
@

¢ : R* — Aut(R). To determine ¢, we consider the conjugation fa0 0 fob© f1/a,0 = fo,6.(5)-
This yields a((1/a)x +b) = x4+ ab. Thus ¢4(a) = ab, so ¢ takes an element to multiplication
of that element and G =2 R* x R

mult
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Lecture 9
September 23

More on Semidirect Products:

We recall that we should think “@,(he) = kihok;'.” TIndeed: (1,k;)(hg,1)(1,k71) =

(dry (h2), k1) (1, kTY) = (dry (ho)dr, (1), k1ky ') = (¢r, (h2),1). Note that if ¢ sends k to
idg Vke K, then Hx K 2 H x K.
¢

Check: H x K is a group.
@

1. Identity: (1,1)

2. Inverses: (h,k)™' = (x,k7!) where ¢p(z) = h™'. It turns out = = (¢)"'(h7!) =

Pr-1 ().

More intuitively, we can view (h,k) as “h - k", so it would be natural to try (h,k)~! =

(1, k1) (h=1,1). Indeed (h,1)(k,1)(1,k~ 1) (R~ 1) = (1,1). So (h, k)~ = (1,k~H(h1,1) =

(fs (1), k).

3, Associativity: ((hl, k‘l)(hz,k‘z))(hg, ]{3) = (hlgbkl(hQ),k‘lkiz)(hg, kg) = (hlﬁbkl (h2)¢k1]€2(hg),k‘1k2kﬁ3) =
(h10k, (h2) Dk, (Pky (h3)), kikoks) = (Ra¢k, (hagk, (h3)), kikaks) = (h1, k1)(hadr, (h3), kaks) =

(h1, k1)((h2, k2)(hs, k3)).

Example:

The symmetries of the n-gon in the plane is also known as D,,, the dihedral group of order
2n. This group can be generated from a rotation counterclockwise by 27 /n, p and a reflection
about a line f.

If we consider the triangle: D3 = {1,p,p?, f,pf,p>f}. The defining characteristic of the
group law is that fp = p?f = p~1f. The two subgroups are the rotations {1, p, p>} and the
reflections {1, f}. The rotations form a normal subgroup, as fpf~! = p~! (Exercise). Note
that D = {17p>p2} ) {17 f}

We can also write D,, = (Z/nZ.) Zj {=1,1} with ¢ : {—1,1} — Aut(Z/nZ) defined as 1 — id

and —1+— ¢_y such that fp?f~! = p®=1(@)_ Since fpof~t = fof='- fof ' fof L =pC,

(a times)
-1+ f(a) = —a.

We now consider the Bij(R?, R?), the set of all bijections from R? to itself. We examine sub-
groups of translations and rotations (defined as T' = {t, | a,b € R} = RxR with ¢, 4(z,y) =
(x+a,y+0b) and R = {pg | 6 € [0,27]} = R/27Z with py = (zcosf — ysinf,zsinfd +
ycos ). Note that this form for py comes from converting from the form in polar coordinates
(po(r,7p) = (r, + 0)) into Cartesian coordinates : pg(x,y) = (rcos(yp + 6),rsin(yp + 6)) =
(rcostpcosf —rsinsin, rcospsinf + rsini cosd) = (rcosf — ysinf, zsin @ + ycos ).

Claim: TR is a subgroup of Bij(R?, R?).

Proof: It suffices to show that RT € TR, as then TRTR C TTRR C TR, so TR is closed
under multiplication. We consider an element pgtq . Then potqp(z,y) = ((x 4+ a)cosd — (y+
b)sinf, (z+ a)sinf + (y+ b)cosf) = (xcosf — ysinh + acosf — bsinf, xsinfh + ycosb +
asinf +bcost) =t, (qp)(vcostd —ysind, zsind +ycosd) =1, ,ps € TR.

We conclude that T'R is a group and is isomorphic to (RxR) x(R/27Z) with ¢ : (R/277Z) —
¢
Aut(R x R) defined by 6 — ¢(0)(a,b) = (acosf — bsinf,asinf + bcosh).
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Claim (for later): TR is Isom™ (RR?), the orientation-preserving isometries of R?.

Now we consider F' = {id, reflect about z axis} = {1, —1}.

Claim: TRF is a subgroup of Bij(R?, R?).

Proof: It suffices to show that F'T'R = TRF, as then TRFTRF C TT(RF)(RF) C TRF,
so TRF is closed under multiplication. We can show that F(T'R) = (T'R)F by showing

fotapops=te_pop_gof. (Exercise.)

We conclude that TRF = ((R x R) x (R/277Z)) x Z/2Z with ¢ defined in the same
@ Y

way as before and ¢ : Z/27Z — Aut((R x R) x (R/27Z)) defined with 1 +— id and

-1~ ¥1((a,b),0) = ((a,—b),—0).

X
¢
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Lecture 10
September 25

Rings:

Definition: A commutative ring is a set R with two operations +, - and two distinguished
elements 0,1 (0 # 1) such that

1. (R,+) is a commutative group with identity 0.

2. (R,-) is a commutative monoid with identity 1.

3. Vae R my:R— R defined with a — az is a group homomorphism of (R, +).

These properties of a ring can also be written in the following way:
Identity under +:04+a=a+0=a

Associativity under +: (a +b) +c=a+ (b+¢)

Commutativity under +:a+b=0b+a

Invertibility under + : V a,3(—a) such that a + (—a) = (—a) +a =0
Identity under - : 1-a=a-1=a

Associativity under - : (a-b)-c=a-(b-c)

Commutativity under - :a-b=1b-a

Distributivity of - over +:a-(b+c¢)=a-b+a-c.

Examples of Rings:
Z., 7./nZ with +,- mod n, Z|z| : polynomials in = with integer coefficients, R|x|, Z[z, y].

Fields:

Definition: A field is a set with distinguished elements 0,1 and operations +, - such that
1. (F,+) is a commutative group with identity 0.

2. (F —{0},-) is a commutative group with identity 1.

3. Va€F ,m,:F — F defined with a — az is a group homomorphism of (F,+).

Fields have the same properties of rings listed above, but also obey the following:
Invertibility under -: Va € F,a #0,3a ! such thata ™' -a =a-a ! = 1.

Examples of Fields:
Q: the rational numbers, R: the real numbers, C: the complex numbers, R(x): the rational
functions of the form polynomial / polynomial, Q[v2] = {a + bv2 | a,b € Q} C R C C.

We shall check this last example:
Closure under - : (a + bv/2)(c + dv/2) = (ac + 2bd) + (ad + be)/2
Closure under Inversion: (a+bv/2)~! = (a—bv/2)/(a®?—2b%) = (a/(a®—2b%))—(b/(a®—2b%))v/2

We shall also check the complex numbers, which can also be expressed as C = R[i] =
{a+bi|la,beR}:

Closure under - : (a + bi)(c + di) = (ab — cd) + i(ad + bc)

Closure under Inversion: (a + bi)~! = (a — bi)/(a® + b*) = (a/(a® + b?)) — (b/(a® — 2b%))i

In addition, Z/pZ is a field with p prime because:

1. Z/pZ is a group under +.
2. (Z/pZ)* is a group under -.
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3. mg : Z/pZ — 7./pZ is a homomorphism, as we saw earlier that Aut(Z/pZ,+) = (Z/pZ)*

Examples and Non-Examples:

7/27 = {0,1} is a field with multiplication and addition modulo 2.

Z,/A7. is not a field because 2 has no multiplicative inverse. Even worse, 2 -2 = 0 mod 4, so
2 is a zero divisor.

For a four-element field, consider Fy = Z /27 x 7./27. as an additive group. Its elements
are {0,0},{1,0},{0,1},{1,1}. {0,0} is the additive identity and {1,1} is the multiplicative
identity. Fy — {0} = {1,0},{0,1},{1,1} = {1, 2,2%} must be the cyclic group C3. We also
check the distributive law. We see that Aut(Fy) = Ss, so the three maps mq, my, m 2 each
fix (0,0) and permute the other elements.

Vector Spaces over F':

Definition: A vector space over F' is an abelian group V with operation 4+ and identity
1 and a map (scalar multiplication) : F' x V' — V, defined with (a,v) — mg(v), such that
1. ma(v + w) = mg(v) + mg(w)

2. mgp(v) = mg o my(v).

Equivalently, we can define it as a group and a homomorphism : F' — Aut(V') defined with
a— mg.

Definition: Given W C V| W is a subspace if it is a subgroup such that mg|w : W —
WVYackF.

Definition: If V, W are two vector spaces over F, A is a linear map if A : V' — W is a homo-
morphism of (V,+) to (W, +), i.e., A(v +w) = A(v) + A(w) and such that mgo0 A= Aom,
and aA(v) = A(av). Another way to fulfill the last two conditions is that this diagram
commutes:

VA w

mal me -

Vi—//">W
An isomorphic map of vector spaces is a linear map with an inverse linear map.
Quotients:
Let V and W be vector spaces over F' with W C V. Then V/W is a vector space over
F. We wish to show that its quotient V/W is a group. We choose 7 : V. — V/W as a
quotient map (also a group homomorphism). We know that W C ker(m o m,). Thus by the

Universal Property of the Quotient, 3! m!Y : V/W — V/W such that m!V o7 = 7 om,. In
other words, the following diagram commutes:

V—" sy

ﬂl lﬁ
VIW S VIW

We also need to check that m’% = m! om}V works as well.
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Proof: The diagram commutes:

mp

v—"e sy 1%
I 5
V/W Fp V/W Ep V/W

Example of a Vector Space:

F*" = Fx..--x F. This is a direct product of additive groups. Scalar multiplication is
n times

defined with a(x1, z2,...) = (azx1, axs,...)

Three Definitions:

A spanning set is a surjection ¢ : F"™* — V.

A linearly independent set is an injection ¢ : F™ — V.
A basis is an isomorphism ¢ : F™ — V.
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More on Vector Spaces (Bases, Subspaces Dimensions):

Remarks on Vector Spaces:

Claim: Given G, H two abelian groups, Hom(G, H) = {¢ : G — H | ¢ is a group homomorphism}
is an abelian group under part-wise additions.

Proof: Let ¢,1 : G — H. Then (¢ + ¥)(9) = ¢(g9) + ¥(9) € H and (¢ + ¢¥)(g1 + ¢g2) =
o(91) +¢(g1) + d(92) +¢(g2) = (¢ +¥)(g1) + (¢ + ¢)(g2). Thus ¢ + ¢ is a homomorphism.

Furthermore: Hom(G, G) with G abelian is a non-commutative ring with addition as above
and multiplication being composition of homomorphisms (which is non-commutative).

A map from F to Hom(V') is a ring homomorphism, i.e. with m, being a group homomor-
phism, mqp = mg + my and mepp = Mg + My,

A list of elements v = (vy,...,vy) corresponds to a map ¢, : F* — V defined with e; — v;.
(Here e; corresponds to a n-element list of zeroes with a one in the ith spot. It is often
represented by a column vector.)

Thus:

v is a linearly independent set if ¢, is an injection, i.e. > a;v; with a; € F has no repeats in
.

v is a spanning set if ¢, is a surjection, i.e. > a;v; with a; € F' contains every element of v.
v is a basis if ¢, is an isomorphism, i.e. ) a;v; with a; € F contains every element of v
exactly once.

Proposition: The following are equivalent:

1. (v1,...,v,) forms a basis.

2. (v1,...,v,) spans V and no proper subcollection spans.

3. (v1,...,v,) is a linearly independent set and V v € V| (v,v1,...,v,) is not a linearly
independent set.

Proof:

1 = 2and 1 = 3 by definition.

2 = 1: Suppose (v1,...,v,) is not linearly independent, i.e. > a;v; = 0 with not all

a; = 0. Without loss of generality, let a; # 0. Then v1 = (3.1 a;v;)/a1. Then (ve,...vy)
spans V', which is a contradiction of our assumption that no proper subcollection spans V.
Thus (v1,...,v,) must be linearly independent and thus forms a basis.

3 = 1: We can show that (vi,...,v,) spans, i.e. given any v € V, we can express v as a
linear combination of the v;. (v,v1,...,v,) is not linearly independent, so av + Y a;v; = 0
with not all a; = 0. If a = 0, then (vy,...,v,) is not linearly independent, which is a contra-
diction. Thus a # 0 and v = (= > a;v;)/a. Thus (v1,...,v,) spans V and is thus a basis.

Corollary: If V is finitely generated as a vector space (i.e. the same finite collection
spans), then it has a basis.

Proof: We take a spanning set and find the minimal spanning subset by induction. By 2,
this is a basis.

Corollary: Any finitely generated vector space is isomorphic to F™.
Proof: Exercise.
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Dimension:

Theorem: Given a spanning set (v1,...,v,) and a linearly independent set (wy, ..., wy,,) in
V,thenn >m

Proof: By induction on m. The base case of m = 0 is trivial. In the inductive step, we
assume that this holds for smaller m. We write wy as a sum of a;v;. At least one of the q;
is not 0. Without loss of generality, let a; # 0. Then we can write v1 in terms of the the
remaining v;, i.e. v = (w1 — Y ;"5 a;v;)/a). So (w,va,...,vy) is a spanning set.

We now consider V/{w;) and the surjective map 7 : V — V/{(w;). We call (w;) = {aw | a €
F} C V “the subspace generated by w;.”

Claim:

1. (v2,...,0y,) spans V/(w).

2. (wa,...,Wy,) is linearly independent.
Here 7 = 7(v).

Proof:

1. Given 7(v) € V/(wy) (7 is surjective, so this a general element), we want to express 7(v)
as a linear combination of the ;. We know from constructing our previous spanning set that
v=awi + Y i~y a;v;. Thus m(v) =Y 5 a;v; and (Va, ..., Ty) spans V/(w).

2. Suppose not. Then Y /", aim(w;) =0 = 7(X ", amw;) =0 = Y71, aw; € (w) =
Z?; a;w; = awi. Thus we have expressed w; in terms of the other w;, which contradicts our
earlier definition of (w1, ..., wy,) as a linearly independent set. Thus (ws, ..., W,,) is linearly

independent.

Corollary: All bases of a finitely generated vector space V have the same size. (This
is known as the dimension of V).
Proof: Each basis spans and is linearly independent, so m < n and n < m, so m = n.

Corollary: If W C V, then dim(W) < dim(V), with equality if and only if W = V
(assuming V' is finite dimensional).

Proof: We can extend a basis of W, which is a linearly independent set in V' to a basis of
V by adding elements that are not spanned.

Corollary: F" =2 F" < m=n

Theorem: If W C V| then dim(W) + dim(V/W) = dim(V).

Sketch of Proof:

Claim: Given (wi,...,wy,) as a basis for W and (u1,...,u,) such that (7(u1),...,7(uy))
is a basis for V/W. Then (wi,...,Wn,u1,...,u,) is a basis for V.

Suppose T' : V. — W is a linear map transformation. The kernel and the image of this
transformation are subspaces of V and W, respectively.

Corollary (Rank-Nullity Theorem): dim(ker(7")) + dim(im(7")) = dim(V).

Proof: We can express T" as a surjective map from V to im(7"). The First Isomorphism The-
orem then tells us that V/ker(T) = im(T). Let T : V/ker(T) — im(T') be the isomorphism.
Then dim(ker(T")) 4+ dim(im (7)) = dim(V') by the previous theorem. The following diagram
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will also commute:

V/ker(T)

Remark: In fact, T is linear and is an isomorphism of vector spaces. We know that T'(7(v)) =
T(v) by definition. Then T(arn(v)) = T(w(av)) = T(av) = aT(v) = aT(7(v)). T is bijec-
tive because it is an isomorphism of abelian groups. We can see that 7! is also linear:
T_l(w) =v = T(w) = aw = T_l(aw) =av = aT_l(v).
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Lecture 12
September 30

Matrix of a Linear Transformation:

We consider the map T : V' — W, which we say is F-linear, where V, W are finite-dimensional
vector spaces over F' with dimensions n and m. We can choose bases for V and W by us-
ing the following isomorphisms: ¢ : F" =5 V with ei — ¢(e;) = vy forl < i < n and
Y F™ — W with ¢; — ¥(e;) = w; for 1 < i < m. Note that {v; | 1 < i < n} and
{w; | 1 < i < m} are bases of V and W, respectively. We can also express this with a
diagram:

Fr A

b

v L ow

We define the map A : F* — F™ as A = ¢! 0 T o ¢ because the diagram must commute.
Equivalently, given A, we can define T:V — W as T =1 o Ao ¢!

Thus if we are given a linear map A : F™ — F™ it is completely determined by its values on
the basis, i.e. {A(ex) | 1 <k < n}. This makes sense, because any v € V' can be expressed
as v =), cpep and A(v) =), cpA(er), because A is linear.

We can also express each the value A takes on each basis vector in the basis of F™, i.e.
Aler) = >_; Ajrej, where {e; [ 1 < j < m} is the basis for F™. In matrix form this looks
like:

0
Ay, : Ay
: 1 =1
0
mxn LY ] mx1
S~~~
nx1

Note that the 1 in the second matrix is in the kth spot, as the matrix represents the basis
vector e, € V.

Now we consider the composition of two linear transformations. We choose B : F™ — F*,
so BoA:F" — F'. If we let {ex | 1 < j < m}, {e; |1 <j<m}and {e; | 1 <j <m}
be bases of F™, F™, and F*, respectively, we can see how this composition acts on a basis
vector of V' : BA(ey) = B(Zj Ajrei) =3, Zj Bi;Ajje;. If we examine this in matrix form:

0
Atg : (BA) 1)
By --- By, |- : 1l = : 7
Ak : (BA)
~ ~—
Ixm mxn _O_ Ix1
-~
nx1

we find that (BA);;, = Zj Bi;;Ajj.. Thus, once we have fixed a basis, we can view composition
of linear functions as analogous to matrix multiplication.
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Change of Basis:

Consider the diagram:

Fm Fm
1 1
C=¢; 0 v —L,w D=5 oy
2 P2
o :B*w710T0¢2: o

The linear maps C' : F™* — F™ and D : F"* — F"™ are called the change of basis maps. Their
definitions in terms of the isomorphisms come from the requiring that the above diagram
commutes. This requirement also gives us another expression for B, namely B = DoAoC ™.

Now we examine the case where V' = W. The diagram becomes

A=¢7' oTo¢;

Ik I

o1 1

1R
1R

C=¢y" o1

v——L,v
TN
o  B=¢;'0Togs a

C=¢;' 0

n

Requiring that this diagrams commutes yields B = C o Ao C~!. Thus we see that changing
the basis conjugates the matrix representation of the linear map by the change of basis matrix.

Definition: An endomorphism is a homomorphism from an object to itself. If this ob-
ject is a vector space, then an endomorphism is a linear map.

Note that if an endomorphism is invertible, then it is an automorphism as well. Then set
of endomorphisms is denoted End(V) = Homp(V, V). The general linear group on V is
GL(V)={T € End(V) | T is invertible} aka the automorphisms. This could also be written
as GL(F"™) or GL,(F), although this notation technically refers to the matrices associated
with these maps.

A big topic is understanding linear transformations up to a change of basis, i.e. up to
conjugations by invertible linear transformations. We would like to have a broader under-
standing of linear transformations independent of a basis. This is equivalent to understanding
the conjugacy classes of GL(V') (or even End(V') under conjugation by elements of GL(V)).
More on this later.

Claim: Sets of the form {z € G |, x = hgh™! for some h € G} partition G.
Proof: Delayed.

Definition: An equivalence relation is a relation ~, (i.e. a subset of S x S, which we
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think of as being the set of (a,b) such that a ~ b is true) such that it obeys the following:
1. Reflexivity: Va € S, a ~ a.

2. Symmetry: Va,be S, a~b = b~a.

3. Transitivity: V a,b,c€ S, a~bb~c = a~c.

Proposition: Sets of the form S, = {x € S| a ~ x} partition S.
Proof: Exercise, or see section 2.7.

We now define a conjugation equivalence relation ~conj on G : & ~conj ¥ <> 3 h € G such that x =
hyh~ ' If ~conj Y We say x and y are conjugate.

Proof from before: Thus the sets of the form {x € G |, z = hgh~! for some h € G} are
the partitioning sets for the above equivalence relation. These must partition G by the above

proposition. These sets consist of all conjugate elements and are called the conjugacy classes
of G.

Examples of Conjugacy Classes:

1. If G is abelian, each conjugacy class is one element.

Remark: 1 € G is always alone, i.e. {1} is a conjugacy class. (This actually holds for
anything in Center(G)).

2. 53 ={1,(12),(13),(23),(123),(132)
The conjugacy classes are {1}, {(12),(13),(23)},{(123),(132)}. We can quickly see that
the third is true by considering the following diagram:

(1,2,3 2% 11 9 3

1—1 1—1
2»—>3T T3H2
32 23,
{1,2,3) “2% 123

which tells us that (12 3) = (2 3)71(1 3 2)(2 3) = (2 3)(1 3 2)(2 3).

Proposition: The conjugacy classes of S, correspond to ways to partition n into n =
ny + ng + - - - + ng without order of the n;.
Proof: Exercise.

We recall that we wish to find properties of linear transformations in End(V) that have
no reference to basis.

One of these is the concept invariant subspaces.
Definition: W C V is T-invariant if V. w € W, Tx € W.

Examples:

Proposition: ker(T), im(T), ker(T*) and im(T*) for any k € Z> are invariant.

Proof:

ker(T*) : By definition, v € ker(T*) if T*(v) = 0. Then Tv € ker(T*) because T*(Tv) =
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TT*(v) =T(0) = 0.

im(7T*) : By definition, v € im(T*) if 3 w such that T*(w) = v. Then Tw € im(T*)
because TF(T(w)) = TF ! (w) = T(T*(w)) = T(v).

Suppose Tv = Av for some A € F. ie. v is an eigenvector of T" with an eigenvalue of
A. Then (v) = {av | a € F'} is T-invariant.
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Lecture 13
October 4

Midterm Problems

3a. Find a nonabelian group of order 21.

We know that there must be an element of order 3 and an element of order 7, i.e. an element
in Z/37 and an element in Z/77Z. However these groups are abelian. One way to negate
this is to use a semidirect product Z/7Z Zj 7,/37Z. We define ¢ : Z./37Z — Aut(Z/7Z) with

1 + mg. Another solution is to consider the groups {1, z, 2%} and {1,y,...y%}, and to choose
{x%’ | a € Z/3Z, b € Z./TZ}, but there is a lot to check here to be consistent.

3b. Identify Aut(Z/8Z) with a familiar group

We can think of the automorphisms of permutations of the elements, i.e. there is a map
Z / 87, — Sg.

There is a generator 1 € Z/8Z. Thus if ¢ : Z/82 — 7/87Z is a homomorphism, ¢(1)
completely determines ¢. Thus we have 8 homomorphisms ¢ : Z/87 — 7./87. defined with
1+~ 0,1,2,3,4,5,6,7. We call these homomorphisms mg, my,...m7, (multiplication by 0,
multiplication by 1, etc.). Which of these are bijections? We examine the kernels. mg has
the entire set as its kernel. mgo has a kernel of {0,4}, etc. We see that multiplication by an
even number with have a nontrivial kernel. Thus only mi, ms, ms, and m; are bijective.
Now we examine the composition. ms o mg = mg = my1, msz o ms = mi5 = my, etc. Thus
we see that each element has order 2, as mj is the identity, and the composition of two
distinct non-identity elements yields the third non-identity element. Thus this is the Klein
Four Group.

Back to Linear Algebra: Eigenvalues and Eigenvectors

Let V be a finite dimensional vector space over a field F and let T": V — V be an F-
linear map, i.e. F' € End(V). Note that T is not necessarily invertible.

Definition: v # 0 is an eigenvector of T with eigenvalue A if Tv = \v.

Remark: If \ is an eigenvalue of T', then is is an eigenvalue of ATA™! i.e. an eigenvalue is
independent of a basis.

Claim: If vq,...,v; are eigenvectors with distinct eigenvalues Aq,..., . Then vy,..., v
are linearly independent.

Proof: We shall induct on k. The base case is trivial, as a single vector is linearly indepen-
dent. In our inductive step, we suppose that our claim is true for n < k, but false for n = k.
Then Zf a;v; = 0 with some a; # 0. Without loss of generality, we assume that a; # 0.
Then T(Zf a;v;) = Zf Aia;v; = 0. Then we multiply the first equation by A; and subtract it
from out second one. This yields Zf i G V; — Zf A1a;v; = Zfzg()\i — A1)a;v; = 0. Note that
Ai — A1 # 0. We now consider that actually at least two elements of {a; | 1 <14 < k} must be
nonzero, or else this reduces to the base case. Thus at least one element of {a; | 2 <1i < k}
must be nonzero. Thus the coefficients (A\; — A\1)a; cannot all be zero. This implies that

V9, ...,V is not linearly independent, even though the vectors have distinct eigenvalues.
This contradicts the inductive step, because we have assumed that this holds for n < k.
Thus it must hold for n = k, i.e. v,..., v is linearly independent.
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Definition: The spectrum of T" is Spec(T)= {\ € F' | A is an eigenvalue of T'}.

Corollary: |Spec(T')| < |dim(V)|.

Remark: Spec(T) can be empty, e.g. V=R2?, F=R, T = {(1) _01} . Here T is is a rotation

by /2, which has no eigenvectors and thus no eigenvalues.

Definition: A field F' is algebraically closed if, given any polynomial over F, i.e. p(z) =
ag + arw + - - + apz® with k > 1, aj, # 0, then there exists ¢ € F such that p(c) = 0.

Examples:

R is not algebraically closed, let p(x) = x? + 1. C is by the Fundamental Theorem of
Algebra, which we will not prove here.

What about Fj, = Z/pZ? It is not.
Proof: Consider the map ® : (Z/pZ)* — (Z/pZ)* given by a + a?. This a homomorphism,
as (ab)? = a?b?.

Subclaim: The only a € Z/pZ such that a® = 1 are £1.

Proof: Suppose p | a?—1. Thenp | (a+1)(a—1),s0p | a+1or p|a— 1. This corresponds
to a = £1. (Note that if p =2, 1 = —1).

Since | ker(®)|- [im(®)| = p—1 and | ker(®)| = 2 this means that the image of ® only contains
half the elements of (Z/pZ)*.

Corollary: There exist (p — 1)/2 values of ¢ € Z/pZ such that 22 — ¢ = 0 has no so-
lutions mod p.

Proposition: If p(z) = ag + a1z + --- + apz’® k > 1, a, # 0 is a polynomial of degree
of at least 1 over an algebraically closed field, then there exists ri,...,r; (possibly with
repeats) such that p(x) = d]_[f:i(x —13).

Proof: First we need to know how to divide with remainder: Given p(z), f(x), there exist
polynomials ¢(z), r(x) with deg(r(x)) < deg(f(x)) such that p(z) = q(x)- f(z)+r(z) (Proof
as Exercise).

Now suppose 71 is a root. Then divide by z—71 : p(z) = q(x)(x —r1)+c. Note ¢ = p(r1) = 0.
We then induct on the degree of p.
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Lecture 14
October 7

More on Eigenvalues

Proposition: Any endomorphism 7' € End(V) with V a finite-dimensional vector space
over F, where F' is algebraically closed (e.g. C), has an eigenvalue.

Proof: Let dim(V) = n. So if we take some v € V, v # 0, then v, Tv, T?,...T"v can’t be lin-
early independent, as it is a list of n+ 1 vectors. Then there exists a set {ag, a1, ..., a,} with
not all a; = 0 such that agv+a1Tv+---+a,T™v = 0. Note that ag can’t be the only nonzero
coefficient either, because v # 0. Now let k£ be the largest index such that ai # 0. We then
have agv+aiTv+- - -+apTFv = 0 with aj, # 0 k > 1. Consider p(z) = ag+arz+- - -+apz® =0,
a polynomial over F. F' is algebraically closed, so 3 {A1,... A} (not necessarily distinct)
and 3 ¢ € F,c # 0 such that p(z) = c¢(xr — A\)(x — A2)--- (z — Ax). Note that ¢ = ay.
Now let P(T) = aol + a1T + --- + a;xT* € End(V), a linear map from V to V. We
have P(T)v = 0,v # 0. We also have P(T) = (T — MI)(T — XoI)--- (T — A1), so
(T —MI)(T —XoI)--- (T = M\ I)v = 0. Thus 3 j € [1,k] such that 7" — A\;I has a non-
trivial kernel. We take w € ker(T' — A\;I). Then Tw — A\jw = 0, so Tw = A\jw.

Toward Jordan Normal Form

We’ll show (over an algebraically closed field F' and a finite-dimensional vector space V
over F) that any T € End(V) has a decomposition 7' = 748 4 77lP (diagonalizable and
nilpotent).

Definition: A linear map T is diagonalizable if it has a basis of eigenvectors, i.e. there
exists a basis such that in this basis the matrix for 7" is diagonal, with the eigenvalues along
the diagonal.

Definition: A linear map 7 is nilpotent if 3 k € Z> such that T* = 0.

Example:

A2 A3

b
o O O
o O W
SN
o O O
o o O
o OO
o O O
o O O
o o O

More on Invariant Subspaces

Recall that W C V is T-invariant if Tw e W V¥V w € W.

Examples:

-(v) (the subspace generated by v) with v being an eigenvector of 7T'.
-ker(T), and in fact ker(T*) for any k € Z>g

-im(7), and in fact im(7T*) for any k € Z>q

Note that V 2 im(7T) D im(7?) D --- D im(T*) D im(T**+1)

Claim: If n = dim(V) and k € Z>o, then im(7") = im(T"**) and T is invertible on
this im (7).
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Proof: Look at the smallest ¢ such that im(7*) = im(7*"!). (Such an ¢ exists because
im(7T%) 2 im(T*') can only happen for at most n values of £). Then T | (rey is invertible,
and we see that im(7) = im(T*+*) for all & > 0. So im(T4(V)) = jm(74mV)+k) -k > 0.
Also, consider 0 € ker(T) C ker(T?) C ---. This must stabilize (i.e., become a sequence
of equality and not subsumption) at ker(74™(V)) or sooner because dim(ker(74™(V))) 4
dim (im(79™(V))) = dim(V) by Rank-Nullity.

Example:
200 0 4000 8 000
0010 5 0001 5 0000

=10 001 =100 0 0 =100 0 0

0000 0000 0000

We can derive the following.

ker(T) = {(0,5,0,0)} and im(T') = {(a,b,c,0)}

ker(T?) = {(0,b,¢,0)} and im(T?) = {(a,,0,0)}

ker(T%) = {(0,b,¢,d)} and im(T?) = {(a,0,0,0)}.
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Lecture 15
October 9

Direct Sums

Definition: Given V, W, two vector spaces over F, the direct sum V& W = {v + w |
v €V, we W} is another vector space over F' with addition and scalar multiplication.

n

We can also define @V similarly. We also consider an “internal” sum. Given Wy, Wy C V,
i=1

we can form Wy + Wy ={v eV | v=w; +wy, w1 € Wy, wy € Wa}.

Proposition: If W, N W, = {0}, then Wy + Wy = W, @ Wa.

Proof: We form a linear map T : W7 & Wy — Wy + Wy C W with wy + we — w1 + wo.
This is trivially surjective. To show that it is injective, consider wy + wy = w} + wh. Then
wy — w) = we — wh. Then left hand side is in W7, and the right hand side is in W5. Then
w; —w) = wy —wh =0 = w; =w] and wy = wh.

We also discussed ker(7T9™(V)) and im(79™(")), two T-invariant subspaces. We saw that
0 C ker(T) C ker(T?) C --- C ker(T9™()) and V' 2 im(T) D im(7?) > --- D im(74mV),
As an example, consider

2.0 0 0 400 0 16 0 0 0
0010 , oo o1 . 1o 00 0
=100 0 1 "=10 0 0 0 "=10 00 0
000 0 000 0 0 00 0

ker(T?) = span(es, e3) and ker(T*) = span(ez, e3, e4).
im(7T?) = span(ey, e2) and im(T*) = span(eq).

Claim:

1. ker(T9™(V)) M im(79(V)) = {0}.

2. V = ker(T9(V)) @ im (74m(V)),

Proof:

1. T is nilpotent on ker(79™(V)) ie. (T |ker(Tdim(V)))k = 0 for some k. (In fact, k = dim(V)
works). Note that T |, (paim(v)y: ker(T9m(V)y — ker(7dim(V)),

Now consider T i, (pdim(v)y: im(79(V)) 5 im(79™V)), We know that im(T79™(V)) ¢
im(7), 50 1Im(T" [yep(raimevyy) = im(THY)). Thus by Rank-Nullity, ker(T [, ¢raim(vyy) = {0}
So here T is invertible on im(79™(V)). Thus ker(74™(")) U im(79™()) = {0} because we
can’t have a nonzero vector v € im(7T9™")) such that T%v = 0 with T invertible on this
subspace because T* is also invertible. Thus we cannot have a nontrivial intersection.

2. Thus ker(79™WV)) 4 im(79mV)) = ker(79(V)) @ im(79™(V)), and by Rank-Nullity,
dim (ker(T9™V)) @ im(79™(V))) = dim(V). Thus V 2 ker(79™(V)) @ im(74(V)),

So far we have V split into two T-invariant subspaces, with 71" nilpotent on one and in-
vertible on the other. This is equivalent to having the matrix in the following block form:

Nilp 0
0 Inv| "
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Definition: The generalized eigenspace VN of T : V — V with eigenvalue A is defined
as VN = ker((T — XI)34™(V)),

Remark: The eigenspace of T with eigenvalue \ is V), = ker(T' — A\I). Note V) C 148

Claim: V) n VW = {0} if A # p.

Proof: We will show that 7' — AT is nilpotent on VN = ker((T — AI)4™(V)), We first
claim that T — AI is invertible on V. We know that V) is (T — ul)-invariant and
also invariant under ¢/ for any c. So it is also (T' — AI)-invariant and T-invariant. We
can use this to find the inverse of T — AI. We know that T — uf is nilpotent on V(.
(T—-X)=(T—-pl)+(pup—ANI=c(I—N),withc=p—Aand N = (=1/(n—XN))(T — )
(which is nilpotent).

Note (1—z)(14+z+z?+- - -+2*1) = 1—a. so c(I-N)I(I+N+N?*+- - +N*F-1) = [-NF = T.
(We chose k such that N* = 0, e.g. k = dim(V)). So ¢(I — N) = T — M is invertible on
V() (and its inverse is LI+ N+ N?+ .-+ N¥1)). Thus V) n v = {0} by the same
argument as before.

Theorem: If F is algebraically closed, then V=2 @ VW, Here T = A + (T — \)
AeSpec(T)

(We know that T — I is nilpotent on V). This theorem gives us a matrix in the following
block form:

M+ Ny 0 0
0 Aol + Ny
0o . 0
0 0 Al + N

Proof: We induct of the number of elements in Spec(T), i.e., the number of distinct eigen-
values. The base case is #(Spec(T)) = 1. (It can’t be 0 if dim(V) > 1 because F is
algebraically closed). Then V = V) @ im((T — A)¥™(V)). Consider T lim((T—AD)dim(v)y -
If dim(im((T — AI)4™(V)) > 1, then T has an eigenvalue here. This eigenvalue can’t be ),
which is a contradiction. The inductive step is #(Spec(T’) = k. Let A; € Spec(T'). Then
V = V% @im(T — \)3™(Y) T is invariant on both of these spaces.

Claim: Spec(T |;p,((r—x, ryaimv)y) = {A1, ..o, A1}

Proof: We claim that if v is an eigenvector with eigenvalue A; (j # k), then v € im((T —
M\ D)3m(V)) We know that v = vy + vy with v; € V) and vy € im((T = M\ I)3(V)), We're
claiming that v; = 0. Suppose Tv = \jv then (T — A\ I)4™(V)y; = 0 because (T — A\, 1)3m ()
sends v; to something in V) and vy to something in im(7T — )\kl)dim(v). Then v1 = 0

. k—1
because v; € V) and VN 0 V%) = {0}, By induction, im(T — M\, J)3™(V) = PV,
j=1
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Lecture 16
October 11

More on Eigenspace and Nilpotent Maps

Recall our generalized eigenspace VN = ker((T' — AXI)¥™V)) with T : V' — V a linear
map over a field F.

Suppose T is nilpotent. We have 0 C ker(T') € ker(T?) € - -- C ker(T") = ker(T™+1).

We also have ker(T" 1) C ker(T™), with n the smallest positiver integer such that ker(7") =
ker(T™"1). We would like to find a basis for the complement of ker(7"~!). This can be
done by choosing {v1, ... v} such that ker(T™) = ker(T" 1) @ Fv; @ - - - @ Fv,. To construct
this set, we just take ker(T™)/ker(T™ 1) and choose a basis {uj,...us}. Then we choose
{v1,...ve} such that 7(v;) = uj. with 7 : ker(T™) — ker(T™)/ker(T"~1)). We now consider
{v1,...v0,Tv1,... Tvg, T?v1,. .. T?vp, ... T" Loy, ... T" T, ).

Claim: These vectors are linearly independent.

Proof: Suppose they are not. Then we have a nontrivial linear combination equal to zero.
Let j be the smallest number such that there exists a nonzero coefficient of some T7v; in our
linear combination. Then we apply 777! to our linear combination. This will map all T*v;
with k& > j to zero. Thus we find ¢1 7" ‘vy+- - -+c/T" vy = T" 1 (crv1+. . . covp) = 0. This is
a contradiction, because {v1, ... v} give a basis (via 7 from before) of ker(T™)/ ker(T™1), i.e.
they form a basis of the complement of ker(7™~!), so any nontrivial linear combination cannot
be in ker(T"~1). Thus {v1,...vs, Tv1,...Tvg, T?v1, ... T?vp, ... T" tvq, ... T" 1y} is a lin-

early independent set. This gives us the following block in the basis {77 tvy,...v1,... T" oy, ..

[0 1 0 ]
00 "0 o
R |
0o 0 --- 0
o1 --- 0
o e ;
T |
O 0 --- 0
01 0
0 0 0 0 0
: 1
I 00 0] |

where each block along the diagonal corresponds to span(T" vy, ... v1) through span(T" tvy, . .

Note that this block consists of ¢ blocks on the diagonal of size n x n.

Now we consider ker(7"2) C ker(T"'). We consider the complement of ker(7"~?) in
ker(T" 1) and {Tv1,...Tv,}. We would like to form a basis for these combined sets. These
are both linearly independent by our proof from before and have a trivial intersection. Let
this basis be {v%, .. .vl}}. We consider v%, TU%, e T”*%%, etc. By the same process as be-
fore, we yield another block. We can apply this same argument repeatedly on ker(77~7),
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effectively inducting on j, until we reach our conclusion: We have a decomposition of V' into
blocks of the form

0 1 0
00 -0
|
00 --- 0

of any size, 1 x 1 through n x n. The blocks that come from ker(7" ') would be of size
n—1xmn—1, etc. This is the Jordan Canonical Form for nilpotent matrices.

Theorem (Jordan Normal Form): Given 7' : V — V, an F-linear map with F' alge-
braically closed, then there exists a block decomposition of T' (i.e. a direct sum decomposi-
tion of V into T-invariant subspaces where the matrix represents the action of T' on each of
these subspaces) into blocks of the form

> = o O

0 0
We could have many blocks of this form for a given A, each of which could have a different
size. For example, for a particular A we could have

S O O >
SO >
o > O O
> O O O

which consists of one 2 x 2 block and two 1 x 1 blocks.

Decomposition into the direct sum of all the blocks with a given A is canonical. (It’s the
generalized eigenspace). However, the further decomposition is not canonical, as we had to
choose {v1,...vp}

Claim: The number of each size blocks with A’s along the diagonal is determined.

Proof: The largest block is of size n x n where n is the smallest number such that ker((7" —
A)") = ker((T — M)™*1. The number of largest blocks is equal to dim(ker((T'AI)")) —
dim(ker((TAI)"1)). Then you can pick out the number of any smaller size block using the
dimensions of ker((T — MI)¥). (Rest as Exercise).

Corollary: The conjugacy classes of n X n matrices over an algebraically closed field are in
one-to-one correspondence with Jordan forms.

Corollary: Given T :V — V,if T* = I over F = C, then T is diagonalizable.
Proof: Consider a Jordan block. We must show that it is size 1 (Delayed).
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Lecture 17
October 16

Orthogonal Groups and Isometries (Toward Symmetries of Figures in R? or R3)

Definition: An inner product on R" is a bilinear (i.e. linear in each factor when fixing
the other) map (,) : R” x R” — R defined as (v,w) = Y vjw;.

Definition: The orthogonal group O(n) is the set of all n x n invertible matrices with
real entries that preserve the inner product, i.e. O(n) = {4 € GL,(R) | (Av, Aw) =
(v,w) Vv,we R"}.

Claim: The following are equivalent:

1. A is orthogonal, i.e. (Av, Aw) = (v,w) V v,w € R™.

2. ATA=1

3. AAT = 1.

4. The columns of the matrix of A are othogonal.

5. The rows of the matrix of A are othogonal.

Proof:

2 = 1: Notice that (v, w) = vTw, so (Av, Aw) = (Av)T (Aw) = vT AT Aw.

1 = 2: Suppose ATA = B # I. Then consider (Ae;, Ae;) = el Be; = B;;. Since B # I
there exists 7, j such that B;; # d;;. (This is the Kronecker delta, defined as d;; = 1 for i = j
and 5ij =0 for ¢ 75 j) Then <A€i,A€j> = GZTBEJ' = Bij 75 6ij = elTej = <€i)ej>- This is a
contradiction.

2 = 4: The entries of AT A are the inner products of the columns, so the statement
ATA = I is the statement that the columns are orthonormal (with the norm defined as
oll = /T, ).

2 <= 3: AT A = I implies that A is injective. By Rank-Nullity, A is surjective. Thus A is
invertible, with A7 as its inverse. (This proof works in both directions).

3 = 5: Same argument as 2 — 4.

Claim: det(A) = £1 if A is orthogonal.
Proof: 1 = detl = det(ATA) = det(A”)det(A) = det(A)det(A) = det(A)2. Thus
det(A) = £1.

Now we consider a subgroup defined as the kernel of det : O(n) — {£1,-}. This is the
special orthogonal group SO(n) = {A € GL,(R) | ATA = I and det(A) = 1}. We sce that
SO(n) is a normal subgroup of O(n), as the determinant is a homomorphism. Note that the
index of SO(n) is 2.

We shall consider the elements of SO(n). Let n > 1 and let
01
10
* In72

A=

Then A2 =1, A € O(n) det(A) = —1.
; d
Now we let n > 2. We have SO(n) < O(n) < {1,—1} as a short exact sequence

(im(i) = ker(det)). We see that there exits a o : {1, —1} — O(n) defined with o(—1) = A,
as detoo = idy; ;3. Thus we have a semidirect product O(n) = SO(n) x {£1} with
¢
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¢ :{1,—1} — Aut(SO(n)) defined as ¢(—1)(C) = ACA~L. Then AC = ACA~LA.

Understanding SO(2) and SO(3)

SO(2):

a *
b

see that the choices for the second column that are orthogonal to the first column are mul-

If C € S50(2), C = [ The columns of C are orthonormal, so a? + b* = 1. We

tiples of {_ab] and our choices of norm 1 are [_ab and b } The first choice leads to a

matrix of determinant 1, so it is our only choice. Note that the second choice yields a matrix
in O(n) of determinant —1. Then there exists a unique 6 € [0,27] such that a € cos(f),
o _ |cos(#) —sin(6)
b =sin(f). Thus C = [sin(&) cos(6)
_|cos(f)  sin(6)
Remark: {sin(@) —cos(f
tan(f/2)x. This form describes all elements of O(n) with determinant —1.

] , which is a counterclockwise rotation by 6.

)] (which has determinant -1) is a reflection about the line y =

SO(3):

Claim: If A € SO(3), then there exists a nonzero v such that Av = v (a fixed vector).
Proof: We need to show that A — I has a nontrivial kernel, i.e., we need to show that
det(A — I) = 0. We know that det(A) = 1, so det(4 — I) = det((A — I)T) = det(AT — 1) =
det(A) det(AT —I) = det(ATA — A) = det(] — A) = det(—(A — 1)) = (=1)3det(A - I) =
—det(A —1I). Thus det(A —1I)=0.

This shows that given A € SO(3), 3 v such that Av = v. Because A preserves the in-
ner product, A preserves the plane (v)* and A is orthogonal on this plane.

Now we change coordinates to ¥, Wi, s, an orthogonal triple, i.e. we consider
B=1[¢ @ @] A[§ @ ] .
(This fixes e; and preserves the span of e and e3). Thus B has the following form.

1100

B =
X

with * € O(2). We see that 1 = det(B) = 1 - det(x), so det(x) = 1 and * € SO(2).
We conclude that any element of SO(3) is a rotation about some axis.

Isometries of R™

Definition: An isometry of R™ is a map ® : R™ — R"™ that preserves distance, i.e. such
that d(®(v), ®(w)) = d(v,w) with d(v,w) = ||[v—w]||. (Note that ® is not necessarily linear).

Theorem: R" x O(n) = Isom(R") with mult : O(n) — Aut(R"™) defined with A — m4.
mult

Proof: The isomorphism between these spaces is the map defined with (7, A) — 75 0 ma4.
We shall delay showing that it is an isomorphism for now.
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Claim: This map is a homomorphism.
Proof: It suffices to show that m, o7y = 7, , () ©ma. This is clearly true, as (m4o7y)(w) =
ma(w +v) = Aw + Av and (7, , (v) © Mma) (W) = Ty, (v) (Aw) = Aw + Av.
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Lecture 18
October 18

More on the Isometries of R™:

We stated the following last lecture:
Theorem: R" x O(n) = Isom(R™) with mult : O(n) — Aut(R") defined with A — m4.

mult
Proof: The isomorphism ¢ between these spaces is the map defined with ¢(v, A) = 7yoma.

We have already shown that this is a homomorphism. It is also injective, which we can see
by examining its kernel. Clearly the only pair composed of a vector and a transformation
that will be sent the identity map is the pair (0, 7). Now we must show that ¢ is surjective.
It suffices to show the following lemma.

Lemma: Any isometry of R” that fixes the origin is an orthogonal transformation.
Proof: We must show that an isometry of R™ (call it ®) both preserves the inner product
and is linear, i.e. (®(p), ®(q)) = (p,q) and ®(cp) = c®(p) and @(p + q) = 2(p) + P(q).

2(p, q).
)? =
®(q ))

,>-

To prove the first part, we see that d(p,q)> = (p — ¢,p — ¢) = (p,p) + {q,q) —
We also note that (®(p), ®(p)) = d(®(p),0)®> = (p,p). So we can claim (®(p), P(q
(®(p), D(p)) + (B(q), B(q)) — 2(B(p), B(q)). Since B is an isometry, d(p,q) = d(B(p),
We have already seen that the first terms (and the second terms by the same logic) of
expression have to be equal. Thus the third terms must also be equal, so (®(p), ®(q)) = (p

To prove the second statement, we consider (®(cp), ®(cp)) = (cp, cp) = c%(p,p) and (c®(p), c®(p)) =
(cp,ep) = ¢* (p,p). Then we take (®(cp) — c®(p), ®(cp) — c®(p))* = (B(cp), ®(cp))+(cP(p), c®(p))—
2(®(cp), c®(p)). We also notice (c®(p), ®(cp)) = c(®(p), ®(cp)) = c(p,cp) = c?(p,p). The

key step occurs in the second equality, where he used the fact that ® preserves the inner
product. Thus (®(cp) — e®(p), (cp) — c®(p))* = A(p,p) + A(p,p) — 2¢2(p,p) = 0 and

®(cp) = c®(p). The proof that & is additive (i.e. it preserves addition) is left as an exercise,

but it follows a similar argument.

Having proved the lemma, we conclude that any isometry of R™ that fixes the origin is

an orthogonal transformation. Thus our map ¢ : R® x O(n) — Isom(RR") is surjective, as
mult
any isomorphism that shifts the origin can simply be written as an orthogonal transformation

composed with a translation to the point to which it maps the origin. Thus ¢ is a bijective
homomorphism, i.e. an isomorphism and R™ x O(n) = Isom(R").
mult

Now we shall discuss isometries in R?. We have seen that O(2) = SO(2) >4 {—1,1}, where

SO(2) = {pg}, the set of counterclockwise rotations around the origin by 0 and {-1,1} =
{r}, the set of reflections about the origin. Thus the group elements can all be written as
L, pg, or pgr (6 € [0, 27]).

Now we shall study the finite subgroups of Isom(RR?). These will each be the symmetry
group of some object in the plane. For example, we consider an equilateral triangle. The
isometries consist of three rotations (1, par /3, par/3) and 3 reflections 7, par /37, Par /37

Claim: Given G C Isom(R"), if G is finite, then there exists some p € R™ such that

g(p)=pVgeQG.
Proof: We know that ¢ = 73 o m4. We can pick any point ¢ € R™ and apply all the
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isometries to it. The average of these points will be our fixed point, which we can think of

as a “center of mass.” Thus p = @l G] z gi(q) where {g;} is a list of all the elements in G

and ¢ is any point in R". Having deﬁned p, we can now show that g(p) = p. We write this

119 119 cl c|
as Ty 0 M4 <|G‘Zgz( )> (,G|E (gi(Q)>> ’G|E(A(9i(Q))+U) = ‘G,Zg(gz( q))-

=1 =1
This is not quite the same expression we had for p, but it is equivalent, because left multi-
plication by any g € G is a bijection. Thus it relabels every term in the sum, but the overall
sum remains the same and p = g(p). We conclude that if we choose p to be the origin, then
G is a finite subgroup of O(2) (because any isometry that fixes the origin is a orthonormal
transformation).

Now we shall consider if G contains a reflection. If G has no reflection, then it is a subgroup
of SO(2) 2 R/27Z and is a group of rotations.

Claim: If G is a finite subgroup of O(n) with no reflection, then G' = {pozi/n | k¥ €
0,1,...(n—1)} = C, for some n.

Sketch of Proof: We choose the smallest positive rotation and take multiples of it. If there
is some rotation that is not a multiple of it, then we can compose them in such a way that
yields a smaller rotation, which contradicts our choice of rotation. (Note that this mimics
our proof that all subgroups of Z were of the form dZ).

If there is some reflection r € G, we can then write O(2) = SO(2) x {1,7}. Then elements
@
can be written as pg or pgr. We conclude that G = {parp/n | K €0,1,...(n — 1)} x {1,r} =
¢
Z/nZ x {—1,1} =2 D,
@

We conclude that finite subgroups of O(2) are either cyclic groups of rotations or dihe-
dral groups of rotations composed with a reflection.

Discrete Subgroups

Definition: G C Isom(RR") is a discrete subgroup if there is a lower bound on the length of
the vector ¢ and the size of the angle 6 in any element 7,pgr € G.

Consider a discrete subgroup G C R? x O(2). We then consider G N T, where T is

mult
the group of translations.

Claim: We have three possibilities for G N T

1. GNT 21, which we will see implies that G is finite.

2. GNT =2 7Z, where every translation is a multiple of one smallest translation.
3.GNT =72

Proof: Delayed.

Definition: A planar crystallographic group is a discrete subgroup G of Isom(R?) with
GNT =72
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Lecture 19
October 21

More on Discrete Subgroups of Isom(RR™)
We shall consider the isometries of R?,. We recall that Isom(R?) = R? x O(2) under the
¢

isomorphism (v, A) — 7, o my. We recall that anything in O(2) is a rotation by some 0
composed with a reflection about some axis, i.e. it can be written pg o r, while anything in
R? is a translation 7z.

Definition: Given a discrete subgroup G' < Isom(RR?) let the lattice of G be Lg = {v € R? |
Tv € G}. (Note that this is essentially the set of vectors that correspond to the elements of
GNT).

Remark: G N T is normal in G.

To see this, we consider the it general fact that given H < G, and N <G, HN N <G. Or
we can consider the homomorphism Isom(R"™) — O(n) defined with 7, 0m4 — A. This map
has as kernel of T C Isom(IR™). The kernel of this map restricted to G is GNT.

Such a map also yields G, which is the image of G in O(n) under this map, called the
point group of G. We see that G = G/G NT. This is the set of A € O(2) such that there
exists v such that 7, omy € G. This is not equivalent to the set or orthogonal elements in
G. To see the distinction, consider the glide reflection equivalent to a refection over the x
axis followed by a horizontal translation. Under our map, this would yield a reflection in G,
even though G might not necessarily have a reflection itself.

Claim: Any discrete subgroup G of O(n) is finite.

Sketch of Proof: We know that O(n) contains only reflections and rotations. We take the
smallest rotation angle. We see that all rotations are multiples of this and this is 27/n for
some 7.

Lemma: If A€ G C O(n) and ¢ € Lg, then Av € Lg.
Proof: The basic idea comes from the following: pgTvp—g = Tppupop—0 = Tpgv-
We then have 7,m4 € G (if A € G). Then

-1
TwM ATy (TwMA) ™" = TwMATYMA-1T—y

= TwTAvM AT A-1T—y

= TwTAvT—w
= Tw+Av—w
= TAvy-

Proposition: A discrete additive subgroup L of R? is one of the following:

1. L ={0}.

2. L="7wv

3. L = Zv + Zw, where v and w are linearly independent. (This case is the lattice).
Proof: Either we have Case 1 or we can choose a minimal nonzero length vector v € L.
Then Zv € L. Then either we have Case 2 or there are more vectors to consider. We take
a minimal nonzero length vector w in L — Zwv. We then have two cases to consider. Either
w € Rv or w ¢ Ru. The fist case leads to a contradiction, because additive subgroups of
R are all multiples of one element because otherwise, there would be gaps smaller than |v],
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e.g. |2v —w| < |v|. Thus w € L — Zv cannot also be in Rv. In the second case, we consider
the triangle formed by w, v, and v — w. There is no vector in L inside this region, as w is of
minimal length. We see this is true for the triangle formed by w, v, and v + w as well.
Thus we conclude that L = Zv + Zw.

Theorem: G = C, or G = D,, for n =1,2,3,4, or 6.

Sketch of Proof: Let v be the minimal vector in Lg. We know that the subgroups of O(n)
are either {paqi/n} OF {Pori/n} U {p2rk/m © 7} Thus par v € Lg. We consider the triangle
formed by v, par/nv, and pyr /v —v. We see that ]pzﬂ/nv —v| < |v| for n > 6, as at n = 6
they form an equilateral triangle. Thus for n > 6, par/nv ¢ La, S0 por/n & G.

We now consider n = 5. We can show that |v + py/5v| < |v|. (This is left as an exercise).

Planar Crystallographic Groups:
We recall that these are discrete subgroups of Isom(IR?) whose the translations correspond to
alattice (GNT = Z2). They have point groups isomorphic to C,, or D,, for n = 1,2, 3,4, or 6.

Theorem: There are 17 total possibilities for G up to isomorphic groups, and all 10 possi-
bilities for C), and D,, are represented.

Theorem: There are two isomorphism classes of planar crystallographic groups in Isom(RR?)
with point group Djy.

a. G = {Tv op2ﬂk/4} U {Tv O P2rk/4 OT} withv € Z P Z

b. G = {7y 0 parksa} U{Tos(1/21/2) © p)27k/4vor} withv € Z O Z

Here the reflections are about the x axis.

Proof: Lg is isomorphic to, up to orthogonal change of coordinates and rescaling, Z ® Z.
(This part is left as an exercise). Given that, there exist rotations by multiples of 27k /4
about some integer lattice point. We take this point to be the origin. Thus such rotations
exist around all lattice points.

Remark: 7,py is a rotation by § about some point p € R2.

We also find 7,7 € G with 7 € G. The reflections in G are reflections about the x and y axes
and the lines of slope 1 and —1.

Now we pick some element 7,57 € G. (Let r be reflection about the z axis.) We square it
to yield T(a,b)TT(a,b)r eG= T(a,b)T(a,~b) = T(2a,0)-

Proof continued in next lecture.
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Lecture 20
October 23

More on Discrete Subgroups of Isom(IR?)

We were considering the two isomorphism classes of planar crystallographic groups in Isom(RR?)
with point group Djy.

We have 757, € G for some @ € R?. We write this as @ = (a,b) and square the
expression, yielding 7, ) 7aT(a,p)7z = T(a,b)T(a,_b)rg = T(2a,0)- 90 2a € Z. Now we use
Ty = Pr/2TaP—n/2 = Tzpr to yield that 2b € Z.

We also have p_r o1y € G, as p_rjors = Tuprs2. We consider 7,1\ r2pr/2 € G. We square
this to yield

(@) 2P /2T(@b) o Pr/2 = T(ab)P—r/2"2T(a,b) 2P r/2
= T(a,b)T(a,~b)Pr/2TaTxPr /2
= T(a,b)T(—b,a)

= T(a—bp+a) € G.

Thus @ — b € Z. So either G = {74 p)p2rk/a | @0 € Z} U{T(ap)P2rk/a | a,b € Z} or
G = {T(ap)P2rk/a | @0 € Z} U{T(qp)+(1/2,1/2)P2rk/aT | a,b € Z}.

We know draw an interesting conclusion from the second case. We ask the following question:
Is there a homomorphism G = Dy — G such that we have a sequence Dy — G — G? (Can
we see G inside G?) The answer is no, because then there would exist a point p € R? that
is fixed by this image of D4 in G, as any finite subgroup of the isometry group has a fixed
point. We then repeat all of the above using this point as the origin. This yields the first case.

We shall eventually discuss possible point groups in R3, or rather, the finite subgroups
of Isom(R?).

Definition: If G is a group and S is a set, a group action of G on S is a map G x S —
defined by (g, s) — ¢ - s such that (g1,92) - s =91 (g2 5).

This is the same as a homomorphism G — Bij(S, S) defined with g — {s + ¢ - s}.

Definition: Given z € S, the stabilizer of = is Stab, = {g € G | g-« = z}. This is a
subgroup of G.

Consider D3 acting on the triangle T. We label the vertices as A, C, and F, the midpoints
of the sides as B, D, and F', the center as O, and an arbitrary point on the boundary as P.
We see that Staby = {id, refl;5}, Stabp = {id, reflzz}, Stabp = {id}, and Staby = Ds.

Definition: Given x € S, the orbit of z is O, = {y € S| 3 g € G such that g -z = y}.

In our previous example, we see that O4 = {A,C,E}, Op = {B,D,F}, O4 = {0}, and
Op = 6 points.

Now we consider if Stab, must be normal. It does not. For example, pyr/3r04p—2-/3 = TOC
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does not stabilize A.

Now we consider y € O,. We find that if h € Stab, and y = g-z, then hy =y < h(gz) =
gr < (97 'hg)z = z. We conclude that g~!(Stab,)g = Stab,, i.e. Stab, = g(Stab,)g~!.

Now we consider the set of elements of G that take z to y where y € O,. We see
hr =y =gr <= g 'hr =2 <= ¢ 'h € Stab, <= h € gStab,. Thus the set
of elements in G that take x to y is a coset. In fact, we have a one-to-one correspondence
between the elements of O, and the left cosets of Stab,.

We conclude that if we restrict the action of G on S to G on O,z € S, then the following
diagram commutes:

1 to II Iltol

G x {left cosets of Stab, } — {left cosets of Stab, }

Orbit-Stabilizer Theorem:
1. |O;| =[G : Stab,].
2. |G| = |Og] - |Staby|.

If we consider our previous example of the triangle, we see that [Staby| = 2, |O4| = 3,

and |D3| = 2 -3 = 6. Similarly, we saw that |Stabp| = 6, |Op| = 1, |Stabp| = 1, and
|Op| = 6.
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Finite Subgroups of SO(3)

Suppose G' < SO(3) is finite. We consider the set S = {p € S? (the sphere) | 3 g € G, g #
id such that g(p) = p}. This is the set of a poles of rotations in G, i.e. the unit eigenvectors
of the elements of G. Note that they define the axes of rotations for the elements of G.

Claim: G acts on S with multiplication (of a matrix and a vector).

Proof: We need a map G x S — S that is associative. This follows from the associativity
of matrix multiplication. We then need to show that if h € G, and p € S, then hp € S, i.e.
3 g € G such that gp = p. We need ¢’ such that ¢’(hp) = hp. We choose ¢’ = hgh™!, so
¢'hp = hgh™'hp = hgp = hp.

The orbits of the action of G on S partition S. We shall list them as O1,0,, ..., O and
their sizes as ni,ng, ..., ng. Then, given p and ¢ = gp in O;. Then Stab, = Stab,. (We recall
that gStab,g™! < G is Stab,). So they are the same size. We call this size ;. Then the
stabilizer for an element of orbit /; has size r;. Note that n;r; = |G| by the Orbit-Stabilizer
Theorem.

Example:

We consider the symmetries of the cube. One type of axis of rotation would pass through
two opposite vertices (of different faces). Another type would pass through the midpoints
of two adjacent faces. A third type would pass through the midpoints of two adjacent edges
of different faces. All axes would be one of these types. Using these axes, we consider the
orbits of the poles of the symmetries of the cube.

O is the vertices. It has size ny = 8. The stabilizer of each vertex has size is r; = 3.

s is the midpoints of the faces. It has size ny = 6. The stabilizer of each point has size
T = 4.

O3 is the midpoints of the edges. It has size n3 = 12. The stabilizer of each point has size
rg = 2.

Note that each of these orbits and stabilizers shows that |G| = 24. We know that group of
symmetries of the cube is isomorphic to S4, which has order 4! = 24, so this confirms that.

Now let’s count the elements of the set {(¢g,p) | g € G,g # id,p € S and ¢g(p) = p}. This is
2(|G|—1). We can find this two ways. We can sum over poles to get 2(|G|—1) = > r,—1. We
peES

k k k
can also sum over orbits to get Y n;(r;—1) = > |G|—n,. Thus we have 2(|G|—1) = > |G|—n;.
i=1

7,:1 i=1
1
Dividing by |G|, we find 2 — ﬁ Z (1 - )
i
Claim: k is 2 or 3.
Proof: We know that r; is at least 2, because if p € S, then zd( ) = p, and g(p) = p for
k 1 k
some nonidentity g € G. (We assume that |G| # 1). Thus 2 — 1€l | = ( > > 5 So
i=1 T

2 1
k<4. Also, 1 <2— € Zf:1<1—7m><l<;.Sol<k:<4,sok::2or3.

We now consider the two cases.
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Caseof k=2

We find that 2 — 1 1 1 1 2

—_—=1l-——4+1-— = —+— = —.
G| 1 r2 Lo T2 |G|

ny =ng = 1, and r1 +r2 = |G|. This is just C), (n = |G]), the cyclic group of rotations about
one axis. Thus we have only two points, each with a stabilizer of size 2. We shall label this

as (r1,r2) = (n,n).

Thus ny + ne = 2, so

Case: k=3

. 1 1 1 2
We write r1 = r9 = r3. Then we find that 2 — —=1-—+1—- —4+1— — — — =
L1 G| , M T2 73 |G|
— 4+ — 4+ — — 1. One of the r; must be 2, or else — < 0. Let 1 = 2. Then ro = 2 or 3.
ry. o ra2 T3 |G|

We then examine these two cases.

Case: (2,2,73).

G
We find that r3 = ’2‘, which we’ll label as m. Then the sizes of the corresponding orbits
are (2,2,m).

The case corresponds to the two antipodal points on the sphere with m rotations around
each of them. These points are in the same orbit, so we can swap them. The 2m points of
the other orbits correspond to the vertices and the midpoints of the sides of a m-gon on the
equator of the sphere. Thus we have D,,, the set of symmetries of the m-gon.

Case: (2,3,73).
We see that rg = 3,4, or 5. We consider each of these cases:

Subcase: (2,3,3).

This implies that |G| = 12 and the sizes of the orbits are (6,4,4). This case corresponds
the the symmetries of a regular tetrahedron. There are 4 vertices with stabilizers of size
3, 6 midponts of edges with stabilizers of size 2, and four midpoints of faces with stabiliz-
ers of size 3. This group is called the tetrahedral group 7. We claim this is isomorphic
to the alternating group Ay (the kernel of the sign homomorphism from Sy to {£1}). We
can see this by considering the four vertices as a set of size 4. T acts on the vertices and
give a homomorphism T — Bij({1,2,3,4},{1,2,3,4}) = Ss. A rotation about the a ver-
tex maps to a 3-cycle. A rotation about a pair of opposite edges maps to the composition
of 2 2-cycles. We see that this map is injective, and |A4| = 12, so this map is an isomorphism.

Subcase (2,3,4):

We see that |G| = 24 and the sizes of the orbits are (12,8, 6).

This case corresponds to the symmetries of the cube. There are 8 vertices with stabilizers
of size 3, 12 midpoints of edges with stabilizers of size 2, and 6 midpoints of faces with
stabilizers of size 4. This group is called the octahedral group O, as an octahedron can be
made by swapping the faces and vertices of the cube.

Claim: O =2 5;.
Proof: Delayed.

Subcase (2,3,5):

We see that |G| = 60 and the sizes of the orbits are (30, 20,12).
This case corresponds to the symmetries of the icosahedron, or the icosahedral group I.
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There are 12 vertices with stabilizers of size 5, 30 midpoints of edges with stabilizers of size
2, and 20 midpoints of faces with stabilizers of size 3.

Claim: [ = As.
Proof: Delayed.
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October 28

Sketches of O =2 S4 and I = Aj;

Recall that O is the octahedral group, the orientation-preserving isometries of the octa-
hedron or the cube and that I is the icosahedral group, the orientation-preserving isometries
of the icosahedron or the dodecahedron.

The cube has four main diagonals. O permutes these diagonals by rotation around an
axis, which yields a homomorphism from O to S;. Now we must check that no nonidentity
element of O preserves all four diagonals. Since O consists of rotations about either an axis
through the midpoint of two faces, one through the midpoints of two edges, or one of the
main diagonals, this is true.

We can relate the symmetries of the tetrahedron to this group by inscribing a tetrahe-
dron in a cube. In doing so, the tetrahedron uses half of the vertices of the cube, including
one out of each end of a main diagonal. This shows that T" C O, and it will turn out that
T>=A, C Sy =0, ie. T isisomorphic to the group of odd permutations. We also see that
the number of edges of the tetrahedron equals the number of faces of the cube.

In a dodecahedron, we have twelve pentagonal faces. This is equivalent to having twelve
edges of a cube. We then choose two parallel face diagonals of adjacent pentagonal faces,
which allows us to inscribe a cube. Since there are five face diagonals of a pentagon, this
yields five regular cubes inscribed in the dodecahedron.

Claim: The action of I on these 5 cubes give an injective homomorphism I < S5, with
image landing in As, so I = As because |I| = 60 and |As| = 5!/2 = 60.

Proof:

We see that rotating the dodecahedron around a face yields a 5-cycle, rotating around a
vertex yields a 3-cycle, and rotating around an edge yields the product of two 2-cycles. All
of these are even and none are the identity, so we find that I = As.

More Group Theory:

Cayley’s Theorem: Every finite group is isomorphic to a subgroup of S,,, where n = |G]|.
Proof: We use left multiplication: G x G — G defined with ¢,(h) = gh. This is an action:
lgigo(h) = (192)h = g1(g2h) = €4, (£g,(h)). We now consider the orbit of an element. It
must be all of G, because for any A’ € G, we can use ’h~! € G to take an arbitrary h € G to
h'. This yields a map G — Bij(G, G) = S,, where n |G| defined with g — ¢4. Only 1 maps to
the identity under this map. Since the kernel is trivial, we have an injective homomorphism
G — Sp/,ie. G=im(¢) = S,

Theorem: If H < G is a finite group of index p, where p is the smallest prime divid-
ing |G|, then H < G.

Proof: Consider the action of G on the cosets of H. This yields a map ¢ : G — S,,.
Thus we find g € ker(¢) < ¢g-(¢;H) =g HVi — ¢g-(1H)=H <= g€ H. Thus
N = ker ¢ < H. We then find the short exact sequence N — G — im(¢) < S,. We know
im¢ = G/N and [G : N] = |G/N|. We find that [G : N] | |Sp], so [G : N] | p!. We claim that
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[G : N] = p. We know that [G : N| | |G|, and |G| has no prime factors less that p, so the
index is either 1 or p. But [G : N] > [G : H], so [G: N] =p. So N = H, as they have the
same index and N < H. So H is normal.

Conjugacy Classes and the Class Equation:

We let G act on itself by conjugation. This is an action, as g1 - (g2 - h) = g1(g2hgy ") =
9192hg5 917" = (9192)h(g192) " = (9192) - P

We consider the orbit and stabilizer of an element h € G.
The orbit of h is C(h) = {ghg™! € G | g € G}, known as the conjugacy class of h.
The stabilizer of h is Z(h) = {g € G | ghg~! = h}, known as the centralizer of h.

We see that |G| = |C(h)| - |Z(h)| from the Orbit-Stabilizer Theorem.

We also have a the Class Equation: |G| = > |C]. (G is finite).

conjugacy classes

Proof: The orbits of an action partition G, so |G| is the sum of sized of the orbits.

This is often written as |G| = |Cy| 4+ |Ca| + -+ + |Ck|, where k is the number of conju-
gacy classes and C,Co, ..., are the conjugacy classes written in increasing order of size.

Example:
We consider D3 = {1, p, p?,7,7p,rp*}. To multiply these, we use rp = p~1r = p?r. We find
the following:

rpr_l = p_lrr_l = p2.

-1 _ -1,-1 _
pro= - =rpT pT - =Tp.
prop~t =rp.

Thus {1}, {p, p?}, and {r,rp,7p?} are the conjugacy classes. This agrees with the Class
Equation, as 6 =1+ 2+ 3.
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October 30

More on Conjugacy Classes and the Class Equation

Last lecture we considered the action of G on itself by conjugation. We now consider
D4 = {17 P p27 p37 r,Trp, p27 Tp3}.

We find the following:

rpr =rrp = p

rp*r =rprpd =rrp3p® = p?

pp*pt = p?

pro~t =rp’p® =rp’

p(rp®)pt =rp’p*p® =r.

Thus {1}, {p, p3}, {p*}, {r,rp?}, and {rp,7p} are the conjugacy classes.

Thus the class equationis 1 +1+2+2+2=28.

Lemma: If |C(z)| =1, then xg = gz for all g € G.
Proof: grg~ ' =2 = gz =29

Theorem: The Class Equation for D, (with 4m elements) is

dm=l+ Ll + 2+ -+2 4 L + N>

identity = rotation by m  m—1 rotations by nk/m reflections about midpoints of edges  reflections about vertices

The class equation for Doy, is
dm+2= _1 + 2442 + 2m + 1. (Here all the reflections are in the con-

~— —_—— ——

identity  m rotations by £27k/2m+1  reflections
jugacy class because every reflection about a midpoint of a side of an n-gon with n odd is
also a reflection about a vertex).
Proof: Ds,, = {1,p,p%,-- ,p>™ L r,rp, -+ ,rp?™~1}. This yields rpfr = rrp=% = p

p(rpt)p=t = rp=tpkp~t = rph?

—k and

Groups of Order p? (p prime)

Claim: There exists a nonidentity element in the center of G

Proof: The class equation is p?> = 1 + |Ca| + --- + |Ck|. We claim that at least one of
|Cal,...,|Ck|is one. Clearly some |C}|is 1, p, or p? by Lagrange’s Theorem. But |C;| < p?—1
since the conjugacy classes partition G, so |Cj| # p*. Also, |C;| cannot be equal to p for
every j because the right hand side would equal 1 mod p. Thus there is at least one |C}| =1,
so the element in that conjugacy classes is in the center of G.

Further Claim: G is abelian.

Proof: Let € Z(G), z # 1. The order of x is either p or p?. If |z| = p?, then G is cyclic, so
it is abelian. Otherwise, |Z(G)| is either p or p?>. We assume that it is p. We assume for the
sake of contradiction that there exists some y ¢ Z(G). We then consider the order of Z(y).
We know that Z(G) C Z(y) and y € Z(y). So |Z(y)| > p. We also know that Z(G) < G and
|G| = p?, 50 |Z(y)| | p?. Thus Z(y) = Z(G), so y € Z(G), which contradicts our choice of .
Thus |Z(G)| = p?, so G is abelian.

Cauchy’s Theorem: Given a finite group G with p | |G|, 3 = € G of order p.

Proof: First we shall prove that this is true if G is abelian. We shall induct on |G|. We take
any element y € G. If p | |y|, we are done, as we can choose some multiple of y with order
p. (If y?* = 1, then |y*| = p). If p{ |y|, we consider G'//(y), which is of smaller order than G.
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By our inductive step, this group must have an element of order p. We then see that if some
quotient of G has an element T € G/H of order p, then we can choose x such that n(z) =%
with 7 : G — G/H. Then p | |z|, so we’re done by the same logic as before.

If G is not abelian, we again induct on |G|. The Class Equation is |G| = 1+ |C2|+ - -+ |Ck|-
Case 1: Z(G) # {1}. Then either |Z(G)| is a multiple of p or |G/Z(G)| is multiple of p and
G has an element of order p by our previous method.

Case 2: Z(G) = {1}. Not all of the |C}| can be divisible by p because then |G| = 1 mod p.
Thus there is some C; such that 1 < |C}| and pt|C}|. Let « € C;. Then we consider Z(z),
which has size |G|/|C}|, which is divisible by p and smaller, so we know that Z(x) has an
element of order p and so does G by our previous logic. (Note that the base case where
|G| = p implies that all nonidentity elements have order p).

Class Equation for the Icosahedral Group:

We know that |I| = 60. An icosahedron has 20 triangular faces, 30 edges, and 12 ver-
tices where 5 edges meet. The elements of I are:

-the identity

-12 rotations about a vertex by 27/5 (this includes rotations about the antipodal vertex by
—2m/5)

-12 rotations about a vertex by 47/5 (this includes rotations about the antipodal vertex by
—47/5)

-20 rotations about centers of faces by 27/3 (this includes rotations about the center of the
antipodal face by —27/3)

-15 rotations about edges by 7 (this includes rotations about the antipodal edge by 7)

We see that 60 =1+ 12 + 12 4 15 4 20.

Claim: This is the class equation.
Lemma: If A, B € SO(3) are conjugate, with A being a rotation about an axis v by angle
f and B being a rotation about an axis w by angle ¢, then § = +¢

A—cosf) —sinf |

inf  A—cosf|
A2 — (2cos@)X + 1. To solve this, we consider ¢ = cosf + isinf. We find that (ei9)2 —
2cos e’ +1 =cos?0 —sin?0 —2cosf + 1 = 0. Thus we see that the roots are cosé =+ isin 6,
which are preserved by conjugation. Thus 6 is determined up to a sign. Now we must show
that the elements of the sets listed are conjugate. Without loss of generality, we restrict our
consideration to the midpoints of the faces. We see that for any two faces, there exists some
g € I that takes face 1 to face 2. We let ¢j; be the midpoint of face i. We conjugate by this
g to find that gpglg_1 fixes v5. This is not the identity, so it must be some rotation about
tls. The same can be said for gpgl1 g~ !, so these must be the two rotations.

cosf) —sind

) We consider det
sinf cos@

Proof: In two dimensions, we have [
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We consider the class equation for I in terms of the symmetries of the dodecahedron, which
is formed by 12 pentagons that meet in groups of 3. We find:

60= 1 -+ 12 + 12 + 15 + 20.
~~ —~— —~— — ~~
identity rotations about rotations about rotations about rotations about
the midpoint of a face the midpoint of a face pairs of opposite edges opposite vertices
by £27/5 by +47/5 by m by +27/3

We saw before that these are the conjugacy classes of I.

Definition: A group G is simple if its only normal subgroups are {1} and G itself. (This
means that G can’t be broken up into smaller subgroups by quotienting by a normal sub-
group. Simple groups are the primes of group theory.)

As an example, we see that C, is simple. In fact, there are no other simple groups of
order less than 60, which we shall see soon.

Theorem: I is simple.

Proof: We note that a normal subgroup is a union of conjugacy classes, as H 4« <
ghg ' € HY h € H, g € G. We also see that |H| | |G|. Now we must show that there is no
sum of some of 1, 12, 12, 15, and 20 that includes 1 and divides 60 (other than 1 and 60).
This is quickly seen.

Theorem: A, is simple for n > 5.
Proof: Exercise.

Classification of finite simple groups

There are 18 infinite families, i.e. classes of groups defined with a single parameter. There are
26 sporadic groups that are not in an infinite family. Two examples of infinite families are the
alternating groups A, for n > 5, and the projective special linear groups in dimension n on
the field Z/pZ, PSL,(Z/pZ) (with n large enough). The latter is equal to SL,(Z/pZ)/{nl},
the special linear group modulo the multiples of the identity. An example of a sporadic group
is the monster group M, which has a size of 808,017, 424,794,512, 875, 886, 459, 904, 961, 710,
757,005, 754, 368, 000, 000, 000 ~ 8 x 1095, It is the largest sporadic group.

Definition: Given H < G, the normalizer of H is Ny = {g € G | gHg™' = H}. This
is the largest subgroup of G in which H is normal.

This produces an action ® of G on S = {H < G} with ®(g)(H) = gHg~'. We see that
Staby = Ny and Oy = {conjugate subgroups}.

Counting Formula: |Ny| - #(conjugate subgroups of H) = |G]|.

Example: Let H < G be the set of rotations about the midpoints of opposite faces of the
dodecahedron. This subgroup has order 5. We see that the number of conjugate subgroups
is 6, as there are six pairs of opposite faces and conjugation yields a rotation about another
face. Then we see that |[Ny| = 60/6 = 10. Since H < Ny, we consider the 5 remaining
elements of Ny. These are the ways to take the a face its opposite.
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Sylow Subgroups

First Sylow Theorem: If G is a finite group and p* | G (with p prime and k € Z>1), but
p"*1 1 G, then there exists a subgroup of G of order p*. This is known as a Sylow p-subgroup.
Proof: Delayed.

Corollary: If p | |G|, then 3 = € G of order p.
Proof: We take a nonidentity element y € H, with H being a Sylow p-subgroup (| H| = p*

S1\P
We know that |y| | p*, so |y| = p’ for 1 > ¢ > k. Then we simply take y?* = (ypé 1) =

).
17

and no smaller power than p satisfies this, so we choose z = ypz_l, which is of order p.

Lemma: If p* | n but p**! {n, then p{ (;Z .
i

Proof: (71) = nn-n=2---(n-p" +1)

P pr(pr = 1)(pF —2)---1
same number of factors of p. This implies that the numerator and denominator have the

same number of factors.

. We claim that n — ¢ and p* — ¢ have the

o6



Lecture 25
November 4

Sylow Theorems:

First Sylow Theorem: Given a finite group G such that p* | |G| but p**' { |G| (p
prime), then there exists a Sylow p-subgroup H < G of order p*.

Proof: Let n = |G|.

Lemma: p{ (;Z)

Let S = {A C G | |A] = p*} (subsets, not subgroups). G acts on S by left multiplication.
We list the orbits 01, Os,...,O,. We see that |S| = |O1|+--- |0, = (;2), so p 15|, so there
exists some O; with |O;| not divisible by p. Let A € O;. Then [Staby| - |04| = |G| = mp*
with p { m. So |Staba| = bp”, with b | m.

Lemma: |Staby| divides |A|.

Proof: Stab 4 acts on A by left multiplication. Under this action, the stabilizer of an element

e
is just the identity and the size of every orbit is [Staba|. We know that |A| = > |0l so
i=1

|Stab | - #(orbits) = |A|.
Now, since |Stab4| = bp* and |Staba| | p* = |A|, b=1 and H = Staby

Second Sylow Theorem: All Sylow p-subgroups in GG are conjugate, i.e. given one H, the
rest are of the form gHg .

We will actually show something even stronger: Given a p-group in G, call is K, and given
a Sylow p-group H, K C gHg™! for some g € G.

Proof: Consider the action of G on the left cosets of H by left multiplication. Let
S = {left cosets of H}. Then |G| = p*m (p { m) and |S| = m. Then K < G of order
p’. K acts on the cosets of H by left multiplication. We claim that there exists a fixed point
of this action, i.e. an element of S, call it gH, such that V k € K, kgH = gH.
Proposition: Suppose K is a p-group (i.e. a group of order p’ for some £) and S is some
set such that p 1 |S|. Then there exists s € S fixed by all k € K.

Proof: Delayed.

Now we consider Stabyy C G for action of left multiplication by G on the cosets of H.
We claim that Stabyy = StabgHg~!. This is true, as gHg ™! stabilizes gH, i.e. ghg 1gH =
ghH = gH. We also know that |¢gHg™!| = |H| and |Oyg| = |G|/|H|. Also, |Stabyp|-|Ogn| =
|G|, so |gHg™'| = |Stabyg|, and thus gHg™! = Stab,y. Hence K < Stabyy = gHg™!.
Proof Resumed: The size of an orbit is p? for some 0 > d < . We know that |O;||Stab;| =
|K| = pt. Not all or the orbits can be of an order divisible by p, so some orbit is of order 1.
This is our fixed point.

Third Sylow Theorem: Given G with |G| = mp*, p { m, then the number of Sylow
p-subgroups divides m and is 1 mod p.

Proof: Consider the action of G on the set of Sylow p-subgroups by conjugation. There is
only one orbit by the Second Sylow Theorem, because they are all conjugate. We choose H
to be one of our Sylow p-subgroups. We know that Staby = {g € G | gHg™! = H} = Ny,
which is the normalizer of H. We have H < Ny, so |H| | |Ng| and |Ng| = bp* for some
b | m. Then |Og| = |G|/|Ng| = mp*/bp* = m/b and m/b | m. Now we consider the action
of the p-group H on the set of Sylow p-subgroups by conjugation. We see that every orbit is
of an order of a power of p. We see that H is of order 1. Suppose K is a Sylow p-subgroup.
We claim that if K is fixed by H under conjugation, then K = H, ie. Vk € K,h € H,
hkh~! € K. We have that H < Ni and |Ng| = fp*. We then have that K < Nk, as group
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is normal in its own normalizer. Also, K is a Sylow p-subgroup of N and so is H. Then
we see that they are conjugate by the Second Sylow Theorem applied to Ni. The conjugate
of K by any element of Ng gives K itself, so H = K. So all other orbits are of an order
divisible by p. Then the #(Sylow p-subgroups ) = > sizes of orbits = 1 + jp = 1 mod p.

Example: Groups of Order 15

There must be a Sylow 3-subgroup and a Sylow 5-subgroup. These must be isomorphic to
C3 and C5. The number of Sylow 3-subgroups divides 15/3 = 5, and it is equal to 1 mod 3.
Thus it is 1 and this subgroup is normal. The number of Sylow 5-subgroups divides 15/5 = 3
and is equal to 1 mod 5. Thus is it also 1 and this subgroup is also normal.

C3,C5 are both normal. C3 N Cs = {1} because any element in the intersection has order
dividing 3 and 5, so it has order 1. This implies that G = C3 x Cs.

Example: Groups of Order 21

We have C3 and C7 as Sylow subgroups. The number of Sylow 7-subgroups divides 21/7 = 3
and is equal to 1 modulo 7, so it is 1. The number of Sylow 3-subgroups divides 21/3 = 7
and is equal to 1 modulo 3, so it is 1 or 7.

Thus we have G = Cr 2 C3 mediated by some ¢ : C3 — Aut(C7) = (Z/7Z)*. Let x be the

generator of C3. If ¢(z) = 1, then G = C5 x C7. Otherwise, ¢(x) is something of order 3 in
(Z,/7Z)*, which is either 2 or 4. We shall finish this next time.
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Sylow Subgroup Example: Groups of Order 21

We have already seen that Cs and C7 are Sylow subgroups. C'7 is normal, and we see that
C7-C3 = G because CyNC3 = {1} and |C7|-|C3] = |G|. This can be seen in that all elements
are distinct, because if h1ky = hoko, then hghl_l = kgkl_l = 1 because it is in the intersec-
tion. Thus we have a semidirect product G = Cr ;2 C3 with ¢ : C3 — Aut(Cr) = (Z/7Z)*.

The elements of Z /77 are my, ma, ms, myg, ms, and mg taken modulo 7. The orders of these
elements are 1, 3,6, 3,6, and 2, respectively. Since ¢ is mapping from C3, we need the gen-
erator of C'5 to map to the identity (in which case we find G = C7 x C3) or to something of
order 3, i.e. mg or my. We see that the subgroup (mq,mg, my4) is isomorphic to Cs, so up to
relabeling the generator of C5 (since there are technically two generators), there is only one
nontrivial choice for ¢.

We conclude that there are two isomorphism classes of a group of order 21. The first is
C'7 x C3 and the second is C7 x C3 with ¢ mapping the generator of C's to ms. In particular,
¢

if if we let « and y be the generators of C7 and ('3, respectively, we can write an element of
the group as z'y’ such that yx = 2?y. Then we see that y?z = y22%y = yxly? = 28¢y3 = .
This works because a map that takes the generator of C'5 to mo gives a homomorphism.

Example: Groups of Order 12

We see that there is a Sylow 2-subgroup of order 4 and a Sylow 3-subgroup of order 3. The
Sylow Theorems also tells us that the number of Sylow 2-subgroups is equivalent to 1 modulo
2 and it divides 3, i.e. it is 1 or 3, and that the number of Sylow 3-subgroups is equivalent
to 1 modulo 3 and it divides 4, i.e. it is 1 or 4.

We investigate whether we can have 4 Sylow 3-subgroups and 3 Sylow 2-subgroups in a group
of order 12. The Sylow 3-subgroups are all isomorphic to C3, so their intersection is trivial.
If we have four Sylow 3-subgroups, then we have 1 +4 -2 = 9 distinct elements, i.e. we have
the identity and 8 elements of order 4. Then the Sylow 2-subgroup is just the remaining 3
elements and the identity, so there is only 1 Sylow 2-subgroup.

Let H be a Sylow 2-subgroup and K be a Sylow 3-subgroup in our group G or order 12.
We see that H is isomorphic either to C4 or Cy x Cy and that K is isomorphic to C3.The
possibilities are as follows:

1. H<G and H = (4.

2. HaG and H = (9 x Cs.

3. K<G and H = Cy.

4. KQGaDdH%JCQXCQ.

We consider each of these in turn.

1. We have G = Cy x C3, with ¢ : C3 — Aut(Cy) = {my,m3}. We find that only the
¢

trivial map is allowed, so we find G = C4 x Cj.

2. We have G = (Cy x C3) x Cg with ¢ : C3 — Aut(Cy x Cz) = S3. We can take the
¢

trivial map (in which case we find G = Cy x Cy x C3), or we can map the generator to a
3-cycle (since they are of order 3), which yields the map C5 — {1,(1 2 3),(1 3 2)}. It turns
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out this group is Ay, the set of even permutations of 4 elements. We then see that Cy x Cy,

as a subgroup of Sy, is the set of compositions of transpositions of distinct elements, i.e.
{1,(12)(34),(13)(24),(14)(23)}.

3. We have G = C5 x C4 with ¢ : Cy — Aut(C3) = {m1,ma}. We can take the trivial
¢

map (in which case we find G = C5 x C}), or we can map the generator to mse, which yields
a semidirect product.

4. We have G = (3 x (Cy x C3) with ¢ : (Cy x C3) — Aut(C3) = Cy. We then have
@

two choices up to relabeling the elements of Cy x Co. We can take the trivial map (in which

case we find G = Cy x Uy x C3), or we can project every element of Cy x Cs to its second factor

in Cy, which yields a semidirect product G = (Cy x C2) xC3 = Cy x ({£1} x C3) = Cy X Ds.
¢ mult

We conclude that there are 5 isomorphism classes of groups of order 12. They are:
Cy x Cy=(Co

CQXCQXC3:CQXC6

Ay

02 X D3

Cs 2 Cy such that yx = 2%y (with 23 = 1 and y* = 1).

Groups of Order 60 or Smaller

We now consider groups of order p*. These are never simple, as they always have a proper
normal subgroup. We also know that p-groups always have nontrivial center (which is nor-
mal). We can see this by writing the Class Equation:

G| = 12(G)| + Lot

We know that the order of every conjugacy class is some power of p¥, with 0 < k; < n. But
since |G| = p¥, p | |Z(G)], so the center is nontrivial.

We now consider groups of order pg with p < ¢q. We see that the number of Sylow ¢-
subgroups is equivalent to 1 modulo ¢ and divides p, so it is 1.

We now consider groups of order pFqf. Tt turns out that none of these groups are simple,
but we need representation theory to prove it. We will have to deal with them case-by-case.
We have p = 2,3,5,7,11,13. The cases are 2% -13, 22.11, 23.7,22.7,2.52 32.5,23 .5,
22.5,2-3%,22.32,2.32,24.3,2%.3, and 2% 3.

We consider groups of order 22 - 13. We see that the number of Sylow 13-subgroups is
equivalent to 1 modulo 13 and divides 22, so it is 1. This eliminates 22 - 13.
We find that the same argument works for groups of orders 22 - 11, 22 - 7, and 22 - 5.

We then consider groups of order 23 - 5. We see that the number of Sylow 5-subgroups
is equivalent to 1 modulo 5 and divides 23, so it is 1. This eliminates 23 - 5.

Similar arguments can eliminate groups of order 252, 32-5, 233, 232, This is left as an

exercise. Having already dealt with groups of order 12, the remaining cases are 23 - 7 = 56,
22.32=36,24.3=48,2%-3=24, and 22-3 =12.
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November 8

We continue our discussion of groups of order less than 60. We have seen that groups
of order pF and pq always have proper normal subgroups, and are never simple (except if
k=1 or ¢ =1, as the group of order p is cyclic and simple). In groups of order p¥Fq’ (with k
and ¢ not both 1), we were able to rule out everything except groups of order 12, 24, 36, 48,
and 56 by direct application of the Third Sylow Theorem. We ruled out 12 by a counting
argument.

Before considering these groups, we shall look at other combinations of primes that are
less than 60. For groups of order pgr, the cases are 2-3-5 = 30and 2-3 -7 = 42, and for
groups of p?qr the only case is 22 -3 - 5 = 60.

We can rule out 56 by considering the number of Sylow 7-subgroups, which must be equiv-
alent to 1 modulo 7 and divide 8. Thus it is either 1 or 8. If it is not normal, it must be 8.
Then we have 1+ 8- 6 = 49 elements accounted for. We have 56 — 49 = 7 elements left, and
since 1 4+ 7 = 8, these must form our Sylow 2-subgroup.

We now consider groups of order 24. The number of Sylow 2-subgroups must be equivalent
to 1 modulo 2 and divide 3, so it is 3 if it is not normal. The number of Sylow 3-subgroups
must be equivalent to 1 modulo 3 and divide 8, so it is 4 if it is not normal. We then consider
the action by conjugation of G on the set of Sylow 2-subgroups. If H is a Sylow p-subgroups,
then gHg ! is a Sylow p-subgroup as well. The Second Sylow Theorem tells us that all the
Sylow p-subgroups have this form. We now have a homomorphism ¢ G — Ss, which tells
us how the action permutes the 3 Sylow 2-subgroups. If G is simple, then the kernel of ¢,
which is normal, must be trivial or G itself. It can’t be G, because some conjugation on H
takes it to a different Sylow p-subgroup. We also have that |ker(¢)| - [im(¢)| = |G| = 24,
with [im(¢)] | |S3| or |im(¢)| < 6, so | ker(¢)| > 4. Thus 4 < | ker(¢)| < 24, so ker(¢) is a
proper (nontrivial) normal subgroup.

We now consider groups of order 48. The number of Sylow 2-subgroups must be equiva-
lent to 1 modulo 2 and divide 3, so it is 1 or 3. If it is 3, we consider the map ¢ : G — S3
defined as the action by conjugation on the set of Sylow 2-subgroups. This map is not trivial,
so ker(¢) is a proper nontrivial normal subgroup.

We now consider groups of order 36. The number of Sylow 3-subgroups must be equiva-
lent to 1 modulo 3 and divide 4, so it is 1 or 4. If it is 4, we consider the map ¢ : G — Sy,
defined similarly to the above. Then ker(¢) is normal, and not equal to either |G| or {1}.

We now consider a group of order 30. The number of Sylow 5-subgroups must be equivalent
to 1 modulo 5 and divide 6, so it is 1 or 6. If it is 6, we have 1+6-4 = 25 elements accounted
for, which leaves 5 remaining. If we assume we have more than one Sylow 2-subgroup and
Sylow 3-subgroup, we must have at least 2 elements of order 2 and 4 elements of order 3.
This is more than the remaining 5 elements, so there is only one Sylow 5-subgroup and
groups of order 30 are not simple.

We now consider groups of order 42. The number of Sylow 7-subgroups must be equiva-
lent to 1 modulo 7 and divide 6, so it is 1. Thus the Sylow 7-subgroup is normal.
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We now consider groups of order 60. The number of Sylow 2-subgroups must be equiva-
lent to 1 modulo 2 and divide 3, so it is 3, 5, or 15. The number of Sylow 3-subgroups
must be equivalent to 1 modulo 3 and divide 20, so it is 4 or 10. The number of Sylow
5-subgroups must be equivalent to 1 modulo 5 and divide 12, so it is 6. If the number of
Sylow 2-subgroups is 3, then we consider the map ¢ : G — S3, defined similar to the above.
This map must be nontrivial, so its kernel is a proper nontrivial normal subgroup. Similarly,
if the number of Sylow 3-subgroups is 4 , then we consider the map ¢ : G — Sy, and this
map must be nontrivial. Thus there are 10 Sylow 3-subgroups and there are 5 or 15 Sylow
2-subgroups.

We assume that the number of Sylow 2-subgroups is 5, and we consider the map ¢ : G — S5,
defined similar to the above. This map is not trivial, as ker¢ # G. So ker(¢) = {1} if G
is simple. We also have A; C S5. We consider im(¢) N As. This must nontrivial, or else
|G| - |As| = 3600. Thus im(¢) N A5 <G. We then consider ¢~ 1(45) = {g € G | ¢(g9) € A5}
and claim that it is normal. To prove this, let g € ¢~'(A45) and h € G. Then ¢(hgh™! =

o(h)o ( Yo(h)~t. We know ¢(g) € A5 and Aj is normal in S5, so qﬁ(h)cb(g)(b(h)_l € As and
hgh € ¢~ 1( 5), 50 ¢~ 1(As) is normal. Thus, if G is simple and ¢~ 1(A45) # {1}, then
# 1 (A5) = G. Since ¢ : G — As has a trivial kernel, it is an isomorphism and G = As.

Now we assume that the number of Sylow 2-subgroups is 15. G contains the identity, 6
Sylow 5-subgroups, which yield 24 elements of order 5, and 10 Sylow 3-subgroups, which
yield 20 elements or order 3. This leaves 15 elements remaining. We see that at least two
of the Sylow 2-subgroups, each with order 4, must overlap. Let them be H and K. Then
HNK is asubgroup of order 2. H and K are abelian because they have order 4. We consider
Z(H N K), which contains both H and K. Thus 4 | |Z(H N K)|. Since |Z(H N K)| | |G|,
|Z(H N K)| =4,12,20 or 60. We know that |Z(H N K)| # 60, as then H N K would be a
normal subgroup. Also, |Z(H N K)| # 4 because |H U K| > 4.

We assume that |Z(H N K)| = 12 or 20, so Z(H N K) has an index of 5 or 3. If Z(H N K)
has index 3, we consider the action of G on the cosets of Z(H N K) by left multiplication,
which yields the map ¢ : G — S3, which is nontrivial, so this contradicts the fact that G is
simple. If Z(H N K) has index 5, then we consider the same action, which yields the map
¢ : G — S5. By the same argument as before, we see that G = As. Thus we conclude that
the only simple group of order 60 is I = As.

The next smallest nonabelian simple group has order 168 = 23 .3 .7. It is the the pro-
jective special linear groups in dimension 2 on the field of 7 elements, PSLy(IF7). This is
equal to SLo(IF7)/{nl}, the special linear group modulo the multiples of the identity. Also,
PSLy(TF7) =2 PSL3(IFy).
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The Symmetric Group and the Rubik’s Cube
We recall that the symmetric group S, is the set of permutations of n symbols (with com-
position).

Definition: The cycle type of a permutations is a description of the sizes of its cycles
and how many times each size cycle appears.

Definition: A partition of n is a distinct expression of n as a sum ni + ng + - -+ + ng
with n; <ng < ..+ < ny.

For example, consider (3 4)(1 5 2) in S7. There are two 1l-cycles ((6) and (7)), one 2-
cycle ((3 4)), and one 3-cycle ((1 5 2)), which corresponds to the partition 7=1+1+2+ 3.

Proposition: The conjugacy classes of S, are in one-to-one correspondence with cycle types
or alternatively, with partitions of n.

Proof: Consider for example (1 2 3) and (2 6 7) in S7. We must find a ¢g such that
g(123)g~t = (26 7). We pick a g such that the following takes place under g(1 2 3)g—!:

l—4—4—1 21—2—6 35— 5+—3 47— T7+—4

5—6+—6+—5 6—>2—3—7 7T—3—=1—2

This tells us that ¢ = (1 2 6 5 3 7 4). Note that this g is not unique, as our choice of the

action of g~1 on 1, 3, 4, and 5 was arbitrary.
In general, given o € S, with cycle notation (alaj-- ~a,1€1)(a% a3- ~az2) .-+, We can con-
jugate by some element to yield (b} by --- by )(bT b3--- b7 )---. We can then form 7! that

sends bg to a{, i.e. we can form 7 sending a{ to bf
We must also show that any conjugate permutations have the same cycle structure, but this
can be inferred easily from our previous argument.

Example: The Class Equation for Sy.

The only possible partitions of 4 are 1+ 14+ 141, 1 +1+2, 1 +3, 2+ 2, and 4. We
identify the conjugacy classes that correspond to these partitions as the identity, the trans-
positions, the 3-cycles, the composition of 2 disjoint 2-cycles, and the 4-cycles. These have
1, (3) =6,4-2=38, ((3))/2 = 3, and 3! = 6 elements, respectively. Thus the Class Equation
24=14+64+8+3+6.

Theorem: A, is simple for n > 5.

Steps of Proof:

(1) The 3-cycles generate A,,.

(2) All 3-cycles are conjugate in A,, for n > 5.

(3) Given any nonidentity element of A,,, it and its conjugates can be composed in some way
to yield a 3-cycle.

Proof:

(1) Exercise.

(2) Given 2 2-cycles o and g9, we can write down a formula for g~! that sends the elements
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of 01 to those of o9 and sends the other elements to the remaining elements in an arbitrary
fashion. This is the method we used above. Then goig~! = 9. Note that ¢ is not unique.

For example, consider o1 = (1 2 3) and 02 = (2 4 5) in As. We choose g~! defined with
1—4 21 35 42 5 3.

However, we could replace g = (1 2 4)(3 5) with ¢’ = g o (4 5), and this would still work, as
our choice of the action on 4 and 5 was arbitrary. We see that g and ¢’ have opposite sign,
so one of them must be in A,. This implies that we can always find an even permutation
by which we conjugate to take one 3-cycle to another, so all 3-cycles are conjugate in A,, for
n > 9.

(3) Consider for example (12 3)(456) =z, g = (43 2), and h = (4/2/5). Then we can
calculate (ga:g_l) z  ha (gaf:_lg_l) h~' = (5 4 3), which is a 3-cycle.

Rubik’s Group

We have 6 centers (which don’t move), 8 corner cubies, and 12 edge cubies. We call the
group generated by rotating the faces, i.e., the group of all possible ways to move the corners
and edges the Rubik’s Cube Group. It would first appear that there is an action of G on
Sg of the positions of the corners, but we need to account for how they rotate. We see that
we have 8 - 3 = 24 small faces. Then G < Ss3. We have (Z/37)® in this group, which is
generated by 3-cycles of faces belonging to the same corner. We claim that the group of
possible ways to move the corners is (7/37)8 z Ss where ¢ : Sg — Aut(Z/3Z)® sends o to

an automorphism rearranging the factors.

Proposition: The Rubik’s Cube group is a subgroup of ((Z/3Z)8 x Sg) x ((Z/27Z.)* x S12),
¢ )
the semidirect product of the corners times the semidirect product of the edges. This is a

called a wreath product.

Theorem: The Rubik’s Cube Group has index 12 and in fact is the kernel of ® : ((Z/3Z)8 x

¢

Ss) x ((Z)27)? x S12) — (Z)27) x (Z)2Z) x (Z/3Z) that sends h = ((a;),0,(b;),T) to
¢

(sign(o1) + sign(7), > bj, > ai)
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Generators and Relations

Definition: A free group F,, on a set S = {aj,as,--- ,a,} or more simply, the free group on
n symbols, is the set of all words in (a, b, c,...,nth letter) and their inverses with no obvious
cancellations.

For example aba?b~'¢3b? is in the free group, but not ab?b~*c3a=! = ab~2c3a~!, Multiplica-
tion in the group is carried out by performing the obvious cancellations, e.g. (ab?)(b~*c3a~1) =

ab=2c3a7 1.

The Universal Property of the Free Group: Given a group G and an ordered list
of elements x1,...,x,, there exists a unique homomorphism F,, — G that takes the kth
letter to xy, i.e. it takes a to x1, b to xo, etc.

Definition: A set of elements z1,...,x, € G generates G if the corresponding map
F, — G that maps the kth letter to xy is surjective. This means that every element in G
has a corresponding “word” in the free group.

We now consider the dihedral group D,, it is generated by two elements: a rotation x and
a reflection y. To understand this group better, we examine some of the relations of these
elements. We see that 2" = 1, y> = 1, and zy = yx~'. We would like to be able to write a
statement describing the complete list of relations for this group, as we did for the generators
with the free group. We consider the map ® : F5, — D,, which takes a to z and b to y. We
know that ® is surjective, so Dy, = F5/ker(®) by the First Isomorphism Theorem. Relations
can then be thought of as element of ker(®). We see that a” € ker ®, b> € ker(®), and
abab € ker ®.

Definition: A complete set of relations for a group with a generating set is a set of gener-
ators of the kernel of the map ® : F,, — G.

Definition: A Cayley Graph is a visualization of a group with a generating set. The
graph is a collection of vertices and directed edges. The vertices represent the elements of
the group and an edge is formed from an element x to gx, where g is in the generating set.
The edge is labeled g.

Our Cayley graph for D, is a tree, i.e. it contains no loops. This is because there is no
relation between @ and b. Drawn in the plane, it exhibits fractal structure, with four edges

at every vertex.

We now consider Dy, whose elements are 1,z, 2%, 23, y, 2y, 2%y, 23y. The Cayley graph is
the following:
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(8

(v) =y

Here the red arrows represent left multiplication by x and the blue line represent left multi-
plication by y. The blue lines are not directed because y = y~!. We observe several loops in
this diagram that correspond to relations, such as xyxy = 1.

Bilinear Forms

Definition: Given a vector space V over a field K, a bilinear form isamap B: V xV — K
that is linear in both arguments, i.e. B(av,w) = aB(v,w) and B(v; + ve,w) = B(v,w) +
B(vg,w) and B(v,aw) = aB(v,w) and B(v,w; + wy) = B(v,wy) + B(v, ws).

Some nice properties B could have:

1) Symmetric: B(v,w) = B(w,v).
Subcategory: Positive-Definite (K = R): B(v,v) > 0 for v # 0.

2) Skew-Symmetric: B(v,w) = —B(w,v).
Caveat: In fields of characteristic 2, this condition is vacuous and we instead require that
B(v,v) = 0. We see that this would imply the former condition by examining 0 = B(v +
w,v+w) = B(v,v) + B(v,w) + B(w,v) + B(w,w) = B(v,w) + B(w,v). The previous equa-
tion is known as the polarization identity. The polarization identity on a the standard inner
product yields the parallelogram identity.

When K = C, our forms are bilinear over R, but sesquilinear over C. This means they
are conjugate linear in one argument but linear in the other, i.e. B(cv,dw) = ¢dB(v,w).
This leads to a third type of form:

3) Hermitian: B(v,w) = B(v,w). A Hermitian form is also called a symmetric sesquilinear
form.

Lemma: B(v,v) € R if B is Hermitian.

Proof: B(v,v) = B(v,v), so B(v,v) € R.
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More on Bilinear Forms

Given a bilinear form B on V and a basis {v;}, we can associate with B a matrix A with
entries A;; = B(vj, vj).

Claim A determines the bilinear form.
n

Proof: B (Zaﬂ}i, ij?)j) = Z Z (aibjB(vi,vj)) = Z Z (aibinj).
=1 i=1j5=1 i=15=1

Claim: If each element is expressed in this basis, B(v,w) = vT Aw.

Proof: One method is just to compute the product: [al an] [Aij] = [al an]

Y>> a;bjA;i;. This is the same result we found previously.

(]

Another method is to see that (v,w) — vT Aw defines a bilinear map, and v] Av; = A;;.
Thus we have two bilinear forms that take the same values on the basis vectors, so they must

be equivalent.

Now we shall consider a change of basis. We let w; = Puvj, i.e. w; = > P —ijv;. If we
J

P
think of the {v;} as the standard orthonormal basis, then w; = | @ |. We then compute
P
B(wi, w;) = B(Pv;, Pvj) = (Pv;)" A (Pv;) = v (PTAP)vj. In the {v;} basis, the matrix
PT AP has entries equal to v} (PTAP) vj.

Symmetric Forms

Examples:
_1 0 0 _’U1 w1
A= |0 1 0| with form B va |, [wo = viwy + vows + v3ws. This is the standard
_0 0 1 | U3 w3
inner product.
_—1 0 0 (%1 wl_
=110 1 0| with form B va |, |wa = —vjwy + vows + vzws. This form is not
L 0 0 1 V3 w3 |
1 1
positive-definite, as we can see in B | |0], |0 = —1. We can also write B(v,v) =
0 0

—v} + v3 + v3. The level sets of this expression (—v? + v3 + v3 = ¢) are hyperboloids with
v1 as their main axis. When ¢ = 0, the surface is a degenerate hyperboloid, i.e. a conical
surface, known as the null cone. If ¢ < 0, the surface is a hyperboloid of two sheets that lies
inside the null cone, while if ¢ > 0, the surface is a hyperboloid of one sheet that lies outside
the null cone.
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Theorem: A matrix A is symmetric and positive-definite if and only if A = PTP for
some invertible matrix P, i.e. up to a change of basis, any symmetric positive-definite bilin-
ear form is equivalent to the standard one.

Proof: Delayed.

Nondegenerate Forms and Orthogonality

Definition: A symmetric (or skew-symmetric) form is nondegenerate if there is no vec-
tor v (called a null vector) such that B(v,w) =0V w.

Definition: Given that W is a subspace of V' which is endowed with a bilinear form B, the
orthogonal subspace W+ = {v € V | B(v,w) =0V w € W}.

1
Example: Let W = span 1 in R>»! = R? endowed with the previous bilinear form.
0

(This notation means that there are two positive ones on the diagonal and one negative

1 0
one). We see that W+ = span 1],10] |. We see that W ¢ W+.
0 1

Proposition: Suppose B is nondegenerate on V. Then B is nondegenerate on W C V
if and only if V=W @ W=.

Proof: The backward direction is easy, as V = W @ W= implies that W N W+ = 0. This
means that there is no nonzero vector in W that yields 0 under the form when paired with
every vector in W, i.e. B is nondegenerate on W.

For the forward direction, we use the above fact that the nondegeneracy of B on W implies
that W N W+ = 0. We want to express W= in terms of the matrix for the form, A. We
begin by describing the set of degenerate vectors in V' in terms of A. This is just ker(A),
as w! Av can only be 0 for all w € V if Av = 0. Now we want to describe the degenerate
vectors in W, We can express the condition of degeneracy as [1[1’1 e wk]T Av =0, with
v € Wt and {w;} being a basis of W, since this implies that @ Av = 0 for all {w;}. We
must determine the rank of [zﬁl zﬂk]TA. We know that A is invertible, since B is
nondegenerate on V. Since multiplication by an invertible matrix does not change the rank,
and the rank of [wl e dz’k] Tis k, the rank of the product is k£ as well. Thus the dimension
of W+ is n — k by the Rank-Nullity Theorem. Since WNW+ =0,V =W @ W,
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Symmetric Forms

Let B(-,-) be a symmetric form on V, a vector space over R of dimension n. We saw
that if B is nondegenerate on v, nondegeneracy on W C V implies that V =W @ W,

Theorem: There exists an orthogonal basis for V', and moreover we may take B(v;,vj) =
1,—1, or 0, where {v;} is the basis of V. Equivalently, if A is a symmetric matrix, then there
exists an invertible matrix P such that PT AP = diag(1,---,1,—1,--- ,—1,0,---,0).
Proof: To see the zeroes, we take some basis of V. These are degenerate vectors. We
then restrict the form to the complement of V1, where it is nondegenerate. We then claim
that given a nondegenerate symmetric form, there exists v such that B(v,v) # 0. To prove
this, we consider B(v + w,v + w) = B(v,v) + B(w,w) + 2B(w,w), so B(v,w) = 0, i.e. the
form is trivial. We then induct on the dimension of V. There must be some v such that
B(v,v) # 0. We rescale it to \v, which implies that B(\v, \v) = A\?v. We then can choose
A to be £1. We then consider span(v) @ span(v)®, which gives us a matrix of the form

*1x1 O1xn—1

0 " . We then induct on the dimension of span(v)*.
n—1x1 n—1xn—1

Theorem: The number of 1s, number of -1s, and the number of Os in the previous the-
orem are independent of our choice of basis.

Proof: The number of 0s is the dimension of V1. We realize that the number of 1s and
-1s is dim(V) — dim(V1). We claim that the number of -1s is the largest dimension of
a negative definite subspace, i.e. a subspace such that B(v,v) < 0 for all v # 0 in the

subspace. To prove this, we let {v1,...,v;} be our basis vectors of the k columns with 1s.
These are orthogonal. We suppose {w1, ..., Wi} is a basis for a negative-definite subspace,
with m > 0. We then claim that {v1,..., vk, w1, wess} is a linearly independent set. We

assume for the sake of contradiction that it is not. Then there is some linear combination
a1v1+- - - +agvr = bywi +- - -+ bppm Wty with not all the coefficients equal to 0. We call this
combination u. Since u is in the negative-definite subspace, B(u,u) < 0 unless u = 0. How-
ever, since u is a combination of the {v;}, which have positive entries, B(u,u) = Y a? > 0
unless v = 0. Thus u = 0, so the linear combination is trivial and thus the set is linearly
independent. This gives us a classification of the nondegenerate symmetric bilinear forms on
IR"™ up to a change of basis. We have By, ,_j, a form with k 1s, and n — k -1s, and RFn—Fk
i.e., R" equipped with this form.

We have already considered O(n), the set of matrices the preserved the standard inner
product, i.e., O(n) = {M € GL,(R) | (Mv, Mw) = (v,w) ¥ v,w}. We can extend this to
matrices that preserve any bilinear form: O(k,n—k) = {M € GL,(R) | By p—r(Mv, Mw) =
By p—k(v,w) V v,w}. These are matrices M such that UTMTAk,n_ka = vTAkm_kw, ie.
MTAkm,kM = Ak,nfkv where An,nfk = {I(;C 0 :|

—In—k
Corollary: If M € O(n,n — k), det(M) = +1.
Proof: det(M7T)det(A, k) det(M) = det(Ay, ,_x) implies that det(M)? = 1.

We also see that SO(k,n — k) < O(k,n — k) is the set of matrices with determinant 1.
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Theorem: Given a symmetric matrix A, A is positive-definite, i.e. B(v,w) = vT Aw is
positive-definite, if and only if det(A;) > O V i, where A = [ *’ :], i.e. the determinants

of all the upper left blocks (known as the principal minors) are positive.

Proof: For the forward direction, we claim that a positive definite matrix has a positive
determinant, i.e. A; is the matrix for the form B on a subspace V;, spanned by {v1,...,v;},
the first i basis vectors. Since A is positive-definite, we know that A = PTIP for some
invertible matrix P, so det(A) = det(P?) > 0. Thus det(A) = 1.

For the backward direction, we induct on the dimension of V; The base case is simple: if
B(vy,v1) > 0, then B is positive-definite on V3 = span(v;). In our inductive step, we assume
B is positive definite on V,,_1. We change basis on V,,_; to yield the identity for A;, i.e. the

. I,1 = . . .
matrix is now [ "* ! *] If we change basis, the sign of the determinant does not change.

Thus we have two cases.

Case 1: We have that B(v,,v,) = 0. We change basis so that we have Av, instead and
compute B(v; + Avy, v; + Avy) = B(v;,v;) + 2AB(v;, vy,) + 0 for some A # 0. This is not 0,
so we now have the second case.

Case 2: We have B(vy,v,) # 0. We choose v, = v; — g((::f;z))vn with B(v},v,) = 0. In our

I,
0
the matrix is positive-definite.

: 0 : .
new basis, we have [ ! J, where * > 0 because the determinant is greater than 0, so

70



Lecture 32
November 22

Hermitian Forms and Group Theoretic Consequences

We consider a Hermitian form B : V x V. — C, where V is a vector space of dimension
n over C. We have that B is conjugate linear in the one factor (usually the first) and lin-
ear in the other factor, i.e. B(cv,w) = ¢B(v,w) and B(v,cw) = c¢B(v,w). We also add a
symmetry condition: B(v,w) = B(w,v). For this reason a Hermitian form is also called a
symmetric sesquilinear form. We also see that Re(B) is bilinear and symmetric, while Im(B)
is bilinear and skew-symmetric.

Claim: Let {v;} be a basis over C and let a;; = B(v;,v;). In this basis, B(v,w) = v*Aw,

where A is the matrix associated with B, and v* = v7.
Proof: We consider B(v,w) = B(_ civ;, »_ djvj) =) Gayjd; = v*Aw. We see that Hermi-

tian symmetry means B(v;,v;) = B(vj,v;, i.e. A* = A. (A* is known as the adjoint). If we
change basis, we send A to P*AP, because (Pv)*A(Pw) = v*(P*AP)w..

We see that (CV, (-, -)) has an operation given by (v, w) = v*w. Note that (v, Tw) = (T*v,w),
as (v, Tw) = v*Tw and (T*v,w) = (T*v)*w = v*Tw.

We then consider the other linear maps T : CV — CV preserving (,-). We must have
(Tv, Tw) = (v,w), i.e. v*T*Tw = v*w ¥ v, w, which implies that 7% = T~!.

Definition: A linear map T : CV — CV is unitary if 7* = T, or equivalently if it
preserves the operation (-, -) described above. The unitary maps form a group U(n)

Note that we can now think of the matrix associated with our Hermitian form, A as as-
sociated with a linear map from CV to CV, which we also will call Hermitian.

Spectral Theorem: If T is Hermitian, T has an orthonormal basis of eigenvectors. Equiv-
alently, there is a unitary change of basis that diagonalizes T, i.e. there is some P € U(n)
such that P~!TP is diagonal.

Proof: Because our field is C, T' must have at least one eigenvector v. We normalize the vec-
tor and then extend it to an orthonormal basis of CV (using the Graham-Schmidt process).

A *1xn—1

On—1x1  *n—1xn—1
still be Hermitian, so *1xn—1 = O1xn—1. P is unitary because our basis was orthonormal.
We then consider on the subspace spanned by {vs,...,v,}, i.e. the subspace associated with
*p—1xn—1, and proceed by induction.

We call our change of basis matrix P;, so P{TP; = . This matrix must

Theorem: The eigenvalues of a Hermitian operator are real. _
Proof: We consider A (v,v) = (Av,v,=) (Tv,v) = (v,Tv) = (v, \v) = A (v,v), so A = X and
AeR.

Spectral Theorem over the Reals: If T is symmetric, 7" has an orthonormal basis
of eigenvectors. Equivalently, there is an orthogonal change of basis that diagonalizes T, i.e.
there is some P € U(n) such that P~!TP is diagonal.

Proof: T is Hermitian over Vg, so it has a real eigenvalue A, so det(A — AI) = 0, which
implies there is a real eigenvector in V. We then proceed via the same proof as before.
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Powers of Positive Symmetric Matrices

Note that all of the following can be done for Hermitian and unitary matrices in place
of symmetric and orthogonal. We let A be a positive symmetric matrix, so it will have an
orthonormal basis of eigenvectors. (Here a positive matrix is one with an associated positive-
definite form). We define A™ with r € R~g as A"v = A\"v if Av = Av, which is well-defined.
An application of this is the polar decomposition, which begins with the following.

Theorem: If A € GL,(R), then AA” is symmetric, and the eigenvalues of AAT are positive.
Proof: A\ (v,v) = <AATU,U> = <AT’U,ATU> > 0. None of the eigenvalues can be zero be-
cause A is invertible.

We then consider (AAT)~1/2A. We sce that if AAT = I, then A would be orthogonal. We
then claim that (AAT)~1/2A € O(n). This is just a calculation: ((AAT)_l/QA)T ((AAT)_l/QA) =
ATT(AATYV2(AAT) 124 = AT(AAT) 1 (AAT) 124 = AT(AT)1A1A =1

Corollary: Given A € GL,(R), A = BC for a positive and symmetric matrix B = (AAT)/?
and an orthogonal matrix C' = (AAT)~Y/2A. In fact, this decomposition is unique.
Proof: To show uniqueness, we suppose A = B1(Cy = ByCs. with B; positive and symmetric

and C; arbitrary. Then (B1Cy(B1Cy)T)"? = (ByC1CT BT = (B2)'? = B.

Theorem: The cosets of O(n) in GL,(R) are in one-to-one correspondence with the set
of positive symmetric matrices. This also works for SO(n) in SLa(R).

Example: We know that SLy(R) = [CCL b] such that ad—bc = 1 and SO2(R) = [COS 0 —sin 9] ,

d cosf sind
which we can think of as a circle. The positive symmetric matrices in SLo(R) must be of

the form [Z ﬂ such that ac —b* = 1. Thus b € R, ¢ € Rxg, and a = (1 + b?)/c. Thus

SLs(R) is topologically equivalent to an open solid torus with core SO2(R).
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Lecture 33
November 25

Sample Solutions from Exam 2

2. Let V be a vector space over C of dimension n and let T : V. — V be a linear map.
Suppose that the only eigenvalues of T are 0 and 1. Show that the ker((T'— I)") = im(T™).

We know that VN = ker((T — A)"*) and V = @ V). If our eigenvalues are 0
Spec(T)

and 1, this tells us that V = V(© @ V1) = ker((T — I)") @ ker(T™). We also know that
V = 1im(T™) & ker(T™). This does not immediately imply that ker((7" — I)") = im(T™),
however. As a counterexample, we could have two lines that span the plan, and we could
rotate one without chaning the span. Thus we use the fact that ker(7™) and im(7™) are
T-invariant. We then consider v € ker((T' — I)™). Then v = v; + vg, with v; € im(7") adn
v =€ ker(T™). We also see that ker(7™) and im(7™) are (T' — I)"-invariant. This means
that v; and vy, are in ker((T' — I)"), because (T' — I)"v = 0 and im(7™) Nker(T™) = {0}.
Thus vy, € ker(T™) Nker((T'— I)") = {0}, so v = v; and thus ker((T'— I)") = im(T™).

3. (a) List all isomorphism classes of groups of order 20.
(b) How many distinct isomorphism classes are there?

We see that 20 = 22 - 5. The number of Sylow 2-subgroups is equivalent to 1 modulo 2
and divides 5, so it is either 5 or 1. The Sylow 2-subgroup(s) must have order 4, so they are
Cy or Cy x (3. The number of Sylow 5-subgroups is equivalent to 1 modulo 5 and divides
4, so it is 1. The Sylow 5-subgroup must have order 4, so it is C5. This must be normal,
because it has no proper conjugate subgroups. Thus we have 2 cases, because the product
of the Sylow subgroups is the whole group and one is normal:

1. 05 ;? (Cg X 02)

2. 05 ><]C4
¢

In the first case, we consider ¢ : (Cy x C3) — Aut(Cs) = C4. Every element in Cy maps
to something in Cy of order 2. One option is the trivial map that maps every element to
the identity. This yields a direct product G = Cy x Cy x Cs. Note that we can also look at
this map as ¢ : (Cy x Cq) — Cy = {1,2?} C C4. Other than the trivial map, the only other
option is the maps that sends two elements to the identity and two elements to z2. If we

choose the latter options, we find G = Cy x (Ca x C5) = Cy x D5 = Dyj.
¢

In the second case, we consider ¢ : Cy — Aut(C5) = C4. There are four possible maps.
If  maps to 1, then G = C; x Cs. The maps that map z to = or x> are equivalent up to
renaming Cj. If 2 maps to 22, we find something different. Showing that it is not isomorphic
to any other case is let as an exercise.

Thus we have 5 isomorphism classes:
1. 05 X CQ X 02
05 X 04
Do
Cs (;4 Cy, with (252(56) =T
2

Cs x Cy, with ¢3(z) = 2.
¢3

AR ol o
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Normal Operators

We have previously considered Hermitian operators, i.e. linear maps from C" equipped
with the usual inner product to itself, with T = T*. We also looked at unitary operators,
which are maps on the same inner product space with 77! = T*. Both are special cases of
a normal operator, which is a map that commutes with its adjoint, i.e. T7T* = T*T.

Spectral Theorem (Version 2): T is normal if and only if it is diagonalizable by a
unitary transformation, i.e. if there exists an orthonormal eigenbasis.

Proof: Since the field is C, T" must have an eigenvector v. We normalize this vector and
then extend it to an orthonormal basis. Then we change to this basis by a unitary trans-
formation: U~'TU. This is still normal, as (U*TU)(U*T*U) = U*TT*U = U*T*TU =
(U*T*U)(U*TU). Then we see

ai | as -+ a, al‘O e 0
0 az
U'TU =T, = | . and T} = )
: M : M*
0 [

We consider the upper left entry of the two products (T175)11 = Y aa; = Y |a;|* and
(TyT1)11 = a;a; = |a;|?. If these are equal, then a; = 0 V i > 2. We then induct, considering
M and M*, which must also commute. This diagonalizes the matrix.

Corollary: Conjugacy classes of U(n) are in one-to-one correspondence with diagonal uni-
tary matrices.

Note that a normal operators N can be represented as N = U*DU, where U is unitary
and D is diagonal.

Skew-Symmetric Bilinear Forms

We consider a skew-symmetric bilinear form B(-,-) on V' of dimension n over the field R.

Theorem: Suppose B is nondegenerate. Then n is even, and, after a change of basis,

-1
B(v,w) = —vl J,w, where J,, = Ormscm m} . This new basis is called the standard
Im Ome
symplectic basis for B. If we write this basis as {vi,..., v, w1,...,wy}, then it has the

following properties:

1. B(vi,wj) = 57;]'

2. B(’UZ',U]') = B(wi,wj) =0.

Proof: We shall prove by induction on the dimension of V. The base cases are that 0
works and 1 doesn’t. In the inductive step, we choose v € V' such that there exists w € v
such that B(v,w) # 0. We rescale one of the vectors such that B(v,w) = 1. Then we let
Vi = span(v,w) and Vo = {u € V | B(u,u') = 0V « € V;}. Because B is nondegen-
erate, dim(V2) 4+ dim(Vy) = dim(V) and V2 N'V; = {0}. Then the matrix of the form is

0 —1
|:1 0 :| 0n72><n72

0n72><n72 >l<n72><n72
the correct block form.

. We then proceed by induction and rearrange our basis to yield
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Lecture 34
December 2

Representations of Finite Groups

Definition: A representation of a group G on a vector space V is a linear action of G
on V (i.e. elements of G act by linear transformations), or equivalently, a homomorphism
R:G— GL(V).

We use R, to denote R(g), and we see that g - (h-v) = (gh)v is equivalent to RyRj(v) =
Rgh(v).

WEe’ll consider complex representations which are representations of G on C", i.e., homo-
morphisms to GL,(C).

Definitions:

The trivial representation is R, =1V g € G.

A representation is faithful if R, # R, if g # n, which gives an injection G — GL,(C).
The dimension of a representation is the dimension of the vector space.

The character of a representation R : G — GL,(C) is a map xg : G — C defined by
Xr(9) = tr(Ry).

Examples:

We consider a one-dimensional representation R : G — GL1(C) = C*. Then [xr(9)] = Ry,
i.e. they are equal in C* C C.

We consider the group D3 = {1,z, 2%y, yx, yz?}, where z is a rotation by 27/3 and y is a
reflection. We know that D3 = S3, so we can also represent this way with z = (1 2 3) and
(1 2). In terms of generators and relations, D3 is generated by z and y, with 23 = 1, y? = 1,
and yz = z~'y. We consider the one-dimensional trivial representation, Riiy = [1]. We then

consider the standard two-dimensional representation, defined with Rg(y) = (1) _OJ and
Ru(z) cos2n/3 —sin27/3]  [-1/2 —/3/2

W)= sin2r /3 cos2r/3 | Vv3/2  —1/2
{£1} C C* defined by g — sign(g). In one dimension, Rign(x) = [1] and Rgign(x) = [—1].
Now let’s build a table:

]. We can also consider Rgign : S3 —

1 =z 22 y yx yz?
XRye 1 1 1 1 1 1
XRggn 1 1 1 -1 -1 -1
XrR, 2 —1 -1 0 O 0

Claim: ypg is constant on conjugacy classes.

Proof: xp(ghg™') = tr(Ryp,-1) = tr(RgRyRy-1 = tr(Rp) = xr(h)
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Direct Sums, Irreducible Representations, and Maschke’s Theorem

Suppose we have a representation of G on a vector space V.
Definition: W C V is invariant under the action of Gif g-w € W € W forallw € G, g € G.
Definition: A representation if irreducible if there are no proper nontrivial subspaces.

Definition: A direct sum of representations Ry : G — GL(Vl) and Ry : G — GL(VQ) is the

map R : G — GL(V; & Va) where Ry(v1 @ v2) = Ry, (v1) @ Ry, (v2), i.e. Ry = [Rogl RO } :
g2
Maschke’s Theorem: Every representation is isomorphic to a direct sum of irreducible
representations.
Proof First we shall show that any complex representation of a finite group preserves
some positive definite Hermitian form. We take the standard Hermitian form (-,-) on C".
We let B(v,w) = ‘—é' > {g-v,g-w). This form is Hermitian, as it is symmetric, linear
eG
and conjugate linear ign the appropriate arguments, and positive definite, as g - v # 0 if
v # 0. With h € G, we then claim that B(v,w) = B(h-v,h-w) = B(Rp(v), Ry(w)).
B(h-v,h-w) = ﬁZ(g-h-v,g%z-w) = |—é| S {gh™t-h-v,gh7!h-w) = B(v,w).
geqG gh—1leG
Now, given a reducible representation, we consider W C V that is invariant under G. We
let B(-,-) be the invariant Hermitian form and let W+ be its orthogonal complement with
respect to B. If u € W+, then B(u,w) =0 Y w, so B(gu,gw) = 0V w, so gu € W+. Thus
W is also invariant under G.

Morphisms of Representations

We consider T' : V. — W. Suppose G acts on V and W. Then T is G—linear or is a
morphism of representations of G if T'o Ry, = Ry,40T V g € G.
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Lecture 35
December 4

Representations and Character Tables

Schur’s Lemma: Suppose R : G — GL(V) and R' : G — GL(V’) are two irreducible
representations. Then:

1. Given T : V — V' that commutes with the action of G, then T'= 0 or T' is an isomor-
phism.

22.IfR=R,V=V"and T = Al

Proof: Consider ker(7T") C V. We claim that this is a G-invariant subspace, i.e. if v € ker(T),
then Ry(v) € ker(T) V g € G. We see that Tv = 0, then TRy(v) = R/Tv = 0, so
Ry(v) € ker(T"). Thus ker(T') = {0} or V. If ker(T') =V, T = 0. If ker(T') = 0, we consider
im(7) € V'. We claim this is also a G-invariant subspace. Suppose w = Tv € im(T"). Then
Ry(w) = Ry (Tv) = TRyv € im(T'). Thus im(T) = {0} or V'. Tt is not {0} unless V' = 0
or T'= 0. So the only nontrivial case is that ker(7') = {0} and im(7") = V. Thus T is an
isomorphism.

Now we assume that R = R, and we consider 7' — AI with \ an eigenvalue. Then ker((T" —
AI)™) is G-invariant, so it is V, as it can’t be {0} because there already is an eigenvalue.
Thus T'= AI.

We conclude from this that if V' is a general representation, i.e. V 2 Vi @ --- @ Vi and
V=W, &---@&W,, where V; and W are irreducible representations, then the lists {V;} and
{W;} are, up to reordering, isomorphic.

We recall that the character of a representation R : G — GL(V) is a map xg : G — C
defined by xr(g) = tr(R,). Note that this is not a homomorphism.

We consider a positive-definite Hermitian form on the space of all maps G — C given

by (6,6) = = 3 8(9)¢(9).

B ‘G|g€G

We consider some useful facts about the character xg : G — C:

1. xr(ghg™ = xr(h) because tr(RgRyR,-1 = tr(Rp).

2. xr(g™Y) = xr(g). This follows because any representation 7' is unitary with respect to
some basis, so the eigenvalues all have a norm of 1. Thus yr(g) is the sum of eigenvalues,
weighted by their multiplicities, and xz(g~!) is the sum of the reciprocals of the eigenvalues,
which is the sum of the conjugates, because A™1 = X if A\ = 1.

Theorem: The characters of irreducible representations are orthonormal, i.e. (xg, xr/) =1
if R~ R’ and 0 otherwise. Additionally, the characters of irreducible representations span
the space of maps G — C which are constant on conjugacy classes (known as class func-
tions).

Proof: We consider two matrices A and B of size m x m and n X n, respectively. We
consider the operator F)q g on C™*™ (the vector space of m x n complex matrices) given
by M — AMB. Then tr(Fap) = tr(A)tr(B). We see this by taking M;; = d;;. Then
(AMB)” = aiibjj, SO tI‘(FA’B) = Zz Zj aiibjj == Zz (057 Zj bjj = tr(A)tr(B). ‘We consider R,
a representation of dimension m on V and R, a representation of dimension n on V' and define
o CmX" — C™*" with M — ’61” > R;IMR;. Since M corresponds to a linear map from

geG
V to V', ®(M) commutes with the action of G. Also, if M commutes with the action of G,
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then ®(M) = M. We shall compute the trace of ®. Its image is the subspace of maps from V'
Ik *mn—k _ :
=k, where k is

to V' that commute with action of G. Thus tr(®) = tr ([
Omn—t  Omn—k

1
the dimension of the subspaces described above. Alternatively, tr(®) = @l > tr(F R r)=
g

1 1 1 .
€] Yo tr(R, tr(Ry) = il Yxr(g  xr(g) = I > xr(@)xr(9) = (Xr, Xr)- Then if R
and R’ are irreducible representations and R 2 R, (xg, xr) is the dimension of the space
of morphism from V' to V, which is dim({\}) = 1 by the second part of Schur’s Lemma.
Also, (xr,xr’) = 0. Thus the characters of irreducible representations are orthonormal.
Now we consider a useful lemma:

Lemma: If a class function ¢ : G — C is orthogonal to all maps, then the linear map
1 - .

@ Z ¢(Q)Rg is 0.

Proof: Exercise. It suffices to check this for irreducible representations and to show 71" com-

mutes with the action of G. Then we use Schur’s Law.

Continuing the proof, we now consider the regular representation of G. Here V is the com-

plex span of {ey}, where h-ey = epg and h- (D ageq) = > ageny. We see that the elements of
1 C
GL(V) are permutation matrices. Then T = @l > ¢(g9)Rg™® = 0, where ¢ is a class function
1

that is orthogonal to all maps by the previous lemma. Then Te; = Il S o(g)Ry®E(e1) =

1
al > #(9)eq, which is not zero unless ¢(g) is zero for all g. Thus there is a representation

that shows that a class function orthogonal or all other maps is 0, which shows that the
characters of irreducible representations span the space of class functions G — C.

Corollary: (a) The number of distinct irreducible representations is the number of con-
jugacy classes.

(b) If we list the distinct irreducible representations Vi, - - - Vi, then any representations V' is
uniquely a direct sum of m; copies of V;, with m; = (chiv, xv;)

Proof: Exercise.
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