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Syllabus

Hilary Term (8 lectures)

e Axioms for a group and for an Abelian group. Examples including geometric symmetry
groups, matrix groups (GL,, SL,, O,, SO,, U,), cyclic groups. Products of groups. [2]

e Permutations of a finite set under composition. Cycles and cycle notation. Order. Trans-
positions; every permutation may be expressed as a product of transpositions. The parity
of a permutation is well-defined via determinants. Conjugacy in permutation groups. [2]

e Subgroups; examples. Intersections. The subgroup generated by a subset of a group. A
subgroup of a cyclic group is cyclic. Connection with hef and lem. Bezout’s Lemma. [1.5]

e Recap on equivalence relations including congruence modn and conjugacy in a group.
Proof that equivalence classes partition a set. Cosets and Lagrange’s Theorem; examples.
The order of an element. Fermat’s Little Theorem. [2.5]

Trinity Term (8 lectures)

e Isomorphisms, examples. Groups up to isomorphism of order 8 (stated without proof).
Homomorphisms of groups with motivating examples. Kernels. Images. Normal sub-
groups. Quotient groups; examples. First Isomorphism Theorem. Simple examples de-
termining all homomorphisms between groups. [3]

e Group actions; examples. Definition of orbits and stabilizers. Transitivity. Orbits parti-
tion the set. Stabilizers are subgroups. [2]

e Orbit-stabilizer Theorem. Examples and applications including Cauchy’s Theorem and
to conjugacy classes. [1]

e Orbit-counting formula. Examples. [1]

e The representation G — Sym(S) associated with an action of G on S. Cayley’s Theorem.
Symmetry groups of the tetrahedron and cube. [1]

Recommended Texts

e M. A. Armstrong Groups and Symmetry (Springer, 1997)



STANDARD GROUP NOTATION

Z, Q, R, C — the integers/rationals/reals/complex numbers under +.
C,, — the cyclic group of order n.

Z,, — the integers, modulo n, under +. (Z,, is isomorphic to C,,)

Q*, R*, C* — non-zero rationals/reals/complex numbers under x.

Z,, — the non-zero elements of Z,, where p is a prime, under X.

Z — more generally for composite n, the units of Z,, those elements coprime with n
under x.

(0, 00) — the positive real numbers under x.

Sym(S) — the permutations (i.e. bijections S — S) of a set S under composition.
S, — permutations of {1,2,...n} under composition.

A,, — even permutations of {1,2,... n} under composition.

Dsy,, — the symmetries of a regular n-sided polygon under composition.

V or Vj — the Klein four-group Z, x Zs = {e,(12)(34), (13)(24), (14)(23)}.

Qs — the quaternion group {+1, +i, £+j, £k}.

S1 — the complex numbers with unit modulus under multiplication.

GL(n, F') —invertible n xn matrices with entries in the field F' under matrix multiplication.
SL(n, F') — the subgroup of GL(n, F') whose elements have determinant 1.
AGL(n, F) — the affine maps of F™.

O(n) — orthogonal n x n real matrices (A~! = AT) under matrix multiplication. Also

SO(n).

U(n) — unitary n x n complex matrices (A~! = AT) under matrix multiplication. Also
SU(n).

Aut(G) — the automorphisms (i.e. isomorphisms G — G) of a group G under composition.
G1 x Gy — the (direct) product group of two groups G; and GS.

G/H — the quotient (or factor) group of a group G by a normal subgroup H of G.

(g) — the cyclic subgroup of G generated by g € G.

(S) — the subgroup of a group G generated by a subset S of G.






1. THE GROUP AXIOMS

1.1 Abstraction

Abstract algebra began as a late nineteenth century construct bringing together many results
and observations from the previous century. During the twentieth century, throughout much
of pure mathematics, abstraction was to play an important role in shaping the subject. Prior
to the nineteenth century, most mathematics had begun with some interest in real-world prob-
lems. Perhaps due to the paradigm-smashing discovery of non-euclidean geometries, nineteenth
century mathematicians were more willing to cut that cord. In any case, thinking abstractly,
mathematicians began looking at the underlying rules, logic and structures that drove seem-
ingly disparate results. The power of abstraction, then, is its generality: beginning with the
rules of an abstract structure, one can begin to demonstrate results that apply to all examples
of that structure. Whilst the nature of a specific structure is likely grounded in some important
concrete examples, the proof itself emerges independent of any particular examples. Still more,
with luck, the proof will be that much more apparent as it focuses on the structure’s rules only
and there is no distraction from superficial clutter.

In this first course in abstract algebra we concentrate on groups. Groups, particularly in the
form of "substitution groups", had been apparent in the work of Galois, Gauss, Cauchy, Abel et
al. in the early nineteenth century. The general axioms for a group were first written down by
Cayley in 1849, but their importance wasn’t acknowledged at the time. Two other important
algebraic structures are rings and fields — you will likely have met the field axioms in Linear
Algebra I and Analysis I. Both these concepts are due to Richard Dedekind (1831-1916) who
was arguably the father of abstract algebra; certainly he was one of the first to fully appreciate
the power of abstract structures. Fields and rings naturally lead to examples of groups also.
It wasn’t until the 1870s that an appreciation of the merit of abstract structures was showing,
especially in the nascent algebraic number theory which grew out of efforts to prove Fermat’s
Last Theorem.

1.2 Binary Operations

Definition 1 A binary operation x on a set S is a map *: S x S — S. We write ax b for
the image of (a,b) under .

So a binary operation takes two inputs a, b from .S in a given order and returns a single output

a* b which importantly has to be in S. Standard examples include addition, multiplication and
composition but there are many other examples as well.
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Example 2 The following are examples of binary operations.
(i) +,—, x on R; + is not a binary operation on R as, for example 1 + 0 is undefined;
(ii) A, the cross product, on R3;
(#i) min and max on N;
(iv) o, composition, on the set Sym(S) of bijections of a set S to itself;
(v) matriz multiplication on the set of n X n complex invertible matrices (for a given n).

Definition 3 A binary operation * on a set S is said to be associative if, for any a,b,c € S,
(axb)xc=ax(bxc).

In particular, this means an expression such as aq * as * - - - * a,, always yields the same result,
wrrespective of how the individual parts of the calculation are performed.

Definition 4 A binary operation * on a set S is said to be commutative if, for any a,b € S,
axb="0bxa.

Definition 5 An element e € S is said to be an identity element (or simply an identity)
for an operation x on S if, for any a € S,

exa=a=ax*e.

Proposition 6 Let * be a binary operation on a set S and let a € S. If an identity e exists
then it is unique.

Proof. Suppose that e; and e; are two identities for *. Then

erxey = € as ep is an identity;

e1 %€ = €9 as e; is an identity.
Hence e; = e5. m

Definition 7 If an operation x on a set S has an identity e and a € S, then we say thatb € S
1s an tnverse of a if
axb=e=bxa.

Proposition 8 Let x be an associative binary operation on a set S with an identity e and let
a € S. Then an inverse of a, if it exists, is unique.

Proof. Suppose that b; and by are inverses of a. Then

by x (axby) = by*xe=by
(bl*a)*bg = €*b2:b2.

By associativity by = by.
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Notation 9 If x is an associative binary operation on a set S with identity e, then the inverse

of a (if it exists) is written a™*.

Example 10 If we look at the binary operations in Fxample 2 then we note:
(i) + on R is associative, commutative, has identity 0 and x™': = —x for any x;
— on R is not associative or commutative and has no identity;
X on R is associative, commutative, has identity 1 and x=': = 1/x for any nonzero x.
(ii) A on R? is not associative or commutative and has no identity;
(#i) min on N is both associative and commutative but has no identity;
max on N is both associative and commutative and has identity 0 (being the least element
of N) though no positive integer has an inverse;
(iv) o is associative, but not commutative, with the identity map x — x being the identity
element and as permutations are bijections they each have inverses;
(v) matriz multiplication on n X n invertible complex matrices is associative, but not commu-

tative, with identity element I,, and A™1: = A~ (unsurprisingly).

Remark 11 Given a binary operation x on S and a subset T' C S, then we have a restriction
x: T x T — S which need not generally be a binary operation on T. We will, quite naturally,
be interested in those subsets T for which * restricts to a binary operation x: T'xT — T on T.
In this case, T s said to be closed under *.

Example 12 + is a binary operation on Z.
(i) Let m € Z. The set mZ = {mn: n € Z} is closed with a identity 0 and inverses.
(i) The set {n € Z: n > 1} is closed under + but has no identity nor inverses.

1.3  The Group Axioms

Definition 13 A group (G, x*) consists of a set G and a binary operation * on G
x: G x G — G, (a,b) — axb

such that
(i) * is associative — that is a x (b* c) = (a * b) * ¢ for any a,b,c € G;
(ii) there is an identity e which satisfies ex a = a =ax*e for all a € G;

(iii) for each a € G there exists an inverse a™' such that axa ' =e=a"!

*a.

Remark 14 If the operation * is clear and unambiguous then we will often simply say "G is
a group" as a shorthand for "(G,x) is a group”.

Remark 15 When verifying that (G,*) is a group we have to check (i), (ii), (iii) above and

also that x is a binary operation — that is, axb € G for all a,b, € G; this is sometimes referred
to as closure.

THE GROUP AXIOMS 7



Notation 16 [t is common notation to suppress the binary operation x when discussing groups
generally and instead to write ab for a xb. We shall do this from now on.

Notation 17 Also, when n is an integer, we will write

aaa - - - a n > 0;

n times
a" = e n = 0;

gt n<o.
————

—n times

Basic rules of algebra following from the group axioms are:

Proposition 18 Let G be a group, x,y,z € G and m,n € Z. Then
(a) (xy)" =y tat.
(b) (z) " =z

(c) x™x™ = x™*™,

(@) @) =2
(e) (Cancelling on the left) If xy = xz then y = z.
(f) (Cancelling on the right) If xy = zy then x = z.

Proof. Left as exercises. ®

Definition 19 We say that a group G is abelian, after the Norwegian mathematician Niels
Abel (1802-1829), if the group operation is commutative — that is,

9192 = G291 for all g1, 92 € G.

Example 20 The sets Z, Q, R, C form abelian groups under + withe =0 and x™': = —x in
each case.

Example 21 The sets Q\{0}, R\{0} C\{0} form abelian groups under x with e = 1 and
x7t: =1/x in each case. These groups are respectively denoted as Q*, R*, C*.

Remark 22 More generally if (F,+, X) is a field then (F,+) and (F\{0}, xX) are both abelian
groups.

Example 23 The set of positive real numbers (0, 00) form an abelian group under X with e = 1
and x71: =1/x.

Example 24 Any vector space forms an abelian group under +.
Example 25 Show that the n X n invertible real matrices form a group under matrix multipli-
cation. This group is denoted GL(n,R) and is called the nth general linear group.

Show that GL (n,R) is non-abelian when n > 1.
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Solution. Our operation, matrix multiplication, is a binary operation because if A and B are
invertible n X n real matrices then AB is invertible with (AB)™" = B~1A1.
Matrix multiplication is associative.
The group has an identity I, as [,A = Al, = A for all A and I, is invertible.
Every element A € GL(n,R) has an inverse A~ (in the usual sense) which is invertible as
(A™1)™" = A and which satisfies AA™! = A~14 = I,,.
If n > 2 then we see that
11 0 10 0
A=101 0 , B=[11 0
0 0 I, 0 0 I,
don’t commute as (AB),; =2 # 1 = (BA),, and hence GL (n,R) is non-abelian. m

There are other important matrix groups. Let n be a positive integer.

Example 26 The real invertible n x n matrices with determinant 1 form a group SL(n,R)
(the special linear group) under matriz multiplication which is non-abelian for n > 2.

Example 27 The orthogonal n x n matrices form a group O(n) under matriz multiplication
which is non-abelian for n > 2. (Recall a real matriz A is orthogonal if A= = AT.)

Example 28 The orthogonal n x n matrices with determinant 1 form a group SO(n) under
matrix multiplication which s non-abelian for n > 3.

Definition 29 A complex square matriz A is called unitary if A~! = ZT, that is the transpose
of the conjugate of A.

Example 30 Show that the unitary n X n matrices form a group U(n) under matriz multipli-
cation which is non-abelian for n > 2.

Solution. This is left to Exercise Sheet 1, Question 3. m

Example 31 The set S' = {2 € C: |z| = 1} forms an abelian group under multiplication.
Note that the three groups S, U(1), SO(2) can all be naturally identified by

i0 i0 cosf) —sinf
€ H(e )H(sinﬁ cos )

An important (if rather elementary) family of groups is the cyclic groups.
Definition 32 A group G is called cyclic if there exists g € G such that
G = { ¢ ke Z} .
Such a g is called a generator. As g'¢’ = ¢"*7 = ¢’¢' then cyclic groups are abelian.

Example 33 Z is cyclic and has generators 1 and —1.
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Example 34 Letn > 1. The nth cyclic group C,, is the group with elements

{6797927 te 7gn71}

which satisfy g" = e. So given two elements in C,, we define

o i+ 0 <it i
g g = g+._ . Zva\zj.L]<n,
g dfn<i+ 5 <2n—2.

Another important family of groups is the dihedral groups.

Example 35 (The Dihedral Groups) Let n > 3 be an integer and consider a regular n-sided
polygon P in the plane. We then write Do, for the set of isometries of the plane which map the
polygon back to itself. It is clear that Ds, forms a group under composition as (i) the identity
map is i Da,, (i) the product of two isometries taking P to P is another such isometry, (iii)
the inverse of such an isometry is another such isometry, (iv) composition is associative. Here
"D" stands for "dihedral”, meaning two-sided.

We consider the n = 3 or Dg case first, that is where the polygon is an equilateral triangle
as in the first diagram below.

We will denote rotation anticlockwise by 2w /3 as r and denote reflection in the vertical as s.
We will also label the vertices as 1,2,3. It is easy to see that the following symmetries are all
different

e, T, r?, s, TS, r?s.
One way of seeing this is by noting how these symmetries permute the vertices; note that these
six symmetries respectively permute the vertices as

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
12 3 )" 2 3 1)° 31 2 )7 21 3 )" 32 1)° 1 3 2)°

In fact, these are the only symmetries of the triangle as there are 6 = 3! permutations of the
vertices.

When n = 4 (i.e. when the group is Dg) we will similarly denote rotation anticlockwise
by /2 as r and again denote reflection in the vertical as s. If we will label the vertices as
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1,2,3,4 then we note that the following eight symmetries are distinct because of their effect on

the vertices:
4 1 2 3 4 9 1 2 3 4 3 1 2
’]" = ’]" = 7" g
4 )7 2 3 4 1) 3412 )’ 4 1

(1
© = \1
(1 4 (1234 ., (1234 . (1
S 3 ) T\ 3214) ""T\la3921) "T5T\1

What is slightly unclear in this case is whether there are any further symmetries. Clearly some
permutations of the vertices cannot be performed as symmetries — for example, swapping just
3 and 4 is not possible as, afterwards, 1 and 3 would no longer be opposite one another on a
diagonal. We shall see in Proposition 36 that the eight symmetries above are indeed the only
possible symmetries of the square.

N NN
=~ W W w
=N NWw
W W W

Proposition 36 Let P be a reqular n-sided polygon P in the plane with r denoting anticlockwise
rotation through 2w /n about P’s centre and s denoting reflection in an axis of P. Then the
symmetries of P are

e,r,r2, . " s rs, s, r T s, (1.1)

Proof. Label the vertices of P as 1,2,...,n in an anticlockwise order. Let ¢t be a symmetry
of P. Once t has been effected then the vertices will either read 1,2,...n anticlockwise or
clockwise. Suppose the former and say that 1 has moved to position k£ where 1 < k < n. Then
r1=%¢ returns 1 to position 1 and — more generally, as the vertices are in an anticlockwise order —
all vertices to their original starting positions. Hence 7%t = e and we see t = r*~1. If instead
t changes the vertices to a clockwise order then ts — as s flips the polygon — keeps them in an

anticlockwise order. As before we see that ts = =1 for some 1 < k < n and hence t = ¥~ 1s

as s ' = s.

Hence the symmetries in (1.1) are the only possible. To see that these 2n symmetries are

distinct, well firstly each of e,r,r%,...7""! keep the vertices in the same anticlockwise order

but each moves vertex 1 to a different place, and each of s, s, r?s,...7" s reverses the order

of the vertices and each moves vertex 1 to a different position. m

Given two groups G and H, there is a natural way to make their Cartesian product G x H
into a group. Recall that as a set

GxH={(g,h): g€ G,h € H}.
We then define the product group G x H as follows.
Theorem 37 Let (G, *¢) and (H,*y) be groups. Then the operation * defined on G x H by

(gl7h1) * <g27 h2) = (gl *a 927 hl *H h2)

is a group operation. (G X H,x) is called the product group or the product of G and H.
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Proof. As xg and xpy are both associative binary operations then it follows easily from the
definition to see that * is also an associative binary operation on GG x H. We also note

eaxn = (e en) and (g,h) "' = (¢, h7")
as forany g €e G,h € H

(6G>6H)*(g>h) = (g>h):(gah)*(eG>eH);
(g7 h ) x(g.h) = (eq.en)=(g.h)*(g~" h71).

Definition 38 The cardinality |G| of a group G is called the order of G. We say that a group
G is finite if |G| is finite.

One way to represent a finite group is by means of the group table or Cayley table (after
the English mathematician Arthur Cayley, 1821-1895).

Definition 39 Let G = {e,92,93,...,9n} be a finite group. The Cayley table (or group
table) of G is a square grid which contains all the possible products of two elements from G.
The product g;g; appears in the ith row and jth column of the Cayley table

Remark 40 Note that a group is abelian if and only if its Cayley table is symmetric about the
main (top-left to bottom-right) diagonal.

Example 41 The Cayley table of Dg is given below

* e r| 2| s | rs|rs
e e r| 2| s | rs|rs
r r || e | rs|ris| s
2| r2| e r | r’s| s | rs
s s |rs|rs| e | | r
rs | rs | s |r’s| r e |
r?s|r2s|rs| s | | r e
All these product can be worked out from just the three rules
rd =e, s? =e, sr=r1r%s

So, for example, we see

(7’23) (rs) =r?(sr)s =1? (7’23) s=ris? =r.
Proposition 42 A Cayley group table is a latin square. That is, every group element appears
precisely once in each row and in each column.

Proof. Given a particular group element g, we see that the map G — G given by g — grg
is a bijection with inverse g — g,;l g. This means that the kth row contains each element of G
precisely once. Likewise the map G — G given by g — ggj, is a bijection with inverse g — gg; ',
and this means that the kth column contains each element of G precisely once. m
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Example 43 Note that, in both Dg and Dsg, the rotations by themselves — so {e,r,r*} when
n =3 and {e,r,r*,r3} when n = 4 — make groups in their own rights. Their group tables are
given below.

> x | e | r | r2|r
x el r|r T —
5 elelr|rlr
elelrl|r T
5 , rlr || e
rlr|r]e 3
T 22| e | r
sl le | r|r

We can see that these groups are the cyclic groups Cs and Cy.

Put another way this means that {e,r,7?} is a subgroup of Dg and {e,r,r% 3} is a subgroup
of DS-

Definition 44 Let G be a group. We say that a subset H C G is a subgroup of G if the group
operation x restricts to make a group of H. That is H is a subgroup of G if:

(i) e € H;

(ii) whenever g1,g92 € H then g1g2 € H.

(iii) whenever g € H then g~' € H.
Note that there is no need to require that associativity holds for products of elements in H as
this follows from the associativity of products in G.

Example 45 If we consider the symmetry group of a (non-square) rectangle, then two sym-
metries are reflection in the vertical, which we will denote a, and reflection in the horizontal,
which we will denote b. A further symmetry is ab which is rotation by 7w; we will write ¢ = ab.

4

3

b A 4o

If we label the vertices of the rectangle as 1,2,3,4 then we identify e, a, b, c as

(1234 (1234 y_ (1234 /12 34

““\1234) ““\2143) ""\a321) ““\3412)
These are in fact the only symmetries of the rectangle. To see this we only have to consider
the position of vertex 1 after a symmetry has been effected; once we know where 1 has moved to

then the positions of the remaining vertices are uniquely determined by the rectangle’s geometry.
The Cayley table for this group is then

OIS [ *
Q| D
(=l Ho N Noul Be il Fw!
QIO |
DI O O
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Note that the group is abelian.

This group — whether thought of in terms of the symmetries of a rectangle or considered as
permutations — is often called the Klein four-group, after the German mathematician Felix
Klein (1849-1925) and denoted V' or Vy. (The V' stands for "vier", the German for "four".)

Example 46 Groups of order four or less. What ways are there to fill a Cayley table
for a group of order n < 47 We will always have an identity element e and we will label the
remaining element a,b,c, ... depending on the order of the group.

In the case n = 1, there is clearly only one such table.

When n = 2 then the products €2, ea, ae are all clear from the group axioms; further for the
table to be a latin square we also need that a® = e.

When n = 3 then the products €%, ea, ae, be, eb are all clear from the group awioms. Further
we see that ab can be neither a nor b if the table is to form a latin square. The only remaining
possibility is that ab = e and likewise that ba = e. From there, the remainder of the table is
uniquely determined on the basis of it being a latin square.

xlelalb
el a
* elelalb
el a i
e ’ ’ alalb]e
ale
blblel|a

The n = 4 situation is slightly more complicated. If we consider ba then it can (potentially) be
either e or c.

Case (i): if ba = e then b = a™! and so ab = e also. (See first table below). But then,
focusing on the third row and column, we must also have bc = a = cb and b*> = c. (See the
second table below.) Finally, looking at the second row, we see that a®> = ¢ and ca = b = ac and

¢ = e is the only remaining possibility. See final table.

x|lelalbl|c x|lelalbdb|c x|lelalbl|c
elelalbd]|c elelalbd|c elelalb|c
ala|?|el?] ala|?|e|?] alal|lc|el|bd
blble|?]7? blblelc|a blblelc|a
clel|?]7]7 clel?]al? clelblale

But is this a genuine group table? Note, in this case, that ¢ = a® and b = a®. If we swap the b
and ¢ rows and columns, we rewrite this table as

)

2
3

2
3

W)

QI || *

(&
(&
a
a
a

DR |2
QId Q2|

[N
Q|||

2

which we have already seen as a concrete example of a group, namely the four rotations of a
square.

Case (ii) Instead now we consider the case ba = c. As ab # e then ab = c is the only
remaining possibility. (See table below.) At this point, though, the way forward is still not
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clear, in the sense that we can continue to create a latin square in different ways. We could
(potentially) have a* = b or a® = e.

N 9O S| S
~N| 0O O

QOIS || *
DI ||
(Bl el REV] Boll e

Case (ii)(a) Assuming ba = ¢ and a®> = b then we can complete the table (See first table below).
But if we note b = a® and ¢ = a® then we see we in fact have reproduced the same table as in
case (i).

x|lelalbl|c x e |a |a®]|a®
elelalb]|c e le |a |a®|ad®
alalb|clel a |a |a®|a’|e
blblclel|a a’|la’|a’|e |a
clelelald adla’le |a |d®

Cases (ii)(b’) and (i)(b”) If we assume ba = ¢ and a* = e then we can only complete the table
as far as the first table below. We could still have either (b’) b? = a (see second table) or (b”)
b = e (see third table).

IsEECH RGN Rwyl Rwy)
DIQ|ITO|O

DO

N0 O S S
NSO O
Q||| *
QIO
Q||| *
SO

Q||| *
QOIS D
SO |
QOIS D
SO |2
QOIS D

The second table again is nothing new as a = b?, ¢ = b3, so that this is in fact the same group
as we have just met twice already. But the final table is fundamentally different, for example
as every element is self-inverse. We recognise it as the symmetry group of the rectangle or the
Klein group V), that we met previously.

Remark 47 In all, then, there are four latin squares of size 4 X 4 with rows and columns
(e,a,b,c). In each case, the latin square represented a group though this is not always the case
(see Exercise Sheet 1, Question 2).

To make the following discussion a little easier we introduce now the idea of the order of a
group element.

Definition 48 Let G be a group and g € G. The order of g, written o(g), is the least positive
integer r such that g" = e. If no such integer exists then we say that g has infinite order.

Remark 49 Note, now, that there are unfortunately two different uses of the word order: the

order of a group is the number of elements it contains; the order of a group element is the least
positive power of that element which is the identity.
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In the above we have seen that in essence there is one group of order one, one of order two,
one of order three and two of order four. Though the symbols for the elements may vary, an
order two group consists of an identity element and an element of order two — so that it is in
essence C9; an order three group consists of an identity, an element of order three and its square
— so that it is in essence C3; an order four group either consists of an identity, an element of
order four, its square and cube — so that is in essence Cy — or it consists of an identity and
three distinct elements of order two which commute — so that it is essentially Vj.

The idea which rigorously captures the idea of "in essence" is that of the isomorphism. For
two groups to be the same "in essence" means that, suitably relabelled, their Cayley tables
would be the same. That relabelling would be an isomorphism.

Definition 50 An isomorphism ¢: G — H between two groups (G,xg) and (H,*g) is a
bijection such that for any g1, 9> € G we have

(g1 *a 92) = ¢(91) *1 ¢(g2)-

Two groups are said to be tsomorphic if there is an isomorphism between them. Being iso-
morphic is fairly easily seen to be an equivalence relation. There may well be more than one
1somorphism between isomorphic groups.

The Cayley tables of two isomorphic groups would in essence be the same as follows. If
¢: G — H is an isomorphism and G = {g1, ... ¢,} so that H = {¢(¢1), ..., ¢(gn)} then ¢ would
set up the following correspondence between the Cayley tables of G and H

*g | g1 | - g | Gn x5 | ¢lgr) | -+ ¢(9;) | o(gn)
9 ¢(91)

: R :

gi gi ¥c 9 ?(g:) P(g:) *u (g;)

on o)

so that if the two tables are to properly correspond under ¢ we need to have in each case

?(gi %G g;5) = ¢(9:) *m ¢(95)-

Remark 51 We have seen that there are, up to isomorphism, 1,1,1,2 groups of order 1,2,3,4
respectively. In general it is a very difficult problem to work out how many groups there are of
a given order. The number of different groups g for each order n up to 80 are given in the table
below.

n{1 234|567 8|9 |10/11|12|13|14 15|16 1718|1920
gl 1] 1]1 2 1121 (5221|5121 |41 |5 |15
n|21122(23| 24 2526272829 30|31 |32|33|34|35]|36|37]38]|39]|40
gl 2|21 1522|5414 |1 (51|12 1141 2]|2]|14
n|41 |42 (43| 44 |45 |46 | 47 |48 |49 |50 | 51 | 52 | 533 | 54 | 55 | 56 | 57 | 58 | 59 | 60
gl 1|6 |14 2215225 |15 |1 (15213 2|2]|1]13
n|61]62(63| 64 |65|66|67 68|69 70| 7L 727374757677 78|79 |80
gl 1|24 127| 141|514 ]1(50]1 2|3 |4]|1]|6]|1]5>52

16

THE GROUP AXIOMS




2. PERMUTATION GROUPS

Definition 52 Let S be a set. A bijection S — S is called a permutation of S and the set of
permutations of S is denoted Sym(S).
If n is a positive integer, then we write S, for Sym ({1,2,...n}).

Notation 53 Important: though this convention is not universal, in Ozford it is usual to
write permutations on the right. So for k € {1,2,...,n} and o,7 € S, then we would write
ko for o(k) and kot for 7(o(k)). So the permutation o1 is the composition of o first with T
second.

Theorem 54 Let S be a set.

(a) Then Sym(S) forms a group under composition. It is called the symmetry group of S.
(b) If |S| = 3 then Sym(S) is non-abelian.

(c) The cardinality of S, is n!

Proof. (a) We know that the composition of two bijections is a bijection. So o is indeed a
binary operation on Sym(S). Further for any f, g, h € Sym(S) and = € S we have

z((fg)h) = (z(fg)) h = ((zf)g) h = (x[) (gh) = = (f (gh))
So o is an associative binary operation. The identity of Sym(5) is easily seen to be the identity

map
ids(x) =2  forallz €S

and the inverse of f € Sym(S) is, unsurprisingly, its inverse map f~!.
(b) If 1,9, z3 are three distinct elements of S then we can define two permutations of S
by
fixy — x1, ®Ty—x3, T3— Ty, x> x forother z;
g: x4 — X, T9+>x1, T3+ x3, x+— x for other x;
which do not commute as
fg:xy — x9, a9+ 13, X3+ 11, x+— x for other x.

gf:x1 +— w3, X2+ T1, T3+ To, x> x for other x;

(c) For f € S, there are n possibilities for 1f, but as f is 1-1, and so 1f # 2f, there are n — 1
possibilities for 2 f once 1f is known and likewise n — 2 possibilities for 3f etc. In all then there
are

nx(n—1)x(n—-2)x---x1=nl

permutations of {1,2,... , n}. m

One (slightly cumbersome) way of writing down a permutation o € S, is as an array
1 2 3 -+ n
lo 20 30 -+ no
though we shall improve on this notation with the introduction of cycle notation.
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Example 55 (i) So Sy is a group of order two which contains the elements

(2) (1)

The first element is the identity and the second is self-inverse.
(ii) And Ss is a group of order six with contains the elements

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
1 2 3)° 2 3 1) 31 2 )7 1 3 2 )7 32 1) 213 )

The first element is e. If we write

(123
7= \a23 1)

then we see (amongst other things) that

\]
I
N
— =
w N
N W
~

,  (123\/123\ (123)\,
7 = \l231 231) \31 ’
3 1 2 3 1 2 3 1 2
g — = =
3 1 2 2 31 1 2 3 ’
.,  (123\(123\
=132 132)76
B 1 2 3 12 3\ 1 2 3
7T = {231 132/ \321)°
, (1 23\(123) (123
o= 13 2 312) " \321)
The six elements of S3 are in fact
e, o, a2, T, oT, o’r.
The Cayley table for S3 is
* e o o2 |7 or | o1
e e o o2 | r or | o1
o o a? |e or | ot | T
o |o? e o o’r | 1 oT
T T o’rlor |e o |o
or |oT | T o’t | o e o?
o2t | o®r|or | T o2 |o e

Remark 56 Note that the sixz permutations listed above as the elements of S3 are the same as
those listed in Example 35 and the above Cayley table for Ss is identical to that in Example 41
once o, T are replaced with r,s. This shows that Dg and Ss are in fact isomorphic.
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Example 57 Set
(12345 5= 12345 (12
“=\24315) - 4512) T7\25

in Ss. Determine the product a7y, the inverse of B and the order of .

W =
— ot
N———

3
4

ot W

Solution. We have

4y 12345 12345 12345\ (12345
7= 24315 3451 2 295 431) \321475)
PR 12345\ (34512\ (12345,

~ 34512 “\12345) " \45123)

, (12345 , (12345 , (12345
T = \51342) T7\12435) T 7\25341)
s (12345 6 (123 45\

T = \s514392) T7{12345)7%

so that the order of v is 6. m

There is a special type of permutation, a cycle, which shall prove useful as we shall see that
any permutation can be (essentially) uniquely decomposed as a product of cycles.

Definition 58 A permutation o € S, is a cycle if there are distinct elements a1, as, . ..,a in
{1,2,...,n} such that

;0 = Q11 for1 <i<k; aRo = a;

and
To =21 forx ¢ {ay,as, ..., ax}.

The length of such a cycle is k and we would refer to o as a k-cycle. Note that the order of
a k-cycle s k.

Notation 59 Cycle notation: We denote the above cycle as
(alagag ak).

Note that this notation isn’t unique (in fact there are k such expressions in all) and that we
have
<a1a2a3 .« .. a‘k‘) e (a2a3a4 o .. a‘kal) T e e e — (a‘k‘alaQ o .. ak*l)

Example 60 Note that o, 5,7, from Example 57 can be written as
a=(124), B = (13524), v = (125) (34).

So « is a 3-cycle, B is a b-cycle and 7y is not a cycle.
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Definition 61 Two cycles (a1 ...ax) and (by...b;) are said to be disjoint if a; # b; for all
1,].
Proposition 62 Disjoint cycles commute.

Proof. Let « = (a;...a) and 8 = (by...0;). Then

a;of3 = a;p18 = a1, a;fo = a;o0 = g1, for i < k;

apaf3 = a1 = ay, apfa = apa = ay;

biaf3 = b = biy1, bifa = biia = biy, for i < ;

biaB = b = by, bifa = bia = by;

raf =xf =, rfa = xa = x, for x & {a1,...,ak,b1,..., b} .

Theorem 63 FEvery permutation can be written as a product of disjoint cycles. This expression
s unique up to the cycling of elements within cycles and permuting the order of the cycles.

Proof. Let 0 € S,, and let a; € {1,2,...,n}. Consider the sequence
ai, 10, a102, CL10'3, c.

As the elements of the sequence are in the set {1,2,...n} then the sequence must have repe-
titions so that a;0° = a;07 for some i < j. But then a;07~% = a; is an earlier repetition of a;
and we see that a; is in fact the first element of the sequence to repeat. Say a,0* = a; is the
first repetition of a;. We see then that

o acts on the set {al, a10,a10°, . .. ,alakl_l} as the cycle (a1 a1 a0 .. .alakl_l) )

The set {a1,a10,a10%, ..., a10% 71} is called the orbit of aj.

If k1 = n then o is a cycle and we are done. If not then we take a second element ay not in
the orbit of a; and we can similarly see that o acts as a second cycle on the orbit of as. These
orbits are disjoint for if a;0° = ay0’ for some 4, j then ay = a;0'~7/ and we see that a, was in
the orbit of a;, a contradiction. As the set {1,2,...,n} is finite then these orbits eventually
exhaust the set and we see that

0= (a1 a10a10” ... a;0"7Y) (agaso azo® .. aya®™ ) - (a, a,0 a,0% a0t

where r was the number of different orbits.
Suppose now that
O=pP1P2 P = T1T2" " Ti
are expressions for ¢ as products of disjoint cycles. Then 1 appears in precisely one cycle p, and
in precisely one cycle 7;. By reordering the appearances of the cycles if necessary (as they do
commute, being disjoint) we may assume that 1 appears in p; and 7;. By cycling the elements
of the cycles p; and 71, if necessary, we may assume that 1 appears at the start of each cycle.

Hence we see
pL = (1 lolo?--- 10k_1) =T

where k£ is the size of the orbit of 1. By continuing similarly with an element not in the orbit
of 1 we can show (with permitted permuting of cycles and cycling within cycles) that p, = 7o
etc. to complete the proof. m
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Definition 64 As a consequence of the above theorem, the lengths of the various cycles of a
permutation and the number of cycles of each such length, is well-defined. The is known as the
cycle decomposition type (or just cycle type) of the permutation.

Example 65 Write the following permutations in Sy as products of disjoint cycles.
a:<123456789), 5=<123456789)-
56 9732481 4 975136 28
Write o' and 5% as products of disjoint cycles.
Solution. We see that

155535951, 25652, 457354, 858

and so
a = (1539) (26) (47) (8).

Hence we also see
o' = (1935) (26) (47) (8) .

We also see

so that
B = (145) (298) (376) .

We then see that

e k is a multiple of 3;
B* = (145)" (298)" (376)* ={ Bk — 1 is a multiple of 3;
(% k —21is a multiple of 3.

as disjoint cycles commute. Hence
27 = p% = (154) (289) (367) .
[ ]

Notation 66 Suppressing 1-cycles. It is typical to not bother writing 1-cycles (or fized
points) of permutations. So — for o, ™! as in the previous example — we will write

a = (1539) (26) (47) and o~ = (1935) (26) (47)
with it being understood that 8 is not moved (or more generally any unmentioned elements).

Proposition 67 Let 0 = p, --- p;. be an expression for o as disjoint cycles of lengths Iy, ..., .
Then the order of o equals
lem(ly, ... 1)

where lem denotes the lowest common multiple. (Given finitely many positive integers, their
least common multiple is the smallest positive integer which is a multiple of each of them.)
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Example 68 (i) How many 5-cycles are there in Sy1 ?
(ii) How many permutations in Ss have a cycle decomposition type of two 3-cycles and one
2-cycle?

Solution. (i) 5-cycles in Sy are of the form (abcde). There are 11 choices for what a might
be, 10 for b, 9 for ¢, 8 for d and 7 for e. However we need to remember that

(abcde) = (becdea) = (cdeab) = (deabc) = (eabcd)

and so there answer is

11 x10x9x8xT7
5
(ii) Permutations in Sg that decompose to two 3-cycles and a 2-cycles are of the form

(abe)(de f)(gh).

There are 8! ways of filling in these brackets as a ... h but we need to remember that the above
permutation also equals

(bea)(de f)(gh) = (abe) (e fd)(gh) = (abe)(def)(hg) = (def)(abe)(gh).

The first three are equivalent rewritings that come from cycling elements within cycles whilst the
last one comes from permuting two equal length cycles. Hence the number of such permutations
is

= 11088.

8l 40320
3x3x2lx2 36

(i) Note that we could have tackled the 5-cycle question in this manner as well. Thinking of
5-cycles in Sp; as having cycle type

(abede) (f) (g) (h) (4) (4) ()

we see that there are 11! ways of filling these brackets as a ...k but 5 ways of cycling a...e
and 6! ways of permuting the equal length cycles (f)... (k) Hence the answer is

= 1120.

11!
—— = 11088.
5 x 6! 088

]
Proposition 69 In S, there are

n!
(I X 152 % - 1) (B! X Kol X Xy )

permutations with a cycle type of ki cycles of length 11, ko cycles of length ls, ..., k. cycles of
length I,.. This decomposition includes 1-cycles so that

klll +/{32l2—|— _'_krlr =nNn.
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Proof. Put in a fixed order the > k; brackets. As already argued in specific cases, there are
n! ways of filling the brackets with the numbers 1,...,n. However the same permutation can
be written as a product of disjoint cycles in many ways as specified in Theorem 63 (though
essentially these all being the same). From that theorem we know that there are [; ways of
cycling the elements of each cycle of length I; and we have k;! of permuting the cycles of length
l;. Hence n! is an overcount by a factor of

(17 X 152 % oo 1) (Kl X kel X e X Ky ).
]
Example 70 How many permutations of each cycle type are there in S7?

Solution. The table below contains the various numbers. We need to consider the various
ways in which 7 can be composed as other integers.

type | working # | type working # | type | working #
7 77 720 [ 4+ 2 7/ (4x2) [630]3 TxBx3 70
6 71/6 840 | 4 O 210 [ 3 x 2 | PPXOXX2 | 105
542 7/(5x2)|504]2x3 DOxOXAIx2 | 280 | 2 x 2 | XOxoxd 105
5 TOEPAS [504 | 3+2 %2 | goom 210 | 2 e 21
4437/ (4x3)|420|3+2 LB 1420 | e 1

Without the labels 1,2;...,n two permutations of the same cycle type would be indistin-
guishable. For example, a permutation in Sg which consists of two 3-cycles and one 2-cycle
would simply look like

e —Pp o e —Pp o )

if we were ignorant of which of the eight objects were 1,2,...,8. Here each arrow represents
the effect of applying the permutation once. This idea can be more formally captured by the
idea of conjugates.

Definition 71 Two permutations o,7 € S, are said to be conjugate in S, if there exists
p € S, such that

o= ,0_17',0.

Theorem 72 Two permutations o, 7 € S, are conjugate if and only if they have the same cycle
type. (i.e. for any given length, the two permutations have the same number of cycles of that
length.)

We first note the following:

PERMUTATION GROUPS 23



Lemma 73 For any cycle (ajas ... ag) and any p € S,, we have
p Haray ... ap)p = (aipagp ... app).
Proof. (Of Lemma) This is left to Exercise Sheet 2, Question 3. m

Proof. (Of Theorem.) Suppose that 7 = p~lop and that o = 1,2, ...1), where the 1, are
disjoint cycles. Then

T=p (g ) p=(pp) (0 Wap) - (07 0p)

and we see by the previous lemma that the p~11),p are disjoint cycles of the same lengths as
the 1,. Conversely, suppose that ¢ and 7 have the same cycle decomposition type. Then we
may line up the cycles in o and 7 of corresponding lengths as

o = (alag...ak) (blbgbl) (0102...Cm)
Lp lp Lp Lp
T o= (mag...oar) BBy B) (2 Vm)
and we define p by a;p = oy, bip = B;, cip = 7;, etc. We then have
Q; (p_lap) = qop=app=co1 =0o;7 for 1<i<k
Qg (/?710'0) = arOp = a1p = oy = QT

and similarly for the other cycles. m
Example 74 Let
o= (12)(34) (567), T = (28) (17) (345)

be permutations in Ss.
(i) How many p are there in Sg such that o = p~trp?
(ii) How many p € Ss are there which commutes with o ?

Solution. (i) We need p such that

p~ o= (208p) (1p7p) (3p4p5p) = (12) (34) (567).

Thinking about the different ways of rewriting (12) (34) (567) (as the same permutation) we
see that we need

(208p) (1p7p) = (12) (34) and  (3p4p5p) = (567).

and so
3p =5or6orf7, 2p=1or2or 3or4, 6p = 8.

Once we know 3p then 4p and 5p are known (e.g. 3p = 6 implies 4p = 7 and 5p = 5). Once we
know 2p then we know 8p but we still have two choices for 1p. In all then we see that there are
3 X 4 X 2 =24
<~ ~— <~
choosing 3p choosing 2p choosing 1p

such p.

(ii) If we replace 7 with o we can still make the same argument to realize that there are 24
such p that 0 = p~top. However this is an equivalent equation to po = op so these same 24
permutations commute with ¢. m
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Remark 75 If further asked which these 24 permutations are recall that we need

(1p2p) (3p4p) (5p6p7p) = (12) (34) (567).

So the 24 permutations in fact comprise the group Dg x C3 where Dg is the symmetry group of
the square with labels 1,2 on one diagonal and 3,4 on another and C5 = {e, (567), (576)} .

Recall now the definition of a permutation matrixz from Linear Algebra II:

Definition 76 (i) An n X n matriz is a permutation matriz if each row and each column
contain a single entry 1 and all other entries are 0.

(i1) We can associate with o € S,, a permutation matrix P, such that the 1 entry in row i
of P, is in column io.

Note that the (i, j)th entry of P, is 0,4 ;.

Example 77 With n = 3:
010 010 0 01
P(12) — 1 0 0 5 P(123) — 0 0 1 5 P(132) — 1 0 0
0 01 1 00 010

Note that P12y 1s self-inverse and that P(123) is the inverse of Pi3z).

Proposition 78 (a) For o € S, then P, is indeed a permutation matriz.
(b) For o,7 € S, then P,, = P,P;.

Proof. (a) By definition P, has precisely a single entry 1 in each row. And the only row with
an entry of 1 in the 7th column is row io~!.
(b) By definition of matrix multiplication

n

(PO'PT)Z‘]’ - Z (Po)z‘k (P’T')kj - Zéiak 5k7j = 6’i0’7’j - (PO'T)ij :
k=1

k=1

We will make use of permutation matrices in showing that the parity of a permutation is
well-defined.

Definition 79 (i) A transposition is another term for a 2-cycle.
(i1) A permutation is said to be odd (resp. even) if it can be written as a product of an odd
(resp. even) number of transpositions.

Lemma 80 If o is a transposition then det P, = —1.

Proof. This is equivalent to knowing that swapping two rows of a matrix multiplies its deter-
minant by —1. For if o = (ij) then

det P, = det (,, with rows ¢ and j swapped) = —det [,, = 1.
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Theorem 81 (a) Fvery permutation can be written as a product of transpositions (and conse-
quently is either even and/or odd).
(b) No permutation is both even and odd.

Proof. (a) Any permutation my be written as a product of disjoint cycles by Theorem 63.
And any cycle may be written as a product of transpositions as

(a1 azasz---ay) = (a1a2) (a1a3) - - - (a1az)

as the product of transpositions has the effect

ay . — QA —  Q9, a;, — Q; — a1 —, Qi1 —, Qi1 fOI"i} 2.
(a1az) remainder first i—2  (a1a;) (@1ai41) remainder

(b) If o is expressible as the product of k transpositions, then by the above lemma det P, =
(—=1)*. Hence no permutation can be both even and odd. m

Remark 82 Note that cycles of even (resp. odd) length are (somewhat annoyingly) odd (resp.
even). So a permutation is even if and only if its cycle type has an even number of even length
cycles.

Example 83 If we return to Example 70 then we see that the following permutations were the
even ones.

type | working # | type working # | type | working | #

7 Z!/675 _ 720 | 2 x 3 %42“ 280 | 2 x 2 | B2 1105
XB6X5X4X T

) 2rm=m2 1504 | 342X 2| 3550 210 | e 1

442 7/(4x2)]630]3 TxBx3 70 TOTAL | 2520

Note that precisely half the permutations are even.

Proposition 84 (a) The even permutations in S,, form a subgroup A,.
(b) Forn > 2, the order of A, is inl.

(c) A, is non-abelian for n > 4.

A, is called the alternating group.

Proof. (a) If
0= pP1P2" " Pk and T = h1thy - Py
are expressions for o and 7 as products of even numbers of transpositions then

OT = P1Pg "+ PoP1Wg -+ Uy and o = pyPor_1 P2

are clearly even. The identity is also even as e is the product of zero transpositions. Hence A,
is a subgroup of .S,,.

(b) The permutation (12) is odd; so the maps
A, — A; given by o — (12)0; AY — A, given by o — (12)0;
are inverses of one another and so |4, | = |AS| = snl.

(c) If n > 4 then note (123) and (124) are even permutations which do not commute. m
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Example 85 (123) and (132) are not conjugate in Ay.
Solution. Suppose that 71 (123) ¢ = (132). Then (1020 30) = (132). As
(132) = (213) = (321)
are the only ways to write the permutation (132) then there are three possibilities

lo = 1, 20=3, 30=2, 40=4;
lo = 2, 20=1, 30=3, 40=4;
lo = 3, 20=2, 30=1, 4o0=4

That is o equals (23) or (12) or (13). As none of these is even, then (123) and (132) are not
conjugate in A;. m

Example 86 The conjugacy classes in Ay are {e} and
{(12) (34), (13) (24), (14) (23)},  {(123),(134),(214), (324)}, {(132),(143),(124), (234)} .
Solution. Note that
(123)71 (12) (34) (123) = (23) (14),  (123)7'(23) (14) (123) = (31) (24) .
Also
(123)71 (134) (123) = (214), (123)7" (214) (123) = (324), (134) 7" (214) (134) = (123).

As conjugacy in A4 implies conjugacy in Sy (though not conversely) and a 3-cycle is not con-
jugate in A, with its inverse (by the previous example), then the conjugacy classes in A, are
as given. m

PERMUTATION GROUPS 27



28

PERMUTATION GROUPS



3. MORE ON SUBGROUPS & CYCLIC GROUPS

Recall that we say a subset H of a group G is a subgroup of G if H is a group in its own
right under the restriction of GG’s group operation. We write this

H <G.
There is a simple check — the subgroup test — for determining whether a subset is a subgroup.

Proposition 87 (Subgroup Test) Let G be a group. Then H C G is a subgroup of G if and
only if H is non-empty and whenever x,y € H then v~ 'y € H.

Proof. — Suppose that H < G. Then e € H and so H is non-empty. Further for x,y € H
we have 271y € H as H is closed under products and inverses.

<= Suppose that the subgroup test applies. As H # & then there is some h € H and
so by the test e = h™'h € H. Further if x,y € H then by the test 27! = 27 !¢ € H and
ry = (z71)7ly € H. Thus H is closed under products and inverses. Finally the associativity
of the group operation on H is inherited from its associativity on G. m

Example 88 The subgroups of Ss are
{6}’ {6’ (12)}> {6, (13)}a {6, (23)}> A3a 53-

Solution. The listed subgroups are certainly subgroups of S3. To see that these are the only
subgroups suppose that H < S3. Certainly e € H. If |H| = 2 then H must consist of e and a
non-trivial self-inverse element. If |H| = 3 then it must be of the form {e, g, g>} where ¢ = ¢
and Az is the only such subgroup. If |[H| > 4 then H must either (i) contain all three 2-cycles
or (ii) a 2-cycle and a 3-cycle. As the product of two 2-cycles in S3 is a 3-cycle, we see case (ii)
in fact subsumes case (i). Also if H contains a 3-cycle then it contains its inverse. So, without
any loss of generality we may assume this 2-cycle and 3-cycle to be (12) and (123). But then

(13) = (12)(123),  (23) = (123)(12),  (132) = (123)?
and we see that H = S3. m

Example 89 The subgroups of Dg are

{e}, {e,r*}, {e, s}, {e,rs}, {e,r?s}, {e,r?s},

{e,r, 7’2,7’3}, {e,r2,s,r25}, {6,7’2,7’8,T38}, Dsg.

Solution. The listed subgroups are certainly subgroups of Dg. To see that these are the only
subgroups suppose that H < Dg. Certainly e € H. If |[H| = 2 then H must consist of e and
a non-trivial self-inverse element and the possibilities are listed above. If |H| = 3 then it must
be of the form {e, g, g} where g*> = e but there is no such g € Dg. A subgroup of order 4 must
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be of the form {e, g, g2, g3} where g* = e or {e,a, b, ab} where a?> = b? = e and ab = ba. For the
former, only g = r or g = 7 will do which both lead to the same subgroup {e,r,r? r3}. For
the latter we must have two reflections and a rotation; further the rotation must be r? if it is
to commute with the reflections. So the only possibilities are {e,r?,s,7%s} and {e, r? rs,r3s}.
If |H| > 5 then H must contain a rotation and a reflection; if the rotation is r or r® then it
and the reflection will lead to all of Dg but if there are three or more reflections then at least
one must be in a diagonal and one in the vertical or horizontal and so their product is r or 73.

Hence H = Dy is the only subgroup of order greater than 4. m
Example 90 The subgroups of Cs = {e, g, 9%, ¢°, g*,¢°} are

{e},  AHed’t,  Hedd'),  Ge
The only subgroups of Cs are {e} and Cs.

Solution. The only non-trivial self-inverse element in Cj is ¢> and the non-trivial solutions of
23 = e are g%, ¢g* If H < Cg and |H| > 4 then either g € H or ¢° = g~! € H (both of which
lead to H = Cg) or {e, ¢, g%, ¢*} C H in which case ¢ (¢%) " = g € H in which case H = Cg
is the same conclusion.

If H<Cy andgechenH:C’5butifg2Echen(g2)3:g€H, and if g3 € H then
(®) '=¢>c Handif g* € H then (¢*) "'=g€ H. SoH={c}or H=C5. ®

Remark 91 You may have noticed that in each of the previous examples, |H| divides |G| and
this is indeed the case. This result is known as Lagrange’s Theorem which we will prove in
the next chapter.

Proposition 92 Let G be a group and H, K be subgroups of G. Then H N K 1is a subgroup.
Proof. This is left as Exercise Sheet 3, Question 2. m

In fact, it is very easy to generalize Proposition 92 to show that if H; (where i € I) form a
collection of subgroups of G' then

(H:<G.

i€l

Thus we may make the following definition.

Definition 93 Let G be a group and S a subset of G.

(i) The subgroup generated by S, written (S), is the smallest subgroup of G which contains S.
(This is well-defined as G is a subgroup of G which contains S and (S) is then the intersection
of all such subgroups.)

(ii) If g € G, then we write (g) rather than the more accurate but cumbersome ({g}).

(iii) If (S) = G then the elements of S are said to be generators of G.

Example 94 Determine (S) in each of the following cases:
(i) G =17, S = {12,42}.

(1)) G =Sy, S ={(123),(12) (34)} .

(ii) G = Q*, S = {3, 2}.
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Solution. (i) Note that 6 = 42 — 3 x 12; hence 6 € (S) and 6Z C (S5). But as 12 =2 x 6 and
42 =7 x 6 then (S) C 6Z. This (S) = 6Z.

(ii) As (123) € A4 and (12) (34) € Ay then certainly (S) C Ay. If we write 0 = (123) and
7 = (12)(34) then we see that the following are also in Ajy.
e, o = (123), ToT = (214), (tor)? = (124),
o*ro = (14)(23), oro® = (13)(24), 7= (12)(34), o? = (132),
oT = (243), (07)> = (234), 710 = (134), (t0)? = (143).
Hence (S) = Ay.
(ili) We have 3 € (S) and so 3™ € (S) for all m € Z. Likewise 2 = 2 x 3 € (S) so that 2" € ()

for all n € Z. So 2"3™ € (S) for m,n € Z. But as these form a subgroup of Q* (see the next

example) we have
(S) ={2"3™: m,n € Z}.

]
Example 95 Show that if G is abelian and g, h € G then
(g,h)y ={g"h*:r,s € Z}.

Solution. Certainly {¢g"h*: r,s € Z} C (g, h). However, when G is abelian (or indeed if just
gh = hg), then {g"h®: r,s € Z} is a subgroup as follows:

(i)e=g¢°h € {g"h*: r,s € Z};

(ii) (¢*n') (¢%h*) = g" K0T e {g"h*: r,s € L} ;

(iii) (g’““hl)f1 =hlgk=gFnte{gh:rseZ}. n
Remark 96 In several of the results that follow, notably Proposition 97 and Theorem 102

we make use of the following fact, known as the division algorithm, which we will take as
self-evident.

e Let a,b be integers with b > 0. Then there exist unique integers q,r such that a = gb + r
and 0 < r <b.

Proposition 97 Let G be a group and g € G. Then
() {9) = {g": k € Z}.
(b) If o(g) is finite then (g) = {e,g,¢*,...,g°@ '} .

Proof. (a) As g" € (g) for any integer k, so it only remains to show that H = {¢*: k € Z} is
indeed a subgroup. Using the subgroup test we note ¢° = e € H and that if ¢*, ¢’ € H then

) =9 =g en
Hence (g) = H.

(b) It is again clear that {e, g, g%, ... ,go(g)_l} C (g). Also for any k € Z there exist q,r € Z
such that k& = qo(g) + r where 0 < r < o(g). Then

g =g = (") g = ety = g" € {e,9, 0% 0”9}
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Remark 98 Recall that we say that a group G is cyclic if there exists g € G such that G = (g).
Note also that a cyclic group is necessarily abelian.

Remark 99 Note that in a finite group G, then g is a generator if and only if o(g) = |G|.

Example 100 (i) Cy is cyclic with generators g and g°.

(i) Cs is cyclic with generators g, g°, g°, g*.

(i1i) Cy x Cy is not cyclic as the elements have orders 1,2,2,2.

(iv) Cy x C3 is cyclic. If Cy = {e,g} and C3 = {e, h,h*} then (g,h) and (g,h*) are both
generators of Co x Cy as they have order 6 (check!).

(v) Q is not cyclic: clearly (0) # Q and if ¢ # 0 then %q ¢ (q) = qZ. By the same reasoning
we see that Q cannot be generated by finitely many elements.

Theorem 101 Let G be a cyclic group.
(a) If |G| = n is finite, then G is isomorphic to C,,.
(b) If |G| is infinite, then G is isomorphic to Z.
Proof. (a) Let g be a generator of G. Then
G = <g> = {6797927 Ce ,gnil}
by Proposition 97 (b) and multiplication in G is as given in Example 34 as ¢" = e.

(b) If g is a generator of G with infinite order, then we can define a map ¢: G — Z by
¢(g") = r which is an isomorphism. m

Theorem 102 Let G be a cyclic group and H < G. Then H is cyclic.

Proof. Let G = (g). If H = {e} then H = (e) and we are done. Otherwise, we define
n:min{k>0:ngH}.

To show that n is well-defined, note that g* € H # {e} for some k # 0. As H is a subgroup
then g% = (g’“)f1 € H also. As one of +k is positive, n is well-defined. We will show that

H = (g").

As g™ € H then (¢") C H. Conversely say that g* € H. Then, by the division algorithm, there
exist ¢, € Z such that a = gn + r where 0 < r < n. But then

g =9""=g"(g") "€ H
as ¢* € H and ¢" € H. By the minimality of n then »r =0 and ¢ = (¢")? € (¢"). =
Corollary 103 The subgroups of Z are each of the form mZ where m € Z.
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Proposition 104 Let m,n be non-zero integers. By Theorem 102 we have

(m,n) = (h) — (m) N {n) = ()

for some h,l > 0. Then h has the following properties:
(a) hlm and h|n;
(b) if x|m and x|n then x|h;
(c) there exist u,v € Z such that um +vn = h. (Bézout’s Lemma)
and [ has the following properties:
(d) m|l and n|l;
(e) if m|x and n|x then l|z.

Proof. Properties of h:
(a) As m = 1m+ 0n € (m,n) = (h) then h|m. Similarly h|n.
(c) This follows from Example 95.
(b) Say x|m and z|n. Then by Bézout’s Lemma z|um + vn and so x|h.
Properties of I:
(d) As 1 € (m) then m|l. Similarly n|l.
(e) If m|z then = € (m). Likewise € (n). So z € (m) N (n) = (I) and l|z. m

Definition 105 We define h, as defined in the previous Proposition, to be the highest com-
mon factor or hef of m and n.

We define | as defined in the previous Proposition, to be the least common multiple or
lem of m and n.

Theorem 106 (Chinese Remainder Theorem) Let m and n be coprime natural numbers.
Then C,,, s isomorphic to C,, X C,,.
Specifically if g is a generator of Cy, and h is a generator of C,, then (g, h)generates C, x C,,.

Proof. Certainly
(g,h)™" = ((¢g™)" . (h")") = (", ™) = (e, )
so that the order of (g, h) divides mn. But on the other hand ¢g* = ¢ if and only if m|k and
h* = ¢ if and only if n|k. So
k
(9.7)" = (¢",1*) = (e,e)
if and only if m|k and n|k. As m,n are coprime then, by Bezout’s Lemma, there exist u, v such
that um + vn = 1. As n|k then mn|mk and as m|k then mn|nk. So

mn | (umk + vnk) = k.

Hence the order of (g, h) is mn which equals |C,,, x C,,|. =
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4. REPRISE ON EQUIVALENCE RELATIONS

Firstly we recall:
Definition 107 A (binary) relation ~ on a set S is a subset of S x S.
Then, for a,b, € S, we write a ~ b if and only if (a,b) € ~ .

We might just as easily view the relation as a function ~: S x S — {T,F}, that is a function
with two inputs from S and output True (T) or False (F). The "set" ~ would then be ~—! (T).

Example 108 (i) With S = 7Z, we would have "< (3,4) = T" or "(3,4) € <" as rather
unnatural ways of simply saying "3 < 4"
(i1) If S = {1,2,3} then < is the set {(1,2), (1,3), (2,3)}.

Definition 109 We say that a relation ~ on a set S is an equivalence relation if it is
(i) reflexive — that is a ~ a for all a € S;

(i) symmetric — that is, whenever a ~ b then b ~ a;

(iii) transitive — that is, whenever a ~ b and b ~ ¢ then a ~ c.

Example 110 The following are all examples of equivalence relations:

(i) S = C with z ~ w iff |z| = |w|;

(ii) S = GL(n,R) with A ~ B iff there exists P € GL(n,R) such that A = P~'AP;
(1ii) S = {polygons in R?} and ~ is congruence;

(iv) S =P(X) and A ~ B if |A| = |B|;

(v) S isagroup and x ~y ifx =y orx =y !;

(vi) S = C'(R) with f(x) ~ g(x) if f'(z) = ¢'(x).

Example 111 The following relations aren’t equivalence relations:

(i) S = 7Z with m ~ n iff m < n as ~ isn’t reflexive or symmetric;

(ii) S =P (X) with A~ B iff A C B as ~ isn’t symmetric;

(111) S = R [z] with p (x) ~ q(z) iff p(a) = q(a) for some a € R as ~ isn’t transitive.

Proposition 112 Let S =7 and n > 2 is an integer. If we set a ~ b if a — b is a multiple of
n then ~ is an equivalence relation.

Proof. (a) For any a € Z we have a ~ a as 0 is a multiple of n.
(b) If a ~ b then a — b = kn for some integer k. Then b — a = —kn and hence b ~ a.
(¢c) If a ~band b~ cthen a —b = kn and b — ¢ = In for integers k, . But then

a—c=(a—-b)+0b—-c)=(k+Dn
and hence a ~ c. m
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Definition 113 Let G be a group and g,h € G. Then g and h are said to be conjugate in G
if there exists k € G such that g = k~hk. (Compare with Definition 71.)

Proposition 114 Conjugacy is an equivalence relation.

Proof. Let G be a group and write g ~ h if there exists k such that g = k~'hk. Then:
(a) ~ is reflexive as g = e"1ge for all g.
(b) If g = k~'hk then h = kgk~! = (k") gk~ and hence ~ is symmetric.
(c) If g1 ~ go and go ~ g3 then there exist k; and ko such that
g1 = l{iflggkl and g2 = k51g3/{32.
Hence g1 = kl_lkglggk’gk’l = (kgk?l)il g3 (]{72/{71) ]

Definition 115 Given an equivalence relation ~ on a set S with a € S, then the equivalence
class of a, written a or [a] , is the set

a={reS:z~a}.

Example 116 Given the equivalence relation in Proposition 112 there are n equivalence classes
namely 0,1,2,...,n — 1. This follows from the division algorithm in Z. We see that

0 = nZ; 1 =1+ nZ; n—1=(n-1)+nZ=-1+nk.
Example 117 The conjugacy class of o in S, are those permutations of the same cycle type.

Example 118 The conjugacy classes of Dg are

{e}, {7”>7“3}, {7“2}, {5,7“25}, {7“5,7’35}.

Diagrammatically it is a little clearer as to what is going on

” i N >
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I N L

I N ’
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I 7 N

I ’ N

I 7 N

| , N

I L7 N

| , .

I L N

! N

L ] e el
- I ’ N
” s

2
2

Depending on their viewpoints, two observers might confuse reflection in the horizontal with it

in the vertical, but will be certain that the square wasn’t reflected in a diagonal; likewise they

might conflate rotation by a right angle anticlockwise with the same in a clockwise fashion.
For Dy the conjugacy classes are

{e}, {7“,7”4}, {7“2,7”3}, {5,7’5,7“25,7’35,7’48}.
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Again, diagrammatically, it is a little clearer as to what is going on
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axis of s

axis of s

The general cases are investigated in Fxercise Sheet 5, Question 3.

Definition 119 Let S be a set and A be an indexing set. We say that a collection of subsets
Ay of S (where A € A) is a partition of S if
(i) Ay # @ for each X\ € A;
(i) | ) Ax = S;
AEA
(tii) if X # p then AxN A, = @, or equivalently: if A\NA, # & then A = p.

Notation 120 Given a partition P of S and a € S, we will write P, for the unique set in P
such that a € P,.

Theorem 121 Let ~ be an equivalence relation on a set S. Then the ~-equivalence classes
partition S.

Proof. Firstly, a € a for any a € S by reflexivity; this shows that equivalence classes are
non-empty and also that their union is S. Secondly, we need to show that distinct equivalence
classes are disjoint. So suppose that ¢ € aNb for a,b,c € S. We need to show that @ = b. As
¢ € a then ¢ ~ a and likewise ¢ ~ b. By symmetry and transitivity it follows that a ~ b. So if
x € a we have © ~ a ~ b and hence, by transitivity,  ~ b. We have shown that a C b. If we
swap the roles of ¢ and b in the above argument then b C @ and the result follows. m

Theorem 122 Let S be a set.

(a) Given an equivalence relation ~ on S then the equivalence classes of ~ form a partition
P(~) of S (where P(~), = a for each a € S).

(b) Given a partition P of S then the relation ~p on S defined by

a ~p b if and only if b € P,

18 an equivalence relation on S.
(c) As given above, (a) and (b) are inverses of one another; that is

P(Np) =P and ~P(~) =

In particular, there are as many equivalence relations on a set S as there are partitions of the
set S.

Proof. (a) was proven in the previous theorem. To prove (b), suppose that P is a partition of

S.
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e Let a € S. Then a € P, by definition and so a ~p a.

o If a ~p bthen b € P, and b € B, by definition. So b € P, N P, # @ and hence P, = P,.
Thus a € P, and b ~p a.

e Ifa~pband b~pcthenbe P,and c € B,. Asbe P,N P, # & then P, = P, and so
ce P,and a ~p c.

(c) Let P be a partition of S.

A€ P(~p) <= thereisa € A such that A is the ~p -equivalence class of a
<— thereis a € A such that A = P,
— AecP
Likewise

a~peyb < be(P(~), < a€b < a~b.

a

]

Example 123 There are 52 equivalence relations on a set with 5 elements.

Solution. Let X = {1,2,3,4,5}. As the only ways to partition the integer 5 is
0=4+1=34+2=3+1+1=24+24+1=24+1+1+1=1+14+1+1+1

and for each such possibility there correspond the following partitions of X

Partition of 5 | Partitions of X

5) 1

i E
342 (5) =10
3+1+1 (3) =10
yar 1| I00) =15
24+1+1+1 (;) =10
1+14+1+14+1 1

Example 124 How many partitions are there of a set with 22 elements into 4 subsets of size
3 and 2 subsets of size 57

Solution. The answer is 1254751898400 counted either of the following ways:

ways of filling the six sets

A\

Ve

~

38

shuffling same-size subsets

N— —
shuffling within subsets

22 19 16 13 10 5 ways of placing the 22 elements
=~
(3>(3>(3>(3><5)<5>_ 22!
412! BN (5)°  x 121

shuffling same-size subsets
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4.1 Modular Arithmetic

Consider the odd and even integers. The product of two odd integers is an odd integer, no
matter what odd integers we have in mind. Likewise we can see, for example, that

Even x Odd = Even, Odd + Odd = Even,

again irrespective of the even and odd numbers we have in mind. If we fill out the addition
and multiplication tables for {Even, Odd} then we obtain

+ Even | Odd X Even | Odd
Even | Even | Odd |, Even | Even | Even |
Odd | Odd | Even Odd | Even | Odd

You may notice that {Even, Odd} under + makes an abelian group with Even being the additive
identity.

More properly the above tables describe the arithmetic of the integers "modulo 2" or more
simply "mod 2". Modular arithmetic is the study of remainders. If we divide an integer by
2 then there are two possible remainders 0 (when the integer is even) and 1 (when the integer
is odd). We could instead rewrite the above addition and multiplication with 0 replacing Even
and 1 replacing Odd. The tables would then look like:

Tlof1 x 01
001} 0(0[0]
1]1]0 1]0]1

Most of those calculations look fairly natural with the exception of 1 + 1 = 0, but recall the
equation is really conveying that an odd number added to an odd number makes an even
number. From the point of view of remainders, adding the two remainders of 1 makes a whole
new factor of 2; these two 1s add to clock back to 0.

In fact, modular arithmetic is sometimes also referred to as clockwork arithmetic and
another everyday example of modular arithmetic is the 12-hour clock. It would not be at all
surprising for me to say that 5 hours after 9 o’clock comes 2 o’clock or that 7 hours before 1
o’clock was 6 o’clock or that 7 three-hour shifts that started at 2 o’clock will end at 11 o’clock.
In mod 12 arithmetic we would write these calculations as

5+9 =2, 1-7=6, 24+ 7x3=11.

These facts are true irrespective of what day of the week we are discussing or whether 5
represents bam or 5pm.(The only significant difference between mod 12 arithmetic and the
12-hour clock is that we write 0, instead of 12, for noon and midnight.)

More generally, we can use the division algorithm to describe the possible remainders when
we divide by any integer n > 2.
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Definition 125 If we are doing arithmetic mod n, (where n > 2) then, by the division algo-
rithm, there are n possible remainders, namely

0,1,2,3,...,n—1.

We define here rules for how to add, subtract and multiply these n remainders in mod n arith-
metic. Take a,b € {0,1,2,...,n —1}. It may well be the case that a + b,a — b or ab aren’t on
this list, but the remainders of this sum, difference and product will be. We may define modn
addition, subtraction and multiplication by:

a+b = remainder when a+ b is divided by n;
a—0b = remainder when a — b is divided by n;
ab = remainder when ab is divided by n.

Notation 126 We write Z,, for the set of remainders {0,1,2,...,n — 1} under the operations
of modn arithmetic. Also we will write modn besides a sum, difference or product to denote
that we are doing these operations in the context of modn arithmetic.

Example 127 In mod7 arithmetic we have

346 = 2 mod7as34+6=9and9=1x7+2;
3—5 =5 mod7as3—-5=-2and —2=(—1)x7+5;
3x5 =1 mod7as3xb=15and15=2x7+1.

We can more concisely write down all the rules of mod 7 arithmetic with addition and multi-
plication tables:

—| oo ol || ro| o
| = oo ot i o]
W —|olo| o ] e
Al | —| ool o
o|lo|o|lolo|lo|lo|lo
| w|—|o x| ole
A=l ool o wlo]w
w|o| ol || o]
| | | =] | ol of on
|| w| x| olo|o|lo

S| OYW NP O -

ol w| || oo
S| ar x| w| | = o] x

OO | WIN |

DU W N OIO

DO W N O 4

Definition 125 has the advantage of being unambiguous (i.e. the operations +, —, x clearly
deliver well-defined answers) but it also looks a little unnatural. For example, is it clear that
the distributive law still applies? Alternatively, we can take a more formal view of what the
arithmetic of Z,, is. In Proposition 112, we met the equivalence relation on Z given by a ~ b if
a — b is a multiple of n. We can see now that this is the same as saying

a~b ifand only if a =0 modn. (4.1)

We saw in Example 116 that there are then n equivalence classes 0,1,2,...,n — 1. An alter-
native, more formal but also more natural, definition of the arithmetic of Z,, is then:
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Definition 128 Let Z, denote the equivalence classes 0,1,2,...,n — 1 of Z under the equiva-
lence relation (4.1). We define the operations + and x on Z, by

a+b=a+0b, axb=axb.
Proposition 129 The operations + and x are well-defined on Z,.

Proof. How might + and x not be well-defined? Well, because the same equivalence class has
many different representatives (e.g. 1 = 7 in Zg) it’s feasible that we might have a = @ and
b= B yeta+b+#a+ (. Adding the same two elements shouldn’t be able to yield two different
sums. So suppose that @ = @ and b = /3, then

a—a=knandb— [ =In
for k,l € Z. But then
(a+b)—(a+B)=(a—a)+(b—-8)=(k+1)n

and
ab—af = (a+kn)(B+In) —af = (kB + la+ kin)n

and hence a + b = o + 3 and ab = af are both true so that + and x are well-defined. m

Proposition 130 (a) (Z,,+) is an abelian group isomorphic to C,.
(b) Further X is associative, commutative and distributes over +.

Proof. That (Z,,+) is an abelian group and the properties of x mentioned in (b) are all
inherited from the same properties in Z. For example, to see that the distributive law still
holds, we simply have to note for a, b, ¢ € Z,, that

a(b+e) = alb+c) [as + is well-defined in Z,]
= a(b+c¢) [as x is well-defined in Z,)
= ab+ac [by the distributive law in Z|
= ab+ac [as + is well-defined in Z,)
= ab+ac [as x is well-defined in Z,,].

To see that (Z,,+) is indeed cyclic we need only note that 1 has (additive) order n. m

We now note, for certain values of n, that modular arithmetic can have some unfortunate
algebraic aspects such as

3 x5 =0 mod 15, 4 x 3 =0 mod6.

It follows that one cannot divide by 3 or 5 in Z;5 nor divide by 3 or 4 in Zg. More generally
we note:
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Proposition 131 Let & € Z,, with x # 0.

(a) T has a multiplicative inverse if and only if hef(x,n) = 1. Hence if n is prime, then Z,
18 1n fact a field.

(b) Those T with a multiplicative inverse (the so-called units) form a group 7! under
multiplication.

Proof. This is left as Exercise Sheet 4, Question 2. =
Example 132 List the units in Z12. Identify the group Z3,.

Solution. As 12 = 22 x 3 then the units of Z are 1,5,7,11. Note that the group table is

* 1[5 |7 |11
1 11 |5 |7 |11
5o |5 |1 |11 |7
7T 7 111 |5
1111117 |5 |1

showing that Zj, is isomorphic to Cy x C5. ®
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5. ORDER. LAGRANGE'S THEOREM

Recall that we also defined the order o(g) of a group element:

Definition 133 Let G be a group and g € G. If there is a positive integer k such that g* = e,
then the order o(g) of g € G is defined as

o(g) =min{m > 0: ¢" = e}.
Otherwise we say that the order of g is infinite.
Proposition 134 If G is finite, then o(g) is finite for each g € G.

Proof. Consider the list
9,.9%.9% g%, ...

As @G is finite, then this list must have repeats. Hence there are integers ¢ > j such that ¢g° = ¢7.
So g"7 = e showing that {m > 0: g™ = e} is non-empty and so has a minimal element. ®

Proposition 135 If g € G and o(g) is finite, then g" = e if and only if o(g)|n.

Proof. If n = ko(g) then
n (o) k
g" = (g (g)) = =e.
Conversely, if ¢" = e then, by the division algorithm, there are integers ¢,r such that n =
qo(g) + r where 0 < 7 < o(g). Then

g = gn—qO(g) _ QN(QO(Q))—q —e.
By the minimality of o(g) then 7 = 0 and so n = qo(g). =
Proposition 136 If ¢: G — H is an isomorphism and g € G then o(¢(g)) = o(g).

Proof. We have
(¢(9) =en <= d(¢*) =en <= ¢"=ec

as ¢ is injective. m
Example 137 In Dg we have
ole) =1, o(r?) =o(s) = o(rs) = o(r’s) = o(r®s) =2, o(r) = o(r®) = 4.

Proposition 138 Let x,n be integers with n > 2. Then the order o(Z) of T € Z,, is

n

oF) = hef(z,n)
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Proof. Left to Exercise Sheet 4, Question 1. =
Corollary 139 z € Z,, is a generator if and only if hef(x,n) = 1.

Definition 140 Let H be a subgroup of G.
Then the left cosets of H (or left H-cosets) are the sets

gH ={gh: h € H}.
The right cosets of H (or right H-cosets) are the sets
Hg={hg: h € H}.

Notation 141 We write G/H for the set of (left) cosets of H in G. The cardinality of G/H
15 called the tndex of H in G.

Remark 142 (i) Note that different elements g1,9o € G can represent the same (left) coset —
i.e. we can have g1H = goH yet g1 # go.

(ii) In general, we will have gH # Hg. Obviously we will have gH = Hg if G is abelian,
and in other cases as well.

Example 143 Let G = S3 and H = {e, (12)}. Then

eH = (12) H = {e, (12)}; He = H (12) = {e, (12)};
(13) H = (132) H = {(13), (132)}; H (13) = H (123) = {(13), (123)} ;
(23) H = (123) H = {(23), (123)}; H(23) = H(132) = {(23), (132)}

Note here that Hg # gH in general.
Example 144 Let G = S,, and H = A,,. Then
oA, = A,0 = A, when o is even; oA, = Ano = S,\A, when o is odd.
Note that 0 A,, = A, o for all 0 € S, even though S, is not (in general) abelian.
Example 145 Let G = C* and H = S*. Then, for w € C*, we have
wS' = {2z € C*: |z| = |w|}.

Example 146 Let G = 7Z and H = nZ. Then the (left and right) coset of r € Z is r +nZ. So
there are n cosets

0+nZ, 14+nZ, 2+nZ, ... (n—1)+nZ=—-1+nZ.
So we can naturally identity Z,, with Z/nZ (if only as sets for the moment).
Lemma 147 (Coset Equality Lemma) Let H < G and g,k € G. Then
gH =kH < k'gecH.

For right cosets, Hg = Hk <= kg~ € H.
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Proof. Suppose that gH = kH. Then g = ge € kH and so there exists h € H such that
g = kh. Hence k~'g = h € H.

Conversely suppose that k~'g = h € H. Then gH = khH C kH and kH = g(g'k) H =
gh'HCgH m

Remark 148 The relation on G given by g ~ k <= k~'g € H is an equivalence relation on
G with the equivalence classes being the left cosets of H. This essentially comprises part of the
following proof of Lagrange’s Theorem when we prove that the (left) cosets partition G.

Theorem 149 (Lagrange’s Theorem) (First instances of theorem due to Lagrange in 1771.)
Let G be a finite group and H a subgroup of G. Then |H| divides |G| .

Remark 150 There are two steps to this proof. We shall prove:
(a) The (left or right) cosets of H partition G.
(b) Each (left or right) coset of H is equinumerous with H.
Both (a) and (b) in fact hold for infinite groups.

Proof. Let G be a (not necessarily finite) group G and H a subgroup of G.

(a) For any g € G, note g = ge € gH, so that the union of the (left) cosets is G. Now suppose
that two cosets aren’t disjoint; we’ll show that they must be equal. Say k € g;H N goH. Then
there are hy, ho € H such that k = g1hy = g2hs. Then g;lgl = hghfl € H and gtH = goH by
the Coset Equality Lemma.

(b) For any g € G then h — gh is a bijection between H and gH. This map is clearly onto
and also 1-1, for if gh; = ghy then we see hy = hy by applying g~!. Hence |gH| = |H]| .

Finally, if GG is finite, then we have
G| = |G/H]| x |H|
and hence |H| divides |G|. =

Remark 151 Lagrange’s Theorem states that the order of a subgroup is a factor of the order
of the group. The converse does not hold — that is, if G is a finite group and k is a factor of
|G| then there need not be a subgroup H of G such that |H| = k. For example, |A4] = 12 yet Ay
has no subgroup of order 6. (See Examples 86 and 209.) The converse of Lagrange’s Theorem
is true for cyclic groups though: for if k divides n then n/k has order k in 7Z,.

Example 152 Find all the subgroups of (i) Zs1; (i) Dio; (1) Zs X Zs.

Solution. (i) As 31 is prime then a subgroup must have order 1 or 31. Hence the only
subgroups are {0} and Z3; itself.

(ii) The subgroups of Djy can have order 1,2,5 or 10. So aside from {e} and D;y we can
have order 2 subgroups of the form {e, reflection} and the only order 5 subgroup consists of
the five rotations.
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(iii) |Zs x Zs| = 25. So the subgroups can have order 1,5 or 25. Every element in Zs x Zj;
apart from (0,0) has order 5. The subgroups of order 5 consist of the identity (0,0) and four
elements of order 5 each of which generate that subgroup. So there are (25 —1)/(5 —1) =6
such subgroups. Specifically these are

{(0,0),(1,0),(2,0),(3,0),(4,00};  {(0,0),(0,1),(0,2),(0,3),(0,4)};
{(0,0),(1,1),(2,2),(3,3),(4,4)};  {(0,0),(1,2),(2,4),(3,1),(4,3)};
{(0,0),(2,1),(4,2),(1,3),(3,4)};  {(0,0),(1,4),(2,3),(3,2), (4 1)}

The only other subgroups are then {(0,0)} and Zs X Z5. =
Corollary 153 Let G be a finite group and g € G. Then o(g) divides |G]|.
Proof. (g) = {e,9,4¢% ...,9°9~'} is a subgroup of G with order o(g). =

Remark 154 This Corollary has no converse: for example, S3 has no element of order 6.
However we shall later prove Cauchy’s Theorem which states that if p is a prime factor of |G|
then there is a group element with order p. We shall prove this for p = 2 (see Corollary 162
below).

Corollary 155 Let G be a finite group with |G| = p, a prime. Then G is cyclic.

Proof. Let g € G with g # e. Then o(g) # 1 and yet o(g) divides p, so o(g) = p. Hence
|{g)] = p. That is (g) = G and G is cyclic. m

Corollary 156 Let G be a finite group and g € G. Then g/¢ = e.
Proof. |G| is a multiple of o(g) and ¢°¥) =e. m

Theorem 157 (Fermat’s Little Theorem, 1640) Let p be a prime and a € Z such that p
does not divide a. Then a?~! = 1 mod p.

Proof. This is just Corollary 156 with G = Z; as

Z

=p—1. =

Theorem 158 (FEuler’s Theorem, 1756) Let n > 2 and let a € Z be coprime with n. Then
a®™ =1 modn

where ¢p(n) = |{k: 0 < k < n,hef(k,n) =1}|.

Proof. This is just Corollary 156 with G = Z} as ¢(n) = |Z%|. =

Remark 159 (Off-syllabus) The "phi function” or "totient function” ¢ (n) was introduced by
FEuler in 1760. It is an important number-theoretic function with the following properties.

(i) (p) = p—1 for a prime p.
(i) p(p*) = p* — " =p"p - 1).
(ii1) p(mn) = p(m)p(n) if m and n are coprime.
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Lemma 160 Let G be a group. Then the relation ~ on G defined by

r~Yy << r=1Y Oor x:y_l

is an equivalence relation. The equivalence classes are generally of the form & = {x,z7'} unless
x 1s self-inverse in which case T = {x}.

Proof. Left as an exercise. ®
Corollary 161 (Wilson’s Theorem) If p is a prime then
(p—1)! =—-1 modp.

Proof. If p = 2 then this just says 1 = —1 mod 2 which is true. So assume p > 3. Consider
the self-inverse elements in Z;. We see

T=7' = 1=1+= @-1)@+1)=0 <= 2=1or 7=-1

as Z, is a field. So the only singleton equivalence classes of ~ (the equivalence relation defined
in Lemma 160) are {1} and {—1} with all others being of the form {Z,z7'}. As the equivalence
classes partition Z; then

p-'=]]k= JI I *k=1xDx ][] k=-1

Ek ivi
* equivalence each doubleton
p classes equivalence equivalence
class classes

as the contribution to the product from each doubleton equivalence classis Z x 27! = 1. =
Corollary 162 Let G be a group with even order. Then G has an element of order 2.

Proof. Consider the equivalence relation on GG defined in Lemma 160. If there are m doubleton
equivalence classes and n singleton equivalence classes, then we have

2m +n = |G|

as the equivalence classes partition |G|. As |G| is even then n is even but we also know n > 1 as
e is self-inverse. So, in fact, n > 2 and there is a non-identity element x which satisfies x = 271
or equivalently z? = e so that o (z) = 2. =

Theorem 163 Let G be a finite group with |G| = 2p where p > 3 is prime. Then G is
isomorphic to Cyy, or Dagy,.

Proof. Assume that G is not cyclic. The possible orders of elements in G are 1 (the identity
e) or 2 or p. As |G| = 2p is even then there is an element 2 € G of order 2. (Corollary 162).
Further if g*> = e for all g € G then G = (Z)" for some n (Exercise Sheet 4, Question 5),
which is not possible here and hence there is an element y € G of order p. As x has order 2
and y,y?, ..., y?"! have order p then = ¢ (y). Hence G = (y) U z(y) or more expansively

G = {e?y’y2’ c ’yp_l’l"xy’l‘y2’ R ’l‘yp_l} :
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Now the product yx is somewhere amongst G. If yz = 3° we arrive at a similar contradiction
to before. So yx = xy’ for some 1 < j < p. Then

(yo)* = yaya = (y2) (zy!) =y’ (ye)’ = (29!) (yo)* = 2y¥ ™

until more generally we find that (yz)?* = y*0*+) and that (yz)?*! = 2y* %47 So yz has an
even order and o (yz) = 2. In particular it follows that j = p — 1. Hence

G = <xay: 12 :yp = ejyx:xyp*”

which is a presentation for Dy,. We can think of  as reflection in a given axis and y as clockwise
rotation through 27/p. m

Remark 164 (Off Syllabus) Presentations. Recall that the dihedral group Ds, can be defined

as
2 1

Dy, = (r,s: " =e=s",sr =1""85). (5.1)
Equation (5.1) is an example of a presentation for Ds,. We can think of v as a rotation
and s as a reflection if we want to make real the elements r and s, but there’s no great need
as the presentation contains everything necessary to describe the algebra of D, or any group
isomorphic to Ds,. A presentation of a group describes some generators of the group (here
r and s) and the (non-trivial) rules or relations that govern the algebra in the group. Con-
tained in the relations is enough information to show that the group contains 2n elements
e,r,,...,r" L s rs, ..., r" ts and determine products between them. Any other string or word
in the generators can be shown to be one of these 2n elements by means of the relations. For
example, we can see that

srisris = (sr®) sr’s =173 (ss)r’s =r's =" 's.
Other group presentations include
Z=(g), C.=(g:g"=¢), L°=(g,h:gh=hg).

There are, of course, many different ways to present the same group. Note a = s and b = rs
generate Dg. We can write the other elements as

r? = ab, r = ba, r’s = aba

and see that
D¢ = (a,b: a* = e = b*, bab = aba).

We need to check we have enough relations. Using the relations a®> = e = b? we see that we need
only consider those strings (or words) which alternately go a then b. And using the relation
bab = aba we can contract substrings of bab from longer words via

a (bab) = a (aba) = ba, (bab) a = (aba) a = ab.

The only strings that can’t be contracted further in this way are e, a, b, ab, ba, aba.
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6. HOMOMORPHISMS AND ISOMORPHISMS

Let G and H be groups. Recall that an isomorphism ¢: G — H is a bijection such that
P91 *c g2) = ¢(g1) *m #(g2) for all g1,92 € G.

We say that two groups, G and H, are isomorphic, and write G = H, if there is an isomorphism
between the groups. Two isomorphic groups should usually be considered as manifestations of
the same group. We proved in the first half of the course that:

Theorem 165 Let G be a group with |G| = p, a prime. Then G = C,,.

Theorem 166 Let G be a group with |G| = 2p where p > 3 is prime. Then G = Cy, or
G = Dy,

These results are sufficient to demonstrate the following:
Theorem 167 Up to isomorphism, the groups of order < 7 are:

o Order 2: Cy

e Order 3: Cs

e Order4: Cy or Cy x Cy 2V,

o Order 5: Cs

o Order 6: Cg or S3 = Dg

e Order7: Cy

The general situation (re how many groups there are of a give order n) is very complicated
and depends largely on the factors of n. Even the n = 8 case (stated below) is more complicated
and beyond the scope of this first course.

Theorem 168 Up to isomorphism, the groups of order 8 are
Cs, Cy X Cy, Co X Uy x Cy, Ds, Qs-

Remark 169 We have yet to meet the fifth group Qg which is usually introduced via the quater-
nions. A quaternion might be thought of as a four-dimensional version of a complex number.
A quaternion is a number of the form

q:a+bl+CJ+dk (CL,b,C,dER>

with quaternions adding as one might expect and multiplying distributively and associatively
according to the rules
i?=j=k*=ijk = —1.

An example of the group Qg is then
Qs = {£1, £1i, 4+j, £k}.
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The equivalent of a linear map in group theory is the homomorphism.
Definition 170 Let G and H be groups. A homomorphism ¢: G — H is a map such that

(g1 *G g2) = &(91) ¥ #(g2)  for all g1,92 € G.

Hence an tsomorphism between G and H is simply a bijective homomorphism.
We also have:

Definition 171 An automorphism of a group G is an isomorphism from G to G. The
automorphisms of G form a group Aut(G) under composition. (Ezxercise Sheet 5, Question 5).
An endomorphism of G is a homomorphism from G to G.
(Rarely used) A monomorphism is an injective homomorphism and an epimorphism is
a surjective homomorphism.

Homomorphisms in group theory have many properties akin to linear maps in linear algebra.

Proposition 172 Let ¢: G — H be a homomorphism between groups and let g € G, n € Z.
Then

(i) ¢leq)=en. (i) olg™')=(d(9)".  (ir) ¢(g") = (d(9))"

Proof. (i) We have ¢(eq) = d(eq * eq) = ¢(eq)d(eq) and applying ¢(eg)~! to both sides (i)
follows. For (ii) note

3(9)d(g7") = dl9g7") = dlec) = en

demonstrating (ii). For (iii) note more generally that we can show ¢(g") = (¢(g))" for n > 0
by induction and then for n = —k < 0 we have

B(g") = o((g7")") = (6lg™")* = (6(g) ™) = p(g)™

Corollary 173 Let ¢: G — H be a homomorphism between groups and let g € G. Then
o(¢p(g)) divides o(g).

Proof. Note
$(9)"9 = ¢(g°?) = d(eq) = en.

In a group, k" = e if and only if n is a multiple of o(k) (by Proposition 135). =

Example 174 The map ¢: 7Z — 7, given by ¢p(n) = i is a homomorphism as

m+n=m-+n.

Example 175 If H is a subgroup of G then inclusion 1: H — G given by t(h) = h is a
homomorphism.
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Example 176 For any groups G, H the map ¢: G — H given by ¢(g9) = eg is a group
homomorphism.

Example 177 Let G1 and G5 be groups. Then the maps
m: G x Gy — G1, (g1,92) = g1 and T2 G1 X Gy — Ga, (g1, 92) — 92
are homomorphisms.

Example 178 The map sgn: S, — {1} given by

n(o) = 1 if o is even
RSP if o is odd

is a homomorphism as, for o,7 € S,,, we have sgn(o7) = sgn(o) sgn(7).

Example 179 The map det: GL(n,R) — R* is a homomorphism as, for n X n matrices A, B
we have det(AB) = det A det B.

Example 180 The map trace: M,(R) — R is a homomorphism as, for n X n matrices A, B
we have trace (A + B) = trace A + trace B.

Example 181 The map log: (0,00) — R is a homomorphism as for x,y > 0 we have
log(zy) = logz + logy. In fact, being a bijection, this is an isomorphism.

Example 182 The map ¢: R — S' given by ¢(x) = € is a surjective homomorphism as
(x+y) — iz iy
e = e"e'.

Example 183 The map ¢: C* — R* given by ¢(z) = |z| is a group homomorphism as |zw| =
|z| |w| for z,w # 0.

Example 184 The map ¢: R* — R* given by ¢(x) = 22 is a group homomorphism as (:cy)2 =
%y

Remark 185 More generally ¢: G — G given by ¢(g) = g* is a homomorphism if and only if
G is abelian. (This is left as an exercise).

Proposition 186 Let a € G, a group. Conjugation by a, i.e. the map 0,: G — G given by
0.(9) = a"‘ga is an isomorphism.

Proof. Firstly we note
0a(gh) = a”*gha = (a”'ga)(a"ha) = 6,(9)0a(h).
Secondly an easy check shows that 6,1 = (6,)~! and so 0, is a bijection. m

Corollary 187 Let G be a group and g,h € G.
(i) If g and h are conjugate then o(g) = o(h).
(ii) If g and h are conjugate then g=' and h™' are conjugate.
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Proposition 188 Homomorphisms ¢: 7. — 7 are all of the form ¢(x) = nx for some n € Z.

Proof. Certainly, for any n € Z, we have that ¢(x) = nz is a homomorphism as

o(r +y) =n(x+y) =nz+ny = o(r) + d(y).

Conversely, for any homomorphism ¢: Z — Z, if we set n = ¢(1) then by Proposition 172 (iii)
we have for > 0

¢(x)=q§<\1—|—1t~+11> = ¢(1) + (1) +---+ (1) =nz

T times Z times
and then ¢(—z) = —¢(r) = —nz =n(—x). w

Remark 189 As a crucial aspect of the above proof we have just noted that, if G is a cyclic
group with generator g, then any homomorphism from G is entirely determined by the value of

¢(g) as
¢(g") = (¢(9))" for any r € Z.

More generally if g1,...,gx are generators of a group G then any homomorphism from G is
entirely determined by the values ¢(g1), ..., d(gx)-

This result corresponds to the similar result in linear algebra: any linear map T:V — W
is determined by the values T takes on a basis of V' (or more generally on a spanning set).

In a comparable way to linear maps, we can also define the kernel and image of a homomor-
phism. As one might expect from the study of linear maps, kernels and images in group theory
are subgroups — in fact, more than this, kernels turn out to be a special type of subgroup.

Definition 190 Let ¢: G — H be a homomorphism between groups. Then:
(i) the kernel of ¢, written ker ¢, equals

kerg ={g € G: ¢(g) =en} CG.
(ii) the tmage of ¢, written Im ¢, equals
Im¢ ={o(9): g€ G} C H.

Definition 191 Let G be a group and H a subgroup of G. Then H 1is said to be a normal
subgroup of G if
gH =Hyg forallge G

or equivalently if
g 'hge H forallge G, he H.

If H is a normal subgroup of G then we write H <1 G.

Proposition 192 Let ¢: G — H be a homomorphism between two groups. Then ker ¢ <1 G.

52 HOMOMORPHISMS AND ISOMORPHISMS



Proof. Say ki, ks € ker ¢ and g € G. Then
¢(ec) = em; P(kika) = ¢(k1)9(k2) = enen = em; Pki') = o(k) " =ey' = en
showing that ker ¢ is a subgroup of G; further as

d(97 " k19) = 89 "o(k1)o(g) = ¢(9) end(9) = en

then ker ¢ is a normal subgroup of G. m

Proposition 193 Let ¢: G — H be a homomorphism between two groups. Then Im ¢ < H,

Proof. Note ey = ¢(eg) € Im¢. Say hy, he € Im¢. Then there are g; such that ¢(g;) = h;.
Note

hihy = (91)9(g2) = ¢(g192) € Tm ¢; hi'=¢(g1) " = d(gy") € Imo.
n

Example 194 The map ¢: 7Z — 7Z, given by ¢(n) = i has kernel nZ and has image Z,,.
Example 195 The map sgn: S, — {1} has kernel A,, and image {£1}.

Example 196 The map det: GL(n,R) — R* has kernel SL(n,R) and image R*.
Example 197 The map ¢: R — St given by ¢(z) = €™ has kernel 2rZ and image S*.¢
Example 198 The map ¢: C* — R* given by ¢(z) = |z| has kernel S* and image (0, 00) .

We close this chapter with the following result — it is our first step to understanding homo-
morphisms via the First Isomorphism Theorem.

Proposition 199 A homomorphism is constant on a coset of ker ¢ and takes different values
on different cosets.

Proof.

P(g1) = ¢(g2) < d(95'1) =en < g5'q1 Eker¢ <= grker¢ = grker ¢.

Corollary 200 Let ¢: G — H be a homomorphism between two groups. Then ¢ is 1-1 if and
only if ker ¢ = {eq}.
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7. NORMAL SUBGROUPS. QUOTIENT GROUPS

Notation 201 If H < G, then we write G/H for the set of (left) cosets of H in G.
Let H be a subgroup of GG. Recall that we say that H is a normal subgroup of G if
gH = Hg forallge G

or equivalently if
gthge H forallge G, he H.

If H is a normal subgroup of G we write this H < G.

Remark 202 This does NOT mean that gh = hg for all g € G and h € H or that G is
abelian. Although we can easily see that all subgroups of abelian groups are normal.

Remark 203 H being a normal subgroup of G' is a property of how H 1is contained in G and
not solely a property of H. For example, if we consider H = ((12)) < S3 then H is normal in
H but H is not normal in Ss.

Remark 204 In any group G, it is the case that {e} and G are normal subgroups of G. If
these are the only ones then G is said to be simple.

Remark 205 If asked to show that H is a normal subgroup of G then this means showing that
both H s a subgroup of G and checking that H is normal in G.

Remark 206 Note that a subgroup H < G is normal in G if and only if H is a union of
conjugacy classes.

Proposition 207 Let H < G. If |G/H| =2 then H < G.

Proof. Note that eH = H = He. So one left coset of H is H and one right coset of H is H.
As there are only two (left or right) cosets, and as (left or right) cosets partition G then the
other left coset is H¢ (the complement of H in GG) and the other right coset is also H¢. Recall
that gH = H if and only if ¢ € H and likewise Hg = H if and only if g € H. Hence

ifg € H then gH = H = Gy;
ifg ¢ H then gH = H°= Hyg.

u
Example 208 For n > 2, this shows A,, is normal in S,. Also SO(n) is normal in O(n).

Example 209 A; has no subgroup of order 6. In particular, Lagrange’s Theorem has no
converse.
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Solution. From Example 86, we know that the conjugcay classes of A4 have sizes 1,3,4,4. If
A4 had a subgroup of order 6 = % | A4| then it would be normal and hence a union of conjugacy
classes. However no selection of 1, 3,4, 4 adds up to 6 so there is no subgroup of that order. m

Example 210 (a) The normal subgroups of Ss are {e}, As and Ss.
(b) The normal subgroups of Sy are {e},Vy, Ay and Sy.

Solution. (a) Recall that a normal subgroup is a union of conjugacy classes. The identity and
the 2-cycles do not form a subgroup. The identity and the 3-cycles form As.

(b) The conjugacy classes e, (ab), (abc), (abed), (ab) (cd) have respective sizes 1,6,8,6, 3.
As the order of any subgroup is a factor of 24, this can only be achieved with these numbers as

1, 1+3, 1+8+3, 1+6+8+6+3,

which correspond to the subgroups {e},Vy, Ay and Sy. =

Definition 211 Let G be a group. The centre of G, denoted Z(G), is the set
Z(G)={9€ G: gh=hg foralheG}.

Proposition 212 Let G be a group. Then Z(G) < G.

Proof. (i) Certainly eh = h = he for all h € G and so e € Z(G).
(ii) If g1, 92 € Z(G) and h € G then (g192)h = g1hg2 = h(g192) and so g1g2 € Z(G).
(iii) If g € Z(G) and h € G then gh = hg = hg™' = g 'h and so g7 € Z(G).
(iv) Finally if g € Z(G) and h € G, then h™'gh =h"'hg=g € Z(G). =

Remark 213 Note that g € Z(G) if and only if the conjugacy class of g is {g}.

Example 214 (a) If n > 3 then Z(S,) = {e} .
(b) The centre of GL(n, F') is {\I,,: A # 0}.

(¢) The centre of

1

Do, = (r,s: 17" =5 =¢, 1 's = sr)

is {e} when n is odd and {e,r™/*} when n is even.

Solution. (a) and (b) will not be proved here. They are tractable but non-trivial exercises.
(c) follows from Exercise Sheet 5, Question 3 and Remark 213. m

Proposition 215 Let H < G.
(a) The binary operation x on G/H given by

(91H) * (92H) = (9192) H

18 well-defined if and only if H < G.
(b) If H < G then (G/H,x) is a group.

Definition 216 If H < G then (G/H, %) is called the quotient group.
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Proof. (a) Suppose that H <1 G. Say g1H = kiH and goH = koH, so that k;'g; € H and
ky'g, € H. We wish to show (g1g2) H = (k1ks) H. Note

(g192) H = (kvko) H <= (kiks) " (g192) € H
<~ k;lkflglgg e H
= ky' (ki'g1) ko (k3'g2) € H.

We have already noted that k5 'g, € H and k;'g; € H; as H is normal then k' (k’l_ 191) ko € H
also.
Conversely, suppose that * is well-defined. Let h € H and g € GG. Then

(g’lhg) H = (g’lH) x (hH) % (gH)
= (¢7'H)*(eH) * (¢H)
= (g’leg) H
= eH=H

and in particular g~'hg € H. That is, H is a normal subgroup of G.

(b) Suppose now that H <1 G. Then part (i) has shown that * is a well-defined binary
operation on GG/H. Further x is clearly associative as G’s group operation is associative.
Finally, we note that for any g € G,

(eH) * (gH) = gH = (gH) * (eH)
and hence eH = H is the identity element of G/H and for any g € G
(97'H) * (9H) = eH = (g7 H) * (gH)

so that
(gH) '=¢'H in G/H.

Remark 217 Quotient Structures appear throughout pure mathematics. For a set S, then we
can take an equivalence relation ~ on S and consider the set of equivalence classes S/ ~ . This
is an example of a quotient structure with sets. Why might we ever want to do this? We do it
all the time and have been doing so for some time. If asked the question, "what is the area of
a triangle?" we respond "half base times height”. We do not ask for the triangle’s coordinates
in R2, which would be "too much" information and just clutter the issue, but instead we are
already thinking about the triangle’s equivalence class under congruence because the answer is
most naturally given in this format. So quotient structures can be a means of throwing away
extraneous information and focussing on the most relevant information. As an example: can
1,000,003 be written as the sum of two squares? At first glance this looks like it might be hard
and something we need to resolve with the help of a computer. Solving the equation

z? 4+ y* = 1,000,003
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looks fairly impenetrable but taking this equation in mod4 and showing that Z* + 4> = 3 has
no solutions (rather easy as T2 = 0 or 1 for T € Z4) shows that the original equation had no
solutions. By moving to mod 4 we have thrown away a lot of information but have reduced the
problem in size and have crucially kept enough of the right information that conclusions can be
still made about the original problem.

Of course, with sets, we start off with rather structureless objects, so there aren’t really any
expectations of a structure on S/ ~. This is no longer the case when we look to make quotient
groups and hope that a binary operation on the quotient might naturally arise from the binary
operation on the original group.

Remark 218 So if we have a group G and plan to make some elements equivalent, but still
hope to have some sensible algebra afterwards, how should we go about this? We have met some
of these ideas already with modular arithmetic. If we wish to introduce new rules, for example
as in Zz when we wish to say that 3 ~ 0, then surely there will need to be further consequences
of this rule if the resulting algebra is to be sensible. So we’d likewise expect:

3+3~04+0=0 and —3~—-0=0.

So, reasoning more generally, those elements which are equivalent to the identity will need to
form a subgroup. More than that in fact (a point which is less obvious with the abelian example
of Zs3 above) we will need that

ifh~eand g € G then g thg ~ g teg =e.

The equivalence class of e will need to be a normal subgroup. From what we’ve seen earlier
(Proposition 215) this is then sufficient for G/ ~ to be a well-defined group.

In light of these comments it may be easier to think of G/H as G mod H. From this
viewpoint H is the equivalence class of e and we should think of gH as g, the equivalence class
of g instead. The somewhat cumbersome equation

g1H x goH = (q192) H becomes G1 * G2 = G102

which looks more natural and we see elements (or their equivalence classes) just multiply the
way they did before and do so in a well-defined fashion.

Proposition 219 Let G be a group and H a subset of G. Then H is a normal subgroup of G
if and only if it 1s the kernel of some homomorphism from G.

Proof. Suppose that H is the kernel of some homorphism ¢: G — K. Then H = ker ¢ is a
normal subgroup by Proposition 192. Conversely if H is normal in G then

m: G— G/H given by m(g) = gH
is a homomorphism with kernel H. This follows as

m(9192) = (9192) H = (91 H) (92 H) = 7(g1)7(g2)

and
m(g)=H<+=gH=H<+= g€ H.
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Example 220 Let G =7 and H = nZ then

Z/nZ ={0+nZ,1+nZ,...,(n—1)+nZ}
and can naturally be identified with Z,, = {(), 1,... ,m} , the integers modn.
Example 221 Let G =S, and H = A,,. Then

Sn/An = {A,, Sp\An} = {evens, odds} = Cs.

Example 222 Let G = Dy, and H = (r). Then Dy, /(r) = Cy. We have "modded out" by
so much that all that remains is a memory of whether the group element kept the polygon the
same side up or flipped the polygon over.

Example 223 Let G = C* and H = S'. Then
C*/S' = (0, 00)

and this time we essentially "modded out” any details about argument with all elements on the
circle |z| = r being made equivalent to r.

Example 224 As a further ezample
Sy/Vy = Ss.
See Fxercise Sheet 6, Question 5.
Example 225 Let G = AGL(n,R) denote the group of affine maps
f(x) = Ax+b, A e GL(n,R) and b € R"
and T denote the subgroup of translations t(x) =x+c. Then T < G and G/T = GL(n,R).
Solution. This follows as
frf(x)=f"t(Ax+b)=f'(Ax+b+c)=A((Ax+b+c)—b)=x+A""c
and we can naturally identify f7" with A to show the isomorphism G/T = GL(n,R). m

Example 226 Let n = 2k be even and let G = Dy, and H = Z (D) = {e, rk} noting that "
s a half turn. Then

Da/(r¥y = {e,r, 7, ... 7 5,75, 7" "5

where
__ 11—

=e and Sr=7 "5
which is a presentation of D,, when k > 3 and is a presentation of V3 when k = 2. So
Dsn/(r"?) = D, (forn >6) and Ds/(r*) = V.

The real importance of quotient groups will become more apparent when we meet the First
Isomorphism Theorem.
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7.1 Congruences (Off-syllabus)

There is another way of introducing quotient groups and that is via congruences.

Definition 227 Let G be a group and ~ an equivalence relation on G. Then we say that ~ 1is
a congruence if

(i) whenever gy ~ hy and gy ~ hy then g1g2 ~ hihs.

(1i) whenever g ~ h then g=1 ~ h™1.

So a congruence is an equivalence relation which respects the group operations. We have
met examples of congruences already such as = mod n. It is more apparent from this definition
that G/ ~ will be a well-defined group in a natural way.

Proposition 228 Let ~ be a congruence on a group G. Then the congruence classes G/ ~
naturally form a group under the group operation g x h = gh where g denotes the congruence
class of g.

Proof. x is a well-defined binary operation from (i) in the definition above. Associativity in
G/ ~ is inherited from associativity in G’ and we also easily see e/ = € and () =gl m
The following propositions show that introducing quotient groups via congruences is entirely

equivalent to introducing them via normal subgroups.

Proposition 229 Let H < G. Then the equivalence relation g ~ k <= gH = kH is a
congruence if and only if H is normal.

Proof. Suppose that ~ is a congruence and that h € H,g € GG. Then h ~ ¢ and so, as ~ is
a congruence, g *hg ~ g leg = e showing that ¢~'hg € H. Conversely suppose that H < G.
Then ~ is a congruence by Proposition 215. m

Proposition 230 Let ~ be a congruence on group G. Then
(a) € is a normal subgroup of G.
(b) G/ ~ is isomorphic to G/e.

Proof. (a) Clearly e € e. If h, k € € then, as ~ is a congruence,
hlk~ele=ce

and so h™'k € . Hence € < G. Finally if h € € and g € G then
g thg~glg=ce

and so g 'hg € € and e < G.
(b) G/ ~ is naturally isomorphic to GG/é via the isomorphism

¢: G/ ~—Gle,  ¢(g) = ge.

Firstly this is well-defined: for if j = hthen h~' ~ g ' andso h™'g ~ g 'g=e. Then h"'g c &
and ge = he. Finally

¢(gh) = d(gh) = (gh)e = (ge) (he) = d(g)d(h).
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8. FIRST ISOMORPHISM THEOREM

The usefulness of quotient groups will become more apparent once we understand the impli-
cations of the First Isomorphism Theorem. This theorem will have particular importance in
answering the question: find all the homomorphisms between two groups G and H. This is
relatively straightforward when G is cyclic.

Proposition 231 The map ¢: Z,, — Z,, given by
¢(r modm) = kr modn

s a well-defined homomorphism if and only if n divides km. As Z,, is cyclic then every homo-
morphism L, — Z, s of this form.

Proof. If ¢ is a well-defined function then as 0 = m in Z,, we need 0 = km to be true in Z,.
That is we need n to divide km. Conversely, suppose that n divides km so that km = nc for
some c. For ¢ to be well-defined, we need to ensure that

ry modm = ry modm = kry modn = kry modn,

or equivalently that if m divides © = ry — ry then n divides kx. If m divides x then x = md for
some d and hence

kx =k (md) = (km)d = (nc)d
is a multiple of n as required. It is then an easy check to see that ¢(7) = k7 is a homomorphism
provided it is well-defined. =

Example 232 How many homomorphisms are there (i) from Zg to Z1o (ii) from Zyo to Z.?
(i) from Zyo to Dg?

Solution. (i) By the previous proposition we know that any homomorphism Zg — Z;3 is of
the form 7 — k7 where 12|6k or equivalently 2|k. Hence k is even. But as k and k + 12 would
lead to the same homomorphism then there are in fact only six homomorphisms

n— 0, n— 2n, n+— 4n, n — 6n, n — 8n, n — 10n.
(i) Homomorphisms Z;y — Dg. As in Proposition 188, it again follows that ¢ is entirely
determined by ¢(1) as Zjg is cyclic. Further o(1) = 10 and so o(¢(1)) divides 10. Also o(¢(1))
divides | Ds| = 8 as a consequence of Lagrange’s Theorem. Combining these facts we see o(¢(1))
divides 2. The orders of the elements of Dg are given in the table below:

g lel|r|rm|r|s|rs|r®s|rs

olg) (14242222

The possible values of ¢(1) are e, 72, s,7s,r%s, r3s and again each of these leads to a well-defined
homomorphism.

n—e, n— r", n—s", n— (rs)", fz»—>(7“2s)n, ﬁ»—>(r33)n.
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Example 233 Find the kernels and images of the homomorphisms in Example 232.

Solution. (i).Homomorphisms from Zg to Zs.

o |n—0 nw—2n n—4n n— 8n n— 10n
ker¢ Zﬁ {6} {073} {07 274} {073} {6}
Im¢ | {0} |{0,2,4,6,810} | {0,4,8} 6 4,8

Note in each case that |ker ¢| x [Im ¢| = 6 = |Zg| .

(ii) Homomorphisms from Zy to Ds.

¢ |n—e| @ »7—>77“27” __ |nm—s"n ers)n n— Q“QS)” n— gr3s)n
kerg | Ze | (2)=1{0,2,4,6,8} | (2) (2) (2) (2)
Im¢ | {e} {e,r} {e, s} {e,rs} {e,r?s} {e,m3s}

Notice in each case that |ker ¢| x [Im ¢| = 10 = |Z1o| . ®

Let G be a group and consider finding all the homomorphisms from Z to G. A particular
homomorphism ¢ is entirely determined by ¢(1). If ¢ = ¢(1) and n = o(g) < oo then we
see that Im¢ = (g) = Z, and that ker ¢ = nZ. We have wrapped Z into G going around
and around (g) and repeating with period n. The map ¢ is not 1-1 and we have collapsed its
domain, Z, in such a way for its image to match a subgroup of G. More technically we have
that G/ ker ¢ = Z/nZ is isomorphic to Im ¢ = Z, with the pre-image of any element of the
image being a coset of the kernel.

If we are considering homomorphisms from Z,, into G these are likewise determined by ¢(1)
as Z,, is cyclic but we can only have ¢(1) = g if o(g) = n divides m as we must have that
¢(m) = eq for well-definedness. In this case ker ¢ = (n) and again we are collapsing Z,, onto
Lo [ (10) = L, = (g).

More generally, when considering homomorphisms ¢: G — H where GG need not be cyclic,
we will still be addressing the same problem of how are we to collapse the group G by ker ¢
in order to fit G onto some subgroup of H as its image. This is where the First Isomorphism
Theorem helps.

Theorem 234 (First Isomorphism Theorem, Jordan 1870) Let ¢: G — H be a homomor-
phism between two groups. Then

(a) ker ¢ < G

(b) Im ¢ < H;

(c) the map gker ¢ — ¢(g) gives an isomorphism

G
ker ¢

= Im ¢.

Corollary 235 Let ¢: G — H be a homomorphism between two groups and assume G s finite.
Then
|G| = |ker ¢[ x [Im ¢
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Proof. Parts (a) and (b) have been proven already in Propositions 192 and 193.
(c) Consider the map
b
" ker ¢

— Im¢ given by gkero — ¢ (g).

Let ¢1, 92 € G. From Proposition 199

?(g1) = ¢(g2) <= g1 ker¢ = gy ker ¢.

This both shows that ¢ is well-defined and that ¢ is 1-1. It is also clear that ¢ is onto. Finally

¢ is a homomorphism as

¢((g1 ker @) * (g2 ker ¢)) = &((9192) ker ¢) = ¢(g192) = ¢(91)9(92) = ¢(g1 ker @) * ¢(g2 ker ¢).
The Corollary follows because the order of G/ ker ¢ is |G| / |ker ¢| by Lagrange’s Theorem m

Example 236 Forsgn: S, — {£1}, the Isomorphism Theorem reads S, /A, = {£1}.
Example 237 For det: GL(n,R) — R*, the Isomorphism Theorem reads
GL(n,R)/SL(n,R) = R*.

Example 238 For projection onto the first coordinate w1: G1 X Gy — G, the Isomorphism
Theorem reads (G1 x G2) | ({e} x G2) = G;.

Example 239 For ¢: Z — 7 given by ¢(x) = nx, then the Isomorphism Theorem reads
7Z=17/{0} = nZ.

Example 240 For ¢: 7Z — 7Z, giwven by ¢ (x) = T, then the Isomorphism Theorem reads
ZIn7 = L.

Example 241 For ¢: Zs — Z12 given by ¢ (z) = 3% then the Isomorphism Theorem reads
Zs/(4) = (3).

Example 242 And for the following abelian groups, applying the Isomorphism Theorem to the
homomorphism ¢(x) = x* gives

St/ {1} = St Zs/ {0} = Zs, Zs/(3) = (2).

Remark 243 The question of finding how many homomorphisms ¢: G — H there are between
two groups G and H can be a difficult one if the groups are large and internally complicated,
but the Isomorphism Theorem gives us a means in principle to determine that number. The
process is as follows:

(i) Determine the normal subgroups N of G. (These are the potential kernels.)

(ii) Determine the number of subgroups in H which are isomorphic to G/N; let’s call this
number n(N). (These are the possible images when the kernel is N.)

(iii) For those normal subgroups where n(N) > 0, determine the order of Aut(G/N).
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Then the number of homomorphisms from G to H is

> n(N) x [Aut(G/N)|.

n(N)>0

To explain this formula, the Isomorphism Theorem tells us that any homomorphism will map
G onto an image which is isomorphic to G/N for some normal subgroup N. Conversely, given
a subgroup I < H which is isomorphic to G/N for some normal N, there are |Aut(G/N)|
isomorphisms ¢ from G/N to I and for each such isomorphism the map

G GIN ST

(where m: G — G/N is the map g — gN ) will be a homomorphism from G to H with image I.
This is a very general approach to the problem at hand. In the case of G being cyclic or small,
it may well be much easier to focus on some generators of G and consider their possible
images, recalling that o(¢(g)) divides o(g) as we did in Example 233. Approaching it that way
though, you will of course need to make sure that potential ¢(g) do indeed lead to actual
homomorphisms.

Example 244 How many homomorphisms are there from Ss to Cy x Cy?

Solution. Take g and h to be generators, respectively, of Cy and Cj.
Recall that the normal subgroups of Ss are {e}, A3, S5 (see Example 210) and we have that

Ss/ {e} = Ss, S3/Az = Oy, Ss/ 83 = {e}.

There are no homomorphisms with kernel {e} as Cy x Cy has no subgroup isomorphic to S3
(which is not abelian).

There are 3 elements in Cy x Cy with order 2, namely (e, h), (¢%,h), (g% e) and to each of
these corresponds a homomorphism with kernel As.

The final homomorphism is the map ¢(o) = (e, e) for all o € Ss. In all, then, there are four
such homomorphisms.

| (e;e) o€ A; | (e;e) o€ As | (e;e) o€ A;
¢1(‘7)—{ ((_),h) od Ay ¢2(U)—{ (gQ,h) od Ay ¢3(‘7)—{ (92’3) od Ay
and ¢ (0) = (e,e) forallo. m

Example 245 How many homomorphisms are there from Ay to S3?

Solution. We have seen (Example 86) that the conjugacy classes of A4 are {e} and
{(12) (34), (13) (24), (14) (23)},  {(123),(134),(214),(324)}, {(132),(143),(124),(234)}.
So the normal subgroups of A4 are {e},Vy, A4 and we have that

Ayf {e} = Ay, Ay Vy = Cs, AyfAy = {e}.
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There is no subgroup of S3 which is isomorphic to A4 and one, namely As, which is isomorphic
to Cg.

There is obviously one homomorphism with kernel A;. And having ker ¢ = V; means that
Im ¢ is isomorphic to C3 and so must be A3 C S3. However there are two isomorphisms
from C5 to C5 and so two different ways of wrapping A4/Vy onto A3 and hence two different
homomorphisms Ay — S3 with image A3. Thus in all we have three homomorphisms A, — S3
given by

e oeVy e oeV,
¢r(0) =19 (123) o€ (123)Vy ,  ¢y(0)=q (132) o€ (123)Vy ,  ¢4(0) =e.
(132) o € (132)V; (123) o € (132)V;

u
Example 246 Show that Aut(V}) is isomorphic to Ss.

Solution. If we write a = (12) (34), b = (13) (24), ¢ = (14) (23) then any automorphism of V}
must send e to e and {a, b, ¢} to {a,b,c}. Hence there are at most 6 automorphisms. However
if we note V; may be presented as

{a,b:a®* =e=1*ab=ba) = (b,c: ¢ =e=0b*bc=cb) = (a,c: a* = e = c*, ac = ca)

then we see that there is a symmetry in the roles of a, b, ¢ and so any element of Sym {a,b,c}
is indeed an automorphism of V;. m

Example 247 How many homomorphisms are there from Dg to A4?

Solution. Recall that the conjugacy classes of Dg are

{e}, {r,r*}, {r*}, {s,r%s}, {rs,r’s}.
Hence the normal subgroups of Dy are
N, = {e}, Ny = {6,7‘2}, N3 = {6,7“, 7’2,7’3},
Ny = {e, 5,7“2,7“25} , Ny = {e, s,r2,r25} , Ng = Dsg
and we have that (see Example 226)
Dg/N; = Dsg, Dg/Ny =V, Dg/N3 = Dg/Ny = Dg /N5 = Cs, Dg/Ng = {e}.

By Lagrange’s Theorem, there is no subgroup of A4 which is isomorphic to Dg. There is one
subgroup (namely V}) which is isomorphic to V; and three subgroups of A4 which are isomorphic
to Cy (namely (a), (b) and (c)).

From the previous example we know there are 6 homomorphisms with kernel N, and image V;
such an example is

dle) = ¢(r*) =e, ¢(r) = o(r’) =a,, ¢(s) = d(r’s) =b, d(rs) = (r’s) =c.

There are 3 X 3 = 9 homomorphisms with kernel N3 or N, or N5 and image (a) or (b) or (c);
such an example is

dle) = ¢(s) = ¢(r’s) = ¢(r*) = e,  o(r) = ¢(r°) = ¢(rs) = ¢(r’s) = b.

Finally there is the homomorphism with image {e} .
In all then there are 6 + 9 4+ 1 = 16 homomorphisms from Dg to A;. =
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9. GROUP ACTIONS

We move now, from thinking of groups in their own right, to thinking of how groups can move
sets around — for example, how S, permutes {1,2,...,n} and matrix groups move vectors.

Definition 248 A left action of a group G on a set S is a map
p:GxS— S
such that:

(i) p(e,s) = s for all s € S;
(i1)p(g, p(h, s)) = p(gh, s) for all s € S and g,h € G.

Notation 249 We will normally write g-s for p(g, s) and so (i) and (ii) above would now read
as:

(i’) e-s=s forall s € S;

(ii’) g-(h-s)=(gh)-s foralls €S and g,h € G.
Remark 250 We will think of g - s € S as the point that s is moved to by g.

Example 251 The group GL(n,R) acts on R™ by
A-v=Av for Ae GL(n,R) and v e R"

as
IL,v=v and (AB)v=A(Bv) forveR" A BecGL(nR).

Example 252 The group GL(n,R) acts on the set M,,,,(R) of real nxn matrices by conjugation
A-M=AMA".
We can verify that this is a left action by noting
L M=I,MI,'=M and (AB)-M =(AB)M (AB)"' = A(BMB)A™'=A-(B-M).
Example 253 Another action of GL(n,R) on the set M,,(R) is given by
A-M=AM.
Example 254 Let S be a polygon in R? or a polyhedron in R3. Then the symmetry group of

S — those isometries g that satisfy g(S) = S — acts naturally on S. The symmetry group can
separately be considered as acting on the set of vertices of the polyhedron, or edges, or faces.
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Example 255 Let S denote the set of triangles in R? and let

G = {v—Av+b: A€ GL(2,R), beR*}.
Gy = {vAv+b: A€0(2),beR?}.

That is, Gy is the group of affine transformations of the plane and Gy is the group of isometries
of the plane. Then Gi and Gy act naturally on S by g- A = g(A).

And then there are various examples where a group acts on itself or subsets of itself in a
natural way.

Example 256 Let G be a group. Then we have a left action of G on itself by g - h = gh for
g,h € G.

Example 257 Let G be a group. Then we have a left action of G on itself by conjugation —
that is

g-h=ghg L.
We clearly have e - g = g and

g-(k-h)=g- (khk™") = gkhk™'g~" = (gk) h (gk) ™" = (gk) - h.

Example 258 Let H be a (not necessarily normal) subgroup of a group G and let G/H denote
the set of left cosets of H. Then there is a left action of G on G/H by

g1 (92H) = (g192) H.
We can similarly consider right actions of groups:

Definition 259 A right action of a group G on a set S is a map
p: SxG— S

such that:
(i) p(s,e) = s for all s € S;
(ii) p(p(s,h),qg) = p(s,hg) for all s € S and g,h € G.

There is no particular benefit to considering left actions over right actions or vice versa.
Examples of right actions that we have met are:

Example 260 (i) S, acts on {1,2,...,n} by p(k,0) = ko.
(i1) S, acts on the power set of {1,2,...,n} (the set of subsets) by p(S,o) = So.
(i) GL(n,R) acts on the set of 1 X n row vectors by p(v, A) = vA.
(i1i) A group G acts on the set of right cosets of a subgroup H by p(Hk,g) = Hkg.
(iv) A group G acts on itself by translation by p(h, g) = hg.
(v) A group G acts on itself by conjugation by p(h,g) = g 'hg.
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Definition 261 If a group G acts on a set S and s € S then:
(i) the orbit of s, written Orb(s), is defined as

Orb(s) ={g-s: g€ G} CS.

If there is only one orbit then we say that the action is transitive.
(ii) the stabilizer of s, written Stab(s), is defined as

Stab(s) ={g e G:g-s=s} CG.

Example 262 When S,, (right) acts on {1,2,...,n} by p(k,o) = ko then there is just one
orbit. Note that

Stab(n) ={oc € S,: no =n} =Sym{1,2,....n—1} = S, _;.

Example 263 When S,, (right) acts on the subsets of {1,2,...,n} by p(S,0) = So then there
are n+ 1 orbits, one for each possible size of |S| and if |S| = k then

Stab(S) = Sk X Sy
(See Ezercise Sheet 6, Question 3.)

Example 264 When GL(n,R) acts on R™ by A-v = Av, there are just two orbits {0} and

R™\{0}. If A € GL(n,R) then A0 = 0 whilst if v # 0 then v can be extended to a basis which

can be used as the columns of an invertible matriz A. Then Ae; = v where e; = (1,0, ... ,O)T.

Example 265 When GL(2,C) acts on the set Ma2(C) of complex nxn matrices by conjugation
A-M=AMA?,

then the an orbit either has a representative of the form

A0
(Oﬂ) ANpeC

when the matrix is diagonalizable or of the form
Al
( 0\ ) AreC
when the matrixz is not diagonalizable.

Example 266 Let S be the set of black-or-white colourings of a square’s edges. As there are
four edges then |S| = 2* = 16. The square’s symmetry group Dg acts naturally on S and there
are six orbits with a representative of each orbit listed below

WWWW, BWWW, BBWW, BW BW, BBBW, BBBB,

where the edges’ colours are listed in clockwise order.
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Example 267 Let S be the set of black-or-white colourings of a cube’s faces. As there are six
faces then |S| = 2% = 64. The cube’s rotational symmetry group acts naturally on S and there
are 10 orbits with a representative of each orbit listed below:

all white, 1 black, 2 opposite black faces, 2 adjacent black faces,

3 black faces in a C, 3 black faces around a corner,

2 opposite white faces, 2 adjacent white faces, 1 white, all black.
Example 268 (From Example 255.) When the affine group group of R? acts on the set of
triangles, then there is just one orbit as any triangle can be taken to any other triangle via an

affine map. The orbits when the isometry group acts are the congruence classes, as two triangle
are related by an isometry if and only if they are congruent.

Example 269 When a group G acts on itself by g - h = gh then the action is transitive and
each stabilizer is just {e} .

Example 270 When a group G acts on itself by g-h = ghg~! then the orbit of g is its conjugacy
class and its stabilizer is the centralizer Cg(g).

Example 271 When H < G and G acts on the set of cosets G/H by g1 - (92H) = (g192) H

then the action is transitive and the stabilizer of gH is gHg™ ' as

k-gH = gH <= kgH = gH <= g 'kg € H <= k€ gHg .
We conclude with three important results relating to orbits and stabilizers.
Proposition 272 The orbits of an action partition the set.

Proof. Let GG be a group acting on a set S. We introduce a binary relation ~ on S by setting,
for s,t € S,
s~ 1 <= there exists g € G such that g-s =t.

We shall show that ~ is an equivalence relation and that the equivalence classes are the orbits.
(a) ~ is reflexive as s = e - s for all s € S
(b) ~ is symmetric as
s~t = g-s=t for some g € G
- g’1 t=s
- t~s.

(c) ~ is transitive as

s~tt~u = g-s=tand = u for some ¢g,h € G

h-t
— (hg)-s=h-(g-s)=h-t=u
—

Hence ~ is an equivalence relation and, in particular, the equivalence classes partition S. For
s € S, note that the equivalence class 5 equals

s={g-s: g€ G} =0rb(s).
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Proposition 273 The stabilizers of an action are subgroups.
Proof. Let G be a group acting on a set S and s € S. Then
e € Stab(s) as e-s=s.

If g, h € Stab(s) then
(gh)-s=g-(h-s)=g-s=s
showing that gh € Stab(s) and
gls=g"t(g-s)=(g"9) s=es=5
showing that g—! € Stab(s). =

Proposition 274 If two elements lie in the same orbit then their stabilizers are conjugate.

Proof. If s, lie in the same orbit of an action then there exists g € G such that g-s = t. Then

h € Stab(s) <= h-s=s
= h-(g_l t):g_1 t
— g-(h-(gl-t)—glt:t
= (ghg’l) =t
= ghg™' € Stab(t)
= h € g~ 'Stab(t)g.
Hence
Stab(s) = g~ *Stab(t)g.
u
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10. ORBIT-STABILIZER THEOREM

Theorem 275 (Orbit-Stabilizer Theorem) Let G be a finite group acting on a set S and
let s € S. Then
|G| = |Stab(s)| x |Orb(s)]|.

Proof. We shall show that there is a well-defined bijection between the cosets of Stab(s) in G
and Orb(s). This will then mean by Lagrange’s Theorem that

% = # cosets of Stab(s) = |Orb(s)|.

We define the map
¢: G/Stab(s) — Orb(s) by ¢(gStab(s)) =g - s.

We first need to show that ¢ is well-defined (i.e. that the image of the coset gStab(s) is not
dependent on the choice of representative g). Note that

gStab(s) = hStab(s) <= h~'g € Stab(s)
— hilg-s=s
< g¢g-s=h-s.

This shows that ¢ is indeed well-defined. The reverse implications show that ¢ is 1-1. Finally
it is immediately apparent that ¢ is onto as every element of Orb(s) can be written as g - s for
some g. W

Remark 276 In fact, ¢ is more than just a bijection, it is an isomorphism of actions of G. If
G acts on two sets S and T, an isomorphism of these actions is a bijection ¢: S — T such that

P(g-5)=g-(o(s)).

Remark 277 As an immediate consequence, note that the size of an orbit must divide the
order of the group. (We already knew this to be true of stabilizers as they are subgroups.)

Corollary 278 (Lagrange’s Theorem) Let G be a group and H < G. Then G acts on G/H by
g+ (kH) = (gk) H.
Proof. With this action
Stab(H) = H and Orb(H) = G/H.
By the Orbit-Stabilizer Theorem
G/H| < |H| = |G].
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Corollary 279 Let G be a group, g € G and
Cs(g) = {h€G:gh=hg}= centralizer of g,
Clg) = {h'gh: he G} = conjugacy class of g.

Then
1Ca(g)] x |C(g9)] = |G|

Proof. G acts on itself by conjugation:
g-h=ghg™".

For g € G
Stab(g) = {h € G: hgh™' = g} = Cq(g), Orb(g) = C(g).

u
Example 280 Determine the number of conjugates of (123) in As.
Solution. First we will find Cy, ((123)). We note
(123) p = p(123) <= (123) = o' (123) p = (1p2p3p)..
As there are three ways of writing (123), the others being (231) and (312), then
lp=1,2p=2,3p=3 or 1lp=2,2p=3,3p=1 or 1p=3,2p=1, 3p=2.

So 1,2,3 must cycle in one of three ways, all of them even permutations. For p to be even, it
must be the case that 4p = 4 and 5p = 5. Hence |C4, ((123))| = 3 and
|As| 60

C((123))] = =5~ = 3

As there are, in all, %;3 = 20 3-cycles in Aj then the conjugacy class of (123) in Aj is the
entire set of 3-cycles. (Compare this with Example 86.) m

20.

Example 281 Show that there are 12 rotational symmetries of a regular tetrahedron and 24
of a cube.

Solution. Let G denote the tetrahedral group. A tetrahedron has 4 vertices and G acts
transitively on this set. The stabilizer of a particular vertex v consists of the identity and the
two +120° rotations about an axis through v and the midpoint of the opposite face. Hence

|G7| = |Stab(v)| x |Orb(v)| =3 x 4 = 12.

Let G¢ denote the cube’s group. A cube has 8 vertices and G¢ acts transitively on this set.
The stabilizer of a particular vertex v consists of the identity and the two 4+120° rotations
about the diagonal through v and its opposite vertex. Hence

|G| = |Stab(v)| x |Orb(v)| = 3 x 8 = 24.

Either of these calculations could as easily have been performed by looking at the actions on
edges and faces. Using the faces of a cube, for example, we would have concluded

IGe| = [Stab(f)| x [Orb(f)| = 4 x 6 = 24.
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Proposition 282 A group G of order p", where p is prime, has a non-trivial centre.

Proof. Let G act on itself by conjugation. Recall that the centre of Gis Z(G) = {g € G: hg = gh Vh € H}
so being in Z((@) is equivalent to being a singleton orbit. There is at least one such orbit, namely

{e}. By the Orbit-Stabilizer Theorem, all the orbits have size p* for some 0 < k < r. If Ny is

the number of such orbits then, as the orbits partition G we have

No+ Nip+ Nop? + -+ N,_1p" L =",

and in particular we see that Ny is a multiple of p. As Ny > 1 then there are other singleton
orbits, i.e. other elements of Z(G). =

Proposition 283 A group G of order p* is isomorphic to Cpz or C, x C,,.

Proof. If G has an element of order p* then G = Cj. If there is no such element, then the non-
trivial elements have order p. Take a non-trivial element x from the centre Z(G) and another
element y not in (x). Then the elements z'y’ (0 < 7,5 < p) are all distinct as (x) N (y) = {e}.
Further as x is Z(G) then these elements multiply by

xzy] * nyJ — l.z+1y]+J

and we see that G = C, x C,. &
Example 284 Let G be a group with three conjugacy classes. Show that G = C5 or G = Ss.

Solution. The conjugacy class of e is just {e}. Denote the size of the remaining two classes as
¢1 and co. Both ¢; and ¢, are factors of |G| and so |G| = kic; = kacy for some kq, ko. Without
any loss of generality we may assume that k; < ky. As the conjugacy classes partition G then

1+Cl + Cco = k101 = kQCQ

so that
1+ Co — (kl — 1)01, 1+ 1 — (/{32 — 1)02.
Eliminating ¢, and rearranging somewhat, we arrive at
ko
(ky—=1) (kg —1) =1

c1 =

If £y > 3 then we have the contradiction

ks ks ks

= 1.
i1 (ks—1—1 2(ka—1) =1 2kp—3

If Ky =1 then ¢; = —ky < 0, a further contradiction. So the possibilities are

]{31 = 2, k2:3, C1 :3, 62:2, ‘G‘ :6,
]{31 = 3, kg = 3, C1 = 1, Coy = 1, ‘G‘ =3.

As Cg has six conjugacy classes, the first possibility leads to S5 only and the second to C3. m
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Theorem 285 (Cauchy’s Theorem) Let G be a finite group and let p be a prime dividing
|G|. Then G has an element of order p.

Proof. Let S denote the set

Note that |S| = \G\pfl as the first p — 1 elements g, ..., g,—1 may be chosen freely from G and
then g, = (g192 - - -gp_l)f1 is determined. Let o = (123---p) and note that there is an action
of (o) = C, on S by

0 (9192, -2 9p) = (92,93, -+ Gpr 1)

as
(91,92, ---,9p) €S = gi192---gp =€

= ggp=g"

<~ g2--"gpg1 =¢€

— (927937---7917791) c S

We consider the orbits of this action. As |(c)| = p then, by the Orbit-Stabilizer Theorem, the
orbits may have size 1 or p. If (g1, g2, .., gp) is in an orbit of size 1 then

U'(glag%"'ﬂgp) = (92a93>""gpagl) = (919929""910)

and hence we see that

N=92="""=Gp and (q1)" =e.
We also see that there is at least one singleton orbit, namely {(e,e,...,e)}. As the orbits
partition S then
|S|=Fk+Ip

where k is the number of singleton orbits and [ is the number of orbits of size p. As p divides
|G| then p divides |S| = |G|’~" and hence p divides k. From our earlier comment k > 1 and
hence there is at least one other singleton orbits besides {(e, e, ...,e)}. Again from our earlier
comments, this other singleton orbit is of the form {(g,g,...,9)} where g =e. ®
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11. COUNTING ORBITS

Theorem 286 (Orbit Counting Formula) Let G be a finite group acting on a finite set S.

Then
# orbits = Z Ifix(g)

gEG
where, for g € G, we define
fix(g) =|[{s € S:g-s5s=s}.

Proof. We will consider the set
A={(g,s):g-s=s}CGxS
and count up |A| in two different ways. Then
A=) {se€S:g-s=s}=> HgeG:g-s=s}
9eG ses
The first and second sums respectively equal

> lfix(g)]  and > [Stab(s)|.

geG seS

If the orbits are 01,0, ...,Oy then

N
Z |Stab(s)| = Z Z |Stab(s)| [as the orbits partition S].

seS i=1 s€O;

Using the Orbit-Stabilizer Theorem, this is turn can be rewritten as

>3 sabis) =33 19 = i1 = vl

i=1 s€O; i=1 s€0;

Hence

N|G =) [fix(g)

geG
and the result follows. m

Remark 287 Note that if g and h are conjugate then fix(g) = fix(h). To see this, say g =
k=thk, and note
g-s=s<=k'hk-s=s<=h-(k-s)=(k-s).

So we can rewrite the orbit counting formula as
Z Ifix(g)||C(9)
geC

where we take a representative g from each of the conjugacy classes Cj.
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Remark 288 The orbit counting formula is often (incorrectly) called Burnside’s Lemma as
it was stated and proved in an 1897 text of William Burnside, but the result had been much
earlier known to Frobenius and Cauchy.

Example 289 In how many essentially different ways can a triangle’s edges be painted with n
colours. Compare your answers for n = 2 and n = 3 with those found in Sheet 6, Fxercise 4.

Solution. With labels still present there are n® colourings. So we can form the table

g | # of conjugates | s fixed by g | fix(g) | contribution
e 1 all n? n’
T 2 010101 n 2n
S 3 010102 n2 3n2

By the orbit counting formula there are
n®+3n*+2n  n(n+1)(n+2)
6 B 6

essentially different colourings. Note this fomula gives 2 x 3 x 4/6 =4 and 3 x 4 x 5/6 = 10
colourings when n = 2 and n = 3 as previously calculated. m

Remark 290 How might this have been calculated directly? The triangles sides might be
coloured with 1 or 2 or 3 colourings. There are respectively n and 2(;) and (g) such colourings
and so we again arrive at the answer

2n(n—1) n(n—-1)(n—2) 6n+ (6n*>—06n)+ (n*—3n>+2n) n*>+3n®>+2n
_|_ = = .
2 6 6 6
However, once we move on to geometric objects with more symmetries, a direct approach quickly
becomes intractable.

n +

Example 291 A cuboid has distinct dimensions. In how many (essentially different) ways can
the cuboid’s faces be painted black or white? Determine this number when two of the cuboid’s
dimensions are equal.

Solution. As the cuboid’s dimensions are distinct then its symmetry group is Cy x Cy (like
that of a rectangle). The three non-trivial elements are rotations through a half-turn about
each of the z- y- and z-axes.

There are 25 = 64 ways of colouring these faces whilst labelled. As the symmetry group is
abelian, the conjugacy classes are singleton sets; however we can see that each of the non-trivial
elements will fix the same number of colourings. Applying the orbit counting formula we arrive
at the table

g | like elements | s fixed by g | fix(g) | contribution
e 1 all 64 64
7A (& 3 010102020304 16 48
Our answer is then 64 4 48
1 =164 12 = 28.
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When two (but not three) of the dimensions are the same then the symmetry group is now Ds.
Arguing similarly we arrive at the table

g | conjugates | s fixed by g | fix(g) | contribution
e 1 all 64 64
r 2 010202020203 8 16
T2 1 010203020304 16 16
S 2 010203020401 16 32
rs 2 010202030301 8 16

Our answer is then

64 4+ 16 + 16 + 32 4 16

3 =8+2+2+4+2=18

Example 292 How many different triples (x1, o, x3) of positive integers are there such that
1+ 29+ 23 =100 and 1 < 23 < 73.

Proof. Let
S ={(z1,22,23) : x; = 1, 1 + x2 + x3 = 100} .

Then S5 acts naturally on S and in each orbit of this action there is a unique (x1, 22, 3) such
that 1 < x5 < x3. So the question is equivalent to finding the number of orbits of this action.
Note that x; can be any number from 1 to 98, and x5 any number from 1 to 99 — x,, with x3
then determined by the choices of x7 and x5. So

98
1
\SM:E:&w—xﬁzﬂmx98—§x98x%ﬁawx99:4%1

r1=1

We apply the orbit counting formula as below:

g conjugates | s fixed by ¢ | fix(g) | contribution

e 1 (r1,m9,73) | 4851 4851
(12) 3 (x1,21,23) | 49 147
(123) 2 (xl,xl,:cl) 0 0

Hence the number of orbits (and our answer) equals

4851 + 147

= 833.
6

Example 293 How many essentially different ways are there to make a bracelet which has
three red beads, two blue beads and two white beads?
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Proof. These seven beads can be considered to occupy the vertices of a regular heptagon
and then two different colourings would be considered indistinguishable if some element of D14
connects the two. So we are again being asked to determine the number of orbits of this action
of Dy4 on the set of (labelled) colourings.

The total number of different colourings (whilst the positions are labelled) is

70 5040
312121 6 x2x2

= 210.

Let r denote a rotation by 27/7 and s denote a (fixed) reflection. Note that a rotation (in this
case) would only fix those colourings that are monochromatic (not possible here). All reflections
are in an axis that goes through a vertex and the opposite edge’s midpoint. A colouring would
be fixed if vertices and their mirror images were of the same colour; with the given beads this
is only possible if we colour the vertex on the axis red and the other six in pairs opposite one
another (one pair red, one blue, one white). There are 6 = 3! ways of doing this. Hence our

answer is
e rotations reflections
AN AN ~=
210+ 6x0 + 7x31  210+42

=1 = 18.
11 11 5+3 8

Remark 294 We can already see (though the answer is still relatively small) that it would be
rather difficult to list these 18 arrangements by inspection and be confident we had not listed a
colouring twice nor missed any colouring. The eighteen colourings are in fact

RRRWWBB RRRBWWB RRWRBBW RRBRWWDB RRBWRWDB RBRBRWW
RRRWBBW RRWRWDBB RRBRBWW RRWWRBB RRBWRBW RBRWRBW
RRRWBWDB RRWRBWB RRBRWBW RRWBRBW RWRWRBB RBRWRWDB

Example 295 Anticipating 10 students for his option, a tutor assigns 5 weekly slots in his
diary. In the end only 6 students choose to take the option. The tutor allows them to choose
from the available slots, stipulating only a mazximum of 2 students per slot. In how many
different ways can the students choose to arrange themselves?

Solution. If there had been 10 students taking the option then the slots could have been
distributed in

10!5 = 113400

(21
ways. With, instead, 6 students on the option then there will be 4 unused places. Different
assignings of these places to the 4 "missing" students correspond to the same assignings of places
to the 6 students — which is precisely the number of assignings we are seeking to calculate. So,
alternatively, we can let S4 act on the unoccupied places from the 113400 original assignings and
determine the number of orbits of this action. For example, if we list the six students’ slots first
then the unoccupied ones, we see that 123441(2355) leads to the same teaching arrangements
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as 123441(5325).

g conjugates | fixed by ¢g | fix(g) | contribution
e 1 all 113400 113400
(12) 6 51518595 | 12600 | 75600
(123) 8 5151515, 0 0
(1234) 6 S1515151 0 0
(12) (34) 3 5151555 | 1800 5400

Note that, with up to two students allowed per slot, there are no arrangements of the form

51515157 or 5151519. Of the form 5;5555 there are

6!

oozl < x4 = 1800

choice of S1 and Ss

arrangements fixed and of the form 57515253 (where Sy and S3 may be the same) there are

|

1800+ Gimom

X bx4x3
——
choice of S1,52,53

= 1800 + 10800 = 12600.

Our final answer, then, is
113400 + 75600 + 5400

= 8100.
24

[ ]
Remark 296 Had we sought to calculate this directly we could have counted as follows: the

unused four places could have been in four different (e.g. 123455 ), three different (e.g. 112234)
or two (e.g. 112233) different slots. These respectively correspond to

5 6! 9\ (3 " 6! 5 " 6!
201y 2)\2 21211110 3 212121

arrangements to give the answer

1800 + 5400 + 900 = 8100.
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12. REPRESENTATIONS

Theorem 297 Given a left action of a group G on a set S there is an associated homomorphism
p: G — Sym(S).

To each homomorphism p: G — Sym(S) there is an associated left action of G on S. These
correspondences are inverses of one another.

Proof. Let g € G. Then the map
pg: S — S givenby p,(s)=g-s
is a bijection of S as it has inverse p,-:. Further the map
p: G — Sym(S) givenby g p,
is a homomorphism as
pgn(s) = (gh) - s =g+ (h-s) = p, (ps(5)) = (pgpn) ().
Conversely, given a homomorphism
p: G — Sym(S)
then there is an action of G on S given by
g-s=1(p(g)) (s).
This is a left group action as for all s € S and g, h € G we have
e-s=(p(e))(s) = ids(s) = s

and
(gh) - s = p(gh)(s) = p(g) (p(R)(s)) =g - (h-s).
|

Corollary 298 (Cayley’s Theorem) Every finite group is isomorphic to a subgroup of some
permutation group S,. (More generally, whether or note G is finite, our proof shows that G is
isomorphic to a subgroup of Sym(G).)

Proof. As G acts on itself, by g - h = gh, then we can consider the associated representation
p: G — Sym(G). Let G = {g1,92,-..,gn} be a finite group Then p(g;), left multiplication by
gi, is a permutation of G. Further p is 1-1 as

p(g:) = p(g;) = p(gi)(e) = p(g;)(e) = gi = g;.

Hence G is isomorphic with the image of p(G) < Sym(G) = S,,. =
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Example 299 List the elements of S3 and describe the corresponding subgroup of Sg deter-
mined by Cayley’s Theorem.

Solution. We can list S5 as
g1 =6, g2 = (12), g3 = (13), g1 = (23), gs = (123), 96 = (132) .

As S5 is generated by (12) and (13) then p(S;) is generated by p(12) and p(13). Note left-
multiplication by (12) has the following effect

g1 — g2, g2 — g1, gs — gs, g4 — Ge, gs — g3, g6 — g4,

and left-multiplication by (13) has the following effect

g1 — g3, g2 — Je, gs — g1, g4 — Gs, gs — g4, gde — g2.

Hence p(S5) is the subgroup of Sg generated by (12) (35) (46) and (13) (26) (45). m

Example 300 Rotational Symmetry Groups of the Tetrahedron and Cube.
Let T be a reqular tetrahedron and C be a cube. We will denote as G the rotational
symmetry group of T and as G¢ the rotational symmetry group of C.

4

I A B 7

2 ¥ &

(a) If we label the four vertices of T as 1,2,3,4 then we have a homomorphism

p: Gpr — Sy

associating with each rotation in G the induced permutation on the labelled vertices 1,2, 3,4; it
18 a homomorphism as composition is the binary operation in each of the two groups. Further,
p 1s injective as no two distinct rotations lead to the same movement of the vertices. Hence we
have an isomorphism p: Gp — Im p.
What is Tm p? We already know from the Orbit-Stabilizer theorem that |G| = 12 and hence
it follows that
Gr=Imp= A,

If we want to fully understand what these 12 rotations are, we see that they come in three types.

identity 1 of these.
rotation of + 2w /3 about a vertex and opposite face’s midpoint : 8 of these.
rotation of m about opposite edges’ midpoints : 3 of these.
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The breakdown of these 12 rotations as 1+ 8 4+ 3 might seem at odds with the conjugacy classes
of Ay which we know to have sizes 1,4,4,3. But note that if we are looking at a rotation of
+27/3 about a vertex and opposite face’s midpoint, and make sure to be looking down on the
vertex, then we can discern clockwise rotations from anticlockwise rotations, which is why these
8 rotations split into two conjugacy classes and why such a rotation is not conjugate to its
inverse.

(b) If we label the vertices of C' as 1-8 then we would likewise have an injective homomor-
phism Go — Ss. However as |Ss| = 40320 it would be rather messy appreciating the structure
of the image. If, instead, we consider the four diagonals of the cube

D1 - {1, 7}, D2 - {2,8}, D3 - {3,5}, D4 - {4,6}
then we have a homomorphism
p: GC’ — Sym {Dl, Dg, Dg, D4} = S4.

This homomorphism s again injective. To see this we will show that its kernel is trivial.
Suppose that p(r) = e for some rotation r € G¢. Then r maps each D; to D; and hence maps
1 to either 1 or 7 and 2 maps to 2 or 8 etc.. If we assume that 1 — 7 then 2 (being an adjacent
vertex of 1) must map to 8 and similarly 3 — 5, 4 — 6. However the map

17, 2« 8, 3 b, 46

is not a rotation (it is —I3). So any rotation fixing the D; must be the identity. As before we
now have an isomorphism p: G — Imp < Sy. From the Orbit-Stabilizer Theorem we know
that |Gc| = 24 and hence

Goe=Imp=259,.

If we list the elements of Go we see that the rotations are:

identity : 1 of these.

rotation of £ m/2 about opposite faces’ midpoints : 6 of these.
rotation of ™ about opposite faces’ midpoints : 3 of these.
rotation of £+ /3 about a diagonal’ midpoints : 8 of these.
rotation of ™ about opposite edges’ midpoints : 6 of these.

and these descriptions respectively correspond to the conjugacy classes
{e}, 4-cycles, double transpositions, 3-cycles, 2-cycles.
Example 301 How many ways are there to colour the faces of a cube using n colours?

Solution. There are 6 faces and hence n® colourings. For the vertex-to-vertex rotations, the
six faces split as two triples of faces (those adjacent to the vertices) which must be monochrome
— hence there are n? such colourings fixed. For the mid-edge to mid-edge rotations, the six faces
split as three pairs and so there are n® colourings fixed. For the mid-face to mid-face quarter
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turns they split as 1 + 1 + 4, so again there are n? fixed colourings. Finally, for the mid-face to
mid-face half turns they split as 1 + 1 + 2 + 2, so there are n* colourings fixed.

g fix(g) | conjugates | contribution
e n® 1 n®
vertex to vertex through +27/3 n? 8 8n?
mid-edge to mid-edge n? 6 6n>
mid-face to mid-face through +7/2 | n? 6 6n3
mid-face to mid-face through = n* 3 3n?

So the number of essentially different colourings of a cube’s faces with n colours is

nb + 3n* + 12n° + 8n?

24

When n = 2 compare with Example 267. m

Example 302 How many ways are there to colour the edges of a tetrahedron black or white,
using equal numbers of each?

Solution. The tetrahedron has six edges and so there are °Cs = 20 different colourings. The
identity fixes all 20 of these. Given a rotation about an axis through a vertex and the opposite
face’s midpoint, then the six edges split as two triples than need to be of the same colour. Given
a rotation about an axis through a opposite mid-points of edges, the edges split as 1 +1+2+2
so one of the 1s and one of the 2s need to be black.

g fix(g) | conjugates | contribution
e 605 =20 1 20
vertex to face through +27/3 2 8 16
mid-edge to mid-edge 4 3 12
Thus the number of essentially different colourings is
20+ 16 +12 4
12 o
]
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