Chapter 16
MSM2P2 Symmetry And Groups

(16.1) Symmetry

(16.1.1) Symmetries Of The Square

Definition | A symmetry is a function from an object to itself such that for any two points a and b in the object, the
distance between them is preserved, i.e. d(a,b) = d(f(a), f(b)).

By considering this definition — or more easily by ‘common sense” — it is evident that the symmetries of a
square are as shown in Figure 1. Note that by convention the rotations are anticlockwise. Note also that a
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Figure 1: Symmetries of the square
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rotation through - is the same as a rotation of -

(16.1.2) Representation Using The Complex Plane

Having found some symmetries, it is of interest as to how to represent them mathematically i.e. find the
function as described in Definition 1. The easiest way to begin describing symmetries is using the complex
plane, from which the equivalent relations in the real plane can be deduced.

Since z = re’?, a rotation through an angle a must map z to re/®*%. Hence a rotation is represented by
multiplying by €.
It is obvious that reflection in the real axis is represented by complex conjugation, so z maps to z. From this
point, other reflections can be found by combining with a rotation.
. . 7T . i ..

For a square, the rotations are through multiples of X so since e = cosf + isin6 actual values can be
calculated. In summary,

1. z — z represents the identity transformation, I.

. . 7T
2. z +— iz represents a rotation through 5

3. z+— —zrepresents a rotation through 7.

. . 31
4. z — —iz represents a rotation through -
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5. z +— Z represents a reflection in the real axis.

6. z — —Z represents a reflection in the imaginary axis — a reflection in the real axis followed by a

rotation of 7.

7. z +— —iz represents a reflection in the line Im(z) = Re(z) — a reflection in the real axis followed by a

. T
rotation of 5
8. z — iz represents a reflection in the line Im(z) = —Re(z) — a reflection in the real axis followed by a

. 3
rotation of -

Clearly, the basic rotation r: z + iz and the basic reflection s: z — Zz can be used to build up all the

symmetries of the square. Notice that rs # sr i.e. symmetries are not commutative.

(16.1.3) Representation In The Real Plane
From the results for the complex plane it is easy to covert the representation of the symmetries into the real

plane R?. Using z = x + iy = r(cos § + i sin 0) observe that for a rotation,

r(cos 0+ isin ) % r (cos (6 + a) + isin (0 + &)

= r(cos 6 cos w — sina sin ) + ir(sin 6 cos a + cos 0 sin &)

= (xcosa — ysina) 4 i(xsina + y cos «)

:x/+y/

This can be expressed in the obvious way as

cos sina
v y) = (v =) (g @
< Y Y )\ - sing  cosw
Notice that the determinant of this matrix is 1, and since it represents any rotation, it follows that the deter-

minant of a matrix is 1 if and only if the matrix represents a rotation.

The basic reflection can also be represented in matrix form in quite a trivial way,

G- )= (s %) ®

Notice that the determinant of this matrix is —1, and by the matrix result

det (AB) = det (A) det (B)
it follows that a matrix has determinant —1 if and only if it represents a reflection. The determinant of the
identity matrix is 1, which is inkeeping with its interpretation as a rotation through an angle of 0.

It is convenient to write the matrix on the right, as then multiple operations are expressed simply by
‘stacking up’ the matrices. The interpretation of matrices explains why combining symmetries is a non-

commutative operation. However, combining symmetries is associative, and this will be of use later.

(16.1.4) Representation Using Permutations

A third way to represent symmetries is using a permutation. A permutation is a matrix in which each

column has entry in the top row of the vertex name, and in the bottom row of the new vertex name. Consider



16.1. SYMMETRY 3

the symmetries described in Figure 2. The permutation matrices are calculated as follows.

1 3 3
1--r O

43 4 1 1 4

Identity Reflection Rotation of g

Figure 2: A reflection and a rotation
1 2 3 4
o For the identity, the permutation is .
1 2 3 4

1 2 3 4
e For the reflection, the permutation is .
2 1 4 3

. .. (1 2 3 4
e For the rotation, the permutation is .
3 4 1 2

The symmetries of the square can be obtained by any combination of the rotation and reflection as already

described. The symmetries may therefore be expressed as

. _ 0 1 1 0
(z—iz,z—7Z) or <(1 0>,<0 1>> 4

For the rotation r there are 4 possibilities, and for the reflection s there are 2 possibilities. Therefore any
rotation is of the form
sl for 0<i<1 0<j<3

Since 4 x 2 = 8 this gives a total of 8 symmetries, as has been verified empirically.

(16.1.5) Disjoint Cycles & Transpositions

A group may be written more concisely as a product of disjoint cycles. The top row of the permutation
matrix is effectively redundant, so instead the elements are listed in the order of what they permute to. For

(ii;;gg;23>—(1432>(5><6978)

and in fact the single ‘cycle’ containing the 5 may be omitted altogether on the understanding that anything

example,

not shown permutes to itself. This transposition is said to have cycle shape 4.1, and this is extended
generally in the obvious way. A cycle with just two elements is called a transposition. Note that disjoint

cycles commute.

Taking powers of a permutation — i.e. repeating it many times — is easy to calculate, as to calculate the nth
power simply take every nth element in each cycle until all are used and repeat for each cycle. This prompts

the following.

Definition 5 The order of a permutation is the power to which it has to be raised in order to produce the identity

permutation.

It is clear that for a single disjoint cycle of length #, its order will be n. However, for a product of disjoint

cycles, the order will be the least common multiple of the cycle lengths.
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Figure 3: Reflection in any line through the origin.

Theorem 6 Any permutation can be written as a product of transpositions.

Proof. Itis clear to see that
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as required. U

Since (1 2)(1 2) = 1 it is easy to see that the number of transpositions that form a permutation is not a
well-defined quantity. However, whether an odd or even number of transpositions is needed to express a

permutation is well-defined. The following definition is therefore made.

Definition 7 An even permutation is a permutation which, when written as a product of transpositions, has an even
number of transpositions in this product. If a permutation is not even, then it is odd.

A simple example of an even transposition, (1 2)(1 2) = 1, has already been exhibited. However, it is quite
possible that an odd permutation could be written as an even permutation, and it is not obvious that odd
permutations even exist. Taking this into account makes the definition a little ‘one sided’. Of course odd

permutations do exist, but this needs to be proved, as is done on page 17.

(16.2) Groups

(16.2.1) Important Groups

Rel[dctions: The Orthogonal Group

Consider a reflection in a line through the origin making an angle of % with the positive x axis, as shown in

Figure 3.

¢ 4

It is clear that a reflection in the line making angle 5 is the same as a rotation through angle 2 <§ — 9> =
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¢ — 260. Therefore
o — 2p§—20)
— ol pi(p—20)

= re 10l

So such a reflection is achieved by means of a reflection in the x axis followed by a rotation through angle

¢. In matrix form this gives

ref, — 1 0 cos¢p sing) (cos¢ sing
$ 0 -1 —sin¢g cos¢ B sing —cos¢

notice that det ref¢ =-1.

These reflections and the rotations can be combined in any way, giving

ot . TOt L .
rot, rotg: z —> ze' — zel%elP = Zol@+P

= rotyp

rot, . ref, — T
roty refg: z — ze'® b zeltelh = Zpl(P0) = refg

ref o rot, o . o
refy rotg: z —> ze'" b ZpltplP — el tp) — refy g

ref, _ i, refp —— i(B—
refy refg: z — ze'® —b ZeltelP = zplP0) — rotg 4

It is evident, therefore, that any combination of rotations and reflections is a rotation or a reflection. This
readily suggests the use of a group. Let

Ozz{rota, refﬁ|0<a<2n, O<,3<7r}
then since the rotations and reflections can be expressed as matrices, it follows that O; is a group. It is called
the orthogonal group in 2 dimensions, and represents the symmetries of a circle with centre at the origin.
Rotations: The Cyclic Group
The rotations of an n-gon form a group by themselves. It may be written as

Ch=(r|r"=1)

This is an example of a cyclic group which has one generating element which, when raised to some power,

is the identity.

The group Ce contains all powers of its generating element, e, 7, 2,.... However, to be a group all the

inverses, e,#~1,7r=2,... must also be in Coo. Hence all integer powers of r are in Ce, and so C;, “looks like”

Z. The two are said to be ‘isomorphic’, a term that is defined later.
Definition 8 The order of an element g of a group is the least integer n such that g" = e.

Definition 9 The order or a group (G, X) is the cardinality of the set G.

It is clear that the order of the generating element of Cj, is n.
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Permutations: The Symmetric Group

Permutations can form a group. The symmetric group on n items, S, is the set of all permutations of n

items. Clearly it has order n!.

The binary operation is composition of permutations. Notice that every element of the group of symmetries
on an n-gon is in S,,. However, there are some permutations in S, that are not symmetries of a square, say.

The square has 8 symmetries but S4 has 4! = 24 elements.

Symmetries: The Dihedral Group

The Dihedral group Dy, is the group of symmetries of a regular n-gon, of which there are n reflections and n
rotations. The order of D, is therefore 2n1. The two basic symmetries are a reflection which is its own inverse

and hence has order 2; and a rotation of order n.

Being a finite group, it is possible to construct a multiplication table for D,,. For large n this is rather an

unwieldy process; Table 16.2.1 gives the multiplication table for Ds.

Calculating such a table is rather difficult since the elements of the group do not commute. Recall that D
may be defined as
D3:<r, s\r3:52:(rs)2:1>

using the identity relationship,

(rs)> =rsrs =1

rYrsrs)s™! = r~1s71

sr =r"1s7! by commutativity

=125
Hence a relationship has been found to express sr the usual way round. Using the same method, similar

relationships can be found for other dihedral groups. The multiplication table can now be formed.

L [ r [P ]s [r[rs]
1 1 r r2 S rs | s
r r 72 1 rs | s S
2l 2|1 rol s | s | ors
S S rs | rs 1 r r
s s s s r 1 72
s || r2’s | rs | s | 2| r 1

Table 1: Multiplication table of D3

Matrices: The General Linear Group

The orthogonal group is in fact a special case of a group of all linear transformations, however, its ‘parent’

group is not thought of in terms of symmetry: the general linear group is more of an abstract concept.

Definition 10 The general linear group over the real numbers is the set
GLy(R) = {A € Myu(R) | det A # 0}

with matrix multiplication
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Defining this set is all very well, but this does not mean that it is a group.
Theorem || The general linear group defined as the set

GL,(R) = {A € M;;u(R) | det A # 0}
together with the binary operation of matrix multiplication, is a group.
Proof. All 4 of the axioms need to be verified (see Definition 15).

closure: A, B € GL,(R) = det A, detB # 0.
Thus det (AB) = (det A)(det B) # 0 and so AB € GL,(R).

associativity: The associativity of matrix multiplication is a known result*.
identity: I, the identity matrix satisfies Al;, = [yA = A VA € GL,(R). Hence the required element exists.

inverse: Let A € GL,(R) then det A # 0. Suppose that JA~! € GL,(R) thensince AA™! = I,;, det(AA™ 1) =1
and so det A~1 # 0 hence A~! € GL,(R).

All four properties hold, so the proof is complete. O

It is clear that Oy C GLy(IR), but since O; is itself a group under the same binary operation, it is called a
subgroup of GLy(IR). This is commonly written as Oy < GLa(R).

(16.2.2) Self-Adjoint Linear Transformations

In light of the fact that O, < GLy(IR), what is so special about the matrices in O, that makes it a subgroup?
This is partly answered by the following theorem.

Theorem 12 The orthogonal group O, can be defined by

0, = {A € GLy(R) | AAT = 12}
ie. A€ 0y AAT = .
Proof. Taking each direction in turn,

= If A € O, then it is either a rotation or a reflection.

T cosa  sinw cosa —sina cos? & +sin® & 0
rot, rot, = . . = 5 5 =D
—sina cosa /) \sina  cosw 0 Cos” & + sin” &

and similarly

T cosa  sina cosa  sina cos? & + sin® & 0
refyref, = | . = 2 o | =D
sinae  —cosa sine  —cosa 0 COS~ & + sin” &
Clearly the result holds in both cases.
< Now, det A = det AT so det (AAT) = (det A)? = 1 since AAT = I,. Therefore det A = +1.

_fa b 11 d —b T 1 (d —b\ (a c
LetA—<C d)thenA = 1ot A <—c a).ButAA _IzsodetA(_c a>_<b d>'

Hence,

*The associativity of matrix multiplication can be shown by considering the summation for the ij entry of A(BC) and
showing that it is the same as that for (AB)C.
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a

b
i. IfdetA=1thena=dandb= —cso A = ( >,andsoa2+b2:1.

—b a

b
ii. IfdetA = —1thena=—-dandb=cso A = (: >,andso —a?2 - =—1.

—a

In both cases the relationship 4% + b?> = 1 holds and so 3a with a = cos and b = sin« giving the required

form. O
Definition 13 Let A € Mpyy represent a linear transformation. The transformation represented by A is said to be self

adjoint if AAT = 1.

The term “self adjoint” comes from the method for inverting a 3 x 3 matrix, where the matrix of cofactors
is called the adjoint. In this special case, the transpose of the matrix is the adjoint. Since by definition
a symmetry must preserve distance, self adjoint linear transformations are of special interest, as is now

proved.

Theorem 14 Self adjoint linear transformations preserve inner products in that

(u|v) = (uA |vA) & AAT = ],

This can of course be extended into more dimensions. Note that when dealing with symmetries in this
way it is more convenient to think of u and v as row vectors than column vectors, hence the matrix A is

postmultiplied in order to perform its transformation.

Proof. Taking each case in turn,

= Let AAT = (“ b).
c d

case 1. Chooseu = <1 O) andv = <1 0).
uwAAT™V  =a and uv! =1

hencea = 1.

case 2. Choose u = (1 O) andv = (O 1).
uwAATVI =b and uv’ =0

hence b = 0.
case 3. Choose u = <O 1) andv = <1 O).

uwAAT™V  =¢ and uwvl =0

hence c = 0.

case 4. Choose u = (O 1) andv = (O 1).
wAATVT =d and uwvl =1

henced = 1.

Hence it is evident that AAT = I, so the result holds in this direction.
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<« Consider the dot product u - v, then,

u-v=uv
AL (wA)wA)T

= uAATv butby hypothesis, AAT =1

= uvT

Clearly the result holds.

Both implications hold, so the theorem is proven. g

Linear Transformations As Symmetries
It has been shown above that self adjoint linear transformations preserve inner products. Now,
uf =/ (u|w)
and
(u|v) = |u]|v|cosb

so length and cosine of angle are conserved under these linear transformation. Notice that it is the cosine of
the angle that is preserved and not the angle, as under a reflection it is possible that § +— —6 but since cosine

is an even function, the cosine is still preserved.

(16.3) Abstract Group Theory

Having observed a number of groups which have meaningful practical interpretations, from this point

concern will shift to the theoretical properties of a group.

(16.3.1) Axioms Of A Group

Mathematics is often concerned with the study of abstract structures such as vector spaces. Groups are

another such structure, and as usual a structure is defined in terms of its axioms — unconditional truths.
Definition 15 A group G is a set, equipped with a binary operation, such that the following 4 axioms hold.
1. The set is closed under the binary operation.

The binary operation is associative.

There exists an identity element e such that forany g € G, eg = ge = g.

N

Every element of G has an inverse in G, so that if ¢ € G then 3¢’ € G such that g3’ = ¢'g =e.

Having defined the axioms, it is of interest as to what can be deduced from them. This, essentially, is the

subject studied from here onwards.

Theorem 16 For a group G with elements g, h, and k,

1. The identity element of G is unique.

2. The inverse of any element of G is unique.
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3. W Hl=nh
4. (ghy ' =n"lg7L
5. The cancellation laws hold in that if gh = gk or hg = kg then h = k.

Proof. Taking each part in turn,

1. Suppose that e and ¢’ are two identities of G.
Since e is an identity, e¢’ = ¢'.
Since ¢’ is an identity, ee’ = e.

Hence e = e¢’ = ¢’ and the theorem holds.

2. Suppose that ¢’ and g are inverses of g.
Then ¢’¢¢"” = (§'9)¢" = eg” = ¢” by the associative property, the inverse property, and the identity
axioms respectively.
And ¢'g¢" = ¢'(¢¢") = ¢'e = ¢’ by the associative property, the inverse property, and the identity
axioms respectively.
Hence ¢’ = ¢’¢¢” = ¢” and the theorem holds.

3. Now, g¢~! = ¢ l¢ = e so0 g is an inverse for g~!. By the preceding result, inverses are unique, so

((gfl)*1 = g and so the theorem holds.
4.
@GN 1g™hH= ((gf)ffl) ¢! Dy the associative axiom.
= (g( ff 71)) ¢ 1 by the associative axiom.
= (ge)g ! by the inverses axiom.
= gg71 by the identity axiom.
=e by the iverses axiom.
Hence f -1 gil is a right inverse for gf. It is readily shown that it is also a left inverse by a similar
process. Hence the theorem holds.
5.

suppose gh = gk by the inverses axiom, g~ ! exists, so premultiply by it
87l (gh) = g7 (gh)
(g7 '9)h = (§7'g)k Dy the associative axiom.
eh = ek by the inverses axiom.

h=k by the identity axiom.

Hence the result holds for left cancellation. A similar process shows that the result also holds for right
cancellation, and hence the theorem holds. O

(16.3.2) Combining Groups
Composition

As functions can be composed, so can groups.
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Theorem 17 Let (G, o) and (H, -) be groups. Then the cartesian product’ G x H is a group under the operation

(81,11) © (82, 12) = (81 © g2, 11 - h2)
Proof. To show that something is a group, the axioms need to be checked.

closure: Certainly G x H is closed under ® since G is closed under o and H is closed under -.

associativity:

((81,11) © (82, h2)) © (83, h3) = (81 © 82,111 © h2) © (83, h3)
= ((g1°82) ©83,(h1 - h2) - i3)
= (g10(82083), /1 - (h2 - h3))
=(81,1) © (82083, - h3)
= (81,1) © ((2,h2) © (83, h3))

Hence ® is associative.
identity: Consider (eg, eq).
Clearly (g,h) ® (eg,en) = (goeg, h-ey) = (g, h)

Similarly (eg, ey) ® (g, h) = (3, h)
Hence the identity element is (eg, ep).

inverse: Consider (gfl, hh.
Clearly (¢, 1) © (g7, h™ 1) = (go g™, h-h™1) = (e, en)
Similarly (¢~ k1) ® (¢,h) = (eg, en)
Hence the inverse of (g, 1) is (gfl, hh. O
Hence G x H is a group, and is called the direct product of G and H and clearly |G x H| = |G||H]|.

Consider the groups G= (g,en)and H = (e, h). Notice that (21, em) © (g2, eq) = (81 © g2, ery)- Furthermore,
|G| = |G| so G is effectively the same group as G.

Any element of G x H can be written as ¢ ® /i for § € G and i € H. Note also that
2Ok =@ en) ©ech) = @h=(choen)=hog

so every element of G commutes with every element of H.

(16.3.3) Subgroups

Definition 18 A non-empty subset H of a group G which is itself a group under the same binary operation as G is a
subgroup of G, H < G.

Note that since H is a group, egey = ey but since H C G, ey = epei. Hence by cancellation, the identity if
H is the same as the identity of G.

Furthermore, if /' is the inverse of h in H, then hh' = ey = eg and hence it is also the inverse of & in G.
Inverses are therefore the same in H as they are in G.

Theorem 19 Let H be a non-empty subset of a group G. Then H is a subgroup of G if and only if

tThe Cartesian product of the sets G and H is theset G x H = {(g,h) | g € G h € H}.
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(i) hk e H Vh,ke H.
(i) e H VheH.

Proof. The ‘=’ proof is obvious.

For the ‘<’ proof, consider each axiom in turn.

closure: By hypothesis H is closed, so no proof is required.

associativity: Since the binary operation of the group G is associative and H C G and H takes the same binary

operation as G, it follows that the binary operation of H is associative.

identity: Consider some & € H which can be done since H # @. Then by hypothesis h~! € H. But also by

hypothesis, the product hh~1 € Hie. ey = eg € H. Hence H contains an identity element.

inverse: By hypothesis every element of H has its inverse in H, so no proof is needed. O

However, it is possible to find a more efficient sufficient condition for a subset to be a subgroup.

Theorem 20 Let H be a non-empty subset of a group G. Then H is a subgroup of G if and only if hk™' € H
Vh,k € H.

Proof. Again, the ‘=" proof is obvious.

For the ‘<’ proof, consider each axiom in turn.

closure: By hypothesis H is closed, so no proof is required.

associativity: Since the binary operation of the group G is associative and H C G and H takes the same binary

operation as G, it follows that the binary operation of H is associative.

identity: Consider & € H, and in the hypothesis put ‘k = 1, then by hypothesis hh~! = ey = eg € H.

inverse: Putting i = ey’ and 'k = It’, then by hypothesis h~! € H. Hence h has in inverse in H. O

Theorem 21 IfH < Gand K < G then HNK < G.

Proof. Consider x,y € HNK.

Since x,y € H and H is a group, xy~! € H.

Since x,y € K and K is a group, xy~! € K.

Hence xy~! € HN K and so by Theorem 20 H N K < G as required. O

Since a subgroup must be closed under the binary operation, it is clear that if x is an element of some

Tx=2,....

subgroup, then all powers of it must also be in the subgroup; not only x2,x3,... but also x~
However, if x has finite order as described by Definition 8 then this list of other elements that must be in the
subgroup is also finite.

If G is a group and x € G then the subgroup generated by x is (x) = {x" | 1 <r < m} where m is the order

of x. But is this really a subgroup?

closure: Follows by definition, since any power of x can be expressed as x” such that 1 <r < m.

associativity: Since x is already a member of some other group, and (x) takes the same binary operation, (x) must

certainly be associative.

identity: 1 =e € (x),
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inverse: Consider x” for 1 < r < m then clearly also x™~" € (x). But x"x™" = x™ "x" = x™ = e hence any

element of (x) has its inverse in (x).

Hence (x) is called the subgroup generated by x.

If x does not have finite order, then all elements of (x) are distinct and there is a one-to-one correspondence
with the elements of Z. Furthermore, multiplying any two elements of (x) is done by adding powers, so
(x) behaves like the group (Z, +). The two are said to be isomorphic, a term which is properly defined in
Definition 24. The symbol ‘2’ is used to express isomorphism. Notice that when x does have finite order m,
(x) = Cp.

Definition 22 For a subset S of a group G, define (S) — the subgroup generated by S — to be the ‘smallest’ subgroup
of G that contains S i.e.

(N H
SCH
H<G

which is the intersection of all subgroups of which S is a subset.

Cyclic Subgroups

It has been seen that generating a subgroup using an element of a group produces a cyclic group, regardless
of the type of group the element came from. It seems reasonable, therefore, that any subgroup of a cyclic

group should be cyclic.
Theorem 23 A subgroup of a cyclic group is cyclic

Proof. Let G be a cyclic group, x € G, and H < G; then H is a cyclic subgroup of G.

Consider P = {j € Z | x¥/ € H}. Note thatj € P < —j € P. Let k be the smallest positive member of P.
Ifk=1,then G = H.

Suppose x' € H with | > k. Then | = ak + b, say, for b < k. Hence

a
= yak+b _ <xk) b (%)

a a
Now, x % € H therefore (x*k) € Hand also x' € H. Since H is a subgroup, x* = x! (x*k> € H. But by
the minimality of k this is a contradiction.
a
Hence b = 0 so equation (x) gives x = (xk) and so it follows that H = <xk > which is cyclic. O

Homomorphisms & Isomorphisms

It was seen above that if x € G has infinite order, then G is “sort of the same as” Z. The concept of groups

behaving in similar ways like this is formalised as follows.

Definition 24 Let (G, *) and (H, o) be groups, and let ¢ be a map ¢: G — H.
1. ¢ is a homomorphism < (g1 * g2)? = g‘f ° gffor all g1,$ € G.
2. ¢ is an isomorphism if it is also a bijection. This is written as G = H.

Theorem 25 If ¢ is a homomorphism then
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3. G?={g5 /g€ G} <H.
4. G abelian = G? abelian.

5. kerp ={geG|g?=en} <G

Proof. 1. Working from the definitions,
eGg *xeg = €g
(eg*ec)? = el
fod =
= E(g oey

eqé =epy by cancellation
2. Now, (g*g*1)¢ = e(g =ey
Also, (g+g71)" = g?(g7)?
Hence ey = ¢?(g~1)? and so (g7 1)? is a right inverse for g¢.
Similarly, considering (g~ * g)¢ shows that (¢~ 1)? is a left inverse for g?.
Hence (¢ 1)? is an inverse for ¢?, i.e. (g*1)¢ = (g7%) -
3. Letg?, ¢¥ € G¥.
closure: g<1P ogg) = (g1 *g2)? but g1 * g» € G and hence (g7 * g2)? € G?.
associative: G? C H and H is a group, hence G is associative.
identity: By part 1 of the theorem e‘g = ey and clearly e‘é € G?. Hence G? has an identity.
inverse: By part 2 of the theorem, ( g_1)¢ = (g7%) ! and certainly (g_1)¢ € G?, hence G? has inverses.
Hence by verifying the group axioms, G? is a group. Since G C H it follows that G? < H.
4. If G is abelian then,
glogh = (g1+82)" = (g2x80)" = g ogf
Hence if G is abelian, then so is G?.
5. Letk,I € ker¢ so kP =19 =epy.
(i) (kx)? =k?ol? = ey oey = ep so ker ¢ is closed under multiplication.
(ii) (k*1)¢ = (k%) “! by part 2 of the theorem. But (k"’)_1 = e‘é =eysok! € ker¢.
Hence by the test for a subgroup ker ¢ < G. O

Since isomorphisms are bijections, they have inverses which are themselves bijections i.e. isomorphisms.
Recall from Chapter ?? that

e Afunction f: X — Yisinjectiveif f(x;) = f(x2) = x1 = xp. In the conventional sense, any horizontal

line will intersect the function at most once.

e A function f: X — Y is surjective if Yy € Y Ix € X such that y = f(x). Any horizontal line will

therefore intersect the function at least once.

e f is bijective if it is both injective and surjective, so any horizontal line will intersect the function

exactly once.

Theorem 26 If¢: G — H is an isomorphism, then ¢~': H — G is also an isomorphism.
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Proof. Consider h,! € H such that g¢ = hand k¥ = | where g kegG,
(7" = (g7k0)" = (k)" = gk =117

so ¢~ ! obeys the homomorphism property. Since it is the inverse of a bijection it is also a bijection, hence

¢~ is an isomorphism. O
Theorem 27 A homomorphism ¢ is injective < ker ¢ = {eg }.

Proof. = Suppose ¢ is injective. Let ¢ € ker ¢, but always e; € ker ¢. Hence by injectivity ¢ = eg.

< Suppose ker ¢ = {¢g} and suppose g% = h?. Then

()= ()

=g (n9)~

Hence gh~! € ker ¢ and so gh~! = e therefore ¢ = h. Hence ¢ is injective. O

Cayley’s Theorem

At the beginning of the chapter it was seen that the symmetries of a figure could be represented by a dihedral
group, or a subgroup of a symmetric group. This suggests that dihedral groups, and indeed many other
kind of groups, are isomorphic to subgroups of a symmetric group. In fact this is true for all groups, as is

now proved.

Theorem 28 (Cayley’s Theorem) Let G be a group with set of elements X. Then G embeds (is a subgroup of) Sx, the
symmetric group on X.
If | X| = n then G embeds in S,.

Proof. For some particular ¢ € X define the permutation of X
Tlg: X > Xg Vxe X
A permutation must be bijective, and this is now verified.

(i) For injectivity,
Y=y & xg=yg & x=y
The last step following by cancellation. Hence 71, is injective.

(ii) For surjectivity it must be shown that Vx € X3y € X such that y™ = x.
Puty = xg~! which is in X since x, ¢ € X and X is the set of elements of a group. Now,

Y =yg=xgTig=x
Hence 71, is surjective.

Hence 714 is bijective and so is a permutation, as claimed.

Let H = {mq | ¢ € X}. Claim that H is a group, which is shown from the axioms
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closure: For g,h € G,

xTEgT[/, — (xg)ﬂh
= (xg)h = x(gh) since g,h € X which is a group

= x7%h

Now, gh € X so Tl € H. Hence H is closed.

associative: In a similar way to above,

) — ()™
= x(gh)k
= xg(hk)
= (xg)™™

= xﬂg(nhnk)

Note that strictly speaking a number of intermediate steps have been omitted here.
identity: Claim that 77, is the identity of H.
e — (xg)”“

= xge = xg

= an

This shows that 7. is a right identity, and clearly it is also a left identity. Hence the result.

inverse: Since g € X, ¢! € X so the permutation Te-1 exists in H. Now,

X871 — (xg)”g*l = (xg)gi1 =x=x

TTe

Hence the result

All axioms have been verified, so H is indeed a group. In fact H is a group of |X| permutations, each of

which permute | X| items. Hence H < Sy.

Now define the function ¢: G — H by ¢? = 7. Since H is a group,
@h? = mgy = gy, = g7h?
s0 ¢ is a homomorphism. To complete the proof it must now be shown that ¢ is an isomorphism.
(i) Considerker¢ = {ge X | my = m}.
g§Fe=Tg: X — XgF X g # Tl

Hence ker ¢ = {e} so by Theorem 27, ¢ is injective.

(ii) Trivially ¢ is surjective since 71¢ € H = 3¢ € G such that g defines 7.

Since ¢ is bijective it is an isomorphism, so G = H. Also, H < Sx, hence the result. O

Cayley’s Theorem itself is of negligible practical use. The methods employed in the proof, however, are. In

summary,
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o For each element of the group, define a permutation of the group for it. Show that this is a permuta-

tion by showing that it is bijective.
o Show that the set of these permutations is a group, and is therefore a subgroup of a symmetric group.
e Show that the group is isomorphic to the group of permutations which its elements define.
How Cayley’s Theorem is used is best illustrated by means of an example.
Example 29 Find a subgroup of Sy that is isomorphic to C4 and contains the permutation (1 4 3 2>.

Proof. Solution Observe that one possible way to label the elements is

e x x>
1 2 3 4
So (1 4 3 2> represents multiplication on the right by x> i.e. 77,.

The permutations must therefore be

e = (1)(2)(3)(4)
T, = (1 2 3 4)

Mo = (1 3) (2 4)

7'cx3=<1 43 2) O

(16.3.4) Odd And Even Permutations
Existence Of Odd Permutations

It seems odd to have developed so much theory without yet having seen whether odd permutations ex-
ist: Recall that Definition 7 says nothing about the existence of odd permutations, if indeed they do exist.
Enough theory has been covered at this point to show that in fact they do.

Consider the product H (x; — xj), a special case of which is the determinant of the VanDermonde matrix,

i<j

1 1 1

X1 X2 Xn

2 2 2

Xy X3 | =+]]@i—x)
. : i<j

n—1 n—1 n—1

xq Xy X5

For the sake of clarity, observe that

[T = x)) = (1 = x2)(x1 — x3)(x1 — x4) -+ (31 — Xn)
i<j
(2 — x3)(x2 — x4) .. .(x2 — xp)

(x3 — x4) .. .(x3 — xn)

(xn—1— xn)
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Consider the effect of a single adjacent transposition, 71 = (i i+ 1). This will swap factors in the same
columns, and the ‘extra’ factor on line i will be negated. Hence the value of the whole product is negated.

Consider now the effect of two adjacent transpositions. The value of the product will be negated twice and
so stay the same. It is easy to see that oddly many adjacent transpositions negate the product, while evenly
many do not effect it.

Consider now some arbitrary transposition, (i j>. Since (i j) = (j i) it can be assumed that i < j.
Now, this can be expressed as a product of adjacent transpositions as follows. Using the matrix analogy it
is evident that:

o First of all move column i to column j + 1, giving

(i i+1)(i+1 i+2).(j-1 )
There is one transposition for each of the columns strictly between i and j, and another to put i above

j,sothereare j —i — 1+ 1 = j — i transpositions here.

e Now move column j down to where column i was. The last transposition will be the one with column

i, which used to be i 4 1. Hence the transpositions are

(i-1 j-2)(i-2 j-3)...(i+1 i)

There is one transposition for each of the columns (that used to be) strictly betweeniand j,i.e. j —i—1.

o In total this makes 2(j — i) — 1 adjacent transpositions.

Hence any transposition is a product of oddly many adjacent transpositions, and so the product negates.
Now, the product cannot both negate and stay the same, hence an odd transposition—as is claimed to have
been found here—necessarily cannot be expressed as evenly many adjacent transpositions. By the definition
this truly is an odd permtation. Furthermore,

e A transposition is a product of oddly many adjacent transpositions. Hence

- aproduct of oddly many transpositions is a product of oddly many adjacent transpositions, and
so is odd. (An odd number of odd numbers is odd.)

— a product of evenly many transpositions is a product of evenly many adjacent transpositions

and so is even. (An even number of odd numbers is even.)

Any permutation can be expressed as a product of disjoint cycles, and observe that any cycle can be written
as a product of transpositions,

(123 . n)=( 2 (23 4. (-1 )

There are n — 1 transpositions here—one beginning with each number from 1 to n — 1. Hence a cycle of
even length is odd, and a cycle of odd length is even.

Since for products of transpositions

even X even = even
even X odd = odd
odd x even = odd

odd x odd = even
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So the parity of a permutation can be deduced from the parity of its disjoint cycles.

The Alternating Group

Consider the symmetric group S, and let 77 € S,,. Claim the set A, = {7 € S, | 7 is even} is a subgroup of
Syu. Let
T=TT... Tk 0=010p...Uq

where k,! € IN, and 1; and v; are transpositions. Then by using Theorem 19

(i) Since a transposition is its own inverse,
-1 _
7T = T Wk—-1---T

which is a product of evenly many transpositions and so 7! € A,.

(ii) Clearly
Ol =TT...TU1U2...Uy

is an even permutation since it is a product of evenly many transpositions. Hence ot € Aj.

Hence A, < 5.

Suppose that p is an odd permutation. Consider the set A,p = {0p | ¢ € A, }. Now, if op is even,

op €A, but cle A; so
(7_1(7p €Ay
pE Ay

which is a contradiction since p is odd and A, contains only even permutations. The set A;p therefore

contains only odd permutations.

Now suppose that 7t and p are odd permutations, and ¢ is an even permutation. Clearly a product of two

odd permutations is an even permutation, so Tp~! € Ay, say mp~! = ¢. But then

o l=0c = m=0p€ Anp
A product of even and odd permutations is therefore odd, and it is clear that every even permutationo € A,
has a corresponding odd permutation, cp € A,p and vice versa i.e. a bijection. Hence |A,| = |A,p|. But
since A, and Aj,p are certainly disjoint, and since a permutation can be only odd or even, S, = A,UA;p

and so %\Sn\ = %n! = |Ay| = |Anp|-

As has already been shown, A; < S;;. The same is not true of A,p which is not closed under multiplication
since the product of two odd permutation is an even permutation.

(16.3.5) Numerology Of Groups
Modular Arithmetic

Finite groups have particular numbers of elements, and it is quite reasonable to suppose that some numbers
are ‘not allowed’ since, say, including another element would violate one of the axioms unless some more

elements are included as well.
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2 7

In particular with cyclic groups, say in Cs, x12 = x7 = x2 50 12, 7, and 2 are all somehow ‘the same’. This

concept is the subject of modular arithmetic.

Definition 30 Define a relation on Z by
re~s & m|(r—s) & r—s=mk & r=s+mk

for some k € Z.

Claim that this is an equivalence relation, which is shown as follows.

reflexive: r —r=0=0msom|(r—r)ie.r ~r.
symmetric: r ~s < r—s=mkfork € Z.Clearlys —r = m(—k)sos ~ r.

transitive: Suppose r ~ s and s ~ t. Then

dk € Z such that r — s = mk
dl € Z such thats —t = lk
adding gives r —t = (m + Dk

Sincel,m € Z,(m+1) € Zandsor ~ t.

Hence this is an equivalence relation.

Being an equivalence relation, it partitions Z into disjoint equivalence classes,
[r]=7={s|s~r}
It is evident that

e [0] is the multiples of m.
e [1]is 1 plus a multiple of m.

e [r] is r plus a multiple of m. This is written as mZ + r.

Since [m] = [0], [m + 1] = [1] etc. there are at most m equivalence classes. Furthermore, if 0 < a,b < m — 1
then m | (b — a) < a = b so all the equivalence classes are distinct. Hence

Z=mZImZ+1U..UmZ +m—1

The set of all these equivalence classes is denoted by Z,,, the integers modulo .

Addition and multiplication in Z,, are defined in the obvious way, [a] + [b] = [a + b] and [a][b] = [ab].
However it is vital to check that these are well-defined in that they do not change if different values from
[2] and [b] are chosen. Consider ' = am +a and b’ = fm + b so

[@]+[V] ="+ V] @[] = [d'V]

= [am +a+ pm+ b = [(am + a)(Bm + b)]

= [(a + B)m + (a + b)] = [m(apm + a« + B) + ab]
= [a + D] = [ab]

=

a] + [b] = [a][b]
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In Z,, under addition, the identity element is [0] and and inverses are of the form [m — a] since
[a] + [m —a] = [a+ m —a] = [m] = [0]

It is clear that Z,, is an abelian group under addition.

Clearly Z is not a group under multiplication since there are no inverses—the rationals. However, this is
not so with the integers modulo m since for example if m = 7, [4][2] = [8] = [1] and [1] is the identity.
However, there is a problem with [0] since [r][0] = [0] Vr, and inparticular for r = 1. Clearly this will not
do, so consider Z,, \ [0].

Having excluded [0] there is a problem if [r][s] = [m] for 1 < r,s < m. Since [m] = [0] € Z,, this means that

the closure axiom is violated. In order to prevent this it is required that m is a prime, p.

Assertion 3| Ifged (x,y) = 1then 3a,b € Z such that ax + by = 1.

Consider r € Z, \ [0] and assume that 1 < 7 < p — 1. Since p is prime, 7 and p are certainly coprime and so
da,b € Z such that ar + bp = 1. Hence

(1] = [ar + bp] = [a]lr] + [b][p] = [a][r]
So [r] has an inverse, [a] € Z, \ [0]. Hence all the axioms hold and Z, \ [0] is a group under multiplication.

Example 32 Write down the multiplication table for the group Zs \ [0] under multiplication.

Proof. Solution The table suggests, and rightly so, that Z, \ [0] = C,,_;. Any element other than the identity,

(1] [2] [3] [4]
] [ ] 2] 3] I[4]
2] | [2] [4 T[] 3]
(B | B] 1] [4 I[2]
(4] [ (4] 8] [2] [1]

[1], could be chosen as the generating element for example using [3],

Bl=13 BP=1-4 BP-7=12 B=61]=0] O

Definition 33 Where Z,, is the set of integers modulo m, let
U (Zy) = {la] € Zy, | 3[b] such that [a][b] = [1]}

U (Z,) is called the units of Z,.

For example, the units of Zj, can be found by considering the multiples of 12, plus 1, i.e.
1 13 25 37 49 61 73 8 97 109 121 133

The units of Z;, must certainly have the property that their square is 1 i.e. one of the numbers above. From
this it is deduced that U (Z15) = {[1], 5], [7], [11]}.

U(Zg) = {I1],13],15],17],[11]} is a set of three elements of order 2 and the identity. This is Klein’s four-

group, V4. Some sets of units are groups while some are not.
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(16.3.6) Group Actions

The chapter started by discussing the symmetries of a square which may be represented by Dy. A group
may therefore act on a set—a group action.

Definition 34 The group action of a group G on a set X is a function f: G x X — X where
1. x*=xVxeX

2. x8h = (x8)" Vx € X Vg,h € G.

When an element g acts on an element x is is common to write x$.

Definition 35 The orbit of a point x of a set X acted on by a group G is the set
orbg (1) = {+¥ | g € G}
Definition 36 The stabiliser of a point x of a set X acted on by a group G is the set

stabg (x) = {g € G| x8 =x}

Clearly e € stabg (x) Vx € X and for all groups.
Theorem 37 For a group G acting on a set X with element x, stabg (x) < G.

Proof. e € stabg (x) so stabg (x) # @ so suppose h, k € stabg (x).

h k

Therefore x" = x* = x. Now use the test for a subgroup as given in Theorem 19

i. To show that k=1 € stabg (x),

_ k1
1
* = ()

= k! by the second property of group actions
= x¢
=x by the first property of group actions

Hence k~1 € stabg (x)
ii. To show that hk € stabg (x),

k
(xh) =a* sinceh € stabg (x)

=x sincek € stabg (x)

k
Hence (xh> = x" ¢ stabg (x) and the second condition holds.

Both conditions hold, so by the test for a subgroup the theorem is proved. O

Cosets & Lagrange’s Theorem

Definition 38 The right coset of a subgroup H of a group G is the set

Hg=<{hg|he H} forsomege G
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A left coset has the obvious definition.
Theorem 39 (Lagrange’s Theorem) If H < G then |H|||G].

Proof. Define the relation x ~ y < xy~! € H for some H < G. This is now shown to be an equivalence

relation.

reflexive: x ~ x < xx~1 € Hbut xx~! = e which is certainly in H. Hence x ~ x.

symmetry: Suppose x ~ y then

-1
xyf1 €EH & (xyil) € H since H is a group it has inverses
s yx leH

& y~x
transitive: Suppose x ~ y and y ~ z then

(xy_1 € H) A (yz‘1 € H) & (xy_1> (yz_l) € H since H is a group
& xz'eH

= X~z
Hence this is verified as being an equivalence relation. Now consider the equivalence classes.

] ={xeGlx~y}
:{x€G|xy’1€H}
:{x€G|xy_1:h€H}
={xeG|x=hyforhe H}
={hy|h e H}
= Hy

So the equivalence classes are the cosets. Note that H is any old subgroup of G. Since the equivalence classes

are all disjoint, for any particular H is is possible to find elements x1, xp, . .., x, such that

r
G= U Hxi
i=1

Now claim that |[Hx| = |H| and consider the mapping ¢: H — Hx given by h? = hx.

By cancellation, h1x = hyx < hy = hy so ¢ is injective.

For surjectivity, observe that by definition k € Hx means that 3k € H such that k = hx. Hence ¢ is surjective,
and so is a bijection. The claim is therefore true.

Now,
T r r r
G=|JHx; so |G|=|{JHx|=) |Hx]|=) |H =rlH|
i=1 i=1 i=1 i=1
Hence |G| is a multiple of |[H| whenever H < G and so the theorem is proved. O

~

Lagrange’s Theorem has some quite surprising consequences. If O(x) = m, the order of x, then (x) = Cy,
and |(x)| = m. But (x) < G, and hence O(x)||G| and this must hold for all x € G.
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3
s

For an element x of order m it is clear that x2, x ., x™~1 are also elements of order m, and so such elements

come in ‘batches’ of m — 1. Using this, notice that a group of order 12 cannot contain only the identity and

elements of order 6 since 5 does not divide 11.

The Orbit-Stabiliser Theorem

Lagrange’s theorem shows that the order of a subgroup divides the order of the group it comes from. It was
also shown that the stabiliser of an element under a group action is a subgroup so there is clearly some kind
of relationship to explore here.

Let G be a group acting on a set A. Recall
orbg (a) = {a® | g € G} stabg (1) = {g € G| a8 = a}
Theorem 40 (The Orbit-Stabiliser Theorem) For a group G acting on a set A,
|G| = [stabg (a)| |orbg (a)]

Proof. Recall that stabg 4 < G. From the proof of Lagrange’s Theorem it follows that |G| can be partitioned

as

r
G= U (stabg (1)) g
i=1

where g7 = e. It also follows that

r

U (stabg (1)) g

r

=) |(stabg (a)) gi| = 7 |stabg (a)] (41)
i

G| =

Consider now the coset (stabg (1)) g for some ¢ € G and for fixed a € A. Claim that (stabg (a)) g =
{y € G| a¥ =a8}. To prove this it is shown that z € (stabg (1)) § < a* = aSs.

= Suppose z € (stabg (1)) g, then z = xg for x € stabg (4). Hence a* = a*8 = 48 and the implication is

proved.

< Suppose a* = a8 then a8 ' = asozg~! € stabga.
Say zg~! = x s0z = xg € (stabg (a)) g, as required.

Hence the claim holds. From this it is evident that each a8 is one of the elements of orbg 4, so
ortbga = {a8 =0a°a8,.. a8} giving |ortbgal =7

Hence from equation (41),
|G| = |stabg (a)] |orbg a|

and hence the theorem is proved. O

Clearly each coset (stabg (1)) g is the set of all elements of G which take a to a particular point in its orbit.

Definition 42 [G: H| = % ={Hg|gec G}

The relationship mentioned above is a special case of a more general result. It turns out that Hg contains all

the elements of G which take a to a8. This is shown as follows.
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Define ¢: [G : H] — orbgaby ¢: Hg — a8.

First of all it is necessary to show that this is well-defined.

Hg=Hk < Hgk"''=H so gk"!=e¢ andso ok =g giving a8 = af

Hence g € Hk and k € Hg so ¢ is well-defined.

Clearly ¢ is surjective, since any element of orbg a, a8 say, is the image of the corresponding coset, Hg.
Finally, by reversing the above argument it is evident that ¢ is injective. Hence ¢ is bijective.

The well-definition and bijectivity of ¢ show that the assertion that Hg is the subset of G of all elements that
take a to a8 is proved.

Symmetries Of The Cube

The cube has 48 symmetries, 24 rotational and another 24 reflective. They can be described in terms of the
faces, the vertices, or the diagonals. Figure 16.3.6 shows on the left the labeled vertices of the cube, and on

the right a diagram showing the faces.

7: 8
f
1 :
N
f2 f fs
6 ~'5
fa
4 3

Looking in through fs
Figure 4: A cube, showing labeled vertices and faces.
For example, it is clear that stabg 1 is the three rotations which permute vertices 2, 4, and 7, and the reflec-

tions in the three diagonal planes through 1. Including the identity, |stabg 1| = 6. Clearly vertex 1 has all 8

positions in its orbit, so |orbg 1| = 8. From Lagrange’s theorem this gives |G| = 6 x 8 = 48, as was claimed.

Definition 43 If when a group G acts on a set A there is just one orbit (so that an element a € A can be sent to any
other element of A\ i.e. orbg a = A), then it is said that G acts transitively on A.

Definition 44 The fix in A of an element g € G is the set

fixg={acAla® =a}

The fix is therefore like the stabiliser, but with G and A changed round.

Theorem 45 ) [stabga| = ) _ |fixg]
ac/A\ 8cG

Proof. Consider theset P ={(a,9)|a € A, g € G, a8 =a}.

e For each a the number of elements with the property a8 = a is precisely |stabg (a)|. Hence |P| =
Y [stabg al.

aeA
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e For each ¢ the number of elements with the property a8 = a is precisely |fix g|. Hence |P| = Z |fix g
8eG

Since the same things have been counted in these two different ways, the theorem is proved. O

As an example, consider the rotational symmetries of the cube, as are given in Table 16.3.6.

Type of symmetry No. of  Cycle shape when acting on
Vertices Faces Diagonals
7% through centres of faces 6 42 124 4
7t through centres of faces 3 24 1222 22
7t through centres of edges 6 24 23 122
ZT” through vertices 8 1232 32 1.3
Identity 1 18 16 14

Table 2: Rotational symmetries of the cube.

Theorem 45 can be applied as follows. To find ) |fixg| simply count the number of cycles of length 1
g<G
which appear in (any one column of) Table 16.3.6. For all three of the columns this is 24.
r

In general, A = U orbg a; i.e. there are several orbits. Hence
i=1

r

,
Y [stabgal =) Y |stabga;| =)

aeA i=1 aeqS i=1

a®| |stabg a;| = 7|G]

with the last step following from the orbit-stabiliser theorem. In the case of the cube there is only one orbit

i.e. G acts transitively. This gives ) | |stabg a| = |G| = 24 which has already been shown from Theorem 45.
acN

(16.3.7) Conjugacy & Centrality
Theory

Notice that the symmetries of the cube fell naturally into a number of categories e.g. the rotations through

7T about an axis through opposite faces.

Definition 46 For a group G, x,y € G are conjugate <> 3g € G such that x = g~ lyg.

It can be shown that conjugacy is an equivalence relation as follows.

1

reflexive: Choosing ¢ =e¢,e™ " xe = x so x ~ x as required.

—1n

symmetric: x ~y = x =g lyg = y=gxg ! = (gfl)i1 xg~!. Now putting “g = ¢~!” it is evident that

Y ~ x, as required.

transitive: Suppose x ~ y and y ~ z then 3¢, 1 € G such that

x=g¢'yg and y=h"lzh
=g hlzhg
= (hg) " z(hg)

So where k = hg, 3k € G such that x = k~1zk and hence x ~ z.
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Any group is therefore partitioned into disjoint conjugacy classes. Each class is of the form
Clg(x) ={yeGlx~y}
—{veclx=g"yg}
= {gxg7' g€ G}
= {g'xg g€ G}

= (38| g€ G} =a©

The final expression follows by the symmetry of the equivalence relation. Notice that this looks rather like
an orbit, and this is no coincidence since conjugation in this way is a group action where G acts on itself.
This is readily shown since where x§ = g~ lxg, it is trivial that x® = x so the first group action property
holds. For the second,

x8h = (h*lgfl) x(gh) since (gh)~! = h~1h~1
=n! (g_lxg) h
= (x8)"
So this equivalence relation is also a group action. The orbits are the conjugacy classes.
Theorem 47 Elements in the same conjugacy class have the same order.
Proof. Suppose x ~ y so that x = ¢~ lyg, and that O(y) = m. Then
m
= (57yg)
= (s7's) (7'vg) .- (57 "ug)
=3 'y"s

=g leg

=e

Hence O(x) < O(y). But since also y ~ x it must be the case that O(y) < O(x) and hence the theorem is
proved. O

It follows that the identity element is in a conjugacy class of its own.

Definition 48 The centraliser in a group G of an element x is the set
Ce (v) = {g€ G| xg =gx}

The centaliser is the stabiliser of the group action since xg = gx means that x = ¢~ !xg. The centraliser may
be expressed as {g € G | x8 = x}.
Theorem 49 Cg (x) < G.

Proof. Certainly C¢ (x) # @ since e € Cg(x).
Consider g, h € Cg (x) then

(gh)x = g(hx) = g(xh) = (gx)h = (xg)h = x(gh)
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so gh € Cg (x) so it is closed under taking products.
Also,

xg=gx = ¢ (x9)g '=g Mgx)g ! = g lx=xg"!
sog e Cq ().
Hence by the test for a subgroup the theorem is proved. O

Suppose that g and & are in different conjugacy classes (orbits), then

g lxg #h lxh forsome x € G
& (hg™)x(gh™") #x
& (gh71>71x (gh’l) £ x
& gh™l ¢ Co (x)
& Cg(x)gh™" #Cg (%)
& Cg (x)8 # C(x)h

What this shown (due to the double implication) is that there are the same number of conjugacy classes
(orbits) as there are cosets of the centraliser (stabiliser).

The proof of the orbit-stabiliser theorem shows that the order of any subgroup divides |G| by a factor equal
to the number of cosets of that subgroup. Hence

Gl = |Cq (¥)]Clg (x)]

Of course, this result could have been deduced from the orbit-stabiliser theorem.

The centraliser of an element x is the set of all elements of the group with which it commutes, clearly it is of

interest as to whether it is ever the case that Cg (x) = G i.e. if x commutes with every element of G.

Definition 50 The centre of a group G is the set of elements of G which commute with every other element of G, so

Z(G)={xeg|xg=gxVgeG}

It is readily shown that the centre of a group is also a subgroup. The centraliser C;(x) contains the gs which

commute with some particular x, so considering each x in turn, it is clear that

Z(G)= ) Cc(x)

xeG
Now, suppose ‘xcf = |Clg (x)| =1 then
‘{g’lxg|g€ GH =1
so glxg=x VgeG
ie. xg=gx VgeG
Hence [x°| =1 < x € Z(G).

Definition 51 The conjugacy classes are defined in terms of an equivalence relation, so for x1, xa, ..., xy in G it follows
that
G:xfoxgu...Ux,G
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hence, define the class equation of G to be

G

= ]+

Theorem 52 If |G| = p™ where p is prime, then |Z (G) | > p i.e. the centre of G is non-trivial.

Proof. Consider the class equation of G, G = x Ux$ U...Ux$ U...UxC written in such a way that |le| =
1foralll <i<s.

x€Z(G) 1<i : . .
Hence { ' (©) andsoG:Z(G)UxSG_HU...erG
<

X, € Z(G) s

which gives

p" =G| =1Z(G) |+ x& (53)

x|+

Now, for all i the Orbit-Stabiliser theorem gives that |x¥| | p™ and since p is prime this gives [x&| = p®.

Certainly p divides |G| and so must divide the right hand side of equation (53). Each !xIG’ has been shown
to be divisible by p, so it is concluded that p | |Z (G) |. O

Application To Symmetric Groups

1

For ¢ and 7 in Sy, it is clearly undesirable to have to calculate 77 07 and indeed there is a useful result

regarding this.
Letaz(a1 a ... ur>(b1 by ... bs>...(c1 cp ... ct>
theno® =t lor=(af af .. ar)(vf b5 .. ). (d G .. )

L -1 .
This is because (af)" 7% = af® = af, |, where usually a] = a;,1. Note this means that c and ¢* have the

same cycle shape, so a conjugacy class contains all the permutations of the same cycle shape. Note also that
ifo= <u1 a ... ar) <b1 b2 bs> (Cl Cr ... Ct>

andp=(ap @ .. a)(bp B . B)e (& .

then p = 0" where

a 4y ... 4Qy b1 b2 eo. bs ch C2 ... Ct
T =
ay ay ... oa by by, ... b o ¢ ... ¢

It has already been shown that |G| = |Clg (x) ||Cg (x) |, but for symmetric groups it is also true that where

r T T,
o has cycle shape a;'ay’ . ..as° then

ICq (x)| =aftay ...alrir! .. r! (54)

Knowing the number of elements in a centraliser can make it easy to specify precisely what the elements

are.

(16.3.8) Normal Subgroups

Definition 55 Let N be a subgroup of a group G. Then if
g lnge N VneN VgeG

then N is said to be a normal subgroup of G, written N < G.
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In particular the kernel of any homomorphism is a normal subgroup of the domain of the homomorphism.
For ¢: G — Hand k € ker¢,

_ ¢ “1\¢
(g7ke)" = (g71) " Krg?
_1\¢
= ( q 1) ¢
=e
Hence k© C ker ¢ and ker ¢ = U k©, a union of complete conjugacy classes.

keker ¢

Theorem 56 If N <G then gN = Ng Vg € G, i.e. left and right cosets of N are equal.

Proof.
NaGe g lngeN VneN VYgei
& ¢ INgCN VgeG
butreplacinggby ¢!, < gNg !CN VgeG
& N C g 'Ng
By showing both inclusions it follows that N = ¢ "' Ngi.e. ¢N = Ng, as required. O

Since N = ¢g~!Ng, N is a union of complete conjugacy classes, |N| must not only divide |G| (from La-
grange’s theorem), but also be the sum of orders of conjugacy classes. The conjugacy classes of S, are given
in Table 16.3.8.

Cycle shape | 1* [ 122 1.3 4 22
Clc(x)| [1[(5=6|42=8[31=6]1(5) =3

Table 3: Conjugacy classes for Sy

Any subgroup must contain the identity, indeed any group has the two normal subgroups of itself and (e).
The only odd numbers available are 7 and 9, nether of which divide 24, so the 3 cycles of shape 22 must be

included. 4|24 so one normal subgroup is

{96 9.0 )6 9.0 9C 9)

This is in fact the Klein 4-group, V. Other possibilities for the size of sets are 4, 8, and 12. Only 12 divides
24 so it follows that the other normal subgroup of S4 contains also the cycles of shape 1.3.

As another example consider As. Now, in any permutation group conjugate elements have the same cycle
shape. Unfortunately it does not follow that all elements of the same cycle shape are conjugate; this is the
case in As. Clearly there are 4! = 24 5-cycles in As but 24160.

Cycle shape | 1° 123 1.22 5|5
IClc(x)| [1[2(3)=20]5l(3)=15]12]12

Table 4: Conjugacy classes for As.

It is deduced that there are two conjugacy classes with 12 elements with permutations with cycle shape

5 by using the orbit-stabiliser theorem i.e. |G| = |Clg (x) ||Cg (x) |. From equation (54), the order of the
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centraliser of a 5-cycle must be 5. 60 + 5 = 12, hence the result. Other than the trivial normal subgroups, it

is evident that A5 has no normal subgroups.

A group with only the trivial normal subgroups is called simple, although in practise these can be the most

difficult groups to work with. In particular the Monster group with over 10% elements has only recently

been shown to be simple, although the proof is not fully complete yet.

Theorem 57 Any subgroup of an abelian group is normal.

Proof. Observe that g~ 'ng = ng~'¢ = n which is certainly in N. O
Theorem 58 If H < G and |[G : H]| = 2 then H is normal.

Proof. Well, if g € H then Hg = gH and the result is proved.
If ¢ ¢ H then since there are only two cosets, one of which must be H itself it follows that

G=HUHg=HUgH

hence it must be the case that Hg = ¢H and the remaining case is proved. O

(16.3.9) Factor Groups

The property of a normal subgroup that left and right cosets are equal allows them to form a group. Let
N <« G and consider [G : N]J, the cosets of N in G. Claim that [G : N] is a group under the operation “«’
defined as Ng * Nh = N(gh).

First of all, this binary operation must be shown to be well-defined. For sets A and B,

AB® (ah|ac A beB)

So considering Ng and N# as subsets of G,

(Ng)(NI) = (§N)(NHh)
= g(NN)
=N
= Ngh
But since N is a subgroup NN = N, so "+’ is a good definition. Now, there is generally at least one k € G
such that Ng = Nk i.e. some cosets are the same. It is therefore necessary to check that the definition of “*’

does not depend on the choice of element to make the coset.
Suppose Nh = NI’ and Ng¢ = Ng¢’, so there exists 71 and 1, in N with ¢’ = n1¢ and I’ = nyh. Hence

N¢'W' = Nnygnoh
= Ngnyh sincen; € N gives Nny = N
= Ngnag™'gh
= Nnzgh since gnzgfl is a conjugate of 1, and so is in N
= Ngh
Hence the binary operation on [G : N] is well-defined.

To show that [G : N] is a group, the group axioms are verified.
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closure: Clearly Ng« Nh = Ngh € [G : NJ.
associative: (Ng * Nh) * Nk = Ngh * Nk = Nghk = Ng * Nhk = Ng * (Nh * Nk)
identity: Claim the identity is Ne = N so,

N+ Ng = Nex Ng= Neg = Ng

Ng* N = Ngx*Ne= Nge= Ng
inverse: Claim (Ng)~! = Ng~!

Ng*Ng ' =Ngg ! =Ne=N

Ng '«Ng=Ng lg=Ne=N

So the group axioms hold. The group [G : N| defined in this way is called the factor group of G by N and is

. G
written N-

Theorem 59 A subgroup N of a group G is normal < N is the kernel of a homomorphism.
Proof. Suppose that N <G and define ¢: G — % by ¢: g — Ng. Certainly ¢ is well-defined and onto.
(gh)? = Ngh = Ng+ Nh = g?h?
hence ¢ is a homomorphism. Consider the kernel of ¢,
kerg = {g € G| g? =N}
={¢€G|Ng=N}

but Ng = N < g € N, hence

ker¢p =N
Hence the result. O

Theorem 60 (First Isomorphism Theorem) Let ¢: G — H be a homomorphism, then % =~ G?,

Proof. To prove this result let K = ker ¢ and define : % — G? by y: Kg — g?.

1 is certainly onto, furthermore
(Kg *Kn)¥ = (Kgh)¥ = (gh)? = g?h? = (Kg)¥ (Ki)?

hence ¢ is a homomorphism. Now to complete the proof,

(Kg)¥ = (Kh)¥ < gP =n?
<:>(gh_1>¢ =ey
& ghilek
& Kgh'=K

& Kh = Kg

Hence 1 is an isomorphism and the theorem is proved. O



