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1 PRELIMINARIES

The purpose of this section is to present key concepts that we will need to use indiscriminately in later
sections. Let us keep it brief and proof-free to maximise efficiency. It is assumed that anyone hoping to
make sense of this note has taken a first course in group theory, and knows, for example, the definition of a
group. We typically write group operations multiplicatively, because most of the groups we deal with will
be nonabelian (and it is ridiculous to say a + b # b + a additively).

1.1 SUBGROUP STRUCTURES

Given a subgroup H < G, the relation “x ~ y if and only if xy~' € H” defines an equivalence relation.
The equivalence classes are called the left (resp. right) cosets of H in G, and are xH = {xh : h € H} (resp.
Hx = {hy : h € H}). Denote by |G : H| the index of H in G, the number of left (resp. right) cosets. From
this, we get

Theorem 1.1 (Lagrange’s theorem). If H < G are finite groups, |H| divides |G]|.

Call |G| the order of G. For § C G, let (S) denote the subgroup of G generated by S. When S = {x},
then (S) = {x" : n € N}. Define the order of x € G as ord(x) = |(x)|.
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A group G is called abelian if xy = yx for all x, y € G. A group G is called cyclic if G = (x); it is clear
that every cyclic group is abelian. It is less clear, but true, that every subgroup of a cyclic group is cyclic.

A corollary to Lagrange’s theorem is that the order of any element divides the order of the group, so
|G| = n implies g" = 1. We say a group is torsion if every element has finite order, and torsion-free if every
element has infinite order.

An exercise in elementary combinatorics says

Proposition 1.2. If |G| is even, G has an element of order 2.
The following theorem can also be proven combinatorially,

Theorem 1.3 (Cauchy’s theorem). If a prime p divides the order of G, then G has an element of order p.

1.2 IMPORTANT EXAMPLES OF GROUPS

Since we will mostly only study finite groups, the reader should be familiar with the following examples.
(1) For each n € N, the finite group Z, is the set of integers modulo n with addition; this is cyclic.

(2) Zy, the set of nonzero integers coprime to n is a multiplicative group of order ¢(n), where ¢ is the
Euler totient function. This is abelian, but not always cyclidT]

(3) An important related group is the Klein-four group, Z, X Z,, denoted by V.

(4) The symmetric group of order n, denoted Sym(n) or S, is the group of permutations of n elements.
For n > 3, this is nonabelian. |S,| = n!.

For distinct elements ay,...,ax € [n], let (a; ...ay) denote the permutation in S,, that sends a; —
ai+ for 1 < i < k, (where ay4 := ay), and fixes all other elements of [n]/ The permutation (123),
for example, denotes the permutation that sends 1 — 2,2 — 3, 3 — 1, and fixes all other elements.
A permutation o € S, is called a k-cycle if it is of the form (aja; ... ay). A permutation T € §;, is
called a transposition if it is a 2-cycle.

Exercise 1. Disjoint cycles commute.

Exercise 2. Every permutation in S, has a cycle decomposition into a product of disjoint cycles, and this is
unique upto reordering.

Exercise 3. The order of a permutation is the least common multiple of the cycle lengths in its cycle
decomposition. A permutation 7 € S, has prime order p if and only if it is the product of disjoint cycles of
length p.

(5) The alternating group of order n, A,, is the subgroup of all permutations that can be written as a
product of an even number of transpositions| |A,| = n!/2.

1ZX is cyclic if and only if n = 2,4, pk or 2pk for an odd prime p and k € N.
2This definition conceals a nontrivial fact — that the transpositions generate S, and that each element is the product of either
and even or an odd number of transpositions, but not both.
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(6) The dihedral group of order n, which we will denote by D, — although some books write D, — is
the group of symmetries of a regular n-gon. This is generated by the rotation r and the reflection s,
satisfying

D,=(r,s|r=s*=1rs=sr"").

It is clear from the definition that D, is nonabelian. Further, |D,,| = 2n, and it can be written as the set

D,={s'r’:i=0,1,j=0,...,n—1}.

Along with V4, the groups Z,, : n < 5 make up all groups of order < 5, so every group of order < 5 is
abelian. Typically, if we want to prove something for finite groups by induction, the base case n < 5 will
follow trivially from this fact, so it is worth keeping in mind.

Matrix groups will later play an important role. Denote by G L(V) the group of invertible linear transfor-
mations of a vector space V, under multiplication; this is the general linear group. The special linear group
SL(V) denotes the subgroup of matrices of determinant 1. When V is a d-dimensional vector space over a
field F, we denote these by GL(d, F) and SL(d, F) respectively.

Exercise 4. If dimV > 2, GL(V) is not abelian.

1.3 GROUP HOMOMORPHISMS

The most simple operations to construct a group (defined here in their most general forms) are the direct
sum and direct product. Given a collection of groups (G;);es, define

@ G; = {( gi)ier : & € Gy, and at most finitely many of the g; are not equal to the identity}.

iel
HGi = {(gi)iel 1 gi € Gi}-
iel

A finite direct sum is always equal to the finite direct product, so we simply write

é(L':ﬁGi:G]X“-XGk.
1 i=1

i=
Conversely, can we “build up” any group from “smaller” groups? This is what motivates the definition of a
normal subgroup.

Definition 1.4. N is a normal subgroup of G, denoted N <1 G, if Vg € G, gNg~! c N.

Equivalently, say x ~ y if for some g € G, x = gyg~!. We say x and y are conjugate (in G), and the
equivalence classes of this relation are called conjugacy classes. Then N is a normal subgroup of G if and
only if N is a subgroup and N is a union of conjugacy classes.

Exercise 5. 1f G is a direct sum of groups G = A X B,then A < G and B < G.

Exercise 6. Every subgroup of an abelian group is normal.

Proposition 1.5. Any subgroup of index 2 is normal.
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Why are normal subgroups important?

Definition 1.6. A function ¢ : G — H is a (group) homomorphism if ¢(gh) = ¢(g)e(h) forall g, h € G.
If ¢ is also a bijection, call it an isomorphism, and write G = H.

Given N < G, we can define a natural operation on the set of cosets G/N by
(gN)(hN) = (gh)N.

This is well-defined if and only if N is a normal subgroup, in which case we call G/N a quotient group of G.
That is, given a homomorphism ¢ : G — H, define its kernel

kerp = {g € G : p(g) = 1}.

kergp is a normal subgroup of G, and this is a one-to-one correspondence between normal subgroups of G
and kernels of homomorphisms of G.

(*) Forn € N5, the map 7, : Z — Z,,, 7,(a) = a mod n is a homomorphism Z — Z,,. Its kernel is the
subgroup nZ.

(*) A, is the kernel of the sign homomorphism S,, — {+1} = Z,, which sends a permutation to —1 if it
is the product of an odd number of transpositions, and 1 otherwise.

(*) SL(V) is the kernel of the determinant homomorphism det : GL(V) — F, the base field.
Exercise 7. If N <<Gand H < G,then NN H < H.If H 1 G,then NN H < G.

Definition 1.7. We say G is an extension of K by H, if G has a normal subgroup isomorphic to K such that
the quotient group is isomorphic to H.

Unfortunately, it is not always true that G = N @ G/N.
Exercise 8. Forn > 3, §,, is not isomorphic to A, ® ZQE]

Nevertheless, the three isomorphism theorems, though seemingly simple, prove to be powerful tools.
Theorem 1.8 (First isomorphism theorem). Let ¢ : G — H be a group homomorphism.
G/kergo = Ime.
Given two subgroups H, K < G, define their product denote by HK as
HK ={hk : he H,k € K}.

This is not always a subgroup! The subgroup generated by H and K will be denoted (H, K).
Exercise 9. H = {1, s} and K = {1, r*} are subgroups of D4, but HK is not.

Exercise 10. For H, K < G, HK is a subgroup of G if and only if HK = KH.

Exercise 11. If K <1 G and H < G, then HK is a subgroup of G. If H <1 G as well, then HK < G.

38, does not have a normal subgroup of order 2.
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Theorem 1.9 (Second isomorphism theorem). Let N <1 G, and H < G. Then,

Ny =g o w.

Theorem 1.10 (Third isomorphism theorem). If H and K are normal subgroups of G suchthat H < K < G,
then K /H is a normal subgroup of G /H, and

G/H/K/H =G

Exercise 12. There is a one-to-one correspondence between subgroups of G/H and subgroups of G con-
taining H.
Exercise 13. Suppose H <1 G, and for some K < G, HK/H <1 G/H. Then HK < G. That is, any normal

subgroup in G /H “lifts” to a normal subgroup in G containing H.

Vigydzz. Suppose H < G and x,y € H. Clearly, if x and y are conjugate in H, then they are conjugate in G,
but the converse is not true.

Exercise 14. If the cycle decomposition of 7 in S,, contains /; cycles of length i, for 1 < i < n, define the
cycle type of m as (I, ..., 1,). Show that two permutations are conjugate in S,, if and only if they have the
same cycle type[]

A natural question to ask is: if M << N, and N < G, is M <1 G? Unfortunately, this is not true.

Exercise 15. (s,r*) <1 D4, and (s) < (s,72), but {s) is not normal in D.
However, we say a subgroup H is characteristic in G, denoted HcharG, if H is fixed by every automor-

phismP|of G.

Proposition 1.11. If McharN and N < G, then M < G.

1.4 IMPORTANT TYPES OF GROUPS AND SUBGROUPS

The theory of finite — in fact, finitely generated — abelian groups is well-studied.

Theorem 1.12 (Fundamental theorem of finitely generated abelian groups). If G is a finitely generated
abelian group, 3 prime powers p?' s pZ" (not necessarily all distinct) and n > 0 such that,

k
~ 7h .
6=z o)z,
i=1

Exercise 16. If the prime factorisation of n € Nis n = p{" ... p;*, then Z,, = Zyor ... Z .
1 k

For a prime p, we say G is a p-group if the order of every element of G is a power of p. G may be
infinite: for example, the group of all p¥th roots of unity, as k runs over all natural numbers, is called the
quasicylic group C.

Almost on the other end of the spectrum from abelian groups, we have simple groups, which contain no
nontrivial normal subgroups.

Hint: if p = v~ 'orr, then p(r71(})) = (i) forall i = 1, .. ., n.
5An isomorphism G — G.
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Proposition 1.13. The only abelian finite simple groups are Zp,, for p prime.

For n > 5, the alternating groups A, are simple, and they are the only normal subgroups of S,,. As is
even the smallest nonabelian finite simple group.

In order to classify all finite simple groups, we want to define some subgroups that exist and are normal
in any group G, thus showing that in any nonabelian finite simple group these subgroups are trivial.

For two elements g, h € G, define their commutator

[¢,h] = ghg™'h™",
and the commutator subgroup of G,

[G,G] ={[g,h]:g heqG).

Vigydzz. |G, G], sometimes also denoted G, is the subgroup generated by all commutators of G. In general,
the set of all commutators need not be closed under the group operation.

Then,
*) [G,G] < G.
(*) G/|G,@G] is abelian.
(*) If G/N is abelian, then [G,G] < N. Conversely, if [G,G] < N, then N <1 G and G/N is abelian.

Define the center of G
Z(G)={x€G:gx=xg,Yg € G}.

Equivalently, this is the set of all elements whose conjugacy class has exactly one element. Z(G) < G. Itis
important to know and easy to show that Z(G) and [G, G] are characteristic in G. Further, each characterises
how far G is from being abelian; G is abelian if and only if Z(G) = G, and if and only if [G, G] = 1.

Exercise 17. Whatis Z(S,,)? What is [S,, S,]?

Exercise 18. Give an example of a group G with a subgroup H < G such that Z(H) # Z(G) N H. Which
inclusion is always true?

Exercise 19. If G = A X B, then Z(G) = Z(A) x Z(B).

Given a set S C G, define its centralizer and normalizer respectively
Co(S)={geG:gs=sgVseS}
NG(S) ={g € G : ¢S =S5g}.
When S = {x}, we abuse notation a little and write Cg (x) and Ng (x).

Proposition 1.14. C;(S) and Ng(S) are always subgroups of G, and Cg(S) <@ Ng(S). When S is a
subgroup of G, S < NG (S) and N (S) is the largest subgroup of G in which S is normal. S < Cg(S) exactly

when S is abelian.
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For g € G, define ¢, : G — G by
g (x) = g xg.

This is an isomorphism from G — G, or an automorphism. Denote by Aut(G) the group of all automorphisms
of G, and by Inn(G) = {¢, : g € G} the subgroup of all inner automorphisms. Then,

G/Z(G) = Inn(G).

Proposition 1.15. G is abelian if and only if Inn(G) is cyclic[q
Recall that a subgroup H < G is called characteristic if it is invariant under Aut(G). A characteristic
subgroup is necessarily normal (invariant under /nn(G)), but the converse need not hold.

Exercise 20. Give an example of a group G with a normal subgroup which is not characteristic[’|

1.5 GRroOUP ACTIONS

We say G is a permutation group if G is isomorphic to a subgroup of some symmetric group. We say
a group G acts on a set € if there is a homomorphism ¢ : G — Sq, g — ¢,. Alternatively, each g € G
defines a permutation of € so that

wl = w,
(wg)h=w(gh), Vg, heG.

Vigydzz. We write a group action as a right group action, and will hopefully keep this consistent throughout
the note.

Definition 1.16. Let G act on Q. Define
(1) the orbit of w € Q denoted by wG = {wg : g € G},
(2) the stabilizer of w, G, := {g € G : wg = w}, sometimes denoted by Stabg(w),
(3) the kernel of the action, {g € G : wg = w,Vw € Q}.

Example 1.17. D, acts on the set {1, ..., n} by identifying it with the vertices of a regular n-gon. The orbit
of each element is the full set {1, ..., n}. The stabilizer of an element is a subgroup of the form {1, sr’}. The
kernel of the action is the identity subgroup.

Example 1.18. Given a subgroup H < G, G acts on the cosets G : H by right multiplication. The orbit of
each coset Hyg is the full coset space G : H. The stabilizer of the coset Hg is the conjugate subgroup g~' Hg.
The kernel of the action is called the core of H: this is the largest normal subgroup of G contained in H.

Example 1.19. Let G act on itself by conjugation, i.e. h - ¢, = g 'hg. The orbit of each element is its
conjugacy class. The stabilizer of an element % is C (k). The kernel of the action is Z(G).

6This is a misleading way to state the proposition. Of course, if G is abelian, then Inn(G) is trivial. The crucial observation is
that if G is nonabelian, then Inn(G) is not cyclic.
7Hint: the smallest such example satisfies |G| < 5.
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Some properties that are easy to check:
(*) wg1 =wgr & Guwgi =Guwg.
(*) Gog = ¢ 'G g, i.e. any two stabilizers are conjugate in G

(*) ker(¢) =Ny Go-

The following result is easy to prove but surprisingly fundamental for many nontrivial results that will follow
later.

Lemma 1.20 (The orbit-stabilizer lemma). |wG| = |G : G|

Exercise 21. The size of each conjugacy class of G divides |G]|.

Exercise 22. Let o € A,,. Let 0 and o= denote its conjugacy classes in S,, and A,, respectively.
(a) If Ca, (o) S Cs, (o), then gAn = g5n,

(b) If Ca, () = Cs, (07), then o5 splits into two conjugacy classes of equal size in A,, one of which is
A
oin,

(c) List the conjugacy classes of Ss and As.

(d) Show that As has no nontrivial normal subgroups.
An action is

(*) faithful if its kernel is trivial,
(*) transitive if it has only one orbi{%]
(*) semi-regular if the stabilizer of every element is trivial, and

(*) regular if it is semi-regular and transitive.
Equivalently, it is regular if
Vo, eQ,JlgeG: ag=p.
Note that any semi-regular action is faithful.

Exercise 23. Suppose G acts transitively on €. Define a bijection from the coset space of G, to Q;
f:(G:G,) = Qby f(G,x) = wx. Then the action of G on the cosets G : G, by right multiplication is
equivalent to the action of G on Q, i.e. f(G,)x = f(Gx) forallx € G.

If G acts transitively on Q, then the orbit-stabilizer lemma implies that |Q| divides |G|. If G acts
regularly on Q, |G| = |Q|, and for any fixed @ € Q, we have a bijection g — ag. So any regular action of
G is essentially the right regular action (the action of G on itself by right multiplication). This gives us an
injective homomorphism G — Sym(|G|), so that

Theorem 1.21 (Cayley’s theorem). Every group is isomorphic to a permutation group.

From now on, instead of writing “G acts on Q and the action is faithful”, we will write G < Sq.

8This is an important fact! Typically when we have a property for one stabilizer, it will be true for all stabilizers.
Va,B € Q,ag = S forsome g € G.
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1.6 SYLOW’S THEOREMS

Sylow’s theorems provide a sort of converse to Lagrange’s theorem. Let G be a finite group, and let p be
a prime such that the highest power of p dividing |G| is p*. Say H is a Sylow p-subgroup of G if |H| = p*.

Theorem 1.22 (Sylow’s theorems). Let |G| = p*m, (m, p) = 1.
(1) G has a Sylow p-subgroup.
(2) Any two Sylow p-subgroups of G are conjugate.
(3) The number of Sylow p-subgroups of G divides m and is congruent to 1 mod p.
An easy observation:
Corollary 1.23. Every finite abelian group is the direct sum of its Sylow p-subgroups.

Exercise 24. What are the Sylow p-subgroups of D,,?

A useful observation is the following corollary, which we will use in later proofs.

Corollary 1.24. If G is a group of order pq, where p, q are primes and p > q, then G has a unique subgroup
of order p and this is normal in G. As a result, G is solvable[™

2 GROUP STRUCTURES

2.1 FREE GROUPS
Recall that we wrote the dihedral group as
D,=(r,s|r=s*=1,rs=sr").
What if we just wrote
G ={r,s)

and left the rest to fate? This is the idea of a free group.
Given a set X, we consider all finite words x1x3 . ..x, over X, with the operation of concatenation. Of
course, we would like some words such as xx~! to be 1, where 1 denotes the empty word. Extending the ~!

1

to words, if wy = xy...xg, define wi’ = x,;l .. .x]‘l. Then define an equivalence relation w; ~ wo if and

only ifwlwg1 =1.
Definition 2.1. The free group generated by X is

F(X) = { finite words over X},

When | X| = n is finite, we may equivalently write F,, to denote a free group on n elements. For example,

(*) F(0) = {1}, the one-element group.

10We will define solvability later.
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(*) F({x}) = Z.
(*) F(X) is nonabelian if | X| > 2.

Exercise 25. Let X be a set and G a group. Any function f : X — G extends uniquely to a homomorphism
f:F(X)—>G.

Proposition 2.2.
F(X)=FY) < |X|=|Y|.

Proof. Clearly if | X| = |Y|, then F(X) = F(Y). For the converse, if X is infinite, then |X| = |F(X)], so the
claim follows. Suppose both X and Y are finite, and F(X) = F(Y). Let Hom(F, G) denote the group of
homomorphisms from F — G, with the group operation ¢¢,(x) = ¢1(x)@2(x). Then Hom(F(X),Z,) =
Hom(F(Y), Z,), but any such homomorphism is uniquely determined by the image of the generators. So,

Hom(F(X),Zz)| —olxI = |Hom(F(Y),Z2) — ol
0

Let us return to our expression of D,,. We now realise that this defined D, as a quotient group of F,. That
is, consider all words r™'s"2 . .. s"2k that are the identity in D,,. These define a normal subgroup N <I F, so
that D,, = F»/N, where N is the normal subgroup generated by (r", s%, rsrs™').

In general,

Theorem 2.3. Every group is the homomorphic image of a free group.

The proof of this is exactly the analog of what we did for D,,. If X is a generating set for G, the set of
words {w; : w; = 1 € G} is a normal subgroup of F(X).

This characterises quotient groups of free groups. What about subgroups? Define the rank of a free group
as the minimum size of a generating set.

Theorem 2.4 (Nielsen-Schreier). Every subgroup H of a free group F(X) is free. If the rank of H is finite,
itisequalto |F : H|(|X| - 1) + 1.

Before we prove this, note that when |X| = 1, F(X) = Z, and the theorem holds since any subgroup of
Z is cyclic. When |X| > 1 is finite, |F : H|(|X| — 1) + 1 is typically larger than |X|, so a free group contains
many free groups of larger rank.

Exercise 26. The free group of rank 2 contains a free group of infinite rank.

Let F = F(X), where X is a self-inverse generating set (closed under inverses). Fix a subgroup H < F.
Choose (right) coset representatives T = {t; : i € I} for F/H, and call T a transversal. We have a map
F — T defined by sending x — X, its coset representative.

Lemma 2.5. If X is a self-inverse generating set of F, and H < F with transversal T, then
S={x(x)" :teT,x e X}

is a self-inverse generating set of H.
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Proof. First note that
Htx = Htx

SO
ix(x)~' € H.

So the subgroup generated by S is contained in H. For the reverse inclusion, we first need to check that S is
closed under inverses. Since H(tx)x~! = Ht, t = (tx)x~!. So,

— -\ == (= -1
(tx(tx)_) =txx" 't =txx~ (txx‘l) €S.

Now to show that S generates H; let 7 € H. Then h = x; ... x, for some x; € H. Define

ti=Xx1...%, to=t,=1.
Then,
h= (toxit] ) (t1xatsh) oo (tuixat, ).

Since tx = tg_1 Xk,
— 1
teo1 Xtk = teo1xg (1 x) " € S.

O]

Of course, we may replace F in the above proof with an arbitrary group and the proof still holds. As a
corollary, when T is finite,

Corollary 2.6. Finite index subgroups of a finitely generated group are finitely generated.

Proof of Nielsen-Schreier. We choose our transversal T in a specific way. Fix a well-ordering < of X|"|and
choose the lexicographically shortest word in each coset of H.

Step (1). T is closed under prefixes, i.e. if w € T and w = ux for some x € X, thenu € T.

Suppose w = ux as above. If u ¢ T, then for some t € T, ¢t # u, u = t. Either ¢ is shorter than u, or they
have the same length, but ¢ is lexicographically first.

Hw = Hux = Htx.

Since w = ux € T, either ux has shorter length than zx, or ux is lexicographically first, a contradiction.
Step (2). Every word tx(7x)~! is either reduced or the identity.

Suppose tx(7x)~! is not reduced. Then either ¢ is of the form ux~!, and u € T by step 1, so that
u=tx = tx(x) ' =uu = 1.
Or, (7x)~! begins with x™!, i.e. 7x = ux, but u and ¢ are both in T, so u = ¢, and

tx(x) ™" = ux(ux)™' = 1.

11 Axiom of choice.
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Step (3). For any product (t X1 (ﬁ)‘l) (t2x2 (@)‘1), either (a) one of them is the identity, or (b) they are
inverses of each other, or (¢) x; and x; are not cancelled in the reduced form.

Suppose this product is not in reduced form. If r1x; = #, and x| = oy I since the product lies in H,
t1 = 12x2, and (b) they are inverses of each other. If x, is cancelled by (7;x1)~'#,, then t5x, is a prefix of 71x7,
SO 1hXy = 1ox; by step 1, and (a) 7x; (f2x2)~! = 1. If neither of these things happen, then (c) x; and x; are not
cancelled in the reduced form.

Step (4). The number of generators required to write every element of H in unique reduced form |F(X) :
HI(|X]-1)+1.

Clearly we have a total of
IT| - 1X] = |F(X) : H| - |X]

generators of H of the form zx(7x)~!. How many of these generators do we need so that each word of H
has a unique reduced form? Equivalently, so that the identity has a unique reduced form? By step 3, if
1= (t1x1 (t1x7)! ) (t2x2 (@)‘1), where neither is equal to 1 or the inverse of the other, then x; and x, are
not cancelled. So we count the number of distinct words zx(7x)~! that reduce to 1. Our argument from step
2 tells us this happens either if tx € T, so ¢ ends with x~!, or 7x ends with x. Disregarding inverses, for any
nonidentity ¢ € T, there is exactly one x for which this happens, so this givesus [T| -1 = |F(X) : H| - 1
such expressions. So the total number of generators needed is

71 H] = (7] = 1) = [F (0 HI(1X] = 1) +1.

Let us look at one final property of free groups.

Definition 2.7. A group G is residually finite if

M ~={1

N<G,|G:N|<oo

Equivalently, for every nonidentity g € G, there is a finite group H and a homomorphism ¢ : G — H such
that o(g) # 1.

Proposition 2.8. Free groups are residually finite.

Proof. Let X be a minimal generating set of F(X). Let w € F(X) be a nonidentity word with reduced form
w=x,"...x;', where x; € X and ¢; € {+1}. Define amap ¢ : X — S,,;; as follows. For each x;, we want
¢, to be a permutation that maps i — i+ 1if¢ = 1,and i +1 — i if & = —1. Of course, some x; may
be equal; for example if x; = x3, then ¢y, must map 1 — 2 and 3 — 4. However, by assuming that w is
in reduced form (so that x; = x;4; implies € = €;11), we can choose a well-defined ¢, for each x € X. By
induction, ¢, (1) = n+ 1. O
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2.2 PERMUTATION GROUPS

The orbit-stabilizer lemma (like Markov’s inequality in probability theory) has powerful applications for
a fairly simple statement.

Lemma 2.9 (Burnside’s lemma). Let G be finite and G < Sq. Let fix(g) denote the number of points of Q
fixed by g, and n the number of orbits of G on Q. Then,

1
n=-— Z fix(g).
Gl &2
The number of orbits is the average number of fixed points.

Proof. Clearly,
> fix(e) =[{(g.w) 0 g =0} = ) Gul.

geG weQ

1
D 1Gul= 'Gg;)m'

weQ

By the orbit-stabilizer lemma,

Each of the n orbits, represented by wy, . . ., w,, is counted with multiplicity its size. So,

Yi@=161Y, Y, =l

geG i=l wew;-G

O

For x € G, let x¢ denote the conjugacy class of x in G. As the action of G on itself by conjugation
induces a partition into orbits,

Theorem 2.10 (Class equation).
Gl =1z@G)|+ > KO

x¢Z(G)

where the latter sum runs over all the conjugacy classes of G not contained in the center.
In a p-group, each conjugacy class has size divisible by p, so
Corollary 2.11. If G is a p-group, then G has nontrivial center.
Exercise 27. The probability that two elements in a finite group commute is at most 5/8.
Lemma 2.12. The centralizer of a transitive permutation group is semi-regular.
Proof. Denote the centralizer of G < Sq by
C={heSq:gh=hg Vg eG}.

Let C,, denote the stabilizer of w in C. For h € C,,, and any a € Q, there is some g € G such that wg = a.
Then,
ah=wgh=whg = wg = a.

That is, h € C,, for all @ € Q. The action is faithful, so # = 1 and C,, is trivial. L]
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Exercise 28. The centralizer of a semi-regular permutation group is transitive.
Theorem 2.13 (Bercov-Moser). If G < S,, is abelian, then |G| < 3n/3,

Proof. We proceed by induction on n, the base case n < 2 being trivial. First, suppose G is transitive. By the
lemma, its centralizer C < S, is semi-regular, and G < C as it is abelian, so G is regular and |G| = n < 3n/3,
If G is not transitive, partition [n] into orbits Qi, .. ., & under the action of G. The restriction of G to each
orbit yields a transitive action. These correspond to homomorphisms ¢; : G — Sgq,, such that (", ker(¢;) = 1.
So, by the induction hypothesis

k k
Gl<[] ’G/ker(go,-) <[]3""=3".
i=1 i=1

Exercise 29. For which abelian permutation groups A < S, does |A| = 3"/3 hold?

Exercise 30. Determine the order of the centralizer of an arbitrary permutation.
Theorem 2.14. For n # 6, every automorphism of S, is inner.

Proof. Since two permutations are conjugate if and only if they have the same cycle type, and the trans-
positions generate S, it suffices to show that any automorphism o maps transpositions to transpositions.
We know that o is order-preserving, so for any transposition g € G, o (g) is the product of kX commuting
transpositions for some k. Suppose k > 2. Further, o is an automorphism from Cs(g) — Cg (0 (g)), so we
compare the orders of the centralizers.

ICa(a(g)| =25k!(n - 2k)! = 2(n = 2)! = |Cc (g)]
2 =(n-2k+1)...(n=3)(n-2)

If n > 2k, each side of the equation has 2k — 2 factors, and each factor on the left is smaller than a
corresponding factor on the right, so equality is not possible. If n = 2k, the equation becomes

2Kk = (2k = 2)!
It is easy to check this does not hold for k = 1,2, does hold for £ = 3, and for £ > 3,
2K =4 253k < (2k - 2)!

This shows that for n # 6, o maps transpositions to transpositions, so it preserves cycle type and must be an
inner automorphism. O

Exercise 31. What is an automorphism of Sg that is not inner?
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2.3  GROUPS OF LINEAR TRANSFORMATIONS

The alternating groups form an infinite family of finite simple groups. In this section we will construct
another, the projective special linear groups.

Let V be a vector space, GL(V) the group of invertible linear maps, SL(V) the subgroup of maps with
determinant 1. When V is d-dimensional, we write GL(V) = GL(d, F) and SL(V) = SL(d, F), the matrix
groups. Note that det : GL(d, F) — F* is a homomorphism, so ker(det) = SL(d, F) < GL(d, F).

Consider the action of GL(d, F) on the 1-dimensional subspaces of V (equivalently, on the projective
space of dimension d — 1, but it is not necessary to know what this means.) The kernel of this action is
Z(GL(d,F)).

Exercise 32. The center of GL(d, F) is the group of scalar matrices, i.e. {1-1: 1 € F*}, where I denotes
the identity matrix.

Definition 2.15. The projective general linear group is
PGL(YV) =CLV)7 crvy)-
Restricting the action to SL(V), the projective special linear group is
PSL(V) = SL(V)/Z(SL(V)).
We are only interested in the case when V is finite-dimensional and F is some finite field F,,.

IGL(d,q)| = (¢* - 1)(¢" - q)...(¢" - ¢?™")

_IGL(d.q)
SL(d, )] = 1CEE
PGL. )| = 1YL
__ISL(q)]
IPSLd. )] = ey O

The last equality follows from the fact that Z(SL(d, q)) consists of the matrices A - I such that 19 = 1.
As promised,

Theorem 2.16. PSL(d, F) is simple, except when d =2 and |F| = 2 or 3.

Exercise 33. PSL(2,2) = S3 and PSL(2,3) = Ay4.

To prove the theorem, we will show that any proper normal subgroup of SL(V) is contained in the center,
so that the quotient PSL (V) contains no nontrivial normal subgroups. We will need to construct a generating
set for SL(V).

Definition 2.17. If y : V — V is a linear map such that rank(y) = 1 and Im(y) C ker(y), then I+y € SL(V)
is a transvection.

The transvections in SL(V) play a similar role to the transpositions in S,. We will need many lemmas,
so let us state them all first.
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Lemma 2.18. Ifd > 3, all transvections are conjugate in SL(d, F).

Lemma 2.19. If d = 2, the subgroups
Ty = {I+vy:Im(y) =ker(y) =U} U{l}

for each one-dimensional subspace U <V are conjugate in SL(V).

Lemma 2.20. The transvections generate SL(V).

Lemma 2.21. The commutator subgroup SL(V)' = SL(V), except when d =2 and |F| =2 or 3.
Lemma 2.22. SL(V) acts 2-transitively on the one-dimensional subspaces of V|13

Lemma 2.23. If G acts 2-transitively on Q, any normal subgroup acts either trivially or transitively. Further,
any stabilizer is a maximal subgroup.

Lemma 2.24. The stabilizer H < SL(V) of a one-dimensional subspace contains an abelian normal
subgroup consisting of I and some transvections.

Let us see how this implies that PSL(V) is simple.

Proof of| We will show that any proper normal subgroup of SL(V) is contained in Z(SL(V)).
Suppose N <1 SL(V). By[Lemma 2.23| N acts either trivially or transitively on the one-dimensional subspaces
of V. If N acts trivially, then every vector of V is an eigenvector for N, so N < Z(SL((V)). Suppose N acts
transitively on the one-dimensional subspaces. Let H be a stabilizer, so H is a maximal subgroup of SL(V)
by Then H < NH < SL(V). However, N acts transitively, so we must have NH = SL(V).

Let K <1 H be the abelian normal subgroup given by Then NK < NH = SL(V).
Since NK contains some transvections, by NK contains all transvections, and by
NK = SL(V). So,

SL(V)/N =Kxnan
K is abelian, so SL(V)’ < N. This is where we use that we cannot have d = 2 and |F| = 2 or 3:
SL(V)’ = SL(V) by[Lemma 2.21] and this implies that N = SL(V).

After all this, we finally obtain that PSL (V) contains no nontrivial normal subgroups. O

Time to prove our many lemmas.
Lemma 2.18. If d > 3, all transvections are conjugate in SL(d, F).

Proof. For any transvection I + v, choose a basis ui,...,uy of V so that Im(y) = (uy), ker(y) =
(u1,...,uq-1), and y(ug) = uy. In particular, this shows that any two transvections have the same ma-
trix by a change of basis, so they are conjugate in GL(V). If d > 3, then u; is distinct from both ;| and u,
so multiplying it by a suitable scalar @ does not affect the matrix of / + v, but changes the determinant of the
transition matrix to 1. So any two transvections are conjugate in SL(V). O

12This will be defined in the proof.
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Lemma 2.19. If d = 2, the subgroups
Ty ={I+vy:Im(y) =ker(y) =U} U {[}
for each one-dimensional subspace U <V are conjugate in SL(V).

Proof. We want to show that for distinct one-dimensional subspaces U and U’, the subgroups Ty and Ty
differ by a change of basis. By the same argument above, there is a basis of V so that

TU={[(1) IIF}

Again, it follows that any two such subgroups are conjugate in SL(2, F). O
Lemma 2.20. The transvections generate SL(V).

Proof. We prove by induction forQ < k < d, thatforany ¢ € SL(V)anduy,...,u; € V linearly independent,
there is a product of transvections ;. such that Wi (u;) = ¢(u;) fori = 1,..., k. For k = 0, choose ¢ = I
and the statement clearly holds.

Suppose the statement holds for some k. Fix ¢ € SL(V), linearly independent vectors uy, ..., ux, Ug+1,
and i the corresponding product of transvections for uy, . . ., ux. Define
r_ -1
¢ =y 9
Then,

¢'(u,-) =u,-,i= 1,...,k
Let ¢'(ug+1) = w, i.e. ¢(urs1) = ¥ (w). If w = ug,q, then we are done, so let us assume they are different.
Case (1). uy,...,ur+1, and w are linearly independent.

Choose a transvection / + u as follows[5]

(uy,...,ux)y < ker(u),
puker) = p(w) =w — ugs1.
Then (I + u)(u;) = u; fori = 1,...,k, and (I + @)ugy; = w. So Y (I + u) is the required product of
transvections.
Step (2). uy,...,uxs+1, w are linearly dependent and k + 1 < d.

Extend uy,...,ur+1 to a basis v, vg43, ..., vg. Define a transvection ¢; = I + 1 such that y; is zero
on all basis vectors except for y(ug+1) = y1(v) = v — ug41. Then, ¢ (ug41) = v. Since ¢’ is invertible,
ui,...,ug,w are linearly independent, so we define ¢, analogously to ¢, but with ¢,(w) = v. ¢ and ¢»
are transvections, and /g ¢51¢1 is the desired product of transvections.

Step (3). uy,...,uxs+1, w are linearly dependent and k + 1 = d.

13We can do this by extending the k + 2 vectors to a basis of V.
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In this case, ¢’ (ug+1) = u + Augq, for some u € (uy, ..., u;). The matrix of ¢’ in this basis is
1 0 ... =
0 1 *
00 ... 4
Since det(¢’) = 1, 1 = 1, so ¢’ is itself a transvection and ¢ = ¢’i. O

Exercise 34. If dimV = d, what is the maximum number of transvections needed to express an element of
SL(V)?

Lemma 2.21. The commutator subgroup SL(V)' = SL(V), except when d =2 and |F| =2 or 3.

Proof. The commutator subgroup is normal, so it suffices to show that some transvection is a commutator.
Ifd > 3,
[I+En.I+Ex]l=(+Ep) " (I+E3)(I+Ep)(I+Ey3)=1+E;.

If d = 2, and |F| # 2 or 3, it suffices to show that some Ty, contains a commutator. For arbitrary a, ¢ € F*,

o2

Since |F| # 2 or 3, we can find some nonzero a for which a2 # 1, so the resulting matrix is a transvection. []

take the commutator

0 1

1 e(1- a‘z)]

Lemma 2.22. SL(V) acts 2-transitively on the one-dimensional subspaces of V[

Proof. In general, we say a group G acts 2-transitively on Q, if for any w1, w, €  distinct, and a1, @y € Q
distinct, there is some g € G suchthatw;-g = @; and wy-g = @y. Solet (a;), (a,) be distinct one-dimensional
subspaces, and (b ), (b,) be distinct one-dimensional subspaces of V. For any numbers «;, a; € F, we can
find a ¢ € GL(V) such that ¢(a;) = a1b; and ¢(az) = azb,. For an appropiate choice of @ and aj,
det(¢) = 1,50 ¢ € SL(V). O

Lemma 2.23. If G acts 2-transitively on Q, any normal subgroup acts either trivially or transitively. Further,

any stabilizer is a maximal subgroup.

Proof. Suppose N <1 G does not act trivially. Choose w € Q and n € N such that w - n # w. Then, for any
distinct a, B € Q, there exists g such that (w - n)g = @ and wg = B. Then,

a-g'n"'g=(wn)-n"'g7 =
so N acts transitively. O

Lemma 2.24. The stabilizer H < SL(V) of a one-dimensional subspace contains an abelian normal

subgroup consisting of I and some transvections.

14This will be defined in the proof.
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Proof. Let {u;) <V be stabilized by H. For a fixed basis of V, each matrix of H has the form

A
0 A

’

where A is a scalar and A is a (d — 1) X (d — 1) matrix. The map H — SL(d, F) sending each matrix to the
submatrix A is a homomorphism. Its kernel is a set of matrices of the form

1 *
0 Iga|

These are transvections which commute with each other, giving the desired subgroup of H.

2.4 GROUP EXTENSIONS

Given N and G/N, can we recover the structure of the group G? First, let us consider how to obtain a
group G from two groups N and H so that N < G and G/N = H. We can take the direct sum/product, but a
more complicated construction is the semidirect product.

Definition 2.25. We say H is an operator group on a group N if there is a homomorphism ¢ : H — Aut(N).
We denote the action of » € H onn € N by n”.

Define the semidirect product of N by H as N <~ H = {(n, h) : n € N, h € H} with the operation

-1
ny, hy)(n2, ha) = nln;ll ,hihy)
(1, 1) (n2, h2) = (

The task of verifying that this is a group is left to the reader. Of course, the more skeptical reader will
(rightly) ask, “What is the point of this?”. Let us look at where a semidirect product occurs in nature.

Let V be a vector space, and GL(V) the group of invertible linear transformations of V. When V = R",
there are some natural maps R” — R” that we would like to call “invertible transformations”, but they are not
necessarily linear. For example, translation, or rotation about a point different from the origin. This motivates
the definition of an affine transformation.

An affine subspace A is a set of the form a + U, where a € V and U is a subspace of V. The dimension
of A is defined as the dimension of U. An affine transformation is then a map V — V that preserves the
dimension of any affine subspace. Of course, every element of GL(V) is an affine transformation, but so are
the translations, and these are not linear maps. Let AG (V) be the group of translations of V, so AG(V) = V.

Definition 2.26. The affine general linear group of V, denoted AGL(V) is given by AG(V) =~ GL(V).

Each element (v, M) € AGL(V) acts on V by
(v,M)ox =v+ Mx.

When V = R", these are exactly the isometries.

But this is not the first example of a semidirect product we have seen in this note. Let us return once
again to our dihedral group D,,. Define an action of Z, on Z,, where the nonidentity element of Z, maps
each element of Z, to its inverse. This is an automorphism because Z, is abelian, and D,, = Z,, < Z,.
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Exercise 35. Give an example of a semidirect product G = H such that Z(G) and Z(H) are nontrivial, but
Z(G = H) is trivial[F]

A fundamental theorem in group theory is the following.

Theorem 2.27 (Schur-Zassenhaus). Let G be a finite group and N < G. If |N| and |G : N| are coprime,
then G is a semidirect product of N and G/ N.

Let us reformulate this as

Theorem (Schur-Zassenhaus). Let G be a finite group with |G| = ab, where (a, b) = 1. If G has a normal
subgroup of order a, then it has a subgroup of order b.

Proof that the two formulations are equivalent. Clearly the first statement of Schur-Zassenhaus implies the
second. For the converse, let N be a normal subgroup of order a, and H a subgroup of order 5. Then
NNH={l}and G = NH,s0 G = N =< H, where H acts on N by conjugation]™| O

In order to prove the Schur-Zassenhaus theorem in its second formulation, we will reduce to the case
when the normal subgroup N is abelian. We will need the following two results for the proof. Recall the
following result.

Proposition 1.11. If McharN and N < G, then M < G.
This next result is a fundamental result in group theory, which we will use often.

Proposition 2.28. (Frattini’s argument) Let G be a finite group, H <1 G, and P a Sylow p-subgroup of H.
Then G = HNg(P), and |G : H| divides |Ng (P)).

Proof. Since H is normal in G, HNg(P) = Ng(P)H is a well-defined subgroup of G. For any g € G,
g 'Pg < H is a Sylow p-subgroup in H. For some x € H, x"'Px = g7'Pg, so gx™! € Ng(P) and
g€ Ng(P)H. O

Reduction to the case N abelian. We proceed by induction, the case |G| < 5 being clear as always. Let G
be the least group for which the theorem fails; there is a normal subgroup N of order a, but no subgroup of
order b.

Step (1). N is a minimal normal subgroup of G.

If not, let M < N be a proper nontrivial normal subgroup of G. Applying the induction hypothesis to
N/M <1 G/M, G/M has a subgroup K /M of order b, but this corresponds to a subgroup K in G of order b.

Step (2). N is a vector space over FF,, i.e. it is abelian and every element has order p.

Let P be a Sylow p-subgroup of N. By Frattini’s argument, G = NNg(P), so

G/N = Ng(P)/(N N Ng(P)).

I5Hint: start with the smallest groups.
16]t needs to be shown that under these hypotheses, NH = N > H, but this is definition-chasing.



2. Group structures 22

N N Ng(P) is normal in NG (P), so if Ng(P) is a proper subgroup of G, then N (P) has a subgroup of
order b, which is not possible. So P <1 G, and by minimality of N, N = P. Of course, Z(P) is a characteristic
subgroup of P, hence normal in G, so Z(P) = P. Finally, we want to show that every element of N has order
p; this amounts to showing that the subgroup N” = {xP : x € N} is trivial. N? is characteristic in N, so it is
normal in G, and therefore it is trivial.

Step (3). A contradiction at last.

There exist more illuminating proofs, but for now let us see a self-contained (albeit tedious) proof. We
follow the presentation of [7]].

Let Q = G/N. Q has a natural action on N where a’¥¢ = a% = g~'ag. Choose a representative 7, for
each coset xN. Our goal is to modify this to a set of coset representatives s, such that s, s, = sy, thereby
inducing an injective homomorphism Q — N. For now though, all we can say is that since tx1,N = 1, N,
there is some c(x, y) € N such that

Ixly = txyc(x,y).

A little manipulation yields
c(xy,2) - c(x,y)* =c(x, y2) - ¢(y,2).

Now define

d(y) = [ ] eten).
xeQ

Since N is abelian

d(z) - d(y)* = d(yz) - ¢(y,z)?, or equivalently
d(yz) = d(y)*d(2)c(y,2) ™"

Since (a, b) = 1, there is some e(y) € N such that e(y)? = d(y)~!, so we rewrite our last equation as
e(yz) = e(y)e(z)e(y, 2).
We are almost done! We only need one more piece of notation: define
Sy = tye(x)
so that after some fun computations,
sysz = tytze(y)%e(2) = tyzc(y, 2)e(y) e(z) = tyze(yz) = sy,

and this is the transversal we wanted. The map s : Q — G that sends x — s, is a homomorphism. If s, =1,
thent, € N and x = 19, so the homomorphism is injective, and this gives us a subgroup of order bin G. []

Remark. It is possible to prove more: that any two subgroups of order b are conjugate, but we do not need
this.
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2.5 p-GRouPs

Recall that a p-group is a group G in which every element has order a power of p. If G is finite, an
application of Cauchy’s theorem — or Sylow’s theorem, if you want to be fancy — shows that |G| = p* for
some k € N.

Exercise 36. Groups of order p and p? are abelian. There is a nonabelian group of order p°.

It is easy to check that

Proposition 2.29. The property of being a p-group is preserved by subgroups, quotients, extensions, and
direct sums.

Note that an infinite direct product of p-groups may contain elements of infinite order. Infinite p-groups
do exist:

1. The quasicyclic group C;} = Uy Cp, or the group of all p-power roots of unity.

2. The group of upper unipotent matrices U, — upper triangular matrices with 1’s on the diagonal — over
a field of characteristic p. Every element of this group can be written as I + A, where A is nilpotent,
so (I + A)pk =17" + AP" = [ fork large enough.

3. The Tarski monster groups are infinite p-groups such that every element has order p, and the only
nontrivial subgroups are cyclic.

Recall that an easy application of the class equation told us that

Corollary 2.11. If G is a p-group, then G has nontrivial center.
The same counting argument tells us that

Corollary 2.30. Any normal subgroup of a finite p-group intersects the center nontrivially.
This is sajnos not true for infinite p-groups.

Theorem 2.31. There is an infinite p-group with trivial center.

Proof. We say a function f : A — B has finite support if the set {a € A : f(a) # 1} is finite. Define

F = {f :C, — €, fhas finite support}

This is a group under pointwise multiplication. Let C;’ act on ¥ so that for f € ¥ and a € C}, f“(x) =
f(xa™"). Our infinite p-group will be G = F = C*°; we claim first that if Z(G) is nontrivial, then Z(G) N F
or Z(G) N Cy is nontrivial. Suppose (f,c) € Z(G). If ¢ = 1, then we are done. Otherwise, since Z(G) is
normal in G and f has finite support, conjugating by finitely many elements of the form (g, 1) we obtain an
element of Z(G) that is in C;’,"

7We do not assume that f is a homomorphism!
BIf £(a) # 1, choose g so that g(ac) = f(a)~! and g(x) = 1 otherwise. Then, (g™, 1)(f,¢)(g, 1) = (g_lfg”_l,c), and the
support of g7 gfI is a proper subset of that of f.
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Now, suppose (f,1) € Z(G) N F. Then for all ¢ € CY,

(LD e) = (1, e (fe) = (1) = (f, 1)

or,

f(xe) = f(x), Vx,ceC}.

However, if f(x) # 1 for somex € C3, then f(xc) # 1 forall c € C, but f has finite support. So Z(G) NF
is trivial.
Next, let (1,¢) € Z(G) N C). Then for all f € F,

D@D = LD = (e = (o).

In other words,
[ faey=x, VfeF ¥xeCy.

Clearly this is only possible if ¢ = 1, so Z(G) N Cy; is also trivial and this concludes the proof. O

Another construction involves the infinite group U of upper unipotent matrices over IF,, such that all but
finitely many nondiagonal entries are O; these are “infinite” upper triangular matrices whose diagonal entries
are equal to 1. If I, denotes the (countably) infinite identity matrix, and O the zero matrix, U consists of

matrices of the form
M O

0 Iy

where M is an upper unipotent n X n matrix for some n. For any nonidentity element of U, i.e. any nonidentity
n X n matrix M, consider the equations for 2n X 2n matrices

v olln, 1,] (M Mm]
o I,||lo I, o I,|’

but . o ) _ .
I, I,|IM O M I,
o I,]|10 I, o Il

In other words, for any nonidentity matrix in U, we can find a matrix in U with which it does not commute,

namely
M O O||l, I, O I, I, O||IM O O
oI, of|lo I, o|#|o I, O||0O I, O
O O I.||0 O I 0O 0 I.||0 O Iy

So U has trivial center[®]

OThere is a less constructive proof of this using projective limits: namely that U embeds in the projective limit of U,,, the upper
n X n unipotent matrices. On one hand, the projection U — U, by restricting to the upper n X n submatrix maps the center of U into
the center of U,,. On the other hand, the projections U,, — U,_ map the center of U, trivially, so the center of U must be trivial as
well.
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The Frattini subgroup

Let us return to finite p-groups. How far are they from being abelian?

Definition 2.32. A is an elementary abelian p-group if A is abelian and the order of every nonidentity
element is p. Equivalently, A is a vector space over F,.

Proposition 2.33. If G is a finite p-group, and H < G a proper subgroup, then H is a proper subgroup of
Ng(H).

Proof. We proceed by induction, the case |G| = p being trivial. Suppose |G| = p”, n > 2, and H is a proper
subgroup of G.

Case (1). Z(G) < H.

Z(G) is nontrivial, so H/Z(G) is a proper subgroup of G/Z(G). By the induction hypothesis, there is
some K < G such that H/Z(G) <t K/Z(G) and the containment is proper, so H < K and the containment
is proper in G.

Case (2). Z(G) is not contained in H.

Since Z(G) < Ng(H), H must be properly contained in Ng (H). O
Corollary 2.34. If M is a maximal subgroup in a finite p-group G, then M <| G and |G : M| = p.

Definition 2.35. For any group G, the Frattini subgroup is

®(G) = ﬂ M,

M <G maxl.

the intersection of all maximal proper subgroups of G.

Proposition 2.36. For any group G,
D(G)={gcG:(S,8)=G = (S) =G},
i.e. the Frattini subgroup is the set of elements that can be removed from any generating set.

Proof. We will show that the complement of the statement holds, i.e.
G\D(G)={geG: forsome S,(S,g) =G but(S) # G}.

Suppose x € G \ ®(G), so that for some maximal subgroup M, x ¢ M. Then (M,x) = G, but (M) # G,
proving the containment C. Conversely, suppose for some S, (S,x) = G but (S) # G. By Zorn’s lemma, the

set
{H<G:(S)<H,x¢H}

has a maximal element H, and this is a maximal proper subgroup of G not containing x; x € G \ ®(G). O

... and we return to p-groups.
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Proposition 2.37. If G is a finite p-group, ®(G) is the smallest normal subgroup such that G| ®(G) is an
elementary abelian p-group.

Proof. If M < G is a maximal subgroup, then G/M is cyclic of order p, so [G,G] < M. Then [G,G] <
®(G), so G/D(G) is abelian. Further, for any x € G, and any maximal subgroup M in G, x? € M, so
xP € ®(G) and G/®(G) is elementary abelian.

Conversely, suppose G/N is elementary abelian. For any x ¢ N, there is a maximal subspace of G/N
not containing xN. This corresponds to a maximal subgroup M /N in G/N such that x ¢ M, and as a
consequence, M is maximal in G. So x ¢ ®(G). This implies that ®(G) < N. O

Can we find a basis for G/®(G) as a vector space over F,?

Theorem 2.38 (Burnside’s basis theorem). Let G be a finite p-group. {g1, ..., &ga} is a minimal generating
set for G if and only if {g1, ..., ga} is a minimal generating set for G/ ®(G).

Proof.
&1,--:80) =G &= (g1,...,84,P(G)) =G = (g1DP(G),...,84P(G)) = G/D(G).

Clearly one of the generating sets is minimal if and only if the other is. O

3 NILPOTENT AND SOLVABLE GROUPS

3.1 NILPOTENT GROUPS

Recall that S5 is the smallest nonabelian group, so any group that is a proper subgroup or quotient group
of S3 is abelian. More generally, we want to classify groups that can be built up as extensions of abelian
groups. The most natural approach is to consider groups that can be built up from their centers.

Definition 3.1. The upper central series of G is
1=72°G)<z"G) <...

where Z"*1(G) is defined b
n+1 G
/Zn = Z( /Zn) .
Definition 3.2. G is nilpotent if its upper central series terminates in finitely many steps, i.e. Z" = G for
some n € N. The least such 7 is called the nilpotency class of G.
Exercise 37. Z™ is characteristic in G Vn € N.
It is easy to see that G has nilpotency class 1 if and only if G is abelian. However, there exist nonabelian

nilpotent groups. For example, since any p-group has nontrivial center,

Proposition 3.3. Any finite p-group is nilpotent.

20Sometimes it will be easier on the eyes to write Z" instead of Z"(G), when G is clear from context.
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And we know that there exist nonabelian p-groups.
Lemma 3.4. If G/Z(G) is nilpotent, so is G.
Proof. Let H=G/Z(G).
Z"(H)/Z"(H) = Z(H|Z"(H)).
But H/Z"(H) = G/Z"(G), so by induction Z"(H) = Z"(G)/Z(G) and the upper central series of G

terminates. O

Of course, it is not always easy to compute the upper central series, so let us look at several equivalent
characterisations:

Theorem 3.5. Let G be a finite group. The following are equivalent.
1. G is nilpotent.
2. G has a central series, | = H® < H' < --- < H" = G, such that H”l/H" < Z(G/Hi)for alli.
3. Every proper subgroup of G is a proper subgroup of its normalizer.
4. Every Sylow subgroup is normal in G.
5. G is isomorphic to the direct sum of its Sylow subgroups.
6. Every maximal subgroup of G is normal.

I am sure there are several other equivalent conditions one can concoct, but these are the most useful.

Remark. The second condition says that it suffices to find a good sequence of normal subgroups, not
necessarily the center. The last 4 conditions generalise nice properties of abelian groups, and show that the
largest class of groups satisfying these is that of the nilpotent groups.

In order to prove the equivalence of the last property, we will need Frattini’s argument.

Proposition 2.28. (Frattini’s argument) Let G be a finite group, H < G, and P a Sylow p-subgroup of H.
Then G = HNg(P), and |G : H| divides |Ng (P))|.

Proof of[Theorem 3.5 1 = 2 is clear.

2 = 3 : We proceed by induction on |G|, the case |G| < 5 being trivial. By 2, it follows that
Z(G) # 1. If H does not contain Z(G), then Z(G) < Ng(H), so H is properly contained in Ng(H).
Suppose Z(G) < H. Applying the induction hypothesis to G/Z(G), H/Z(G) is properly contained in its
normalizer N/Z(G) < G/Z(G). However, N = N (H), so H is properly contained in it in G.

3 = 4 :1If G is a p-group for some prime p this is clear. Otherwise, let P be a (proper) Sylow
p-subgroup of G, and N = Ng(P). P is normal in N, so it is the unique Sylow p-subgroup of N, so it is
characteristic in N. This implies that P <t Ng(N). If N is a proper subgroup of G, then Ng(N) is strictly
bigger than N, which is not possible. so N = G,i.e. P < G.

4 = 5 : We show by induction that if Py, ..., P, are distinct (normal) Sylow p-subgroups of G, then
Py...P, = Py x---x P,. The base case t = 1 is an exercise for the reader. For the general case,

Ptﬂ(Pl.Pt_1)=1 - PIPt—lptEPIXXPt
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5 = 1 : Again, we proceed by induction, and take the base case |G| < 5 for granted. Since
G=P X---xXP., Z(G) = Z(P1) X Z(P,). By induction, G/Z(G) is nilpotent, so G is nilpotent by the
earlier lemma.

3 = 6 :If M is a maximal proper subgroup of G, and M is properly contained in its normalizer, then
M is normal in G.

6 — 5 : Suppose P is a Sylow p-subgroup of G that is not normal, and M a maximal proper subgroup
of G containing Ng(P). M <1 G, so by Frattini’s argument, G = M N (P), contradicting our choice of M.

O

Now that we have several definitions for nilpotent groups, let us study some properties.

Proposition 3.6. The class of nilpotent groups is closed under subgroups, quotient groups, and finite direct
products.

The converse is not true: if N and G/N are nilpotent, G need not be nilpotent.

Exercise 38. S3 is not nilpotent.
Corollary 3.7. If A is a maximal normal abelian subgroup of a nilpotent group G, then A = Cg(A).
Proposition 3.8. If G is nilpotent and 1 #+ N < G, then N N Z(G) is nontrivial.

Proof. There is some i for which N N Z is trivial, and N N Z*! is nontrivial. It is easy to check that for the
upper central series,
[G,Z*'] < Z'.

Since N is normal in G, we also have [G, N] < N. In other words,
[G,NNZ™* < [G,N]N[G,Z"*'] < NnZ' ={1}.

This shows that N N Z*1(G) < Z(G), and by hypothesis this is a nontrivial subgroup of N contained in
Z(G); NNZ(G) # {1} andi=1. O

Corollary 3.9. A minimal normal subgroup of a nilpotent group is contained in the center.

3.2 SOLVABLE GROUPS

Our greatest disappointment from the previous subsection is that the extension of a nilpotent group by
a nilpotent group need not be nilpotent. So let us define a larger class of groups — solvable groups — that is
closed under such extensions.

Definition 3.10. The derived series of G is
G=G9 >G> .

where
G+ — [G("),G(n)].

Just as we defined a nilpotent group,
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Definition 3.11. G is solvable if its derived series terminates in finitely many steps, i.e. G = {1} for some
ne€N.

As the commutator subgroup [G, G| is often denoted by G’, the term derived series makes sense. Again,
we look at several equivalent characterisations of solvability.

Theorem 3.12. Let G be a finite group. The following are equivalent.
1. G is solvable.

2. There is a sequence G = Gy > G| > ...G,, = {1} such that G; < G and G;_1/G; is abelian for all i.

\%

3. Thereis a sequence G = Go =2 G| = ...G,, = {1} such that G; < G;_ and G;_1/G; has prime order

for alli.

Proof. 1 = 2isclear.

2 = 3:1f G;_1/G; is abelian, by the fundamental theorem of abelian groups, we can find intermediate
subgroups G; = H; < Hy--- < Hy = G;_; sothat H;/H ;_; has prime order. Note that the resulting H; need
not be normal in G, but it is normal in G;_;.

3 = 1 : We show by induction that G() < G;. The base case is clear, as G /G is abelian implies that
[G,G] < Gy. In general, since G;/G 4 is abelian,

G+ — [G(l')G(i)] < [GiG;] £ Giy1.

It is similarly easy to check:

Proposition 3.13. The class of solvable groups is closed under subgroups, quotient groups, and finite direct
products.

Unlike for nilpotent groups,
Proposition 3.14 (Three-for-two). If N and G /N are solvable, so is G.

The many characterisations of nilpotent and solvable groups make the following proposition easy.
Proposition 3.15. Every nilpotent group is solvable]?]

However, the converse is not true.
Exercise 39. Sj is solvable.

Why are solvable groups interesting? It is straightfoward to check that if H and K are normal solvable
subgroups of G, then HK is solvable. In particular, every finite group G contains a maximal normal solvable
subgroup S. The quotient G/S, if nontrivial, is not solvable, hence contains no abelian normal subgroups.
That is, every group is the extension of a group with no abelian normal subgroups by a solvable group.

21For example, by induction, it suffices to show that N and G /N are solvable for some nontrivial normal subgroup N.
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3.3 Tue THREE-SUBGROUP LEMMA

Let us study some further structure of nilpotent groups.

Definition 3.16. The lower central series of G is
G=27y(G)=Z(G) = ...

where
Znn1(G) =[G, Z,(G)].

Again, for convenience, we will simply write Z,, when G is clear from context.

As the lower central series is obtained by repeatedly taking commutators, let us list some properties of
commutators. Some notation: just as x© denotes the conjugacy class of x in G, let x4 denote the conjugate
of x by g, g‘lxg. Denote by [x1,...,x,] = [[X1,...,Xn-1],X,] (the order matters!)

Proposition 3.17. Letx,y,z € G.
(i) [x,y] = [y, x]™".
(ii) [xy,z] =[x, 2)” [y, 2] and [x, yz] = [x,z][x, y]*.
(iii) [x,y7", 2] = (bx,y)71) 7

(iv) (Witt identity)
[,y 2 [y, 2 xF [z, x 7y = 1.

Proof. The first three claims are straightforward to prove. For the Witt identity, observe that setting
NS _ -1 oyl
U=XxIX yX, V=YyXy zy, W=2y7 XZ

yields
1

oy Lz =ulyv, [y,z7hx)f=viw, [zx 'y =wlu
Given any sets X,Y C G, we can define their commutator subgroup to be
[X,Y] = ([x1,x2] :x1 € X1, x2 € X3)
and extend this to finitely many terms,
[X1,..., Xn] = [[X15.-. Xn-1], Xnl.
Denote by X 1X ? the subgroup generated by all conjugates of elements of X; by elements of X»,
Xlx2 =y xy:xeX,yeX).

Proposition 3.18. Let X ¢ G and K < G.
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(1) X® =(X,[X,K]).
(2) [X,K]* = [X,K].
(3) IfK = (Y), then [X,K] = [X,Y]X.
Proof. (1) follows from the identity x* = x[x, k] for each x € X and k € K.

(2) The containment [X, K] c [X,K]X is clear. [X, KX is generated by the elements [x, k1]*2. Using
identity (ii) from the previous proposition,

[x,k11* = [x, k2] 7' [x, k1 k2] € [ X, K].
(3) Since [X,Y]X = [X,Y] < [X, K] by (2), it suffices to show that [X, K] < [X,Y]X. For each k € K,

we have an expression
_— €] € . —
k—yl...yrr. vi €Y, ==1.

If r = 1, then
[x,y1] € [X, Y15, and [x,y7'] = ([x, 1) " € [X, Y]

using identity (iii) from the previous proposition. By induction on r, if » > 1, let k¥’ = ky, . Then,
using identity (ii) from the previous proposition,

[ k] = [y 1 k777
This product belongs to [ X, Y]X by the induction hypothesis, completing the proof. O

Now let us return to the relationship between the upper and lower central series. 1 = H* < H! < ... <
H" = G is called a central series if each quotient H*! /H' is contained in the center of G/H'.

Proposition 3.19. Let 1 = H° < H' < --- < H" = G be a central series of G.
(1) Z; < H" ™ 50 Zp1 = 1.
(2) H < 7!, so Z" = G.

(3) G is nilpotent if and only if its lower central series terminates, in which case its nilpotency class is the

length of the lower central series, which is the length of the upper central series.

Proof. We prove (1) by induction on i, and the proof of (2) will be analogous. Clearly if i = 1, then Z; < H".
For i > 1, since H"**! /H"~! is in the center of G/H"", [H""*! G] < H"!. By the induction hypothesis,

Ziv1 = [ZZ,G] < [Hn_i+1,G] < Hn—i'

To prove (3), note that (1) and (2) imply that the upper and lower central series are the shortest central series
of G. ]

To establish further relationships, we will need the following “lemma”.
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Theorem 3.20 (Three subgroup lemma). Let H,K,L < G, and N < G. Iftwo of [H,K, L], [K, L, H], and
[L, H, K] are contained in N, so is the third.

Proof. The Witt identity shows that if two of [k, k~',1], [k,I7', k], [I, k™", k] belong to a normal subgroup
of G, so does the third, and this implies the result. O

From this,
Corollary 3.21. Let G be a group and i, j > 0. Then,
(i) [Zi,Z;] < Ziyj,
(ii) Zi(Z;(G)) < Z;;(G),
(iii) [Zi,Z7] < Z77Vifj > i, and
(iv) ZH(G|Z))=Z"T |77,

Each can be proved by a standard induction argument, and we have seen many of those already, so the
proof is left as an exercise.

3.4 HALL'S THEOREMS

Now let us study solvable groups.

Let IT be a set of primes. We say a number is I1’ if it is coprime to every prime in I1. Sylow’s theorem
says that for any finite group G and any prime p dividing |G|, if [T = {p}, then there is a subgroup H < G
so that |G : H| is I1’, and any two such subgroups are conjugate. What if we generalised this to an arbitrary
set of primes?

Definition 3.22. If IT is a set of primes, a [I-subgroup is a subgroup H of G if each of the primes dividing
|H| is in I1. H is a Hall T1-subgroup if it is a [T-subgroup and |G : H| is IT".

That is, if |G| = pf‘ ...pyT is its prime factorisation, and IT = {py,..., p;}, then H is a Hall II-
subgroup of G if and only if |H| = pi’] . plc”. Of course, Hall IT-subgroups need not exist; As has no Hall
{3, 5}-subgroup. In this section we will prove Hall’s theorem(s).

Theorem 3.23. (Hall’s first theorem) Let G be a finite solvable group, and 11 a set of primes dividing |G]|.
Then,

1. G contains a Hall T1-subgroup, and
2. any I1-subgroup is contained in the conjugate of a given Hall I1-subgroup.

Note that the second condition implies that any two Hall IT-subgroups are conjugate. It is perhaps
surprising that the converse of this theorem also holds.

Theorem 3.24. (Hall’s second theorem) Let G be a finite group. If G contains a Hall I1-subgroup for every
set of primes Il dividing |G|, then G is solvable.
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We will need some preliminary results.

Lemma 3.25. Let G be a finite solvable group. If M < G is a minimal normal subgroup, M is an elementary
abelian p-group.

Proof. M is solvable, so if M is simple, then M = Z, for some prime p. If not, then M’ = [M,M] is
characteristic in M, so it is normal in G. Since M is solvable but not simple, it has a proper normal subgroup
N of prime index, so M’ < N. By the minimality of M, M’ = {1} so M is abelian. If p divides |M|, then
{x € M : xP = 1} is characteristic in M, hence normal in G, so M is an elementary abelian p-group. O

And recall

Proposition 2.28. (Frattini’s argument) Let G be a finite group, H < G, and P a Sylow p-subgroup of H.
Then G = HNg(P), and |G : H| divides |Ng (P))|.

Proof of Hall’s first theorem. We proceed by induction on G, the case |G| < 5 a triviality. Now for the
general case, if G is simple then it has prime order, so there is again nothing to prove.
Let M be a minimal normal subgroup of G, and L any II-subgroup of G. We distinguish three cases:

Case (1). G/M is not a I1-group, i.e. there is a prime ¢ ¢ I1 that divides |G : M]|.

By induction, G/M contains a nontrivial Hall I1-subgroup K/M, and |G : K| is IT". As K is a proper
subgroup of G, we again use the induction hypothesis to find a Hall IT-subgroup H of K, and this is a Hall
IT-subgroup of G.

Now, LM /M is a I1-subgroup in K/M, so it is contained in some conjugate of K/M. So a conjugate of
LM is contained in K, and applying the induction hypothesis to K, LM is contained in a conjugate of H.

Case (2). M is an elementary abelian p-group for p € II.

Let H/M be a Hall I1-subgroup in G/M, so H is a Hall I1-subgroup in G. By induction, LM /M is
contained in a conjugate of HM /M, so LM is contained in a conjugate of HM. By the maximality of H,
HM = H, so L is contained in a conjugate of H.

Case (3). M is an elementary abelian p-group for p ¢ I1, and G/M is a I1-group.

In this case, |G| = ap™, where |M| = p™ and IT is the set of primes dividing a. Let N/M be a minimal
normal subgroup of G/M, so N/M is an elementary abelian g-group for some g € Il. Let 0 < N be a
Sylow g-subgroup. If Q is normal in G, we may proceed as in case (2), so we assume that Ng(Q) is a
proper subgroup of G. By Frattini’s argument, NNg(Q) = G. Since Q < Ng(Q), and QM = N, we can
write MNG(Q) = G. Then M N Ng(Q) is normal in MNg(Q) = G. M cannot be contained in Ng(Q) as
Ng(Q) # G,s0 M N Ng(Q) = 1. Then [Ng(Q)| = a, i.e. it is a Hall IT-subgroup of G.

Now, LM N Ng(Q) is a IT-subgroup of LM ; we claim that it is in fact a Hall IT-subgroup of LM. Note
that

LM =LMNG=LMNNGg(Q)M = (LM N Ng(Q))M

SO,
[LM : LM N Ng(Q)| = [(LM N NG(Q))M : LM N NG(Q)| = |M]|



3. Nilpotent and solvable groups 34

where the last equality follows from the second isomorphism theorem and the fact that M N Ng(Q) = 1.
If LM # G, by induction L is contained in a conjugate of LM N Ng(Q). If LM = G, then LN = G, and
LN N is a Sylow g-subgroup Q; in N. O is conjugate to Q, so N (Q) is conjugate to to N (Q). Further,
Qi=LNN<L,s0oL < Ng(Qy) is contained in a conjugate of N (Q). O

To prove the second theorem, we will need a theorem that will be proved later using representation theory.
Theorem 3.26. [Burnside’s theorem] Groups of order p®q® are solvable.

Proof of Hall’s second theorem. We proceed by induction on the number of prime divisors of |G|. If G
is a p-group, or if G has order p%q”, then G is automatically solvable, so the theorem holds. Suppose
|G| = pfl e pi" contains a Hall I1-subgroup for every set of primes I1 dividing |G|, but G is not solvable.
If N is a nontrivial normal subgroup of G, and H a Hall I1-subgroup of G, then H N N and HN /N are Hall
IT-subgroups of N and G/N respectively. By the induction hypothesis, N and G/N are solvable, but this
contradicts our assumption that G is not solvable. So G must be simple.

By Burnside’s theorem, we know that k > 2. For each prime p;, letIl; = {p1,..., px} \ {p:}, and H; be
a Hall IT;-subgroup of G. Let H = H3 N --- N Hy. A quick computation tells us that |G : H| = p5’ ... p}*,
so |[H| = pf‘ pgz; H is solvable. Let M be a minimal normal subgroup of H, and suppose M is an elementary
abelian p-group. |H N Hy| = pfl is a Sylow p; subgroup of H, and M is normal, so M < HN H, < H,. By
order considerations, G = (H N Hy)H,. It follows that

MC =M™ <H, <G

is a proper nontrivial normal subgroup of G, contradicting that G is simple. Finally, we circle back to our
original (false) assumption and deduce that G is solvable. O

3.5 SUPERSOLVABLE GROUPS

Recall the equivalent definitions of a solvable group:
Theorem 3.12. Let G be a finite group. The following are equivalent.
1. G is solvable.
2. Thereis a sequence G = Gy > G| > ...G, = {1} such that G; <« G and G;_1/G; is abelian for all i.

3. Thereis asequence G =Gy > Gy > ...G,, = {1} suchthat G; < G;_1 and G;_1/G; has prime order
foralli.

A supersolvable group is obtained by merging definitions 2. and 3.

Definition 3.27. G is a supersolvable group if there is a sequence G = Gog = G| > --- > G, = {1} such
that G; <1 G and G;_1/G; has prime order for all i.

Vigydzz. Clearly a supersolvable group is solvable, but the converse is not true! For example, the commutator
of the alternating group A4 is isomorphic to the Klein-four group V4 which is abelian, so A4 is solvable.
However, A4 has no cyclic normal subgroup, so it cannot be supersolvable.
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Our goal is to characterise supersolvable groups by their subgroup lattices.

Definition 3.28. The subgroup lattice of a group G is the partially ordered set {H : H is a subgroup of G}
ordered by inclusion. The meet of two subgroups H, K < G is the smallest subgroup containing them, i.e.
(H, K), and their join is the largest subgroup contained in them, i.e. H N K.

In general, given a poset $, one may define its Hasse diagram. This is the directed graph on the vertex
set  with an edge (u,v) if and only if u < v and there is no other w € ¥ such that u < w < v. It is the
Hasse diagram which is typically referred to as the lattice of a group. Of course, given a finite group G, this
is a finite graph, so we may speak about things like “longest paths”. The “source” vertex of the subgroup
lattice of G is the identity subgroup, while the “sink” vertex is G itself, and every other subgroup of G lies
on a directed path from {1} to G. A natural question to ask is: do all directed paths from {1} to G have the
same length? We say G satisfies the (Jordan-Dedekind) chain condition if this holds.

Theorem 3.29 (Iwasawa). G satisfies the chain condition if and only if G is supersolvable.
Let us first look at some structure of supersolvable groups.

Lemma 3.30. If G is supersolvable, there is a unique chain 1 = Ny < Ny < --- < Ni < G such that
N; <0 G, N;/N;_1 has order p; for some prime p;, and py > - -+ > p.

Proof. We know that G has a normal series 1 = Gy < --- < G < G such that the successive quotients
are prime. Suppose G;.1/G; has order p;1, G;/G;-1 order p;, and p;y1 > p;. Then, G;+1/G;-| has a
unique Sylow p;.1-subgroup which is characteristic in G;,1, therefore normal in G. Replacing G; with
N, pi = |Gi+1/N| < |N/Gi-1| = pi+1. Repeating this process finitely many times, we obtain the desired
series. =

Corollary 3.31. If q is the largest prime divisor of |G|, G has a normal subgroup of order q.
Corollary 3.32. If q is the largest prime divisor of |G|, G has a unique Sylow q-subgroup.
We state the following lemma without proof, as the argument is routine.

Lemma 3.33. Abelian groups and nilpotent groups are supersolvable. Subgroups and quotients of super-
solvable groups are supersovable.

Vigydzz. A three-for-two result does not hold! For example, V4 < A4 and A4/V, are supersolvable, but A4 is
not.

Lemma 3.34. The index of a maximal subgroup in a supersolvable group is prime.

Proof. Let H < G be a maximal subgroup, and M a minimal normal subgroup of prime order. If M £ H,
then HNM = {1}, HM = G, so |G : H| = M. Otherwise, H/M is maximal in G/M and the result follows
by induction on |G]|. O

22Recall|Corollary 1.24
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Proof of[Theorem 3.29, Suppose G is supersolvable, and | = Hy < H; < --- < Hy = G is a directed path
in the subgroup lattice. H;_; is a maximal subgroup in H;, which is supersolvable, so H;/H;_| has prime
order. Then, k is the number of prime factors (including multiplicity) of |G|, so all such paths have the same
length.

For the converse, we prove the statement for solvable groups. Then, we have a series 1 = Gy < G| <
-+ < G = G suchthat G;_; <0 G; and G;/G;_; has prime order. This is clearly a maximal directed path, so
the length of every maximal directed path is the number of prime factors (including multiplicity) of |G|. As a
result, every maximal subgroup of G has prime index. Our goal is to find a normal subgroup N <1 G of prime
order. The subgroup lattice of G/N is the union of the directed paths from N to G, and since N is a minimal
subgroup of G, the subgroup lattice of G /N satisfies the chain condition, and we may apply induction to say
that G/N is supersolvable. By the minimality of N, a normal series of G/N such that successive quotients
have prime order extends to a normal series of G with the same property.

Let A be a minimal normal subgroup of G, hence an elementary abelian p-group for some prime p.

Case (1). A is a Sylow p-subgroup of G.

By the Schur-Zassenhaus theorem, there exists H < G such that G = AH, AN H = 1. If H is properly
contained in some subgroup K < G, then K N A # {1}, so K = G by the minimality of A. This implies that
H is a maximal subgroup of G, so A <1 G has prime order.

Case (2). A is not a Sylow p-subgroup of G, and p is not the largest prime divisor of |G]|.

Let g be the largest prime divisor of G. Since G/ A is solvable, it has a normal subgroup B/ A of order g.
|B| = p*q and is supersolvable by the induction hypothesis, so it has a unique Sylow g-subgroup Q. QcharB
and B < G, so Q <1 G has prime order.

Case (3). A is not a Sylow p-subgroup of G, and p is the largest prime divisor of |G|.

Let P be a Sylow p-subgroup of G containing A, so P/A is Sylow p-subgroup of G/A. Since A is
abelian and supersolvable, G /A satisfies the chain condition. Since p is the largest prime divisor of |G/A|,
P/A <1 G/A,so P < G.Further, A <t P, so ANZ(P) is nontrivial. However, Z(P)charP,so ANZ(P) < G,
hence A < Z(P).By the Schur-Zassenhaus theorem, there is some H < G suchthat PH = G and PNH = {1}.
Let K be a maximal subgroup of G containing H, so |G : K| = p. Since K N A is normal in both K and
P, KN A = {1} or A. In the first case, A has order p and we are done. In the second case, A < K. By the
induction hypothesis, K satisfies the chain condition so K is supersolvable and contains a minimal normal
subgroup A; < A of order p. Then, Ng(A;) < K,and A; < A < Z(P), so A; < G has prime order.

O

4 PERMUTATION GROUPS

How do we generalise the idea of a transitive permutation group? We can define k-transitivity, where
we would like 1-transitivity to just be transitivity. Let Q(X) denote the set of ordered k-tuples of Q whose
elements are pairwise distinct. If G acts on Q, then it induces an action on Q%) by

(wi,...,0r) = (W1g,...,WEE).
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Definition 4.1. G acts k-transitively on Q if its induced action on Q%) is transitive.

We would like k-transitivity to imply (k — 1)-transitivity, which is not immediate from this definition,
and we would also like it to mean that after “removing one level” of transitivity, we obtain a (k — 1)-transitive
action. For these reasons, the following characterisation is often more useful.

Proposition 4.2. Let k > 1 and w € Q. G acts k-transitively on Q if and only if G, acts (k — 1)-transitively
on Q\ {w}.

Proof. This is a standard definition-chasing type argument. Suppose G, acts (k — 1)-transitively on Q\ {w}
for every w € Q. Let (ay,...,ax) and (By,...,B) be in Q) Then there is some g€ Gy and h € Gg,
such that

(@1 a) S (@1, B B S (Brs B Bi).
So gh is the desired element of G. The reverse implication is even easier to prove. O
Corollary 4.3. If G acts k-transitively on Q, and |Q| =n, thenn(n —1) ... (n — k + 1) divides |G|.
If G acts faithfully on a set of cardinality n, we will say G is a permutation group of degree n.
Exercise 40. S, is n-transitive and A,, is (n — 2)-transitive.
Corollary 4.4. If G is a finite (n — 2)-transitive group of degree n, then G is A,, or S,,.

Sajnos, there are not “many” k-transitive groups. In fact, for k > 6 and arbitrary n, the only k-transitive
groups of degree n are A,, and §S,,. This motivates the definition of a primitive permutation group, which has
weaker requirements than 2-transitivity.

4.1 PRIMITIVE PERMUTATION GROUPS

Let G be a finite group acting transitively on Q. A € Q is a block for G if forevery g € G, ANAg=A
or A N Ag = 0. Further, the sets {Ag : g € G} partition Q. Of course, we may take the trivial blocks: A = Q
or A = {w} for some w € Q, and these will be blocks for any group G.

A system of blocks corresponds to a G-invariant equivalence relation ~ on Q, where w ~ «’ implies
w-g~w -gforallg € G.

Definition 4.5. G is a primitive permutation group on Q if G is transitive and G has no nontrivial blocks.
Equivalently,

Proposition 4.6. A transitive group G acts primitively on Q if and only if each stabilizer G ., is a maximal
subgroup of G.

Proof. Here is another definition-chasing argument. Suppose G acts primitively on Q, and let H be a
subgroup of G properly containing some G ,. Define

A={w-h:heH}
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Since H properly contains G,, |A| > 2. Further, suppose A - g N A # 0 for some g € G. Then, for some
heH,
wg=wh = hlgeG, = geH.

So A is a block for G. If H is a proper subgroup of G, then |H : G| < |G : G| = |Q], so A is a nontrivial
block for G, which is not possible, so G, is maximal.

Conversely, suppose G is not primitive; let A be a nontrivial block and ~ the corresponding equivalence
relation. Again, let H be the setwise stabilizer of A,

H={geG:A-gcCA}

H is a proper subgroup of G since G is transitive, and clearly H properly contains any stabilizer G, for
wEA. O
Exercise 41. If A < Sq and B < St then the “natural” action of A X B on Q X I is not primitive.

Clearly, if a subgroup is maximal, so are all of its conjugates. So the problem of determining maximal
subgroups is in some sense equivalent to the problem of determining primitive actions of a group. We will
see this more explicitly when we apply the O’ Nan-Scott theorem (the classification of all finite primitive
permutation groups) to determine all maximal subgroups of §,.

This is a good point to stop and remark on the difference between the pointwise stabilizer and the setwise
stabilizer of A C Q. The setwise stabilizer is

Guy={geG:A-g=A},

while the pointwise stabilizer is

GAz{geG:dg:cS,VéeA}:mG5

deA
Exercise 42. If G is 2-transitive, then G is primitive.

Is there a converse to this exercise?
Theorem 4.7 (Jordan). Let G < SymQ be a finite primitive permutation group. Let A C Q, 1 < |A| < |Q|-2.
(a) If G is transitive on T, then G is 2-transitive on Q.
(b) If G is primitive on T, then G is (|A| + 1)-transitive on Q.
Proof. For convenience, let |Q| = n.

(a) We proceed by induction on A; if |A| = 1, this is clear. Suppose |A| > 1, and also that |A| < n/2.
Since A is not a block for G, there is some g € G for which

1<|A-gnA|<]A|

By order considerations, 'NI"- g # (. Since (Ga, Ga.g) < Gana g, the latter subgroup is transitive on
r'uTr - g, so we apply the induction hypothesis. If |A| > n/2, then |I'| < n/2, so we use the induction
hypothesis and the same argument as earlier.

23Not to be confused with the G s sets of topology.
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(b) To make our lives easier, let us say G is k-primitive if it is k-transitive and the pointwise stabilizer of
any k-element set is primitive. Equivalently, G is k-primitive if it is transitive and every point stabiliser
is (k — 1)-primitive. Our goal is to show that if G, is primitive on I', then G is (|A| + 1)-primitive on
Q. Again, we use induction, the base case |A| = 1 being clear. If [A| > 2, we consider G .gna as in
(a) which is also primitive, and apply induction to obtain that G is 2-primitive. So for any 6 € A, G s
is primitive, and we apply induction again to obtain that G s is |A|-primitive. O

Exercise 43. 1If G < S, is transitive where p is a prime, then G is primitive.
Corollary 4.8. If G < S,, is primitive and contains a p-cycle where p is prime, then G is (n— p+1)-transitive.

Proof. Let I" be the support of the p-cycle g € G, and A = Q \ I'. Since g is transitive on I, so is G, but
any transitive group on a p-element set is primitive. O

Corollary 4.9. If G < S, is primitive and contains a 2-cycle, then G = S,. If G contains a 3-cycle, then
G > A,

Theorem 4.10 (Bechert’s bound). If G < S,, is primitive, either G = A,, G = Sy, or |S, : G| > [(n+1)/2]1.

Proof. Let A be a (cardinality) minimal set such that Gx = 1, i.e. if g and & agree on A, then g = h. Call A
the base of G. If |A| < n/2, since each element of G is uniquely determined by its action on A,

|G|5n(n—1)---("_|A|+l)=(n—n—|!A|)!
or,

[Sh : G| = (n—|AD! = [(n+1)/2]!

If |A| > n/2, we want to show that G contains a 3-cycle so we can apply the previous corollary. Since
I' = Q\ A has smaller cardinality than A, Gr # 1. Choose a nonidentity element g € Gr. There is some
0 € Asuchthatd-g # 6. Since A \ {0}, is also not a base for G, there is some i1 € G\ (s} suchthatd-h €I
It is then routine to check that hgh~'g™! is the 3-cycle (w, w - h,w - g). O

4.2  MINIMAL NORMAL SUBGROUPS

We will classify primitive permutation groups by properties of their minimal normal subgroups. For the
rest of this section, we only consider finite groups.

Lemma 4.11. I[f M < G is a minimal normal subgroup, then M is a direct product of pairwise isomorphic
finite simple groups.

It will be useful to define the following notion.
Definition 4.12. A group M is characteristically simple if it has no nontrivial characteristic subgroups.

For example, a simple group is characteristically simple because every characteristic subgroup is nor-
mal. What does this have to do with the lemma? If M is a minimal normal subgroup, then it must be
characteristically simple, and further
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Lemma 4.13. Any characteristically simple group M is the direct product of pairwise isomorphic simple
groups.

Proof. Suppose M is not simple, and let 7 be a minimal normal subgroup of M. Since T is not characteristic
in M, we consider all the subgroups of the form ¢(T) : ¢ € Aut(M). Each of these is isomorphic to 7, thus
a minimal normal subgroup in M. First, suppose ¢{(T) # ¢2(T). Then ¢1(T) N ¢»(T) must be trivial by
minimality. That is, for some k € N,

{o(T) : ¢ € Aut(M)} ={1(T), ..., (1)}
where the ¢;(T)’s are pairwise disjoint. So,
¢1(T) X.. .¢k(T) —> M

However, the above direct product is characteristic in M by construction, so it must be all of M.
If T contains a nontrivial normal subgroup N, then ¢1(N) X ... ¢ (N) is characteristic in M, a contra-
diction. So M is the direct product of pairwise isomorphic simple groups. O

Lemma 4.14. Any normal subgroup of a direct product of finite simple groups is equal to the direct product
of some of them.

Proof. We may assume the groups are all nonabelian. Let
NaSX---XS=G

For each §;, [N, S;] is normal in G, so [N, S;] = 1 or S;. If N and S; commute, then N N §; = 1, otherwise
S; < N. O

Givena group G = G| X --- X G, let 1; : G — G; denote the canonical projection fori =1, ..., k.

Definition 4.15. A subgroup H < G = G| X --- X G is called a subdirect product if n;(H) = G; for
i=1,...,k.

For example, if M = T, then the full diagonal subgroup D = {(¢,...,t) : t € T} is a subdirect product
of M.

Exercise 44. If M = T* is the direct product of pairwise isomorphic nonabelian simple groups, then the full
diagonal subgroup D is self-normalizing in M.

Lemma 4.16. Suppose M = Ty X --- X Ty is the direct product of pairwise isomorphic nonabelian simple
groups, and H is a subdirect product of M. There exists a partition of [ k] into nonempty sets Iy, . . ., I; such
that H = Hi’:l D, where D is the full diagonal subgroup of ]_[l-elj T;.

If [ = 1, then H is the full diagonal subgroup, and if [ = k, then H = M.

Proof. We proceed by induction on k, the case k = 1 being clear. Let S C [k] be minimal such that
D = HN[l;esTi # {1}. Since H is nontrivial, |S| > 1. Further, D <1 H, so n;(D) < n;(H) fori € S. By

the minimality of S, 7;(D) = n;(H) for i € S. For the same reason, ker(7;|,,) is trivial for each i € §, so D

b
is the full diagonal subgroup of [];cs 7;. If S = [k], then we are done.
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Suppose S € [k], and let w5 denote the projection onto [[;cs T;. D <0 ms(H), and D is self-normalizing
in[[;csTi,s0D =ng(H).Let H = HN[];45 T;. Clearly DNH' = {1}, D and H’ commuute, and H = DH’,
so H = D x H’. We only need to show that for each i € [k] \ S, 7;(H’) is nontrivial. Then 7; (H’) <1 n;(H)
implies that ; (H’) = T;, and we can apply the induction hypothesis to H’.

Fix i € [k] \ S and ¢ € T;, so there exists h € H such that rr;(h) = t. Define h’ so that 7 ;(h’) = x;(h) if
J € [k]\S,and 7r;(h’) = 1 otherwise, i.e. " and h agree on [k] \ S. Since Wh'eD,h e Hand m;(h') =t
as desired. O

Minimal normal subgroups of primitive permutation groups

The following lemma will be used several times, so it is worth remembering.

Lemma 4.17. A nontrivial normal subgroup N of a primitive group G is transitive.

Proof. Let N partition the ground set € into orbits; since N is nontrivial, each orbit has size > 1. Then, for
any g € G, if @ and g are in the same N-orbit,

an=f = a-gg'ng) =g

then @ - g and 8 - g are in the same N-orbit. In other words, the N-orbits form a system of blocks for G, so
N must be transitive. 0

Finally,
Proposition 4.18. If G is primitive, then G has either
1. a unique minimal normal subgroup, or
2. exactly two minimal normal subgroups which are regular, centralize each other, and are isomorphic.
Proof. Suppose G contains two distinct minimal normal subgroups, M; and M. Then,
(M, My] < MiNnM; =1

so they centralize each other. The centralizer of a transitive group is semi-regular, so M| and M, are regular.
Further, since M and M, are also transitive subgroups of § = Sq, their centralizers Cs(M;) and Cs(M>)
are also regular; by order considerations, M, = Cs(M;) and M| = Cs(M;). We know that any regular group
is permutation isomorphic to its right regular representation, and it is not hard to show that its centralizer
corresponds to its left regular representation; this shows that M; and M, are permutation isomorphic. O

Definition 4.19. The socle of a group G is the group generated by the minimal normal subgroups of G.
Corollary 4.20. If M is the socle of G, then M <1 G. In fact, McharG.

Corollary 4.21. The socle of a primitive permutation group is the product of pairwise isomorphic simple
groups.

Theorem 4.22 (Burnside again). Let G be a finite 2-transitive group. Then G has a unique minimal normal
subgroup M such that either
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1. M is an elementary abelian p-group, and regular, or

2. M is nonabelian, simple, and primitive.

Proof. Let M be a minimal normal subgroup of M, so M is characteristically simple.

First suppose M is elementary abelian. Then M < C; (M), so M is regular. [Proposition 4.18|tells us that

M is the unique minimal normal subgroup of G
Now suppose M is not elementary abelian. If M is regular, then G embeds in M < Aut(M). Aut(M) is
the stabilizer of the identity, so it acts transitively on M \ {1}. Then all nonidentity elements of M have the

same order, which must be prime, a contradiction, So M is not regular and again unique by [Proposition 4.18|

To show that M is primitive, we will use a fact about Frobenius groups that will be proved later using
representation theory.

We say a permutation group H is a Frobenius group if it is transitive, not regular, and every nonidentity
element has at most one fixed point. The Frobenius kernel K of a Frobenius group is

K ={g € H : g has no fixed points } U {1}.

We will later show that the Frobenius kernel is a normal subgroup of H in and take it for
granted for now. We want to show that if M is not primitive, then M is a Frobenius group, and that K < G,
contradicting the minimality of M.

Let A be a (cardinality) minimal nontrivial block for M. Then A - g is a block for M for every g € G. By
the minimality of A, |[A N A - g| < 1. Since G is 2-transitive, any two elements of Q are contained in some
A - g, and by the above observation g is uniquely determined. Let £, g be the unique block A - g containing
a, B € Q.

Suppose g € M fixes both @, B € Q: g € M, g. Then g fixes the block ¢, g, and for any y ¢ g, g fixes
the blocks ¢4, and {g , setwise, so it fixes y. This yields M, g < M, ,. By interchanging the roles of 8 and
¥, we obtain that every element of M, ,, fixes every point outside £, , in particular the points of £, g. So g
fixes all points of , i.e. g = 1 and M is a Frobenius group. If K is the Frobenius kernel in M, then

a(gkg™) =a = (ag)k = (a)g.

that is gkg~! has the same number of fixed points as k, so K <1 G, which is the contradiction we wanted.

Finally, now that we know that M is primitive, assume that M is not simple. By [Proposition 4.18] it

either has a unique minimal normal subgroup — but this is not possible because a unique minimal normal
subgroup is characteristic — or it has two isomorphic minimal normal subgroups S| and S;. Again, S; X S,
is characteristic in M, so M = S1 X S». M acts faithfully on S; by conjugation, so let N be the normalizer
of M in Sym(S;), and H the normalizer of Sy, i.e. the stabilizer of S; under conjugation by N. Sy is either
mapped to itself, or to S», so |N : H| = 2. Further, G < H so H = §| < Aut(S) is 2-transitive, and Aut(S)
is transitive on S; \ {1}, again a contradiction. O

4.3 WREATH PRODUCTS

Recall the definition of a semidirect product in Let us make this more complicated. We
will partially follow the notation of [2]. Suppose K is a group and H is an operator group**on K. We know
we can define the semidirect product K = H. What if we have additional structure?

24Recall [Definition 2.25
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If HactsonasetI',let B=K' = {b:T" — K} be the set of functions I' — K. This has a natural group
structure under pointwise multiplication: bb’(y) = b(y)b’(y). We can define H to be an operator group on
B as follows. Write the action of 7 € H on b € B as b", and define

b"(y) = b(yh™).
In other words, b" (yh) = b(y).
Definition 4.23. The wreath product of K by H, denoted K ¢ H, is the group B < H.

Each function b : I' — K is determined by a string (a,),er € K'. H acts on K'T'! by permuting the
coordinates: & sends a., to the (yh)-th coordinate.
If K acts on a set A, then K ¢ H acts on the set A X I'. Namely,

(5/’7/) ) ((ay)yel"’ h) = (‘yay'h’?’/h)-
It might be useful to break this down into the actions of B > {1} and {1} = H.

((5’77,) : ((ay)yel“, 1) = ((5,(17/,)/’),
(6"7) - (Dyer, h) = (",¥'h).

We call this the canonical action of the wreath product. Where do wreath products occur in nature?

Proposition 4.24. Let T be a nonabelian simple group. Considering Aut(T) as a permutation group on T,
and Sy as a permutation group on [1,. .., k],

Aut(T*) = Aut(T) 1 S = Aut(T)* = Sy.

Proof. The intuition is that any automorphism of 7% can act as an automorphism on each copy of 7, and
permute the k copies of T, and that these are the only possible automorphisms. We will establish the map
W 2 Aut(T) 1Sy — Aut(T*), and leave it to the reader to check the details. For (aj, ..., ax;m) € Aut(T) Sy,
define

l/’(al ..... ak;n)(tla C ,l‘k) = (1‘17{71611”71,. . .,tkn—lakn—l).

O]

Of course, any group is a permutation group with respect to its right regular action, so we may forget
about the sets A and I'. Define the standard wreath product K  H as the wreath product with respect to the
right regular actions, i.e.,

KtH=K"~H.

The underlying sets A and I" and the corresponding actions of K and H will typically be clear from context,
so we will use the same wreath product notation for them all.

Proposition 4.25. If K and H are transitive on A and I respectively, then the canonical action of W = Kt H
on A X I is transitive as well.
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Here is where the name “wreath product” comes in. Think of A X I" as a wreath consisting of I" copies of
A. B> {1} permutes each copy of A within itself, while 1 < H permutes the I" copies amongst each other. In
other words, W is like a symmetry group for the wreath: it can rotate the wreath itself, or rotate each object
on the wreath.

Exercise 45. Let K and H act transitively on A and I" respectively. If |[A| > 1 and || > 1, show that the
canonical action of K ¢ H is imprimitive.

Product action of a wreath product

So let’s define a primitive action of K ¢ H. Just as we considered K to define the wreath product, we
consider AT, the set of functions f : I' — A. We can define an action of K ¢ H on this set as follows:

FEN ) = (FonH)brn™).

Again, it will be helpful to break this action down to understand what is happening. For (b,1) € W,

f) =PV () b(1). Andfor (1,h) € W, f(y) = £ (yh™).
It is routine to check that this does define a right group action. When is it primitive?

Theorem 4.26. The product action of K ¢ H is primitive if and only if K is primitive but not regular, and H
is transitive.

Proof. We begin with the implication — .

Suppose K is not primitive, and let ~ be a K-invariant equivalence relation on A. Define an equivalence
relation ~ on Al by f ~ g if f(y) ~ g(y) for each y € I'. This is a nontrivial equivalence relation for the
product action of K ¢ H.

Next, suppose K is primitive and regular, so K = F), for some prime p. Then, AT = F; is a vector space
over F),. Define an equivalence relation by f = g if 31, f(y) = 2, g(¥)-

Finally, suppose H is not transitive. Fix an H-orbit § c I" and define an equivalence relation ~ on A" by
f=gif f(y)=g(y) forall y € S.

Now for the converse implication <= . Let B be the base group of the wreath product and identify H
with {1} < H. Clearly B, and hence W = B =< H is transitive. If ¢5 : [' — A is the constant § function for
some § € A, then its stabilizer in W is

L= {(b,h) S b(y) € Ks forall y r}.

Let M be a subgroup of W properly containing L. It suffices to show that M = W. Since W = BL,
M = (M N B)L, so M N B properly contains L N B. Since 1 < {H} < M, we will show that M N B = B, i.e.
B <M.

For some 7y, there exists (b,1) € M N B with b(yg) ¢ Ks. Since K is primitive and not regular,
Ks = Ng(Ks), hence for some u € K

b(yo) 'ub(yo) ¢ Ks.

Define b’ : I" — K by

R otherwise.

b/(’y) — {[b(’)/())’u]’ Y =%0
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Since b’(y) ¢ Ks,(Ks, b’ (v0)) = K by primitivity of K. Further, (b’, 1) € M by construction, so M contains
the subgroup

B(yo) = {(b', 1) eB:b'(y)=1forally # yo}.
Since H < M and H is transitive on I', [, B(y) = B < M, as desired. O

Finally, let us look at one more type of wreath product - the twisted wreath product. This is a wreath
product with some additional structure imposed. Let K and H be groups, with a subgroup F < H that is
an operator group on K, ¢ : F — Aut(K) a homomorphism. Let H act on itself with right multiplication;
this is a right action. We want to define a wreath product that is compatible with the action of F' on K. For
example, for f € F, we would like

(kn)ner - f = (knfnen = (@1 - kn)nen -

Define
Br = {(kh)heH tknp =@p1-kn,Yh e H}.
It is routine to check that B is a group, and that H is an operator group on it. The twisted wreath product

K ¢ H is defined as
BF < H.

4.4 CLASSIFICATION OF PRIMITIVE PERMUTATION GROUPS

We devote the entirety of this section to proving the following theorem. The proof follows the presentation
of [6]], with some assistance from [2]] and [4]].

Theorem 4.27 (O’ Nan-Scott). Let G be a finite primitive permutation group on  with socle M. Then G is
of one of the following types.

Affine type:
(HA) M is an elementary abelian p-group, hence the unique minimal normal subgroup of G. M is regular, so

Q can be identified with a d-dimensional vector space over F,,. Then G < AGL(d, p), AG(d,p) <G,
and the stabilizer of the zero vector Go < GL(d, p) has no invariant subspaces.

Almost simple type:

(AS) M is a nonabelian simple group T. Then M is the unique minimal normal subgroup of G and does not
act regularly. Inn(T) < G < Aut(T). The proof of this classification requires the Schreier conjecture,
that Out(T) = Aut(T)/Inn(T) is solvable, the only proof of which relies on CFSG.

Diagonal type:
(HS) G has two minimal normal subgroups, each of which is a nonabelian simple group T, and M = T X T.

The action of M is primitive, and M = T .Inn(T) < G < T.Aut(T).

(SD) M = T* for k > 2 and this is the unique nonabelian minimal normal subgroup of G. Let H =
{(t,...,t) : T € T} < M be the diagonal subgroup. M acts on the cosets of H in M by right
multiplication; we can identify Q with T*='. In this case, M < G < M - (Out(T) x Si) and G induces
a primitive subgroup of Sy on the k factors of M.



4. Permutation groups 46

Product type:

(HC) G has two minimal normal subgroups, each of which is T*, k > 2, for T a nonabelian simple group,
so M = Tk x T*. As in the HS case, M acts transitively, and M = T* Inn(T*) < G < T* . Aut(T").
Further, G induces a subgroup of Aut(T*) that acts transitively on the k factors of T*.

(CD) This is similar to the case SD; Q = A, and G < H 1 Sy, where H is of type SD on A. If the minimal
normal subgroup of H is T, then T* is the minimal normal subgroup of G, and G induces a transitive
subgroup of S.

(PA) G has a unique nonabelian minimal normal subgroup T*, k > 2, that does not act regularly. Q@ = A¥
and G < H Sy, where H is an AS group. Further, G induces a transitive subgroup of Sy, in its action
on the k factors of M.

Twisted wreath type:

(TW) G has a unique nonabelian minimal normal subgroup T*, k > 2, that acts regularly. G is isomorphic
to a twisted wreath product T ir G .

Let us begin by studying the socle M.
Case (1: HA). M is abelian.

By [Proposition 4.18] if G has an abelian minimal normal subgroup M, then it is unique. By [Lemma 4.11]
M is an elementary abelian p-group. M is a transitive subgroup of Sq contained in its centralizer, so

M is regular. In other words, M = V, a d-dimensional vector space over F,, and for any stabilizer G,
G = M x G,. We want to show that G < AGL(d, p). For each a € G, define an automorphism
$a: M — M by ¢,(m) = a 'ma. Fix a Z-isomorphism 6 : M — V (so that we can write the vector space
operation additively). Then, 6~'¢,0 € GL(d, p) for all a € G,. Since each element of G can be written
uniquely as ma form € M and a € G, we have an injective homomorphism ¢ : G — V* <~ GL(d, p),

Y (ma) = (m)* (0" $40).
This yields G < AGL(d, p). Further, the image of M under ¢ is V*, so V* = AG(d, p) < ¢(G). Finally,

Exercise 46. If AG(d, p) < G < AGL(d, p), then G is primitive if and only if G, the stabilizer of the zero
vector, has no nontrivial invariant subspaces.

In this case, G is called the holomorph of an abelian group (HA). 0
Case (2: AS). M is a nonabelian simple group 7.

Each g € G induces an automorphism of 7 by conjugation, so we have a homomorphism ¢ : G —
Aut(T). Then, ker(¢) = Cg(T). However, Cg(T) < G and Cg(T) N T = {1}, so by the uniqueness of T,
Cs(T) = {1}. So ¢ is injective, and T = ¢(T) = Inn(M). It only remains to show that T is not regular, and
this is the part which relies on the Schreier conjecture, so we will omit the proof.

In this case, G is called an almost simple group (AS).

For the remaining cases, M = TX where T is a nonabelian simple group and k > 2. Write M = T x- - -X T,
where T; = T. Let 7y, . . ., mg be the projections from M — T;.
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Case (3). The stabilizer M, n;(M,) = T; for some i.

Since G, is maximal in G and G acts transitively on the set {71, ...,Tx}, M, is a maximal proper
G o-invariant subgroup of M. So, n;(M,) = Tj forall j = 1,...,k, i.e. M, is a subdirect product of M.
So there exists a partition of [k] into nonempty sets /1, ..., I; such that M, = Dy X --- X Dy, where D is

the diagonal subgroup of [1;¢;, 7i. Suppose |I1| = m. G o acts transitively on {D1,...,Dy},s0|lj| =m for
all j =1,...,/. As a consequence, m > 2 since M, is a proper subgroup of M. Let P < Si be the group
induced by the action of G on 7 = {T1, ..., T¢}.

Case (3.1: HS and SD). [ =1, i.e. M, is the full diagonal subgroup.

Suppose A C 7 is a nontrivial block for P. The diagonal subgroup Y of M corresponding to this system
of blocks is a G 4-invariant subgroup of M with M, <Y < M. This contradicts the maximality of M, so
either P = {1}, k =2 and G has two minimal normal subgroups, or P is primitive.

In the first case, 77 and 75 are regular minimal normal subgroups of G, acting on Q by left and right
multiplication respectively. M acts primitively on Q. G embeds in the normalizer of 7T} in S, which is
isomorphic to T = Aut(T). G is of type holomorph of a simple group (HS).

In the second case, if P is primitive, then M must be the unique minimal normal subgroup of G. The
action of M on Q is equivalent to the action of M on the right cosets of M, the diagonal subgroup, so we can
identify Q with T*~!. G embeds in the normalizer of of M in Sq, which is isomorphic to M - (Out(T) xS k)
G is of type simple diagonal (SD).

Case (3.2: HC and CD). [ > 1, i.e. M, is not the diagonal subgroup.

Set K = T) X- - - XTy,, so that D is the full diagonal subgroup of K, and set N = Ng (K). D is a maximal
N q-invariant subgroup of K. We want to find a group H of type HS or CD such that G is permutation
equivalent to a subgroup of H ¢ S; with a product action.

For any subgroup L < N, define L* to be the subgroup of Aut(K) induced by the conjugation action
of L,ie. L* = LCg(K)/Cg(K). Note that Co(K) N M = Ty41 X -+ - X Ty, so M is “almost” contained in
Ci(K). Since M < N, N is transitive on Q so N = MN,,. Then,

N" = MNoCg(K)/Cg(K) = KNoCi(K)/Cs(K) = K*Ny,.

We want to show that N,Cs(K) is a maximal subgroup of N, so let Y be a maximal subgroup of N
containing it. Then, ¥ N K is an N,-invariant subgroup of K containing D, so D; = Y N K, hence
YNM=D; XTy4 X+ XTg. Further,Y = (YN M)Ng, soY* = DN}, = Ny, (since D stabilizes a), so
Y = N,Cs(K).

Finally, set H = N*, and let I' be the coset space of N7, in H. Each point stabilizer of this action is
isomorphic to N,
K* = K, so H is of type HS or SD. Further, an easy calculation shows that |Q| = |T'|’.

It remains to show that G is a subgroup of H @ S; with the product action on I"!. We give the embedding

which is a maximal subgroup of N*, so H acts primitively on I'. The socle of H is

and leave it to the reader to check the details. Choose a right transversal {gy, ..., g} for N, in G, (and thus

25Take this fact for granted
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for N in G) so that D‘f" = D; for 1 <i < [. Write K; = K% so that G permutes the set {K1, ..., K;}. For
g € G, write G =ngg, for g € {g1,...,8} and ny € N. Finally, embed G in H ¢ §; by

g — (aj,....,a;;n),

where 7 € S is the permutation induced by g on {Ki,...,K;}, and a; = (g;¢)(g:g)~' € N.If H is of type
HS or SD, G is of type holomorph of a compound group (HC) or complex diagonal (CD) respectively.

Case (4: PA and TW). R; = nr;(M,) is a proper subgroup of 7; for each i.

Each R; is an Ng(T;)-invariant subgroup of T;, so G, is transitive on the set {77, ...,Tx}. So each R;
is equal to the image of R; under an isomorphism 77 — T;. Since R| X - - - X Ry is G o-invariant, it is equal
to M, and R is a maximal Ng,, (T1)-invariant subgroup of T;. Set N = Ng(T1), and for L < N, denote
L* = LCg(T1)/Cc(T1). By a similar argument as earlier, N = MN, and N* = T N,.

Suppose T;" £ N,,. Again, we can show that N,Ci (Ty) is a maximal subgroup of N, so that setting
H = N*, H acts primitively on the coset space I' = H/N7,. H has a unique minimal normal subgroup 7" = T}
so H is of type AS. A similar argument to case 3.2 shows that G < H ! S; with the product action on T'*. G
is said to be of type product action (PA).

Now suppose Tl* < N;,soN*"=N;.If Ry # 1, then

CG(T1)Ng @
Ty = (RT') < (REGTINey = (RN < G,

which is nonsense. So, Ry = 1,and M = T} X - - - X T is regular, hence the unique minimal normal subgroup
of G. Define ¢ : N — Aut(T}) to be the natural homomorphism so thatkerg = Cg(T1) NG 4, and Imyp = N7,
contains /nn(Ty) = T;. By an application of the Schreier conjecture (the details of which can be found in
[6]]), we can show that M is equal to the kernel of the action of G on {T1,...,T;} by conjugation. Thus,
the stabilizer G, acts faithfully and transitively on {77, ...,T¢}. Let F < G, be the stabilizer of Ty, so that
¢ : F — Aut(T) is defined. We claim that G is isomorphic to the twisted wreath product 7} (¢ G, with its
product action on |T7|*.

For 1 <i < k, choose ¢; € G so that T/ = Ty. Then, for m = (my,...,my) € Ty X ... Ty, m;* € Ty.
Clearly G = MG, sodefinethe map v : G — Ty ip G4 by

Vimu — Vyl,

where v, is the function G, — T; given by v,,,(c;q) = ml.ciq. Some manipulation shows us that v is the
desired isomorphism, and G is said to be of twisted wreath type (TW).

4.5 SUBGROUPS OF S,
Let us look at some applications of primitive permutation groups to subgroups of the symmetric group.
Theorem 4.28. The alternating groups A,, are simple forn > 5.

Proof. We proceed by induction. There are many ways to check the base case n = 5, the easiest of which is
perhaps to show that no nontrivial union of conjugacy classes in As divides 60.
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Suppose n > 5. Let N <1 A, be a nontrivial normal subgroup. Since A, is at least 4-transitive for
n > 5, A, is primitive, so N is transitive. The stabilizer G is isomorphic to A,,_;, and hence is simple. So
NNG;=1or NNG| =G. The second case cannot hold as G is a maximal subgroup and N is transitive.
So we are in the first case, and again by the maximality of G, G| N = A,,. By the Schur-Zassenhaus theorem,
there is a homomorphism ¢ : G; — Aut(N) so that A, is the semidirect product N = G| with respect to
this homomorphism. G| is not normal in A,,, so ¢ cannot be trivial. Since kergp <1 G, ¢ must be injective.
However, it is easy to check that Aut(N) is not 3-transitive, while A,,_; is 3-transitive for n > 5. O

Next,
Proposition 4.29. The Sylow p-subgroups of S« are isomorphic to Zy ¥+ - -V Zp, the k-fold wreath product.
Proof. This is a simple matter of checking that (1) Z),2- - -2 Z;, embeds in Spk (it does), and (2) |Zp ULy | =

p P =D/ (=1 (it ig). 0

5 REPRESENTATIONS OF FINITE GROUPS

Now we will switch tracks entirely. We wrung out many deep results just by considering each group as
a permutation group. The idea of representation theory is a generalisation of this: by considering homomor-
phisms of a group G into the automorphism group of some structure, we would like to use properties of the
structure to derive properties of the group. The structure we consider here is a vector space.

Definition 5.1. Let G be a group and V a vector space over a field F. A representation of G is a group
homomorphism ¢ : G — GL(V). The dimension of V is called the degree of the representation.

Just as with group actions, we say a representation is faithful if kery is trivial. For any group G and
any vector space V, we have a trivial representation, the identically identity homomorphism. If G is a finite
group of order n, and F a field, consider the n-dimensional vector space V over K with basis {e, : g € G}.
The left regular action of G defines the regular representation ¢,

‘Pg(eh) = €gh-

In general, given a left action of G on a set X and a field F, define a vector space V with basis {ex : x € X},
so the corresponding representation ¢ of G is

‘pg(ex) = €gx-

Vigydzz. We have returned to writing actions from the left, because we typically consider matrix multiplica-
tion from the left.
5.1 IRREDUCIBLE REPRESENTATIONS AND MASCHKE’S THEOREM

As always, when we define a new structure, we want to ask (1) when do we call two objects equivalent?,
and (2) what are the “irreducible” objects, upto equivalence?
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Definition 5.2. Two representations ¢ : G — GL(V) and ¢ : G — GL(W) are equivalent if there is an
invertible linear map 7 : V — W so that

T, =YeT; Vg EG.

That is, dimV = dim W, and ¢ and ¢ differ by a change of basis. This answers the first question. To
answer the second, let us instead ask, “Which representations are clearly not irreducible?”

Definition 5.3. If ¢; : G — GL(V;) is a representation Vi € I, define the direct sum ¢ = P, _; ¢; as the

representation ¢ : G — EB G L(V;) over the vector space EBi e Vi

iel
When [ is finite and each V; is finite-dimensional, the matrices ¢, of the direct sum are block diagonal
matrices. In general, the embedding of each V; < V is invariant under each ¢,.

Definition 5.4. Let ¢ : G — GL(V) be a representation, and U < V a subspace. U is an invariant subspace
for ¢ if ¢a(U) € U foreach g € G.

Since each ¢, is invertible, this is equivalent to saying ¢, (U) = U.
Definition 5.5. A representation ¢ : G — GL(V) is irreducible if it has no nontrivial invariant subspaces.

Definition 5.6. A representation ¢ : G — GL(V) is completely reducible if every invariant subspace U has
an invariant orthogonal complement U, that is V = U @ U and U is invariant under G.

Proposition 5.7. A finite-dimensional representation is completely reducible if and only if it is the direct
sum of irreducible representations.

Proof. Suppose ¢ : G — GL(V) is completely reducible. Choose minimal invariant subspaces Uy, . . ., U
such that U; @ --- ® Uy, = U < V has maximal dimension. U is an invariant subspace, and by complete
reducibility, U = V.

Conversely, let V = U; @ ... Uy be the direct sum of irreducible representations, and U an invariant
subspace of V. Choose a maximal invariant subspace U such that U N U = {0}. If some U is not contained
in U @ U, since U; is irreducible, U; N (U @ U) = {0}. In particular, U; ® U is a larger invariant subspace
contradicting the maximality of U, soU @ U = V. 0

We would like every representation to be completely reducible, so that we can focus on studying
irreducible representations.

Theorem 5.8 (Maschke). Let G be a finite group. If charF does not divide |G|, then every representation of
G over F is completely reducible.

Proof. Suppose V has a nontrivial invariant subspace U. By extending to a basis of V, we can find a subspace
W such that V = W @ U. Every element can be uniquely expressed as u + w € U + W; let  be the projection
to U along W, n(u + w) = u. Define 7 : V — V by

. 1
T = ﬁzsogﬂ(pg—l.
4
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Claim (1). 7 is a projection onto U along ker7.

Since U is invariant, V = U @ ¢4 (W) for each g € G, and ¢, 7 is the corresponding projection onto U.
So,

A 1 1
Alu+w) = E Z PeMpg-1(u+w) = ﬁ Z PeMpg-1(u) = u.
g g

Claim (2). ker7 is an invariant subspace.

We want to show that if 7#(v) = 0, then for any h € G, 7¢p(v) = 0.

. 1
Ren(v) = 11 D, @em i on(v)
8

= ‘Ph(ﬁ ; soh—lgﬂsog—nh(V))
= pft(v) =0.
Clearly U @ kerst = V, so this completes the proof. O
Maschke’s theorem is an if and only if statement; the converse will be easier to prove once we have seen
the group algebra.
5.2 'THE GROUP ALGEBRA

There is another, sometimes more useful way to think of representations. A representation ¢ : G —
GL(V) endows V with a G-action and an F-action, both of which commute.

A-pg(v) =@g(Av); VgeG,VAeF.

Definition 5.9. If G is a group and FF a field, the group algebra FG is the ring of finite formal sums Y, @g8
where a, € F. The ring operations are

g+ Y Buh= ) (an+ B

geG heG xeG
S e Y= Y (3 o)
geG heG xeG heG

In other words, FG is the F-algebra generated by the elements of G. Further, if V is an FG-module,
then V is an F-vector space and the action of G on V is a representation of G on V. Conversely, given
any representation of G on a vector space V over F, there is a natural extension of this action to V as an
FG-module. Consequently, given a representation of G on V

(*) two representations are equivalent <= the corresponding FG-modules are isomorphic,

(*) U <V is an invariant subspace <= U is an FG-submodule of V,
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(*) the representation is irreducible <= V is a simple FG-module (it has no nontrivial submodules),
and

(*) the representation is completely reducible <= V is a semisimple FG-module (it is the direct sum of
simple submodules).

The equivalent formulation of Maschke’s theorem is then,
Theorem (Maschke). If G is a finite group and charF does not divide G, then FG is semisimple.

It is also easy to see that the FG-module corresponding to the regular representation of G is FG itself.

Remark. Let us take a brief detour into ring theory to make the rest of this section clear. A simple ring R is
one which has no nontrivial (two-sided) ideals. We say aring R is semisimple if it is the direct sum of simple
rings. As we will see, the only simple rings are essentially the matrix rings.

Exercise 47. Let G be a finite group such that charF divides |G|.

I:{Zagg:Zag:O}

geG geG

(a) Show that

is a submodule of FG.
(b) Show that FG is not completely reducible.
We will need the following structure theorem for semisimple rings.

Theorem (Wedderburn-Artin). R is a semisimple ring if and only if there are division rings D1, . .., Dy and
integers ny, . . ., ny so that
R =My (D) ® - & My, (Dg).

We will primarily consider the case when F = C, and R = CG. In this case, each division ring D; is a
finite extension of C, so must be equal to C. In other words,

Theorem. If G is a finite group, there exist integers ny, . . ., ny so that

CG = M,,(C) @ & My, (C).

Let the image of each g € G under this isomorphism be (goé,]) ey goék)).

Corollary 5.10. The map g — gog) is an irreducible representation of G.

We want to show that these are the only irreducible representations of G. If ¢ is an irreducible represen-
tation of G on a d-dimensional vector space, we say d is the degree or dimension of ¢.
The key lemma in our proof is the following.

Theorem 5.11 (Schur’s lemma). An R-module homomorphism between two simple modules U and V is

either identically O or an isomorphism.

Proof. If ¢ : U — V is ahomomorphism, then ker(¢) < U and Im(¢) < V, so this completes the proof. []
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Assume F is a field and G a finite group such that charF does not divide |G|. For two FG-modules U
and V, let Homg (U, V) denote the space of all FG-module homomorphisms U — V. Homg (U, V) is an
F-vector space, so define (U, V) = dimg Homg (U, V).

Corollary 5.12. If U and V are simple FG-modules, then (U,V) =1 ifV = U and (U, V) = 0 otherwise.

Proposition 5.13. LetV be an EG-module with a decompositionV = V| ®- - -@V,. into simple FG-submodules,
and let W be any simple FG-module. If n(W, V) denotes the number of V; isomorphic to W, then

W, W) -n(W,V)=W,V)=(V,W).

Proof. Since
Homg(W. V) = [ | Homg (W. V).
i
we have
W V) =W, Vi) +---+ (W, Vi) = n(W,V)(W, W),

where the last equality follows from Schur’s lemma. 0

Lemma 5.14. For any irreducible FG-module U, the map Homg (FG,U) — U that sends ¢ — ¢(1) is an
isomorphism. In particular, {FG,U) = dimg U.

Proof. Clearly the map ¢ — ¢(1) is a homomorphism. Since any such FG-module homomorphism is
uniquely determined by its value at 1, this map is an isomorphism. O

Theorem 5.15. Each irreducible representation appears in the regular representation with multiplicity equal
to its degree.

Proof. Let U be an irreducible FG-module. Then,
n(U,EG) = (FG,U) = dimp(U).
O

To summarise the results of this section: we know that the group algebra CG corresponds to the regular
representation of G. By Wedderburn-Artin,

CG = M,,(C) @ & M,, (C)

is its decomposition into simple submodules, or irreducible representations. Further, every irreducible
representation, or simple module of G corresponds to some M,,, (C). This tells us that these k matrix rings
in the decomposition of CG correspond to the irreducible representations of G (where each appears with
multiplicity equal to its dimension).

As a corollary, if d; is the dimension of the ith irreducible representation, then

|G| = zk:df.
i=1

We will in fact prove that d; divides |G| in
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5.3 CHARACTERS AND CLASS FUNCTIONS

Now that we know that a finite group has only finitely many representations over C, our next question is
- how many?

Theorem 5.16. k is the number of conjugacy classes of G.

Proof. Given that
CG=M,(C)&--- &M, (C),

we will show that the dimension of the center of both sides is equal to the number of conjugacy classes. For
aring R, its center is defined as one would expect,

Z(R)={a€eR:ar=ra,Vr € R}.

On one hand,
ZM,,(C)®---& M, (C) =Z(M,,(C) & &Z(M,,(C)).

The center of a matrix algebra is the set of scalar matrices, which has dimension 1 over the base field, so
the dimension of the above expression is k. Now let us consider Z(CG). Since C is commutative, Z(CG)
consists exactly of those elements of CG which commute with G.

Z(CG) = {Zagg : hZa'gg = Za/ggh,\/h € G}
g g g
= {Za/gg : Za/gg = Za/gh_lgh,‘v’h € G}
8 g 8
= {Za/gg D@g = Qpgp-1,Yh € H},
g

and it is clear that the dimension of this space is the number of conjugacy classes of G. O
Corollary 5.17. G is abelian if and only if every irreducible representation is 1-dimensional.

Proof. G is abelian if and only if the number of conjugacy classes is equal to |G|. So,

G|
dimz FG = |G| = )" n].

i
i=1
Each n; must be equal to 1, so each irreducible representation is 1-dimensional. O

This relationship between conjugacy classes and irreducible representations is better studied using
characters.

Definition 5.18. The character y of a representation ¢ : G — GL(d, C) is defined as

x(g) = Treg.
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An irreducible character is one that corresponds to an irreducible representations. If two representations
are equivalent, the corresponding characters are equal. Further, the characters are constant on each conjugacy
class

x(x7'gx) = Tr(g1p50x) = Trog = x(g).

We can also show a converse, that if two irreducible characters are equal, then the corresponding representa-
tions are equal. Recall that the distinct irreducible representations of G are given by g — gog) in the notation
of Let y; denote the corresponding irreducible character and ¢; = (0,...,1,...0) € CG
with the (n; X n;) identity matrix in the ith coordinate and O everywhere else. Then, for i # j, x;(e;) = n;
but y;(e;) =0, s0 x; # ;.

Let us study some properties of characters before we obtain some results as corollaries of
An easy observation is that y (1), as the trace of the identity matrix, is equal to the dimension of the

representation. This implies that |G| = %, ¥ (1)2, where the sum runs over the irreducible characters of G.
Lemma 5.19. Let ¢ be a representation of G with character y, and let g € G with |g| = n.

(a) g is similar to a diagonal matrix with entries (e, .. ., €).

(b) €' =1foreachi=1,...,r.

(c) x(8) =X} €, and |x(g)| < x(1).

(d) x(g™") = x(g).

Proof. The restriction of ¢ to a subgroup is also a representation, so we may assume that G = (g). By
Maschke’s theorem, ¢, is similar to a block diagonal matrix corresponding to the decomposition into
irreducible representations. Since (g) is abelian, each irreducible representation is 1-dimensional, so its
matrix is diagonal, proving (a). (b) follows easily from the fact that g” = 1, and (c) and (d) are similarly easy

to show. O
Lemma 5.20. If o = 01 9D. .. ¢, are representations of G, and x1, . . . , Xm are the characters corresponding
t0 1, ..., 9m, then the character of ¢ is

X(8) = x1(8) + -+ xm(8)-
Let p denote the character corresponding to the regular representation ¢.

Lemma 5.21. p(1) = |G| and p(g) =0ifg + 1.

Proof. Consider G = {g1,...,gn} as a basis for the vector space. Each matrix ¢, is a permutation matrix,
and p(g) counts the number of 1’s on the diagonal. However, (¢¢); = 1 if and only if gg; = g;, and the
lemma follows immediately from this. O

Since each irreducible representation appears in the regular representation with multiplicity y (1) for its
corresponding character y,
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Corollary 5.22. If x1, ..., xx are the irreducible characters of G,

k
p(2) = xi(xi(e)-
i=1

Corollary 5.23. If x1, ..., xx are the irreducible characters of G,
k
Gl = xi(1).
i=1

We say a character y is linear if it is an irreducible one-dimensional character, i.e. y (1) = 1.

Corollary 5.24. Every irreducible character of an abelian group is linear. In general, a finite group G has
exactly |G : [G, G]| linear characters.

5.4 INNER PRODUCTS OF CHARACTERS

A C-valued function that is constant on the conjugacy classes of G is called a class function. The set of
all class functions is a vector space over C with dimension the number of conjugacy classes of G. We want
to show

Theorem 5.25. The irreducible characters form a basis for all class functions.

We can define an inner product on the space of class functions on a finite group G by[*9|
1 -
() =z ) u(e)r(s).
Gl &

Restricted to characters, we obtain

1

Xx2) = 0=
|G|

D xi@xa(e™.

geG

Theorem 5.26 (First orthogonality relation). If x; and x; are irreducible characters of G, then {x;, x ;) = 1
if xi = xj,» and 0 otherwise.

Proof. Let
CG =M, (C)®---& M, (C)

and let e; denote the element (0, ...,0,1,0...,0) with the n; X n; identity matrix in the ith position, and the
0 matrix everywhere else. Write e; = )., a,g; we want to compute the coefficients . For h € G,

he; = (0,...,(,0,(:),...0).
If p is the character of the regular representation,

plhei) = 3 agp(hg) = |G,
g

26Check that this is a well-defined Hermitian inner product.
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On the other hand, using the decomposition of the regular representation and the identity for &e;,

k
plher) =" x;(Dx;(hei) = xi(1)xi(h).
j=1

That is,

1 -
ap = ﬁ/\/i(l)/\/z’(h),

SO

1 [
=15 D xi(xige.
g
Using the fact that e;e; = 6;;¢; 7]

el-j

|G|2 ZXz( ))(1(8)8 Z)(](I)X](h)h
- IGP

~ xi(Dy;(1)
- IGP

Z)a(g‘l))(j(h‘l)gh

g.h

D il (g,
8,X
Looking at the coefficient for x = 1,

i=j = EZXL(g)XL(g ) =

itj = EZX[(g Dxi(g) =

O

This gives us a proof of the fact that the irreducible characters form a basis of the space of class functions
— in fact, an orthonormal basis.

Corollary 5.27. A class function y is an irreducible character of G if and only if x(1) > 0 and {x, x) = 1.
Corollary 5.28. Two irreducible representations of G are equivalent if and only if their characters are equal.

Corollary 5.29. Let v be a class function of G, and v = fozl cix; its expression in terms of the irreducible
characters. v is a character of G if and only if each c; is a nonnegative integer.

A natural question to ask is: what if the sum in the inner product is taken over the irreducible characters
of G? Let Irr(G) denote the set of irreducible characters.

Theorem 5.30 (Second orthogonality relation). Let g, h € G. Then,
> x(@)x(h)

xelrr(G)

is equal to O if g is not conjugate to h, and equal to |Cg(g)| otherwise.

Z7For those unfamiliar, 6;; = 1 if i = j and O otherwise.
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Proof. Letgy, ..., gk be representatives of the conjugacy classes of G, CI(g;) the corresponding conjugacy
class, and 1, ..., xx the irreducible characters. Let X be the k X k matrix whose (ij)-entry is x;(g;). The
first orthogonality relation says,

k
Gloiy = > xi(@)X7(2) = D ICHgI - xi(gu)x;(gv)-
geG v=1

Let D be the k X k diagonal matrix with diagonal entries |C/(g;)|. We can represent this system of equations
as the k X k matrix equation
|G| - I = XDX",

where X* = X' . This says |G|~! - X is a left inverse for DX*, so they commute.
|G| =DX*X.

As a system of equations, this yields

Gl = )" 1C1(g)| - xv (g xv (8))-

Since |G|/ICI(g:)| = |Cq (g:)| 2 we get

D0 x(enx(g) =1Cc (8016
x€<lrr(G)

O

Let us look at the character table of a group G to shed some light on these orthogonality relations. This
is a k X k table whose rows are indexed by the irreducible characters of G, and columns by the conjugacy
classes, i.e. we consider the matrix X that we defined as a table. If we consider the standard Hermitian inner
product on CK, (x, y)c = Zle X;yi, then the first orthogonality relation says,

Corollary 5.31. The rows of the character table are orthogonal.
and the second orthogonality relation says,
Corollary 5.32. The columns of the character table are orthogonal.

Let us look at some example of character tables. If w denotes a primitive 3rd root of unity, then the
following is the character table on Z3.

0O 1 2
1/1 1 1
Y|l o ?
vl o w

In general, if Z,, is the cyclic group with generator g, and {, denotes a primitive nth root of unity, then the
character table X is given by

. ij
Xij=xi(g’) = ({n) i=0,...,n—1.

28This is by the orbit-stabilizer lemma!
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Let us try to determine the character table of the smallest nonabelian group, S3. We immediately know
of two characters: the trivial character and the sign character, which sends each permutation to its sign in
{*1}. Since [S3, S3] = A3z(= Z3), and |S3 : A3| = 2, these are the only linear characters of S3. Further, S
has exactly 3 conjugacy classes, so the remaining irreducible character must be 2-dimensional.

|1 (12 (123)

1 |1 1 1
Xsign 1 -1 1
?7 012 ? ?

Since the columns of the character table are orthogonal, we can fill in the remaining values.

1 (12) (123)
1 1 1 1
Xeign |1 -1 1
Xstandard | 2 O -1

The last character corresponds to the standard representation of S3. Let {e], e2, e3} be the standard basis
vectors of C>, and let V c C3 be the 2-dimensional subspace V = {11e| + dres + Aze3 : | + A2 + A3 = 0}.
The action of S3 on V by permuting the standard basis vectors of C> is the standard representation.

5.5 INDUCED REPRESENTATIONS

Given a representation ¢ of a group G, its restriction ¢y to a subgroup H < G is a representation of
H. Conversely, given a representation of a subgroup H of G, how can we extend it to the whole group? We
study induced representations by studying their characters.

Definition 5.33. Given a class function v on H, where H < G, the induced class function on G is

G _L o -1
O DI

xeG
where v°(xgx™!) = v(xgx~!) if xgx~! € H, and 0 otherwise.

Vigydazz. If H <1 G, v is constant on the conjugacy classes of H, but not necessarily on the conjugacy classes
of H in G, which is why we need this “averaging”. That is, for g € G and x € H, it is not necessary that x
and gxg~! are conjugate in H.
Equivalently, let T be a transversal (a set of representatives) for the cosets of H in G. Then,
vO(g) =) v g™
tel
It is not immediately clear that the induction of a character of H is a character of G, and we will need the

following statement to prove it.

Proposition 5.34 (Frobenius reciprocity). Let H < G, v be a class function on H and u a class function on
G. Then,

(v, urdm = v, we.
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Proof. We have
(oo = ﬁ 3 @)
|G| |H|ZZ v’ (xgx~)u(s)
IGI |H|ZZ v? (xgxu(xgx")
"Gl |H|ZZ v (y)u(y)

= 71 2, YD)

yeH

= <V’/1H>'

Corollary 5.35. If H < G and v is a character of H, then v° is a character of G.

Proof. We only need the fact that for any irreducible character y € Irr(G), (v, y) is a nonnegative integer,
which follows from Frobenius reciprocity. O

Corollary 5.36. If H < G and v € Irr(H), then for some y € Irr(G), v is a constituent of xg.

Clifford’s theorem

How do we induce characters from normal subgroups? Let N <1 G and v € Irr(N). G acts on Irr(N)
by conjugation,
v— 8 v8(x) =v(gxg™)).

Each stabilizer is called an inertia subgroup,
Ic(v)={geG:v8=r}.

Theorem 5.37 (Clifford’s theorem). Let N <1 G have finite index, and y € Irr(G). For any v € Irr(N)
such that (yn,v) # 0, there exist positive integers e and t so that

t
XN =¢€ Z Vi,
i=1

where v; runs over the orbit of v, and t = |G : I (V).

Proof. 1t is clear that the distinct conjugates of v, say vy, v, ..., 14, correspond to the index of the inertia

G 0 —1
(n) = |N|Z (s |N|Zug<n>

subgroup. For n € N,
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If ¢ € Irr(N) is different from the v;, then
0=(> v%,¢) = (). 9) =0.
g

Since y is a constituent of ©© by Frobenius reciprocity, it follows that (yx, ¢) = 0. So all the irreducible
constituents of y, are among the v;, and

t
XN = Z(XN,Vi>Vi.
=1

Since x5, = yn forall g € G,
Wnsvi) =xn,v) =e

is the desired integer. 0
Theorem 5.38 (Still Clifford). Let I = Ig(v). Define

IT={yelrr(l): (Yn,v) # 0},

and

G ={x elrr(G): {(xn,v) # 0}.
The map w — W is a bijection of I onto G. Further, if y© = y, then y is the unique irreducible constituent
of xrin I.

As a corollary of this, the irreducible character y from Clifford’s first theorem is in fact induced by an
irreducible character of the inertia subgroup.

Proof. Let ¢ € T as in the statement, and y € Irr(G) be an irreducible constituent of . By Frobenius
reciprocity, ¢ is an irreducible constituent of y;, and since v is a constituent of ¢, (v, yn) # 0. Then,

t
XN =€ Z Vi

i=1

and v is [-invariant, so
Yyn=r-v
for some integer f. ¢ is a constituent of yn, so f < e. So,
et-v(1)=x(1) <yS) =t-w(l) = fr-v(l) <er-v(l).
Since we have equality everywhere, y (1) = ¢© (1), so y = ©. Further,
<¢N,V> =f=€ = <XN,I’1M>.

This shows that the map ¥ — ¢© is injective. Suppose ¥, ¥, € T, 1#? = X, and ¥, is a constituent of y;.

nsv) 2 AW + YN, v) = ()N, v) +((Y2)n, v) > ()N, v),

which contradicts Frobenius reciprocity. So, i is the unique irreducible constituent of y .
Finally, suppose y € Irr(G), and {(yn,v) # 0. Then there is an irreducible constituent ¥ € Irr(I) of
x1 With (yn,v) # 0. Clearly € I and y is an irreducible constituent of y©, i.e. y = y©. O
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6 APPLICATIONS OF REPRESENTATION THEORY

6.1 BURNSIDE’S THEOREM

Theorem 3.26. [Burnside’s theorem] Groups of order p®q® are solvable.

Lemma 6.1. If y is an irreducible character of G, then

x(8)
G Ce(e—5
x(1)
is an algebraic integer.
Proof. Letgy,..., gk represent the conjugacy classes of G, and say g ~ g; if they are conjugate. A basis for

Z(CG) is then given by the elements 5; = 3., _,, g- Since each product s;5; € Z(CG), there are nonnegative

integers a j,, such that
k
5iSj = Z AjmSm-
m=1

Since each irreducible representation appears in the decomposition of CG, we consider the representation ¢
associated to y as amap ¢ : CG — CG. Then, ¢(s;) is equal to some A; € Z(CG).Let A = (ajm)]’.‘m:1 and
A-1=4; A

As an eigenvalue of an integer matrix, A; is an algebraic integer. So, on one hand since ¢(s;) is a diagonal
matrix,

X (si) = Tr(e(si)) = Aix(1)

and on the other,

x(s) = )" x(8) =1G : Ca(g)lx(g)-

8~8i

Lemma 6.2. The dimension of an irreducible representation divides the order of the group.

Proof. 1tis clear that |G|/ x (1) is a rational number. We want to show that it is an algebraic integer, and then
use the fact that the only rational numbers that are algebraic integers are the integers. Since {y, y) = 1,

161 _ |G : Cs(gi)l
Y >—Z (l)x(g))((g = Z+ x(gx (8.

x(g7") is the sum of some roots of unity, so the expression on the right is an algebraic integer. O

Lemma 6.3. If gcd (|G : Cg(g)l, x (1)) = 1, then x(g) =0 or |x(G)| = x(1).
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Proof. Write x(g) = €] +- - - + €4 as a sum of rth roots of unity, where r is the order of g (by|Lemma 5.19).
Let K be a splitting field over Q for the nth roots of unity, where n = |G|. We can write

l=u-y()+v-|G:Cg(g)|; u,veZ.

Then,

X _ e x(g)
O x(g)+v |G-CG(8)|X(1)-

This is an algebraic integer, so

Nmgsg(r@/ix(D) =[] o(x@/mm)ez

Gal(K /Q)

However, as y(g) is a sum of d roots of unity, and y (1) = d, for all o € Gal(K/Q),

|‘T(X(g)/)‘(1))| =l = NmK/Q(X(g)/X(l)) e{-101}.

If the norm is 0, then y(g) = 0, and if it is =1, then |y (g)| = x(1). O

Lemma 6.4. Ifthe conjugacy class of some element g # 1 has size a prime power, then either G is not simple
or G has prime order.

Proof. Recall the notation Cl(g) for its conjugacy class, and that |Cl(g)| = |G : Cg(g)|. If |Cl(g)| =1
for all g € G, then G is abelian and the lemma holds. Suppose G is nonabelian. If |CI(g)| = 1 for some
nonidentity g € G, then Z(G) is nontrivial, so G is not simple.

So we may assume that for all nonidentity g € G, |Cl(g)| = p¢, for e > 0, where the prime p may depend
on g. We want to show that there is an irreducible character y such that gcd(x (1), p) = 1 and |x(g)| = x(1).
Suppose for every such character, y(g) = 0 by the previous lemma. By the second orthogonality relation,
since 1 and g are not conjugate,

0= x(x(e) =1+ > x(x(s).
X

rlx(1)
Rearranging,
~1/p=> x(Wx(®)/p.
plx (1)

The above expression must be an algebraic integer, but —1/p is not, a contradiction.

Choose y suchthat |y (g)| = y(1) and ged(p, x(1)) = 1. If the kernel of the corresponding representation
@ is nontrivial, then G is not simple — so suppose it is faithful. Then G = ¢(G). Since |y (g)| = x(1),and y(g)
is the sum of y (1) roots of unity, there is a basis in which ¢y is a scalar matrix. In this case, Z(G) = Z(¢(G))
is nontrivial. O

Proposition 6.5. There is no simple group of order p®q®.

Proof. If G is simple, then |Z(G)| = 1, and no nonidentity conjugacy class has prime power order by the
previous lemma. Each nonidentity class must have size divisible by pg, so |G| = 1 + kpg by the class
equation, but this is nonsense. O

Burnside’s theorem now follows easily by induction on |G|. By[Proposition 6.5 G has a nontrivial normal
subgroup N, and N and G/N are solvable by induction.
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6.2 TuHE FROBENIUS KERNEL

Now we will prove that the Frobenius kernel of a Frobenius group is a normal subgroup, which is a
fact we used in We will formulate an entirely group-theoretic statement, and magically use
representation theory to prove it. We say a permutation group G < Sgq is a Frobenius group if it is transitive,
not regular, and every nonidentity g € G has at most one fixed point.

Definition 6.6. The Frobenius kernel K of a Frobenius group G is

K= {g € G : ghasno ﬁxedpoints} U {1}

By[Burnside’s lemmal

! ! G- IK| + 1€l
1= — ﬁx(g):—( 1+|§2|):—.
Gl ;; 1l 2 Gl

g¢kK

In other words,
K| = Q.

Of course, having named K a kernel, we would like it to be a normal subgroup of G. Clearly, 1 € K, and if
k € K has no fixed points, neither does k~!. Similarly, if k € K and g € G, then g~'kg also has no fixed
points. Surprisingly, the tricky part of the proof is to show that K is in fact a subgroup: that it is closed under
the group operation.

Lemma 6.7. The following are equivalent.
1. G is a Frobenius group.
2. There is a nontrivial proper subgroup H < G such thatVg € G\ H, g '"Hg N H = {1}.

Proof. The action of G on the cosets of a stabiliser by conjugation is equivalent to the action of G on Q. So
if G is a Frobenius group, set H = G,. Conversely, if H is such a subgroup, G is a Frobenius group acting
by conjugation on the cosets of H. 0

Corollary 6.8. If H is a subgroup as in part 2 of the lemma, then the Frobenius kernel of G is
K=G\ (Ug—‘Hg) u {1}.
g

Theorem 6.9. The Frobenius kernel is a normal subgroup of G.

Proof. We will construct K as the kernel of some homomorphism, by using the alternative characterisation
of a Frobenius group. Let H be a nontrivial subgroup of G as in the lemma.

Step (1). If iy, hy € H are conjugate in G, then they are conjugate in H.

If hy =g 'hygforg e G,theng'HgNH #0,s0¢g € H.
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Step (2). If f is a class function on H, the extension f to G defined by
- f(h), if x is conjugate to h
fx) = .
f(1), otherwise

is a class function on G.

Since conjugacy is an equivalence relation, we only need to check that this is well-defined, i.e if x is
conjugate to both /; and &, in G, then h; is conjugate to h; in H, but this was proved in step 1.

Step (3). f : CG — C is a ring homomorphism that preserves complex conjugation.
This is more of an observation than a statement requiring proof.
Step (4). If f is a class function on H, and t a class function on G, then

(f.0dG = fotmdm + F(D) (g t)G — (Lu. thYu)-

This formula is linear in f, and every class function on H can be expressed as a linear combination of
1 and some class function f such that f(1) = 0. So it suffices to check it for these two types of functions.
If f=1p,then f = 15, so

(6.6 = 17 Z "®) =15 Z]gZHg = T ;t(x) =, ),

where g1, ..., g, form a system of coset representatives for G/H.
Now suppose f(1) =

(/. r>G—|G|Zf<g)z<g>—|G|Z D, Tk |H|Zf<x>r<x> (frtudn.

geG i=1 xeg-'Hg; xeH
Step (5). The map f — f is an isometry, i.e.
(fis o) = (fis P)a-
We use Frobenius reciprocity:
(i )6 = (Fife 1606 = {fife. lde = (fr P

Step (6). If f is a character of H and ¢ is a character of G, then (f, 1) is an integer.

Now, tg is a character of H, so from step 4,

(f.0 = {fotmdm + F(D) (.06 — (lu.tu)u) €Z

Step (7). If y is an irreducible character of H, then y is an irreducible character of G.
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X is an irreducible character of G if and only if (1) > O and (¥, ¥)G = 1. Suppose y # 1y, so ¥ # lg,
then by step 5

06 =0exm = 1.

Step (8). The Frobenius kernel is the kernel of the regular representation of H extended to G.

Let p be the character of the regular representation of H; we claim that the kernel of the representation
associated to g is the Frobenius kernel. This follows because g(x) = p(1) if x is not conjugate to any element
of H,i.e.x € K and g(x) = 0 otherwise. O

6.3 INDUCED CHARACTERS

Let us look at extending irreducible characters from a normal subgroup to the entire group.

Theorem 6.10. If G /N is cyclic and v € Irr(N) is G-invariant, i.e. v8 = v forall g € G, then Iy € Irr(G)
such that yny = v.

Proof. Let |G : N| = k, a € G be a generator of G/N, and a* = b € N. Suppose v corresponds to a
representation ¢ of N on V. We want to define ¢, € GL(V) so that

(i) @ 19xPa = Py-1,4 forallx € N, and

(ii) (soa)k = @b.
]

Since condition (i) corresponds to finding a good conjugate representation, we can find some matrix A
satisying it. Then, A%, AX = ¢, 10 0p, or 0 (AX@,-1) = (AR@p-1)@px. A¥@,-1 commutes with every
matrix ¢,, and these generate the full matrix algebra by Wedderburn-Artin, so (A¥¢p,-1) is a scalar matrix
A - 1. Setting ¢, = 1'/% . A yields the desired irreducible representation of G.

M-groups

Definition 6.11. y € Irr(G) is monomial if there is some H < G and A € Irr(H) so that y = A¢ and
A(1) =1.

We say an irreducible representation is monomial if the corresponding character is. An M-group is one
for which every irreducible representation is monomial.

Theorem 6.12. Every nilpotent group is an M-group.

Proof. Let G be a nilpotent group and y € Irr(G). Let H be a minimal subgroup of G so that for some
W € Irr(H), y = ¢©. Then ¢ is a faithful primitive character of H = H/ker(y). (A primitive character is
one that cannot be induced from a proper subgroup.) Since H is nilpotent, it has a normal self-centralizing
subgroup A. By Clifford’s theorem, /4 = e ZE: | Vi» where the v; are some irreducible characters of A. And
Y= vH induced from the inertia subgroup. But  is primitive and faithful on H,so ¢ = 1, and Y4 = ev for
some v € Irr(A): v is linear. Thus A < Z(y(H)) < Z(H), and C(A) = H, so H itself must be abelian.
So i is a linear character and this completes the proof. 0
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6.4 THE ORDER OF A FINITE SIMPLE GROUP

In this section we will take a baby step towards the classification of finite simple groups. We say an
involution in a group is an element of order 2. Our main goal will be to show that the order of a finite simple
group can be bounded by the structure of its involutions. We will achieve this using characters. Let us begin
by defining the symmetric and alternating parts of a character y. Suppose y corresponds to a representation
of G on V. We can associate a representation on the space V ® V, which is defined as follows. Let vy, ..., vg4
be a basis of V. A corresponding basis of V ® V is given by the elementary tensors

vi®vi: i,j=1,...,d.
A “typical” element of V ® V has the form

Z al-bj(vl- ® Vj).

L,Jj
The representation of G is extended as
Pe(Vi®V)) =gV ® @gv;.

This is then extended linearly as a representation of G on V ® V, so the corresponding action of CG on V@V

(Z agg)v = Z agpg(v).
g g

as a CG-module is given by

Vigyazz. Of course, given representations of G on V and W, we can consider the CG-module V ® W defined
analogously. It is not obvious, but it is easy to show, that V ® W is unique (up to isomorphism) independent
of the choice of bases for V and W. In the theory of rings and modules, it is not typically true that if V and
W are R-modules, then V ® W is an R-module with (v ® w) = rv ® rw. For this reason, it is not necessary
that for any @ € CG, a(v; ® v;) = av; ® av;.

In the more general setting of V ® W, we have that

Theorem 6.13. If V and W are CG-modules with corresponding characters x and , then V ® W has
character y, independent of the choice of basis.

Proof. This follows from the fact that for any two matrices A € GL(V) and B € GL(W), Tr(A ® B) =
Tr(A)Tr(B), but this can also be proven directly. O

Now, we can decompose the space W = V ® V into symmetric and alternating parts as follows. Define a
linear map * : W — W on the basis
(vi® Vj)* =Vv;®v;.

29The matrix Kronecker product of A € GL(m,C) and B € GL(n,C), A ® B, is obtained by taking the (mn) x (mn) block

matrix
anB ... a,B

amB ... ammB
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Define
Ws={weW:w'=w}, Wa={weW:w"=-w}

It is clear that these are subspaces of W, WgNW4 = 0, and since forallw € W, w+w* € Wsand w—-w™* € W,
the decomposition

*

w4+ w* Lyow
w =
2 2
tells us that W = Wg @ W 4. Their respective bases are given by

W5=<(vi®vj)+(vj®vi):i§j>, WA:<(vi®vj)—(vj®vi):i<j>.

Finally, we want to see that Wg and W, are CG-modules. We claim that (¢ow)* = @4 (w™). It suffices to
check this on the basis of elementary tensors:

(QgVi ® Pgv;)* = Qgv; ® Qgv; = SDg((Vi ® Vj)*)-

As a result, any character y induces a character y*> on W, which decomposes into symmetric and alternating
parts

X% = Xs + XA

We are interested in the class function
x?(g) = x(g%).

Proposition 6.14.
X @) = XS — XA
Proof. Let us compute y 4. Suppose
PgVi = Z aikVik-
k

Then,

Pe(Vi®Vi—Vv;®V;) = Z (aikaji — ajrai)vi ® v = Z (aikaji — ajrai) (v ® vi — v ® vy).
Kl i<l
So,
xa(g) = Z aiiajj — ajidij.

i<j

This tells us that

2xa(g) = Z ajiajj— Z ajiaij = (Z aii) ( Z a_,'j) - Z agjaji = Tr(gy) — Tr(pg)” = x(8)* — x(g%).

i#j i#j i J 0]
Using the fact that y? = ys + x4, We obtain the desired identity. [

For the rest of this section, y denotes an irreducible character unless stated otherwise.
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Definition 6.15. The Frobenius-Schur indicator of an irreducible character y is
1 2
v(G) = 15 P X(E).
g

We say y is real-valued if x(g) € R for all g € G, and complex-valued otherwise.
Proposition 6.16. If y is real-valued, v(y) = +1, and v(x) = 0 otherwise.

Proof. Let 15 denote the trivial character. From the previous proposition,

v(x) = é D x (@) = (xs = xa 16) = (% 1) = 20xas 16) = (66 00) = 2{xas 16)-
8

If y is not real-valued, then ()2, 1) = 0. Since y 4 is a constituent of y2, and the inner product of characters
is always a nonnegative integer, (xa, 1g) = 0 and v(y) = 0. If y is real-valued, then (}2, 1) = (x, ¥) = 1.
Then (ya,1g) =0or1,s0v(y) = £1. O

Define
)
¥(9) =|tre G =g}
It is easy to check that y is a class function on G, so we must be able to write it as a linear combination of
irreducible characters.

Lemma 6.17.
Y@= > vixe).

xelrr(G)

Proof. We need to show that writing y as a sum of irreducible characters, each coefficient (y, y) is equal to
v(x)-

G == 3 Y @x@ = == 3 S ¥ = = 3 k() = v(x).
Gl 24 Gl 24 & Gl

xeG
O
Let ¢ denote the number of involutions of G (we do not count the identity). Clearly y(1) = 1 +¢.
Corollary 6.18.
t< > x(D.
x#lgelrr(G)
2

Lemma 6.19. There is a non-identity conjugacy class with at most ((|G| -1)/ t) elements.
Proof. Let m be the number of non-identity conjugacy classes, and let dy, ..., d,, be the degrees of the

nontrivial irreducible characters of G. By the previous lemma,

2/m? < (id,-)z/m2 < > d¥m= Gl1-1
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Multiplying both sides of the inequality by |G| — 1 and rearranging,

|G| -1 (|G|—1)2
< .

m t

The left-hand side is the expected size of a non-identity conjugacy class, so there is a class with at most as
many elements. O

Finally,
Theorem 6.20 (Brauer-Fowler). If G is a finite simple group with an involution i, then
Gl < (ICc()P)!

Proof. Every element of Cg (i) is an involution so |Cg(i)| < t. Since G is simple, the action of G on the
2

conjugacy class of size < ((|G| -1)/ t) is faithful and G embeds in the corresponding symmetric group.

|G| - 1)2|

61 < (
t

6.5 REPRESENTATIONS OF §,,

Before we determine all irreducible representations of S,;, let us look at a “natural” example. S, acts
by permutation on the k-element sets of [n]; this corresponds to a representation ¢ of S, over an (Z)—
dimensional space. Let 7; be the corresponding character, and set yx = mx — mx—1, for 1 < k < n/2. We
would like to show that yy is an irreducible character.

jom) = o 3 i (@)m(s):
8ESn
Since ¢x(g) is a permutation matrix, there is a 1 on the diagonal exactly when the corresponding k-set is
fixed by G. In particular, 7 7 is the character of the action of S, on the pairs of sets (X, Y) : |X| = j,|Y| =k,
and this counts the number of fixed points. So (r;, 7x) counts the average number of fixed points, but this is
the number of orbits of the action, which is 1 + min(j, k) 9]

s Xi) = (g, mg) = 2, 1) + (=1, mp—1) = 1.

w=)-(.") o

To determine all irreducible representations of S,,, we turn to combinatorics. A partition of the integer
n into k parts is a k-tuple A = (Ay,...,A;) such thateach Ay > --- > Ax > 0,and A; + - - - + A; = n. What
does this have to do with representations of S, ? Two elements of S, are conjugate if and only if they have the

And

SO xx is an irreducible character.

30The size of the intersection X NY is invariant in each orbit.
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same cycle type — they can be (uniquely) written as a product of k disjoint cycles with sizes 41 > ... g > 1,
A1 + -+ + A = n. This immediately establishes that the number of partitions of n is equal to number of
conjugacy classes of S;,, or the number of irreducible representations.

To make this correspondence explicit, we will consider the Young diagram of a partition A. This is a table

of boxes, where the ith row has A; boxes.

Figure 1: The Young diagram corresponding to the partition (4,4,2,1) of 11.

Given a Young diagram, we define the corresponding Young tableau by filling in the boxes with the
integers 1, ..., n in some order. We say two tableaux are (row-)equivalent if their underlying Young diagrams
are the same, and one can be obtained by permuting the elements within a row or column of the other.

11594 4 911
3111|1610 3 10]11
28 812

7 7

Figure 2: Two (row-)equivalent Young tableaux.

A tabloid is an equivalence class of tableaux. For a fixed Young diagram A, let M+ be the vector space
whose basis is the set of A-tabloids. The action of S,, on the tabloids yields a representation of S,, over M*,

Example 6.21. The trivial partition A = (n) yields the trivial representation of S,,, as any two tableaux are

(13-

Example 6.22. The partition 2 = (1, 1, ..., 1) yields the regular representation CS,,, as no two tableaux are

Example 6.23. Let 1 = (n — 1,1). Let #; be the tabloid with i in the second row, for 1 < i # n. Each
permutation g € S, sends #; to t4(;), S0 M 4 is the permutation representation CS,,.

row-equivalent.

row-equivalent.
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]

Unfortunately, M* does not always give us an irreducible representation. We will look at the Specht
module S*, generated by the set of polytabloids. Given a Young tableau T, let R(T) denote the subgroup of
permutations of S, that only permute the elements within each row, and C(T’) the subgroup of permutations
that only permute the elements within each column. That is, the tabloid corresponding to T is the equivalence
class [T] = {r-T : r € R(T)}. The polytabloid corresponding to T is

er= > o(g)-glTl

geC(T)

where o : S, — {+1} is the sign homomorphism. The submodule S* < M+ generated by the polytabloids
of A is called the Specht module. An easy lemma to check is that

Lemma 6.24.

g €T =€g.T.

Let us look at the Specht module of the earlier examples. Clearly, 2 = (n) still yields the trivial
representation.

Example 6.25. 1 = (1,1,...,1). For any tableaux T and U, clearly C(T') = C(U), but ey = ey if and only if
U can be obtained from T by an even permutation. Since g(er) = e(,1) = o (g)er, S* is the one-dimensional

Example 6.26. A = (n— 1, 1). Again, if T is a tableau with 7 in the second row, its polytabloid is of the form
{t;} — {t;}, for some j # i. So,

sign representation of S,.

St={ci{ti}+ - +cafltat ic1+- +cy =0}

This is the called the standard representation of S,, and it is (n — 1)-dimensional.

]

Let us formalise all this. Given a Young diagram A with a corresponding tableau 7', define

r(T) = Z a, o(T)= Z o(b) - b,

acR(T) beC(T)
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and
W(T) = r(T)e(T) = > o(bab.
a€R(T),beC(T)

We will show that the left ideal generated by 4(T) in CS,, is a simple CS,,-module. Another easy lemma:

Lemma 6.27.
h(gT) =g 'h(T)g.

Given two Young diagrams «@ = (ay,...,ar) and 8 = (B1,...,B1), we say a > B if (ay,...,ar) is
lexicographically bigger than (B, . .., B}

Lemma 6.28. Let a and B be Young diagrams with tableaux T and U respectively. Then, either (a) there
exists a transpositiont € R(T) N C(U), or (b) a« = B and U = ab(T) for some a € R(T) and b € C(T).

Proof. Part (a) says that there are two elements i, j that are in the same row in 7" and the same column as U.
Leta = (ay,...,ax),and B = (B1,...,B8;). If a; > B, then there are two elements in the first row of T that
are in the same column of U. Proceeding in this manner, if at some point @; > (;, (a) holds. Otherwise, @ = 5.
If (a) still does not hold, then every pair of elements in the same column of U are in different rows of 7. So
there is some d € C(U) and a € R(T) such that dU = aT, or U = d'a(T). Since C(U) = d~'aC(T)a"'d,
for some b € C(T),

d=d 'aba™d,
ab™! = d_la,
U=ab"'T.

Corollary 6.29. Suppose a # 8 and T and U are corresponding Young tableaux. Then,
(a) h(U)h(T) =0, and

(b) foralla € R(T),b € C(T),
a-h(T)-o(b)b = h(T).

(c) If x € CS,, satisfies that for all a € R(T),b € C(T),
a-x-o(b)b=x,
then x € Ch(T).

Proof. (a) From our proof of the previous lemma, we see that if @ # 8, assuming without loss of generality
that @ > B, there is a transposition r € R(T) N C(U).

h(U)K(T) = r(U)e(U)r(T)e(T) = r(U)e(U)r(T)e(T) = —r(U)e(U)r(T)e(T) = 0.

31For the least i where a; # Bi, @; > Bi.
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Here we use the observation that if t € C(U), then ¢(U)t = o (t)c(U).
(b) follows by a similar observation. If @ € R(T), thena - r(T) = r(T), so

a-h(T)-ob)b=a-r(T)c(T)-o(b)b=r(T)c(T) = h(T).

(c) Write x = 2, ¢g - g. We want to show that when g = ab for some a € R(T),b € C(T), then cg = cx
is some constant, and cg = 0 otherwise. Fora € R(T),b € C(T),

a-x-o(b)b= Z o(b)cgagh =x
g

In other words, ¢4, = 07(b)cg. Or, cop = 0(b)c1, Where ¢1 = ¢ will be our desired constant. If g is not of
the form ab, let U = gT. By [Lemma 6.28] there is a transpositon t € R(T) N C(U) = R(T) N gC(T)g™". Let
a=t,and b =g 'tg,s0 o (b) = o (t) = -1, and
o(t)cg = Cagp = Crgg-ltg = Cg>
socg =0. ]
Corollary 6.30. 1(T)? = ur h(T) for some ur € Z.
Proof. It is easy to check that 4(T)? satisfies condition (c) of the previous lemma. It is not so easy to check
that ur is an integer, and we will not need it for our purposes, so we will simply state this useful fact. 0
We are finally ready to prove that the left ideals 4(7T) generated by the Young diagrams are pairwise

nonisomorphic simple modules of CS,,.
Theorem 6.31. Let A be a Young diagram, and T a corresponding Young tableau.

(1) The left ideal L(T) = CS,,h(T) is a simple CS,,-module.

(2) If u is a Young diagram different from A and U a corresponding Young tableau, then L(T) and L(U)

are nonisomorphic.
Proof. (1) Suppose L < L(T) is a CS,-submodule, i.e. a left ideal of CS,,. For any x € CS,,, h(T)xh(T)
satisfies part (c) of [Corollary 6.29} so h(T)L(T) < Ch(T). Then,
WT)L < h(T)L(T) < Ch(T).
Ch(T) is a one-dimensional vector space over C, so either 2/(T)L = 0 or h(T)L = Ch(T). In the first case,
L?> < L(T)L =CS, - h(T)L =0.
However, it is easy to check that this implies L = 0. In the second case,
L(T) = (CS,)Ch(T) =CS,h(T)L < L.

so L =L(T).

(2) If L(T) and L(U) are isomorphic as CS,-modules, then their annihilators are equal. However, for
x=2,Cg 8 €CS,,

WU)xh(T) = )" g (R(U)gh(T)) = ) cqg(h(g™ U)A(T)) =0.

g g

By (a) of|[Lemma 6.28, 7(g~'U)h(T) = O for all g € S,,. This shows that #(U) - L(T) = 0, but A(U) - L(U) =

Ch(U) is nonzero, so the modules are not isomorphic. [
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6.6 SU(2) anp SO(3)

To warm up for the next section, we will study the (infinite) groups SU(2) and SO(3), and their
representations.

Definition 6.32. The 3-dimensional special orthogonal group SO(3) is the 3-dimensional rotation group,
given by
SO(3) = {X € GL(3,R) : XXT = 1,det(X) = 1}.

Each matrix of SO(3) is a rotation of R about a line through the origin. In particular, each matrix of
SO(3) is uniquely identified by the pair of antipodal points { P, —P} where its axis intersects the unit sphere,
and the angle of rotation it induces in each plane orthogonal to the axis.

We may define the 3-dimensional orthogonal group,

0(3) = {x € GL(3,R) : XXT = 1}.

In particular, for X € O(3), det(X) = %1, so SO(3) is a normal subgroup of index 2 in O(3). As a subset
of R¥3, 0(3) inherits the subspace topology, making it a compact set. It has two connected components —
SO (3) and —SO(3). Before we get into representation theory, let us classify the finite subgroups of SO (3).

Finite subgroups of SO (3)

Let G < SO(3) be a nontrivial finite subgroup, so it contains rotations with only finitely many axes. Let
Py, ..., P, be the points where they intersect the sphere. G induces an action on the points of the sphere,
and each stabilizer G p, is a finite cyclic group of some order n;. Assume without loss of generality that G
induces k orbits on O, and that Py, ..., Py are the representatives of these k orbits. Of course, each point in
the orbit of P; has the same order of stabilizer, and the number of points in the orbit is |G|/n;. Further, every
nonidentity element of G fixes exactly 2 points, and },c¢ [fix(g)| = Z{.‘Zl n;. Removing the identity of G
from both sides of the equation,

k

2(1G1-1) = ) (i = 1)

—_

~

Recall that |G| > 1 and n; > 1 foreachi = 1,..., k. The left-hand side then takes values in the interval
[1,2), while each term on the right is at least 1/2, so k € {2,3}.If k = 2, then n; = ny = |G|, so G is a cyclic
group generated by a rotation of order n. This is the rotational symmetry group of a regular n-gon. If k = 3,
suppose n; < np < n3. For the right-hand side to lie in [ 1, 2), we must have ny = 2, and n, € {2,3}. If np = 2,
then n3 = |G|/2. In other words, G has an element of order 2 that maps a point P to —P (corresponding to
n3), while n| and ny correspond to antipodal points P; and —P; so that G has a rotation of order |G|/2 about
the corresponding axis. This is all a complicated way to say that G is a dihedral group D,,.
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We will not go into too much detail for the remaining three cases. If (ny, ny, n3) = (2, 3, 3), then |G| = 12,
and the three orbits have sizes 4, 4, and 6. One of the orbits of size 4 can be chosen as the vertices of a
regular tetrahedron, so that G = Ay, its orientation-preserving symmetry group. If (ny, n2,n3) = (2,3,4),
then |G| = 24, and the three orbits have sizes 6, 8, and 12. The orbit of size 8 can be chosen as the vertices
of a cube, so that G = Sy, its orientation-preserving symmetry group. Finally, if (n1, ny, n3) = (2,3,5), then
|G| = 60, and the three orbits have sizes 12, 20, and 30. The orbit of size 20 can be chosen as the vertices of
a regular dodecahedron, so that G = As, its orientation-preserving symmetry group.

SU(2) and its representations

It is now time to define SU(2), the special unitary group. This is a complex matrix group:
SUQ):{4eGLQ&3:AA*:1}

where A* denotes the adjoint of A. It is easy to check that A € SU(2) if and only if it is of the form

a —p
B @

A=

]:WP+WF:L

First, we will define a homomorphism of SU(2) onto SO (3) by defining an action of SU(2) on a 3-dimensional

|

V:&eGMLQ:W:XJmmzq.

real vector space. Define
X y+iz

) :x,y,zeR}.
y—iz —Xx

Alternatively, V is characterised by

Let SU(2) acton V by
A:X > A*XA; AeSUQ2),XeV.

Clearly, Tr(A*XA) = 0,and (A*XA)* = A*XA, so this is a well-defined action. Consider the image of SU(2)
in GL(3,R) under this homomorphism. Since the action preserves the determinant of matrices in V, i.e. the
length of vectors in R?, this image is contained in O(3). The image is connected and contains the identity
matrix, hence is SO(3).

Now, any representation of SU(2) induces a representation of SO(3) under this homomorphism, so
we will study the irreducible representations of SU(2). Let n € N, and let V,, be the C-vector space of

homogenous polynomials of degree n, with basis X", X"~'Y, ..., XY"~! ¥". Define an action of SU(2) on
V. by
X "
Af v =flA v AeSU2),feV,.

It is not difficult, but tedious, to check that this is a well-defined representation of SU(2). It remains to show
that this is irreducible. Suppose U < V,, is an invariant subspace for SU(2); in particular, it is an invariant
subspace for the diagonal matrices of SU(2). Any diagonal matrix with entries (¢’?, e7?) is mapped to the
diagonal matrix (e"”"’, R e"i(’). These matrices have an orthonormal basis of eigenvectors in V,;, so U is
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a direct sum of these eigenvectors. However, any matrix in SU(2) which is mapped to a matrix with only
nonzero entries will not leave U invariant. Given the action of SU(2) on V,,, it is not hard to believe that such
a matrix exists.

7 INFINITE GROUPS

7.1 BURNSIDE GROUPS

The Burnside problem was originally posed by William Burnside in 1902: is a finitely generated group in
which every element has finite order necessarily a finite group? It is easy to conceive of an infinite group in
which every element has finite order — for example, the quasicyclic group C3, but this is not finitely generated.
It is not so easy to conceive of a finitely generated such infinite group, so we will see a construction of one[?]

An infinite 2-generated p-group

The idea is to define the p-measure of a group, show that every group of nonnegative p-measure has
a proper subgroup of nonnegative p-measure, and then construct a group of positive p-measure. Since we
inductively obtain an infinite chain of subgroups with nonnegative p-measure, this group is infinite.

Fix a group G and a prime p. Define the p-height of an element g € G by

htp(g) = sup{p" : xP" = g for some x € G}.

Definition 7.1. Let G = (x¢,...,x, | w; : i € I) be a presentation of G. Define the p-measure of the
presentation

( | wi) 1
mp(Xo, ..., X | Wi =n—2—.
iel htp(wi)
For example,
Dy = (x0,x1 | xJ,x7, (x0x1)%).

and
my{xg,x1)=1-1/4-1/2-1/2=-1/4.

Lemma 7.2. If the p-measure of a presentation of G is nonnegative, then G contains a normal subgroup of
index p.

Proof. Let G = (xg,...,x, | w; : i € I) be a presentation of G with nonnegative p-measure. Let F =
(x0,...,Xn) be a free group, and N = (w; : i € I) a normal subgroup, so that G = F/N. We want to find
a proper subgroup H of F, N < H < F, so that |F : H| = p. Choose M < F so that F/M is a maximal
elementary abelian p-group, so |F/M| = p™*!. For each w; € N, if w; ¢ M, then w; has no pth root in F,
i.e. ht,,(w;) = 1. Since the p-measure of the presentation is nonnegative, this holds for at most n w;’s.

— |MN:M|<p" = MN #F.

32The answer to the Burnside problem is no.
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Let H be a maximal subgroup of F containing M N. Since F'/M is abelian, H < F, and since H is maximal,
|F : H| = p. That is,
|F/N : H/N| =|F: H|=p.
O

Next step: to find a suitable presentation for H/N that has nonnegative p-measure. In general, if A is a
group and g € A, let g denote the conjugates of g in A.

Lemma 7.3. For each w; € N,
(a) if Cr(w;) £ H, then le = wl.F, and

(b) if Cr(w;) < H, there is some a € F such that

p-1 p-1
F=| |a’H, and wf = U(a_-’wia-’)H.
Jj=0 Jj=0
H <
<

can be expressed as f = ¢ - hfor c € Cr(w;) and h € H. Thus,

f_lwif = h_l(c_lw,-c)h =h'w;h e WIH,

Proof. The inclusion w wf is clear. In case (a), Cr(w;)H = F by the maximality of H, so every f € F

sowH = wF.

In case (b), choose a so that F = U;:OI a/H.For0 <1,k < p-1,ifa~'w;a! and o Fw;a* are conjugate
in F, then ¥ € Cr(w;) < H, so k = . In other words, every element of F can be uniquely written as o/ &
forO < j < p—1,and h € H, so the result follows. O

Lemma 7.4. ht,(w;; H) = ht,(w;; F) or ht,(w;; F)/p.

Proof. The inequality ht,(w;; H) < ht,(w;; F) is clear. Suppose w; has a pkth root u in F; then u? € H,
so ht,(w;; H) > ht,(w;; F)/p. In particular, every root of w; commutes with w;, so if Cr(w;) < H, then
hlp(Wi;H)Zhlp(Wi;F). ]
Corollary 7.5. H/N has nonnegative p-measure.

Proof. By Nielsen-Schreier, H/N hasrank (n+1—1)|F : H|+ 1 = np + 1. We can define a presentation of
H/N with the relations

{wi : Cp(w;) £ H} U{a_-iwia-i CCr(w) <H,0<j<p-1}.

The p-measure of this presentation is given by

1
AW

1 1
crimyen MW E) o 8y M (Wi F)
1 1
=T p( DI v R —)
Cr(w;)<H htp(wi’F) Cr(w;)£H htp(wi’F)

=p-mp(F/N).
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O

As argued earlier, by constructing an infinite chain of nonempty proper subgroups with nonnegative
p-measure, we it follows that

Theorem 7.6 (Schlage-Puchta). Any group with nonnegative p-measure is infinite.

It only remains to actually construct such a group. Let F be the free group on 2 generators; F = (xg,x1) =
{w; i € N}. Define

G = (x0,x1 | wf ,i €N),
Clearly, G is a 2-generated p-group, and the p-measure of the presentation is

1 1 p-2
1- >1- ) —= > 0.
;htp(wl-) Zp’ p-1

i>1

The bounded Burnside problem

Of course, this construction feels a little like cheating; this group has elements of arbitrarily large order.
Define the exponent of a group G to be the least positive number n such that g" = 1 for all g € G (this may
be infinite). Now we pose the bounded Burnside problem: is a finitely generated group with finite exponent
necessarily a finite group?

We may reduce this to a simpler problem. If F, denotes the free group of rank r, then any r-generated
group with exponent #n is isomorphic to a subgroup of F,./F*. Define the Burnside group B(r,n) = F,/F],
so it suffices to ask whether B(r, n) is finite. We can immediately make the following observations.

e B(r,1)={1}.
* B(1,n) = Z,, the cyclic group of order n.

* B(r,2) = ®_,Z,. Since every element has order 2, every commutator xyx~ Iyl = (xy)? = 1, so
B(r,2) is abelian and we apply the fundamental theorem of finitely generated abelian groups.

In general, B(r,3), B(r,4), and B(r,6) are known to be finite, while B(2,5) remains unknown. The best
known result for infinite Burnside groups is that B(r, n) is infinite for all » > 1 and n > 8000. The finiteness
of B(r,3) and B(r,4) can be proven by elementary but convoluted calculations, so let us see what they are.

Theorem 7.7. B(r,3) is finite.

Proof. We proceed by induction, as B(1,3) = Z3. Let H = B(r — 1,3), G = B(r,3), and choose a € G so
that G = (H, a). By induction, H is finite, and every g € G can be written as some product

hoa® hia®...a""h,, : ¢ € {x1},h; € H.

Further,
(ah))=1 = aha=h"'a'n".
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Whenever €; = €41, we may use this identity to reduce the number of a’s in our expression. Further, writing

a~! = a?, we may reduce this further to obtain an expression of the form

hoahla_lh2.

It is clear that there are only finitely many such expressions, so G is finite. We remark that |B(r,3)| =
37+ (2)+(5). =

The proof that B(r, 4) is finite involves a similar manipulation of identities, only we do so in a lemma.
Lemma 7.8. If G has exponent 4, and G = (H, a) where H is finite and a*> € H, then G is finite.
Note that this implies
Theorem 7.9. B(r,4) is finite.
as we inductively apply the lemma to (x;) < <x1,x§) < {x1,x0) . ...
Proof. Again, since a®> € H, every element of G can be written as
hoahia...ahy, : h; € H.

And,
(ah)*=1 = aha = h'a(a*h 'a®)ah™

so we may replace each term ah;a by this identity. In particular, we would like hl.‘_l1 = h; so we may reduce
the length of the expression. Consider the expressions obtained by repeated substitution of the identity:

hoahiahyahsa . . .
hoahihy'a(hy)ahy ' hy . . .
hoahyhy b3t ..

If none of these reduce to the identity and m > |H|, then two of the beginning strings must be equal. As a
result, hl.‘_l1 = h; for some i. We can reduce this to an expression with < |H| terms, so G is finite. ]

7.2 DIVISIBLE GROUPS

Definition 7.10. G is a divisible group if for every g € G and n € N, there exists u € G such that u" = g.

For example, Q under addition is a divisible group. Using a construction involving direct limits and
wreath products, we will show that

Theorem 7.11. Every group can be embedded in a divisible group.
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Direct limits

What is a direct limit? First, we say (I, <) is a directed set if < is a partial order on I, and for any i, j € [
there is some k € I such thati < k and j < k. That is, any two elements of / have a common upper bound.
A directed system of groups is a collection of groups (A; : i € I) indexed by a directed set I with group
homomorphisms (f;; : i < j € I) such that

(i) fi; is the identity, and
(i) fik = fixo fijforalli < j <k.

Define an equivalence relation ~ on the disjoint union A = | |;c; A; by x; ~ x; forx; € A; and x; € A; if for
some k > i, j, fix(x;) = fjr(x;). Intuitively, two elements are equivalent if they are “equal” at some point.
Define the direct limit li_r)nAi as A/~. This induces maps ¢; : A; — li_r)nA,- by sending each element to its
equivalence class, and the group operation is defined on h_n)l A; so that the maps ¢; are homomorphisms.

For example, given equivalence classes [x;], [x;] € li_r)nAi forx; € A; and x; € Aj, choose k > i, j and
define [x;][x;] = [ fix (x;) fjx (x;)]; any two elements will eventually lie in the same group Ay . The simplest
example of a direct limit of groups is when the A; are an increasing chain of groups, i.e. [ is totally ordered,
A; C Aj fori < j, and the direct limit is just the union (J;c; A;. A less simple example is the quasicyclic
group Cy. Fori < j € N, define the homomorphism f;; : Z,,; — Z,,; as multiplication by p/~'. This yields
a directed system {0} — Z), — Z,» — ... whose direct limit is C};’. A more intuitive approach is to think
of these as the inclusion maps of the p‘th roots of unity in the p/th roots of unity.

Proof of[Theorem 7.11} For any group H, consider the wreath product H ¢ Cp, = [112, H % C,,. H embeds in
this as the diagonal subgroup ], H = {1}. Let ¢ be a generator of Cp,, and (h, h, ..., h; 1) € [T, H = {1}.
Then, (A, 1,...,1;8)" = (h, h,..., b 1).

Now, let a,, be the product of the first m primes. Define Go = H, and recursively G, = G,—1 1 Cq,,, .
G -1 has a canonical embedding in G, so these form a directed system of groups whose direct limit is a
divisible group. O

Divisible abelian groups

We do not have to work so hard to embed every abelian group in a divisible group. A free abelian
group with basis a set [ is defined as 5, Z. Equivalently, this is the quotient F(I)/F(I)’ where F(I)’ is the
commutator subgroup of the free group with base 1.

Theorem 7.12. Every abelian group can be embedded in a divisible group.

Proof. We need two observations: (1) quotients and direct sums of divisible groups are divisible, and (2)
every abelian group is the quotient of a free abelian group. Given an abelian group G, we have a set of
relations R such that

G = eBIZ/R < ®IQ/R

and the right-hand side is a divisible group. O

While Q is a torsion-free divisible abelian group, the groups C}7’ are torsion divisible abelian groups,
and these are essentially the only examples.
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Theorem 7.13. Every divisible abelian group is a direct sum of some quasicyclic groups and Q, i.e. if D is

D = @C";@Q.

Ip)p 1

The proof of the theorem is easy once we are able to reduce to the case when D contains no nontrivial

a divisible abelian group, then

direct summands.

Lemma 7.14. If D is a divisible subgroup of an abelian group G, then there exists E < G such that
G=D@oE.

Proof. We write G additively. First, apply Zorn’s lemma to the poset
{ESG:EHD:{O}}

and obtain a maximal subgroup E < G which is “disjoint” from D. We claim that D @ E = G. If not, choose
anonzero element a + (D @ E) € G/(D @ E). By the maximality of E, there exists a least positive integer n
such that

n-a+e=d; ec€kE,deD.
Letting u € D be an nthroot ford, n(a—u) = E.Sincea ¢ D®E,a—u ¢ E, so E +{a —u) strictly contains

E. However, if it intersects E nontrivially, since n(a —u) € E, there exists a positive integer m < n such that
m(a—u) € D& E,soma € D & E, contradicting the minimality of n. O

It is even easier to see that any direct summand of a divisible abelian group is divisible. All that remains
is to show that any direct summand-free divisible abelian group is either (1) torsion, or (2) torsion-free, and
then construct appropriate isomorphisms to C};’ or Q.

Exercise 48. Do that.

7.3 INFINITE ABELIAN GROUPS

Thanks to the fundamental theorem of finitely generated abelian groups, we know almost all there is
to know about their structure. Infinitely generated abelian groups tend not to be as well-behaved, but if we
impose some finite structure locally, we can better understand them.

Locally cyclic groups
Definition 7.15. G is a locally cyclic group if every finitely generated subgroup is cyclic.

It is easy to check that every subgroup and quotient group of a locally cyclic group is locally cyclic.
Some nontrivial examples of locally cyclic groups are the quasicyclic groups C5;, and the additive group Q.

Proposition 7.16. Every locally cyclic group is abelian.

More generally — and we will not prove this — every locally cyclic group is a subquotient of Q, i.e. a
quotient of a subgroup of Q.

A useful tool for studying local properties of groups is the subgroup lattice, which we introduced in
Locally cyclic groups can be classified by their subgroup lattices. Given a lattice, denote by
X VY the join of X and Y, and by X A Y their meet.
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Definition 7.17. A lattice is said to be distributive if one of the following (equivalent) conditions holds.
(1) Foral X,Y,Z, XA(Y VZ)=(XAY)V(XVZ).
2) Forall X,Y,Z, X AY)VYANZ)V(XAZ)=(XVY)AXYVZ)AN(XVZ).

Theorem 7.18 (Ore). G is locally cyclic if and only if its subgroup lattice is distributive.

Proof. Suppose G is locally cyclic. We will show that G satisfies (1). Clearly, X AY and X A Z are contained
inXA(YVZ),s0(XAY)V(XVZ) < XA(YVZ).Forthe reverse inclusion, letx € X A(YV Z). x is generated
by finite subgroups Y; < Y and Z; < Z, and these generate a cyclic group, sox € (X AY)) V(X A Z)) <
(XAY)V(XAZ).

For the converse, we will first show that G is abelian. Let X = (x), ¥ = (y), and Z = (xy). Then, since
G satisfies (2),

(6, ) N xy) Ny, xy) = (X, y)
= xNy,xNxy,yNxy)={x,y).

The group on the left-hand side is a subgroup of {(xy), so x and y must commute. If G is not locally cyclic,
some definition-chasing tells us that there are subgroups A < B < G such that B/A = Z, X Z,, for some
prime p, and this induces a sublattice of G which is not distributive. O

The minimum condition

Now we consider infinite abelian groups where ascending or descending chains of subgroups can only
be finite.

Definition 7.19. A group G satisfies the maximum condition if every ascending chain of subgroups A; <
Aj < ... eventually terminates. That is, there exists N € N such thatforalln > N, A, = An.

It is easy to see that an infinitely generated group cannot satisfy the maximum condition, and conversely,
since we know what the finitely generated abelian groups are,

Theorem 7.20. An abelian group G satisfies the maximum condition if and only if it is finitely generated.
A more interesting property to study for abelian groups is the minimum condition.

Definition 7.21. A group G satisfies the minimum condition if every descending chain of subgroups A; >
A > ... eventually terminates.

Now, a characterisation is not so clear. For example, even Z does not satisfy the minimum condition.
This leads to the easy observation

Lemma 7.22. If G satisfies the minimum condition, every element of G has finite order.

We will need one more lemma about the torsion-part of an abelian group. Let G be an abelian group,
and T < G the subgroup of all elements of G of finite order. For each prime p, let T, < T be the subgroup
of all elements with order a power of p. We call T the rorsion-part of G, and T}, the p-torsion.
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Lemma 7.23.

T=7,.
P

Vigydzz. When G is not abelian, this need not hold. In fact, T need not even be a subgroup of G.

Theorem 7.24. An abelian group G satisfies the minimum condition if and only if it is a finite direct sum of
quasicyclic groups and finite cyclic groups.

Proof. If suffices to consider the case when G is an infinite p-group for some prime p. Let H be a minimal
infinite subgroup of G by the minimum condition. Since H is a p-group, for every m coprime to p, mH = H.
If pH = H, then H is divisible, so H = C;',O. Otherwise, as a proper subgroup of H, pH is finite. Then H,,,
the set of elements in H of order p, is infinite. But this is an infinite-dimensional vector space over F,, hence
cannot satisfy the minimum condition.

Finally, it is clear that any group which satisfies the minimum condition cannot contain an infinite direct
sum of subgroups. O

7.4 FREE ABELIAN GROUPS
Recall the definition of a free abelian group with base I as €5, Z. We call || the rank of the group.
Theorem 7.25. Every subgroup of @, Z is free of rank at most |1|.

Proof. Let F = (B, Z and take a well-ordering < of 1. For x € F, define its leading term [(x) as follows.
Ifx=nby+...nbg, forby,...,by € Iand ny,...,n; € Z\ {0}, assume without loss of generality that
by < --- < by, and define [(x) = niby. Let X be a subgroup of F. For each b € I, define

Xp = {n € Z\ {0} : forsome x € X, I(x) =n} U {O}

Each X, is a subgroup of Z, so X3 = (np) for some n, € Z. Choose a representative x;, € X such that
I(xp) = np. We claim that {xb :be I} is a free generating set for X.
Clearly, the terms x;, are independent over Z; no nontrivial finite linear combination nyxp, + - - - + ngxp,

is equal to 0. Suppose the set
Sz{xeX:xi@be}
bel

is nonempty. Choose x € S whose leading term is <-minimal. Write x as x = y + n - b, where [(x) = n - b.
Since (np) = X, we have that nj, divides n. The element x — % - xp then yields a smaller counterexample,
a contradiction.

Finally, it is clear that ‘{xb}‘ < . O

The Baer-Specker group

What about infinite direct products? For example, given any set /, consider the direct product []; Z;. This
has a natural structure as a Zp-vector space, so there exists a basis B C [[; Z, such that [[; Z; = @ B L>.
That is, every direct product of Z; is isomorphic to a direct sum. Does the same hold for Z?

Of course, every finite direct product is a finite direct sum. Since every subgroup of a free abelian group
is free, it suffices to consider [[; Z when I is countable. Call B = [[; Z the Baer-Specker group.
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Theorem 7.26. Hom(B, Z) is a free abelian group generated by the projections.

Proof. For each i € I, we have the projection n; : B — Z that sends (a;)je; — a;. Let e; € B be the
sequence such that ¢; (i) = 1 and ¢;(j) = O for all j # i.

Step (1). There is no ¢ € Hom(B, Z) such that ¢(e;) # O forall i € I.

Suppose such a ¢ exists. Choose a sequence (ay),en C Z \ {0} such that a,_; divides a,, and a, >
2Yicpai¢(e;). Then, for each N € N,

#((an) = 3 and(en) +an - ¢((buhusn

n<N

for some nonzero sequence (b,). So, foreach N € N

9((an)

> |aN /2|
but this is not possible.

Step (2). There is no ¢ € Hom(B, Z) which is nonzero for infinitely many e;.

Let S = {e; : ¢(e;) # 0}. If | S| = |I|, any bijection f : I — S induces a homomorphism B — B. Then,
¢ o f € Hom(B, Z) is nonzero for all e;, contradicting step 1.

Step (3). If ¢(e;) = 0 for all i, then ¢ = 0.

Let (a,)nen € B be arbitrary. For each n, there exist x,,, y,, € Z such that a,, = 2"x,, + 3"y,,. Then,
o((@"0) = 2V 6 ( (k=)

for any N € N, so ¢((2”xn)) = 0. Similarly, ¢((3”yn)) =0, so ¢((an)) =0
Putting this all together,

Step (4). The projections form a basis for Hom(B, Z).

Corollary 7.27. The Baer-Specker group is not free.

Proof. Some set theory tells us that |B| is uncountable. Suppose B = (P ¢ Z for some set S. If § is countable,
then P Z is countable, so this is not possible. If S is uncountable, then for each s € S, we have a projection
ny : Py Z — Z.So, Hom(P ¢ Z, Z) is uncountable, but Hom(B, Z) is countable, again a contradiction. [
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Examples of groups
An’@
-6
Dm@
Sy, Sym(n),
V4,3
Zn’@
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Important results
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Clifford’s theorem,
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The orbit-stabilizer lemma, [9]
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three subgroup lemma, [32]

Wedderburn-Artin, [52]
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nilpotent group, 26
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Notation
G : H,J[)
H <G,
N < G.H
[, 1, [G, G1.[]
@iel Gi9 Hiel Gi,
CG,52
FG,[5]]
($).2
fix(g), T4
V9,59
Aut(G), Inn(G),[§|
CG(S), NG (9).[7]
G = H,[
HcharG, [6]
Irr(G),[57]
K ' H,[A3)
VeV,6l
<6 [id
Z(6),

operator group, [20]
orbit of a group action, [§]

induced class function, induced representation, @

inertia subgroup, [60| partition of the integer n, [70]
invariant subspace, |3_U| permutation group, |§|
involution, [67] polytabloid, Specht module, [72]
irreducible character, [33] primitive character, [66]

irreducible representation, [50] primitive permutation group, 37]

join, meet, [82]

kernel, [3]

locally cyclic group, [82]
lower central series, [30]

M-group, [66]
Maschke’s theorem, [50]
maximum condition, [83]

quotient group, [3]

regular action, [9]
regular representation, 49|

representation of a group, 49

residually finite group, [T3]

semi-regular action, |§|
semidirect product, 20|
semisimple module, [52]
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setwise stabilizer, 3§] torsion, torsion-free, 3]
simple group, [6] torsion-part, p-torsion, [83]
simple ring, [52] transitive action, 0]
solvable group, 29| transvection, [16]

stabilizer of a group action, [§] transversal, [T1]

standard representation of S,,, @ trivial representatin, Pf_gl
subdirect product, @ twisted wreath product, @]
subgroup lattice, [33]

supersolvable group, 34] upper central series, 26|

Sylow p-subgroup, [10]

symmetric and alternating characters, [67] wreath product, i3]

tabloid, [71] Young diagram, Young tableau, [71]
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