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1 Notation for sets and functions

For any set S, we write |S| for the number of elements in S if S is finite, and put |S| = oo if S is
infinite. The empty set is denoted S = &.

If f:S — T is a function, we write f(s) or f, for the value of f at an element s € S. The set
im f = f(S) = {f(s) : s € S} of these values is the image of f and f~'(t) = {s € S: f(s) =t}is
the fiber of f over anelementt € T. Thus,im f = {t € T': f~!(t) # &}. For any subset T’ C T, the
set f7YT")={s e S: f(s) € T'}is the union of the fibers f~(¢) fort € T".

A function f : S — T is injective if |f~*(t)] < 1 for all ¢t € T, in this case we sometimes write



f S — T to emphasize injectivity, and to indicate that we may identify S with its image in 7.

A function f : S — T is surjective if |f~'(¢)] > 1 for all ¢ € T, in this case we sometimes write
f S — T to emphasize surjectivity.

Finally, f is bijective if it is both injective and surjective, that is, if | f~!(¢)| = 1 for all ¢ € T. When
this holds, we have |S| = |T|. We sometimes write f : S — T to indicate a bijection, or S <+ T to
mean that there exists a bijection between .S and 7.

2 Basic group theory

2.1 The definition of a group

A group is a set G together with a function % : G X G — G, assigning to each pair (a, b) of elements
of GG another element a * b € G, satisfying the following three axioms:

G1 (associativity) We have a x (b ¢) = (a * b) x ¢, for all a, b, ¢ € G.
G2 (existence of identity) There exists an element e € GG such thate xa = a*xe =aforall a € G.

G3 (existence of inverses) For all a € G there exists an element o’ € GG suchthataxa’ = a' xa = e,
where e is an identity element as in axiom G2.

There is no requirement that a * b = b x a for all a,b € G. If this property does hold, we say that GG is
abelian.

The element e of axiom G2 is unique: for if ¢’ is another identity element, then ¢’ = ¢’ * ¢ = e by
applying axiom G2 first to e, then to ¢’. For each a € G, the inverse element a’ in axiom G3 is unique:
for if a” is another inverse element, we have

d'=d"xe=d"x(axd)=(a"*a)xd =exd =d|,
by applying successively axioms G2, G3 (for a’), G1, G3 (for a”) and finally G2 again.
We usually use multiplicative notation and abbreviate a * b as ab or a - b, and write 1 or 1 instead of
e for the identity element of G, and a~! instead of o’ for the inverse element of a. For any positive

integer n, we write a™ for the product of a with itself n times, and ™" for the product of a~! with itself
n times. Finally, we put a’ = 1.

If G is abelian, and only in this case, we sometimes use additive notation, writing axb = a+b, denoting
the identity element by 0, and the inverse element of a by —a.

The order of G is the cardinality |G|, either a positive integer or co. Any group G of order one consists
of the identity element only and is called the trivial group.

We can extend the product of elements in GG to subsets: If S and T are subsets of a group GG, we define
ST ={st: se S, teT}.
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2.2 Group homomorphisms

The structure of a group G is revealed by its subgroups and homomorphisms into other groups.
A homomorphism of groups G, G’ is a function f : G — G’ satisfying

f(ab) = f(a)f(b) Va,bed.
This implies that f(1g) = 1¢ and that f(g') = f(g)~! forall g € G.

The kernel of a homomorphism f : G — G’ is the subset of GG defined by

ker fi={g€G: f(9) =1}
Forall a,b € G we have f(a) = f(b) if and only if ab~! € ker f. Hence f is injective iff ker f = {1}

The image of f is the set theoretic image, defined as above by

im f = f(G) = {g €G: f7\(g) # D).

There may be many homomorphisms between two given groups. We set

Hom(G, G') = {homomorphisms f : G — G'}.

An isomorphism f : G — G’ is a bijective group homomorphism. Thus f is an isomorphism if and
only if ker f = {1} and im f = G’. We sometimes write f : G — G’ to indicate that f is an
isomorphism. Two groups G, G’ are isomorphic if there exists an isomorphism f : G — G'. We
write G ~ G’ to indicate that G and G’ are isomorphic, without specifying any particular isomorphism
between them.

We sometimes abuse terminology and say that G is or is a copy of G, when we really mean only that
G ~ (. For example, any two trivial groups are isomorphic, so we allow ourselves to say that the
trivial group is the unique group with one element.

Continuing in this vein, we say that a homomorphism f : G — G’ is trivial if im f = {14/ }. This is
equivalent to having ker f = G, so being a trivial homomorphism is the opposite of being an isomor-
phism. Hence trivial homomorphisms are just as important as isomorphisms.

An isomorphism from a group to itself is called an automorphism. We set
Aut(G) = {automorphisms of G}.

The set Aut(G) forms a group under composition, whose identity element is the identity automor-
phism, which sends g — g for all g € G.

Many automorphisms arise from within the group itself as follows. For each element g in a group G,
the map
g : G—=G given by co(z) =grg ' Vr € G

is an automorphism of G, called conjugation by g. Automorphisms of this form are called inner
automorphisms. The function ¢ : G — Aut(G) sending g — ¢, is a homomorphism.
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2.3 Subgroups
A subgroup of G is a subset H C G with the following three properties:

SG1 (closure) ab € H for all a,b € H.

SG2 (identity) The identity element of G is contained in H.

SG3 (inverses) For all « € H we have ¢! € H.

The subsets {1} and G are subgroups of G. All other subgroups of G, if any, are called proper

subgroups. We write I < G to indicate that /1 is a subgroup of G which is possibly equal to G itself.
We write H < G for a subgroup which is not equal to G.

Lemma 2.1 Let G be a group and let H be a nonempty finite subset of G. Then H < G if and only if
SG1 holds.

Proof: Let h be an element of the nonempty set H. Since H is finite, the powers h, h%, h3, ... must
eventually repeat, so we have h' = h/ for some positive integers i < j. It follows that /=% = 1, so
SG2 holds, and A - h7~"1, so SG3 holds. Hence H is a subgroup of G. [ |

This proof moved from H to a particular kind of subgroup of GG. A group C'is ¢yclic if there exists an
element ¢ € C' such that C' = {¢" : n € Z}. In this case we write C' = (c).

In an arbitrary group G, any element g € G is contained in the cyclic subgroup
(9) ={9": neZ}.

The order of ¢ is the order of the group (g). The order of g is the smallest positive power m such that
g™ =1, if such an m exists. In this case, the order can be characterized by the useful property that for
any integer d, we have g¢ = 1iff m | d. If g # 1 for any nonzero integer d, we say the order of g is
infinite.

More generally, if S is any subset of G, the subgroup generated by S is the smallest subgroup (.S) of
G containing S. That is,
($)= () H

SCH<G

is the intersection of all subgroups H of G which contain the subset S.

2.4 Cosets and quotient spaces

A left coset of a subgroup H < G is a subset of G of the form gH = {gh : h € H}. Two left cosets
are either equal or disjoint; we have

gH =¢H &gl e



In particular, we have g = H if and only if g € H. The set of left cosets of H in G is denoted G/ H,
and is called the quotient of G by H.

A right coset of H in G is a subset of the form Hg = {hg : h € H}. Two right cosets are either equal
or disjoint; we have

Hg=Hg sgdgte
In particular, we have Hg = H if and only if ¢ € H. The set of right cosets of H in G is denoted
H\G.

A coset is a left or right coset. Any element of a coset is called a representative of that coset. We have
canonical bijections H — gH and H — Hg, sending h — gh and h — hg, respectively. Hence if H
is finite, all cosets have cardinality | H|.

There are an equal number (including infinity) of left and right cosets in G. We denote this number by
(G- H] = |G/H| = [H\G],

and call it the index of H in G. If G is finite, then G is partitioned into [G : H] cosets, each of
cardinality | H|. It follows that [G : H| = |G|/|H]|. In particular we have

Lagrange’s Theorem: If / is a subgroup of a finite group G, then |H| divides |G|.

Example 1: If |G| = p a prime, then G has no proper subgroups. Hence for any nonidentity element
g € G we have G = (g), so G is cyclic.

Example 2: The order of any element in a finite group G divides |G|. in particular, we have ¢/ = 1
for all g € G. The smallest positive integer e such that g¢ = 1 for all g € G is called the exponent of
G. If g € G has order m, then m divides e, which in turn divides |G]|.

The converse of Lagrange’s theorem is false. The smallest counterexample is the group A, of order 12,
which has no subgroup of order 6. However, the converse of Lagrange’s theorem is true for subgroups
H of prime power order. This is part of the Sylow theorems, which we will prove later. However, one
special case is easy:

Proposition 2.2 Any group of even order contains an element of order two.

Proof: Suppose G has even order |G| = 2m. Pair the nonidentity elements with their inverses. Since
there are 2m — 1 such elements, at least one of them is paired with itself. This is a nonidentity element
g € G such that g = g~ . Thus, g is an element of G of order two. |

2.5 Normal subgroups and quotient groups

Let G be a group and let H < G be a subgroup. One attempts to define a group structure on the set
G/ H by the rule:
gHxg'H =gg'H,  Vg,q €G. (1)
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However, this rule is only well-defined when every left coset of H in G is also a right coset of H in G.
The subgroup H is said to be normal in G if gH = Hg for all ¢ € H. On the level of elements, this
means that ghg~' € H forall g € G and h € H. If G is abelian, then ghg™' = h, so every subgroup
is normal in G. Thus, being normal in GG is a weakening, with respect to H, of the abelian condition.
We write H <G or H < G to indicate that H is a normal subgroup of G.

When, and only when H < G, the set G/H = H\G becomes a group under the operation given by
(1). We call G/ H the quotient of G by H. It is a group of order equal to the index of H in G"

IG/H| =[G : H].

Example: The center of a group G is the subgroup
Z(G)={z€G: zg=gz VgeG}.

This is clearly a normal subgroup of G. We will see the quotient group GG/Z(G) appearing in several
contexts. One useful fact is

Proposition 2.3 If G/Z(G) is cyclic then G is abelian.

Proof: Exercise. |

2.6 The first isomorphism theorem

Any group homomorphism f : G — G’ induces an isomorphism from a quotient of GG to a subgroup
of G’. More precisely, we have the following.

Theorem 2.4 (First isomorphism theorem) Let [ : G — G’ be a group homomorphism with kernel
K = ker f. Then K is a normal subgroup of G, and there is an isomorphism

f:G/K —imf,  givenby [(gK)= f(9). 2)

Proof: Itis a good exercise to check that f is well-defined and bijective. |

It is useful to have this result in slightly more general form:

Theorem 2.5 Let f : G — G’ be a group homomorphism with kernel K = ker f. Let H be a normal
subgroup of G contained in K. Then there is a surjective homomorphism

f:G/H —imf,  givenby f(gH)= f(9g), 3)

with ker f = K/H.



Proof: Again, this is a good exercise. |
We often say that f is induced by f or that f factors through G/ H.

Conversely, every normal subgroup H < G is the kernel of a surjective homomorphism from G into
another group. Namely, the canonical homomorphism

my:G— G/H, givenby 7y(g) = gH
is surjective with ker 1y = H.

Example: If x,y are two elements of (¢, the commutator

[z, y] = zyz ™'y

is an element of GG that measures the failure of z, y to commute. The Commutator Subgroup

G, Gl =([z,y]: z,y €G)

is the subgroup generated by all commutators. For g € G we have gz, ylg™! = [grg™t, gzg™']. Tt

follows that [G, G] < G. The quotient G/[G, G| is called the abelianization of G, and is often denoted
G ap, because of the following result.

Proposition 2.6 The quotient G /|G, G| of a group G by its commutator subgroup is abelian. More-
over, G/|G, G| is the largest abelian quotient of G, in the following sense: If f : G — A is a homo-
morphism from G to an abelian group A, then |G, G] < ker f, so f factors through a homomorphism

7:G/IG,G] — A.

Proof: Exercise. [ |

2.6.1 Exact sequences

A composition of group homomorphisms
G 56, G
is exact at G, if im f; = ker f5. A sequence of group homomorphisms
fi—1 fi
—>Gi,1 —>Gi—>Gi+1 — ...
is an exact sequence if it is exact at GG; for all 7. A short exact sequence is a sequence
f1 fa
1 — G — G —G3—1

with
ker fi = {1}, imf; =kerfo Gy, imfy=Gs~Gy/G.
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2.7 The second isomorphism theorem (correspondence theorem)
The subgroups of a quotient group G/ H are related to subgroups of G as follows.

Theorem 2.7 Let G be a group with normal subgroup H < G, and let 1y © G — G/H be the
canonical homomorphism.

1. If K is any subgroup of G containing H, then H < K and K/H = wy(K) is a subgroup of
G/H.

2. Conversely, if J is any subgroup of G/H, then 7r;11(J ) is a subgroup of G containing H as a
normal subgroup and J = 75 (J)/H.

3. K/H Q G/H ifand only if K < G, in which case (G/H)/(K/H) ~ G/K.

Thus, we have a one-to-one correspondence

{subgroups of G containing H } <+ {subgroups of G/H }
K - K/H
7y (J) — J,

and this correspondence preserves normal subgroups.

There is also a correspondence theorem for homomorphisms, the first part of which is just Thm. 2.5
above.

Theorem 2.8 Let G be a group with normal subgroup H < G.

L If f: G — G'is a group homomorphism with H < ker f then f induces a well-defined homo-
morphism f : G/H — G, given by f(gH) = f(g).

2. If ¢ : G/H — G’ is any homomorphism, then ¢ oty : G — G’ is a homomorphism whose
kernel contains H.

Thus, we have a one-to-one correspondence

Hom(G/H,G') +» {f € Hom(G,G") : H < ker f}
¥ - poTmy

foooe f
2.8 The third isomorphism theorem

The final isomorphism theorem concerns products of subgroups. If H and K are subgroups of a group
G, the product HK = {hk : h € H, k € K} contains the identity, but it need not be closed under
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the operation in G, hence H K need not be a subgroup of G. However, it will be so under an additional
condition.

The normalizer of H in G is the subgroup
No(H)={9€G: gHg™' = H}.

We have Ng(H) = G ifand only if H < G. In general, N¢(H ) is the largest subgroup of GG containing
H as a normal subgroup.

Returning to our two subgroups H, K in G, let us assume that
K < Nq(H).
(This assumption holds automatically if H < G.) Then, for h,h' € H and k, k' € K, we have
(hk)(R'K") = h(kR'k™Y) - ki

(where we insert () and - to help parse the product), and kh'k~! belongs to H since k € Ng(H), so
(hk)(WK') € HK. Similarly, (hk)™' = k=*h=! = (k~'h~'k) - k~' € HK. Hence HK is a subgroup
of G. Since both H and K are contained in N (H), it follows that H K is also contained in Ng(H).
In other words, H is normal in H K.

This proves the first part of the following

Theorem 2.9 (Third Isomorphism Theorem) Let H and K be subgroups of a group G and assume
that K < Ng(H). Then
1. HK is a subgroup of G and H is a normal subgroup of HK.
2. H N K is a normal subgroup of K.
3. We have a group isomorphism K/(K N H) ~ HK/H, induced by the map f : K — HK/H
given by k — kH.

Proof: We have already proved the first part, and the second part is easy. As for the third part, it is
clear that f is surjective, so it remains to determine ker f. Let k € K. Then f(k) = 1 in HK/H iff
(k) € H, which means that k € H. But k € K, so we have f(k) = 1iff k € HN K, as claimed. W

2.9 Direct products

Let A and K be groups with identity elements 1 and 1. Then the direct product
HxK={(h,k): he H ke K}

is a group under the operation
(h, k)(W k') = (hW', kE)
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and identity element (15, 1x). The direct product of finitely many groups G1, ..., G, is defined simi-
larly; we confine our discussion to the case n = 2.

Let G = H x K, and write 1 = (1y,1k). The maps ¢ : H — G and ¢ : K — G given by
¢(h) = (h,1x) and ¥ (k) = (1y, k) are injective homomorphisms. Their images H' = ¢(H) ~ H
and K’ = 1(K) ~ K are normal subgroups of G such that

H' NK ={1} and HK =G.

Conversely, this can be used to recognize direct products as follows.

Proposition 2.10 Let G be a group with subgroups H and K. Assume that

1. H and K are both normal in G;
2. HNK ={1};
3. G=HK.

Then G ~ H x K, viathemap f : H x K — G given by f(h,k) = hk .

Proof: Leth € H, k € K and parse the commutator [h, k] = hkh™'k~! in two ways. On the one
hand, [h, k] = (hkh ')k~ € K since K < G. On the other hand, [h, k] = h(kh™'k™') € H, since
H < G. But HN K is trivial, so [h, k] = 1. Hence h and k commute forall h € H and k € K. It is
now immediate that f is a homomorphism, which is surjective by assumption 3. Finally, if f(h, k) = 1,
wehave h = k~!' € HN K = {1}, s0 h = k = 1. Therefore f is an isomorphism, as claimed. |

If H and K are abelian groups then we often write /1 & K instead of  x K, in accordance with our
use of additive notation for abelian groups.

2.10 Semidirect products (internal view)

Recall that a group G with two normal subgroups H, K < (' is the direct product G = H x K iff
HK = G and H N K = {1}. This situation often occurs with the variation that only one of the
subgroups is normal.

Definition 2.11 A group G is a semidirect product of two subgroups H, K < G if the following
conditions hold.

1. One of the subgroups H and/or K is normal in G.
2. HNn K = {1}
3. HK =G.

13



Suppose G is the semidirect product of H and K and (say) H is normal in GG. On the set H x K, define
a group law as follows:
(h,k)(R',K') = (hRkW k™Y kK.

Let H »x K denote the set H x K with this group law.

Proposition 2.12 [f G is a semidirect product of two subgroups H and K with H < G, then the map
(h, k) — hk is a group isomorphism

HxK -~ G.
Proof: exercise. |
2.11 Conjugacy
For g, x € G, let us set
Ip = grg '

Two elements x,y € G are conjugate in GG if y = 92 for some g € G. Conjugacy is an equivalence
relation on GG, whose equivalence classes are the conjugacy classes of GG. Thus any group is partitioned
into conjugacy classes. We write

Cpr={92: g G}

for the conjugacy class of z in G.

Some of our earlier notions can be expressed in terms of conjugacy. For example, we have = € Z(G)
if and only if “x = {x}. And H < G if and only if H is a union of conjugacy classes in G.

The centralizer of a given element = € G is the subgroup C(z) = {h € G : "z = x} consisting of
all elements in G which commute with z. This is generally not a normal subgroup of G, so the quotient
space G/C¢(z) is not a group. However, we have

Proposition 2.13 For every x € G, the map g — 9x induces a well-defined bijection
G/Cq(z) = .
In particular, if G is finite, we have

|G|
Co(x)|

“2] =[G : Ca(w)] =

Proof: Exercise |

The last formula in Prop. 2.13 is very useful for computing the sizes of conjugacy classes and central-
izers in finite groups. It implies for example that |“z| divides |G/|. Since G is the disjoint union of its
conjugacy classes, we have
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Corollary 2.14 (The class equation) Ler G be a finite group, let X1, ..., X}, be its conjugacy classes,
choose x; € X, for 1 <i <k, and let G; = Cg(x;). Then we have

k

NG Gl =[Gl

i=1

Alternatively,

I
Gh] |Gy Gel

Corollary 2.15 If |G| is a power of a prime p then G has nontrivial center.

Proof: We have G partitioned as G = Z(G) U {noncentral elements}. Every conjugacy class has
size a power of p. This power is zero precisely for those classes consisting of a single element
in Z(G) and every conjugacy class of noncentral elements has size a positive power of p. Hence
|{noncentral elements}| is divisible by p. As |G| is also divisible by p, it follows that p divides |Z(G)|.
Since | Z(G)| > 1, it follows that a positive power of p divides |Z(G)|. |

3 The Symmetric Group

Groups usually arise as symmetries of mathematical structure. The most basic structure is just a set.

For any set X, the symmetric group on X is the group Sx of bijections ¢ : X — X from X to itself,
where the group operation is composition of functions: (o7)(z) = o(7(x)). The identity element is
the identity function e(z) = x. The elements of Sx are usually called permutations.

If 3: X — Y is a bijection between two sets X and Y, then we get a group isomorphism Sj : Sx —
Sy, defined by

Sp(0) = Booo
If X =Y then 8 € Sx and S is conjugation by S3.

3.1 Cycle decomposition and conjugacy classes

Assume now that X is finite, say | X| = n. Then Sy is finite and one checks that
|Sx|=n!l=n(n—-1)---2-1.

Given o € Sy, define an equivalence relation ~ on X by the rule:
g

r~y < y=ol(z) forsome ;€ Z.
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The equivalence classes are called o-orbits. If O is a g-orbit and x € O, the distinct elements of O are

where \ = |O|. We note that 0*(z) = .

Number the o-orbits in X as Oy, ...O,, where |O1| > |Oy| > --- > |O,|, and set \; = |O;| for each
1. Thus, we have a set partition

and a corresponding numerical partition

q
X[ =)\
=1

Let us choose z; € O;, for each o-orbit O@;, and set 27 = ¢7~(x;), so that
O; = {2 : 1< N}
Let 0; € Sx be the permutation sending
Ii:$z~1*—>9§?*—>"-l—>"ﬂ;\il—>$i7

and acting as the identity on Oy, for k # i. We express o; by the symbol

o= (2] - a).

Then 0;0; = 0;0; for ¢ 7é j and
0 = 01020y, 4

where the product may be taken in any order. This is the disjoint cycle decomposition of 0. The
partition
)\(O’) = [/\1, A27 ey )‘q]

is called the cycle type of 0. The cycle type determines the conjugacy class, as follows.
Proposition 3.1 Two elements 0,0’ € Sx are conjugate if and only if \N(c) = \(o”).

Proof: Let Oy,..., 0, be the o-orbits in X. If o/ = 707! for some 7 € Sy, one checks that
7(04),...,7(0,) are the o’-orbits in X. Since 7 is a permutatation, we have |7(O;)| = |O;| for each
i, which implies that A\(¢”) = A(0).

Conversely, suppose A(0') = A(0). Let Oy, ..., O, be the o-orbits and let Oy, . . ., Oy, be the o’-orbits.
Since A(0) = A(¢’) we have ¢ = ¢/ and |O;| = |O}] for each i. Since the orbits are disjoint there exists
a permutation 7 € Sx such that 7(0;) = O for each i. Replacing o by 707!, we may assume that
O} = O, for each 1.

16



Choose z; € O;, and set :cf = o/ Y (z;), Z/f — (0'YY(z), s0 that 2} = ! — z; and

Every element of X may be uniquely expressed in the form x{ or in the form yf , where 1 <4 < g and
1 <j < \.Letw € Sy be the permutation sending x] — v/ for each such ¢, j. For z = z, we have

ron Hx) = moo! (z;) = T/ T (x;) = (o)) (2;) = o' ().

1

It follows that rom~ = ¢’, so o and ¢’ are conjugate. [ |

3.2 The group S,

When X = {1,2,...,n} we write S, = Sx. If X is any set with |X| = n then by labelling the
elements of X we obtain a bijection f : X — {1,2,...,n}, whence a group isomorphism S; : Sx —
S,.. This isomorphism is noncanonical, because it depends on the chosen labelling f. Moreover, the set
X need not be ordered, as {1, 2, ...,n} is. The ordering gives additional structure to S,, that is missing
in Sx when X is unordered

As in (4), an element in S,, is a product of cycles, but now the symbols in the cycle are numbers in
{1,2,...,n}. For example, the element o € Sg sending

1—4 2—6, 3—1, 4—3, 55, 62

may be written as
o= (143)(26),

and has cycle type A(0) = [3,2, 1]. Note that 5, which is fixed, is omitted in the cycle decomposition
of o, but is counted in the cycle type of o.

We multiply using the cycle decomposition by following the path of each number, starting with the
right-most cycle. For example, we have

(143)(26)(465) = (14265 3).

Note that the cycle type of 7 = (14 3)(2 6)(4 6 5) is not [3, 3, 2], because the cycles are not disjoint.
We first have to make them disjoint, as we have done above. We obtained a single 6-cycle (1426 5 3),
so the cycle type of 7 in Sg is A\(7) = [6].

We illustrate the cycle types for all elements of S3 and Sy, as follows.

A o
A ‘ o 4] (1234),(1324),(1243),(1423),(1342),(1432)
Bl | (123),(321) 3,1] |(123),(321),(124),(142),(134),(143),(234),(432)
2,1 |(12),(23),(13) 2,2 (12)(34), (13)(24), (14)(23)
1,1,1] e 2,1,1] (12),(13),(14),(23),(24),(34)
1,1,1,1] e
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3.2.1 Descending decomposition

The additional structure imparted to S,, by the ordering on {1,2,...,n} can be seen as follows: 1)
the transposition (1 3) has a gap, while its conjugates (1 2) and (2 3) do not, and ii) the cycles
(123),(321),(21 3) denote the same element of S3, but the numbers in the cycle are ascending,
descending and neither, respectively. The descending decomposition uses the ordering to give a unique
expression of each element in S,, in terms of descending cycles (kk — 1k —2 ---).

For later purposes it will be more convenient to work with S, 1, permuting {0, ..., n}. Let K,, be the
set of n-tuples k = (ky, ..., k,) of integers satisfying i — 1 < k; < n for each i. Given k € K,, we
define cycles 1, m, ... , 7, € S, by

ifk; >t —1landm; =eif k; =7 — 1, and we set
Tk = T ... T
Proposition 3.2 Sending k — 7y gives a bijection K,, — S, 1.
Proof: We construct the inverse map. Given o € S,,.; define k recursively by k; = ¢(0), which
defines m; = (k1 ky — 1 ...10), and for i > 1 set
kl’ = Ti—1""" 71'1(2‘).

Since 7;(j) = j for j < i, it follows that

O =TTy Ty = Tk, (5)

as claimed. |

For example, the identity element e = 7, where each k; = ¢ — 1. At the other extreme, when k; = n
we get the permutation

g=Mm...10)n ... 21)---(nn—1). (6)
Clearly there is also an ascending decomposition, obtained by inverting (5). We have emphasized

the descending version since it appears naturally in the Bruhat decomposition of GL,, for the upper-
triangular Borel subgroup, as we will see in section 7.1.

3.2.2 Length

We continue with S, permuting {0, 1,...,n}. The descending 2-cycles

si=(ii—1) forl1<i<n
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are called simple transpositions. A general descending cycle (k ... i i — 1) can be expressed as a
product of simple transpositions thus:

(k...11—1)=58kSp_1-""8i- @)

Combined with Prop. 3.2, this gives a recipe for expressing an arbitrary element o € .S,,, 1 as a product
of

n

Uo) = (ki —i+1)

=1
simple transpositions, where o = m,. We call /(o) the length of o. For example, we have ¢(¢) = 0
and the element ¢ defined in (6) has length

l)=14+2+---+n=n(n+1)/2.
Thus & is the longest element of S,, ;. The expression for & produced by Prop. 3.2 and (7) is
5' = (Snsn—l e 81) . (Snsn—l e 52) e (Sn)

Note that length is not constant on conjugacy-classes. For example, £(s1$251) = 3, while {(s9) = 1.
We see again that length depends on more than the group structure of S, ;. It turns out that o cannot
be expressed as a product of fewer than /(o) simple transpositions, but we will not need this.

3.2.3 Inversions

We have defined /(o) in terms of the descending cycle decomposition. This can be interpreted as
counting the inversions of o.

Let R be the set of ordered pairs pairs (4, j) such that 0 < i,j <mnandi # j. Wehave R = R" LUR",
where Rt = {(i,j) € R: i <j}and R~ = {(i,j) € R: i > j}. For o € S,;1 we consider the set
of inversions

N(o):=R"Nno'R".

Thus, N (o) is the set of pairs (¢, j) € R such thati < j and o (i) > o(j).
For a descending cycle 0 = [k k — 1 - -- p| we have
N(o)={pj): p<j<k}p —and  oN(o)={(kyj): p<Jj <k} ®)

We observe in this case that |[N(0)| = K — p — 1 = ¢(o). This holds true in general.

Proposition 3.3 For any element o € S, 1 we have

(o) = [N(o)|.
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Proof: Let o = o0y --- 0, be the descending cycle decomposition. We first show that for any 1 < p <
q < n that we have a disjoint union

N(oy-+-04) = N(0pr1--0g) U (0ps1--0g) " N(a). (€))
Let us abbreviate 7 := 0,41 - - - 0, and note that 7(z) = i ifi < p.

Let (i,j) € N(o,7). If 7(2) > 7(j) then (i,5) € N(7). If (i) < 7(j) then (4,5) € 7' N(0,). Hence
(i,7) € N(1) U1 'N(0p).

From (8) we have

N(oy) ={(p—1,j): p<J < ky} and opN(op) ={(kp,j) : p—1<j <k, — 1}
The right side of (9) is contained in R". Indeed, N(7) C R* by definition and 7' N(0,) C R* since
Tp—1)=p—1.
The right side of (9) is contained in N (o). Indeed, o7 'N(0,) = 0,N(0,) C R~ by definition. And
if (¢,7) € TN(7) theni > j > pso (j,i) ¢ N(o,) so a,(j) > o,(¢). It follows that 0,7 N (1) C R".

The right side of (9) is a disjoint union. Indeed, if (¢, j) € N(7) theni > p and thatif (¢, j) € 7' N(0,)
then: =p — 1. [ |

Applying (9) to the full descending decomposition o = oy - - - 0,, and using induction, we obtain

n

N(o) = |_|(‘7p+1 +0,) " N(0p). (10)

p=1

Now Prop. 3.3 follows from (8). |

We highlight an observation made in the last step of the proof; we will use later for the Bruhat decom-
position in section 8.10:

q—1
N(Ul e Uq) — N(O'q) L |_|(O-p+1 ce O-q>71N(O-p)7
p=1
and that

N(og) ={(i,j) € N(o1--0q) t i=q=1},  (0p1+-0g) ' N(op) ={(i,j) € N(on-+-0y) : i =p—1}.

In particular, we have
(i,5) € N(oy---04) =1<gq. (11)

3.3 Sign character and alternating group

A permutation ¢ € S, is even if its cycle type A\(o) contains an even number of even numbers;
otherwise o is odd. This notion does not use the ordering on {1, ... ,n}. Nevertheless, a permutation
o is even precisely when its length is even.
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Thus, (1 2)(34) and (1 2 3) are even, while (1 2) and (1 2)(3 4 5) are odd. We put

( ) +1 if o is even
Ssen\o) =
& 1 ifoisodd

Note that {£1} is a group under multiplication.
Proposition 3.4 The function sgn : S,, — {£1} is a surjective group homomorphism.

We will prove this in section 5.1, using determinants.
The Alternating Group A,, is defined as
A, =kersgn={o € S, : oiseven}.
Thus, A4,, <.S,, and
Ayl =3nl=3-4- - -n,

For example, A, has order 12; it is the union of the classes of type [3], [2,2], [1,1,1, 1] in S;. However,
these are not quite the conjugacy classes in Ay.

The conjugacy classes in A,, are determined as follows. First, A,, consists of the even classes in S,,.
However, two elements of A,, which are conjugate in S,, need not be conjugate in A,,. Hence an even
Sp-class could break up into several A, -classes. To see when this happens, let ¢ € A,, and restrict the
character sgn to the centralizer Cs, (o) of ¢ in .S,,. We have
Ca,(0) = ker[Cs, (0) = {£1}],
so that the index
2 if Cs (0) £ A,
hy == |Cq (0): Cy (0)] = "
[Cs,.(0) : Ca,(0)] {1 it Co (o) < A,

Now the size of the conjugacy class o in A, is given by

|An| %|Sn| ha

ot | = = =2 |o"".

Ca (o)l 51Cs, ()] 2

It follows that if C's, (0) £ A,, then 0" is a single conjugacy class in A,, and if C, (o) < A,, then 0"
breaks up into two A,,-conjugacy classes:

where & is conjugate to ¢ in .S,, but not in A,,.

For example, in S, elements in the |2, 2]-class contain 2-cycles in their centralizer (which is the dihedral
group Dy, see section 8.3), so the [2,2]— class is a single class in A,. But elements in the [3, 1]-class
generate their own centralizer, which is therefore contained in A4. So the [3, 1]-class breaks up into
two classes with four elements each. These classes are mutually inverse. If A, is viewed as rotations
of the tetrahedron, then one class consists of clockwise face rotations and the other class consists of
counterclockwise face rotations.
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4 Group actions

We say that group G acts on the set X if there is a homomorphism ¢ : G — Sx from G into the group
Sx of permutations of X. The pair (X, ) is sometimes called a G-set or a G-action. Thus, each
g € G gives a permutation ¢, of X, which sends any z € X to an element ¢(g)z. If ¢ is understood
or is completely general, we usually omit it from the notation, writing gz or g -  instead of p(g)z.

If (X, ) and (Y, ) are two G-sets, a function f : X — Y is called G-equivariant if f(¢(g)z) =
¥(g)f(x)forallg € G and z € X. We say that (X, ¢) and (Y, v)) are equivalent G-sets if there exists
a G-equivariant bijection f : X — Y.

The notion of a G-set generalizes the notion of a group. For we can regard the action as a map
G x X — X, givenby (g,z) — g-xsuchthatg- (¢ -x) = (9¢') -z forallg,¢' € Gandx € X.

Some standard terminology associated with group actions is as follows.

The stabilizer or fixer of a point x € X is the subgroup of GG given by
G.={9geG: g-x=2} <G.
The orbit of an element x € X is the subset of X given by
G-rz={g-z: ge G} CX.

Orbits are equivalence classes under the equivalence relation z ~ y if y = ¢ - x for some g € GG. Hence
two orbits are either equal or disjoint; the orbits form a partition of X. We write G\ X for the set of
orbits.

The fixed-point set of g € G is the subset of X given by
X={reX: g-x=u}

One can check that stabilizers and fixed-point sets behave well under conjugacy:

Proposition 4.1 Forall g € G and x € X, we have
Gyw = 9Gag™".
In particular, the stabilizers of all elements of the same orbit are conjugate. Likewise, if g, h € G then
h(X9) =X,

The kernel of a group action ¢ : G — Sy is the normal subgroup of G consisting of the elements
acting trivially on X. We have

kerwzﬂGw:{géG: X9 =X}

zeX
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A G-action on X is faithful or effective if ker ¢ is trivial. Equivalently, the action is faithful if no
nontrivial element of GG acts trivially on X. In this case, G is isomorphic to a subgroup of S.

Finally, a group action is free if g - x = x for some x € X implies ¢ = 1. That is, a group action is free
if and only if all stabilizers are trivial. Clearly free actions are faithful. An example of a free action is
where a subgroup H of a group G acts on GG by left multiplication: h - z = hz. Here, G is the set and
H 1is the group which is acting. The orbits are the right cosets Hx.

A G-action on X is transitive if for all =,y € X there exists g € G such that g - x = y. Equivalently,
the action is transitive iff X consists of a single G-orbit. For a general group action, each orbit is a
transitive GG-set. Thus, transitive group actions are the essential ones. An example of a transitive group
action is where X = G/H, for some subgroup H < G, and the action is g - tH = gz H. We will see
that all transitive GG-actions are of this form. More generally, a G-action on X is k-transitive if G is
transitive on k-tuples of distinct elements of X. This is a measure of the strength of transitivity.

The Main Theorem of Group Actions

If a group G acts on a set X, then for each x € X we have a G-equivariant bijection
f:G/G, = G-z, given by flgGy) =g -z
In particular, any transitive group action is equivalent to an action on cosets.

Proof: The map f is well-defined because for all h € G, we have (gh) -z =g-(h-2) = g - .
The map f is injective because if g - © = ¢’ - x then g™ '¢' - & = x, so g~'¢’ € G, which means that
9G, = ¢'G,. The map f is surjective, by the definition of the orbit G - x. Finally, for all g, ¢’ € G and
xr € X we have

fg-9Ge) = f(99'Ga) = (99) -2 =g (- 2) =g [(g'Ga),
which shows that f is G-equivariant. |
As a corollary, we have one of the most useful formulas in group theory.

The Counting Formula. Let G be a finite group acting on a set X. Then the cardinality of an orbit
equals the index of the stabilizer of any point in the orbit. That is, for any v € X we have

G
\‘Gl| = |G-zl (12)

Note that the right hand side of this equation depends only on the orbit, while the left side appears to
depend on the stabilizer of a particular point in the orbit. However, by Prop. 4.1 all stabilizers GG, for
x in a given orbit are conjugate, hence have the same order.

Let Oy, ..., O be the orbits of GG in X, and choose x; € O;. Applying the counting formula to each
orbit, we have the weaker but still useful formula

k k

X[ =) 10 =D [G: Gl (13)

i=1 i=1
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4.1 The left regular action

Any group GG acts on itself by left multiplication. More precisely, this action is given by the homo-
morphism L : G — S¢ such that Lyx = g for all g, € G. This is called the left regular action;
one easily checks that it is free and transitive. Moreover, any free transitive G-action on a set X is
isomorphic to the left regular action (Exercise ...). If G is finite, say |G| = n, then Sg ~ S, via a
labelling of the elements of G. Since the left regular action is faithful, this proves:

Proposition 4.2 A finite group G of order n is isomorphic to a subgroup of S,, via the left regular
action L : G — S,,.
In other words, S,, contains every group of order n as a subgroup.

What are the cycle types of the elements of L(G)? For any permutation o € S,,, the numbers in
the cycle type o are the sizes of the orbits of (o) on {1,2,...,n}. Since G acts freely on itself, the
subgroup (g) also acts freely on GG and the orbits of (g) on G are just the right cosets of (g). The order
d of g divides n and there are n/d right cosets of (g) in G, all of size d. This proves

Proposition 4.3 Let G be a finite group of order n, let g € G, and let d be the order of g. Then under
the left regular action L : G — S,, the cycle type of L, is a product of n/d cycles of length d.

This has the following surprising corollary.

Corollary 4.4 Suppose G is a group of order n containing an element of order d where d is even and
n/d is odd. Then G has a normal subgroup of index two. In particular, G cannot be simple.

Proof: If g € G has even order d with n/d odd, then L, is a product of an odd number of even cycles,
so sgn(L,) = —1. Hence the homomorphism sgnoL : G — {%1} is nontrivial, so ker(sgnolL) is a
normal subgroup of GG of index two. |

From this, we can prove another partial converse to Lagrange’s theorem.
Corollary 4.5 Suppose G is a group of order 2m where m is odd. Then G has a normal subgroup of
order m.

Proof: By Prop. 2.2 there exists g € GG of order two, satisfying the conditions of Cor. 4.4. |

Since a group G also acts on itself by right multiplication, we also have the right regular action given
by the homomorphism R : G — Sg given by p,xz = xg~'. [Check that this is a group action- in so
doing, you’ll see why we need the inverse.] Analogues of the above results all hold for R as well.
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4.2 Group actions on coset spaces

Let G be a group with identity element e, let H < G be a subgroup and let G/H be the set of left
cosets of H in GG. Instead of H acting on (G, we can consider GG acting on G/ H, via left multiplication:
g-xH = grH. When H = {1} we recover the left regular action. For nontrivial H, this action is
transitive (because any tH € G/H is = - eH) but no longer free, because the stabilizer of eH is the

nontrivial subgroup H. More generally, the stabilizer of  H is tHx ™.

Every transitive group action is isomorphic to one of this form. Indeed, if G acts transitively on a set X,
and we pick any z € X, then the Main Theorem of Group Actions shows that this action is isomorphic
to the action of G on G/ H, via left multiplication as just defined, where H = G,.. However, describing
a transitive G-set as G/ H contains the additional data of a basepoint, namely e H.

If G is finite, this gives a useful way to study subgroups of G, as follows.

Proposition 4.6 Let G be a finite group having a subgroup H < G of index |G : H] = m. Then there
is a homomorphism oy : G — S,,, whose image is a transitive subgroup of S,,, and whose kernel is
given by

keroy = ﬂ gHg™ .

geG

4.3 Double cosets

Suppose a group G acts transitively on a set X and we wish to study the action of a subgroup K < ¢
on X. From the Main Theorem on Group Actions, we may assume that X = G/ H for some subgroup
H < @G, possibly equal to K.

So let us begin with a group G and arbitrary subgroups K, . Let the group K x H act on the set G
by the rule
(k,h)-g=kgh™".

The orbits of this action are called (K, H )-double cosets. Each double coset is of the form
KxH ={kxh: ke K,h € H}
for some x € G. As with all group actions, the set G is partitioned as

G=| |KzH,

where x runs over representatives for the (K, H)-double cosets.

Each double coset Kz H is a union of left cosets of H and KxH/H C G/ H is the set of the left cosets
of H contained in Kz H. In fact Kz H/H is exactly the K -orbit of xH in G/H. By the Main Theorem
of Group actions, this orbit is a /K -set which must be equivalent to K /J for some subgroup J < K.
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Proposition 4.7 The stabilizer of vH in K is K N xHx~'. Hence we have a K -equivariant bijection
K/(KNzHx ')~ KzH/H,

sending k(K NxHx ™) — kxH/H.

Proof: If k € K, then
kxH =xH < 2 'kvre€H < kczHx 'nK.
The rest of the proposition follows from the Main Theorem of Group Actions. [

If G is finite, we can use Prop. 4.7 to compute the number of elements in a given double coset Kz H,
namely

K- |H|

KeH| = ——————.
Kl = ey T

We can also view Kz H as the H-orbit of Kx in K\, and the stabilizer of Kx in H is + 'KzxnH,
so that K\KzH ~ (z7'Kx N H)\H, as H-sets.

The set of (K, H)-double cosets in G is denoted by K'\G/H. The number | K'\G/H| of double cosets
may be thought of in three ways:

e |K\G/H]| is the number of K x H orbits on G.
e |K\G/H]| is the number of K-orbits on G/H.
e |K\G/H]| is the number of H-orbits on K\G.

In contrast to ordinary cosets, there is no simple formula for | K'\G/H| in general, because the action
of K on G/H (or the action of H on K\ &) need not be free.

It is especially interesting to know when |K'\G/H| is small. For example, it follows from the defini-
tions that
\[K\G/H|=1 & G=KH <« K istransitiveon G/H.

Here is a deeper situation. Let G be a group acting transitively on a set X. To avoid trivialities we
assume X has more than one element. Then G also acts on X x X, viag- (z,y) = (g, g -y). This
action cannot be transitive, because the diagonal AX = {(x,z) : x € X} is an orbit. Hence there are
at least two orbits on X x X. We say that G acts doubly transitively on X if G has exactly two orbits
on X x X. This means G acts transitively on {(z,y) € X x X : x # y}. In other words, G is doubly
transitive on X if for any two pairs of distinct elements (z,y) and (2, ') in X x X, there is a single
element g € G suchthatg-x =2"and g -y =1v'.

Proposition 4.8 Let G be a group acting transitively on a set X, and assume |X| > 1. The following
are equivalent.
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1. |G \G/G,| =2 forany z € X.
2. Forany x € X, the stabilizer G, is transitive on X — {xz}.

3. G acts doubly transitively on X.

Proof:

(1 & 2): We have |G, \G /G| = 2 exactly when G, has exactly two orbits in X. One of these orbits
is {z} so |G, \G/G.| = 2 exactly when G, is transitive on X — {x}.

(2 = 3): Assume G, is transitive on X — {z} for any z € X. Let (x,y) and (2/,y’) be two pairs
of distinct elements of X. Since G is transitive on X, there is ¢ € G such that g - ' = x. Note that
g -y # xsince 2’ # y'. By our assumption, there is h € G, such that h - (g - y') = y. For the element
hg € Gwehave hg-2' = h-z ==xand hg -y = y,so hg- (2',y) = (x,y). Hence G is doubly
transitive on X.

(3 = 2): Assume G is doubly transitive on X and let z € X. Let y, 3’ be two elements of X — {x}.
Since G is doubly transitive, there exists ¢ € G such that g - x = x and ¢ - y = y. This shows that GG,
is transitive on X — {z}. [

In other words, if H is any subgroup of G then G acts doubly transitively on G/ H if and only if
G=HUHgH, (disjoint)
For any element ¢ outside of H.

Example : Let G = S5, and let H ~ S,,_; be the subgroup stabilizing the number 1. The permutations
in H are precisely those whose disjoint cycle expression does not involve the number 1, and we have
Sp/H ~ {1,2,...,n} as S,-sets. Given 1 < i < j < n there exists 0 € S, sending 1,2 to i,
respectively. It follows that S,, is doubly-transitive on {1, 2, ...,n} and we have

S,=HUHcH.

The elements of Ho H are precisely those permutations whose disjoint cycle expression involves the
number 1.

For any positive integer k& < n the group S,, acts on on the set X, = {z C {1,2,...,n} : |z| =
k} of k-element subsets of {1,2,...n}. One such subset is xg = {1,2,...,k}, whose stabilizer is
isomorphic to Sy x S, _k. The counting formula says that

S, B n!

| X| =

as it should.

4.4 Conjugation

Conjugation can be viewed as an action of GG on itself. This action is the homomorphism ¢ : G — S¢
given by ¢,(z) = grg~!'. Understanding this action is another important way to know a given group.
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In this context, the orbit of an element z € G is its conjugacy class “z = {gzg™' : g € G} and
the stabilizer of x is the centralizer Cq(z) = {g € G : gzg™' = z}. . Finally, the kernel of the
conjugation action is the center Z(G) of G.

If G is finite, the formula
|Ca(x)] - %2 = |G, forall zed (14)

is the Counting Formula for the conjugation action.

4.5 Burnside’s Lemma

Let GG be a group acting on a set X. Consider the set
X={(g,2)eGxX:g-x=a}
The projections onto GG and X give maps
p1:)N(—>G, pg:)N(—>X7
whose fibers are the fixed-point sets and stabilizers, respectively:
piilg) =X py(2) =G

If G and X are finite, we can compute |)? | in two ways, by summing both sets of fibers:

YoIX=1X]=) |G,

geG rzeX
Since |G| is constant for z in an orbit, we can partition the last sum into orbits Oy, ..., O, as in (13):
k
DG =) 10i - |G = k- |G-
zeX i=1

It follows that the number of orbits is the average size of a fixed-point set:
1
IG\X] = 177 21X (15)
geG

This formula is known as “Burnside’s Lemma” because he seems to have given the first published
proof, though it was apparently known to Cauchy, well before Burnside.

The sum in (15) can be condensed because | X¢| = | X"| if g and h are conjugate elements of G. Thus,
if A is a set of representatives of the conjugacy-classes in G we have

X7
G\X| = ) 16
X=X T (1o
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4.5.1 Application: Graph counting

Let V be a set and let V5 be the set of two-element subsets {v, v’} C V. A graph (V, E) consists of the
set V' of “vertices” and a subset £ C V; of “edges”. Two graphs (V, E) and (V', E') are isomorphic if
there is a bijection f : V' — V' such that fo(E) = E’, where f5 : V5 — Vi is the map induced by f.
Now F is determined by its characteristic function

XE - Vé — {07 1}7

so the isomorphism classes of graphs with vertex set V' are the orbits of the symmetric group Sy on the
set X consisting of all functions x : Vo — {0, 1}.

Fix a positive integer n and let V' = {1,...,n}, sothat Vo = {{i,j} : 4,5 € V, i # j}. The number
v, of isomorphism classes of graphs with n vertices is given by

where X,, = {x : Vo — {0,1}}. We will use Burnside’s Lemma (twice) to give an explicit formula for
Tn-

First, we have

Tn = % Z |Xg|

' oESK

A function x € X, is fixed by o exactly when x is constant on the orbits of (¢) in V5. It follows that
|XZ | = 20(0)’
where o(0) is the number of orbits of () on V5.

The number o(o) depends only on the conjugacy class of o, which corresponds, via cycle types, to a
partition A = (A > Ay > --- > X\, > 0) of n. We set o(\) = o(c) where o has cycle type \. Using

the condensed formula (16) we have
20(})

Yn = AN
—~ (M)

sum over all partitions A of n, where z(\) is the order of the centralizer in S,, of a permutation with
cycle type A. In fact we have the explicit formula

z(A) == ﬁ[ek()\)!] ) kek(/\)y

k=1
where e, (A) = [{i: \; = k}|.

Thus the problem is to compute o(\) = o(o). For this we can use Burnside’s Lemma again, this time
for the cyclic group (o). If o has order m, we get

J AN
0(‘7>:52’V2 -
d=1
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We note that N
e
vil= (757) + et
The same holds for each power o?, but with ) replaced by the cycle type of 0. Let
g=01"" 0y

be the disjoint cycle decomposition of o, so that each o; is a A\;-cycle. Then

ol =0t 0%
and o¢ has cycle type
A Y
— e, = 17
|:d,L’ Y dz:| Y ( )

where d; = ged(\;, d), and d; is also the number of parts in the partition (17). It follows that

erfo”) = di=> A

Aiidi )\ii|d
When we sum over d, each \; occurs for
m
d: )\Z’, 2)\,, Tty —>\7,
Ai
Hence
Sy e - 3
— e1(c?) = — — N\ =T
m ! m “— )\
d=1 i=1
Likewise, one checks that
1 ¢ a2 _
~ D ei(0?)? =n+2(N),
d=1
where
(A A) =D ged(Ai, Ay),
i<j
and that

1 < _r+(A)
E;@(Ud)— 5

where 7, (\) = {i : \; € 2Z} is the number of even parts of . Putting all this together, we find that
n—r_(\)

2 )
where 7_(\) = |i : A\; € 1 + 27} is the number of odd parts of \.

o(A) = (M) +

For example, if n = 4 we find
o(1,1,1,1) =6, o(2,1,1) =4, 0(22)=4, o(31)=2, o(4) =2,

so that



5 Linear groups

Let V be a vector space over a field F'. The set GL(V) of invertible linear transformations 7" : V' — V'
forms a group under composition, called the general linear group of V', whose identity element is the
transformation Iy (v) = v.

If V has finite dimension n over F' and we choose an ordered basis {v1,...,v,} of V then each
T € GL(V) corresponds to an invertible n x n matrix A7 whose j* column is

where T(vj) = ay;v1 + ag;v; + - - - + ay;v,. Matrix multiplication is defined so that
Ag - Ar = Agr, for all S, T € GL(V).
It follows that sending 7" +— A7 is a group isomorphism
GL(V) = GL,(F), (18)

where GL,,(F) is the group of n x n invertible matrices under matrix multiplication, whose identity
element is the n X n identity matrix
10
0 1
[n = 1.

_ o O O

0 0
As was the case for 5,,, the isomorphism (18) is noncanonical, because it depends on a choice of
ordered basis {vy,...,v,} of V.

A1 x 1 matrix is just a number, so
GLy(F) = F~

is the group of nonzero elements of the field F' under multiplication. This group F'* appears in GL,,(F)
as both a normal subgroup and a quotient.

First, we have an injective homomorphism
a 0
0 a

F* — GL,(F), givenby a —a- I, = : (19)

< O O O

00
whose image Z ~ F'* is the center of GL, (F'). The Projective Linear Group PG L, (F') is defined

N PGL,(F) = GL,(F)/Z.
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Elements of PG L, (F) are no longer linear transformations, but they permute the lines in the vector
space F". Thus, the elements of PGL, (F) are transformations of the Projective Space P"~!(F)
which is the set of lines in /™.

Next, recall that an n x n matrix A is invertible if and only if its determinant det(A) is nonzero.
Moreover, if A and B are two n X n matrices, we have det(AB) = det(A) - det(B). Thus, det is a
homomorphism

det : GL,(F) — F™.

The Special Linear Group SL,,(F') is defined as
SL,,(F) = kerdet = {A € GL,(F) : det(A) = 1}.
When F' = R, elements of SL,,(F’) are the linear transformations of R” which preserve volume.

Returning to general F', consider the restriction of det to Z. Since
det(al,) = a”, (20)

it follows that
det(Z) = F*"

is the subgroup of n'" powers in F*. Hence the composition

det,

GL,(F) — F* — F*JF""
induces a surjective homomorphism

det,

PGL,(F) X% Fx />,

The latter group depends on the field F'. For example, we have |[C*/C*"| = 1, while [R*/R*"| = 1
or 2 according as n is odd or even, and Q* /Q*" is infinite.

It also follows from (20) that the intersection
Zy=SL,(F)NZ ={al, : a" =1} ~ p,(F),

where 11,(F) = {a € F* : a™ = 1} is the subgroup of n'" roots of unity in /'*. The group Z; is the
center of SL,,(F') and the quotient

PSL,(F) = SL,(F)/Z, = kerdet

is the image of SL,,(F") in PGL,,(F"). The center Z; ~ u,(F') of SL, (F) also depends on the field F'.
For example, we have |y, (C)| = n, while |u,,(R)| = 1 or 2 according as n is odd or even. For general
fields F, u,,(F') is always finite of order dividing n.
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In summary, we have four closely related groups GL,,(F),SL,(F), PGL,(F'), PSL,(F), related to
each other via the following commutative diagram with exact rows.

1 — puu(F) —— F* L [P ]

l | |

1 — SL,(F) — GL(F) =% Fx ——1 1)

l | |

1 — PSL,(F) —— PGL,(F) - px/pm 41

If F is a finite field with |F| = ¢, we write
GL.(q),  SLu(q),  PGLu(q),  PSL.(q)
instead of
GL,(F), SL,.(F), PGL,(F), PSL,(F).

Often in the literature one finds the abbreviation L,,(q) for PSL,(¢). The orders of these groups are
given as follows.

|GLu(9)] = ¢"" V2 (g = 1)(¢* = 1) -~ (¢" = 1)
[PGL,(q)| = [SLa(g)| = ¢"" " V2(¢* = 1)(¢* = 1) -+ (¢" = 1) (22)
| PSLn(q)| = [SLa(q)|/ ged(n, ¢ — 1)
In the last line, recall from (24) that ged(n, ¢ — 1) = |u, (F')|. All of these orders then follow from the
2(Q)], »(q), we can take any
of the ¢" — 1 nonzero vectors in /™" for the first column, then any of the ¢" — ¢ vectors not in the line

spanned by the first column, then any of the ¢ — ¢? vectors not in the plane spanned by the first two
columns, etc. This gives

|GLu(q)| = (¢" = D(¢" = )" =)+ (¢"—¢" ")
=g (@ =) (T =) =) (g — 1)
=q" R — 1) (" = D¢ = 1) (g — 1),

as claimed above.

5.1 Symmetric groups and Linear groups

Let X be a set and let F' be a field. To this data we associate an F'-vector space V' with a canonical
basis {v, : x € X}, as follows: V is the set of all functions v : X — F, and v, is the function
ve(2") = 1if z = 2/, zero otherwise.

The symmetric group Sx acts on V' in the obvious way: If 0 € Sx and v = ) _ c,v,, (With
all c, € F)then ov = Y _y CUs(y). In particular we have o(v,) = vy(,) and this latter equation
determines the action of o on all of V.
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Suppose o = (i1 iy - - 4,) is an r-cycle in S,,. The matrix A, sends e;, > e;, — -+ — ¢; > e;, and
fixes the remaining e;’s. Since the determinant of a matrix is unchanged by simultaneous interchanges
of rows and columns, we have

!/
det(Ay) = det |17 0 | = qet(ar)
0 In—r 7
where A/ is the r X r matrix i i
0 0 O 1
10 0 0
A =101 0 0
: 0
00 -1 0]

Expanding along the top row, we compute
det(A) = (—=1)"",
Hence det(A,) = +1 or —1 according as r is odd or even.

Now take a general o € S,, and write it as a product of disjoint cycles. We have det(A,) = +1 or —1
according as o has an even or odd number of even cycles. This agrees with our definition of sgn above,
so we have shown that

det(A,) = sgn(o).

Hence sgn = det of is a group homomorphism, as claimed in Prop. 3.4.
It will be useful to know how S,, conjugates a general matrix. Let R be the set of ordered pairs of

distinct integers (i, j) with i, 7 € {1,...,n}. The group S,, acts on R viac - (i,j) = (0i,07). For any
n x nmatrix A = [A;;] let R(A) = {(¢,7) : Ai; # 0}.

Lemma 5.1 Ifo € S, and A is any n X n matrix over a field F' then we have

1. (AUAAgl)OLJj = Aij
2 R(A,AAZY) = o - R(A).

Proof: The first assertion is a straightforward computation and the second assertion follows. [

5.1.1 Conjugacy classes in GL,(F')

We assume a bit more familiarity with fields in this section. Let /" be a field. Assume either that £’ is
finite or that 2 ## 0 in F'. Let I be a fixed algebraic closure of F'. We identify '* with the center of
GLy(F), as in (19).

A quadratic extension of [ is a field K such that ¥ C K C F and K is a two-dimensional F-vector
space. This means K = F' @ F\ for some (any) A € K — F. The elements 1, A\, A\? are then linearly
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dependent over I so we have a dependence relation \* — TA 4N = 0, where T = T(\) and N = N(})
(the norm and trace) are elements of F'. The roots of the polynomial 2 — Ta + N are distinct; let A be
the root other than .

Using the basis {1, A\} the action of K* on K by multiplication gives an embedding
Ly K — GLo(F).
For an arbitrary element a + b\ € K* we have (a + bA) - 1 = a + b\ and
(a+bX) - X =aX+ b\ =aX+b(TA—N) = —bN + (a +bT)\.

Hence ¢ is given explicitly by
a —0ON
t(a+bA) = :

b a+bT

The eigenvalues of this matrix are a + b\ and a + b); in particular these eigenvalues lie in K *.

A different choice ' of A € K — F gives a new basis of K over F', and the subgroups ¢,/ (K*) and
tA(K™) are conjugate in GLo(F'). We denote any of these subgroups by K *, with the understanding
that they are only determined up to conjugacy. If L and K are distinct quadratic extensions of F' the
groups L™ and K are not conjugate in GLy(F') and any two members in the class L* or K* will
intersect in /. This is because the eigenvalues of elements of L* lie in L and similarly for K, and
KNL=F.

For g, h € GLy(F') we write g ~ h to mean that g and h are conjugate in GLy(F).

Proposition 5.2 Let g € GLy(F) have eigenvalues \, jiin F.

1. If A\ = € F*, then either g = B ﬂ orgr~ L})\ ﬂ

2. IfN#p € F*, then g ~ B 2] ~ [’g ?\]

3 IfANF# ¢ F* then \ and ;. = ) belong to a unique quadratic extension K and g ~ 1\()\) ~
LA()\) e K*.

Proof: In case 1, the matrix g — X - I, has nonzero kernel. Choose any vector v € F? such that the
vector u := (g — X - I)v is nonzero. Since (g — A - [1)? = 0, the vectors u, v are linearly independent.
Using the basis u, v, we have g ~ 3 }\ .

In case 2, we use the basis of eigenvectors of g to see that g ~ B 2] .

In case 3, A and )\ are the roots of the characteristic polynomial of ¢ so they generate a quadratic
extension K of F'. The element ¢, () € ¢x(K*) has the same eigenvalues. Hence ¢ and ¢, (\) are two
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elements of GLy(F’) which are conjugate to [8 ())\1 in GLy(K). From the theory of rational canonical

form, or Hilbert’s theorem 90, it follows that g and ¢, () are conjugate in GLy(F).
[

If F' has no quadratic extensions, for example if /' = C or if F'is the field of constructible numbers,
then case 3 does not arise. If F' is finite, say |F'| = ¢, then F' has only one quadratic extension K, and
| K| = ¢*. In this case there are (¢* — ¢)/2 conjugacy classes of type 3.

6 Affine Groups

In space all points are the same: there is no natural origin. But the relative position of two points P, ()

in space can be described as a vector v = @ indicating an arrow from P to (). Thus points are fixed
in space, but vectors are the differences between points; another pair of points R, S could be in the

same relative position as P, (), so that P() = v = RS. In both cases we obtain () from P and S from
R by adding the difference v. Thus the group of vectors acts on the space of points.

Based on these intuitive notions from geometry and physics, we define an affine space as follows. Let
V' be a finite dimensional vector space over a field /. Regard V' as an abelian group under addition.
An affine space under V is a set A on which V' acts simply and transitively. We denote this action by
(v,a) — a + v. Thus for any two points P, () € A there is a unique vector v such that Q = v + P.

Traditionally one writes v = P(), as above. We will instead write v = P — Q).

For example, suppose W is an F'-vector space and A : W — F'is a linear functional which is not
identically zero. Let V = ker A and let A = {w € W : A(w) = 1}. Then A is an affine space under V'
via the addition of vectors in V.

6.1 Affine functions

Let A and A’ be affine spaces under vector spaces V' and V"’ respectively. A function f : A — A’is
affine if there is a linear function, the derivative, f : V' — V' such that f(a +v) = f(b) + f(v) for any
a€ Aandv € V.

For example, the derivative of an affine function ¢ : A — R is a linear functional ¢ : V — F such that
Yl +v) = () + i (v),

forallz € Aand v € V. The zero set H, = {x € A : (x) = 0} is an affine hyperplane, and
Hy = xo + ker 1/) for any xy € H,. Two affine functions ¢, ¢ : A — R have 1/1 = gzﬁ if and only if
Y € ¢+R,and Hy, = H, if and only if 1) € R - ¢. Thus, an affine function v is completely determined
by its derivative ¢ and vanishing hyperplane H .
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6.2 Affine Automorphisms

The set of affine automorphisms g : A — A forms a group under composition, denoted Aff(A). The
given action of V' on A is by affine automorphisms: each v € V' gives an element 7, € Aff(A) which
is the translation 7,(z) = z + v. Thus we identify V' with the subgroup of translations in Aff(A).

The derivative of an affine automorphism v € Aff(A) is a linear automorphism ¢ € GL(V') such that
glx +v) =g(x)+ g(v) forall x € Aand v € V. Sending g — ¢ gives a canonical homomorphism
Aff(A) — GL(V). If ¥ = Iy is the identity element in GL(V) then y(z + v) = v(z) + v for all
x € Aand v € V. This implies that v is a translation. Indeed, choose any point z, € A and let
vo = 7y(x9) — x9. Now let © € A be arbitrary, and let v = & — x5. Then y(z) = y(zo + v) =
Y(zo) + v = (g + o) + v = (g + v) + v9 = x + vy, so that v = ¢,,. Thus, the translations form a
normal subgroup of Aff(A) isomorphic to V' and we have an exact sequence

1 -V — Aff(A) 224 GL(V).

The last map is surjective. To see this, we again choose a point xq € A. Now given g € GL(V'), define
v € Aff(A) by y(z) = 2o+ v(x — x¢). We then have (x4 v) = zo+v(x —zo+v) = y(z) + g(v), s0
that 4 = g, as desired. Note that - belongs to the stabilizer Aff(A, xy) of x¢ in Aff(A) and that g — ~y
gives an isomorphism GL(V) — Aff(A, xy), and we have a semidirect product

AfE(A) = V %1 AfE(A, zo).

We have just seen that linear groups are contained in affine groups. On the other hand, affine groups
are themselves contained in linear groups. As above, let W be an F'-vector space and let A : W — F
be a nonzero linear map, so that A := {x € W : A(z) = 1} is an affine space under V' := ker \. Let

GL(W,\) ={g € GL(W) : AMgw) = AMw) Yw e W}

Any g € GL(W, \) preserves both Aand V. If x € A and v € V we have g(x + v) = g(z) + g(v). It
follows that the restriction g| 4 is an affine automorphism with derivative § = g|y, the restriction of g
to V. Thus, restriction to A defines a homomorphism

GL(W, \) —> AfF(A,N).

This map is easily checked to be an isomorphism. That is, every affine automorphism of A extends
uniquely to a linear automorphism of WW. For example, the translation t,(z) = = + v on A (which is
not linear on W) extends to the map ¢,(w) = w + A\(w)v (which is linear on ). Such linear maps ¢,
are called transvections.

For example, let W = R? with standard coordinates z,y, z and let \ = x+y+2. Thus V = {(z,y, 2) :
r+y+z=0}and A= {(x,y,2) : v+ y+ 2z =1}. We have GL(IW) = GL3(R) and GL(W, \) is
the subgroup of matrices whose columns sum to 1.

The part of A having x,y, z > 0is an equilateral triangle in A with vertices P = (1,0,0), @ = (0, 1,0),
R =1(0,0,1). In Aff(A) we have the reflections about the lines containing the sides of the triangle. Let
¢ be the line though PQ. Let r, € Aut(A) be the automorphism that moves a point to its mirror image
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in A on the other side of /. Then r, extends to a 180 degree rotation about ¢ in /. But this rotation is
not linear: it moves (0, 0, 0). The unique linear extension of r, has matrix

1
1
—1

OO =
o = O

6.3 Euclidean Affine spaces

The affine space A is Euclidean if F = R and V has a positive definite inner product. We denote
the inner product by (u|v), for u,v € V. The orthogonal group O(V) is the subgroup of GL(V)
preserving the inner product. That is,

O(V)={g e GL(V): (gu,gv) = (u,v) Yu,veV}

An affine automorphism f : A — A is an isometry if f € O(V). We write E(A) for the group of
isometries of A. For any x € A the stabilizer E(A, x) is isomorphic to O(V') and we have a semidirect
product

E(A) =V x E(A, x).

7 Projective Groups

A set X has Projective Geometry if X admits a transitive action by the group PGL,,,1(F") for some
integer n > 1 and some field F'.

The first example is the projective space P"*, whose points are lines in an /'-vector space V' of dimension
n+ 1. A line is determined by a nonzero vector in it, so we denote points in P™(F') as [v], where v € V
is a nonzero vector and [cv| = [v], where ¢ € F'*.

The group GL(V') acts on P" by ¢ - [v] = [g - v]. Note that the center of GL(V') acts trivially, so
this action factors through the quotient group PGL(V') ~ PGL, (V). Thus, projective space has
projective geometry.

There are other examples: Instead of lines we could consider the set X, of subspaces of some fixed
dimension k € [1,n]. Again GL(V') acts transitively on X}, and the action factors through PGL(V).

Then we can refine. For example, suppose dim V' = 3, and let X be the set of pairs (¢, P), where ¢ is
alinein V, Pisaplanein V, and ¢ C P. Again the group PGL(V') acts transitively on X.

Taking this to the extreme, let dimV = n + 1 and let I,, be the set of sequences of subspaces
(Vi, Vo, ..., V) of V such that dimV}, = k and V, C Vjiyq for 1 < k£ < n. An element of F,, is
called a flag in V/, by analogy with polyhedra, where a flag is a vertex contained in an edge contained
in a face, like an ordinary flag. Again the group GL (V) acts transitively on [F,, and this action factors
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through PGL(V'). A Borel subgroup is the stabilizer in GL(V') or PGL(V') of a flag in V. That is, the
stabilizer of (V4, V5, ..., V,) € I, is the Borel subgroup

B={beG: bVy=V, V1<k<n},
and we have a GL(V')-equivariant bijection
GL(V)/B — T,.

Each ordered basis (e, . ..,e,) of V determines a flag (V4,...,V,) € T, where Vj is spanned by
(€g,...,ex—1). Using this basis we may identify GL(V) = GL,1(F), and then B is identified with
the subgroup of upper triangular matrices in GL,,;1(F).

7.1 The Bruhat decomposition

Elements in GL,,(F") are matrices whose determinant is nonzero. However, it is not obvious how to
write down the general such matrix. That is, we have the locus, but not the parametrization of GL,,(F’)
in the space of all n X n matrices. The Bruhat decomposition remedies this by partitioning GL,,(F')
into B — B double cosets, called Bruhat cells which can themselves be parameterized.

This is easy to see for n = 2. Consider the upper triangular subgroup

B= [g j C GLy(F).

One checks that if ¢ € GLy(F') has nonzero lower left entry then there are elements by, b, € B such
that g = by0by, where o is the permutation matrix

-

GLy(F) = B U BoB.

Thus GLy(F) is partitioned as

This generalizes to GL, (F') as follows. We have seen that the we may identify the symmetric group
Sy as a subgroup of GL,,(F’), whereby the permutation o becomes the matrix sending e; — €,(;). We
also have the subgroup B < GL,(F') consisting of upper triangular matrices with all diagonal entries
nonzero.

Theorem 7.1 (Bruhat Decomposition) The group G = GL,(F) is a disjoint union

G= || BrB,

TES’n

where BTB = {b;7by : b; € B}.
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Proof: The result is obvious for n = 1 and we have seen that it is is true for n = 2. We now assume
the result is true for GL,,(F"), and use induction.

Let V' be an n + 1-dimensional vector space over F'. To prove the theorem we study the action of
G = GL(V) on the projective space P" of lines in V' through the origin. See section 4 for background
on group actions.

A typical point in P" is a line [v] through a nonzero vector v € V and [cv| = [v] if ¢ € F*. The group
G acts on V' via g - [v] = [gv]. This action is transitive: if v € V' is nonzero then v is contained in a
basis of V' so there is an element g € G such that geq = v, hence g - {, = [v].

We choose an ordered basis eg, e1, ..., e, of V, and will often regard elements of G as matrices with
respect to this basis. We also write [v] = [zg, 71, . .., x,] for the line through v = > xex. Our choice
of basis also determines particular lines ¢, = [ex] € P™ which play a key role in what follows. The
ordering of the basis determines subspaces V;, = fy + - - - + {;_1, the span of the first k£ lines. In turn
these subspaces determine the subgroup preserving each Vj:

B={beG: bV =V, Vk}.

The elements of B are precisely those whose matrices with respect to the ordered basis {ej } are upper
triangular.

The transitive action of GG on P" restricts to an action of B which is no longer transitive: each B-orbit
contains a unique line ¢; and the B-orbit of /. is the subset

Ok ::B-Kk:{[’zH—ek]: UGVk}.

Thus Oy = { is a single point in P" and in general Oy, is an affine space of dimension k. The whole
projective space is partitioned into B-orbits as

(o
k=0

We have a parallel partition of the symmetric group S, 11 on {0,1,...,n}, as follows. For each 1 <
k < n we have a descending cycle o, = (k k — 1 --- 210). Since 0;(0) = k, it follows that

St = | | owSn, (23)
k=0

where S, is the symmetric group on {1,2,...,n}, regarded as the stabilizer of 0 in .S, ;.

Regarding 5,11 < G, we also have oy, - £y = {;. It follows that

G=||BaP,
k=0
where P is the stabilizer in G of the line ¢,. We note that P = G; x @, where G; ~ GL,(F) is the
subgroup of G fixing e, and preserving the span of {e;,...,e,}and Q ={g € G: (¢ — 1)V C 4y}.
By induction we have



where B; = B N (1. Note also that B;() = B. It follows that
G=||BoGiQ=|]| | BoxBioB.
k=0 k=0 c€Sn

Now for 1 < 7 we have

i—1  if1<i<k
7 ifk<i<n

soif 1 <14 < j then 0y (i) < o%(j). By Lemma 5.1 we have that 04, B,0;, " C B. It follows that

GZ[]LJB@JB: | | BoB,

k=00c€Sy, 0€Sn+1
by (23), as desired. |

Thus G is partitioned into Bruhat cells Bo B, in each of which one can write down every element.
However, in a given cell Bo B it is possible to have byoby = U)o, for b; # b,.

We can sharpen the Bruhat decompositon to obtain uniqueness of expression. We continue with V' of
dimension n + 1 and our choice of ordered basis {¢y, . . ., €, }, as in the proof of Thm. 8.10. Recall that
Vi = Lo+~ - -+{;_1 is the span of the first &k basis elements. As a first step, we note that B = UT = TU,
where

T={teG: t-l,=4 Yk} and U={ueG: u-e €e,+Vp Vk}
and that S, ; normalizes 7". Hence
BoB=UToB =UcTB =UoB.
However it is still possible to have uob = u/ob’ for distinct u, v’ and b, b, so we must refine further.
For each k € [0, n] let
Us={u€B: ue,€e,+Vy and wue; =e¢;Vj#k}.

If w € Uy then uey, = e + v for a unique v € V). One checks that Uy is a subgroup of B and
that the assignment u + v is an isomorphism U, — V},, where V}, is regarded as an abelian group
(under vector addition). We see that Uy, acts simply and transitively on the B-orbit Oy in P". With this
observation we now re-examine the proof of Thm. 8.10 to obtain the following sharper form of the
Bruhat decomposition.

For each k € [0, n] let V* be the span of the e; for k < j < n, sothat V =V, & V¥, and let
Gr={g€G: gv=v Yo eV, andgVF=V"}

Thus, we have G = Gy > G| > -+ > G, and G}, ~ GL(V*). Noting that ¢, C V*, let P} be the
stabilizer of /), in G and let Qx = {q € Gy : (¢ — 1)V* C £;}. We have P, = G X Q.
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Theorem 7.2 Let o in S, 1 have descending decomposition 0 = oy - - - 0, corresponding to the n-
tuple of integers (ki, ..., ky,) as in Prop. 3.2. Then for each g € BoB there exist unique elements
u; € Uy, NG, and an element b € B such that

g = U107 - U079 - - - UpOp - b.

Proof:

The following algorithm gives a constructive proof of the theorem.
1. Let k; € [0, n] be the unique index such that g - £y € Oy, .

2. Let u; € Uy, be the unique element such that g - €y = uy - {,.

3.Letoy = (ky ...210) € S,41. This is the unique descending cycle such that oy - {4 = {;,. We now
have
gLy = uy0oq - Ly,

S0 g = uy07 - po for a unique element py € F.

4. Let g; € G and gy € )y be the unique elements such that py = g1qo. We now have

g = U101 * g190-

5. Repeat steps 1-4 with g replaced by ¢; and ¢, replaced by ¢;. This gives a unique index ks € [1, 7]
and element uy € Uy, NGy such that g; - {1 = us - {1 € Oy,, and the decending cycle oo = (ks ...21)
such that o9 - {1 = {y,, so that g; = us05 - p; for a unique element p; € P;. Writing p; = ¢2q; for
unique go € G5 and ¢; € Q1 we have
g = U107 - U202 - §2q142.
We eventually get
g = U101 - U0+ ** UpOp + b,
where u; € Uy, N G;—1 and b = ¢142 - - - ¢, € B, with uniqueness at every step. |

Thm. 7.2 gives a unique expression for every element in BoB. We will next see that the product
U107 - Ua09 - - - Un 0y, lies in Uo, and we will characterize which elements of Uo are of this form.

Let U be the transpose of U. Note that U N B = {1}.

Corollary 7.3 Every element g € Bo B may be uniquely expressed as g = uob where w € UNoUo ™!
and b € B.

Proof: We have
U107 - U0y + + * Up Oy - B = uo B,

where
U = u1(01u20f1)(0102u3a;10f1) (o Jn,lunaqﬁl . 'Ufl).
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I claim that each term in parentheses belongs to U. Since each u, has all eigenvalues equal to 1, it
suffices to show that each term is in B. As in section ??, let R be the set of ordered pairs (i, j) of
distinct integers in [0,n], and let RT = {(i,j) € R: i < j}, R~ = {(i,j) € R: i > j}. For
any g € G let R(g) = {(7,j) : ¢i;j # 0}. Since B = {b € G : R(b) C R'}, we must show that
R(u) C R™.

For 0 < ¢ < n we have R(ug+1) = {(i,k,) : ¢ <i < k,}. From Lemma 11 we have
01090, R(us1) C RY
for all 1 < g < n. The claim now follows from Lemma 5.1.
Next the element 0~ 'uo is a product of terms of the form
-1 _—1

— -1
Tp =0, 0,10, UpOp--0p_10p

for p € [1,n]. One checks that

O-p_lR(uP) = {(pvp - ]')7 (p+ 17p - 1)7 R (kpap - 1)}
If ¢ > p then aq_l =(¢—1,q,...,k,) fixes p — 1 and preserves [p, n]. It follows that

R(z,) = o to - -ap’lR(up) Cc R~

so x, € U. It follows that u € cUo !, as claimed.

If uoh = w'ob/ with u, v’ both in U N cUcs ! then b(¥)~! = o~ 'ur'c € BNU = {1}. It follows that
b =10 and u = v/, so we have uniqueness of expression.

|
Note that
UNnoUc'={uelU: R(u)C N(o™")
so that U N ¢Uo ™! is an affine space of dimension equal to the length (o).
We have already seen that S, has a unique longest element 5 = (n ---0)(n -+ 1)---(nn —1). It

has order two. As a matrix, & is the unique permutation matrix with the property that U N 6U5 = U
is maximal. The Bruhat cell Uc B is called the big cell. If we multiply the big cell on the left by & we
obtain

cUsB =UB.
These are the matrices admitting an “LU” decomposition, as it is called in elementary linear algebra.
The matrices which have no LU decomposition are exactly those in the translates 6Uc B for o # 4.

Example: We give the explicit Bruhat decomposition for G = GL3(F'). Let A, A, be the functions
on G given for g = [g;;] by

Al(.g) = 931, Az(g) = 21932 — g31922-
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One checks that for b, 0’ € B we have A;(bg’) = x;(b,b')A;(g) where x;(b, V') € F*. 1t follows that
the zero-sets Z; of A; are unions of Bruhat cells. Writing elements of S5 in their descending cycle
decomposition, let

Wi ={(10)(21),(10),(21),e},  W2={(210),(10),(21),e}.
Using the algorithm in the proof above we find that

Zi=|| BoB, so ZinZ= || BoB,

oceW; ceWiNWy

and also (using the notation of the proof) that B U B(1 0)B = Py, BU B(2 1)B = P;. One can now
decide which Bruhat cell contains a given g € G according to the vanishing of certain minors.

8 Abelian Groups

We give brief introductions to the most fundamentally important groups here.

8.1 Cyclic groups

Let Z be the group of integers under addition, with identity element 0. Since addition of integers is
commutative, the group Z is abelian. Using the division algorithm, one proves that for any subgroup
H < 7, there is an integer n > 0 such that H = nZ, the set of multiples of n. If n = 0 we have
H = {0}. Assume now that n > 1. Then the quotient Z/nZ is finite of order n, and consists of
the cosets nZ,1 + nZ,...,(n — 1) + nZ. The subgroups of Z/nZ correspond to the subgroups of Z
containing nZ. These are the subgroups dZ/nZ, for positive integers d | n. Note that multiplication
by d~! induces an isomorphism
dZ/nZ ~ Z./d 'nZ.

Every subgroup is normal in Z, and we have

(Z/nZ)/(dZ/nT) ~ Z./dZ.

Cyclic groups play an important role in any group G. For each element g € G determines a homomor-
phism

n

eg: Z— G, given by eq(n) = g".
The image of ¢, is the subgroup generated by g

ime, = (g) = {¢" : neZ}.

The kernel of e, is a subgroup of Z, hence is of the form mZ, for some integer m > 0. If m = 0 then
¢ has infinite order and (g) ~ Z. If m > 0 then m is the order of g.
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A group G is cyclic if G = (g) for some g € G. That is, G is cyclic iff there exists g € G such that
every element of GG is a power of g. We can also say that G is cyclic iff there exists g € G such that the
homomorphism e, : Z — G is surjective.

We have seen that every infinite cyclic group G is isomorphic to Z, and every finite cyclic group of
order n is isomorphic to Z/nZ. Usually we will encounter cyclic groups while we are working with
multiplicative notation, where we will let C,, denote a generic cyclic group of order n. Thus, C,, = (g),
for any element g € G of order n.

Since C,, ~ Z/nZ, it is immediate from our discussion of Z and its subgroups that ), has a unique
subgroup of every order d dividing n, namely (g¢) ~ Cy. Every subgroup of C,, is of this form and we
have

Cn/Cd ~ Cn/d

This is a complete description of all of the subgroups and quotients of C,,.

Example: Let m,n be positive integers. The subgroups C,[m] = {x € C,, : 2™ = 1} and (C,,)™ =
{z™ : x € C,} of O, are the kernel and image of the homomorphism C,, =+ C,, sending x + 2™,
so these fit into the exact sequence

1 — Cym] — C,, — (C,))" — 1.

If g is a generator of C,,, one can check that C,,[m] = (g"/?), where d = gcd(m, n). Thus, C,,[m] ~ C;
and (C,,)"™ ~ Ch /4.

A final remark on cyclic groups: The word “isomorphic” does not mean “equal”. We have Z/nZ ~ C,,
but there is a subtle distinction between these groups: Note that Z/nZ has a canonical generator,
namely 1 + nZ. But C,, has no canonical generator. For if (g) generates C,, then so does g* for any
integer k£ with ged(k,n) = 1 (exercise...). For example, if

O R P

then G ~ (3 and either nonidentity matrix generates (G, but there is no natural preference for either
generator. The root of this issue is that the isomorphism Z/nZ — C,, induced by e, depends on the
choice of generator g of C),; a different choice would give a different isomorphism. An isomorphism
of this sort, which depends on one or more arbitrary choices, is called noncanonical.

8.2 Finite abelian groups

Every finite abelian group is a direct product of cyclic groups. The first basic result in this direction is
as follows.

Proposition 8.1 Ler A, B, C be finite abelian groups fitting into the exact sequence
l1—A—C-5 B—1.

Assume that the orders of A and B are relatively prime. Then C ~ A x B.
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Proof: Set m = |A| and n = |B|, so that |[C| = mn. Let D be the set of elements in C' whose
order is relatively prime to m. Then D N A = {1}. I claim that 7(D) = B. Let b € B and choose
¢ € C such that m(c) = b. Since |C| = mn we have (¢™)" = 1, so the order of ¢ divides n, which is
relatively prime to m. Hence ¢ € D, and 7(¢™) = b™. But the map = — x™ is an automorphism of
B, again since gcd(m,n) = 1. Hence n(D) = B™ = B. It follows that C' = AD, and that 7 maps D
isomorphically onto B. By Prop. 2.10 we have

C=AxD~AxB.

However, a direct product decomposition of an abelian group need not be unique.

Proposition 8.2 Suppose ni,ns, ..., n; are relatively prime integers with product n = ning - - - ny.
Then
Cry X Cpy X - X Cy, >~ Cly.

Proof: Let g; be a generator of C,,, for each 4. I claim that the element (g1, go2, . .., gx) € Cp, X+ - -xCly,
has order n. We have (g1, g2, ..., 9x)" = (g7, 9%,...,97) = (1,1,...,1), since n; | n for all i. And if
g = 1 for all ¢ then n; | m for all ¢, so n | m, since the n; are relatively prime. Hence n is the order

Of(gl7927"'>gk)' u

We can get a unique decomposition of a finite abelian group G as follows. For each prime p let G(p)
be the set of elements of G whose order is a power of p.

Theorem 8.3 Let GG be a finite abelian group of order n. Then

1. G =], G(p) is the direct product of its nontrivial subgroups G (p).

2. For each prime p there exist unique positive integers ey > ey > --- > e > 0 such that
€1+ ey + - - - + ey is the power of p dividing n and

G(p) > Cper X Cpea X -+ X Chex.

Proof: Part 1 follows from Prop. 8.2, using induction on the number of primes dividing |G|. We will
prove part 2 later, using modules over principal ideal domains. See Milne for an elementary proof. W

Example 1: If n = p;ps - - - pi 1s a product of distinct primes, then there is only one abelian group of
order n, up to isomorphism, namely C,,. For the unique decomposition of Thm. 8.3 would be

G~Cp xCp x---xCpy,

which is isomorphic to C,,, by Prop. 8.2.

Corollary 8.4 A finite subgroup of the multiplicative group of a field is cyclic.
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Proof: Let F' be a field and let G be a finite subgroup of the multiplicative group F'*. If n is a positive
integer and g € G has order dividing n, then g is a root of the polynomial 2™ — 1, which has at most n
roots in F'. Hence GG has at most n elements of order dividing n, for any n > 1. Write G = Hp G(p),
according to part 1 of Thm. 8.3. Each G(p) has at most p elements of order dividing p. Hence G(p) is
cyclic, by part 2 of Thm. 8.3. Now G is cyclic, by Prop. 8.2. [

Example 2: If F'is a finite field with |F'| = ¢, then F'* ~ C,_;. Consequently, for any positive integer
m the subgroup p,,(F) = {x € F': 2™ = 1} is also cyclic, of order ged(m, ¢ — 1):

Mn(F) = Cgcd(m,qfl) (24)

8.2.1 Unit Groups

Let m be a positive integer and consider Z/mZ under multiplication (that is, as a ring):
(k +mZ) (k' +mZ) = kk' + mZ,

which is a well-defined operation. It is not a group operation, however, since the element 0+ mZ has no
multiplicative inverse. In fact, from the Euclidean algorithm it follows that k 4+ mZ has a multiplicative
inverse in Z/mZ iff gcd(k, m) = 1. Hence the set

(Z/mZ)* ={k+ mZ: ged(k,n) =1}

forms a group under multiplication in Z/mZ, with identity element 1 + mZ. Since multiplication in Z
is commutative, the group (Z/mZ)* is abelian, of order

o(m)={keZ: 1<k<m, ged(k,m)=1}.

Proposition 8.5 Ler m = pi'---p* be the factorization of m into a product of powers of distinct
primes p;. Then

k

(z/mzZ)* ~[[(@/p;z)".

i=1
2. For any prime p and integer r > 1 we have
O(p_l)prfl ~ Cp_]_ X Cp'rfl l‘fp Z 3
(Z)p"Z)* ~ K Oy x Cyr ifp=2andr > 2
1 ifp=2andr =1.

Proof: Part 1 follows from the Chinese Remainder Theorem. We prove part 2 for p > 3 and leave
p = 2 as an exercise. Reduction modulo p gives a surjective map

m (L)L) — (Z/pZ)*.
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By Prop. 8.2 and Example 2 above, it suffices to show that ker 7 is cyclic. Clearly 1 + p € ker 7. We
will show that 1 + p has order p"~! modulo p".

Recall that p | (Z) for all positive integers £ < p. Now if a and b are congruent integers modulo some
power p?, it follows that a”? = b mod p‘*'. Now using induction on ¢ > 2 we have

(1+p)?  =1+p" mod p,

which implies that 1 + p has order p’~! modulo ¢ for any ¢ > 2. |

8.3 The dihedral groups D,,

A dihedral group is a group generated by two distinct elements of order two. As the name indicates,
they arise naturally from pairs of reflections in affine spaces.

A reflection is an isometry of a Euclidean space £/ whose set of fixed-points in F is a hyperplane.
Suppose F is a plane. Each line ¢ in E determines a reflection r with fixed-point set ¢. If P is a point
not on ¢, then r(P) is the mirror image of P with respect to £. We say that r is the “reflection about ¢”.
Note that r is a nontrivial involution of the isometry group of the plane.

Suppose ¢ and ¢’ are two lines in the plane, with reflections r and /. If £ and ¢’ are not parallel, then
they meet in a point P, and the product r7’ is rotation about twice the angle at P from ¢ to /. In
particular, » and 7’ commute precisely when ¢ and ¢’ are perpendicular. If ¢ and ¢’ are parallel, the
product 7’ is translation by twice the perpendicular vector from ¢’ to £.

For any integer n > 1 consider n lines ¢4, ..., ¢, in the plane meeting in a common point, with equal
angles (= 7/n) between adjacent lines. Let r; be the reflection about ¢;. The dihedral group D, is the
group generated by the reflections 74, ..., r,. We define D, similarly, by taking a countable number
of parallel lines equally spaced apart (all meeting at infinity, with equal angle zero).

For n = 1 we have just one line, with reflection r and
Dy ={1,r} ~Cs.
For n = 2 we have two perpendicular lines /1, /5, whose reflections r1, 7, commute. Hence
Dy ={1,r1, 19,1113} >~ Cy x Cs.

For n = 3 we have three lines {1, {5, (5 intersecting at the angle 7/3. Let r, s be reflections about
adjacent lines. Then 75 is a rotation of order 27 /3, hence has order three. The equation (rs)® = 1 can
be written as

rSr = STS.

This element rsr = srs is the third reflection. It follows that Dj is generated by r and s only, and its
elements are
D3 ={1,r,s,rs,sr,rsr}.
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The product of any two elements in D3 is completely determined by the three rules:
r? =1, s =1, ST = ST'S.

For example, we have rs - rsr =rs-srs=r-rs =s.

It is a similar story for an arbitrary finite n > 2. We again let r, s be reflections about adjacent lines
., U, so that rs is a rotation by 27 /n and hence has order n. The equation (rs)™ = 1 can be written as

rsrs... = Ssrsr...
—_—— =
n terms n terms

The element srs is reflection about the line s(#,.), which is the other line adjacent to s. It follows that
all reflections can be written in terms of  and s, as s(rs)i for some 1 < ¢ < n and that the elements of
D,, are

D, ={(rs)’,s(rs)": 1 <i<n}
and |D,,| = 2n. The element ¢ = rs generates a cyclic subgroup (t) ~ C,,, consisting of all rotations
in D,,, which has index two in D,,. The reflections in D,, are precisely the elements outside of (¢), and
for any reflection ', we have r'tr’ = t71.

As with cyclic groups, we can describe the subgroup lattice of D,,. For each divisor m of n, we
have first of all the unique cyclic subgroup C,, < C,, = (t), as well as n/m copies of D,, obtained
as follows. Index the lines by Z/nZ, and partition them according to the fibers of the natural map

T : L/nZ — 7/ (n/m)Z. Let D be the subgroup of D,, generated by the reflections about lines in
the fiber 7! (z). Since this fiber has m equiangular lines, we indeed have DY ~ D,,. As i ranges over
Z/(n/m)Z, we obtain n/m subgroups DY
we have n/1 = n subgroups DY) ~ D, each generated by the reflections about one of the lines.

Finally, if ¢ | m | n, we have DY) < DY) iff 7, (j) C 7} (i) iff j = i mod 2.

, all containing the same cyclic subgroup C,,. In particular,

The situation for D, is similar but simpler. The element ¢ = rs now has infinite order, hence generates
a copy of Z in D, and for any reflection r’ we again have r'tr’ = ¢t~!. We leave the subgroups of D,
to the exercises.

Returning to finite n, we can view D, as a subgroup of G Ly(R). Assume the lines intersect at (0,0) €
R? and that the reflecting line ¢; is the x-axis. The reflection r; has matrix

|10
r = 0 —1 .
For 1 < k < nlet {4, be the line rotated from ¢ counterclockwise by kx /n. Then /5 is adjacent to ¢;
and the rotation (r;79)* has matrix

k _ |cos(2km/n) —sin(2km/n)
(rir2)” = [sin(anr/n) cos(2k/n) ] '

8.4 The quaternion and generalized quaternion groups ()4,

The generalized quaternion groups are best understood as subgroups of the group SLy(C) of 2 x 2
complex matrices with determinant =1. Let 7" be the subgroup of diagonal matrices in SLy(C). Its
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normalizer N (T") in SLy(C) consists of two cosets of 7"

N(T)=TuUwT,  where w= [(1) _01] :

The finite subgroups of N(7T') are of two types: Those contained in 7" are cyclic. The generalized
quaternion groups are the finite subgroups of N (7') which are not contained in 7". Let QQ < N(T) be
such a subgroup. Since () £ T, it contains an element of the form wt for some ¢ € T'. Replacing () by
s71Qs, where s? = t, we may and shall assume that t = 1, so that w € ). Since w has order four, the
order of () is divisible by four.

The generalized quaternion group ()4, is the unique subgroup of N (T') containing w and having order
4n.

To see ()4, explicitly, let (,, = e™/™ which has order 2n as an element of C*. Then Qy,, is generated

by the two matrices
_ % 0 [0 -1
tn—[o 1 and w=1 9

Note that ¢,, has order 2n, that w has order four, and we have
wtaw™ =171, w?=1"=—1.

Thus, we have o
Qu={tiw’ : 0<i<2n—1, j=0orl},

so that |Q4,| = 4n, as claimed. Note that

(tn) O (w) = (tn) = (=1,

where —/ = _01 _01] . This is the unique element of order two in )4,, and the subgroup (—1) is
normal in ()4,, with quotient

Hence the subgroups of (4, containing (—1) are in bijection with the subgroups of D,,. Recall the
subgroups of D,, are cyclic rotations or dihedral. The subgroups of ()4, corresponding to cyclic rota-
tions are cyclic. These are precisely the subgroups of even order in ()4,. The odd-order subgroups are
cyclic and contained in (¢,,).

For k = 1 we have Q)4 = (w) ~ C,. This is the only generalized quaternion group which is abelian.
Indeed, we have Z(Q4,) = (—I) whenn > 2.

For k = 2 the group (Jg is commonly known as the quaternion group (of order eight), and has different
notation. It is common to write
QS = {:i:lu :i:l7 ij? j:k}a

where

SIS A IS AR O |

50



which have relations i? = j? = k? = —1 and
ij=k k=i, ki=j, ji=—k kj=—i, ik=—j.

The proper subgroups of Qg are (i), (j), (k), (—1). We have

and this subgroup is both the center Z(()g) and the commutator subgroup (s, @s|. The group Qs is
the simplest non-abelian group in which every subgroup is normal. It can be shown that any finite
non-abelian group with all subgroups normal is isomorphic to Qg x A, where A is abelian.

8.5 p-groups, a first look

A finite group G is a p-group if the order of G' a power of a prime p.

Each abelian p-group is a direct product G' = Cpni X Cpny X - - - X Cpnie 0f cyclic p-groups, there being
one isomorphism class of such groups for every set of positive integers {ny,...,n;}. Whenall n; = 1,
the group C¥ = C, x C), X - - - X C, is called elementary abelian of rank k. The dihedral groups Don
and generalized quaternion groups (Jo» are examples of nonabelian 2-groups.

One cannot hope to classify all p-groups, except those whose orders are small powers of p.
Proposition 8.6 Let p be a prime and let G be a p-group.

1. If |G| = p then G ~ C,,

2. If |G| = p? then G is abelian. We have G ~ C, if G is cyclic and G ~ C,, x C,, if G is not
cyclic.

3. If |G| = p® then either G is one of two nonabelian groups or G is one of Cys, C,, x Cy2 or
Cp x Cp x O,

Proof: We already noted that part 1 is a consequence of Lagrange’s theorem. We will prove part 2
here, and postpone the proof and a more detailed statement of part 3.

Assume |G| = p?. We have seen in Cof. 2.15 that every p-group has a nontrivial center Z(G). By
Lagrange’s theorem, we have |Z(G)| = p or p?. If |Z(G)| = p then G/Z(G) has order p, hence is
cyclic, so G is abelian, contradicting Z(G) # G. Hence G is abelian.

The order of every element of G also divides p?. If G has an element of order p? then G ~ Cj2. Assume
G has no element of order p?. Then every nonidentity element of G has order p. Choose h, k € G with
h # 1and k ¢ (h). The subgroups H = (h) and K = (k) haver order p and are both normal in the
abelian group G. Now H K is a subgroup of GG properly containing H. Since [G : H| = p, it follows
that H K = G. Likewise, H N K is a proper subgroup of K, which has order p, so HN K = {1}. Now
by Prop. 2.10 we have G ~ H x K ~ (), x C),. [
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Prop. 2.15 can be extended to prove the converse of Lagrange’s theorem for p-groups. First we need a
lemma.

Lemma 8.7 If A is a finite abelian group whose order is divisible by a prime p then A contains an
element of order p.

Proof: By induction, we may assume the result is true for groups of smaller order. Let b € A have
orderm > 1,and let B = (b). If p | m then b™/? has order p. Assume p { m. Then p divides | A/B| and
|A/B| < |A|, so A/B has an element of order p, by the induction hypothesis. This element is a B for
some a € A such thata ¢ B, but a? € B. Therefore a? = b" for some integer . Since ged(p, m) = 1,
we can write = kp + ¢m for integers 7, {. The element ¢ = ab~* does not belong to B since a ¢ B,
but since A is abelian we have

P =aPb P = = pfm = 1
Hence ¢ € A has order p. [ |

As we will see in the next result, the lemma is true without the assumption that A is abelian, but the
proof is not as constructive.

Proposition 8.8 Ler G be a finite group of order p", where p is a prime. Then G has a chain of
subgroups

1=Gy<Gi<Gy<-- <G 1 <G, =G
such that for all 0 < i < r we have

1. |Gy =p";

2. G, is a normal subgroup of G and G;1/G; ~ C);

3. Giy1/G; is contained in the center of G /G,.
Proof: We argue by induction on 7. By Cor. 2.15, the center Z(() is a nontrivial abelian p-group. By
Lemma 8.7£here exists a subgroup G; < Z(@G) of order p. Since (; is central 21 G we have G < (.
The group G = G/G; has order p" . Applying the induction hypothesis to G, there is a chain of

subgroups L o o o
1:G0<G1<G2<"'<GT_Q<GT_1:G

such that for all 0 < i < r — 1 we have |G;| = p’ and G; <G and G, /G, is contained in the center of
G/G.

By the Correspondence Theorem applied to G/ there are normal subgroups GG; < G such that
Moreover, the canonical projection G — G induces isomorphisms

G/G;, = C/G;
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which restrict to isomorphisms

Git1/Gi — Gy /G
for each 0 < i < r. It follows that G; 1 /G; is contained in the center of G/G;, as claimed. [ |

Thus, every p-group has a tower of normal subgroups whose quotients are cyclic of order p. Despite
this apparent simplicity, the number of isomorphism classes of groups of order p” grows rapidly with
r, especially for the prime p = 2. Below is a table of the number of 2-groups for exponent < 10.

|G| | number of groups
2 1
22 2
23 >
24 15
25 o1
26 267
27 2 328
28 56 092
29 10 494 213
210 49 487 365 422

It has been determined ! that the total number of all groups of order < 2000 is 49 910 529 484, so over
99% of these groups have order 2.

8.6 Simple groups

A group G is simple if G has no normal subgroups other than {1} and G itself. Such groups have
remarkable properties. For example,

Every homomorphism from a simple group to another group is either injective or trivial.

Forif f : G — G’ is a nontrivial homomorphism from a simple group G into some other group G’ then
f is automatically injective, since ker f is a normal subgroup of G.

Likewise,
If G is nonabelian simple, then the center Z(G) = {1} and the commutator |G, G| = G.

For both Z(G) and [G, G] are normal subgroups of G. As G is nonabelian, we have Z(G) # G and
|G, G| # {1}, so we must have Z(G) = {1} and [G, G| = G.

By Lagrange’s Theorem, any group of prime order is simple. All other simple groups are nonabelian;
they are extremely rare and interesting. Of the 49 910 529 484 groups of order at most 2000, exactly

'The groups of order at most 2000, Besche et al., AMS Elec.Res.Ann. 2001.
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six are nonabelian simple groups, namely

simple group GG |G|

Ay ~ PSL.(5) | 60

PSLy(7) ~ GL3(2) | 168
)

Ag ~ PSLy(9) | 360
PSL;(8) 504
PSL,(11) 660
PSL,(13) 1092

These small simple groups belong to two families A,, and PSLy(q) forn > 5 and ¢ > 5 a prime
power. We prove that the groups in these families are simple.

8.6.1 Simplicity of alternating groups

Theorem 8.9 Forn > 5 the alternating group A, is simple.
Proof: Every element of A,, is a product of an even number of transpositions. Hence A,, is generated
by elements of the form (a b)(c d) and (a b)(b ¢). Now
(ab)(cd) = (acb)(acd), and (ab)(bec)=(abc),
so A, is also generated by 3-cycles.

Since n > 5, the centralizer of a 3-cycle in S,, contains a transposition, so this centralizer is not
contained in A,. It follows that the 3-cycles form a single conjugacy class in A4,,.

Let N < A,, be a nontrivial normal subgroup of A,,. We must show that N = A,,. For all o € N and
a € A, the commutator 0~ 'aoca~! belongs to N, since N < A,,. We use this procedure to show that
N contains a 3-cycle or a 22-cycle. Since N is a union of conjugacy classes of A,, it will follow that
N contains all 3-cycles or 22-cycles and therefore N = A,, by our previous remarks.

We write elements of /V as products of disjoint cycles.
Case 1: Suppose N contains a disjoint product of the form
o=71-(a1ay ... a,), r > 4.
Let o = (a; as ag). Then we compute
o laca™ = (ay asa,) € N,
so that NV contains a 3-cycle in this case.
Case 2: Suppose N contains a disjoint product of the form

o=T1-(abc)(de f).
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Let & = (a b d). Then we compute
claca™ =(adbfc)€N.

Then case 1 applies, and shows that /V contains a 3-cycle.
Case 3: Suppose N contains a disjoint product of the form

o=1-(abc)
where 7 is a product of transpositions. Then o2 = (¢ b a) so N contains a 3-cycle.
Case 4: Suppose N contains a disjoint product of the form

o=r1-(ab)(cd),

where 7 is a product of transpositions. Since C's, (o) contains the transposition (¢ d), it follows that NV
also contains

o =71-(ac)bd),
which has the same cycle type as 0. Hence N contains
oo’ = (ab)(cd)(ac)(bd) = (ad)(ch)
Hence N contains all elements of the class [2, 2].

Every nonidentity element of A,, can be written in one of these four forms. Hence N must contain a
3-cycle or a 22-cycle. [

8.6.2 Simplicity of PSL,(F')

We next prove that the group PSLy(F') is simple for any field with at least four elements. The proof
depends on a series of lemmas, each interesting in its own right. We work in the group G = SLy(F),
with the following subgroups and element:

s {2 nlraererd oo { over) {0 eer)
R N R | e )

Lemma 8.10 (Bruhat Decomposition) We have G = B U BwB, a disjoint union.

Proof: A matrix [CCL 2] € G lies outside of B exactly if ¢ # 0. In this case,
a b ctoa 0 —1 1 de !
L d}_{o c]'[1 0}'{0 1}63“’3'
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Lemma 8.11 The subgroup B is a maximal proper subgroup of G.

Proof: Suppose H is a subgroup of G properly containing B. Then there exists h € H with h ¢ B.
By Lemma 8.10, we can write h = bywb,y, with b; € B. It follows that w € H, hence BwB C H, so
H=G. |

Lemma 8.12 The group G is generated by U and U.
Proof: Let H be the subgroup of G generated by U and U. If a € F*, we have

a O] _[r 1] [ 1 0 [1 —a'] [ 1 0
0 a'| |0 1] |a—1 1] [0 1 a—a® 1|

Since B = TU, we have B < H. And
[t -1 o] 11
R [ B R P U I [ W

sow € H. From Lemma 8.10, it follows that H = G. [ |

Lemma 8.13 If || > 4 then SLy(F) is its own commutator subgroup.

Proof: By Lemma 8.12 it suffices to show that the elements of U and U are commutators. This
depends on the fact that 7" normalizes U and U. Indeed, we have

a 07 b]fa 07" _f1ba?) o O][L0]fa O] _[1 o0
0 atllo 1|0 | Tlo 1] 2 0 alle 1|0 at| T lea? 1|

We get the following commutators

s 2LE -6 5 2L g

Now if F' has at least four elements, we can find @ € F such that a ¢ {0,+1, —1}. For any x € F we
take b = x/(a®> — 1) and c = /(a2 — 1), and find that

o i) e LY

are commutators, as claimed. [ |

Lemma 8.14 The intersection (),c?B = Z.

Proof: Since Z < B, and Z is central, it is clear that Z < 9B for all ¢ € . Conversely, we have
BNn*B =T1T. Letting v = B (3] € U, one checks that T N *B = Z. Hence ﬂgeG 9B < Z, proving
equality. [
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Lemma 8.15 Assume that |F'| > 4. Let H be a normal subgroup of G = SLy(F). Then either H < Z
or H=_G.

Proof: Since H < G, the product H B is a subgroup of GG containing B. By Lemma 8.11 we have
either HB = Bor HB = G.If HB = Bthen H < B. Butsince H < G, wehave H C (), ., 9B =
Z.

geG

Suppose HB = G. Then we can write w = hb for some i € H, and b € B. One checks that B
normalizes U and “U = U. It follows that U = “U = "U =", As U and U generate GG, we have
then G = HU. By the second isomorphism theorem, we have

G/H = HU/H ~U/U N H.

The latter group is abelian since U is abelian. Hence H > [G, G]. But [G, G] = G, as we proved in
Lemma 12.1. Hence H = G, as claimed. [ |

Now we can prove our result.
Theorem 8.16 If F is a field with at least four elements then the group PSLy(F') is simple.

Proof: By the Correspondence Theorem, the normal subgroups of PSLy(F') are the projections of
the normal subgroups of SLs(F') which contain Z. From Lemma 8.15 it follows that every normal
subgroup of PSLy(F') is either trivial or all of PSLy(F'). Hence PSLy(F') is simple. |

Remark: If |F| < 3 then PSLy(F) is not simple. Indeed, we have
PSLQ(Q) ~ 53, PSL2(3) ~ A4.

These are the first two of the “exceptional isomorphisms” discussed in the next section. For n > 3, the
group PSL,,(F) is simple for every field F' (see [Lang, XIII.9]).

8.7 Exceptional isomorphisms

The previous two sections exhibit two families of finite simple groups, namely the alternating groups
A, for n > 5 and the groups PSLy(q) = PSLy(F) where F' is a finite field with |F| = ¢ > 4. A
small number of groups are common to both families via isomorphisms whose subtlety ranges from
the non-obvious to the miraculous. We list these exceptional isomorphisms, and a few others.

Ay = PSLy(3)

As ~ PSLy(4) ~ PSLy(5) 25)
PSLy(7) ~ GL3(2) = PSL3(2)

Ag = PSLa(9)

Ag ~ PSL4(2).
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The first two, as well as the isomorphism A ~ PSLy(4), arise easily from the theory of group actions
in the next section. For the remaining exceptional isomorphisms, see sections 10.4.1, 10.4.2, 13.5.2
and ??.

8.7.1 Applications to simple groups

Proposition 8.17 Let G be a simple group of order |G| > 2 and let H be a subgroup of G of index m.
Then G is isomorphic to a subgroup of the alternating group A,,. In particular, the order of G divides
Lol
sml.

Proof: The action of G on G/H gives a homomorphism oy : G — S, which is automatically
injective so GG is isomorphic to the image G’ = o4 (G). The composition

G2 S, 25 {£1}
cannot be injective since |G| > 2, so it must be trivial. This means that G’ < A,,. [

Corollary 8.18 Let G be a nonabelian simple group and let H be a proper subgroup of G. Then
|G : H] > 5.

Proof: We know that [G : H] # 2. If [G : H] = 3 then |G| divides 3, so G is abelian, a contradiction.
If (G : H| = 4 then G is a subgroup of A;. The subgroup K < A, generated by the 22-cycles is
abelian and normal in A4, so GN K isnormal in G. If G N K = G then G < K so ( is abelian, which
itis not. So G N K = 1. Then the composition G — A, — A4/ K is injective. As |A4/K| = 3, we
get same contradiction as before. Thus, we cannot have [G : H] = 4 either. [ |

The inequality in Cor. 8.18 is sharp. For we have seen in Thm. 8.9 that the alternating group As is
simple. And A5 contains A4 with index [A5 : A4] = 5.

9 Finite linear groups

Let F be a finite field, say | F'| = ¢. Then GL,,(F') = GL,(q) is a finite group. We can use the Counting
Formula to re-compute |G L,,(F')| and | Xj| (cf. (22)). First, for n = 1 we have GL,(F) = F*, so

[GLy(F)| = |[F"| =¢—1.

For n > 1 the group G L, (F’) acts transitively on the set Y;, of nonzero vectors in F". The stabilizer of
the vector e; is the subgroup

H, = { [é g] : Be€ GL,1(F), C an arbitrary 1 x (n — 1) matrix over F} .
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Counting the possible choices for B and C' and observing that |F"| = ¢", we find that
Yal=q" 1, [Hd=|GLoa(F)|-g"".
The Counting Formula says that

|G L (F)] |G L (F)]

n_ 1=y, = = -
L [ A [/ BT

This gives the recursive formula
(GL.(F)| = ¢""(q" = 1) - |GLy—a (F)].
and by induction we recover the formula from (22):
GLu(F)] = """ V2 (" = 1)(¢" " = 1)+ (¢* = (g — D). (26)
To simplify this formula, we define the g-factorial

(" =D =1 (¢ =1)(g—1)
(q—1)™

If we pretend that ¢ is a variable, we have (n!)q — n!, the usual factorial, as ¢ — 1. With this notation,
we have

[n!]q =

GL,(F)] = ¢""" V2 (g = 1)" - [nl],.

Now to find | Xj| we need only divide by |Hy|. Considering the possible choices for A, B, C' in the

element { € H;, we find

C
0 B
Py = |GLi(F)| - |GLy_i(F)| - "
= qk(kfl)/Q . (q — 1)k . [kl]q . q(nfk)(nfk—l)/Q . (q . 1)117]@ . [(n B k)l]q . qk(nfk)

It follows that the number of k-dimensional subspaces of F™" is given by

[k - [(n — k)Y,

the g-binomial coefficient. If we pretend that ¢ is a variable, this reduces to the ordinary binomial co-
effiecient (7) as ¢ — 1. In this vague sense, k-element subsets of {1,2, ..., n} are like k-dimensional
subspaces of F" over the (nonexistent) “field of one element”, and .S,, is like G L,,(F') over this “field”.

All of these formulas came from the Counting Formula. Later we will see other relations between S,
and GL,,(F'), where the field F is arbitrary.
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10 Sylow Theorems and Applications

We have seen that the converse of Lagrange’s Theorem is false, in general: If GG is a group and d is
a divisor of |G| then G need not have a subgroup of order d. The simplest example is G = A4 with
|G| = 12, which has no subgroup of order d = 6. Note that 6 is a product of the two smallest distinct
primes. On the other hand, A, does have proper subgroups of orders 2, 3, 4, which are the other proper
divisors of 12.

10.1 Sylow p-subgroups

A p-subgroup of a finite group G is a subgroup of G whose order is a power of a prime p. By
Lagrange’s theorem, (G can have nontrivial p-subgroups only if p divides the order of G. Write the
order as |G| = m - p", where p f m. A Sylow p-subgroup of G is a p-subgroup P < G having the
maximal order | P| = p” allowed by Lagrange’s theorem. Equivalently, a p-subgroup P < G is a Sylow
p-subgroup exactly when p does not divide the index [G : P)].

Example: Let F' be a field with |F| = ¢, a power of a prime p. We have seen that the group
GL,(F) = GL,(q) has order

| GLA(q)] = "™ V2(g = 1)(¢* — 1) -+ (¢" — 1).

Let U,(¢q) < GL,(q) be the subgroup of upper triangular matrices with 1’s on the diagonal. Thus U,,(q)
consists of all matrices of the form

1 %

0 1

00 1 " x|,
S S P
00 0 ... 1]

[I3R21

where the entries “x” above the diagonal of a matrix in U, (q) can be arbitrary elements of F, so we

have
’Un(Q)’ _ q0+1+2+---+(n71) _ qn(nfl)/zy

which is a power of p. Since p does not divide (¢ — 1)(¢> — 1) - - - (¢" — 1), it follows that U,,(q) is a
Sylow p-subgroup of GL,,(q).

For general groups it is not obvious that Sylow p-subgroups exist.

Lemma 10.1 Let G be a finite group and let H be a subgroup of G. Assume that G has a Sylow
p-subgroup. Then H has a Sylow p-subgroup.

Proof: Let P be a Sylow p-subgroup of GG and consider the H-orbits on GG/ P under the action h-gP =
hgP. Since p does not divide the index [G : P], there exists an H-orbit O C G/ P such that p does not
divide |O|. Let gP € O and let () be the stabilizer in H of gP.
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For all ¢ € Q we have qgP = gP, which implies that ¢ € gPg~'. Hence () is contained in the Sylow
p-subgroup gPg~!. By Lagrange’s theorem, () is a p-group. We chose O so that p does not divide
|O| = [H : Q). 1t follows that @ is a Sylow p-subgroup of H. |

Remark: The proof actually shows that if G has Sylow p-subgroups, then one of them meets H in a
Sylow p-subgroup of H.

Theorem 10.2 (Sylow I) Let G be a finite group whose order is divisible by a power p' of a prime p.
Then G has a subgroup of order p'.

Proof: By Prop. 8.8 it suffices to prove that G has a Sylow p-subgroup. Let n = |G|. Then G is
isomorphic to a subgroup of S,, by Cayley’s theorem. And S,, is isomorphic to a subgroup of GL,,(p).
Hence G is isomorphic to a subgroup of GL,,(p). We have seen in the example above that GL,,(p) has
a Sylow p- subgroup. By Lemma 10.1, the group G has a Sylow p-subgroup P. |

Alternate proof: The proof just given is very simple, and is my favorite, but one can object that such
a fundamental fact as Thm. 10.2 should not depend on auxiliary groups like S,, and GL,(p). Here
is another, more intrinsic proof that produces p-subgroups for all 0 < ¢ < r at once. We first need a
lemma about finite sets. For any nonzero integer n, let v,,(n) be the highest power of p dividing n.

Lemma 10.3 Let S be a finite set of cardinality mp", where p is a prime. Let X be the set of subsets
of S of cardinality p”: X = {A C S : |A| =p"}. Then v,(|X|) = v,(m).

Proof of the lemma: We have

mp” P Tmp” — k
o () T o]
pr P pr_k

Let 1 <k < p" — 1 and write k = np® for some integer n not divisible by p, with s = v,,(k) < r. Then

T—S

mp" —k =mp" —np® = p*(mp"* —n),

so v,(mp" — k) = v, (k) does not depend on m. Hence v,(mp" — k) = v,(p" — k) and the lemma is
proved.

Now we can prove Thm. 10.2. Let X be the set of subsets of G of cardinality p” and let s = v,,(m), so
that v,,(|G|) =7 + s.

The group G acts on X by left multiplication: g- A = gA, forg € Gand A € X. Thus, X is partitioned
into G-orbits. By the lemma, v,,(|X|) = s. Hence there exists a G-orbit O C X such that |O| is not
divisible by p*!. Choose A € O and let G4 be the stabilizer of A. That is,

GA:{QEGi gA:A}.

We will prove the theorem by showing that |G 4| = p".
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By the Orbit Counting Theorem, we have
0| =[G : Gal.

Since p*™! does not divide |O], it follows that p” must divide |G 4|. On the other hand, choose a € A
and let f : G4 — A be the function f(g) = ga, which makes sense for g € G 4. If f(g) = f(¢') for
9,9 € G then ga = ¢g'aso g = ¢'. Hence f is injective. Since |A| = p", this shows that |G 4| < p".
It now follows that |G 4| = p", as claimed. [

The next Sylow Theorem asserts that Sylow p-subgroups are unique up to conjugation. The proof of
this also reveals information about the number of Sylow p-subgroups, which we put in the statement.

First we need two lemmas.

Lemma 10.4 Let P be a Sylow p-subgroup of a group G. Then every p-subgroup of the normalizer
N¢(P) is contained in P.

Proof: Let H < Ng(P) be a p-subgroup. Since H normalizes P, the product H P is a subgroup of
N¢g(P)and P < HP. Since
HP/P~H/HNP

is a quotient of the p-group H, and P is a p-group, it follows that H P is a p-group. And P < HP. But
P is a maximal p-subgroup of GG, by the definition of Sylow p-subgroup. Hence H P = P, meaning
that H < P. |

Lemma 10.5 Let H be a p-group acting on a finite set X, and let X" = {x € X : h-x = z} be the
fixed-point set of H in X. Then
X" =|X| mod p.

Proof: The size | X| of X is the sum of the sizes of the orbits of H in X. If O is an H-orbit in X
and || > 1 then |O| is a power of p, since H is a p-group. In this case |O] = 0 mod p. Hence | X|
is congruent modulo p to the number of orbits consisting of one element only. That is, | X| = | X |
mod p. B

Now we can state and prove the second Sylow theorem.

Theorem 10.6 (Sylow II) Let GG be a finite group of order mp”, where p is a prime not dividing m.
Then the following hold.

1. Any two Sylow p-subgroups of G are conjugate. That is, if P and () are two subgroups of G of
order p" then there exists g € G such that gPg~! = Q.

2. The number n,, of p-Sylow subgroups of G divides m and is of the form 1 + kp where k is an
integer.

3. Every p-subgroup of G is contained in a Sylow p-subgroup of G.
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Proof: Let X = {P < G : |P| = p"} be the set of Sylow p-subgroups of GG. Then G acts on X by
conjugation. For this action we have g - P = gPg ! for g € G and P € X, and the stabilizer of P is
the normalizer Ng(P).

Consider the fixed points of a Sylow p-subgroup P acting on X by conjugation. I claim that
X' ={P}. (27)

That is, I claim that P normalizes no other Sylow p-subgroup but itself. For suppose Q € X is any
fixed point of P in X. This means P < Ng(Q), so that P is p-subgroup of the normalizer of the Sylow
p-subgroup (). By Lemma 10.4, we have P < (@), hence P = (@ since both P and () have order p".
This proves (27).

Now let P € X andlet O = {gPg~!: g € G} be the G-orbitof P in X. By (27), we have O = {P}.
From Lemma 10.5 we have |O| = |OF| mod p. Since |OF| = 1, this means that

|Ol=1 mod p. (28)

I claim that that X = . Suppose not. Then there exists ) € X with @ ¢ O. Applying (27) to
the Sylow p-subgroup @, we have X@ = {Q}. Since Q ¢ O, it follows that O% is empty. Applying
Lemma 10.5 to the action of the p-group () on the set O, we have

0| =109 =0 mod p. (29)
This contradicts equation (28). Hence () cannot exist and we have X = O.

Now equation (28) says that | X| = 1 mod p. And since X is a single orbit, the Orbit Counting
Formula says that

np = |X| =[G : Na(P)] =[G : P]/[Na(P) : P| = m/[Na(P) : P],

m = [Na(P) : P]-ny,

so n, | m. Thus, items 1 and 2 are proved.

For item 3, let H be any p-subgroup of G. Then | X#| = |X| =1 mod p, by Lemma 10.5 again and
item 2 which has been proved. It follows that X is nonempty. This means H < Ng(P) for some
P € X. By Lemma 10.4 again, we have < P. |

From item 1 of Thm. 10.6 we get the following condition for a Sylow p-subgroup to be normal.

Corollary 10.7 A Sylow p-subgroup of G is normal in G if and only if it is the unique Sylow p-subgroup
of G.

It follows from Thm. 10.6 that the order of G may be written as
Gl =p"-v-(1+kp), (30)
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where

Of course r, v, k all depend on p, and p t v. Let us call (30) the p-factorization of |G/|. Besides giving
|G|, it displays |P| = p" and |[Ng(P)| = p" - v, as well as n, = 1 + kp. We have k£ = 0 if and only if
P JG.

10.1.1 Small examples.

For G = Ay, Sy, As, S5, SLa(7), PSLy(7), the p-factorizations for each prime p dividing |G| are shown.

r

p" v (1+pk) | No(P) lp" v - (1+ pk) | No(P)
A4I 31<1+3) Cg S4Z 32(1+3) Sg

22.3-(140) Ay 23-1-(1+2) Dy

P 1 +pk) | Na(P) p" v (1+pk) | No(P)

5-4-(1+5) Fao
3-4-(143-3) | S5%x S,
2.1.(142-7)| Dy

v

-2 (1+5) D5
-2-(1+43) S3
22 3-(14+2-2)| Ay

A5: 551

The normalizer N, (P) of the Sylow 5-subgroup P = ((12 34 5)) in S5 is generated by P and the 4-
cycle which squares (1 2 3 4 5) via conjugation, namely (2 3 5 4). Itis called Fy in honor of Frobenius,
although Galois discussed it at length much earlier. One can think of Fj as the ax + b-group over the
field of five elements, isomorphic to

{{3 ﬂ . a € (Z/52), beZ/5Z},

which corresponds to a Borel subgroup of PGLs(5) under the isomorphism S5 ~ PGLy(5).

pr-v-(1+pk) | Ng(P) pr-v-(1+pk) | Ne(P)

) 7-6- <1+7> G21XCQ ) 7-3- (1-'-7) Ggl
Sa(T): 5.4 (1+3-3) | C3xCy PSLa(T) s g 9. (1+3-3) Sy
20.1-(142-10) | Qi 22.1-(1+42-10)| Dy

Here (G5 is the unique nonabelian group of order 21 (see Prop. 14.6) realized here as the subgroup of
the upper-triangular matrices in S L»(7) whose diagonal entries have odd order. The group C3 x C} is
the nonabelian group of order 12 other than A, and ()4 is the generalized quaternion group of order
16 (see 8.4).

10.1.2 Groups of order pq

We can use Sylow’s theorems to classify groups of order pq, where p and ¢ are distinct primes. Assume
p < q and let P, be Sylow p- and ¢- subgroups of G, respectively. Consider the g-factorization
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qp = q-v-(1+ gk). Since p is prime and p < ¢ we must have k = 0 and v = p. Hence @ < G
and QP is a subgroup of GG, with Q N P = {1} because the orders of P, () are relatively prime. Since
QP/P ~Q/QNP = Q, it follows that |QP| = pq, so QP = G. Therefore G is a semidirect product:
G=QxP.

The structure of GG is now completely determined by the homomorphism

where x € P and y € (). For if y generates () then every element g € (G can be uniquely expressed as
g=1vy" x,forb € Z/qZ and x € P, and the product of two such elements is

b b ba(z)

. (f[]yb/ﬂf_l) cxr = Yy b+t a(r) | /

(" 2)(y" -a) =y cxal =y .

If v is trivial then G is abelian and G = () x P >~ C),.

Suppose « is nontrivial. Then « is injective, since p is prime, and we must have ¢ = 1 mod p. The
group (Z/qZ)* is cyclic of order ¢ — 1, hence has a unique subgroup A, of order p, and we have
a(P) = A,.

Let G, be the following subgroup of the ax + b-group over Z/qZ:

qu:{lg ﬂ : aEAp,bEZ/qZ}.

The function ¢ : G — G, defined by

is clearly bijective. In fact it is a group homomorphism, for we have
/ o alzx’) b+Va(x alx) bl |a(z) V /
Py 2') = (1 O-aa) = |21 R N B R )
0 1 0 1 0 1
Hence ¢ is an isomorphism G' ~ G,. To summarize, we have shown the following.

Proposition 10.8 Let G be a group of order pq where p, q are primes with p < q.

1. If G is abelian then G ~ C,, is cyclic of order pq.

2. If G is nonabelian then ¢ =1 mod p and G ~ G .

For example the two groups of order 2¢, where ¢ is an odd prime, are Cy, and the dihedral group
Dq >~ Ggq.
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10.2 Sylow subgroups in GL,, and flag varieties

Let F' be a finite field with |F'| = ¢, a power of a prime p and let G = GL,,(¢). We have seen that the
subgroup

*
1

- O O =

1 . x| <@ 31)

000 ... 1
is a Sylow p-subgroup of GG. The normalizer of U is the Borel subgroup B appearing in the Bruhat
decomposition:

SO i}
0
Ne()=B=0 0 x . x|,
P
000 0 ... x]

where the entries * are arbitrary in F' as before, and the diagonal entries X are nonzero elements of F'.
We have B = U x T, where T is the diagonal subgroup of G, and |B| = ¢""~Y/2. (¢ — 1)". The
p-factorization of |G| is therefore

q”—l)--‘((f—l)(q—l)

Gl = n(n—1)/2 _1n<
|Gl =¢q (¢—1) -1

We observe that

(" =1)--(-D-1) 1 1y
rEE _IH(1+q+'--+q )=1 mod p,

as guaranteed by Sylow’s theorem. This is the number of Sylow p-subgroups of Gz, of which U is only
one. Let X be the set of all Sylow p-subgroups of G. By the Main Theorem of Group Actions, the

mapping

G/B — X, sending ¢B +— gUg ™!

is a G-equivariant bijection. The set X involves the complete projective geometry of the vector space
V = ", as | will explain.

For n = 2, we have seen that B is the stabilizer of the line /, = F'e; in V/, so in this case G/ B is also
identified with the set (V") of all lines ¢ C V. Thus we have a G-equivariant bijective correspondence

PV)2l=g- Ly gB<gUg ' =U, € X
between lines in V' and Sylow p-subgroups of G = GLj(q). Given a line ¢, the subgroup U, is the set
of elements in G' which act trivially on both ¢ and V//¢. All elements of U, have the form [(1) ﬂ with

respect to any basis {vy, vo} of V with vy € ¢, but not all elements of U, have this form with respect to
the original basis {eq, e5}, unless ¢ = /,,.
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For n = 3 we have both lines and planes in V' = F3, and a given plane may or may not contain a given
line. A flag in V is a pair (¢, 7), where ¢ is a line contained in a plane 7 C V. Such configurations
comprise the complete projective geometry of V. Let (V') be the set of all flags in V. The group
G = GL3(F) actson F(V) viag- (¢,m) = (g-¢,g-m). This G-action is transitive and B is the
stabilizer of the flag (¢,,7,), where {, = Fe; and 7, = Fe; & Fe;. Thus we have a G-equivariant
bijective correspondence

FV)a(,m)=g (lo,m) <+ gB + gUg ' =Uyn€X

between flags in V' and Sylow p-subgroups of G = GLs3(q). Given a flag (¢, ), the subgroup U,

is the set of elements in G which preserve ¢ and 7 and act trivially on ¢, 7/¢ and V/7. All elements
1 % x

of Uy,x) have the form |0 1 x| with respect to any basis {v1,v9,v3} of V for which v; € ¢ and
0 01

v1,v2 € m, but not all elements of U, . will have this form with respect to the original basis {ey, e, 3},

unless ¢/ = ¢, and ™ = m,,.

For general n > 2, aflagin V = F™ is a sequence of subspaces
=W, V1, . Vi1, Vi), where {0} =VpcVicW,C---CV,.y CV,=V,

and dim V; = i for all 0 < i < n. The flag variety of G is the set 7 (V') of all flags f € V. The action
of G = GL,(q) on F(V') permutes the flags in V. That is, we have

g- Vo, Vi, Vo) = Vo, gVa, - oo, Vi1, V).
This G-action is transitive and B is the stabilizer of the flag
fo=1(0,Fe;,Fe; ® Feg,-+- ,Fey ® Fea @ --- @ Fe,_q,V).
Thus we have a GG-equivariant bijective correspondence
FWV)sf=g-f, < gB + gUg'=U;eX

between flags f € V and Sylow p-subgroups U; < G = GL,(q). Given a flag f = (V;, V4,...,V,),
the subgroup Uy is given by

Ur={9€G: ¢gV;=V, andgactstriviallyon V;/V;_y forall <i<n}.

All elements of Uy have the form (31) with respect to any basis {vy, vs, ..., v,} of V for which V; =
Fvy @ --- & Fu;, but not all elements of U have this form for the original basis {ey,...,e,} unless

f:fo~

The total number of flags in V' is

" —=1)- (¢ =1)(¢—1)
(g—1)" ’

which we have seen to be a polynomial P, (q) in g of degree n(n — 1)/2.

Fv) = |a/B) =
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For any field F' there is still a complete geometry of flags in V/, defined in the same way. Let us take
F = C, with G = GL,(C) and U, B defined as above for the field ' = C. The polyomial P, (q) still
counts something about G/ B, but not something so elementary as points, because now the flag variety
G/ B is infinite.

In fact, G/B is a complex projective variety of dimension n(n — 1)/2. > Any smooth complex pro-
jective variety X of dimension d has cohomology groups H'(X) fori = 0, 1,...,2d which are finite
dimensional complex vector spaces whose dimensions dim H*(X) are called the Betti numbers of
X. For example if X = P4(C) then dim X = d and the Betti numbers are dim H*(X) = 1 for
i=0,2,4,...,2d and dim H'(X) = 0 for all other i.

It turns out that the polynomial P,(q) above encodes the Betti numbers of G/B: Regarding ¢ as a
variable, we have

n(n—1)/2
. 2i i _(qn_l)...(q2_1)(q_1)
; dim H*(G/B)¢' = P,(q) = T .

The observation that Betti numbers of GG/B over C are determined by the number of points on G/B
over finite fields is deep; it led to Weil’s conjectures, which were eventually proved by Deligne.

10.3 The Burnside Transfer Theorem

If the order of a finite group G factors as |G| = mp” with p a prime not dividing m, it is natural to ask
if the group G itself has a corresponding factorization as G ~ M P, where P is a Sylow p-subgroup
of G and M < G has order m. For example if G = C,,,,r is cyclic then G ~ C),, x C)». Since Sylow
p-subgroups are not normal in general groups, the only reasonable hope would be that M/ < G and
G ~ M x P. Such a subgroup M, if it exists, is called a normal p-complement.

Normal p-complements do not always exist. For example, S; has no normal p-complement for either
p=2orp=3.

Lemma 10.9 Suppose |G| = mp", where p t m. Then G has a normal p-complement if and only if the
elements of G of order prime to p form a subgroup of G.

Proof: Suppose the elements of G of order prime to p form a subgroup M < G. Then M is normal in
G, since conjugation preserves orders of elements. Hence M P ~ M x P is a subgroup of GG. To show
that M P = G, we must show that |M| = m. By Cauchy’s theorem, p does not divide | M| since M
has no elements of order p. It therefore suffices to show that G/M is a p-group. If this fails, then G/M
has an element x M of order d > 1, where p 1 d. Then x¢ € M, so x¢ has order k, where p { k. That
means the order of x divides kd, and p 1 kd, so € M, a contradiction. Hence G/M 1is a p-group, and
G = M P as claimed.

2A complex projective variety is a closed subset of some projective space PV (C) defined by polynomial equations. It
turns out that G/B C PN(C) for N = 2n(n=1/2 _ 1,
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Conversely, let M be a normal subgroup of G of order m. Since p 1 m, every element of M has order
prime to p. Suppose g € G has order k, with p 1 k. Then the order of gM in G /M has order dividing
k. But G/M is a p-group, so gM = 1, meaning that so g € M. Therefore M is exactly the set of
elements of GG of order prime to p, and this set is a subgroup of G. |

Example 1: Let G = D,, be dihedral of order 2n. Write n = m2", where m is odd. Let M ~ C,, be
the subgroup generated by a rotation of order m. Then M is a normal 2-complement in GG. The Sylow
2-subgroups are isomorphic to D;-, and we have

Dn ~ Cm X DQr,
where the reflections in Dsr act by inversion on C,.

Example 2: Let G = A,. The subgroup of elements of order prime to 2 forms a subgroup K o~
Cy x Cy, and Ay = K x P, where P is a Sylow 3-subgroup, acting on M via an element of order
three in Aut(M) = GL2(2). Thus, K is a normal 3-complement. However, A, has no normal 2-
complement, since the elements of order three lie in no proper subgroup of Aj.

Having a normal p-complement is equivalent to having a surjective homomorphism
f:G— P.

In general, a group GG does not admit nontrivial homomorphisms onto a proper subgroup H < G.
Suppose, however that H is abelian, and let n = [G : H]. Let x1, 3, .. ., x,, be representatives for the
cosetsin G/H, and let o : G — S, be the action of G on G/H. Thus, each g € G gives a permutation
o4 € S, such that

griH = x5, H, V1<i<n.

This means that for each i we have an element h;(g) € H such that
9Ti = Loy (i) i(9)-
Thus, for each 7 we have a function h; : G — H given by
hi(g) = x;gl(l-) © g Xy

Each individual function A; is not a group homomorphism. However, we have

Lemma 10.10 [f H is an abelian subgroup of G then the function T : G — H given by

is a group homomorphism which does not depend on the choice of coset representatives {x;}.

Proof: Let {z}} be another set of coset representatives for G/H. Then z = x;k; for some elements
k; € H. The new functions h.(g) are given by

hi(g) = (25,) " g2 =k a9 wiki = ko hi(g)ki = hi(g)k, ki

og(i
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since H is abelian. Taking the product we get

n

[17i() = [Tr9)ks, ks = T(9),

i=1

since [ | k5, (i) = [ I ki- Hence T'(g) is independent of the choice of coset representatives {z;}.

If g, y are two elements of G, we have

-1
Logy (iYL

=

T(gy) = |

s
I
—

-1
(xogy

Il

s
I
—

9o, @) * (T ywi)

Il

s
Il
—

-1
(xgg(gy(i))gl"ay(i)) -T(y)

Il

s
Il
A

(2, m9:) - T(y) = T(9)T(y),

again since the product over o, (i) equals the product over i. Hence 7' : G — H is a homomorphism.
|

The homomorphism 7" in Lemma 10.10 is called the Transfer map. We can compute 7'(g), for fixed
g € G, as a product over double cosets as follows. Let I' = (g) and choose a I'-orbit O = I"- zH in
G/H,and seta = |O|. Letz, = x, 15 = gx, 3 = ¢°x, ... , T, = ¢° 'z. Then

hi=hy=---=hs1=1 and he =2 gz, = 271 g%.

The last term is the only contribution from O to the product in T'(g). Note that if I" acts freely on O then
g* = 1, s0 x71g% = 1. Doing this for each orbit, we find that if v H, yH, zH, ... are representatives
of the distinct I'-orbits on G/ H, having sizes a, b, c, . . ., then

T(g) = (x7'g") - (y 'g"y) - (27 'g°2) - .

Each term in parentheses lies in the abelian group H, so the product can be taken in any order, and the
only terms contributing to 7'(¢g) come from I'-orbits which are not free.

Now suppose p is a prime dividing |G| and P is a Sylow p-subgroup of G. The center Z(P) is
nontrivial, and abelian, so we have the transfer homomorphism

T:G — Z(P).
Lemma 10.11 Ifz,y € Z(P) are conjugate in G, then they are conjugate in Ng(P).

Proof: If 29 =y, theny € Z(P)N Z(P)? = Z(P)N Z(PY),so P, P? < C¢(y). Thus, P and PY are
two Sylow p-subgroups of C(y), so there is h € Cg(y) such that P = P9, Then gh € N(P) and
29" = y" = 4, so z and y are conjugate in N(P), as claimed. [
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Remark: Two elements z, y in a subgroup H < G are fused in G if they are conjugate in GG, but not
necessarily conjugate by an element of N (H). A result like Lemma 10.11 is therefore said to control
fusion.

Now, if g € Z(P), each term 21 g%z in T'(g) is conjugate in G to g* hence is conjugate in Ng(P) to
g%, by Lemma 10.11.

Let us now assume that that
Ng(P) = Cg(P).

This is equivalent to assuming that P = Z(P) (that is, P is abelian) and that the conjugation action of
N¢(P) on P is trivial. Consider the transfer map

T:G— P.
Then 27! g%z = ¢g° for each term in T'(g), so that
T(g) — ga+b+c+--~ — gm’

where a, b, ¢, . .. are the sizes of the P-orbits on G/P and m = |G : P]. Since p { m, the map g — g™
is an automorphism of the abelian group P. Hence the transfer map 7' : G — P is surjective; we even
have T'(P) = P. This proves the following.

Theorem 10.12 (Burnside Transfer Theorem) Ler G be a finite group and let P be a Sylow p-subgroup
of G such that Ng(P) = C¢(P). Then G has a normal p-complement. In fact, G = M x P, where M
is the kernel of the transfer map T : G — P.

Example 3: Let G be a group of order 728 = 23 - 7 - 13 and consider the 7-factorization
G| =7-v-(1+T7k).

Assume the Sylow 7-subgroups of G are not normal in G. Then, since n; = 1 + 7k divides 8 - 13 and
k > 0, we must have n; = 8. Hence |Ng(P)| = 7-13. Since 7 # 1 mod 13, it follows from Prop.
14.6 that N (P) is abelian, so that N(P) = C(P). Hence G contains a normal 7-complement M of
order 8 - 13.

Corollary 10.13 Let p be the smallest prime dividing |G|. If the Sylow p-subgroups in G are cyclic,
then G has a normal p-complement.

Proof: Let P be a Sylow p-subgroup of GG and assume that P is cyclic of order p”. Then

Na(P)/Ca(P) < Aut(P) ~ (Z/p"Z).

The latter group has order p"~!(p — 1). Since P is abelian, we have P < C(P), so that the order of
N¢(P)/Cq(P) is prime to p, hence must divide p — 1. But p is the smallest prime dividing |G|, so no
prime can divide Ng(P)/Cq(P). Hence Ni(P) = C(P) and G has a normal p-complement, by the
Burnside Transfer Theorem. |
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Corollary 10.14 Suppose |G| = p1-ps - - - pi is a product of distinct primes, ordered so that p; > py >
-+ > pg. Let P; be a Sylow p;-subgroup of G for each i. Then P, P; - -- P; is a normal subgroup of
P, foreacht=1,... k— 1. In particular, we have G = P\ P, - - - P.

Proof: Each P, is cyclic. By Cor. 10.13 the Sylow pg-subgroup Pj has a normal complement M of
order p; - po - P3 - - - Pr—1, 80 G = M x Py. Repeat with G replaced by M, etc. [

Corollary 10.15 Let p be the smallest prime dividing |G|. If the Sylow p-subgroups in G are iso-
morphic to C, x C, then either G has a normal p-complement or the following holds: p = 2 and
|INo(P)/Cq(P)| = 3 and G has a unique conjugacy class of elements of order two.

Proof: The idea is similar to that of Cor. 10.13, so we sketch the proof and leave the details as an
exercise. In this situation we have

Na(P)/Ca(P) = Aut(P) = GLay(p),

which leads to [Ng(P)/Cq(P)| dividing p + 1. If Ng(P) # Cg(P) then p = 2 and the result follows
from Lemma 10.11. |

The second possibility in Cor. 10.15 occurs for the alternating group As.

10.4 Simple groups

The Sylow and Burnside Transfer Theorems can be used to narrow the possible orders of small simple
groups, and to prove uniqueness of simple groups of a given order.

Throughout this section P is a Sylow p-subgroup of a simple group GG with p-factorization
G| =p"-v- (1+pk),
where v = [Ng(P) : P]and 1 + pk = n, = [G : Ng(P)].

The first lemma is a variant of the Burnside Transfer Theorem with a weaker hypothesis, and weaker,
but still useful result.

Lemma 10.16 If P is abelian then no non-identity element g € P is centralized by Ng(P).

Proof: The proof of Thm. 10.12 shows that the transfer 7' : G — P is nontrivial on any non-identity
element of P which is centralized by Ng(P). |

Lemma 10.17 We have k > 1. If v = 1 then r > 3.

Proof: If £ = 0 then G has a normal Sylow p-subgroup. If » < 2 then the Sylow p-subgroups P < G
are abelian, hence v > 2 by Lemma 10.16. [ |
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Lemma 10.18 Ifk = 1thenr = landv | (p — 1).

Proof: Let X be the set of Sylow p-subgroups of GG. The action of G' on X embeds G' — S,;;. Since
p? 1 (p+1)! we have r = 1.

The condition & = 1 also implies that P is transitive on X — {P}. If g € Cg(P) fixes some @) €
X — {P}, then 9°Q) = *Q for all x € P, so g is trivial on X, hence g = 1, since G is simple.
Hence C¢(P) acts freely on X — {P}, so C(P) = P and Ng(P)/P = Ng(P)/Cg(P) embeds in
Aut(P) ~ (Z/pZ)*. Therefore v | (p — 1). |

We study the minimal case:

Proposition 10.19 Let G be a simple group of order p -2 - (1 + p), where p is a prime. Then this is the
p-factorization of G and we have

1. The normalizer of a Sylow p-subgroup of G is dihedral of order 2p.

2. p=5 mod 24.

Proof: Note that p > 2 since no group of order 12 is simple. Hence v,,(|G|) = 1, so the p-factorization
of |G|lisp-v-(1+ kp) for some v > 2 and k > 1. Thus we have 2- (1 + p) = v - (1 + kp), which
implies v = 2 and k = 1.

Now N(P)/P is the unique subgroup of order two in Aut(P) = C,_;, hence acts by inversion on P.
This proves that N(P) ~ D,. More precisely, we have N(P) = (a) x (s) where a has order p and s
has order two and sas = a~'. Moreover, N (P) contains p involutions a’sa™", for 1 <i < p.

The set X of Sylow p-subgroups of G has cardinality |X| = n, = p + 1 and the conjugation action of
G on X gives a homomorphism
o:G = Sy

whose image lies in A, ; since G is simple.

Since o(a) normalizes P and no other Sylow p-subgroup, the cycle type of o(a) is [p, 1]. This element
generates its own centralizer in S,;;. We number the elements of X so that o(a) = (12 ...p). This
element is inverted by the involution 7 = (1 p)(2p —1)---((p — 1)/2 (p + 3)/2), as well as the
involution o(s) € o(G). It follows that 7' - o(a) € o(P),so T € o(P) C A,;1. It follows that p = 1
mod 4.

Now the 2-factorization of |G| is
22 - vy - (14 2ky).

And a Sylow 2-subgroup () is isomorphic to Cy x Cy. The centralizer C'(s) of an involution s € N(P)
must permute its two fixed points { P, P;} on X, but s generates its own centralizer in N (P), so C(s)
acts transitively on {P, P;}. Hence |C(s)| = 4 and C(s) = @ is a Sylow 2-subgroup of G and
(@) = Q.
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The quotient N (())/Q is a nontrivial subgroup of Aut(P) = GLy(2) of order three. Hence N (Q) ~
Ay, acting transitively on Q — {1}, so G has exactly one conjugacy class of involutions and there are

p(p + 1)/2 of them. Also G has
Ny = pt1
2=0D 6

Sylow 2-subgroups. In particular, we must have p = 2 mod 3.

Having established that
p=1 mod4 and p=2 mod 3,

we conclude from the Chinese Remainder theorem that p = 5 mod 12.

Each of the (”') involutions in G can be conjugated into () and all involutions in @ are conjugate
by N(Q). Since @ is the full centralizer of its involutions, it follows that s can normalize no other
2-Sylow but (), hence s has cycle type 12("2=1)/2 on the set of 2-Sylows, so (n, — 1) /2 is even. Writing
p = 12k + 5, it follows that (ny — 1)/2 = (3k + 2)(4k + 1) is even, so k is even and p = 5 mod 24.

|
If p = 5 such a simple group exists, namely A5 has 5-factorization
|As| =60 =5-2-(1+5).
Perhaps this is the only simple group of order 2p(p + 1). For the next possibility p = 29 we would have
IG| =292 (1+29) = 5724,

whose 5H-factorization shows that GG is not simple.

10.4.1 The simple group of order 60

The smallest group order divisible by three primes p < ¢ < r for which the Sylow p-subgroup is not
cyclicis 22 - 3 -5 = 60. We have proved that such a simple group exists, namely the alternating group
As. We now prove that this simple group is the unique one of its order.

Corollary 10.20 Any simple group G of order 60 is isomorphic to the alternating group As.

Proof: The 2-factorization is 60 = 22 - v - (1 + 2k), so v = 3 or v = 5. But a Sylow 2-subgroup
P < @ is isomorphic to Cy x Cy, by Prop. 10.13, so Aut(P) = GL»(2) has order six. Hence v = 3,
and ny = 5, giving an injective homomorphism ¢ : G — S5, whose image is contained in Aj, since GG
is simple. Since GG and Aj; have the same order, ¢ is an isomorphism G ~ As. |

The group PSLy(5) has order 5 - (5% — 1)/2 = 60 and is simple. See Thm. 8.16. Hence Cor. 10.20
implies that
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An explicit isomorphism

PGLy(5) ~ Ss (33)
which restricts to an isomorphism (32) may be obtained as follows.
The group PGLy(5) acts faithfully by fractional transformations % on the projective space P!(5) =

F U {oo} over the field F' of five elements. Thus, PGLy(5) < Sg and elements of PGL2(5) may be
regarded as permutations of {0, 0, 1,2, 3, 4}. From the Bruhat decomposition, PGLy(5) is generated
by three elements a, b, w, where

a(x) = 2z, b(x) =x+1, w(r)=1/z
as fractional transformations. As permutations, we have
a=(1243), b=(01234), w = (00 0)(2 3).

Consider the 222 cycle my = (00 0)(1 4)(2 3) € Se. This is the unique 222-cycle fixed under conjuga-
tion by both a and w, which follows from the fact that 1 + 4 = 2 4+ 3 = 0. We take the conjugates of
7o under b, obtaining 7, 7y, 3, T4, Where m; = bmyb~t. Explicitly, we have *

o = (00 0)(14)(23)
m = (001)(20)(34)
Ty = (002)(31)(40)
m3 = (003)(42)(0 1)
7y = (00 4)(03)(12)

The set Il = {7, : i € Z/57Z} is closed under conjugation by all of PGLy(5). To see this, we note first
that II is closed under b by construction, and since amya~! = 7, it follows that am;a~' = my;. So far
we could have made similar 2*-cycles for any prime p = 2k + 1. But since p = 5, it happens that w
interchanges m; <+ 73 and m <+ m4. As 7 has been chosen to be fixed by w, it follows that I is indeed
closed under conjugation by PGL,(5), so we have a homomorphism ¢ : PGLy(5) — S5 sending

a— (1243)
b (01234)
w i (13)(24).

Since PSL,(5) is simple, it follows that ¢ is injective, hence is an isomorphism by orders, and it must
restrict to an isomorphism PSLy(5) — As.

10.4.2 The simple group of order 168

Proposition 10.21 Ler G be a group of order 168 = 7 - 3 - 8 such that no Sylow subgroup of G is
normal in G. Then G ~ PSLy(7).

3As an aside, note that these 222-cycles partition the 15 transpositions of Sg into five sets of three.

75



Proof: * The idea is to find a copy of the Bruhat decomposition in G and use this to determine the
multiplication table. For p € {2, 3, 7}, let n,, be the number of Sylow p-subgroups of G.

The 7-factorization of G has the form 7 - v - (1 + 7k) = 7 - 24. Since n; > 1, we must have n; = 8.
Let P be a Sylow 7-subgroup. Its normalizer H = N¢(P) has order |[H| = 21, and H = P(), where
@ is a Sylow 3-subgroup of G contained in H.

(1) H is a maximal proper subgroup of G.
Suppose H < K < (. Then H = Ng(P), so there are [K : H| Sylow 7-subgroups of K and
[K : H| =1+ 7¢divides [G : H] = 8. Hence [K : H| = 1 or 8, meaning K = H or K = G.

(i1) H is the unique nonabelian group of order 21

If H were abelian, we would have H < Ng(Q) # G, forcing H = N(Q) by maximality. But then
ns = [G : H| = 8, which is impossible since 8 1 mod 3. Therefore H is nonabelian. We have seen
there is a unique nonabelian group of order 21; it is isomorphic to a Borel subgroup of PSLy(7).

(ii1) G has 28 Sylow 3-subgroups

We have seen that () is not normal in H. Since [H : )] = 7 is prime, it follows that Ny (Q) = Q, so
H has 7 Sylow 3-subgroups, any two of which generate H. If these were all of the Sylow 3-subgroups
of G then they would generate a normal subgroup of G, implying H < G. But H has only one Sylow
7-subgroup, and G has a Sylow 7-subgroup not contained in H, contradicting the conjugacy of Sylow
7-subgroups. Hence n3 > 7, with ng = 1 mod 3 and n3 | 56. The only possibility is ng = 28.

(iv) The normalizer K = N¢(Q) is isomorphic to the symmetric group Ss.

From the previous step, we have |K| = 168/28 = 6. Any Sylow subgroup is characteristic in its
normalizer, so Ng(K) = K. Hence K has 28 conjugates. If K were abelian, it would be cyclic. If
this were true, each conjugate of K would contain a distinct pair of generators of order six, giving 56
elements of order six, along with 56 = 2 - n3 elements of order 3 and 48 = 6 - n; elements of order 7.
This makes 160 elements, forcing n, = 1, a contradiction.

Let ¢ be an element in KX of order two.

(v) The group H x P acts freely on the double coset HtP, and G = H U HtP.

Since |H| = 21, we have t ¢ H, so P! # P. Since P is the unique Sylow 7-subgroup of H, we
have H N P' = {1}. It follows that H x P acts freely on HtP. Hence |HtP| = 21 -7 = |G| — |H|.
Therefore H and HtP are distinct and exhaust G.

The preceding step shows that every element ¢ € G — H can be decomposed as g = pqtp’ for unique
elements p, p’ € P and ¢ € (). We wish to calculate this decomposition for certain elements in G — H.
Let P* = P — {1}. Then tP*t C G — H since H N P* = {1}.

Lemma 10.22 The intersection P Nt Pt Pt consists of a pair of distinct mutually inverse elements:

PNtPtPt = {u,u '} C P*.

Let s € Q be the unique element such that v* = u?. Then P* = {u,u™, v* v 2 u*,u™*} and the

4This proof comes from [Suzuki Group Theory I], with some simplifications made.
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elements of t P*t decompose in PQtP as

tut = u 'tu! tut = u sttty tutt = u3stu?

4
tu~t = utu tu—2t = utstu? tu4t = u?stu?. (34)

Proof: Since Q = {1, s, s>}, we have a partition
PQtP = PtP U PstP U Ps*tP.
Since t P*t C PQtP, we have a partition
tP*t = Ag U A U Ay,
where A; = tP*t N Ps'tP. Since s normalizes P, we have
[tP*t]* = tsP*s 't = tP*t,

and . . . .
[Ps'tP])® = Ps™'s'tsP = Ps'" ?tP = Ps""'tP.

It follows that A = A, 1, with subscripts read modulo 3. As [tP*t| = |P*| = 6, it follows that
|A;| = 2 for each i. And as each A; is closed under inversion, we must have

Ag = {tu*'t}, Ay = {s7 " tut'ts}, Ay = {stu*ts7'}.

‘We next show that
tut = u ttut. 35

Since tut € PtP, we have
tut = vtw

for some v, w € P. Since t> = 1 this means also that

tot = utw ™',

Now w # 1,lesttu = v € PtP N P = @. Since w € P which has odd order, we cannot have w? = 1
either. From (v) it then follows that tut # tvt. But both tut and tvt are in tPt N PtP = {tu*'t}. Tt
follows that v = u~'. Now we have

utw™! = tut = (tut)t = wtu,
so again by (v) we have w = ! and (35) is proved.

The remaining formulas in (34) follow upon conjugating (35) by s and taking inverses.

We now show how the product of two elements g, ¢’ € G is determined.

Case 1: g, ¢’ € H. Here the product g¢’ is determined by the known structure of H.
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Case2: g € H and ¢’ € HtP. Here ¢’ = htp and g¢g’ = (gh)tp where gh is again computed in H.

Case 3: ¢ € HtP and ¢ € H. Here g = htp and g¢’ = ht(pg’). Since pg € H = QP, we
can write pg’ = qp’ for some ¢ € Q and p’ € P. Thent,q € K = Ss, so tq = ¢~ 't so we have
gg = ht(pg') = ht(qp') = hq~'p', with hq' € H. Hence gg' can again be computed from the
structure of H.

Case 4: This final case is where ¢ and ¢’ are both in HtP. Here ¢ = hip and ¢ = h'tp/. Write
h' = piq1, withp; € P, ¢4 € Q). Then

g9 = htp - B'tp' = ht(pp1)qitp’ = h- t(pp1)t - ¢ 'p'. (36)

If pp; = 1 this is a product in H. If pp; # 1 then pp; € P* = {u,u™ v, u? u*,u=*}, so the
decomposition of t(pp1)t in PQtP is given by Lemma 34. Thus the product g¢g’ is determined.

We have shown that there is only one isomorphism class of groups of order 168 having no normal
Sylow subgroups. As PSLy(7) is one such group, the theorem is proved. [

The group G = GL3(2) also has order 23(2% —1)(22 —1)(2—1) = 168. The upper and lower triangular

matrices in GG are distinct Sylow 2-subgroups. The elements

[0 1 0] 10
11 0f, 00

[0 0 1] 01

(37)

—__ o

generate distinct Sylow 3-subgroups. The elements

[0 0 1]
0 (38)
1

) U=

0
0
1

o= o
[ s J—

1 1
_0 O_
generate distinct Sylow 7-subgroups. > From Prop. 10.21 it follows that we have another exceptional
isomorphism

PSLy(7) ~ GL3(2). (39)

This makes clear, for example, that the Sylow 2-subgroups of PSLy(7) are Dy, and that PSLy(7) acts
faithfully on two sets of seven elements: the seven lines and the seven planes in (Z/27)3.

These two actions imply that PSLy(7) has an outer automorphism o given by o(g) = g™, the inverse
transpose in GL3(2). Indeed, since the normalizer of a Sylow 7-subgroup is Go; (see step (ii) above),
it follows that GG has exactly two conjugacy-classes of elements of order 7. The elements u, v in (38)
have tr(u) = 0 and tr(v) = 1, so they are not conjugate. Thus, the trace function distinguishes the two
classes of elements of order 7. Since

10
ou)=11 0
0 1

o O =

>The matrices u, v were found by factoring the cyclotomic polynomial
Or(x)=14+a+2®+a3+at +25 28 = (1 + o+ 231 + 22 +23)

over Z/27 and using rational canonical form.
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has tr(o(u)) = 1, it follows that o(u) is not conjugate to u, so o is not inner. Hence there are in fact
two non-conjugate isomorphisms (39).

We can see them explicitly as follows. To give a homomorphism PSLy(7) — GL3(2) is to give an ele-
mentary abelian 2-group F of rank 3 and an action of PSL,(7) on E by automorphisms. Now, PSLy(7)
acts by fractional transformations of the projective line P! (F') = F'U{co}, by which we view PSLy(7)
as a subgroup of the symmetric group Sg, permuting the points in P*(F) = {00,0,1,2,3,4,5,6}. We
will find E as a subgroup of Sg normalized by PSLy(7).

Since F*? = (2), the Bruhat decomposition implies that PSLy(7) is generated by three transformations
a(r) = 2z, b(x) =ax+1, w(x) =—1/z.
As permutations of {00, 0,1,2,3,4,5,6}, these are elements of Sg given by
a=(124)(365), b=(0123456), w = (0c00)(16)(23)(45).

The subgroup (a, b) is the Borel subgroup of PSL,(7) fixing oo and is the G'9; from step (ii). To find E
in Sg, we note that the matrices (37) and (38) permute the seven nonzero vectors in (Z/ 2Z)3 in cycle
types [331] and [7], respectively. So E — {1} must consist of seven commuting elements e, ..., e7
of order two permuted in the same way. Exactly one of them, say ey, is fixed by a and the remaining
ei41 = bleb~* for 1 < i < 6. From our experience with PGL4(5) we guess e; has the form

e1 = (00 0)(1 2)(222)(4 4x),
for some x € {3,5,6}. But the element
ea =berb ' = (001)(22+1)(32x + 1)(5 4z + 1)
must commute with e;. If x = 6 these two elements would be
(00 0)(16)(25)(43) and (00 1)(20)(36)(54),

which do not commute. Therefore x € {3,5}. In fact both of these choices work, and we get two
subgroups E = {e;}, E' = {e.}, where ¢y = ¢}, is the identity of Sg and °

er = (000)(13)(26)(45) ¢ = (00 0)(15)(23)(46)
e = (o D2A)(B0)56) & = (00 1)(26)(34)(50)
e =(002)(B5)A60) & =(002)(30)(45)(61)
es = (003)(46)(52)(01) ¢ = (003)(41)(56)(02)
es = (0 )(50)(63)(12) ¢ =(004)(52)(60)(13)
es = (005)(61(04)(23) ¢ =(005)(63)(01)(24)
er = (6)(02)(15)(34) & = (00 6)(04)(12)(35)

Each set £/, £’ contains 7 commuting involutions normalized by (a, b). To see they are closed under
multiplication we need only check that eje; = ey, €/ €, = ej; and conjugate these equations by a. Hence
E and E’ are indeed elementary abelian 2-groups of rank 3 normalized by (a, b). The remarkable thing
is that both sets {e;} and {e}} are also normalized by the permutation w = (0o 0)(1 6)(2 3)(4 5), so
they are normalized by the entire subgroup (a, b, w) < Sg. Thus, we recover the two isomorphisms
PSLy(7) ~ GL3(2) explicitly inside Ss.

®As an aside, note that these [2222] cycles partition the 28 transpositions of Sg into seven sets of four.
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10.4.3 Simple groups of order < 720

We begin with a few more lemmas to help narrow the cases.

Lemma 10.23 If H is a group of order p"q°, where p and q are primes and r,s < 2 then H is not
simple

Proof: We may assume p > ¢. If H is simple then it has p-factorization p"¢®* = p" - v - (1 + kp)
wth £ > 1. Since r < 2, the Sylow p-subgroups are abelian, so v > 1. Hence v = ¢, s = 2 and
q =1+ kp > p, a contradiction [ |

Remark: The restrictions on  and s are unnecessary. Using character theory, Burnside proved that
any finite group whose order is divisible by just two primes is not simple.

Lemma 10.24 If |G| = m - p" where p is a prime not dividing m, then m > T.

Proof: Since G is simple, the action on Sylow p-subgroups embeds G — A,,, so m € {5,6,7} and
m - p" divides m---3 - 2. If m < 6 then mp” < 60 so G is not simple. If m = 7 then p = 5, 3,2 and
r < 1,2, 3 respectively. and the 7-factorization is v - (1 + 7k) with v > 1 and k > 0. There are no
values of p and r satisfying these conditions. [

Lemma 10.25 If |G| < N thenp < \/N/2.

Proof: From Lemma. 10.17, we have p- 2 < p” - v. Hence
p-2-(14+p) <|G| <N,
so p? < p(1 + p) < N/2, and the estimate follows. |

Now let G be a simple group of order |G| < 720. Let p be the largest prime dividing |G|, with
p-factorization

|G| =p"-v- (14 kp).

We will assume p > 5 because groups of order 3%2° are not simple, by Burnside’s p®¢® theorem (which
uses character theory and is not yet in these notes). By Cor. 10.25, we have p < /360 < 19 so
p < 17. By Prop. 10.19, we exclude the case (r, v, k) = (1,2, 1). This further excludes p = 17. Since
p - (1+4p) <|G| <720 wehave r =1 forp=13,11,r < 2forp=7,5,r < 4 forp = 3.

We note also:

1. If r = 1 then (v,p—1) > 1.

2. If v = 2 then k is odd and £ > 3 by Cors. 10.13 and 10.19.
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3. If k = 1 then r = 1 since p* does not divide (p + 1)!
4. Ifr <2thenv > 2so 1+ pk < 720/2p".
5. No prime divisor of 1 + kp can be larger than p.

6. If k is even then either 4 | v or v is odd.

Since p" - (1 +p) < |G| < 720 we have r = 1 forp = 13,11, r < 2forp =7,5,r < 4 for p = 3.
For p = 13 the only surviving case is
|G| =13-4-(1+13) =728,
which we showed cannot be the order of a simple group, see Example 3 of section 10.3.
For p = 11 it the only surviving case is
|G| =11-5-(1+ 11) = 660,
which is the order of the simple group PSLy(11).

Forp="7,wehaver < 2. If r =2thenv > 2so 1+ 7k < (720/2 - 49) < 8, forcing k = 0. Hence
r=1andv > 2. Andif k = 1 then v | 6, and if k is even then 4 | v.

The surviving 7-factorizations are

7-3-(1+7)=2*-3-7=168

7-6-(1+7)=2*-3-7=2336
7-4-(142-7)=2*-3-5-7=420
7-2-(1+5-7)=2".32.7=504
7-2.-(14+7-7) =2*5.7=700

The case |G| = 168 is the order of a simple group PSLy(7), and this is the unique simple group of
order 168 (see Prop. 10.21).

The case |G| = 336 has Ng(P) ~ P x Cg, the ax + b group over Z/7Z. An element n € Cy of order
six fixes a point ) € X — {P} and is free on X — {P, @}, hence has cycle type [61] so is an odd
permutation. Hence G has a subgroup of index two. This occurs in nature: The group PGLy(7) has
order 336 and contains PSL,(7) with index two.

The case |G| = 420 has an involution s € Cg(P). Suppose there exists Q € X — {P}andz € P
such that *Q = *Q. Then sz € Ng(Q) so 22 € @ so P = (. Hence s interchanges the two P-orbits
in X — {P} and has cycle type [271] on X, which is an odd permutation, so G has a normal subgroup
of index two.

The case |G| = 504 is the order of a simple group PSLy(8).

The case |G| = 700 is ruled out by Cor. 10.15.
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For p = 5 we have k£ = 1,3, 7 since 5 is the largest prime dividing 1 4+ 5k. If £ = 1 thenr = 1 and
v =2,4by Lemma 10.18. If k = 3then 5"-v < 720/16 = 45sor = 1 and v < 9 is even. Since groups
of order 5 - 2" are not simple, by Lemma 10.24 we have v = 6. If K = 7 then 5" - v < 720/36 = 20 so
r=1andv = 2,4.

Thus the surviving 5-factorizations are

5:2-(1+5)=2-3-5=60

5-4-(145)=2%.3.5=120
6-(14+3-5)=2"-3-5=1480
2-(147-5)=2%.3%.5=360
4-(147-5)=2*.3%.5="720

The case 5 - 2 - (1 + 5) = 60 arises from the simple group A; = P.SLy(5).

In the case 5-4 - (1+5) = 120 the normalizer of a Sylow 5-subgroup contains a 4-cycle in Sg, which is
odd. Hence GG contains a normal subgroup of index two. This actually occurs: The group S5 has order
120 and contains As of index two.

In the case 5 - 6 - (1 + 3 - 5) = 480, we have Ng(P) of order 30, so Ng(P) = (g, s) where g, s have
order 15 and 2 respectively, and (g®) = P. There are four groups of order 30 according to the possible
actions of s on (g) = C3 x C5 by inverting one or both or no factors. Note that all four groups occur
inside the normalizer of a 15-cycle in Si5. By the Transfer Theorem, s must invert the C's-factor (which
is P). Now look at the embedding of Ng(P) in S;5 via its action on X — { P}. Since ¢ acts with cycle
type [5 5 5], it follows that ¢ has cycle type [15], so (g) acts freely and transitively on X — { P}. Hence
the action of s on X — { P} is equivalent to its action on C3 x C5. If s inverts both factors then its cycle
type is [1 27] which is odd. Therefore s centralizes the Cs factor and Ng(P) ~ C3 x Ds. ’ Hence the
centralizer C(Q) of a Sylow 3-subgroup has order at least 30. In the 3-factorization 3 - v3 - ny we must
have v3 = 5- 2% with a > 2, lest C(Q) = N¢(Q). This forces ng = 4, so G is not simple

The case 5 -2 - (1 4+ 7 - 5) = 360 arises from the simple group Ag.

The case |G| = 720 is harder, but still elementary; in the next section we show there are no simple
groups of order 720.

Assuming that result, we have shown that the only possible orders < 720 of nonabelian simple groups
G are 60, 168, 360, 504 and 660. Moreover, there exists a simple group of each of these orders, namely

simple group G |G|
As ~ PSL,(5) | 60
Ag ~ PSL»(9) | 360
PSLy(8) 504
PSLy(11) 660

TCole (Simple groups from Order 201 to Order 500, Am. J. Math, vol 14, no. 4 1892, 378-88), seems to have missed
this possibility.
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In fact, there is exactly one simple group having each of these orders, but we have only proved this for
|G| = 60 and |G| = 168.

10.4.4 Almost-simple groups of order 720

Suppose that GG is a simple group of order 720 = 8 - 9 - 10. Writing the order this way makes it
plausible that G should act 3-transitively on a set with 10 elements, as PGL2(9) has this order and
acts 3-transitively on its set of 10 Sylow 3-subgroups. Since PGL3(9) is not simple, it may make
sense to look in that direction for a contradiction. So we begin by studying the 3-local structure of our
hypothetical simple group G of order 720. However, since there does exist a simple group of order 360,
the 2-local structure must eventually be decisive. It is here that Burnside’s sketch (which begins with
the 5-local structure) ® seems to have a serious gap. Our treatment of the 3-local part is based on that
of Derek Holt ° which I have recast to better highlight his essential point, with different arguments in
places. Then we will have enough information for a correct 2-local argument in the spirit of Burnside.

From the Sylow and Burnside Transfer theorems, the possible 3-factorizations of |G| are
|G| = 3%-2-40, or |G|=3%-8-10. (40)

In the former case, where n3(G) = 40, the normalizer of a Sylow 3-subgroup P acts by an involution
on P with trivial fixed points, and normalizes every subgroup of P.

Holt’s crucial observation about the 3-local structure is as follows.
Lemma 10.26 Every subgroup of order three in G is contained in just one Sylow 3-subgroup of G.

Proof: Let () < G be a subgroup of order three, with normalizer N = Ng(Q), and let P be a Sylow
3-subgroup of G containing (). The 3-factorization of N is

2
"V n3(dV),
IN| =3-v-n3(N)

where v = [N N Ng(P) : P] and ng(N) is the number of Sylow 3-subgroups in N. Since the Sylow
3-subgroups are abelian, any such subgroup containing () must lie in V. So the lemma is equivalent to
the assertion that n3(N) = 1.

If ng(G) = 40 then Ng(P) contains an element inverting P, hence normalizing ), so v > 1. If
n3(G) = 10 then again v > 1, lest we have at least [Ng(P) : N N Ng(P)] = [Ng(P) : P] = 8
conjugates of @ in P, whereas the group P of order 3? can have at most four subgroups of order
three. Thus, in either case we have v > 1. We also have n3(N) < 10, lest G < Sj. It follows that
ns(N) € {1,4}.

Assume that n3(IN) = 4. Then v = 2, lest [G : N| < 5, so N has 3-factorization

IN| =3%-2-4.

8Notes on the theory of groups of finite order, Bull. London Math. Soc. 1894
? http://sci.tech-archive.net/Archive/sci.math/2006-12/msg07456.html
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Let P = P, P, P3, P, be the Sylow 3-subgroups in NN, and let X = {9Q) : g € G} be the set of
G-conjugates of (). We have | X| = [G : N| = 10. The group G acts on X by conjugation and we
consider the fixed points of ():

X9 ={Q € X:Q < Ng(Q"}.

Since a group of order three admits no automorphism of order three, we have

Q<Ne(Q) & Q<Ce(@Q) & Q<CsQ <« Q<N,

in which case )" < P; for some i. Therefore
4
X9 =Jx(p), 1)
i=1

where, for any Sylow p-subgroup P’ of G we define X(P') := {Q" € X : @ < P’} to be the
set of conjugates of () which are contained in P’. Note that X (P') = X(9P’) forany g € G. In
particular, the sets X (P;) all have the same cardinality. Since P is abelian, Ng(P) acts transitively on
X (P) (by the same argument used for Lemma 10.11) and the stabilizer of ) in N (P) has cardinality
[N N Ng(P)| =32-2,50m = [Ng(P) : Ng(P) N NJ] € {1,4}, according to the two possibilities for
N¢(P) in (40). Finally, since P, is generated by any two elements of X (P;), we have X (P,)NX(P;) =
{Q} for i # j. It now follows from (41) that | X?| = 1 + 4(m — 1). Since | X?| < | X| = 10 we must
have m = 1, so X% = {Q} and the Q-orbits in X have sizes 1, 3,3, 3.

As Aut(Q) = Oy, the centralizer C((Q)) has order 36 or 72, with Sylow 2-subgroup R of order 4 or
8. As R fixes () and G is simple, R acts faithfully on X — {Q}, permuting the three Q-orbits therein,
giving a homomorphism R — S3. If r € R preserves a Q-orbit {Q)1, )2, @3} in X then r normalizes
each @);, since r commutes with (). Hence the image of R in S5 is nontrivial, so some r € R maps to
a 2-cycle in S3. This means r has cycle type [1323] on X — {Q} and cycle type [1*2%] on X. Thus r is
an odd permutation on X, contradicting the simplicity of G. It follows that n3(/N) = 1 and the lemma
is proved. |

Let Y be the set of Sylow 3-subgroups of GG and let P € Y. The lemma implies that P acts simply
transitively on Y — { P}, so |[Y| =1 mod 9. This rules out n3(G) = 40, so we must have n3(G) = 10
and |[Ng(P)| = 3%- 8. Regarding G as a subgroup of Aj via its action on Y by conjugation shows that
P cannot be cyclic because the normalizer of a 9-cycle in Sy has order 3? - 6, hence cannot contain
Ng(P). Thus, we find that P ~ C3 x Cs.

Choose P’ in Y distinct from P and let
H = Ng(P)N NG(P’)

be the normalizer of P’ in N (P). Since N¢(P) acts transitively on Y — { P}, it follows that |H| = 8,
so H is a Sylow 2-subgroup of Ng(P) and Ng(P) = P - H. I claim that H acts freely on P — {1}
by conjugation. For by the lemma again, any nonidentity element ¢ € P has cycle type [1333] in Y,
whose centralizer in Aj, has order 3* - 6/2 = 81 and intersects H trivially. '

0Since |H| = 8 = |P — {1}, it follows that H is also transitive on P — {1}, so G has a unique conjugacy class of
elements of order three, and this class has 80 elements. However we do not need this.
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Let s € H be an involution (an element of order two). Since s acts freely on P — {1}, it must act
by inversion, hence s is the unique involution in /7. The only groups of order 8 containing a unique
involution are (g and Cs. In the latter case H would be generated by an [8]-cycle on Y which is odd,
contradicting the simplicity of G. Hence H ~ Qg. '' Since Qg does not embed in S, for n < 8, the
faithful action of H on Y — { P, P’} must also be free and transitive. Hence the elements of order four
in H have cycle type [1?4%] on Y, and s has cycle type [1224].

Ifr € P—{l}and H N H* # 1,then s € H N H", say s = h” for some h in H. But then A is an
involution, so h = s, meaning that  and s commute. This contradicts H acting freely on P — {1},
so H N H* = 1. It follows that there are exactly nine N¢(P)-conjugates of s in H, and these are all
of the involutions in Ng(P). From the cycle type of s on Y, we see that Ng(P) and Ng(P') are the
only conjugates of Ng(P) containing s. As there are ten conjugates of Ng(P), there are 9-10/2 = 45
conjugates of s in G. Hence the centralizer S = Cg(s) is a Sylow 2-subgroup of GG. By the same
argument there are 45 conjugates of H in GG, so S = Ng(H) is also the normalizer of H in G.

I claim that distinct involutions have distinct centralizers. For suppose ¢ # s is an involution with
Cq(t) = Cg(s). Thent € Ng(H) — H so preserves the fixed point set Y# = {P, P'}, but ¢ cannot
normalize P or P’, so ¢ must switch P and P’. But ¢ is a product of 2-cycles and is even, while 10/2
is odd, so ¢t must have at least two fixed-points on Y. This means ¢t € Ng(P") N Ng(P") for some
pair P”, P € Y — {P, P'}. But t cannot act trivially on Y — { P, P’} lest it be a 2-cycleon Y. As H,
which centralizes ¢, must preserve the fixed points of ¢ in Y — { P, P}, this contradicts the transitivity
of HonY —{P P'}. 12

Now take h € H of order 4 and consider the action of H on the set Z of Sylow 2-subgroups of G. We
have h? = s. Since s is contained in just one Sylow 2-subgroup, namely C(s), the cycle type of s on

Z is 12?2, Hence the cycle type of h is [14!'!], which is an 0odd permutation, contradicting the simplicity
of G.

The argument is difficult for several reasons. First, 720 = 2-360, and there does exist a simple group of
order 360, namely the alternating group Ag. Secondly, Ag ~ PSL4(9) (see section 13.5.2), so SLy(9) is
a group of order 720 surjecting onto Ag. Thirdly, there are three groups of order 720 containing Ag with
index two (see below). All these groups of order 720 flirt with the simple group Ag, but themselves
just fail to be simple, for different reasons, which is why it is hard to rule them out.

The three groups containing Ag with index two can be seen as follows. We have seen that automorphism
group of Sg is Aut(Sg) = Sg x Cy. It follows that Out(Ag) ~ Cy x Cs. By the Correspondence
Theorem, there are three subgroups of Aut(Ag) of order 720, containing Ag. One of these is Sg. Via
the isomorphism Ag ~ PSL,(9), another one is PGL3(9). The third group is the Mathieu Group 1y,
which is part of a family of highly transitive simple (or almost simple, in the case of n = 10) subgroups
M, < S,.

To see M;o more explicitly, we start with PGL3(9), which we think of as the group of permutations of

"We do not actually need to know that H = Qg and not Cs.
12A similar argument shows that all involutions are conjugate in G, but we do not need this.
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P!(Fy) given by
az+b ‘
cz+d’

PGLy(9) = {z»—> ad—bc;«éO.}.
The field Fg of 9 elements is built from F3 = Z/3Z just as C is built from R, namely,
Fo={z+iy: z,y eFs}, i*=—1,
and just like C, IFy has an automorphism z + iy = = — iyy. We define the group

az+b

az—i_b:ad—bc#O}U{zr—) — :ad—bc;«éO}.
czZ+d

cz+d

PI'L,(9) = {z —
This group contains PGL4(9) with index two; a nontrivial coset representative is simply z +— Zz. It
turns out that
PT'Ly(9) ~ Aut(Ag). In this viewpoint, M is the subgroup of PI'Ly(9) given by

az+b
cz+d

b
My = {z|—> az+t : ad—bcisasquareian}U{zH
cz+d

: ad — bc is a nonsquare in [y } :

Thus, M contains PSLy(9) with index two; a nontrivial coset representative is z +— iZz.

The subgroup Sg is generated by PSL(9) and z — Zz. In this guise an outer automorphism of Sg is
conjugation by z — iz.

11 Solvable and nilpotent groups

A group G is solvable if it has a chain of subgroups
1:Go<G1<1G24G3<1"'<1Gn:G 42)
where each G; is normal in GG;,; with abelian quotient G;,1/G;.

If H <G then G is solvable if and only if both H and GG/H are solvable (exercise). It follows that G
is not solvable precisely when there exist subgroups H < K < G with K/ H nonabelian simple. In this
sense solvable groups are diametrically opposed to nonabelian simple groups.

Examples of Solvable Groups:

i) Any finite group G with |G| < 60 is solvable, because there are no simple groups of order < 60.
In particular 5, is solvable for n < 4. However, .9,, is not solvable when n > 5, because it contains the
simple group As.

ii) The dihedral group D, is solvable for every n > 2 because it has a chain of subgroups 1 < C,, <
G and G/C,, = Cs.
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iii) For any field F', the subgroup B of upper triangular matrices in GL,,(F’) is solvable. For example
if n = 3 one can take the series

1 0 = 1
1< {0 1 0f<|0 =G,
0 01 0

o = %
= X ¥
A
o o X
o X %
X ¥ %

with the obvious generalization to arbitrary n.

iv) Any group G of order pq, where p and ¢ are primes, is solvable. For if p < ¢ then G has a
normal subgroup C, with quotient C,,. More generally, any group whose order is divisible by at most
two primes is solvable. This is Burnside’s p®q® theorem, whose original proof uses character theory
and still appears to be the most accessible proof to non-experts.

v) A group G is solvable if and only if it has the factorization property: If |G| = m - n for relatively
prime integers m,n, then G = MN for subgroups M, N of G of orders m,n. This is P. Hall’s
generalization of Burnside’s theorem.

vi) Any finite group of odd order is solvable. This is the famous Feit-Thompson theorem from 1963,
whose proof is much more difficult than the previous two theorems.

vii) Let f(x) be a polynomial with rational coefficients having n distinct roots. The Galois group
Gy is the subgroup of \S,, consisting of those permutations of the roots which preserve all polynomial
relations among them. The group G is solvable precisely when the roots of f can be expressed in
terms of rational and radical expressions in the coefficients of f, as in the quadratic, cubic or quartic
formulas. This was discovered by E. Galois, and is the origin of the term “solvable”. It explains why
there is no general formula for a quintic polynomial: S5 is not solvable.

viii) Same situation, where now the coefficients of f lie in the field Q, of p-adic numbers for some
prime p. Then G is always solvable. In fact, G has a canonical chain of subgroups Gy <G <G, where
G is a p-group and G/ G, G /G are both cyclic.

Solvable groups occur naturally in many areas of mathematics. Being opposite to nonabelian simple
groups, they are a very natural class of groups to study. However, some of the most interesting theorems
about solvable groups are very difficult to prove. For example, the proof of the Feit-Thompson theorem
takes 255 pages.

Among the solvable groups are the nilpotent groups, for which the first few interesting theorems are
easy, including a version of Hall’s theorem above.

The definition is as follows. For any group G, the ascending central series '° of G is the chain of
subgroups of G:
Zy QZy 47234 43)

defined inductively as follows: Z; = Z(G) is the center of G, and given Z;, define Z;,; to be the
unique subgroup containing Z; such that 7, /7, = Z(G/Z;) is the center of G/Z;. We say G is
nilpotent if 7, = G for some ¢ > 1. The minimal such c is the nilpotence class of G.

13 Also called the “upper central series”.
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A nontrivial nilpotent group must have nontrivial center, lest all Z; = 1. If G is nilpotent of class ¢
then G/Z(G) has class ¢ — 1.

If G is nilpotent and H < G then H and G/ H are nilpotent, but not conversely: The symmetric group
S5 has trivial center, so its ascending central series has Z; = 1 for all <. Hence S3 is not nilpotent.
However, its subgroup A3 and quotient S3/A3 = C5 are both nilpotent.

Direct products of nilpotent groups are nilpotent. So any direct product of p-groups is nilpotent. We
will see that all nilpotent groups are of this form.

Examples of Nilpotent Groups:

i) The abelian groups are the nilpotent groups of class 1. The nilpotent groups G of class 2 are those
for which G/Z(G) is abelian.

ii) Any finite p-group is nilpotent, because any p-group has nontrivial center, hence Z; # Z; 1, so
eventually Z; has the same order as G. If |G| = p* then the nilpotence class of G is at most k — 1, since
every group of order p? is abelian.

1i1) The dihedral group D,, is nilpotent if and only if 7 is a power of 2 (use 5. in Thm. 11.1 below).
If n =2%and r = st is the product of two generating reflections s and ¢, then r has order 2¢ and Z; is
cyclic, generated by r2 ", As Doy /{r?) =~ Cy x Cy is abelian, it follows that Dy has nilpotence class
equal to ¢, the maximum possible for a group of order 2. There are exactly two other families of
groups of order 27! having maximal nilpotence class: the generalized quaternion group (s:+1 and the
quasidihedral group () Dye+1.

iv) For any field F, the subgroup U, of strictly upper triangular matrices in GL,,(F') is nilpotent of
class n — 1. For example if n = 4 the ascending central series is

1 0 0 = 1 0 % % 1 x % %
0100<010*<01**_G
0 010 0 010 0 0 1 = ’
00 01 0 001 0 001

with the obvious generalization to arbitrary n. The matrices in U,, are of the form /4 A, where A™ = 0.
This may be the origin of the term “nilpotent”.

The main theorem on finite nilpotent groups is the following collection of characterizations.

Theorem 11.1 For a finite group G the following are equivalent.

1. G is nilpotent.
2. Any proper subgroup H of G is properly contained in its normalizer Ng(H).
3. Every maximal subgroup of G is normal in G.

4. Every Sylow p-subgroup of G is normal in G.
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5. G is the direct product of its Sylow p-subgroups.

6. For every divisor m of |G| there is a normal subgroup M < G with |M| = m.

Proof: (1 = 2): By induction we assume the result for all groups of smaller order than GG. Let H be

a proper subgroup of G. Since G is nilpotent its center Z is nontrivial and normalizes H. If Z is not
contained in H then H fHZ, done. Assume Z < H. Let G = G/Z,_H = H/_Z andlet7: G — @
be the projection. Then H is a proper subgroup of G, so by induction H # Ng(H ). One checks that

H=n'H) and Ng(H)=rnrYNg(H)),
hence H # N¢(H), by the Correspondence Theorem.
(2 = 3): Apply 2 to a maximal proper subgroup of G.

(3 = 4): Suppose the Sylow p-subgroup P of G is not normal. Then N¢(P) is a proper subgroup of
(G, contained in a maximal proper subgroup M of GG which is normal in G, by 3, and P is a Sylow
p-subgroup of M. For any g € G, the conjugate PY is another Sylow p-subgroup of M, so P9 = P™
for some m € M. Then g € Ng(P)m C M. ' Since g was arbitrary, we have shown that G = M,
contradicting M being proper.

(4 = 5): Induct on the number of primes dividing |G|. Let |G| = p}*---p . By 4, the Sylow p;-
subgroup P; is unique and any product of Sylow subgroups is a normal subgroup of GG. In particular
H:=P,--- P, isnormal in G. By induction H = P, x --- X P,_1, so the primes dividing the orders
of elements of H are in {p1,...,p,_1}. So HN P, = 1 and P, is normal in G. Hence

G=HxP,=(Pix:--XP,1)xP, =P, x---XP,.

(5 = 6): Let |G| = pi*---p"" as above. Then m = p;'---p", for s; < r;. The p-group P; has a

n

subgroup (); of order p*. By 5, the subgroup M = @); X --- X @), is a normal subgroup of G' with
order m.
(6 = 4): Take m to be the full power of p dividing G.

(5 = 1): Each p-group is nilpotent and a direct product of nilpotent groups is nilpotent. |

Part 5 of Thm. 11.1 implies that in a nilpotent group two elements of relatively prime orders commute.
This explains why D, is not nilpotent for n odd: there is a rotation of odd order inverted by a reflection.

An example of a nilpotent group which is not at first glance a direct product of p-groups is the cyclic
group C,,, when n has multiple prime divisors. If n = pi* - - - p;* for distinct primes py, . . ., pj, then

Co=Cyi X -+ X Gy

For a nonabelian example, let R be any commutative ring and Define Us(R) to be the group

Us(R) =

o O =
O~ ¥

= % ¥

!4This kind of transitivity proof is called the Frattini Argument. It is very similar to the proof of Lemma 10.11.
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where the entries * are arbitrary elements in R. Then Us(R) is nilpotent. If we take R = Z/nZ then
applying the Chinese Remainder theorem to each matrix entry gives an isomorphism

Us(Z/nZ) =~ Us(Z[p'Z) x - - x Us(Z/p)* ).

Nevertheless, Thm. 11.1 shows that the study finite nilpotent groups essentially reduces to p-groups.

12 p-groups, a second look

In this section p is a prime.

Up to isomorphism, there is one group of order p, namely C,,. There are two groups of order p?, namely
C, x C,, in which a? = 1 for every element z, and G ~ C,2, which contains an element of order p?.

12.1 Groups of order p?

Up to isomorphism there are three abelian groups of order p:
Cp X Cp X Cp, sz X Op, Cps.

Assume from now on that G is nonabelian with |G| = p® and let Z = Z(G) be the center of G. As
G/Z cannot be cyclic, we have

Z ~ C,, and G/Z ~ C, x C,.

The latter is abelian, so the commutator subgroup [G, G| lies in Z. But [G,G] # 1 since G is non-
abelian, so in fact
G,G] = Z.

Hence for any fixed 2 € G the commutator with x gives amap f : G — Z, sending y — [y, x| =
yry tx~l. Asyxy~! = [y, zx, it follows that the conjugacy class of z € G — Z is xZ. Hence G has
p conjugacy classes inside Z and p? — 1 conjugacy classes outside Z.

Any maximal subgroup A < G has order p?, is normal in G and contains Z = [G, G|, since G/A ~ C,
is abelian. Hence the maximal subgroups of G correspond to the subgroups of G/Z ~ C, x C,,
which has p + 1 subgroups, corresponding to the points in the projective line over Z/pZ. The maximal
subgroups Ay, Ay, ... A, form the part of the subgroup lattice of G over Z.



The maximal subgroups A; may belong to different isomorphism classes, either C,, x C, or C). If
p = 2 then D, contains both kinds, while () contains Cy but not C5 x C5. We will see that the opposite
holds for odd primes p.

First we need a commutator lemma:

Lemma 12.1 Let G be a group, let v,y € G, and let [y, x] = yxy 'x~"! be the commutator. Suppose
[y, ] commutes with x and y. Then for all n € N we have

(xy)n _ xnyn[y7m]n(n—l)/2‘

Proof: We expand:
(zy)" = (zy)(zy) - - (2y). (44)
We want to put all the y’s to the right of all the 2’s. The commutator is the price to pay for replacing
yx by xy:
yr = ly, zlzy,
which we can write as
yr = zyly, x,
1

since z, y commute with [y, z]. The left-most y in (44) moves past n — 1 z’s, so contributes [y, z|" .
The new left-most y then contributes n — 2 z’s, and so on. Thus, we get

(n=1)+(n=2)+-+1 _ ,n (n—1)/2

(zy)" = 2"y"[y, 7] y" [y, z]" :
as claimed. |

Next we need a lemma about GLy(p).

Lemma 12.2 Any element of order p in GLo(p) is conjugate to {(1) ﬂ

Proof: Let g € GLy(p) have order p. By Sylow’s theorem, g is conjugate to an element B ﬂ of the

Sylow p-subgroup U = [[1) ﬂ of GLa(p), with b # 0. Conjugating by [(1) 2} , We arrive at [é ﬂ .

Now return to our group G of order p?, and assume p > 2. We have seen that all commutators lie in Z,
so the conditions of Lemma 12.1 hold for any =,y € G. Since p is odd, it divides p(p — 1) /2 and since
|Z| = p we have [y, z]?®~1)/2 = 1. Hence for all z, y € G we have

(zy)" = aPy?.

This means that the map x > 2P is a group homomorphism; we it simply by p : G — G. Clearly
Z < ker p. Since G is not cyclic we have 2P = 1forall z € G, soim p < ker p. Now Z cannot be the
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whole of ker p, lest | ker p| = p and | im p| = p®. Hence there is an element y, € ker p outside Z. The
subgroup A = (yo, z) generated by y, and z is then a normal subgroup of G isomorphic to C, x C,,.

Now there are two cases.
Case 1: kerp = G.

This means g? = 1 for all ¢ € GG. Choose any element x € G outside of A. Then x acts on A via an
element of order p in Aut(A) ~ GLy(p). By Lemma 12.2 there are generators y, z of A such that

G = (z) x A,

where x acts on A by

The structure of G is thus determined uniquely. We have
G = {zy’z" : a,b,c € Z/pZ}, (45)
with multiplication
(chbxa) . (nyel’d) — Zc—&-f—&-aeyb—l—exa-l-d.
The Heisenberg group

1
H:= |0 (46)
0

O = %
= % ¥

is a nonabelian group of order p* and exponent p, is therefore isomorphic to the abstract group G in
(45). Indeed, one checks that sending

c, b, a

2°y°x" —

O O =
O~ Q
= SO

is an explicit isomorphism G = H.
Case 2: kerp # G.

Here G has an element y of order p?. Choose such a y and let Y = (y) ~ C2. Choose any z in A but
notin Y. Then G is again a semidirect product:

G= <.7§'0> X Y7
with some action of z on Y. Let R be the ring Z/p*Z. Then
R* ~ Aut(Y),

where r € R corresponds to the automorphism y — y". The elements of order p in R liein 1 4+ pR, so
zoyzy ' = y'*'P for some r € R. Let s be the inverse of r in R and let z = 5. Then zyz~! = y'*?,
which determines the group structure on G. We have

G={ys*: be R, keZ/p},
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and the map sending
k
v {(1 ‘f(‘) p) b}

is an isomorphism from G to the group of matrices

{[3 ﬂ:aerR,beR}. (47)

12.1.1 Automorphisms of the Heisenberg group

Let p > 2 and let H be the Heisenberg group (46), with center

7 =

S O =
o = O
— O %

The automorphism group Aut(H) preserves Z and therefore acts on H/Z ~ (Z/pZ)?. Thus we get a
map
Aut(H) — Aut(H/Z) ~ GLa(p).

Proposition 12.3 This mapping fits into a split exact sequence
11— H/Z — Aut(H) — Awt(H/Z) — 1

and Aut(H) ~ (Z/pZ)? x GLy(p) is the affine group of the plane over Z/pZ.

Proof: Let
1 10 1 00 1 01
r= (0 1 0f, y= 10 1 1], z=10 1 0
0 01 0 0 1 0 0 1
Then
1 a c
2tz =10 1 bl
0 01
and H has the presentation
H=(x,y,z| 2z =y’ =1, [z,y] = 2, vz = zz, yz = zy).

From this (or matrix multiplication) we derive the formulas

(chbxa) (Zc’yb’l,a’) _ Zab’-l—c—i—c’yb—&—b’xa—i—a’

9

(chbza)—l — Zab—cy—bx—a’

93



Y] ’ !
[chbxayzc yb xa] —_ Zab ba )

The isomorphism H/Z ~ (7Z/pZ)?, sends (the coset mod Z of) z¢y’x® +— (a,b). We now prove
exactness of the sequence

1 — H/Z 5 Aut(H) — Aut(H/Z) — 1, (48)

where ¢ : b+ 1, € Aut(H), with ¢,(h') = hW/h™1, is the action of H on itself by inner automor-
phisms. Since H/Z is abelian, ¢;, induces the trivial automorphism on H/Z. Conversely, suppose
o € Aut(H) is trivial on H/Z. Then there are ¢, ¢’ € F, such that

Let h = y~“z¢. One checks that ¢, (z) = 2°7, 1,(y) = 2y, so o = 1. Hence the sequence (48) is
exact in the middle.

b

We next prove that Aut(H) — Aut(H/Z) = GLy(p) is surjective. Let A = {CCL J

} € GLz(p). The

above commutation formula shows that

[ybxa’ ydxc] _ Zdet(A).

Since every non-identity element has order p (here we are using p > 2), the elements 3’2, y?x¢, zdt4
satisfy the relations of x, y, z. Hence there is a homomorphism « : H — H such that

% = ybxa’ ya — ydxc, SO — ZdetA.
We must show that « is injective (hence is bijective). Since det A is invertible in IF,,, kera N Z = 1.

Hence ker « injects into the kernel of A in G/Z, which is trivial. This finishes the proof of exactness
in (48).

However, the function A — « just described is only a set-theoretic splitting; it is not a group homo-
morphism. In fact we could modify the definitions of z“ and y® by multiplying by arbitrary elements
of Z and the relations of A would still be satisfied. It turns out we can make such a modification to get
a group-theoretic splitting, namely if we redefine « to be

% = Zab/bexa’ ya — ZCd/deZL'C, SO — Zad—bc (49)

(note that ab/2, c¢d/2 are taken in Z/pZ, where 2 invertible) then if A, B € GLy(p) correspond to «, /3
via (49), one can check that

(xa)ﬂ = xaﬁv (ya)ﬁ = yaﬁ,
so that the new map A — « is a group homomorphism, where Aut(H) acts via the right on H.

There is one more detail to check, that the action of Aut(H/Z) on H/Z in the semidirect product
arising from the splitting just described coincides with the action (by right multiplication) of GLy(p)
on (Z/pZ)?. We leave this as an exercise. |
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12.2 Higher powers of p

Let N(p") be the number of isomorphism classes of groups of order p". We have found

r| N | groups

1 1 c,

2 2 Op X Cp, sz

3 5) Cg, Cp2 X Op, Cpa, Ug(p), (47)

The case of p? relied in a straightforward way on the classification for p?>. One might imagine that
all p-groups could be classified inductively in a similar way. The case of p* is much harder, but still
accessible to non-experts, at least for p = 2.

We give here the classification of groups of order 16 '°. There are 14 groups of order 16:

e five abelian groups: Cy, Cy x C%, Cy x Cy, Cg x Cy, Cie;

e two direct products: Dy x Cy, Qg x Cs.
-1
e the dihedral group Dg = Cg x Cy '°
3
e the quasidihedral group Q) D15 = Cs x Cy;

e another semidirect product Cy >54 Cy;

o the unique nonabelian semidirect product Cy xCly;

e the unique nonabelian semidirect product (Cy x Cy) x Cy;

e the unique nontrivial semidirect product Qg x C;

o the generalized quaternion group ()1¢;
Of these groups only Dg, () D¢ and ()16 have maximal class 3; these groups have centers of order two,
and their quotients by their centers are D,. We will return to this.
It was also known in the 19*" century that for p > 2 there are 15 groups of order p*.

So far, it seems the number of p-groups of a given order does not depend much on p. However, in the
last decade it has been found ' that

2p+61+23,p—1)+ (4,p—1) ifp>3
N(p®) = { 67 ifp =3
51 ifp—2,

5For a proof, see The groups of order sixteen made easy, Marcel Wild, Bulletin of the A.M.S. 2005.

k
16The notation C), x C,,, means the generator of C,, acts by the k" power on C,,.
17See the talk by B. Eick “The classification of p-groups by coclass”, http://homeweb1.unifr.ch/ciobanul/pub/beamer.pdf.
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and

3p% +39p+ 344+ 24(3,p— 1) + 11(4,p— 1) +2(5,p— 1)  ifp >3
N(p°) = { 504 ifp=3
267 ifp=2.

We also have mentioned that
N (2'°) = 49 487 365 422.

It seems hopeless to classify p-groups whose order is a given power of p, but the fact that these re-
markable values of N(p") have recently been found indicates great progress in the classification of

p-groups.

A big breakthrough came when people looked at groups of maximal nilpotence class, and found trees
of infinite families of groups.

12.3 Projective limits and pro-p groups

Suppose we have a sequence of groups (or rings) X,,, indexed by positive integers n, along with
homomorphisms f,, : X,, — X,,_; for each n > 2. Thus we have an infinite sequence of groups
(or rings) and maps:

s X, I x, s x B X, B X
The projective limit of the system (X,,, f,,) '® is the set of sequences

hm X, = {(x1,29,...): ©p € Xp, flxn) =2p1 Yn > 2},

under componentwise group (or ring) operations.
The projective limit X = @n X, comes with a system of canonical projection maps
T X — X, () = .
The quotients X,, may be regarded as successive approximations to, or shadows of the single group X.

If all the X, are finite groups, the projective limit X is called pro-finite. If p is a prime and all the X,
are p-groups, then X is called a pro-p group. The single group X describes an infinite family { X, } of
finite p-groups.

The simplest example is when X,, = Z/p"Z and f,, is the natural projection
fu 2" — Z)p" L.

With these maps, the inverse limit
Ly = lmZ /"2

8This is also called the inverse limit.
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is the ring of p-adic integers, whose additive group is a pro-p group.

For a non-abelian example, let X,, = Ds. be the dihedral group of order 2"*!. Since the quotient
of Dyn by its center is Dyn—1, we have quotient maps f,, : X,, — X,,_1. The successive shadows
Dy, Dy, Dyg of the 2-adic dihedral group

D = 1£1D2n

can be seen in the sequence of subgroup lattices

SN I N,
NZNIN NN
\\\ %

If (X, f,) and (Y,,, g,) are two projective systems, and we have for each n a homomorphism
h,: X, —Y,
such that h,,_, o f,, = g, o h,, then we get a homomorphism

hlm X, > lmY,, () e (b)),

LetY, = {z € C*: 22" =1} with maps g,(z) = 2% Let h,, : Z/2"Z — Y,, be the isomorphism
hn([x]) = exp(2mi/2").

Then we have an isomorphism
h:Zy —Y := @Yn

such that multiplication by —1 on Zs corresponds to inversion on Y. It follows that the 2-adic dihedral
group is a semidirect product
D= Z2 X CQ,

where the nontrivial element of C5 acts on Z, by negation.

97



12.4 Toward the classification of p-groups

Let G have order p"™! and maximal nilpotence class n. The ascending central series for G' must have
the form
W< Ly << Lp<Z,=0G,

where |Z;| = p' for i < n. In particular the center Z; = Z(G) has order p. The group H = G/Z(G)
has order p™ and nilpotence class n — 1, which is again maximal. We indicate this relation between G
and H by an arrow G — H.

Let G(p, 1) be the directed graph whose vertices are the isomorphism classes of finite p-groups of
maximal nilpotence class, having edges G — H when G/Z(G) ~ H, as above.

We will draw this graph for p = 2. Let
Xn = DQn, Yn = Q2n+1, ZTL = QD2n+1

be the dihedral, generalized quaternion and quasidihedral groups of order 2"™!. For small n we have
X, =C2,Y, = C,and Z, = Yy = Qg. Since the quotient of each of X,,,Y,, Z, by its center is X,,_1,
the graph G(2,1) is

Zy s

This graph is a tree with exactly one infinite path, over which the projective limit is the 2-adic dihedral
group D. The other groups are contained in branches B,, ;, consisting of all groups to the left of and
distance at most k£ from X,,. The groups in G(2, 1) have different orders and nilpotence class, but they
all have the same coclass: If GG has order p” and nilpotence class c then its coclass is defined to be r —c.

For any prime p and integer ¢ > 1 one can define a coclass graph G(p, ¢) whose vertices are all the
p-groups of coclass ¢ with an edge between GG and H if there exists N < G with G/N ~ H. The
p-groups of a given coclass c are then classified, at least qualitatively, via the structure of the graph
G(p, ¢), about which the following is known.

1. There are only finitely many infinite paths in G(p, ¢).

2. The projective limit over each infinite path in G(p,c) is an infinite pro-p group whose finite
quotients all have coclass c.

3. Every infinite pro-p group with all quotients of coclass c arises from an infinite path in G(p, ¢).

4. The groups in G(p, ¢) lie on branches, and these eventually become periodic.
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For more details, see the talks online by Bettina Eick and her collaborators, along with the book The
structure of groups of prime-power order by Leedham-Green and McKay, two of the pioneers in this
new era of group theory.

13 Presentations of Groups

It is often convenient to represent group elements as “words” in a few symbols, having certain relations.
For example, the cyclic group C), can be expressed as

C,={(ala"=1),
which is called a presentation of C,,. Here there is only one generator a, and one relation a” = 1.

Now suppose G is a group generated by two elements a, b of order two. Let C' = (ab) be the subgroup
of G generated by ab. Since a and b have order two, we have a(ab)a = ba = (ab)~', and one checks
that every element of G can be written either as (ab)’ or a(ab)* for some i € Z. Thus, C has index two
in G and we have

G=CUaC.

The multiplication in G is then completely determined by the order of C'. If C' is infinite, then we can
describe G via the presentations
G={a,b|a*=0b*=1). (50)

If |C'| = n < oo, we have an additional relation (ab)” = 1, so we write
G = {a,b|a*=b*= (ab)" = 1). (51)

These groups G are isomorphic to the dihedral groups D, and D, respectively, where a and b manifest
as reflections about adjacent lines. However, the presentations (50) and (51) express G independently
of any manifestation. This allows us to identify G in other settings, wherever we find a group generated
by two elements of order two.

So we would like to view groups as generated by abstract symbols like a, b, ¢, . .. with certain relations
among the symbols such that every possible relation in the group is completely determined by the given
relations. To explain this precisely, we start with free groups, which are groups with no relations at all.

13.1 Free Groups

Let S be a set. The Free Group on S is the set F'(S) consisting of an element e, and all formal

expressions sy's5? - - - s,* where ¢ > 1, the n; are nonzero integers, and sy, ..., s, are elements of S

such that s; # s; if |[i — j| = 1. We multiply two such expressions according to the following rules.

e ¢ is the identity element of F'(.5).

e Forall s € S wehave s - s™ = s""ifn+m #0and s" - s7" = e.
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e For distinct s, € S we have s" - t™ = s"t™.

e Inductively, we have

ny .no Mg M1 1Mo mpg 3
s1t sy s, U if s;#1
ny N2 0y miyms2 mEY\ ni n ne+migm my . _
(871857 sy ) (L5 - %) = Q sPlsp? e sy TR if s;=tyandn,+m; #0
niy n ne—1 m m .
(s1tsg2 -8, 0") - (8572 -+ t1™) if sp=tiandn,+m; =0

Proposition 13.1 Let f : S — G be amap from a set S to a group G. Then there is a unique extension
of f to a group homomorphism f : F(S) — G.

Proof: We define f(e) = 1 and

fsi" sy - wy") = fs1)" f(s2)" - fls0)™.

This is a group homomorphism because the multiplication in G obeys the same rules as those above
for F'(S), with s; and ¢; replaced by f(s;) and f(t;).

If f’ is another extension of f then for all s € S and integers n > 0 we have

P = Fles) = f18) - f(s) = F(s)" = fls)" = F(s)".

n terms n terms

while if n < 0 we have s = (s7™) 7!, so by what we just proved, we have

P =1 (s =, =) = T(s™) ) = f(s7).
Finally, let s1, ... s, € S and take nonzero integers n, . . . n,. Multiplying in F'(S) we have
= () (57 (),

SO

F(ssy?osyt) = FU(sT) - f(s5%) o f(sp) = Fs1) - F(s5?) - Fsp) = FlsTs5? - 57°),

and therefore f’ = f. Hence f is the unique extension of f to a homomorphism from F (S)toG. N

Corollary 13.2 If S and T are sets and [ : S — T is a function, then [ extends uniquely to a group
homomorphism f : F(S) — F(T).

Proof: By Prop. 13.1 the composite map ¢ : S — T — F(T') extends uniquely to a homomorphism
i:F(S)— F(T). |

Corollary 13.3 If S and T are sets of the same cardinality and f : S = T is a bijection then f extends
uniquely to a group isomorphism f : F(S) = F(T).
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Consequently, for each positive integer n there is a unique (up to isomorphism) free group on n gener-
ators. We often denote this group by F;,.

Free groups abound in topology. Here are several related examples.
Example 1: If n = 1 then F; ~ Z. This is the fundamental group 7;(C') of a circle C.

Example 2: Suppose |S| = 2, say S = {s1,s2}. We can visualize F'(S) = F; as the fundamental
group of the space X consisting of two circles C; and C5 touching at a point p . Here s; is the
counterclockwise (say) loop once around C; starting at p, while s; ' loops around C; in the opposite
direction. A word like s3s5%s; is a loop going three counterclockwise times around C; then two
clockwise times around C, then once counterclockwise time around C;. The generalization to a
bouquet of n circles all touching at a single point is the obvious one.

Example 3: Let X be a two-sphere punctured at n 4+ 1 points. Then X retracts onto a bouquet of n
circles, so 1 (X) ~ F,,. More generally, let X be a closed orientable surface of genus g, punctured at
n + 1 points. Then 71 (X) >~ Fyyyp,.

Example 4: Let G be a subgroup of SLs(Z) of finite index such G has no elements of finite order,
other than 1. Then G acts on the upper-half plane H = {z € Z : Sz > 0} by linear fractional
transformations:

[a b] az+b

c d .z:cz—i-d'

The quotient X = #H /G is a finitely punctured Riemann Surface with 71 (X) ~ G. Therefore I is free.

Example 5: A tree is a contractible one dimensional simplicial complex (informally, a graph without
loops). Any group acting freely on a tree is free.

Example 6: Any subgroup of a free group is free. The proof may be sketched thus: Given a free group
F’, one constructs a tree T on which F acts freely. Then any subgroup F’ < F also acts freely on T,
hence F” is free as well.

13.2 Generators and Relations

Let S be a set, and let R be a subset of F'(S). Let N(R) be the smallest normal subgroup of F'(S)
containing R. More precisely, N (R) is the intersection of all normal subgroups of F'(.S) containing R.
We define a group

(S| R) := F(S)/N(R).

This is the largest group with generators .S and relations R, in the following sense.

Let G be any group and let S be a subset of G. By Prop. 13.1, the inclusion map ¢ : S — G extends
uniquely to a group homomorphism
i:F(S) — G.
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Proposition 13.4 (Mapping Property) Let R C F(S) be a subset contained in keri and let m :
F(S) — (S | R) be the quotient map. Then there is a unique homomorphism ¢spr : (S | Ry — G
such that s pom = L.

Proof: By assumption, the elements of R in F'(.S) belong to the kernel of i. Hence N(R) < ker 7, so
¢ induces a homomorphism (S | R) — G, which is the desired map ¢g . |

Usually we take S to be a generating set for G, in which case the map ¢g i in Prop. 13.4 is surjective.
If ¢s  is an isomorphism, we say that (S | R) is a presentation of GG, or more informally, that G is
“generated by S with the relations R”. Given a group G with generators S, there is always some subset
R C F(S) such that ¢g  is an isomorphism. For example, we could take R to be the full kernel of .
In practice, we would like S and R to be small and simple. However, it has been proved that there is
no algorithm that decides, for a given group GG with generating set S and relations R, whether or not
¢s.r is an isomorphism. Indeed this is so even for G = {1}! It takes a combination of work, skill and
luck to find a presentation for a given group G, but once found, a presentation can be very useful.

Example 1: For 1 < n < oo, the dihedral group D,, has presentation with generating set S = {a, b}
and relations R = {a?, b", abab}. We usually write R in terms of equations that hold in the group, as
follows:

D, ={a,b|a®*=0b"=1, aba =b""). (52)

To prove that (52) is correct, let I' = (a,b | a®> = b = 1, aba = b~'). Letr € D, be a reflection
and let t € D,, be a rotation of order n. Then rtr = t~1. Hence by the mapping property, we have a
surjective homomorphism ¢ : I' — D,, such that ¢(a) = r and ¢(b) = ¢. This is always the easy step
towards verifying a presentation. The tricky part is to prove that ¢ is injective. In this case, we note
that the relations in I" allow us to write every element in the form b or ab’, '° with 1 < i < n. This
shows that |I'| < 2n = |D,,|, so ¢ is injective and (52) is proved.

The same presentation works for D.; we just drop the relation b" = 1:
Dy = {a,b|a* =1, aba =b~1). (53)

To prove this we again let I’ = (a,b | a® = 1, aba = b™'). Let r,7’ be reflections about adjacent
parallel lines /7, /' in the plane, so that ¢ := 77’ is the translation by twice the distance from £ to ¢'. Then
rtr = ¢!, so we have a surjection ¢ : I' = D, such that ¢(a) = r and ¢(b) = t. Now I" and D,
are infinite groups, so we cannot count orders as we did previously. But every element of I' can still
be expressed in the form b’ or ab’ for some i € Z, and since t* # 1 # rt' in D, it follows that ¢ is
1njective.

13.3 A presentation of the symmetric group

A presentation for a given finite group G can often be found as follows. We first find a set S' of
generators of (¢, and some relations R among the generators that appear to determine all the relations
inG. Let ' = (S | R). We then have a surjection ¢ : I' — G. To prove that ¢ is an isomorphism

9Strictly speaking, we should write something like b and @b’, where @ and b are the images of ¢ and bin T.
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we try to show that |I'| < |G|. Suppose we find a subgroup H < I' whose order is known, say by
induction. It then suffices to show that |I'/H| < |G|/|H|. This will succeed if we can find a set
X ={aH,bH,...} CT'/H,suchthat | X| < |G|/|H| and such that sX = X forevery s € S.

We illustrate with the group G = S,, 1.
Lemma 13.5 The group S, 1 is generated by {sy,...,s,}, where s; = (i i+ 1).

Proof: We use induction on n. For n = 1 we have Sy = {e, (1 2)} = (s;), so the result holds in
this case. Assume that .S, is generated by {s1,...,s,-1}, andlet G = (s1,...,5,) = (Sy, Sn). Let
T € Sp41 be arbitrary, and set k = 7(n + 1). The 2-cycle

SkSkt1" " Sn—18nSn—1" " Sky15k = (kn + 1)

belongs to GG, and (k n + 1)1 fixes n + 1. Since S, is the stabilizer of n + 1 in S,,;1, and S,, < G, it

follows that (k n+ 1)7 € G,so 7 € G. Hence G = S,,41. |
For 1 < 1,7 < n define

1 if i=j

3 if |i—j|=1

Let I, = (S | R) be the group with generating set S = {s1, ..., s,} and relations
R ={(s;s;)™7 : 1<i,j <n}.
More explicitly, these relations are
si=1 and ;5,118 = 8418841 forall 1<i<n
and

$iS; = S;S; if ’Z —]| > 2.

Proposition 13.6 The map s; — o; extends to an isomorphism I',, — S,.1 so we have the presenta-
tion
Sn+1:<817"'78n| (Si8j>mij =1 V1§27]§n>

Proof: The 2-cycles o; € S, satisfy the same relations as the generators s; € I',,, so there is a
surjective homomorphism
Qb . Fn —» Sn+1,

such that ¢(s;) = o; for all 1 < i < n. It suffices to show that |T',,| < (n + 1)!.

Forn = 1, we have I'; = (s; | s? = 1) ~ S,, so the result is true. Assume that |[',,_;| < n!. Let
t1,...,t,_1 be the generators of I',, ;. Sending ¢; — s;.1 sends I',,_; onto the subgroup H C I,
generated by o, ..., s,. Note that |H| < nl.
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Consider the n + 1 cosets

H():H, H1:81H, H228251H, go vy Hn:SnSn_l"'SlH.
I claim that for 1 < ¢ < n we have
SiHi = Hi—l; SiHi—l = ]’Iz SiHj = Hj lfj 7é Z,Z —1. (55)

The first two are clear from the definitions of H; and the relation s? = 1. For the last equation, suppose
first that 7 < ¢ — 2. Then
SiHj = 5;5j8j_1 """ s1H = §;Sj_1°"" s18,H = 5781 s1H = Hj-
Suppose next that 7 > ¢ + 1. Then (writing $; for the generator which moves)
SiHj = éiSij_l 0 8i4185i8i—-1 0 81H

= 8;Sj—1° " S8iSiy18i Si—1 - s1H

= 8jSj—1" " Sit18i8it1 Si—1 -+ S1H

= 8jSj—1" " Sit18iSi—1* S18i41H

= $jSj-1" " Sip18iSi—1 - s1H

— H;,
as claimed. Since si,...,s, generate I',, it follows that I',, preserves the set {Hy, Hy,..., H,} C
[',,/H. By transitivity, this containment must be equality. Hence |I',,/H| < n+ 1 and |I',| < (n +
DIH| < (n+1)n! = (n+ 1)\ [ |

13.4 Coxeter groups and reflection groups

A Coxeter system is a pair (G,.S) where G is a group with generating set S C G and presentation
G =~ (S|R) where the relation set R contains s> for all s € S and the remaining words in R have the
form (ss')™(**") for distinct elements s, s’ € S and integers m(s, s') > 2. In particular, the elements of
S all have order two.

We also write m(s,s’) = oo if ss’ has infinite order, but this does not appear in R. A group G is a
Coxeter group if G is generated by a set S C G of elements of order two such that (G, S) is a Coxeter
system. The rank of the Coxeter system (G, .S) is the cardinality of the set .S.

The Coxeter diagram of (G, .S) is the graph with vertex set S, and edge set {{s,s'} : m(s,s’) > 3},
with each edge {s, s’} labelled by the integer m(s, s’). Thus, two vertices s, s" have no edge between
them exactly when s, s’ commute, and

m
o—-0
s s’

means that ss’ has order m = m(s, s’) > 3. The most common Coxeter systems have small values of
m(s, s’), where the following alternate notation is used

o—o if m(s,s)

s g

3
o=0 if m(s,s') =4
o=o0 if m(s,s’) =6

s s’
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A Coxeter system (G, S) is irreducible if .S is not a disjoint union S = S’ U S” with m(s’, s”) = 2 for
all s € S and s” € S”. In other words (G, S) is irreducible if its graph is connected.

The classification of finite irreducible Coxeter groups is given below. Each has a label of the form X,
where the rank n is the number of vertices in the Coxeter graph. Beware that A,, is .S,,.1 and not the
alternating group. And D,, is not the dihedral group D,, but is the semidirect product of S,, with the

group CF = {(ey,...,¢6,) € {£1}": []e& = 1}.

Coxeter label Coxeter diagram Group structure
A, 0—-0—-0:+--0—-0 Sna1
B, 0—-0—-0+++0—- 0=0 Cy xS,
D, o e o o +CF xS,
O
Go o=—o0 Dg
F4 06— 0=0—-0 Dy X S3
Ee o o order = 51840
O
E- o o order = 2903040
O
Es o o order = 696729600
O

IQ(m),m 7& 2,3,4,6 0—0 D,
H 0> 0—0 As x Cy
H, 0 60—0—0 (SLa(5) - SLa(5)) x Cy

Coxeter groups are a generalization of Euclidean geometry to higher dimensions, in the following
sense.

Let V = R™ with the usual dot product u - v. A reflection on V' is an element € GL, (R) fixing a
hyperplane H pointwise and negating the line perpendicular to /7. If u is a unit vector perpendicular
to H then r is given by

r(v)=v—2(u-vu.

A real reflection group of rank n is a subgroup G of GL,(R) generated by reflections. We say G is
irreducible if no proper subspace of V' is preserved by G.

It turns out that finite Coxeter groups are finite reflection groups. More precisely we have the following.
20

20For proofs, and much more information about Coxeter groups and reflection groups, see Bourbaki, Lie groups and Lie
algebras chapters 4,5,6.
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Theorem 13.7 Let (G, S) be an irreducible Coxeter system of rank n such that G is finite. Then there
is an injective homomorphism p : G — GL,(R) such that the following hold.

1. p(s) is a reflection for each s € S.

2. The image p(G) C GL,(R) is an irreducible reflection group of rank n.

3. Every finite, irreducible and reflection-generated subgroup of GL,,(R) is p(G) for a unique irre-
ducible Coxeter system (G, S) of rank n.

13.5 Presentations of alternating groups

We can use the presentation of S, to get a presentation of A, ;, as follows. Let
a; =(12)(ii+1) =004 for 2<i<n.
Now let I, be the group with generators as, . . ., a, having relations
as=a=1 for 3<i<n

and
(aiaj_l)m“ =1 forall i#j,

where m;; are as in (54).

Proposition 13.8 The map a; — «; extends to an isomorphism I',, — A, .1, so we have the presen-
tation

An—‘—l: <a2>"'7an: ag:ag:”.ZGQ =1, (aiagl)mij =1 \V/Z#j S [27n]>

Proof: We outline the proof, leaving some calculations to the reader. The elements b; = a; ' € T,
satisfy the same relations as the elements a;. Hence there is an automorphism ¥ : I';, — I',, such that
Ia;) = a; .

Let I, be the set () x T, with multiplication
(v, ) () = (- 9 (7),9")*

InTlets; = (9,1) and s; = (¥,a;) for 2 < i < n. Then the {s;} generate I',, and satisfy the
same relations as {o;} in S, 11. Hence we have a surjection ¢ : S, .; — I, such that ¢(o;) = ;.

Reciprocally, the elements s1, g, ..., o € Sni1 satisfy the same relations as {¥, as, ..., a,} in T'y,.
Hence there is map ¢ : I',, — S,,.1 which is the inverse of ¢. One checks that ¢)(I',,) = A, 41 and this
completes the proof. [

2Thatis, T',, = I' x (1), see section 14.2.
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13.5.1 A presentation of A;

The presentation of A, in Prop. 13.8 has many relations, which can be inefficient. The following
well-known presentation of As has fewer relations.

Proposition 13.9 We have As ~ {(a,b | a® = b = (ab)? = 1}.

Proof: Let' = (a,b | a® = b® = (ab)? = 1). We first find elements «, 3 € Ajs obeying the same
relations as a,b. We may assume o« = (123 45), and § = (i j k) is a 3-cycle such that a5 has
order two. In As, this means o3 is a 221 cycle, so has a unique fixed-point. Making this fixed-point
1, we have 8 = (1 5 k). To have this be the only fixed-point of a5 we must have £ = 3. Indeed,
(12345)(153)=(23)(45). Hence 8 = (1 5 3) works, and we have a homomorphism ¢ : I' — As
sending a — «, b — (. The image of ¢ contains elements of orders 2, 3, 5, hence is divisible by 30,
but A5 is simple, hence has no subgroups of order 30, so ¢ is surjective.

It remains to show that |T'| < 60. Consider the subgroups A = (a) and B = (b) of I'. Since a® = 1
and ¢(a) = «a # 1, it follows that |A| = 5, and likewise |B| = 3. It suffices to show that |I'/A| < 12.
This will be achieved if we can exhibit a set of 12 cosets gA which is closed under multiplication by a
and b.

The orbits of A on I'/A have size 1 or 5, since 5 is prime. Since 3 and 5 are relatively prime it
follows that no conjugate of b lies in A, which means that B acts freely on I'/A. We number the cosets

according to a-orbits as follows.
1=A

2=0A, 3=abA, 4=0d%A, 5=0d’bA, 6 =a"bA,
7 =a'ba’bA, 8 =ba'bA=b-6, 9=aba'bA, 10 =a’ba’bA, 11 = a®ba’bA,
12 = ba®ba’bA = b - 11,

We do not need to know if these cosets are distinct, since we only seek an upper bound on |I'/A|. That
1,...,12 are indeed distinct will result from the proof that they are closed under multiplication by a
and b.

In the following diagram, a solid arrow i — j means that a - i = j, and © i means a - i = i. We will
show that the b-action is given by the dashed arrows, wherei = jmeansa -i=j=10-1i.
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Since (ab)? = 1 and b~! = 1?, we have the relation aba = b, hence
b-2=0A=abaA = abA = 3.
Since b - 1 = 2 and b has order three, we have
b-3=0.1=1,

so {1,2,3} is a b-orbit. Inverting the relation aba = b?, we get b = a~'b~'a~'. Using the known b—
orbit {1, 2, 3} we compute

b-d=a'b'a 4=a""0""-3=0a""-2=6.
Since b - 6 = 8, it follows that {4, 6, 8} is a second b-orbit. Then we have
b-5=a'b"'a'-5=a"-8=7,

b-9=a%1a ' 9=0a"1-6=5,
so {5,7,9} is a third b-orbit. Finally,

b-10=a""0'a' 10=0a""-7=11,
and since b - 11 = 12, it follows that {10, 11, 12} is the fourth and final b-orbit.

It remains only to check that a fixes 12:

a-12 = aba’®b - a*bl = aba®b - a5 = aba - a - abab = b lab ™ '5 =b"'a9 = b '10 = 12.

This completes the proof that the cosets 1,...,12 exhaust [['/A|. It follows that |[I'/A| = 12 and
I’ ~ As as claimed. u

Corollary 13.10 Let GG be a group containing nontrivial elements x,y satisfying the relations
2=y’ = (xy)? = 1.
Then the subgroup of G generated by {x,y} is isomorphic to As.
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Proof: By Prop. 13.9 and the Mapping Property Prop. 13.4, there is a homomorphism ¢ : A5 — G
sending a — x, b — y. And ¢ is nontrivial since x, y are nontrivial. Since A5 is simple, ¢ is injective.
Hence Aj; is isomorphic to the image of ¢, which is the subgroup generated by x, y. |

13.5.2 The exceptional isomorphism PSL,(9) ~ A

Here is an illustration of the use of Cor. 13.10. The field [Fg of nine elements can be constructed
from the field F5 = Z/3Z just as C is constructed from R, namely Fg = {a + bi : a,b € F3} with

multiplication determined by the rule i = —1. In SL,(9) the matrices
1+ 2 1 1—2
X—{l 1], and Y_[O 1}

satisfy X° = —I, Y3 = I, (XY)? = —I. Hence the images x,y of X, Y in PSLy(9) satisfy
v’ =yt =(xy)’ =1

and therefore z, y generate a subgroup H < PSL,(9) with H ~ As. Since | PSLy(9)| = 9(9*—1)/2 =
360 and |H| = 3 -4 -5 = 60, we have [PSL3(9) : H] = 6. The action of PSLy(9) on the six cosets of

H gives a homomorphism
(S PSL2(9) — Sg,

which is injective with image in Ag, since PSLy(9) is simple. Since |Ag| = 3-4-5-6 = 360, it follows
that ¢/ gives an isomorphism
W PSLy(9) = A,

which is one of the exceptional isomorphisms between linear and permutation groups.

13.6 The Platonic Groups

The groups Ay, Sy and A have presentations

Ay~ {a,b|a® = b= (ab)?
Sy~ (a,b|a* =1 = (ab)?
As ~ (a,b | a® = b* = (ab)?

1)
1) (56)
1

).

We verified this presentation of A5 above and the others can be done in the same way. The triples
(2,3,3),(2,3,4),(2,3,5) also arise from the Platonic solids, as follows.

Let GG be a finite group acting on a set X, with the following two properties:

1. For all z € X the stabilizer GG, is nontrivial.

2. Any nonidentity element of G has exactly two fixed-points in X.
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What can we say about G? Let |G| = n, let Oy, ..., O, be the distinct orbits of G in X, and let m; be
the order of the stabilizer of a point in O;. By the Burnside Counting Formula we have

So1= SN = (X2 1) = [Zﬁw(n—l)],

m.
geG i=1 "

SO ,
Z<1—i):2—3. (57)
- m; n

We have r > 1, lest

And since 1 — 1/m; > 1/2, we have

implying » < 3. Hence r = 2 or r = 3.

If r = 2 we have

which means that m; = my = n, so X has just two elements and G acts trivially on X.

We arrive at r = 3, and

1 1 1 2
—t —+— =14 -
my mao ms n

Index so that m; < my < ms. We cannot have m, > 3, lest the left side be < 1. So m; = 2 and
1 1 1 2

— + — =—-+—.
me M3 2 n

We cannot have my > 4, lest the left side be < 1/2. If my = 2 then n = 2ms. If my = 3 we have

1 1 2

ms 6 n’

so that mg = 3,4, 5 with n = 12,24, 60, respectively. To summarize, we have the following possibili-
ties:

Lrlma [my[ms| n |
2| n n — n
3| 2 2 m | 2m
3| 2 3 3 12
31 2 3 4 | 24
31 2 3 5 | 60




Now assume that (7 is a finite group acting by by rotations on the two-dimensional sphere S2. Let
X ={r € S8*: G, # 1}. Then X consists of antipodal pairs {z, —z} on the axes of rotation of
the non-trivial elements of GG. For the first two rows of the table above we have GG cyclic or dihedral,
respectively.

For (my, ma,m3) = (2,3,3), G has 3 elements of order 2 and 8 elements of order three. Since a
2-Sylow subgroup of G has order four and G has no elements of order four, the 2-Sylow must be
K4, and is unique, hence normal in G. But the 3-Sylows are not unique, hence are not normal. It
follows that G ~ A;. A 3-Sylow is the stabilizer G, of a G-orbit {z,y,2,w} in S? and permutes
{y, z,w} transitively. Hence each of y, z, w have the same distance from z. Likewise GG, permutes
x, z, w transitively, so these points all have the same distance from y. It follows that =, y, z, w are the
vertices of a tetrahedron, whose symmetry group is G.

For (mq,mg, m3) = (2,3,4), G has 6 + 3 elements of order two, 8 elements of order three and 6
elements of order four. Hence GG has four 3-Sylow subgroups and we have a homomorphism 7 : G —
Sy. If P and @ are distinct 3-Sylows then |[N(P) N N(Q)| < 2, so | kerw| < 2. If | ker 7| = 2 then
ker 7 is central in G and im ™ = A,. Since there are eight involutions outside ker 7 we would have
at least 4 involutions in A4, which is not the case. So kerm = 1 and 7 : G — S, is an isomorphism.
As above, one can show that the six points in S? with stablizer C); form the vertices of an octahedron
whose symmetry group is G.

For (mq, mg, m3) = (2,3,5), we have |G| = 60. We show that G is simple. There are 24 elements of
order five, hence G has six Sylow 5-subgroups. Let N be a non-trivial normal subgroup of G. If | N|
is divisible by 5 then all six 5-Sylows are in N, so [N| > 1 + 24, so |N| > 30. Therefore N contains
an element of order two. But GG has fifteen conjugate elements of order two, so |N| > 25 + 15 > 30,
hence N = (, and we have proved that G is simple. By Cor. 10.20 it follows that G ~ As. There is a
G-orbit of 12 points in S? whose stabilizers have order 5. One can show that these are the vertices of
an icosahedron.

14 Building new groups from old

14.1 Automorphisms

Recall that an automorphism of a group G is an isomorphism f : G — G from G to itself. The set
Aut(G) of automorphisms of GG forms a group under composition, with identity element /, given by
Ic(g) =gforallg € G.

There are various kinds of automorphisms; some automorphisms come from G itself: For each g € G,
let ¢, : G — G be the function given by ¢,(z) = gxg™'. It is easy to check that ¢, € Aut(G) and that

c: G — Aut(G)

is a group homomorphism. In general, the homomorphism c is neither injective nor surjective (see
examples below). The image Inn(G) = {c, : g € G} of c is the group inner automorphisms of G.
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In general, the kernel of ¢ is the center Z(G) of GG, and ¢ induces an isomorphism
G/Z(G) ~ Inn(G) C Aut(G).
You can check that if & € Aut(G), then
aocgoofl:ca(g) VgeGaG.
Therefore Inn(G) is a normal subgroup of Aut(G); the quotient
Out(G) := Aut(G)/ Inn(G)
is the outer automorphism group of G. All of these groups fit into the exact sequence
1 — Z(G) — G % Aut(G) — Out(G) — 1.

Typically, outer automorphisms of (G arise from conjugation in a larger group G, in which G < G. This
is why
Aut(A,) = Sy,

for n # 6 (see table below). Often one needs to know which subgroups of G are normalized by G.
This leads to the notion of characteristic subgroup: We say that a subgroup H < G is characteristic
in G if a(H) = H for every a € Aut(G). The center Z((G) and commutator [G, G| are examples of
characteristic subgroups in any group G.

If H is characteristic in GG then H is normal in GG, but not conversely. For example, if G = Cy x C5
then every subgroup is normal, but Aut(G) = G L2(2) moves the subgroups of order two G, so these
are not characteristic. In G = Qs the subgroups (i), (j), (k) have index two, hence are normal in G,
but there is an automorphism o € Aut((Q)s) of order three, sending ¢ — j — k +— i. Hence none of
these subgroups are characteristic.
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Examples of Automorphism groups

G Z(G) Aut(G) Inn(G) Out(G)
Z Z Co 1 Co
zr 70 GL.(Z) 1 GLo(Z)
Ch, Cn (Z/nZ)* 1 (Z/nZ)*
cy Cr GLu(p) 1 GL,(p)
Spsn # 2,6 1 Sn Sh, 1
Se 1 Se - 2 Se Cs
Apn#2,3,6 1 Sh A, Cs
Ag 1 Se - 2 Ag Oy x Oy
D, Cy D, D, Coy
Qs Cy Sy D, Ss

The notation Aut(Sg) ~ S - 2 means that Aut(Sg) fits into an exact sequence
1 — 56 L) Aut(SG) — (Cy — 1,

and similarly for Ag. We will examine this exceptional case in the next section.

14.1.1 Automorphisms of 5,

An automorphism of a group G permutes the conjugacy classes in G, and the inner automorphisms
preserve each conjugacy class. If @ € Aut(G) and X, Y are conjugacy classes in G such that a(X) =
Y, then | X| = |Y| and the elements in Y have the same order as the elements in X.

Suppose « is an automorphism of the symmetric group S,,, for n > 2. Then « sends the class X of
2-cycles in S,, to another class Y of elements of order two such that |Y| = | X| = n(n — 1)/2. There
is 1 < k < n/2 such that the elements in Y have cycle type [2¥1"~2*]. One possibility is k¥ = 1, which
means Y = X, as occurs for the inner automorphisms.

Suppose that k > 2. There are n!/(k!2%(n — 2k)!) elements in S,, with cycle type [251"72%], so we

must have
n(n —1) n!

2 X1 =1Y] k125 (n — 2k)!

113



We rewrite this equation as
k(2k—2)2k—3)---2-1=(n—-2)(n—3)-(n—4)(n—5)---(n—2k+2)(n — 2k + 1).
As 2k — 2 <n—2and 2k — 4 < n — 4 etc, we must have n = 2k and find that
n=2n-3)(n->5---3-1>2(n-3),

which implies that n = 6 and & = 3. We note that the classes [21111] and [222] in Sg both have 15
elements. We have proved the following.

Lemma 14.1 [f S,, has an automorphism o which does not preserve the class of 2-cycles, then n = 6
and « sends the class of 2-cycles to the class of 222-cycles.

We next investigate the case k = 1.
Lemma 14.2 Suppose o € S,, preserves the class of 2-cycles. Then « is inner.

Proof: ** For each 2 < r < n there are a,, b, € {1,...,n} such that o(1 ) = (a, b,). The order of
a, and b, is not determined, and we will exploit this ambiguity.

We single out = 2, and set a = ag, b = bo, so that (1 2) = (a b). Let » > 3. Since (1 7)(2 1) =
(1 2 r) has order three, we must have

a(lr)-a(l2) = (a,b.)(abd)

also of order three. This means the intersection {a,, b.} N {a, b} consists of a single element. Hence
either a, € {a, b} and b, ¢ {a, b} or vice-versa. Let us switch a, and b, if necessary so that
a, € {a, b} and b, ¢ {a, b} forall r > 3.

It appears that whether a,, = a or a, = b could depend on r. Suppose that for some r, s > 3 we have
a, = a and ag; = b. Then

a(l2r)=a(lr)-a(12)=(ab,) - (ab) = (abb,),
and
a(l2s)=a(ls) - a(l2)=(bby)-(ab) = (absb).

Now (127r)(12s) = (17)(2 s) has order two, so (a b b.)(a bs b) must also have order two. But this is
impossible, for if b, = b then (a b b,)(a bs b) = e, while if b, # b, then (a b b,)(a bs b) = (a bs b;)
has order three.

This contradiction shows that either a, = a for all » > 3 or a, = b for all » > 3. We now switch a
and b, if necessary, so that a, = a for all » > 3. Now « is conjugation by the permutation o sending
1—a,2+b,and r — b, forall r > 3. |

22This is a rewrite of the proof by 1. Segal, Bull. AMS 1940, vol 46, p. 565.
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14.2 Semidirect Products (external view)

Let G and H be groups, and suppose we are given a homomorphism ¢ : G — Aut(H), sending g € G
to the automorphism ¢, € Aut(H). This is called an action of G on H via ¢. We can then form a new
group H x, G, as follows. As aset, H x, G = H x G is the direct product of the two sets G and H.
The multiplication is given by

(h,g) - (W', g") = (h-4(h),99"),  VheHgeG.
Note that H x, G = H x G as groups exactly when ¢ is the trivial homomorphism.
We have injective homomorphisms
A H — Hx,G, p:G— Hx,G,

given by A(h) = (h,1) and p(g) = (1, g). It is common to identify H = A\(H), and G = p(G), but for
clarity and brevity at this stage, we write H' = A\(H) and G’ = p(G). Please check that the following
hold:

1. Hx,G=HG,

2. HNG ={1};

3. H < (H x,G)and (H x, G)/H ~ G.

4. For g € G and h € H, we have p(g) - A\(h) - p(g)~" = Apy(h)).
These formulas spell everything out completely, but they are cumbersome to use in practice, so one

resorts to a more compact notation, such as the following. We identify H = A\(H) and G = p(G), we
suppress ¢, and we write G instead of H X, G, with multiplication rule

hg-h'g" = hoy(h') - g9’
Thus, the semidirect product construction makes it so that “conjugation by g” on H is the given auto-

morphism ¢,. This makes the multiplication rule easy to remember, and is shows how to recognize a
semidirect product.

Theorem 14.3 Let G be a group with subgroups H, K < G having the following properties:

1. H<QG;
2. G=HK;
3. HNK = {1}
Then G ~ H %, K, where p : K — Aut(H) is given by pi(h) = khk™! forall k € K and h € H.
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Proof: The product map H x K — G, given by (h, k) — hk, is a homomorphism from H x, K to
G, which is surjective by part 2 and injective by part 1. [ |

Example 1: The groups D,, A, and S,
The group Dy, = (5 x (5 has automorphism group
Aut(Dg) == GLQ(Q) == 53.

The subgroups of S5 are isomorphic to C, Cs, C3 and Sj itself. Hence we have semidirect products of
D, with each of these subgroups of S3, where ¢ is the inclusion map. In fact, we have

D2 X Cl ~ D2
DQ b CQ ~ D4
Dg X 03 ~ A4
DQ X Sg ~ 84.
As the right side is a chain of subgroups of 5y, it suffices to verify the last line. Let K < Sy be the

subgroup fixing 4. Then K ~ S3 and K does not contain any 22 — cycle, so K N Dy = {1}. Hence
54 = DQ x K.

Example 2: Dihedral groups
In the dihedral group D,, of order 2n, let r be a rotation of order n, and let s be a reflection. Then

D, = (r) X, (s) ~ C,, X, Cs,

where ¢ (r) = r~1. In particular, we have D, ~ C; x (5. We have also seen in example 1 that

Dy ~ Dy x (5. This shows that a semidirect product decomposition need not be unique.
Example 3: Nonabelian groups of order p3
Let p be a prime. The group C, x C}, has automorphism group

Aut(C, x C,) = GLa(p).

In G Ls(p) we have the subgroup

Us(p) = {Ll) ﬂ Ly € Z/pZ} ~ Cp

so we can form the semidirect product (C), x C,) x Ux(p), which is nonabelian of order p*. On the

other hand the group

1 = =z

Us(p) =< |0 1 y|: x,y,2 € Z/pZ
0 0 1

has the subgroup with y = 0 isomorphic to C}, x C,, the subgroup with x = 2z = 0 isomorphic to
Us(p), and we have
Us(p) ~ (C, x C}) x Us(p).
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This group is called the Heisenberg group over 7Z/pZ, because its commutator relations mimic the
Uncertainty Principle.

If p = 2, then U3(2) ~ D,. The quaternion group Qg also has order 23, but it cannot be expressed as
a nontrivial semidirect product, because every nontrivial subgroup of (g contains the center Z(Qs) =
{#£1}, so condition 3 above is never satisfied.

Example 4: Affine transformations

Let V' be a vector space over a field k. An affine space over V' is a set X on which V" acts freely and
transitively. We write the action as (v, z) + x + v, where v € V and € X. If we choose any point
xo € X, we get a bijection V' — X sending v — xy + v. However, there is no canonical point, or
“origin” in X, so we cannot identify X with V' in any canonical way. This means we cannot add points
in X, because that requires an origin. We can subtract points in X, but the result is a vector in V.
Namely, for x, y in X, we define z — y to be the unique vector v € V' such that z = y 4 v.

An affine transformation of X is a mapping f : X — X for which there exists f € GL(V') such that

f(x) = fly) = flz —y), Vr,ye X.
Under composition, the set of affine transformations of X forms a group Aff(X).

Each v € V corresponds to the translation t,(z) = = + v, which is an affine transformation with
t, = Iy,. One can check that fot, o f~! = ts) forall f € Aff(X'). Hence V' is a normal subgroup of
Aff(X). Now choose an arbitrary point o € X, and let G, = {f € Aff(X) : f(zo) = zo}. I claim
that

Aff(X) =V %, Gy, (58)

where p(g) = ¢ for g € G,,. We have already observed that part 1 of Thm. 14.3 holds. Part 3
holds because V' acts freely on X. For part 2, let f € Aff(X) be any affine transformation. Then
f(zo) is some point in X, so we can write it as f(xy) = o + v for a unique v € V. Then the affine
transformation g = ¢! f fixes zo, and we have f = t, o g with ¢ € G,,, as required by part 2. This
proves the claim (58). Finally, I claim that we have an isomorphism

G = GL(V), g— g€ GL(V).

For if g € G, then g(zo + v) = xo + §(v), which implies that g — ¢ is an injective homomorphism.
Finally, if g0 € GL(V'), then the mapping xo + v — 2z + go(v) is an affine transformation, proving the
claim. We have thus shown that

Aff(X) =~V x GL(V).

Note, however, that the subgroup of Aff(X') which is isomorphic to GL(V') is non-canonical: it de-
pends on the choice of z. If V' is finite dimensional and we choose a basis of V' and use it to identify

V:F”Z{F O} :UGF”}
v I,

and GL(V) = GL,(F'), we can write more explicitly:

10

w0 ={[! Tever yeanm).
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Example 5: Parabolic subgroups

Let V be a finite dimensional vector space over a field F'. Fix a subspace U C V. In the group GL(V')
the subgroup
Gu={9g€GL(V): gU =U}

stabilizing U is called a parabolic subgroup. We will show that the parabolic subgroup G; is a semidi-
rect product.

Each g € Gy induces a linear transformation on the quotient vector space V /U, namely g - (v + U) =
(g0) + U. Let Ry = {g € Gu : g = Iy,u} be the subgroup of Gy acting trivially on V/U. Note
that ¢ € Ry if and only if gv — v € U for all v € V. One checks that Ry is normal in Gy. To
find the complement, choose a subspace W C V complementary to U, so that V' = U & W, and let
Ly = {9 € Gy : gW = W} be the subgroup of GL(V) stabilizing both U and W. Then L acts on
Ry by conjugation, and we have

GU = RU X LU.

Example 6: Frobenius groups
The essence of the proof of above is the following fact:

If a group G acts transitively on a set X and G has a normal subgroup K acting freely and transitively
on X, then G = K x, G, where x is any point in X and @ (k) = gkg~! forall g € G, and k € K.

This is a weak result, because the existence of the marvellous subgroup K is a strong hypothesis, which
we would like to avoid. It is easy to check that the nontrivial elements of K are exactly those elements
of G which have no fixed-points in X. So the essential question is: when do these elements form a
subgroup of G?

A finite group G is called a Frobenius group if G acts transitively on a finite set X and the following
two properties hold:

e Every nontrivial element of G fixes at most one point in X.

e Some nontrivial element of G fixes at least one point in X.

Equivalently, every stabilizer G, is nontrivial and any two stabilizers G, G, intersect trivially.

Theorem 14.4 (Frobenius) If G is a Frobenius group then the set
K={keG: k-x#z VreX}U{l}

is a subgroup of G and for any x € X we have G ~ K x G,.

This only known proof of this theorem uses character theory, which you will learn next semester.
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14.2.1 Groups of order p*q

Let p and ¢ be distinct primes. In this section our aim is to classify groups G of order p?q, where p and
q are distinct primes. We begin with a more general situation.

A pg-group is a group G whose order is of the form p®q® for some positive integers a, b. Such a group
factors as G = P(Q), where P and () are Sylow p- and g-subgroups of GG. Indeed, the sets P x () and
G have the same cardinality, and the product map P x () — G, sending (z,y) — xy is injective since

PNnQ@={1}.

We now make the additional assumption that some Sylow subgroup is normal in G. If P < G then G is
a semidirect product G >~ P x (), with respect to some action of () on P. It may happen that different
actions of () on P give isomorphic groups P x Q).

Lemma 14.5 If ¢, : Q — Aut(P) are two homomorphisms, then we have

Px,Q~PxyQ

if and only if there is g € Aut(Q) such that ¢ is conjugate to 1 o g in Aut(P).

Proof: Let Fy : Px,() ~ Px,(Q be anisomorphism. Since P is the unique Sylow p-subgroup of both
sides, we have Fy(P) = P. Since F,((Q) is another Sylow ¢-subgroup of P x, ), we may compose
Fy with an inner automorphism of P X, () to obtain another isomorphism F' : P X, () ~ P X, )
with the property that F'(P) = P and F(Q)) = ). Thus we have restrictions f = F|p € Aut(P) and
9= Flq € Aut(Q).

Let z € P and y € @ and consider the conjugation yzy ' in P X, Q. On one hand, yzy~* = ¢,(z) €
P, so
F(yzy™) = f(py(@)).
On the other hand, we have
F(yzy™) = F(y)F(2)F(y) ™" = g(y) f(2)g(y) ™" = by (f(2))
in P x, Q. Hence f o ¢, = 14 o f,or
fopyof ™ =1ogly) (59)
so that ¢ and 1 o g are conjugate in Aut(P), as claimed.

Conversely, if f € Aut(P) and g € Aut(Q) satisfy (59) then one checks that The map F' : P X, () ~~
P 1, Q given by F(zy) = f(x)g(y), forx € P and y € (), is a group isomorphism. [

Let Hom(Q, Aut(P)) be the set of all homomorphisms ¢ : @ — Aut(P). The group Aut(P) x
Aut(Q) acts on Hom(Q, Aut(P)) as follows. Given o € Aut(P), 8 € Aut(Q), the transform (o, 5)-¢
of a homomorphism ¢ € Hom(Q, Aut(P)) is the new homomorphism ) — Aut(P) given by

(o, 8) - ¢ly =aopgiyoat,  forall yeQ.

Here we take 5! to make this a left group action. The Lemma may now be rephrased as follows.
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Corollary 14.6 The isomorphism classes of groups of the form G = P x () are in bijection with the
orbits of Aut(P) x Aut(Q) on Hom(Q, Aut(P)) under the action just described.

Assume now that () is cyclic. If we choose a generator y of (), a nontrivial homomorphism ¢ : () —
Aut(P) is determined by the automorphism ¢, € Aut(P) generating a subgroup Q, = (p,) <

Aut(P) of order dividing |@Q|. An automorphism of @ changes y to some power 3’ where ¢ 1 j and
Qyi = Q{/ = (),. Hence we have

Corollary 14.7 If ) is cyclic , the isomorphism classes of groups of the form G = P x Q) are in
bijection with the conjugacy-classes in Aut(P) of subgroups of order dividing Q).

Now suppose |G| = p*q and as above let P, ) be Sylow p— and g— subgroups of G respectively. Recall
the p-factorization is the expression |G| = p?-v - n,, where v = [Ng(P) : P|and n, = [G : Ng(P)] is
the number of Sylow p-subgroups of G. If v = 1 then ) < G, by the Burnside Transfer Theorem. In
this case the g-factorization is ¢ - p? - 1. The possible p and g-factorizations are tabulated below, where
“none” means no such combination is possible.

q-p°-1| g-p-p | q-1-p° | conditions
g1 | PxQ| PxQ | PxQ -
p?P-l-q | QxP none none plg—1
conditions - qlp—1lq|p*—-1

We see that some Sylow subgroup of GG is normal. Hence we may apply Cor. 14.6, after possibly
interchanging P and (). The case G = P x (@) is equivalent to GG being abelian, for which there are two
possible groups: G ~ C)2 x Cj or G ~ C’g x Cy according as P ~ ()2 or C’g = C, x C,, respectively.
The group G must be abelian unless p | ¢ — 1 or ¢ | p*> — 1. From now on we assume one of these
conditions holds.

Case 1: p | g—1. Then G ~ ) x P, so we calculate the orbits of Aut(Q))x Aut(P) on Hom(P, Aut(Q)).
Since Aut(Q)) ~ C,_; is abelian, these are just the orbits of Aut(F) on Hom(P,C,,_;).

If P = C,: we may apply Cor. 14.7. The groups G in this case correspond to subgroups of C;_; of
order 1, p or p?, the latter occuring only if p? | ¢ — 1.

If P = C} then Aut(P) = GLy(p) and C,_; has a unique subgroup of order p, so the groups G in this
case correspond to GLa(p)-orbits in Hom(Cg, C,), of which there are two: zero and nonzero.

Combining the two possibilities for P, we see that when p | ¢ — 1 the number of groups of order p?q is
five if ¢*> | p — 1 and four otherwise.

Case 2: q | p* — 1. Here we have G = P x Q. Since Q is cyclic, we may apply Cor. 14.7 to see that
the groups of order p?q correspond to conjugacy-classes of subgroups of Aut(P) of order 1 or g.

If P = Cy2 then Aut(P) = Z/p*Z" ~ C, x C,_1. If ¢ | p — 1 then Aut(P) has exactly one subgroup
of order ¢, giving two groups in this case, one abelian, one nonabelian. If ¢ { p — 1 then there is only
the abelian group C)2 x C.
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Figure 1: The number of groups of order p*q

If P = C} then Aut(P) = GLy(p). This breaks into three subcases.

i) ¢ = 2. In this case p is odd and GLy(p) has three conjugacy classes of subgroups of order dividing
two, generated by

1 0 -1 0 -1 0

I O O 1

The three groups are respectively
Cp x Cp x Cy, D, x C,, S[D, x D,],

where the latter group is the subgroup of D, x D, generated by C},, x C}, and an involution inverting
both factors under conjugation.

ii)2 < q|p+1. Inthis case ¢  p — 1 and GL3(p) has a unique subgroup of order ¢, up to conjugacy
(see 5.1.1), whence two groups in this case.

iii) 2 < q | p — 1. In this case we have a subgroup V' = C, x C, of the diagonal matrices and all
subgroups of GLs(p) of order ¢ can be conjugated into V. Moreover, two such subgroups of V' are
conjugate if and only if one is transformed into the other by switching the factors in V. Regarding
V' additively, the groups G in this case correspond to lines [z, 3] in the projectivization of V', modulo
the involution [z, y] <> [y, x]. This involution fixes the lines [1, 1] and [1, —1] and acts freely on the
remaining lines. Counting the abelian case, we get 1 4+ 2 + (¢ — 1) = £(¢ + 5) isomorphism classes
of groups in this case.

All cases are summarized in Figure 1. For each condition on p, ¢ we write the number of groups of
order p%q in the form N’ + N”, where N’ (resp. N") is the number of groups with the given p, g
condition having P = C)2 (resp. P = C}, x C)).

14.3 Extensions

The essential problem of extension theory is:
Given two groups A, B, to find all groups G having A as a normal subgroup with quotient G /A ~ B.

Informally, we are asking how many groups we can build with A at the bottom and B at the top.

121



For example, if A = Cy and B = (5, then Cy x Cy, Cg, D4 and Q)g are all the groups GG containing a
normal subgroup isomorphic to Cy with cyclic quotient isomorphic to Cs.

This is a very difficult problem. It becomes easier if we specify the maps involved.

Definition 14.8 Let A and B be groups. An extension of B by A is a triple (G, 1, 7) where G is a
group, L : A — G is an injective homomorphism and 7w : G — B is a surjective homomorphism with

im¢ = kerm. Two extensions (G,i,m) and (G',//,7') are equivalent if there exists an isomorphism
f:G — Gsuchthat fol/ =vandmwo f =7

Thus, an extension of B by A is given by an exact sequence
l1—A-">G-" B—1, (60)

and two extensions (G, ¢, ), (G',//, 7') of B by A are equivalent if there is an isomorphism f : G’ = G
making the following diagram commutative:

It is possible for G and G’ to be isomorphic for inequivalent extensions (G, ¢, 7), (G',/, ') (see exer-
cise...).

We say the extension (G, ¢, m) of B by A is split if there exists a homomorphism s : B — G such that
m o s = idp is the identity map on 5. The map s, if it exists, is called a section, or a splitting of the
extension.

If (G',/,n') is an extension of B by A equivalent to (G, ¢, 7) via an isomorphism f : G’ — G and
s: B — Aisasplitting of (G',/, '), then f o s is a splitting of (G, ¢, 7). Hence the quality of being
split depends only on the equivalence class of the extension.

Proposition 14.9 For an extension (G, 1, ) of B by A, the following are equivalent.

1. The extension (G, v, ) is split.
2. There is a subgroup B" < G which is mapped isomorphically onto B via .

3. 2 There is a homomorphism p : B — Aut(A) such that the extension (G, 1, T) is equivalent to
(Ax, B,/ "), where /' (a) = (a,1) and 7'(b) = (1, ).

23] thank Andew Yarmola for suggesting this formulation.
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Proof:

(1 = 2:) Assume (G, ¢, ) is split, and let s : B — G be a section. Then s is injective, since mos = I,
so s is an isomorphism from B onto the subgroup B’ = s(B) < G, and it is easy to check that 7 maps
B’ isomorphically onto B.

(2 = 1:) Assume there is a subgroup B’ < G which is mapped isomorphically onto B via 7. Let
s : B — B’ be the inverse of the isomorphism 7|z : B’ — B. It is easy to check that s is a section, so
the extension (G, ) is split.

(3 = 1:) Suppose (G, ¢, ) is equivalent to (Ax, B, //, 7’) asin 3, via an isomorphism f : Ax,B = G.
Then s(b) = f(1,b) defines a section of (G, ¢, ).

(1,2 = 3:) Assume (G, ¢, ) is split, and let s : B — G be a section. Since both ¢ and s are injective,
there is a unique homomorphism ¢ : B — Aut(A) such that by +(¢y(a)) = s(b)-¢(a)-s(b) . The map
f:Ax,B -~ G givenby f(a,b) = i(a) - s(b) is an isomorphism giving the equivalence asserted in
3. [

There is one situation where an extension is guaranteed to split.
Theorem 14.10 Suppose A and B are finite groups with relatively prime orders. Then any extension
of B by A is split.

Proof: See [Isaacs Finite Group Theory p.79 Theorem 3.8]. |

The simplest example of a non-split extension is given by
1—>CQ—>C4L>02—>17

where 7 is the squaring map and C5 is viewed as the subgroup of squares in C,. Note that 7 is the
unique surjection Cy — C. To see that this extension is nonsplit, note that C5 is the unique subgroup
of order two in Cy. Thus, both groups of order four are extensions of Cy by C5. One of them, Cy x Cy,
is a split extension, while the other C}, is nonsplit.

Something similar happens with non-abelian groups of order eight: both D, and (s are extensions of
Cs by C}. The former is split and the latter is nonsplit.

14.4 Metacyclic groups and extensions

A metacyclic group is a group G having a cyclic normal subgroup A with cyclic quotient B = G/A.
Any cyclic group C' is metacyclic. Indeed, we can take A to be any subgroup of C'. Then A is cyclic
and sois B = C/A.

If p is a prime then the Borel subgroups of SLy(p) and PGLy(p) are metacyclic: They have normal
subgroups of order p with cyclic quotients of order p — 1.
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If p and ¢ are primes then any group G of order pq is metacyclic. Indeed we have seen in section 14.6
that if p < ¢ and P, () are the corresponding Sylow subgroups then Q) <G and G/ ~ P. In fact (more
advanced), if GG is a finite group in which every Sylow subgroup is cyclic then G is metacyclic.

The classification of metacyclic groups is simpler if we specify the groups A and B in advance. For
this we use the language of extensions: A metacyclic extension is an extension

1—A-"5G - B—1. (61)

where A and B are cyclic. In this section we classify metacyclic extensions with G finite. So we fix
cyclic groups A ~ C,,, and B ~ C,,, as well as generators «, 5 of A and B, respectively.

Proposition 14.11 Let (G, t, ) be a metacyclic extension of B by A. Let a = 1(«) and choose an
element b € G such that w(b) = 3. Then

1. Every element of G can be written uniquely as as a'V’, for i € 7./mZ and some integer 0 < j <
24
n.

2. The group G has the presentation
G~{(ab|la™=e bab'=al b =d") (62)
for some elements q,r in Z/mZ such that

q" =1, and qr =r. (63)

3. Let (Gy, 11, ) be another extension of B by A, let a; = v1(«) and choose by € Gy such that
m1(b1) = B. Let q1,7 be as in part 2, for ay,by. Then the extensions (Gy,11,m ) and (G, ¢, )
are equivalent if and only if ¢ = qandry =r + (1 +q+ -+ + ¢" 1)k, for some k € Z/mZ.

Proof: For part 1, let x € G is an arbitrary element, we have 7 (x) = (37 for some j € Z, and also
7(tV) = 3, s0o b~/ € kerm = (a), which means that z = a'l’ for some i € Z/mZ and integer j.
Since m(b") = w(b)" = " = 1, we have b" € ker ™ = (a), so b" = a’, for some r € Z/mZ. Hence in
the expression = a’l/ we may replace j by its remainder when divided by n.

We are given that o has order m and [ has order n. Since ¢ is injective this means a has order m.
And since (a) < G we have bab™! = a? for some ¢ € (Z/mZ)*. We have proved that G satisfies the
relations (62). These calculations also show that the group (a,b | a™ = e, bab™' =a?, b =a")
has order at most nm, hence is isomorphic to G.

To see that ¢, r satisfy (63), note that b = a” commutes with a. Hence a = b"ab~" = a'?"), which
implies ¢" = 1. Also b commutes with " = a”, so we have a” = ba"b~! = (bab™!)" = a?", so that
r = qr, proving (63).

XNote that b need not have order n, so we cannot write j € Z/nZ.
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For part 3, let (G, ¢1, 71 ) be another extension of B by A, set ¢1(«) = a; and choose b; € G such that
m1(b1) = . Applying part 2 to this extension, we get relations analogous to (62) and (63), namely

m __ -1 _ ¢ n __ 7T
ai' =e, biaby =ay, b =ay, (64)

along with
qr =1, and Gir1 =71. (65)

Suppose the extensions (G, ¢, ) and (G, t1, 7 ) are equivalent. This means there is an isomorphism
f : Gi — G such that fi; = ¢ and 7f = 7. The former relation means that f(a;) = a while the
second implies that f(b;) is another lift of 5 in G. Hence we have

f(br) = ab,

a" = fa) = f(by)" = (ab)" = qUFetrdT Dk

where the last equality follows by induction from the relations bab™! = a? and 0" = a". Hence we
havery = (1+q+ -+ ¢" 1)k in Z/mZ, as claimed.

Finally, we have
a® = f(a) = f(braabih) = f(br) - a- fb) " = afboa-blaF = abat a7k =,
s0 q1 = q in Z/mZ.

Conversely, if r; = (1 + g+ -+ + ¢" ')k in Z/mZ then the above calculations show that a and
a”b satisfy the relations of a; and by, so there is a surjective homomorphism f : G; — G such that
f(a;) = a and f(b;) = a*b. These equations imply that fi; = ¢ and 7f = 7. Finally, f is an
isomorphism since |G| = mn = |G4].

[ |
We next prove that such extensions exist, whenever the conditions (63) are satisfied.
Proposition 14.12 Suppose q, r are elements of 7./ mZ satisfying q" = 1 and qr = r. Then there exists

an extension
1—wA-S5G-5B—1

and an element b € G with w(b) = (3, such that

bab~! = a9, and b" =a".
Proof: We will construct G as a quotient of a split extension. Let C' be a cyclic group of order mn,
choose a surjective homomorphism ) : C' — B, and let v be a generator of C such that f() = .
Since ¢" = 1, we have ¢""" = 1, so there is a homomorphism

0 :C — (Z/mZ)* = Aut(A), such that o) =q.
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Form the semidirect product G=A X, C', where we have the relation yay ™' = a. We observe that
Yoy = al?") = a and ya"y~! = a?" = o". Thus, o commutes with 4" and y commutes with a".
Since G is generated by « and , this implies that the cyclic subgroup H, = (a~"4") is contained in
the center of G. In particular, H, < G, so we can form the quotient group

G, = é/[—[r.

Let ¢, : A — G, be the projection of A C G to G,. This is injective since A N H, = {1}. Set
a = t,(a) = aH, and b = yH,., both elements of GG,. Then a and b satisfy the relations

am =1, bab~! = a9, b" =a".

Let 7 : G — B be the composition

7#:G -5 0% B,
where p is the natural projection G = A x C — C. We have 7(a’y’/) = 37, In particular, 7(a~"") =
" = 1. Thus, 7 induces a surjective map 7, : G, — B such that 7,.(a’0’) = 7. We see that
7,(b) = (3 and that +,(A) < ker 7,.. On the other hand, if 7, (a’0’) = 1 then n | j, say j = nk, and we
have ‘b’ = a‘a™ € 1,(A). This shows that ker 7, = ¢,(A) and completes the proof that (G, ¢, ,) is
the desired extension. |

The conditions on r and ¢ can be understood more simply if we regard “q” as the endomorphism
of Z/mZ given by multiplication by ¢q. Likewise we view ¢ — 1l and ¢, := 1 + ¢+ -+ + ¢!
as endomorphisms of Z/mZ. The condition rq = r means that » € ker(¢ — 1). The condition
¢" = 1 means that im ¢, C ker(q¢ — 1). Part 3 of the proposition means that the equivalence class of
the extension (G, 7) depends only on the class of r in ker(¢ — 1)/im N,. In this language, the two
propositions may be then summarized as follows.

Theorem 14.13 Fix generators o of A ~ C,, and f of B ~ C,, and let ¢ € (Z/mZ)* satisfy " = 1.
Then there is a bijection from the subquotient ker(q — 1)/im g, of Z/mZ to the set of equivalence
classes of extensions (G, v, ) of B by A such that any lift of § in G acts on 1(A) by the power q. To the
class of r € ker(q — 1)/ im gq,, corresponds the equivalence class of the extension (G, i, 7, ) where

G.={a,bla™=e, bab'=al b'=ad"),
() = a and 7,.(b) = B. This extension splits iff the class of r in ker(q — 1)/im g, is zero.

We have now classified all metacyclic extensions, and have shown that every metacyclic group is
isomorphic to one of the groups

G(m,n,q,r) = (a,b|a" =e, bab™* = a?,b" = a"),

where ¢, r € Z/m satisfy ¢ = 1 and (¢ — 1)r = 0. However, the same group can appear in different
extensions. For example, if ged(j,n) = 1 then ker(¢/ — 1) = ker(q — 1) on Z/mZ

G(m,n,¢,r) ~G(m,n,q,r)
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via a > a,b — b’. Hence the group G(m,n, q,r) depends only on the subgroup of (Z/mZ)* gener-
ated by q.

Application: Metacyclic groups arise naturally in the Galois Theory of p-adic fields. A simple case
is as follows: Let p be a prime and let L is a finite Galois extension of the field QQ, of p-adic numbers.
There is a canonical intermediate field Q, C K C L, obtained by adjoining to Q,, all roots of unity in
L of order prime to p. In the above discussion take ¢ = pandletn = [K : Q,] and m = [L : K].
Assume that p { m. Then G = Gal(L/Q,) is a metacyclic group with quotient B = Gal(K/Q,) and
kernel A = Gal(L/K). The generator b corresponds to a Frobenius automorphism, and a corresponds
to an automorphism fixing K, of order m. See Serre’s Local Fields for more details.
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