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Introduction

Group theory is a broad subject which arises in many areas of mathematics and physics, and

has several different roots. One foundational root of group theory was the quest of solutions of
polynomial equations of degree higher than 4. Lagrange introduced permutation groups for the
theory of equations, and Galois the groups named after him for the solvability of the equation
with radicals. A second root was the study of symmetry groups in geometry. The systematic
use of groups in geometry was initiated by Klein’s 1872 Erlangen program. Finally, a third
root of group theory was number theory. Certain abelian group structures had been implicitly
used in number-theoretical work by Gauss, and more explicitly by Kronecker.
Modern group theory nowadays is not just a part of abstract algebra. It has several branches,
such as combinatorial group theory, geometric group theory, the theory of finite groups, the
theory of discrete groups, transformation groups, Lie groups and algebraic groups, and many
more. These lecture notes cover the topics stated in the curriculum for master mathematics at
the university of Vienna.






CHAPTER 1

Review of basic notions

1.1. Group axioms
An axiomatic description of groups is given as follows.
DEFINITION 1.1.1. A group G is a non-empty set together with a binary operation (a,b) —
ab from G x G — G satisfying the following conditions:
(1) Associativity. For all g, h, k € G we have
(gh)k = g(hk).
(2) Ezistence of a neutral element. There exists an element e € G such that
eg =g =ge
for all g € G.
(3) Ezistence of inverses. For every g € G there exists an element g~! € G such that
99 ' =e=g""g.

Note that the neutral element is uniquely determined. Indeed, if €’ is a second such element,
then ¢/ = ee’ = e. Moreover, by (3), e is the unique element of G such that ee = e. Also the
inverse element ¢g~! of ¢ is uniquely determined.

REMARK 1.1.2. One can replace the axioms (2) and (3) by weaker ones, namely by (2')
there exists an e such that ea = a for all @ € G, and (3') for each a € G there exists an a’ € G
such that a’a = e.

LEMMA 1.1.3. Let G be a group and a,b € G. Then (a™')™' = a and (ab)™' =b"'a™".
PROOF. Exercise. 0J

LEMMA 1.1.4. In every group the cancellation laws are satisfied,i.e., gh = gk implies that
h =k, and hg = kg implies that h = k. If the group is finite, then the cancellation laws are
equivalent with axiom (3).

PROOF. Suppose that gh = gk for g, h,k € G. Using (3) we have
h=g'gh=g'gk=kF.
In the same way, hg = kg implies that h = k. Suppose that G is finite. As we have just shown,
axiom (3) implies the cancellation laws in general. Assume now that the cancellation laws hold.

Then each left multiplication map Ly: x — gx is injective. Since G is finite, it follows that
each L, is also surjective. In particular, e is in the image. This shows axiom (3). U

EXAMPLE 1.1.5. We start with 5 basic examples of groups.

1. The group (Z,+). Usually one writes g + h instead of gh, and —g for g~'. However the
group can also be written multiplicatively, and then is denoted by C.

3



4 1. REVIEW OF BASIC NOTIONS

2. The group (Z/nZ,+). It is given by the residue classes {0,1,...,n — 1} modulo n. Written
multiplicatively, it is denoted by C,, = {e, g, 9%, ..., 9" '}, where the letter C stands for “cyclic”.

3. The group GL,(F') consists of the invertible n x n-matrices with coefficients in F'. It is called
the general linear group of degree n.

4. The group D, for n > 3 of rigid motions of the plane preserving a regqular n-gon, with the
operation being composition. It turns out that D, has size 2n and is given by

D, = {e,r,r? ..., r" s, rs, s, .. " s},
where r is a rotation through 27”, and s a reflection such that srs™' = r=t. We have s*> = e, and
s,rs,r%s,...7" s are the reflections, and e,r,...,r" "' the rotations of the n-gon with r™ = e.

5. The “free” group Fy consisting of all possible words in two distinct letters a and b and its
wnverses. Here we consider two words different unless their equality follows from the group
azrioms.

DEFINITION 1.1.6. A group G is called abelian, if it satisfies the commutativity law, e.g.,
gh = hg
for all g,h € G.

Note that the groups of 1. and 2. are abelian, but the last three ones are non-abelian. For
the dihedral group D,, the elements 7 and s satisfy rs = sr~1. Since n > 3 we have r # r—!,
because of ™ = e. In F, the words ab and ba are different.

LEMMA 1.1.7. Let S be a non-empty subset of a group G. Suppose that the following two
properties hold:

(S1) For all a,b € S we have ab € S.
(S2) For all a € S we have a™ € S.

Then the composition of G makes S into a group.

PROOF. By (S1) the binary operation on G defines a binary operation on S, which inherits
associativity. By assumption S contains at least one element a, its inverse a~!, and the product
e = aa~t. By (S2) the inverses of elements in S lie in S. O

DEFINITION 1.1.8. A non-empty subset S of a group G satisfying (S1) and (S2) is called a
subgroup of G.

EXAMPLE 1.1.9. 1. The center of a group G, defined by
Z(G)={9eG|gr=xgVzx e G},
1s a subgroup of G.
2. The intersection of arbitrary many subgroups of G is a subgroup of G.
3. The subset nZ of Z for an integer n is a subgroup of Z.

LEMMA 1.1.10. For any subset X of a group G, there is a smallest subgroup of G containing
X.

PROOF. The intersection S of all subgroups of G' containing X is again a subgroup of GG
containing X, and it is evidently the smallest such group. S contains with X also all finite
products of elements of X and their inverses. But the set of such products satisfies (S1) and
(S2) and hence is a subgroup containing X. Clearly it equals S. U
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DEFINITION 1.1.11. The smallest subgroup of G' containing X is denoted by (X), and is
called the subgroup genmerated by X. We say that X generates G if G = (X), i.e., if every
element of G can be written as a finite product of elements of X and their inverses.

We have (§) = {e}, which is the trivial group. The group generated by a rotation r through
2 is given by Gy = (r) = {e,r, 1%, ..,1" 1.

DEFINITION 1.1.12. A group G is said to be cyclic if it is generated by a single element.

Note that cyclic groups are abelian, since elements 7* and r* commute. The groups C,, and
C are cyclic, whereas GL,(F') for n > 1 is not cyclic, because it is not abelian.

1.2. Group homomorphisms

Having introduced our main “objects”, we need “morphisms” to relate the objects to each
other. As usual morphisms should preserve the structure, and two objects should be considered
the same if they have the same structure:

DEFINITION 1.2.1. A map ¢: G — H is called a group homomorphism if it satisfies
¢(gh) = ¢(g) - o(h)

for all g,h € G. A group homomorphism that is bijective is called a group isomorphism. Its
inverse is also a group isomorphism. In this case, the groups G and H are called isomorphic.
We denote this by G = H.

Note that p(eg) = ey for such a group homomorphism and the neutral elements of the two
groups, and ¢(g~") = ¢(g) ™.

EXAMPLE 1.2.2. Here are three examples of group homomorphisms.

1. Let H be a subgroup of G. Then the inclusion map H — G is a group homomorphism.

2. The map p: Z — 7, x +— nx, for a fized integer n is a group homomorphism.

3. The map exp: (R,4+) — (R=o,*) is a group isomorphism, its inverse given by the logarithm.
Recall that the kernel of a group homomorphism ¢: G — H is given by

ker(p) = {g € G| ¢(g) = e},
and the image of ¢ is given by
im(p) = {¢(g) | g € G}

Both are subgroups of G. It is easy to see that a group homomorphism is injective if and only
if its kernel is trivial.

DEFINITION 1.2.3. Let X be a set. Then the set of all bijections X — X forms a group
with respect to composition. It is denoted by Sym(X).

For X = {1,2,...,n} the group Sym(X) is the symmetric group S,. It is a non-abelian
group for n > 2.

THEOREM 1.2.4 (Cayley). For any group G there is a canonical embedding L: G — Sym(G).
In particular, any finite group of order n can be realized as a subgroup of S,,.
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ProOOF. Consider the map L: G — Sym(G) given by g — L,. We have

(Lo o Lyp)(x) = Lgp(x)
for all a,b,x € G, and L, € Sym(G) for all a € G, because every L, is bijective. Indeed, we
have L, = id and
La o) La—1 =id = La—l 9} La.
It follows that L is a group homomorphism. It is injective because the cancellation laws hold.
Hence it is an embedding. U

REMARK 1.2.5. The symmetric group S,, has order n!. Every finite group G of order n can
be embedded in .S,,, but often one can embed G in a permutation group of much smaller order.
We may define the degree of a group G of order n, denoted d(G), to be the least integer d
such that G can be embedded in Sy. There is a large literature on the study of d(G). Johnson
classified all G of order n such that d(G) = n. Except for a family of 2-groups, these groups
are precisely the cyclic p-groups. Here a group G is called a p-group, if its order is a power of
p for a prime p.

An automorphism of a group G is a group isomorphism G — G. For example, the conjuga-

tion map

lg: G — G,z grg !

is an automorphism of G. We have
(gh)x(gh)™" = g(hah™")g™",

for all g, h € G, which says that ig,(x) = (i, 0 4,)(x), so that i, is a bijective group homomor-
phism, and hence an automorphism.

DEFINITION 1.2.6. Denote by Aut(G) the set of automorphisms of G. It becomes a group
under composition, and it is called the automorphism group of G. The subgroup Inn(G) = {i, |
g € G} is called the group of inner automorphisms.

Note that Inn(G) is trivial if and only if G is abelian.

EXAMPLE 1.2.7. We have Aut(Ss) = Inn(S3) = Sz and Aut(Fy) = GL,(F,), where the
automorphisms of G = ¥} as a commutative group are just the automorphisms of G as a vector
space over the finite field F,. For n =p =2 we have Aut(F3) = GLy(Fy) = Ss.

REMARK 1.2.8. Different groups may have an isomorphic automorphism group, e.g.,
Aut(S3) = S3 = Aut(Cy x Cy),
where Cy x Cy is the direct product, with componentwise product.
We want to mention a few more groups consisting of bijective transformations.

DEFINITION 1.2.9. Let X be a metric space. The set of all isometries from X — X forms
a group under composition, and is denoted by Isom(X). It is called the isometry group of X.

EXAMPLE 1.2.10. The isometry group of the Euclidean space R™ is given by
Isom(R") = O,(R) x R",

where O,(R) denotes the orthogonal group, which is the subgroup of GL,(R) given by all ma-
trices A satisfying AAt = 1.
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Let M be a subset of X. A symmetry of M is an isometry of X fixing M. If we embed the
n-gon M in X = R?, then the symmetry group of M is the dihedral group D,,.
DEFINITION 1.2.11. Let L/K be a Galois extension of fields. Then the set
Gal(L/K) = {o € Aut(L) | ojx = idg}
of field automorphisms of L fixing K is a group with respect to composition, and is called the

Galois group of the extension L/K.

EXAMPLE 1.2.12. Let L = Q(v/2,v/3) and K = Q. Then the extension L/K is Galois with
Galois group

GGZ(L/K) = CQ X 02.

DEFINITION 1.2.13. Let 7: X — Y be a covering map of topological spaces. Then the set
of homeomorphisms f: X — X satisfying mo f = 7 form a group with respect to composition,
the Deck transformation group.

EXAMPLE 1.2.14. 1. The deck transformations for the universal covering C — C* given by
the exponential map is the set of translations of the form z w— z + 2mwik for k € Z. Thus, the
group of deck transformations is isomorphic to Z.

2. The deck transformations for the covering map C* — C* given by the power map z — 2"
are the maps of the form z — wz, where w is any n-th root of unity. As an abstract group, this
deck transformation group is isomorphic to Z/nZ.

1.3. Cosets and normal subgroups
For a subset S of a group G we let
aS={as|se S}, Sa={sal|seS}.

DEFINITION 1.3.1. For a subgroup H of a group G the sets of the form aH are called left
cosets of H, and the sets of the form Ha are called right cosets of H.

Because e € H we have aH = H if and only if a € H.

ProOPOSITION 1.3.2. Let H be a subgroup of G.

(a) An element a € G lies in a left coset C of H if and only if C' = aH.
(b) Two left cosets are either disjoint or equal.

(¢) We have aH = bH if and only if a='b € H.

(d) Any two left cosets have the same number of elements, possibly infinite.

PROOF. (a): If C' = aH then of course a € aH. Conversely, if a lies in the left coset bH,
then a = bh for some h € H, so that

aH =bhH = bH.

(b): Suppose that the cosets C' and C” are not disjoint. Then there is an a in both C' and C’,
so that C = aH = C' by (a).

(c): fa~'b € H, then H =a"'bH, and so aH = aa"'bH = bH. Conversely, if aH = bH, then
H=a"'9H, andsoa b€ H.

(d): The map Ly,-1: aH — bH given by ah — bh is a bijection. OJ
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DEFINITION 1.3.3. Let H be a subgroup of G. The index (G : H) of H in G is the cardinality
of the set {aH | a € G}, i.e., the number of left cosets of H in G.

For the trivial subgroup H = 1 we have (G : 1) = |G|. We have

G:UCLH,

aceG

and because two cosets are either equal or disjoint, they form a partition of G.
THEOREM 1.3.4 (Lagrange). Let G be a finite group. Then
(G:1)=(G:H)H:1).
In particular, the order of every subgroup H of G divides the order of G.

PROOF. The left cosets of H in G form a partition of G, and there are (G : H) of them.
Each left coset has (H : 1) elements. 0J

Recall that the order of g € G is given by ord(g) = [(g)|.

COROLLARY 1.3.5. For each g € G, the order of g divides |G|.

PROOF. Apply Lagrange for the subgroup H = (g), and use that (H : 1) = ord(g). O
COROLLARY 1.3.6. Every group of prime order p is isomorphic to the cyclic group C,.

PRrOOF. Let G be a group of order p. Then every element has order 1 or p, since these two
numbers are the only positive divisors of p. Since G is non-trivial there is an element g € G
of order p. Let H = (g) C G be the cyclic subgroup of G generated by g. Then |H| = p and
H=G=1{eg,¢%...97'}. O

EXAMPLE 1.3.7. Up to isomorphism there is only one group of order 10° + 7.
Indeed, 10° + 7 is prime.

PROPOSITION 1.3.8. For each n < oo there is exactly one cyclic group of order n, up to
1somorphism.

PROOF. Exercise. O

A cyclic group of order n has an element of order n. Note that Cy x Cs is not cyclic, since
it does not have an element of order 4.

PROPOSITION 1.3.9. Fvery subgroup of a cyclic group is cyclic.

PROOF. Let G be a cyclic group, with generator g. For a subgroup H C G we will show
H = (g™) for some n € N, so H is cyclic. The trivial subgroup is obviously of this form. So we
may suppose H is non-trivial. Let n be the smallest positive integer such that ¢" € H. Such
an n must exist since H contains some power of g. We claim that every h € H is a power of
g". We know that h = g™ for some m € Z. By the division theorem in Z we have m = gqn +r
for some integers ¢ and r such that 0 < r < n. Therefore

h=g"=1(9")9"
and ¢" = (¢")"%h. Since ¢" € H this shows that ¢" € H. However, n was minimal, so that
0 <r < n now implies 7 = 0. Thus n | m and h = g™ € (¢"). This proves H = (g"). O
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ProOPOSITION 1.3.10. Let H O K be two subgroups of G. Then we have

(G:K)=(G:H)H:K).
PRrROOF. Exercise. O

DEFINITION 1.3.11. A subgroup N of G is called normal, if gNg=! = N for all g € G. We
denote this by N < G.

EXAMPLE 1.3.12. Let G = GLy(Z) = {A € My(Z) | det(A) = £1} and N = {({}) | n €
Z}. Then N is a subgroup which is not normal. On the other hand, SLy(Z) = {A € My(Z) |
det(A) = 1} is a normal subgroup of G.

()= e

Clearly a subgroup N of G is normal, if and only if gN = Ng for all g € G.

For g = (9}) € G we have

LEMMA 1.3.13. Every subgroup H of G with (G : H) = 2 is normal.

Proor. If (G : H) =2, then G = H U gH as disjoint union. Hence gH is the complement
of H in G. The same argument shows that Hg is the complement of H in G. Thus we have

gH =G\ H=Hgforall gedG. O
EXAMPLE 1.3.14. The subgroup C, = {e,r,r* ...,r" '} in D, has index 2, and hence is
normal.

EXAMPLE 1.3.15. Every subgroup of an abelian group is normal. The converse is not true:
every subgroup of the quaternion group Qg is normal, but Qg is not abelian.

The quaternion group is given by Qs = {1, —1,i,—1i,j, —j, k, —k} and composition defined
by i? =j? =k = —1landij =k, ji = —k, jk =1, kj = —i and ki = j, ik = —j. This comes
from the quaternion algebra R-1@&R-i @R -5 & R - k. Its proper subgroups are given by

<17_1>’ <17_17i7_i>7 <17_17ja _]>a <17_17k7_k>

They are all normal. Of course, (Jg is not abelian, as ij = —ji. We may represent (Jg as the
following subgroup of G Ls(C):

e=(59), a=(25), &= (3 0). = (47),
b=(%8), ab=(59), b= (13", a’b=(5%).

Note that ¢ here is not the group element in Qg, but i> = —1 in C. For the group elements
we have made the relabeling

{1,-1,i,—i,4,—j, k, —k} < {e,a? a®b,ab,b,a’b,a,a’}.
We recall the following result.

PROPOSITION 1.3.16. The kernel of a group homomorphism ¢: G — H is a normal subgroup
of G, and every normal subgroup occurs as the kernel of a homomorphism.
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In particular, SL, (K) is the kernel of the group homomorphism
det: GL,(K) - K*,
and hence a normal subgroup of GL,(K). Also, the alternating group A, is the kernel of the

signature group homomorphism sign : S,, — {1,1}. Hence (S, : A,) = 2 and A,, is a normal
subgroup of S,,.

Also recall that if N is a normal subgroup of GG, there is a unique group structure on the set
G/N of cosets of N in G for which 7: G — G/N, a — aN is a homomorphism.

1.4. Permutation groups

We already have defined the symmetric group S, by Sym(X), where X has n elements.
Consider a permutation 7 € 5, given by

(12 3 o
T=\r(1) 72 x3) --- w(n))-
The pairs (i, 7) with ¢ < 7 and 7(i) > 7(j) are called the inversions of m, and 7 is said even or

odd according as the number of inversions is even or odd.

DEFINITION 1.4.1. The sign of w € S,, is defined by

. (i) — ()
S =l —=
ign(m) H —
1<J
We have sign(co7) = sign(o)sign(r) for all o, 7 € S,,, so that sign: S,, — {1}, 7 > sign(m)
is a group homomorphism. For n > 2 it is surjective so that its kernel is a normal subgroup of
order |S,|/2 = n!/2, i.e., the alternating group A,.
Recall that we can write every permutation in .S,, as a disjoint product of cycles. For example,

1 23456 78
(5 o 13 8)2(15)(27634)(8).

Its order is the lem of the cycle orders, which are 2,5 and 1, hence lem(2,5) = 10. Furthermore,
each permutation can be written as a product of transpositions, because

(irig---iy) = (1102)(i2i3) - - - (Gr—17y)
for cycles of length r. Because sign is a homomorphism and the sign of a transposition (ij) is
—1 we have

sign(m) = (~1)"7,
where ¢(7) is the number of transpositions in the decomposition of .

LEMMA 1.4.2. In S, the conjugate of a cycle a = (iy - -iy) is given by
Tart = (7(iy) - - - 7(ix)).
PROOF. Because of (77'7)(i,) = i, and (i) = %r41 mod x We have
71 (7 (ir)) = T(ir41 mod k)
forall 1 <r < k. Let 1 < j < n such that j # i, for any r. Then a(j) = j since j is not in the

k-cycle a. Hence Tar™1(7(j)) = 7(j), and Tar™! fixes any number which is not of the form
7(i,) for some i, and we have

Tart = (1(iy) - - - 7(ix)).
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Now the orbits of any element « in S,, form a partition
{1,2,...,n} =01 U---UO,
which determine a partition of n by
n=mn;+ne+...+ng
with n; = |O;|. For example, the element o = (15)(27634)(8) in Sg defines the partition
24+5+1=28.
Note that there are p(8) = 22 partitions of 8.

PROPOSITION 1.4.3. Two elements o and 8 in S, are conjugate if and only if they have
the same cycle type, i.e., if and only if they define the same partition of n. In particular, the
number of conjugacy classes in S, is the number of partitions of n, i.e., we have k(S,) = p(n).

EXAMPLE 1.4.4. The following table lists the p(4) =5 conjugacy classes in Sy.

Partition | Cycle type Elements
1+1+1+1 1 (1)
1+1+42 (ab) (12), (13),(14), (23), (24), (34)
1+3 (abc) | (123), (132), (124), (142), (134), (143), (234), (243)
2+2 (ab)(cd) (12)(34), (13)(24), (14)(23)
1 (abed) (1234), (1432), (1324), (1423), (1243), (1342)

The normal subgroup Ay consists of all elements of even parity, which are given by the cycle
types (1), (abc), (ab)(cd). Since this is a union of conjugacy classes, including (1), Ay is a
normal subgroup of Sy. The same is true for the Kleinian 4-group

Vi ={(1),(12)(34), (13)(24), (14)(23) },

which s of course isomorphic to Cy x Cl.
LEMMA 1.4.5. The alternating group A, is generated by cycles of length three.

PROOF. Any 7w € A, is the product (possibly empty) of an even number of transpositions,
but the product of each two transpositions can always be written as a product of 3-cycles,
namely (i7)(j1) = (ijl) and

(i) (kL) = (i) (i) (k) (Kl) = (ijk)(jkl)
for 7, 7, k, | distinct. O
DEFINITION 1.4.6. A group G is called simple, if it does not have a proper normal subgroup.
THEOREM 1.4.7 (Galois). The group A, is simple for all n > 5.

PROOF. One can show that every non-trivial normal subgroup N of A,, for n > 5 contains
a 3-cycle, and then must contain all 3-cycles. Hence, by Lemma [1.4.5] N = A,,.
Another proof uses induction and shows it for As as follows: the conjugacy class sizes are
1,12,12,20,15. A non-trivial normal subgroup must contain the conjugacy class of size 1, and
one or more other conjugacy classes. Thus, the order of any normal subgroup must be a sum
of some of these numbers, including the 1. By Lagrange’s theorem, the order must also divide
60. But no such sum among these numbers divides 60, other than 1 and 60 themselves. U
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Note that A, is trivial, A3 = C3 and A4 has a proper normal subgroup isomorphic to Cy x Cs.

COROLLARY 1.4.8. The only normal subgroups of S, forn >5 are 1, A,, and S,,.

PROOF. If N is normal in S,,, then N N A,, is normal in A,,. Hence either N N A, = A,
or NN A, =1. In the first case N O A,,. Since A,, has index 2 in S,, it follows that N = A,
or N = S,. In the second case, the map n +— nA, from N to S, /A, = Cs is injective, and so
N has order 1 or 2. But it cannot have order 2 because no conjugacy class in .S,, other than
{1} consists of a single element (and N is the union of conjugacy classes including the trivial
conjugacy class). O

We have seen that the conjugacy classes for S,, are determined by the cycle type. This
is different in the alternating groups. For example, (123) and (132) are not conjugate in As
although they have the same cycle type, and therefore are conjugate in S3. The 3-cycles form
two different conjugacy classes in A3 and A4, but only one single class in all A,,n > 5. A
conjugacy class in S, splits into two distinct conjugacy classes under the action of A, if and
only if its cycle type consists of distinct odd integers. Otherwise, it remains a single conjugacy
class in A,. Erdés, Dénes and Turdn proved in 1969 the following result [5]:

PROPOSITION 1.4.9. The number of conjugacy classes in A, is given as follows:

b, — P+ a(n)

2
=2p(n)+3 Z(—l)Tp(n —2r?).

r>1
Here q(n) is the number of partitions of n into distinct, odd parts.
Let us check it for Ay. Of course, p(4) = 5, and only 4 = 1 + 3 is a partition into distinct,

odd parts, i.e., g(4) = 1. Hence k(A4) = 4. The other formula yields k(A4) = 2p(4) — 3p(2) =
10 — 6 = 4. Indeed, the conjugacy classes of A, are given by

¢ ={1)}

C, = {(123), (142), (134), (243)}
Cs = {(132), (124), (143), (234)}
Cy = {(12)(34), (13)(24), (14)(23)}

1.5. Groups of small order

How many different groups of a given order n are there ? This is a difficult question in
general, but we can answer it for “small” n. Let f(n) denote the number of different groups of
order n. We already know that f(p) =1 for all primes p. The following table shows the result
up to n < 16.
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n | f(n) Groups

1 1 1

2 1 C,

3 1 Cs

4 2 04, 02 X CQ

5 1 Cs

6| 2 Co. S5

7 1 Cr

8 5 08702 X 04,02 X CQ X CQ,Qg,D4

9 2 Cg, Cg X 03

0] 2 Cho, Ds

| 1 O

12 5 012, Cz X Cﬁ, Cz X 53,A4, Cg X 04

13] 1 Cis

14 2 014,D7

5] 1 Cis

16 14 016702 X 08704 X 04,04 X 02 X 02,02 X CQ X 02 X CQ,
Cy x Dy, Ds, Cy x Qg, Ca 1 Cu, Ghe G2, G, G, G5

We have f(p*) = 2, since there are only two groups of order p® for a prime p, namely C, x C,
and C2. For a proof see Proposition For larger powers of p however, the number is
growing rapidly. We have the following result, see [8] for the lower bound and unpublished
work by Mike Newman and Craig Seeley for the upper bound.

THEOREM 1.5.1 (Higman, Newman). The number of groups of prime power order p" is
bounded by
pE =8 < f(pt) < prEn O

There is the Millennium project by Besche, Eick and O’Brian [2] of classifying all groups of
order n < 2000, which was published in 2002.

THEOREM 1.5.2. There are exactly 49.910.529.484 different groups of order n < 2000. More
than 99% of them have order 2'°. More precisely, f(2'°) = 49.487.365.422.

In fact, f(2%), for k =1,...10 is given by

1,2, 5, 14, 51, 267, 2328, 56092, 10494213, 49487365422
Pyber showd in 1993 the following estimate [10].

PROPOSITION 1.5.3 (Pyber). The number of groups of order n is bounded by
f(n) < i tom)et?,
where e(n) < log,(n) denotes the highest power of any prime dividing n.
For very small n we can easily do the classification now. The first non-trivial case is n = 4.
PROPOSITION 1.5.4. Every group of order 4 is isomorphic to Cy or Cy x Cj.

PrROOF. Let G be a group of order 4. If G has an element of order 4, then G = (.
Otherwise we have G = {e, a,b, c} and the order of a, b, c must be a proper divisor of 4, which
is 2. So we have a? = b?> = ¢* = e. Also, ab = ¢, because all other choices for ab are not
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possible, i.e., ab = e would give a = b~! contradicting b = b=, and ab = a would imply
b = e. Similarly, ab = b would imply a = e, a contradiction. The same argument shows that
ba = ¢ = ab,ca = b = ac and ¢b = a = bc. Using these relations, it is easy to check that the
map f: G — Cy x (Y is an isomorphism, where

f(e) = (17 1)7 f<a> = (_17 1)7 f(b) = (17 _1)7 f(C) = (_17 _1)‘

For n = 6 we can prove a more general result.

PROPOSITION 1.5.5. Every group of order 2p for a prime p > 2 is isomorphic to Cy, or D,,.
In particular, every group of order 6 is isomorphic to Cs or D3 = Ss.

PrOOF. By Cauchy’s theorem [2.2.5 for every prime divisor p of |G| there is an element
of order p in G. We can apply this for p > 2 and 2. Denote by s the element of order
2, and by r the element of order p. Then C, = (r) is a normal subgroup of G because of
(G : Cp) = 2, see Lemma Obviously s ¢ C,, so that G = C, U Cps. This means
G={lLr...,r"" s rs,....,r”71s}. As C, is normal, srs~' = r’ for some i € Z. Because of
s? = e we have

r=srs > =s(srs s ="
This implies 2 = 1 mod p, or > = 1 in the finite field Z/pZ. This quadratic equation has
exactly two solutions, namely ¢ = £1, i.e., ¢ =1 mod p or : = —1 mod p. In the first case
G is commutative (any group generated by a set of commuting elements is commutative), i.e.,
G = (rs|r =s*=ers=sr) = (Cy. In the second case we have srs™* = r~! so that

G~D,. O

PROPOSITION 1.5.6. Every group of order 8 is isomorphic to Cg, Cy x Cy, Cy x Cy X Cs, or
isomorphic to Dy, Qsg.

PRrROOF. If GG is abelian, we know by the theory of modules over a PID that G is isomorphic
to one of the groups Cg, Cy x Cy,Cy x Cy x Cy. Hence suppose that G is non-abelian. The
non-identity elements in G have order 2 or 4. If g = e for all ¢ € G then G is abelian, so some
element z € G must have order 4. Let y € G\ (x). The subgroup (x,y) properly contains (x),
so (x,y) = G. Since G is non-abelian, z and y do not commute. Since (x) has index 2 in G, it
is a normal subgroup. Therefore

yry ' € () = {e,x,2% 2%},
Since yxy ! has order 4, yry ! = x or yay~! = 23 = 7!, The first case is impossible, since x

and y do not commute. Therefore yzry~' = 7. The group G/(x) has order 2, so
y? € (z) = {e,z, 2% 2%},

Since y has order 2 or 4, y? has order 1 or 2. Thus y? = 1 or y? = 2%, Putting this together,

g = (x,y) where either
zt = e,y2 =e, y:ty_l = x_l,
or

zt = e,y2 = xz,yxy_l =z

In the first case G = Dy, and in the second case G = Qs. U

-1



CHAPTER 2

Groups acting on sets

2.1. Definitions and examples

DEFINITION 2.1.1. Let G be a group and X be a set. A (left) group action of G on X is a
mapping (g, x) — gz, G x X — X such that

(1) g(hz) = (gh)z for all g,h € G and all x € X,
(2) ex = x for the neutral element e € G and all z € X.

The conditions imply that all left multiplications maps L, belong to Sym(X). Axiom (1)
then just says that L: G — Sym(X), g — L(g) = L, is a homomorphism. The action is said
to be faithful, or effective, if the homomorphism L is injective, i.e., if

gr =z for all z € X implies g = e.

EXAMPLE 2.1.2. 1. The group GL,(K) acts on K™ by matriz multiplication (A, x) — Ax.

2. Fvery group G acts on every set X by the trivial action, i.e., by gr = x for all g € G and
allr € X.

3. The symmetric group S, acts by permutations on the set X = {1,2,...,n}.

4. Every group G acts on itself by conjugation: with X = G the action is given by (g,z) —
grg~"
5. For any group G the automorphism group Aut(G) acts on G.

6. The group SLs(C) of complex 2 x 2 matrices A = (2Y) with det(A) = 1 acts on the Riemann
sphere C = C U {oo} by Moebius transformations

with A- 00 =a/c und A-(—d/c) = cc.

1z4+40 __

Let us verify the axioms for the last example. The identity matrix I acts by [z = ;=5 = z.
For two matrices A = (¢9), B = (‘;‘ f) we compute

15
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A(B-7)=A. (az+5) _a(‘fjii?)ﬂ
1) o (22) 4 d

_ (aa +by)z + (af + bo)
" (ca+dy)z + (cB + db)

ac+by aB+bd\
ca+dy cf+dd

= (AB) - z.

DEFINITION 2.1.3. Let G be a group acting on a set X. For x € X the set
Gr={gx|geG}CX
is called the orbit of x.

EXAMPLE 2.1.4. Let G act on itself by conjugation. Then the G-orbits are just the conjugacy
classes. For x € X = G the conjugacy class of x is the set

{gzg~" | g € G}.

The G-orbits of an action partition G. A subset of X is stable under the action if and only
if is a union of orbits. For example, a subgroup H of GG is normal if and only if it is a union of
conjugacy classes (H is stable under the conjugation action).

DEFINITION 2.1.5. An action of G on X is called transitive, if there is only one orbit, i.e.,
if for any two z,y € X there exists a ¢ € GG such that gr = y. The set X is then called a
homogeneous G-set.

For example, S, acts transitively on X = {1,2,...,n}, since there is a permutation sending
1 to any number, but a non-trivial group G acts never transitively on itself by conjugation,
because {e} is always its own conjugacy class. Hence there are at least two orbits.

DEFINITION 2.1.6. Let G be a group acting on a set X. For x € X the set
G,={9eGlgr=2}CG
is called the stabilizer of x, or the isotropy group of x.

It is a subgroup of G, but need not be a normal subgroup. In fact we have the following
result.

LEMMA 2.1.7. For g € G and x € X we have
ngg_l = Gga:~

PROOF. Let h € Gy, i.e., hx = x. Then (ghg')gr = ghx = gz, hence ghg™' € Gy,. This
implies G9! C Gy,. Conversely, if h(gz) = gz, then

(97" hg)r = g~ (h(gw)) = g~ gz = z.
This means g 'hg € G, or h € gG,g~ . O
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EXAMPLE 2.1.8. Let G act on itself by conjugation. Then the stabilizer of an element x € X
15 the so-called centralizer of x in G,

Co(x)={g9 € G| gr = xg}.

The center Z(G) of G is the intersection over all centralizers,

Z(G) = ﬂCg(x):{geG\gx:xg‘v’xeG}.

zeG

For a subset S C X we define the stabilizer of S by
Stab(S) ={g € G| gS =S5}

Again Stab(.S) is a subgroup of G, and Stab(z) = G, for an element z € X. The same argument
as in the proof of Lemma shows that

Stab(gS) = g - Stab(S) - g~

EXAMPLE 2.1.9. Let G act on itself by conjugation, and let H be a subgroup of G. Then
the stabilizer of H is called the normalizer Ng(H) of H in G:

Ne(H)={g9€G|gHg™" = H}.
Note that Ng(H) is the largest subgroup of G containing H as a normal subgroup.
PROPOSITION 2.1.10. Let G act on a set X. Then the map
G/G, — Gz, gG, — gx
is an isomorphism of G-sets, i.e., it is bijective and G-invariant. We have |Gz| = (G : G).

PROOF. The map is well-defined because, if h € G, then ghx = gx. It is injective because
gr = ¢'x implies that ¢g~'¢’x = z, so that ¢ and ¢’ lie in the same left coset of G,. It is
surjective by construction, and obviously G-invariant. 0

The result is sometimes called the Orbit Stabilizer Theorem, and is written
|G| = |Gx| - |Stab(x)].
COROLLARY 2.1.11. The number of conjugates gHg™' of a subgroup H of G is given by
(G : Ng(H)).
2.2. The class equation

When X is finite, it is a union of a finite number of orbits, i.e.,

i=1

This implies the following result.
PROPOSITION 2.2.1. Let G act on X. Then, for x; € O;,
X[=) 10 =) (G:Gy).
i=1 i=1

When G acts on itself by conjugation, this formula becomes:
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PROPOSITION 2.2.2 (Class equation).

Gl =) (G : Cglx))

— 12(G)|+ (G s Colw)),

where x runs over a set C of representatives for the conjugacy classes, and y runs over a set C'
of representatives for the conjugacy classes containing more than one element.

Note that each summand is a divisor of |G|. So each conjugacy class has size dividing |G|.
This does not follow from Lagrange since conjugacy classes need not be subgroups.

EXAMPLE 2.2.3. The class equation for Sy is given by
|S4|=24=14+6+8+3+6,
see Example|1.4.4. We have Z(Sy) = 1.

Often the class equation completely characterizes the group, but there are some groups that
share the same class equation:

EXAMPLE 2.2.4. Both non-abelian groups of order 8, D, and Qs have the class equation
8=1+1+2+2+2.

For the dihedral group Dy, the elements e and r? have a trivial conjugacy class, i.e., Z(Dy) =
{e,r?}, whereas Cg(r) = {e,r,7%,r?} so that the conjugacy class of r has (G : Ca(r)) = § =2
elements, namely {r,73}. Similarly the conjugacy classes of s and sr are given by {s, sr?} resp.
{sr3, sr}. So the class equation is

8§ 8 8
8=14+1+-+-4+-=1+14+2+2+2.
1l gt =1+142+42+4
The central elements 1, —1 in Qg have trivial conjugacy classes, so that Z(Qg) = {£1}, and

the conjugacy classes {i, —i}, {j,—j}, {k, —k} have size 2 each.
The class equation has some important consequences.

THEOREM 2.2.5 (Cauchy). Let p be a prime which divides |G|. Then G contains an element
of order p.

PRrROOF. We use induction on |G|. Suppose that there is an element y € G\ Z(G) such that
p1 (G : Cg(y)), then p | |Ca(y)| because of

(G:1)=(G:Cs(y)) - (Caly) : 1).
By induction hypothesis, there is an element of order p in Cg(y), and hence in G. Hence we
may suppose that p divides all of the terms (G : Cg(y)) in the class equation for non-central

elements y. But then we also have p | |Z(G)|. Since Z(G) is abelian it follows from the structure
theorem that it contains an element of order p. O

PROPOSITION 2.2.6. A finite group G is a p-group, i.e., has p™ elements if and only if every
element has order a power of p.

PRrOOF. If |G| = p™ then Lagrange’s theorem shows that the order of every element is a
divisor of p™ and hence a p-power. Conversely, if ¢ | |G| for a prime g # p, then there is an
element g € G with ord(g) = ¢ # p* by Cauchy’s theorem. This is a contradiction to the
assumption, so that we obtain |G| = p™ for some m. O
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PROPOSITION 2.2.7. Let G be a non-trivial finite p-group. Then its center is non-trivial.

PROOF. By assumption (G : 1) is a power of p, so that all terms over y € C’ in the class
equation are divisible by p. This implies p | |Z(G)|. O

PROPOSITION 2.2.8. A group of order p" has normal subgroups of every possible order
17p’ A 7pn'

PROOF. We use induction on n. Since Z(G) contains an element g of order p by Proposition
, N = {(g) is a normal subgroup of order p. Then |G/N| = p"~!, and we may apply the
induction hypothesis. But the normal subgroups of G/N correspond to normal subgroups of G
containing N, so the claim follows for G. 0

LEMMA 2.2.9. Suppose G contains a subgroup H with H C Z(G) such that G/H is cyclic.
Then G is abelian.

PROOF. Let a be an element in G whose image in G/N generates it. Then every element
of G can be written g = a’h with h € H and j € Z. Because of H C Z(G) we have

a'h-a’h’ = a'a’hh/
= d’a'Wh
=a’h - d'h.
[

PROPOSITION 2.2.10. Every group of order p* for a prime p is commutative, and hence
isomorphic to Cp, x C), or Cpe.

PROOF. By Lagrange we have |Z(G)| € {1,p,p?}, and because of Proposition 2.2.7 we can
exclude order 1, which means that |G/Z(G)| € {1,p}. In either case, G/Z(G) is cyclic so that
G is abelian by Lemma [2.2.9| 0

How many groups of order p® are there? For p = 2 we have answered this in Proposition
1.5.6] For any prime p we consider the group

az/6) = { (5 1) leb € 2/6%a £ 0} € GLalz/0?)

of order p*p(p?) = p*(p — 1), which is called the affine group over the ring Z/(p?). It has a
unique “Sylow p-subgroup” I'(p), i.e., a normal subgroup of order p* given by

t) ={(§ 1) labez/eAe = 1in @A)}

It is the kernel of the homomorphism Aff(Z/(p?)) — (Z/(p*))* given by (&%) + a”, and it has
an element of order p?, namely (§1).

The Heisenberg group over Z/(p) is defined by

Heis(Z/(p)) = | a,b,c € Z/(p)

o O =
O =
= o o
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For p = 2 the groups I'(2) and Heis(Z/(2)) are both isomorphic to D4. For p > 2 we obtain
two non-isomorphic groups which are both non-abelian. In fact, all non-trivial elements in
Heis(Z/(p)) for p > 2 have order p, since

1a b\" (10 22l
01 c¢| =01 0 =1,
001 00 1

1
because %

= 0 mod p for all p > 2. This is not the case in the group I'(p), as we have seen.
THEOREM 2.2.11. Every group of order p* for a prime p > 2 is isomorphic to one of the
groups C, x C, x C,,, C, x Cp2, Cy3, Heis(Z/p) or I'(p).
The proof is due to Holder (1893).

2.3. The Sylow theorems

DEFINITION 2.3.1. Let G be a group and let p be a prime dividing |G|. A subgroup of G is
called a Sylow p-subgroup of G if its order is the highest p-power dividing |G]|.

EXAMPLE 2.3.2. P ={(1),(123), (132)} is a Sylow 3-subgroup of Sy, and
Q ={(1),(1234),(13)(24), (1432), (24), (14)(23), (13), (12)(34)}
s a Sylow 2-subgroup of Sy which is isomorphic to Dy.
Here we have |Sy| =24 =23 -3, and r = (1234), s = (24).

LEMMA 2.3.3. Let H be a p-group acting on a finite set X, and let X be the set of points

fixed by H, then

|X| = |X*| mod p.
In particular we have

|H| = |Z(H)| mod p.

PROOF. By the orbit-stabilizer theorem we have (H : Stab(xg)) = |Hzo|. Because H is a
p-group this is a power of p, and either Hx, consists of a single element, or |Hx| is divisible
by p. Since X is the disjoint union of the orbits, the first claim follows. When we apply this to
the action by conjugation, the second claim follows. 0

THEOREM 2.3.4 (Sylow I). Let G be a finite group and p be a prime. If p" | |G| for some
r > 1, then G has a subgroup of order p".

PROOF. By Proposition it suffices to prove the statement where p" || |G| is the highest
power of p dividing the order of G, because if G has a subgroup of order p”, then it also has
subgroups of all possible lower orders 1,p,p?,...,p". So we may assume that |G| = p"m with
ptm. Let

X={SCG|IS|=p"}
Define a G-action on X by
(9, A) = gA={ga|ac A}.
Let Ae X, ie, A={g1,..., 9}, and let
H = Stab(A) ={g € G | gA = A}.
For any g; € A the map h +— hg;, H — A is injective because of the cancellation law, and so
(H:1) < |A] =
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So in the equation

(G:1)=(G:H)(H:1)
we know that (G : 1) = p"m with p{m, and (H : 1) = p* with k < r, and that (G : H) is the
number of elements in the orbit of A. Hence it is enough to find one set A such that p doesn’t
divide the number of elements in its orbit, because then we can conclude (for this particular
A) that the subgroup H = Stab(A) has order p”, and we are done. The number of elements in
X is

X| = (p"m) _ @m)(p'm = 1) (p'm —i) - (p'm —p" +1)
Because of © < p" the power of p dividing p"m — i equals the power of p dividing ¢. The same
is true for p" — i. Therefore the corresponding terms on top and bottom are divisible by the
same powers of p, and so p does not divide | X|. Because the orbits form a partition of X, at
least one orbit (for a set A) is not divisible by p. This finishes the proof. 0J

COROLLARY 2.3.5. The converse of Lagrange’s theorem is true for p-groups.

The converse of Lagrange’s theorem is false in general: if G is a finite group and d | |G|,
then there may not be a subgroup of G with order d. The simplest example of this is the group
Ay, of order 12, which has no subgroup of order 6. For an elegant proof see section 3.4, which
has more results on the converse of Lagrange’s theorem. Of course, we also can just list all
subgroups of A, by hand:

EXAMPLE 2.3.6. The subgroups of Ay are given as follows:

Order | # Subgroups
1|1 {(1)}
2 |3 {(1), (12)(34)}, {(1), (13)(24)}, {(1), (14)(23)}
314 1{(1),(123),(132)}, {(1),(243),(234)} , {(1), (142), (124)},

{(1), (134), (143))

11 {(1), (12)(34), (13)(24), (19)(23)]

12 [ 1| {L(12)(34), (13)(24), (14)(23), (123), (243), (142), (134),
(132), (143), (234), (124))

This also shows that there is no subgroup of order 6 in Ay, although 6 | 12 = |A4|. According
to Sylow I there is a subgroup of order 2, 22, and 3. The group of order 4 is the unique Sylow
2-subgroup, and the four groups of order 3 the Sylow 3-subgroups.

EXAMPLE 2.3.7. The subgroup U of upper unitriangular matrices in the group G = GL,(F,)
forms a Sylow p-subgroup of G.
A triangular matrix is called unitriangular, if all diagonal elements are 1. It is clear that

n(n—1)

Ul=p 2",
and a simple counting argument shows that
Gl = (" =" —p)@" —p*) - (" = p")

n(n—1)
= p 2 . m’

where p { m. Hence U is a Sylow p-subgroup of G.
Sylow I gives another proof of Cauchy’s Theorem [2.2.5
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COROLLARY 2.3.8 (Cauchy). If p divides |G|, then G contains an element of order p.

PRrROOF. By Sylow I, G has a subgroup of order p. Hence any g # e is an element of order
pin G. U

LEMMA 2.3.9. let P be a Sylow p-subgroup of G, and let H be a p-subgroup. If H normalizes
P, i.e., if HC Ng(P), then H C P. In particular, no Sylow p-subgroup of G other than P
normalizes P.

PROOF. Because H and P are subgroups of Ng(P) with P normal in Ng(P), HP is a
subgroup. The second isomorphism theorem yields

H/HNP=HP/P.

Therefore (HP : P) is a power of p, because (H : 1) is a power of p by assumption. But we
have
(HP:1)=(HP: P)(P:1),
and (P : 1) is the largest power of p dividing (G : 1), hence also the largest power of p dividing
(HP:1). Thus (HP: P)=p"=1,and H C P. O
THEOREM 2.3.10 (Sylow II). Any two Sylow p-subgroups are conjugate.

PRroOOF. Let X be the set of Sylow p-subgroups in GG, and let G act on X by conjugation,

i.e., by
(9, P) = gPg".

Let O be one of the G-orbits. We have to show that O = X. Let P € O, and let P act through
the action of G. This single G-orbit O may break up into several P-orbits, and one of them
will be P. In fact this is the only one-point orbit because {Q} is a P-orbit if and only if P
normalizes (), which happens only for () = P, by Lemma [2.3.9. Hence the number of elements
in every P-orbit other than { P} is divisible by p, and we have

O] =1 mod p.

Suppose that there exists a P ¢ O. Then the previous argument gives that the number of
elements in every P-orbit is divisible by P, because there are no one-point orbits in this case.
So we obtain |O| = 0 mod p, a contradiction. Hence there is no P with P ¢ O, so that
0=X. O

THEOREM 2.3.11 (Sylow III). Let s, be the number of Sylow p-subgroups in G and let
|G| = p"m with pt m. Then s, | m, and s, = (G : Ng(P)) for any Sylow p-subgroup P of G.
We have

sp = 1 mod p.

PROOF. In the proof of Sylow II we already showed that s, = |O] = 1 mod p. Let P be a
Sylow p-subgroup of G. In Corollary [2.1.11] we showed that the number of conjugates of P is
(G : Ng(H)). But this is just s,. We have

(G:1)

(Ne(P) : 1)
(G:1)
(Ng(P) : P)(P:1)

m

(Na(P): P)’

(G : Ne(P)) =
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which is a factor of m. Hence s, | m. 0
COROLLARY 2.3.12. Every p-subgroup of G is contained in a Sylow p-subgroup.

PRrROOF. Let H be a p-subgroup of G, and let H act on the set X of Sylow p-subgroups by
conjugation. Because |X| = s, is not divisible by p by Sylow III, X must be nonempty by
Lemma [2.3.3] This means that at least one H-orbit consists of a single Sylow p-subgroup. But
then H normalizes P and Lemma [2.3.9| implies that H C P. ([l

COROLLARY 2.3.13. A Sylow p-subgroup P of G is normal if and only if it is the only Sylow
p-subgroup.

PROOF. Suppose that P is normal. Then, by Sylow II, P is the only Sylow p-subgroup:
another Sylow p-subgroup @ satisfies Q = gPg~' = P. Conversely, suppose that s, = 1. Then
gPg~! = P, so that P is normal. O

COROLLARY 2.3.14. Suppose that G has only one Sylow p-subgroup for each prime p dividing
|G|. Then G is a direct product of its Sylow p-subgroups.

PROOF. Let P, ..., P, be the Sylow-subgroups of G, and let |P;| = p;* with the differ-
ent primes p; which divide |G|. By Corollary each P; is normal in G, so that the
product P;--- Py is also normal in G. We shall prove by induction on k that |P;--- P;| =
pit--p. For k = 1 there is nothing to prove, so that we may assume that & > 2 and
\Py -+ Boy| = pit---py. Then P+ Py NP, =1, so that (P, -+ P,_1) Py is the direct
product of Py --- P,_y and Py, and thus has order p}' ---p*. Finally, G is the direct product
of its Sylow p-subgroups, because G is the product of them, each one is normal in G, and all
intersections P; N (P - -+ Pj_1Pj4q - - - Py) are trivial. O

EXAMPLE 2.3.15. Every group G of order 99 is commutative.

We have 99 = 3% - 11 and sy; | 9, s11 = 1 mod 11. This implies s;; = 1. Hence there is
exactly one Sylow 11-subgroup H, which is normal in G. Similarly, s3 | 11 and s3 = 1 mod 3,
so that s3 = 1. Hence there is exactly one Sylow 3-subgroup K, which is normal in G. By
Corollary 2.3.14, G = H x K, and both H and K are commutative. Hence G is commutative.

REMARK 2.3.16. The same argument shows that every group of order p?q with primes p < ¢
and ¢ # 1 mod p is commutative.

LEMMA 2.3.17. Let G be a finite group and p be the smallest prime dividing |G|. Then any
subgroup H of index p is normal in G.

PROOF. Let H be a subgroup of G such that (G : H) = p. Let G act on the set of left
cosets G/ H by left multiplication. This action is non-trivial, so that it gives rise to a non-trivial
group homomorphism

0:G— Sym(G/H) =S,.
Since the action is transitive, ker(#) is the largest normal subgroup N of G contained in H.
Suppose that N # H. We have

(G:N)=(G:H)(H:N)=p(H:N).

Since we assume that (H : N) > 1, there exists a prime ¢ dividing it. Since p is the smallest
prime dividing |G| we have p < ¢. Hence

G .
pa | (G:N) = % — im(0)] | p! = IS, .
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But pq | p! is impossible for ¢ > p, and we obtain a contradiction. Hence N = H is a normal
subgroup of G. O

We can apply this Lemma together with the Sylow Theorems to show that groups of a
certain order always have a non-trivial proper normal subgroup. hence they cannot be simple.

PROPOSITION 2.3.18. Let G be a group of order pq" for primes p < q and r > 1. Then G
18 not simple.

PROOF. Let H be a Sylow ¢-subgroup of G. Then Lemma [2.3.17| shows that H is normal.
Since |H| = ¢, this is a proper normal subgroup. O

We mention the following result of Burnside.

THEOREM 2.3.19 (Burnside 1901). Let G be a group of order p"q® for primes p < q and
r,s > 1. Then G is not simple.

This result cannot be generalized to groups of order pi'py2ps?, because |As| = 60 = 2%-3 -5,
and Aj is simple. It turns out that the smallest non-abelian simple group has order 60. The
Sylow Theorems show that there is no other simple group of order 60 besides As.

PROPOSITION 2.3.20. Every simple group of order 60 is isomorphic to As.

PROOF. Suppose that G is simple, and |G| = 60. Then s; > 2, because otherwise the Sylow
5-subgroup would be a proper normal subgroup of G. We have s5 | 12 and s; = 1 mod 5, so
that s5 = 6.

Case 1: There exists a subgroup U # G of index n = (G : U) < 5.
In this case the action of G' on the cosets G/U yields a non-trivial homomorphism

¢: G— Sym(G/U) =S,

for n < 5. Since G is simple, ker(y) must be trivial, because ¢ is non-trivial. This implies
n = 5. Then G is a normal subgroup of index 2 in Ss, so that G = A; by Corollary [1.4.8|.

Case 2: For each proper subgroup U < G we have (G : U) > 6.
We will show that this case cannot occur. Let P be a Sylow 2-subgroup of G. We have sy > 2
and sy | 15, s = 1 mod 2, so that sy = 3,5,15. Actually we have

sy = (G : Ng(P)) >6
by assumption, so that s = 15. We need a further case distinction.

Case 2a: For each two different Sylow 2-subgroups P and ) we have PN Q) = 1.
In this case we have 15(4 — 1) elements of order 2 or 4 (the non-identity elements in the 15
Sylow 2-subgroups), and 6(5 — 1) elements of order 5, from the 6 Sylow 5-subgroups. Together
we would have

(G:1)>15(4—-1)4+6(5b—1)+ 1 =70,
which is a contradiction to (G : 1) = 60.

Case 2b: There exist two different Sylow 2-subgroups P and ) of G with PN Q # 1.

Let R = PN Q. As |R| divides |P| = 4, we have |R| = 2,4. However, |R| = 4 would imply
that P = @ = PN @, a contradiction. Hence |R| = 2. Now Ng(R) # G, because otherwise
R would be a proper normal subgroup of GG, contradicting the assumption that G is simple.

The Sylow 2-subgroups are of order 4, hence commutative. So P and () are abelian, and thus
P,Q < Ng(R). Let S = (P,Q). We have S < Ng(R), and hence S # G. Also, 4 | |S], |S] | 60
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and |S] > 4, since otherwise P = Q = S, a contradiction. So |S| =12,20 and (G : 5) < & =5,
which is a contradiction to the assumption of Case 2. U

LEMMA 2.3.21. If p and q are different prime factors of |G| with s, = s, = 1, then the
elements of the p-Sylow subgroup commute with the elements of the q-Sylow subgroup.

PROOF. Let P be the p-Sylow subgroup and ) be the ¢-Sylow subgroup. Since P and @)
have relatively primes sizes, PN = 1 by Lagrange. The subgroups P and () are normal in G
by Corollary 2.3.13] For a € P and b € Q we have

aba™'bt = (aba b = a(ba” b)) e PNQ =1,
so that ab = ba. O

PROPOSITION 2.3.22. Let G be a group of order pq with primes p < q and ¢ Z 1 mod p.
Then G is cyclic.

ProoF. By Cauchy’s Theorem, GG has an element a of order p and an element b of order g.
Let P = (a) and @ = (b). These subgroups have size p and ¢, and P is a Sylow p-subgroup, @
is a Sylow ¢-subgroup. By Sylow III we have s, | ¢ and s, = 1 mod p. Since ¢ # 1 mod p we
must have s, = 1, so that P is normal in G. Similarly we have s, | p and s, = 1 mod ¢. Since
1 <p<gqandqg#1modp we must have s, = 1 as well. Therefore () is normal in G. Now we
can apply Lemma to show that the elements of P commute with the elements of Q. If
we apply this to the generators a and b, we have ab = ba, and ord(a) and ord(b) are coprime.
Hence ord(ab) = pq, and ab generates G. OJ

EXAMPLE 2.3.23. Every group of order 15 is cyclic.

PROPOSITION 2.3.24. Let G be the group GLo(F,) for p prime. Then any element of order
p in G is conjugate to an upper unitriangular matriz (§¢). The number of Sylow p-subgroups

s p+1.

PROOF. The order of G is (p> —p)(p* —1) = p(p+1)(p—1)%. Therefore a Sylow p-subgroup
has size p. The matrix (1) has order p, hence it generates a Sylow p-subgroup P, which
consists of all upper unitriangular matrices. Since all Sylow p-subgroups are conjugate, any
matrix of order p in G is conjugate to some power of (§1).

By Sylow III, the number of Sylow p-subgroups is given by (G : Ng(P)). Let us compute

Ng(P). For a matrix (%) to lie in Ng(P) means it conjugates (§1) to some power (§¢).

Since
a b (1 1\ [a b\ 1 ad — bc — ac a?
c d)\0 1) \c d " ad = be —c? ad —bc+ac)’

we see that (29) € Ng(P) precisely when ¢ = 0. Therefore Ng(P) = {(24)} in G, which has
size p(p — 1)%. Tt follows that
pp+1)(p—1)°
s, = (G : Na(P)) = 1
p ( G( )) p(p o 1)2

COROLLARY 2.3.25. The number of elements of order p in GLy(F,) is p* — 1.

ProOF. Each Sylow p-subgroup has p — 1 elements of order p. Different Sylow p-subgroups
only intersect trivially, so the number of elements of order p is (p — 1)s, = p* — 1. ([l
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After Theorem [2.2.10] we had claimed that Aff(Z/(p*) has a unique Sylow p-subgroup,

namely I'(p). We can now prove this.
PROPOSITION 2.3.26. The group Aff(Z/(p?)) for p prime has a unique Sylow p-subgroup.

PROOF. The group has order p3(p — 1), so a Sylow p-subgroup has order p*. By Sylow III
we have s, | (p — 1) and s, = 1 mod p. Therefore s, = 1. O

This unique Sylow p-subgroup I'(p) is a non-abelian group of order p3. It has an element of
order p?, namely (§1). Therefore it is not isomorphic to Heis(Z/(p)) for p > 2, since in that
case every non- 1dent1ty element of Heis(Z/(p)) has order p, see the computation after Theorem
2.2.10] Hence we have the following result.

COROLLARY 2.3.27. The groups I'(p) and Heis(Z/(p)) of order p* are non-isomorphic for
p > 2, and isomorphic for p = 2.

2.4. Semidirect products

A semidirect product of two groups is a generalization of the direct product, involving
group automorphisms. We recall that inner automorphisms of G are of the form 7,4, given by

ig(r) = grg™".
LEMMA 2.4.1. Let G be a group. Then G/Z(G) = Inn(G).

It is a homomorphism with kernel

PRrOOF. Consider the map ¢: G — Aut(G), g — i,
) = im(yp), Wthh gives the claim. O

Z(@G). By the isomorphism theorem, G/ ker (¢

~ 3

EXAMPLE 2.4.2. The inner automorphism group of Qg is isomorphic to Cy x Cs.
Since Z(Qs) = {£1}, Inn(Qs) = Qs/{£1} = Cy x Cs. In fact, Aut(Qg) =S,
LEMMA 2.4.3. Inn(G) is a normal subgroup of Aut(G).
PRrROOF. Clearly Inn(G) is a subgroup. Let g € G and a € Aut(G). Then we have
(aoigoa™)(z)=alg-a " (x) g
=afg)-z-alg)”
= la(g) (7).

DEFINITION 2.4.4. Let GG be a group. The quotient group
Out(G) = Aut(G)/Inn(G)

is called the outer automorphism group of G. If Out(QG) is trivial and G has a trivial center,
then G is said to be complete.

A group G is complete if and only if the map g — i,, G — Inn(G) is an isomorphism.
Hence a complete group is isomorphic to its automorphism group: G = Aut(G). The converse
need not be true. In fact, Dy = Aut(Dy), but D, is not complete, because it has a non-trivial
center.

Clearly an abelian groups satisfies Aut(G) = Out(G), but the converse is not true. For example,
Aut(S3) = Out(S5;) = S5, but S5 is not commutative.

We mention the following result.
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PROPOSITION 2.4.5. The group S, is complete for n # 2,6.

We have Out(Ss) = Cy, so that Sg is not complete. Also Z(S;) = Sy, and hence S5 is not
complete.

Let N be a normal subgroup of G. Each element g € GG defines an automorphism of N by
n + gng~ ', and this defines a homomorphism

0: G — Aut(N), g+ ign.

Suppose that there exists a subgroup () of GG such that the canonical homomorphism 7: G —
G/N maps @ isomorphically onto G/N. In this case we can reconstruct G from the triple

(N,Q,00). Indeed, every g € G can be written uniquely in the form g = ng with n € N and
1

q € @, where ¢ must be the unique element of () mapping to gN € G/N, and n must be gg~'.
Thus we have a one-to-one correspondence of sets
G+ N xQ.
The product of two elements g = ng and ¢’ = n’q’ is given as follows
99" = (nq)(n'q)
= n(qn'q )aq
=n-6(q)(n) - qq.

DEFINITION 2.4.6. A group G is the semidirect product of its subgroups N and @, if N is
normal and G — G//N induces an isomorphism ) — G/N. We write G = N x Q.

More precisely we write G = N x4 @, where §: Q — Aut(N) gives the action of @ on N by
inner automorphisms. Note that () need not be a normal subgroup of G.

REMARK 2.4.7. Equivalently, GG is a semidirect product of its subgroups N and @) if N is
normal in G, NQ = G, and NNQ = 1.

EXAMPLE 2.4.8. 1. In D,, forn > 2 we have N = (r) = C,, and Q = (s) = Cy with
Dn:NXmQ:Cn ><]9027
where 0(s)(r) = r—.

2. S, = A, x Cy, because A, is a normal subgroup of index 2 in S, so that Q@ = {(12)} maps
isomorphically onto S, /A,.

3. The group Cy for p prime is not a semidirect product of non-trivial subgroups, because it
has only one subgroup of order p.

4. Also Qg cannot be written as a semidirect product of two non-trivial subgroups.

We can construct the semidirect product N xg @ from two groups N and ) and a homo-
morphism 0: Q) — Aut(NV) as follows. As a set, let G = N x @), and define the composition in
G by

(2.1) (n,q)(n',q") = (n-0(q)(n'), qq").

PROPOSITION 2.4.9. The above composition law makes G into a group, which is the semidi-
rect product N Xg Q).
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PrOOF. Writing ‘n for 6(q)n we have

(n,q) (', d)(n",q") = (n- "' - “"n", qd'q")

= (n,q)((n'.q")(n",q")).

Hence the associative law holds. Because §(1) =1 and 1 = 1,
(L, 1)(n,q) = (n.q) = (n,q)(1,1).
Hence (1, 1) is an identity element. Also,
(n,a)(* n,q7) = (1,1)

= (""n.q7")(n.q),

and so (‘fln, ¢~ ') is an inverse for (n,q). Thus G is a group. It is not difficult to see that N is

a normal subgroup with QN = G and N NQ =1, so that G = N x (). Moreover, when N and
(@ are regarded as subgroups of GG, the action of () on N is that given by 6. U

REMARK 2.4.10. The direct product N x @) is isomorphic to the semidirect product N xg Q)
if and only if # is the trivial homomorphism @ — Aut(N) given by 6(q)(n) = n for all ¢ €
Q,n e N.

EXAMPLE 2.4.11. Every group of order 6 is a semidirect product, namely Cs = C5 x Cy and
53 = 03 X 02.

Indeed, there are only two homomorphisms 6: Cy — Aut(C3) = Cy. The trivial one gives
rise the the direct product C3 x C5, and the other one to C5 xg (5. In fact, it coincides with
the semidirect product D3 = C3 Xy Cy from Example [2.4.8, and we have D3 = Ss.

ExAMPLE 2.4.12. We have Isom(R"™) = T'(n) xg O,(R), where T'(n) denotes the normal
subgroup of translations, and 6 is the natural inclusion

0: O,(R) = Aut(T'(n)).
EXAMPLE 2.4.13. Ewvery non-abelian group of order p* for p > 2 is a semidirect product.

Such a group either has an element a of order p?, or it doesn’t. In the first case let N = (a),
and ) = (b) for an element b of order p. Then Aut(N) = C,_; x C,, and the second factor is
generated by the automorphism 3: a — a'*?. We have 5*(a) = a*™*?. Define 0: Q — Aut(N)
by b — (. The group G := N Xy @) has generators a, b and defining relations

a”’ = 1, P =1, bab~! =o',
It is isomorphic to the group I'(p).

In the second case, take two different elements a, b of order p, and let N = (a, b) be the product
of the cyclic groups (a) and (b). Let @ = (c¢) with another element ¢ of order p. Define
0: Q — Aut(N) to be the homomorphism such that

0(c')(a) = ab’, 6(c")(b) = b.
The group G := N X4 @ is of order p?, with generators a, b, ¢ and defining relations
a? =W =c’ =1, ab=cac', [b,a] = [b,c] =1,

where [g, h] := ghg~'h™! denotes the commutator of two elements. This group is isomorphic
to Heis(Z/(p)). For p > 2 it does not have an element of order p?>. When p = 2, then G = Dy,
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which does have an element of order 22.

We can now extend Proposition [2.3.22]

PROPOSITION 2.4.14. Let G be a group of order pq with primes p < q. If ¢ Z 1 mod p, then
G = Cpq. If g =1mod p, then G is isomorphic to either C,q, or to the non-abelian group

{(8 [1)) lae(Z)(q)",beZ/(q),a’ =1mod q} >~ (C, % C,.

PRrROOF. Let P be a Sylow p-subgroup of GG, and @) be a Sylow g-subgroup of G. We have
P=C, Q=C,and (G : Q) = p, which is the smallest prime dividing (G : 1). By Lemma
, @ is normal. Because P maps bijectively onto G/Q, we have that G = @ x P. Since
Aut(Q) = Cy—1 we obtain G = Q x P = C, x C, = Cpy, unless p | (¢ — 1), i.e., ¢ = 1 mod p.
In that case the cyclic group Aut(Q) has a unique subgroup A of order p. In fact, A consists
of the automorphisms z + z* for i € Z/qZ with i = 1. Let a and b be generators of P and Q
respectively, and let the action of a on @ by conjugation be x — 7 with j # 1 in Z/qZ. Then

G={(a,b|a’=0b"=1, aba™' =¥,

which is the semidirect product @) x P with this action of P on ) by conjugation. Choosing a
different j amounts to choosing a different generator a for P, and so gives a group isomorphic

to GG. By definition, this group is non-abelian. In fact it is isomorphic to the subgroup of
Aff(Z/(q)) given above. O

The semidirect product of C3 and Cj given by the unique non-trivial homomorphism
0: 04 — Aut(Cg) = Cg,

namely the one sending a generator of Cy to the map a — a2, gives a non-abelian group Cs x4 C,
of order 12. There are only two more non-abelian groups of order 12, namely the obvious direct
product Cs x S3, and the alternating group Ajy.

PROPOSITION 2.4.15. There are 5 different groups of order 12, namely C1o and Cy x Cg
and the three non-abelian groups Cy x Ss, Ay and C3 x Cy.

PRrROOF. Let GG be a group of order 12, and let P be a Sylow 3-subgroup. We may assume
that G is non-abelian.

Case 1: Assume that P is not normal. Then P does not contain a non-trivial normal subgroup
of GG, and so the action on the left cosets

v: G — Sym(G/P) = S,

is injective, and its image is a subgroup of order 12 in S;. By Sylow III, s3 = 4, so that G
has exactly 8 elements of order 3. But all elements of Sy of order 3 are in Ay, and so p(G)
intersects A, in a subgroup with at least 8 elements.. By Lagrange’s Theorem ¢(G) = Ay, and
so G = A,

Case 2: Assume that P is normal. Then G = P x ) with a Sylow 2-subgroup ) of order
4. Either Q = Cy or Q = Cy x Cy. In the first case there is a unique non-trivial map
Q = Cy — Aut(P) = Oy, and hence we obtain the group C3 Xy Cy from above. In the second
case there are exactly 3 non-trivial homomorphisms 6: @ — Aut(P), but the three groups
resulting are all isomorphic to S3 x Cy with Cy = ker (). O
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REMARK 2.4.16. Note that
Aff(Z/(6)) = Dg = D3 x Cy = S3 x Cy,
and
PSLy(F3) = Ay.
Indeed, PSLy(F3) has no normal Sylow 3-subgroup, and hence is isomorphic to A4 by the above
proof.

PROPOSITION 2.4.17. Let G be a group of order 2p™,4p", or 8p" for an odd prime p. Then
G is not simple.

PROOF. Let |G| = 2™p™ with 1 < m < 3, P be a Sylow p-subgroup of G, and N = Ng(P),
so that s, = (G : N). By Sylow III we have s, | 2™ and s, = 1 mod p. If s, = 1, then P is
normal and G is not simple. Hence s, =4 or s, = 8.

Case 1: s, =4, m > 2 and 4 = 1 mod p, i.e., p = 3. The action by conjugation of G on the
set of Sylow 3-subgroups defines a homomorphism G — Sy, which must be injective, because
G is simple. Therefore 23" = |G| | 4!, and hence n = 1. Now a Sylow 2-subgroup ) has index
3, and so we have a homomorphism ¢: G — Sym(G/Q) = S;. Then ker(y) is a non-trivial
normal subgroup of G, because |G| =23 > 12, and G is not simple.

Case 2: s, =8, m =3 and 8 =1 mod p, i.e., p = 7. As before we obtain 8" = |G| | 8!, hence
n =1 and |G| = 56, s; = 8. Therefore G has 48 elements of order 7, and so there can be only
one Sylow 2-subgroup, which must be therefore normal. Hence G is not simple. 0
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Solvable and nilpotent groups

3.1. Subnormal series

DEFINITION 3.1.1. Let G be a group. A chain of subgroups
G=G2G1 222G 2G 226G, =1
is called a subnormal series if GG; is normal in G;_; for every i. If in addition G; is normal in G
for all 4, then it is called a normal series.
The quotient groups G;/G;;1 are called the factors of the series, and the length of the series
is the number of strict inclusions. We also write
G=Gy>G>--->pG>Gi>---pGE, =1

for a subnormal series. Instead of a descending series, it can be also written as an ascending
series

1=GyaG1a---aG; <0G 926G, =G.
The only difference is the indexing.

DEFINITION 3.1.2. A subnormal series of a group G is called a composition series, if all
quotient groups are non-trivial and simple.

In other words, a subnormal series is a composition series if it has no proper refinement
that is also a subnormal series. Here refinement means that every subgroup in the first series
appears as a term in the second (refined) series.

REMARK 3.1.3. Every finite group admits a composition series (usually many): choose
(G to be a maximal proper normal subgroup of G; then choose G5 to be a maximal proper
normal subgroup of G7; and continue this way. An infinite group may or may not have a
finite composition series. Every simple infinite group S has a finite composition series, namely
S = Syp> 51 = 1. The infinite cyclic group C, has no finite composition series. Any finite series
must have cyclic factors, and at least one of the factors must be infinite cyclic, and therefore
cannot be simple.

EXAMPLE 3.1.4. 1. The symmetric group Sz has a composition series

Ss> Az > 1
with factors Cy, Cs.
2. The symmetric group Sy has a composition series

Sy Ay Vi ((12)(34)) > 1,

where Vy = Cyx Cy consists of {(1), (12)(34), (13)(24), (14)(23)}. The factors are Cy, Cs, Cy, Cs.
3. For n > 5 the symmetric group S,, has only one composition series, namely

S, > A, > 1.

31
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The only normal subgroups of S, are S,, A, and 1, see Corollary and A, is simple for
n > 5.

The following theorem is the analogue of unique prime factorization for composition series.

THEOREM 3.1.5 (Jordan-Hélder). Let G be a non-trivial finite group. If
G:G01>G11>"'1>GS: 1,
G=Hy>pHi>--->H; =1,

are two composition series for G, then s =t and there is a permutation © of {1,2,...,s} such
that

Gi/Git1 = Hry/ Hrgiy11
for1 <i<s.
PrROOF. We use induction on |G|. In case that H; = Gy, we have two composition series for
G, to which we can apply the induction hypothesis. So we may assume that H; # G. Because

G and H, are both normal in G, the product G;H; is normal in G. It properly contains both
G and H;y, which are maximal normal subgroups of GG, and so G = G H,. Therefore we have

(31) G/G1:GlHl/Glng/(GlﬂHl):Hl/Kg,
(32) G/H1 :GlHl/ngGl/(Glr\lHl):Gl/KQ,

with Ky := G N H;y, which is a maximal normal subgroup in both G; and H;. Choose a
composition series

Koo K-> K, = 1.

Denote by Q(Go> Gy > --->Gy) the set of factors G;/G;41, and write Q(S) ~ Q(S5’), if one set
is a rearrangement of the other. On applying the induction hypothesis to G; and H; and the
composition series

G>G1>Ga> G- Gy,
GoGi> Ko K-> K,
Go Hi>Hy> Hy> - > Gy,
we find that

QG>Gi> > Gy) ={G/G1,G1/G2,G2/Gs,...,Gs_1} (definition)
~{G/G1,G1 /Ky, K3/K3, ..., K,—1} (induction)
~{H /Ky, G/Hy, Ky /K, ... K.} (31),(32)
~{G/H\,H, /Ky, K3/K3,...,K,—1} (reorder)
~{G/H\,H,/Hy,Hy/Hs,...,H;1} (induction)
=Q(Gr Hy>Hy> Hy> -+ > Hy) (definition).

EXAMPLE 3.1.6. Consider the following two decomposition series for Dg:
Dg (r) > (r*) > 1,
Dg (r®,s) > (r¥) > 1.
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With the notations of the Jordan-Holder Theorem we have the isomorphisms

Hy/Hy = Gq /Gy = Cs,

Hy/Hy = Gy/Gy = Oy,

Hy/Hs = Goy/Gy = Cs.
Hence the Theorem applies with m = (13).

REMARK 3.1.7. This theorem was proved by Jordan in 1873, in the weaker form that (G; :
Gi+1) = (Hr@) : Hr()41) for a suitable permutation 7. That the quotient groups themselves
are isomorphic was proved by Holder 16 years later.

Roughly speaking, the Jordan-Holder Theorem says that a group determines its composition
series. The converse is not true in general. For example, the non-isomorphic groups D, and
Cyp for a prime p both have composition series of the same length with the same factors Cs
and C, i.e.,

D, (ry>1, Cy>Cyr1.

3.2. Solvable groups
A subnormal series whose factors are all commutative is called a solvable series.
DEFINITION 3.2.1. A group G is called solvable, if it has a solvable series.

The term “solvable” comes from Galois theory, where it is shown that polynomials in Q|x]
whose roots can be described in terms of nested radicals are precisely those whose Galois
groups are solvable groups in the above sense. Speakers of British English use soluble instead
of solvable.

EXAMPLE 3.2.2. The group S, is solvable for n < 4.
This follows from Example|3.1.4]

Consider the subgroups

a b y _ 1t
B:{(O d)|a,d€K,beK}, U_{(O 1)|teK}

of GLy(K) for a field K. Then U is a normal subgroup of B, because we have

a b\ (1 t\ [a b\ (1«
0 d)\0 1)\0 d ~\0 1)
and both B/U = K* x K* and U = (K, +) are abelian. So we have:
EXAMPLE 3.2.3. The group B is solvable, with solvable series B> U 1.

PROPOSITION 3.2.4. Every subgroup and every quotient group of a solvable group is solvable.

Proor. Let GG+ -->G), be a solvable series for GG, and let H be a subgroup of G. The
homomorphism H N G; — G;/G;;1 given by x — G, has kernel
(H N Gl) N GiJrl = H N Gi+1.
Therefore H N G;41 is a normal subgroup of H N G;, and the quotient (H NG;)/(H N Gi4q) is
abelian, because it injects to G;/G;.1, which is abelian. Altogether this shows that

He(HNGy)>--->(HNG,)
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is a solvable series for H.
Let N be a normal subgroup of G. We will construct a solvable series for G/N from the solvable
series of G. We have NG;> NG, 1, since N and G;,1 normalize NG; inside G. We obtain the
normal series
G =NGy>NGy>--->NG,, = N.
We can reduce this series modulo N to obtain
G=G/N>G>-->G, = {1},

Where_@i_: (NG))/N = G;/(N N G;). The natural map G; — G, is onto, so the map
G; — G;/Gi11 is onto and kills G411, so G;/G;11 is a quotient group of G; /G4 for all ¢, hence
abelian. We have shown that the above series is a solvable series for G/N. O

PROPOSITION 3.2.5. Let N be a normal subgroup of G and assume that N and G/N are
solvable. Then G s solvable.

PROOF. Let G = G/N and

GoGip-- G, =1,

N>Ni>---> N, =1
be solvable series for G and N. Let G; be the inverse image of G; in G, i.e., with G; — G;
under the natural map G — G/N. Then we have

Gi/Git1 = Gi/Gip,
and so

GoGi>--->G,=N>Ni>--->N,

is a solvable series for G. O

COROLLARY 3.2.6. A finite p-group is solvable.

PROOF. Let G be a non-trivial p-group. We use induction on the order of G. Since Z(G)
is non-trivial by Proposition the induction hypothesis gives that G/Z(G) is solvable.
Clearly Z(G) is solvable, because it is abelian. Then G is solvable by Proposition m ([l

A solvable group G has a canonical solvable series, namely the derived series. It is in fact
the shortest solvable series for GG. Let us recall first that the commutator of two elements z, y
in a group G is given by

[z, y] == wya ™y~ = (y)(ya)
Thus [x,y] = 1 says that z and y commute, i.e., xy = yz.

DEFINITION 3.2.7. Let G be a group. The derived subgroup, or commutator subgroup of G
is the group generated by all commutators of G. It is denoted by G’, or by [G, G].

Note that G’ need not consist only of commutators. It is only generated by commutators.
EXAMPLE 3.2.8. 1. A group G is abelian if and only if G' = 1.
2. For n > 3 we have D!, = (r®), where [r,s] = r(sr~ts7!) =r?.

3. For n > 5 we have A, = A, since [(abd), (ace)] = (abe) for distinct a,b,c,d,e, and A, is
generated by all 3-cycles.

4. We have A = Vy, which is the normal Sylow 2-subgroup of Ay.
5. The derived group of Qs is Qs = {£1} = Z(Qs).
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It turns out that G’ is normal in G. Indeed, any automorphism ¢ € Aut(G) maps the
generating set for G’ to G’, because of

o([z,y]) = playz~'y ™)
= p(x)e(y)p(x) ly) ™
= [p(z), p(y)].

Hence ¢(G') C G', and G’ is a “characteristic” subgroup. Taking ¢ inner shows that G’ is
normal in G.
We remark that a subgroup H < G is called characteristic, if o(H) C H for all p € Aut(G).

PROPOSITION 3.2.9. The commutator subgroup G’ is the smallest normal subgroup of G
such that G/G' is abelian.

ProOF. We first show that G/G’ is abelian. The canonical homomorphism 7: G — G /G’
maps g to g = gG'. We have

[9,h] = [g,h] =1
for all g, h, since [g, h] € G’. Hence all g, h in G/G’ commute.
let N be another normal subgroup of G such that G/N is abelian. Then the image of [g, h] in
G/N is trivial again, and so [g, h] € N. Since these elements generate G', we have N O G'. [

EXAMPLE 3.2.10. For n > 5 we have S, = A, because A,, is the smallest normal subgroup
of S, with an abelian quotient.

DEFINITION 3.2.11. The derived series of a group G is given by
G=G9raVpa?@y...
where G0V =[G GO] = (GDY for all i.

So we have G = GO0, G' = GV, G” = G?, and so on. This normal series may not end
with the trivial group. By Example [3.2.8 and Example |3.2.10| we know that the derived series
of S,, is given by

SnDAnEAnIZ

Indeed, it turns out that a group G is solvable if and only if its derived series ends with the

trivial group.

PROPOSITION 3.2.12. A group G is solvable if and only if G =1 for some s > 0.

PRrROOF. If G = 1, then the derived series clearly is a solvable series for G. Conversely,
let

G:G0|>G1I>"'I>Gs:1
be a solvable series for G. Because G/G; is abelian, G; O G’ by Proposition Now G'Go
is a subgroup of GG, and from
G'/(G'NGy) = G'Ge /Gy C Gy/Ge
we see that the commutativity of G;/G9 implies that G'/(G' N G3) is abelian, and hence that
G" C G'NG4y C G4. Continuing this way, we find that G® C G, for all i, and hence G® = 1. O

The second part of the proof shows that the derived series of a solvable group is its shortest
normal abelian series.
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DEFINITION 3.2.13. The least i such that G® is trivial, or equivalently the number of
factors in the derived series, is called the solvable length (or derived length) of G.

The only group with solvable length 0 is the trivial group. Solvable length 1 means the
group is non-trivial and abelian. Solvable length 2 means the group is non-abelian but its
commutator subgroup is abelian.

EXAMPLE 3.2.14. 1. For the Heisenberg group G = Heis(R) over a commutative ring R with
unit, we have G' = Z(Q), which is abelian. Hence G" =1, and its derived series is

GGG =1,
It has length 2.
2. For n > 3 the dihedral group D, has solvable length 2, with derived series D,, > (r*) > 1.
3. Sy has solvable length 3, with Sy Ay> Vi 1.

We want to conclude this section with two famous Theorems on finite solvable groups.
THEOREM 3.2.15 (Burnside 1904). If |G| = p®q® for primes p and q, then G is solvable.

Burnside’s original proof used representation theory. A purely group-theoretic proof of the
Theorem was found in the early 1970s. The next Theorem is the deepest result about solvability
of finite groups and illustrates the special role of the prime 2 in finite group theory.

THEOREM 3.2.16 (Feit-Thompson 1963). Every finite group of odd order is solvable.

The proof is 255 pages long and occupies an entire volume of the Pacific Journal of Mathe-
matics [6].

3.3. Nilpotent groups

DEFINITION 3.3.1. An ascending series
1:G0§G1§G2§"'§Gn:G

is called an ascending central series for G if G; < G and G,;41/G; € Z(G/G;) for all i. A
descending series
is called a descending central series for G if G; < G and G;/Giv1 € Z(G/G,41) for all 4.

We need G; < G to make sense of G/G; as a group. Note that it implies that G; is normal
in Gi+1 for all 4.

DEFINITION 3.3.2. The ascending series
1C Z1(G) C Zo(G) C - -
defined by Z,(G) = Z(G) and Z;(G) recursively defined by
2i1(G)/Z(G) = Z(G/ Zi(G))
for all © > 0 is called the upper central series for G, if it terminates in G. The descending series
G'=GD2G'2G D
defined by G° = G and G = [G, G;] = |G, G] for all i > 0, is called the lower central series

for G if it terminates in 1.
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Here g € Z;11(G) if and only if [g, 2] € Z;(G) for all x € G.
One has to check that both series, if they terminate, are indeed central series. This is clear for
the upper central series, because the center of a group is a normal subgroup, so that

Zin1(G)/2:(G) = 2(G/Zi(G)) 2 G/ Zi(G),
so that Z;,1 < G for all 7. Furthermore the second requirement is satisfied by definition. For
the lower central series it follows from the next Lemma.
LEMMA 3.3.3. Let G be a group.

(1) If H < G then H* < G for all i > 0.

(2) If o: G — K is a surjective homomorphism, then o(G') = K' for all i > 0.

(3) G' is a characteristic subgroup of G for all i > 0, hence G; < G.

(4) We have G'/G' C Z(G/G*) for all i > 0.

PROOF. (1): we use induction on i. We have H* = H < G = G°. If we assume H' < G,
then this together with H < G gives
[Hi,H] — Hi+1 < GiJrl — [Gl,G}
(2): we use induction on 7. We have p(G°) = ¢(G) = K = K°. Suppose that ¢(G") = K. If
r € G" and y € G, then

p([z,9]) = [p(2), e)] € [p(G),(G)] = [K", K] = K",
so (G = (|G, G]) = K. On the other hand, if a € K* and b € K, then a = ¢(z) and
b= ¢(y) for some z € G and y € G. So
[a,0] = [p(x), e(y)] = @[z, 9]) € o([G", G]) = p(G").
Thus K = [K', K] < p(G™1). Together we have ¢(G*™) = K+
(3): If ¢ € Aut(G), then ¢ is surjective so that ¢(G?) = G by (2).
(4): If x € G" and y € G, then [z,y] € G, so Gz and Gy commute for all such z and
y, thus G'/G" C Z(G/G™1) for all i > 0. O
LEMMA 3.3.4. Let
G=Gy2G,2G,2---2G, =1
be a central series for G. Then we have for alli > 0,
G' <Gy, Zi(G)> Gy
ProoF. This can be proved by induction on i. We will leave this to the reader. 0
PROPOSITION 3.3.5. The following conditions are equivalent for a group G:
(1) G° =1 for some ¢ > 0.
(2) Z.(G) = G for some ¢ > 0.
(3) G has a central series.
PRrOOF. If G has a central series (G;) of length n, then
G'"<G,=1, Z,(G)>Gy=G.

Hence (3) implies both (1) and (2). If Z.(G) = G, then the upper central series is a central
series, so that (2) implies (3). If G¢ = 1 for some ¢ > 0, then the lower central series is a central

series by Lemma [3.3.3] hence (1) implies (3). O
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Note that we have G° = 1 if and only if Z.(G) = G.

DEFINITION 3.3.6. A group G is called nilpotent, if it satisfies one of the three properties
of Proposition [3.3.5, The least integer ¢ then is called the nilpotency class of G.

Only the trivial group 1 has class 0, and the groups of class 1 are exactly the abelian groups.
A group G is nilpotent of class 2 if and only if G/Z(G) is abelian and non-trivial.

REMARK 3.3.7. Let G be a non-trivial nilpotent group. Then Z(G) is non-trivial, because
otherwise there is no ¢ such that Z.(G) = G.

PRrROPOSITION 3.3.8. Fuvery nilpotent group is solvable.

PROOF. A normal series that is central is abelian, so nilpotency implies solvability. Alter-
natively, G® < G for all i > 0, so that G° = 1 implies G¢ = 1. O

The converse of this result is not true.
ExAMPLE 3.3.9. Let n > 3 be an odd integer. Then D, is solvable, but not nilpotent.

For odd n > 3 we have D) = (r) for all ¢« > 3. Hence there is no ¢ such that DS = 1.
Actually it turns out that D, is nilpotent if and only if n is a power of 2.

PROPOSITION 3.3.10. Every group of order p* for a prime p is nilpotent of class ¢ < 2.

PRrROOF. If G is abelian, then ¢ = 1. If G is non-abelian then G’ = Z(G) and |Z(G)| = p
by Proposition [3.2.9 and Proposition [2.2.10, Hence G” = 1. O

In particular, Qg, Dy, Heis(Z/(p)) and I'(p) are nilpotent of class 2.
PROPOSITION 3.3.11. Every finite p-group is nilpotent.

PROOF. Let |G| = p™. We use induction on n. For n = 0, G is trivial, and hence nilpotent.
Otherwise we have Z(G) # 1 by Remark [3.3.7] Hence G/Z(G) is a p-group of smaller order, so
that by induction it is nilpotent, say (G/Z(G))¢ = 1. Denote by 7 the natural homomorphism
7: G — G/Z(G). By Lemma [3.3.3] part (2), we have

m(G°) = (G/Z(G))° = 1.
Hence G¢ < ker(w) = Z(G). Thus
G =[G4, G) < [Z(G),G] = 1.
0

PROPOSITION 3.3.12. Subgroups and homomorphic images (hence also quotients) of nilpo-
tent groups are nilpotent.

PROOF. Let G be nilpotent with G° =1, and H < G. Then H® < G° =1 by Lemma [3.3.3]
part (1). Hence H® = 1 and H is nilpotent. Let ¢: G — K be a surjective homomorphism.
Then K¢ = p(G°) = ¢(1) = 1 by Lemma [3.3.3] part (2). O

REMARK 3.3.13. Note that if N and G/N are nilpotent, G need not be nilpotent. For
G = 53 and N = A3 we have that A3 and S3/A3 are abelian, hence nilpotent. But Ss is not
nilpotent, because Z(S3) = 1. Another example is G = D,, and N = (r) for n > 3 odd, see
Example [3.3.9

The next result gives a setting where nilpotency of N and G/N implies nilpotency of G.
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PROPOSITION 3.3.14. Let N be a normal subgroup of G such that N C Z;(G) for some
i > 0. If G/N is nilpotent, then G is nilpotent.
PROOF. Let Z; = Z;(G). Now G/Z; is nilpotent by Proposition [3.3.12] since it is a quotient
of G/N. We see that
Zi|Zi C Zia |2 € Zin ) Z; € - S G Z;
is the upper central series for G/Z;. Because G/Z; is nilpotent we must have Z;/Z; = G/Z; for
some j > 1, so Z; = G for some j. Thus G is nilpotent. 0

Note that Z; is nilpotent, so that N C Z; is also nilpotent. So the nilpotency of N is
included in the assumptions as well.

LEMMA 3.3.15. Let G be a finite group and P a Sylow p-subgroup. Let H < G with
H O Ng(P). Then Ng(H) = H. In particular we have Ng(Ng(P)) = Ng(P).

PROOF. Let g € Ng(H). Then gHg™' = H, and H D gPg~ ! = Q. The group Q is a Sylow
p-subgroup of H. By Sylow II we have hQh™! = P for some h € H, and hence
(hg)P(hg)™" = h(gPg " )h™" C P.
It follows that hg € Ng(P) C H, so that g € H. This shows Ng(H) C H C Ng(H). O

We obtain another characterization of finite nilpotent groups.

PROPOSITION 3.3.16. Let G be a finite group. The following conditions on G are equivalent.

(1) G is nilpotent.

(2) For every proper subgroup H of G we have No(H) # H.
(3) Every Sylow subgroup of G is normal.

(4) G is a direct product of its Sylow subgroups.

PROOF. (1) = (2) : Let H be a proper subgroup of G, and n > 0 the largest integer with
Z,(G) C H, and Zy(G) = 1. Because G is nilpotent, there is an a € Z,,11(G) with a ¢ H. For
each h € H the cosets aZ,(G) and hZ,(G) commute in G/Z,(G), so that

aha™'h™' € Z,(G) C H,
and hence aha™" € H. Thus a € Ng(H) \ H and Ng(H) # H.

(2) = (3) : Let P be a Sylow p-subgroup of G. We have N,(Ng(P)) = Ng(P) by Lemma
3.3.15| Hence (2) implies that Ng(P) is not a proper subgroup of G, i.e., we have Ng(P) =G
and P is normal.

(3) = (4) : This has been shown in Corollary [2.3.14
1)

3
(4) = (1) : Each Sylow subgroup is a p-group and hence nilpotent by Proposition|3.3.11, Then
G = P, X --- x P, is the direct product of nilpotent groups, and hence nilpotent: it is easy to

see that

=
=

Zm(GQ) = Zp(Pr) X -+ X Zp(Py)
for all m > 0. Now choose m large enough such that Z,,(P;) = P, for all i. Then Z,,(G) = G,
and G is nilpotent. ([l

COROLLARY 3.3.17. Let G be a nilpotent group of order n. Then G has a subgroup of order
d for every positive divisor d | n.
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PROOF. Let d = pi' - - pi* be the prime decomposition of the divisor d. For each factor py*
there is a Sylow p-subgroup of order p;’. The product of these subgroups has order d, because
G is the direct product of its Sylow subgroups. O

In other words, finite nilpotent groups satisfy the converse of Lagrange’s Theorem. We
finish this section by introducing the Frattini subgroup, which is of significance in many parts
of group theory.

DEFINITION 3.3.18. The Frattini subgroup ®(G) of a group G is the intersection of all of
its maximal subgroups.

If G is an infinite group with no maximal subgroups, then ®(G) = G.

LEMMA 3.3.19 (Frattini’s argument). Let H be a normal subgroup of a finite group G, and
let P be a Sylow p-subgroup of H. Then G = H - Ng(P).

PROOF. Let ¢ € G. Then gPg~! C gHg ' = H, and both gPg~! and P are Sylow p-
subgroups of H. According to Sylow II, there is an h € H such that gPg~' = hPh™!, and it
follows that h™'g € Ng(P) amd so g € H - Ng(P). O

We obtain the following result characterizing finite nilpotent groups.

PrRoPOSITION 3.3.20. A finite group is nilpotent if and only if every mazimal proper sub-
group s normal.

PROOF. Let GG be nilpotent, and H be a proper subgroup of G. By Proposition |3.3.16| part
(2) we have H G Ng(H). If H is maximal, then this implies Ng(H) = G, so that H is normal
in G.
Conversely, suppose every maximal proper subgroup of GG is normal. We will show that all
Sylow subgroups are normal, and hence G is nilpotent by Proposition [3.3.16| part (3). Assume
that a Sylow subgroup P is not normal in G. Then there exists a maximal proper subgroup

H S G containing Ng(P). Being maximal, H is normal, and so Frattini’s argument shows that
G = H - Ng(P) = H, which is a contradiction. O

PROPOSITION 3.3.21. Let G be a finite group. The Frattini subgroup ®(G) is nilpotent.

PROOF. Let P be a Sylow subgroup of ®(G). We will show that P is normal, so that G
is nilpotent by Proposition part (3). Frattini’s argument gives G = ®(G) - Ng(P). If
Na(P) # G then there is a maximal proper subgroup M of G with Ng(P) € M & G. By
definition ®(G) < M. Hence

contrary to the above. Therefore Ng(P) = G and P is normal in GG, and hence also normal in
O(G). OJ

REMARK 3.3.22. Let GG be a finite group. One can show that the following conditions on
G are equivalent.

(1) G is nilpotent.
(2) G' < 9(G).
(3) G/®(G) is nilpotent.
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3.4. Lagrangian groups
Since the converse of Lagrange’s theorem is false in general, one might ask which finite

groups satisfy the converse, and which groups do not. Let us say that a group G is Lagrangian
if it does satisfy the converse Lagrange theorem.

DEFINITION 3.4.1. A finite group G is called Lagrangian if and only if for each positive
divisor d of |G| there exists at least one subgroup H < G with |H| = d.

We have already seen that finite nilpotent groups are Lagrangian.
PROPOSITION 3.4.2. Finite nilpotent groups are Lagrangian.
Lagrangian groups are related to a special type of solvability.

DEFINITION 3.4.3. A group G is called supersolvable if it has a normal series with cyclic
factors.

Clearly supersolvable groups are solvable, but the converse need not be true.
EXAMPLE 3.4.4. 1. The group Ay is solvable but not supersolvable.
2. All dihedral groups D,, are supersolvable.

In fact, A4 has no cyclic normal subgroup, so there is no way it can have a normal series
where all successive quotients are cyclic. The factors of its derived series for D,, are Cy and C,,,
hence cyclic.

The class of Lagrangian groups lies between the class of supersolvable and solvable groups, see
[3].

THEOREM 3.4.5. Lagrangian groups have the following properties.

(1) Every Lagrangian group is solvable.
(2) Ewvery supersolvable group is Lagrangian.

The inclusions are strict. In fact, every group G = Ay x H with a group H of odd order
is solvable, but not Lagrangian; and for any Lagrangian group G, the group (A4 x Cy) X G is
Lagrangian, but not supersolvable. Let us show that A, is not Lagrangian. This is the classical
counterexample to Lagrange’s Theorem.

LEMMA 3.4.6. Let H be a subgroup of G with (G : H) = 2. Then g* € H for all g € G.

PROOF. We have G = HUaH for all a € G\ H. Thus a®?H has to be H or aH. The second
case is impossible since a’?H = aH would imply aHH = H, and hence a € H; a contradiction.
Hence a?H = H. Since h?H = H anyway for all h € H, it follows that ¢g?H = H for all g € G.
This is the claim. 0

PROPOSITION 3.4.7. The group Ay of order 12 has no subgroup of order 6. Hence Ay is not
Lagrangian.

PROOF. Assume that H < A, is a subgroup with |H| = 6. Let g be any 3-cycle in Ay.
Then ¢ € H by the Lemma. Furthermore ¢® = e, so that g = ¢g* = (¢*)? € H. But there are
eight 3-cycles in Ay, so that |[H| > 9, a contradiction. O

PROPOSITION 3.4.8. The group As of order 60 has no subgroup of order 30. Hence As is
not Lagrangian.



42 3. SOLVABLE AND NILPOTENT GROUPS

PROOF. Assume that H < Aj is a subgroup with |H| = 30. Then there exists a 3-cycle g
which is not in H, because otherwise H would contain all 3-cycles which generate As, so that
H = As, a contradiction. But as before ¢?> € H so that ¢* = g € H, a contradiction. 0

REMARK 3.4.9. In fact, no group S,, or A, with n > 5 is Lagrangian. This follows from the
fact that A,, and S,, are not solvable for n > 5.

Another condition for a group to be Lagrangian is the index of the center. We have the
following result, see [4].

PropoSITION 3.4.10. If (G : Z(@G)) < 12 then G is supersolvable, hence Lagrangian.
The group A4 shows that the above result is best possible. We have (A4 : Z(A4)) = 12.

PropOSITION 3.4.11. If |G| is odd and (G : Z(G)) < 75 then G is supersolvable, hence
Lagrangian.

There is exactly one non-abelian group Gz of order 75 = 3 - 52. Tt has trivial center, and
no subgroup of order 15. Hence it is not Lagrangian. This shows that the above result is best
possible.

In [4] the following result is shown:

PRrROPOSITION 3.4.12. If |[G,G]| < 4, then G is supersolvable, hence Lagrangian.
Again A, shows that this result is best possible.

ProPOSITION 3.4.13. If |G| is odd and ||G,G]| < 25, then G is supersolvable, hence La-
grangian.

In fact, [G7s, Grs] =~ Cs x Cs has order 25, so that this result is best possible.
Denote the number of different conjugacy classes of G' by k(G).

ProprosiTION 3.4.14. If % > %, then G is supersolvable, hence Lagrangian.
k\(fﬁl) = % the result is best possible. It means that if the average size of a
conjugacy class of G is less than 3, then G is Lagrangian.

Because of

PROPOSITION 3.4.15. If |G| is odd and % > %, then G is supersolvable, hence Lagrangian.

k(Grs)
|G75]

In fact, = %, so that the result is best possible.

Finally, let us mention a result of Pinnock (1998), which is related to Burnside’s p®q®-theorem
on the solvability of groups of such order.

PROPOSITION 3.4.16. Let G be a group of order pq® with primes p, q satisfying ¢ = 1 mod p.
Then G is supersolvable, hence Lagrangian.
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Free groups and presentations

In combinatorial group theory one describes groups by generators and defining relations,
which give a presentation. If a group is given by a presentation, then there hold no other
relations except the given ones and those implied by the group actions. For example, D,, has
generators r and s, and defining relations ™ = s? = e and srs~! = r~!. Hence a presentation
of D,, would be

2

D, ={r,s|r"=s"=e,srs ' =r1).

Presentations turn out to be very useful for describing many groups, but they also have dis-
advantages. In general it is impossible to analyze a group by a presentation. For example we
cannot decide whether or not a group given by a presentation is finite, trivial or even abelian.
It has been proven that there are no algorithms to decide this. In some cases it is possible, but
difficult and not obvious at all. For example, it is known that the so-called Wicks group

(z,y | 2%y'a’y" = 2*y’a"y® = e)

is isomorphic to C7;. On the other hand, without context it may be difficult to recognize
well-known groups from one of its presentations. The group

{a,b|a®=b*=¢e)

is in fact isomorphic to the modular group PSLo(Z). This is an infinite group. One can choose

(-1 1 - 0 1
T -1 0)"7\-1 0/
The Tits group is given in terms of generators and relations by
{a,b| a* = b* = (ab)"® = [a, ]’ = [a, bab]* = (ababababab™')® = e).
It is a finite simple group of order
2! 3% 5% 13 = 17971200.

Of course, we need to define presentations in terms of generators and relations more formally.
For this we need to discuss free groups first.

4.1. Free groups

In most algebraic contexts a free object is an object which has a free basis.

DEFINITION 4.1.1. A subset S of a group F' is said to be a free basis for F, if every function
p: S — G to a group G can be extended uniquely to a homomorphism ¢: F' — G, such that
o(s) = p(s) for all s € S. A group F is said to be a free group if there is some subset which is
a free basis for F.

43
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Sty |

|
\@\V‘;
G

The diagram commutes, i.e., we have ¢ = ¢ o 1. We shall see later that S must generate F', so
that we will also say that F' is freely generated by S.

EXAMPLE 4.1.2. 1. The infinite cyclic group Coo = {a) = {a’ | j € Z} is a free group with
free basis S = {a}.

2. The trivial group is a free group with the empty subset as free basis.

3. Not all groups are free. The additive groups Z/nZ are not free for n > 2.

If : S — G is any function, say p(a) = g € G then p extends uniquely to a homomorphism
¢: Cy — G by defining p(a’) = ¢ for all j € Z. Note that Cy, has another free basis, namely
S = {a~'}, but no other ones.

Assume that Z/nZ is free with free basis S. Then S is non-empty because of n > 2. Let
x € S and consider the map sending x to 1 € G = Z. It cannot be extended to a group
homomorphism from Z/nZ to Z, because every such homomorphism maps Z/nZ to zero.

By a word on S we mean an expression of the form

ail P azk
with a; € S and ¢; = 1. A word on S is said to be (freely) reduced if it does not contain
a subword of the form aa™! or of the form a 'a; such substrings are called inverse pairs of
generators. If we start with any word w by successively canceling inverse pairs we arrive in a
finite number of steps at a freely reduced word w’ which we call a reduced form of w. We write

w = w'. There can be several different ways to proceed with the cancellations, but one can
show that end result w’ does not depend on the order in which the inverse pairs are removed:

LEMMA 4.1.3. There is only one reduced form of a given word w on S.

ProOF. We use induction on the length of w as a string of symbols in S, or slightly different,
in S US~L If w is reduced there is nothing to show. So suppose w = uxz~'v and focus on
this particular occurrence of an inverse pair which we distinguish by underlining as in uzz~!v.
If we can show that every reduced form w’ of w can be obtained by canceling this occurrence
first, then the Lemma will follow by induction on the shorter word uv thus obtained.

Let w’ be a reduced form of w. We know that w’ is obtained by some sequence of cancellations.
First suppose that the pair zz~! itself we are focusing on is canceled at some step in this
sequence. Then we can clearly rearrange the order so that this particular pair is canceled
first. So this case is settled. Now zz~! cannot remain in w’ so at least one of these two
symbols z and z~! must be canceled at some step. The first cancellation must then look like
wz ez, = wizlvy or wzzTlzv, = wiav,. But in either case, the word obtained by
cancellation is the same as that obtained by canceling the original pair. So we may cancel
the original pair at this stage instead. Hence we are back in the first case and the Lemma is
proved. O

We are now ready to define the free group Fg with free basis S.

PROPOSITION 4.1.4. If S is any set, there is a free group Fg having S as a free basis.
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PRrROOF. Let Fs be the set of freely reduced words on S, including the empty word de-
noted by 1. Multiplication in Fj is defined by concatenation (also called juxtaposition). It is
straightforward to check the group axioms. The empty word is the identity, and the inverse
of ai* -+ a* is ap " -+ - a;“*. The associative law follows from the fact that the reduction of a
word is independent of the order in which inverse pairs are removed. To see that Flg is free,
consider any function ¢: S — G, where G is a group. We define

@(af -+ ayf) = @lar)® - p(ar)*.

This map is the unique homomorphism extending . 0

Note that this free group Fs is unique up to isomorphism. The proof consists of the standard
universal-property-yoga, using the universal property of free groups in the definition.

COROLLARY 4.1.5. Every group is a quotient group of a free group. Thus if G is a group
there is a free group F and a normal subgroup N such that G = F/N.

PrOOF. Choose S = G and ¢ = id. Then ¢ extends uniquely to a homomorphism ¢: Fg —
G with kernel N. Since ¢ is bijective, ¢ is surjective, and we have G = F/ker(¢) = F/N. O

Let us write u =g v if the words u and v are equal as group elements in GG. Free groups
with basis S are indeed generated by S.

PROPOSITION 4.1.6. Let G be a group, and S a subset of G. Then G s free with basis S if
and only if the following conditions hold:

(1) S generates G.
(2) If wis a word on S and w =¢ e, then w is not freely reduced, that is w must contain
an inverse pair.

PROOF. Suppose that G is free. The free group Fs constructed in Proposition [4.1.4] is
generated by S by definition. It is also unique. Hence we have G = Fg, and (1) is proved. It is
also easy to see that (2) is satisfied. Conversely, assume that (1) and (2) hold. If v =¢ v, and
u and v are freely reduced, then uv™! contains an inverse pair by (2). Hence the last symbol of
u is the same as the last symbol of v. So inductively v and v must be identical. Thus different
freely reduced words represent different elements of G. Hence the obvious extension of the
identity on S is an isomorphism from Fg onto G, and G is free. 0

PROPOSITION 4.1.7. Let G be a free group with basis S and let S" be another basis. Then
|S] =157

PROOF. Any map from S to Z/2Z uniquely extends to a homomorphism of G into Z/27Z.
Moreover, every homomorphism G — Z /27 can be obtained in this way (every homomorphism
is completely defined by its values on a given generating set). Hence there are exactly 2151
different homomorphism from G into Z/27Z. This implies that

9lSI — Q\S’I,
and then |S| = |5'|. O
COROLLARY 4.1.8. Let S and S’ be sets. Then Fs = Fs if and only if |S| = |5'|.

DEFINITION 4.1.9. Let G be a free group on S. Then the cardinality of S is called the rank
of G.
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By Proposition the cardinality of a basis of a free group G is an invariant of G which
characterizes G' uniquely up to an isomorphism. Hence the rank is well-defined.

DEFINITION 4.1.10. Let n € N. We denote by F,, the free group of rank n.

Note that Fj is isomorphic to Z, and hence abelian. All groups F;, for n > 2 are non-abelian.
Indeed, if S has more than one element, then Fyg is not abelian, and in fact the center of Fy is
trivial.

LEMMA 4.1.11. Let n < m. Then F,, is embeddable into F,,.

ProOF. If S C 5’ then the subgroup (S) generated by S in Fg is itself a free group with
basis 5. 0

The next result shows that in some sense the reverse is also true for free groups of finite or
countable infinite rank.

PROPOSITION 4.1.12. Any countable free group G is embeddable into Fy.

PRroOOF. To prove the result it suffices to find a free subgroup of countable rank in F,. Let
a,b be a basis of I, and put

T, = b "ab”

for all n > 0. Let X = {zg,x1,...}. We claim that X freely generates the subgroup (X) in
F. Indeed, let w = x5! - - - 3" be a reduced non-empty word in X U X~'. Then w can also be
viewed as a word in {a, b}:

w = b_ilael bll ... b_inaenbin'
Now w is reduced in X, so that any reduction of w as word on {a,b} does not affect a® and
a®+* in the subword
b UigCipti . hli+t St hlitl
Hence the literals a% and a%+! are present in the reduced form of w as a word in {a,b}. Hence

the reduced form of w is non-empty, so w #p, e. By Proposition 1.1.6] (X) is free. It clearly
has countable rank. 0

REMARK 4.1.13. Note that subspaces of vector spaces cannot have bigger dimension than
the ambient space. The free group F, however contains subgroups that are isomorphic to free
groups of higher rank, even countable infinite rank.

An important result on free groups is the Theorem of Nielsen and Schreier.

THEOREM 4.1.14 (Nielsen-Schreier). Subgroups of free groups are free. In case G is a free
group on n generators, and H is a subgroup of finite index e, then H is free of rank

1+e(n—1).

Nielsen proved this in 1921 for finitely generated subgroups, and in fact gave an algorithm
for deciding whether a word lies in the subgroup, and Schreier proved the general case in
1927. Nowadays there are several proofs available, the most elegant ones using topology, and
in particular covering spaces — see Serre 1980.
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4.2. Presentations by generators and relations

Free groups enable us to generate generic groups over a given set; in order to force generators
to satisfy a given list of group theoretic equations, we divide out a suitable normal subgroup.

DEFINITION 4.2.1. Let GG be a group and S a subset of G. The normal subgroup of G
generated by S is the smallest normal subgroup of G' containing S. It is denoted by Ng.

DEFINITION 4.2.2. Let S be a set, R C SUS™!, Fg be the free group generated by S, and
Ng be the normal subgroup of Fs generated by R. Then the group

(S| R) = Fs/Ng

is said to be generated by S with the relations R. If G is a group with G = (S | R), then
(S| R) is called a presentation of G.

EXAMPLE 4.2.3. 1. {(a | 0) is a presentation of the infinite cyclic group.
2. (a,b | a™tbab™2 = b~taba=? = e) is a presentation of the trivial group.
3. The group given by {(a,b | ababa = e) is abelian.
For 2. note that a'ba = b? and b~'ab = a?, so that
a=ata>=abtab= (a"ba) tb=b"b=0b"",

so that a? = b~'ab = a®b and hence b = a = 1. For 3. we compute

e = ababa
= (ba)(ababa)(ba) ™

= baaba.

It follows that

e = (baaba)(ababa)™"
= ba(abaa b ta )b ta !
= bab tat.
Hence the group is abelian. It is in fact the infinite cyclic group as we shall see.

PROPOSITION 4.2.4. Let G = (S | R) and suppose that 1: S — H is a function, where H
is a group. Then 1 extends to a homomorphism . G — H if and only if W(r) =g e for all
r € R, where 1 is the formal extension of ¢ to all words.

PROOF. We have G = Fg /Ng. The original ¢ extends to a homomorphism if and only if
Ng C ker(¢)). Hence ¢ extends to a homomorphism if and only if ¢(r) =g e for all r € R. O

EXAMPLE 4.2.5. The group G = (a,b | ababa = e) is isomorphic to Cx.

We have Cy, = C' = (t | ). Define ¢ by ¥(a) = t=2 and ¢ (b) = t*. Does ¢ extend to a
homomorphism ? We compute that

Plababa) = t 231372 =¢ e.
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Hence, by Proposition Y extends to a homomorphism. Also the function ¢ defined on {t}
by ¢(t) = ab uniquely extends to a homomorphism ¢: C — G, because C' is free with basis
{t}. We have ¢ o1) =1 o ¢ = id, because
(o p)(t) =(ab) =t~ =1,
(pov)(a) = p(t™*) = (ab)* = a,
(o) (b) = @(t°) = (ab)’ = b.
Hence G = C = C.

Particularly nice presentations of groups consist of a finite generating set and a finite set of
relations:

DEFINITION 4.2.6. A group G is finitely presented if there exists a finite generating set S
and a finite set R of relations such that G = (S | R).

Clearly, any finitely presented group is finitely generated. The converse is not true in
general:

ExXAMPLE 4.2.7. The group
G= (s, t|{[t"st™",t"st™"| =e|n,m e L})
is finitely generated, but not finitely presented, see [1].

This group is an example of a so-called lamplighter group. Note that it is not too difficult to
show that there exist uncountably many finitely generated groups that are not finitely presented.

DEFINITION 4.2.8. A group G is called linear if it can be embedded into the the group
GL,(K) for some n > 1 and some field K.

Linear groups are a very important class of groups. Not all groups are linear. For example,
the group Aut(F},) for n > 3 is not linear, see Formanek and Procesi 1992 (but Aut(F%)
is linear). Also, most of the Baumslag-Solitar groups BS(m,n) for n,m € Z, given by the
presentation

BS(m,n) = {(a,blba™b! = a™)

are not linear. In fact, BS(m,n) is linear if and only if n = 1, or if m = 1, or if |m| = |n|. So
the simplest example here of a finitely generated group which is not linear is BS(2,3). On the
other hand all free groups are linear. To show this we will start with the so-called Ping-Pong
Lemma.

LEMMA 4.2.9 (Ping-Pong). Let G be a group generated by a and b. Suppose that G acts on
a set X such that there exist two non-empty subsets A and B of X, such that AN B =), and

a".BCA, V" ACB
for all integers n # 0. Then G is freely generated by a and b.

PROOF. Let w be a non-empty reduced word in {a*!,b*!}. We may assume that w begins
and ends with a*!, for if not then for m large enough a conjugate w; = a™wa™™ does, and
w =1 if and only if wy = 1. Let

w = qg™Mpm ... gMk-1pMk—1 "k
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with n;, m; # 0. Then
w.B =a™b"™ a1 B
Ca™b™ - g™t A

Ca"p™...a" B

N 1N 1N
= 8
o

It follows that w #¢ e, and so a and b freely generate G. OJ
COROLLARY 4.2.10. The matrices

(1) oe ()

generate a free subgroup isomorphic to Fy in SLy(Z).

PROOF. Denote by G = (A, B) the subgroup of SLy(Z) generated by A and B. It acts on
X =TR? and if we set V = {(x,9)" | |z| < |y|} and W = {(z,y)" | |x| > |y|}, then A"V C W
and B".W C V for all n # 0. Since V NW = ) we can apply the Ping-Pong Lemma, and G is
freely generated by A and B. O

PROPOSITION 4.2.11. Any free group is linear.

PRrROOF. Let G be a free group. We first assume that G has countable rank. By Proposition
G is embeddable into F,, which embeds into SLy(C). Hence G is linear. Now assume
that G has uncountable rank ¢. Then one can show that G embeds into SLo(F(t)), where
F' is any field of cardinality ¢. This proof requires some more arguments. Alternatively one
can use ultraproducts. If for fixed d, every finitely generated subgroup H of G has a faithful
representation jy in Gy = GL4(Kpy) for some field Ky, then G has a faithful representation
into GL(K), where K is an ultraproduct of the Ky. For details see mathoverflow, question
124965. ([l

DEFINITION 4.2.12. A group G is called residually finite if for any nontrivial element g € G
there exists a homomorphism ¢: G — H into a finite group H so that ¢(g) # e.

Clearly, finite groups are residually finite, and subgroups of residually finite groups are
residually finite. The simplest possible example of a non-residually finite group is the Baumslag-
Solitar group BS(2,3). Linear groups provide a rich source of residually finite groups:

THEOREM 4.2.13 (Malcev 1940). A finitely generated linear group is residually finite.

Since SL,(Z) is finitely generated, e.g., by the elementary matrices {I,, + E;; | i # j}, we
obtain the following result.

PROPOSITION 4.2.14. The group SL,(7Z) is residually finite.
There is also a direct proof using principal congruence subgroups of level N,
['(N) :=ker(SL,(Z) - SL,(Z/NZ)) ={X € SL,(Z) | X = I, mod N}.
These are normal subgroups of SL,(Z) of finite index, given by

(SLu(Z) : T(N)) = |SL(Z/NZ)| = N ]| <H (1 - l)) |

i
p|N \i=2 p
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We have
['(M)2>T(N)< M| N,
that is, “to contain is to divide”. So for primes p we have

M) = {1},

peP

This shows that SL,(Z) is residually finite.
THEOREM 4.2.15. Any free group of countable rank is residually finite.

PROOF. A free group of countable rank embeds into SLy(Z), see Corollary [4.2.10} which is
residually finite. O

4.3. Dehns fundamental problems

In his paper in 1912 Max Dehn explicitly raised three decision problems about finitely pre-
sented groups.

I. The word problem: Let G be a group given by a finite presentation. Does there exist an
algorithm to determine of an arbitrary word w in the generators of G whether or not w =g e?

II. The conjugacy problem: Let G be a group given by a finite presentation. Does there
exist an algorithm to determine of an arbitrary pair of words u and v in the generators of G
whether or not u and v define conjugate elements of G?

II1. The isomorphism problem: Does there exist an algorithm to determine of an arbitrary
pair of finite presentations whether or not the groups they present are isomorphic?

Dehn came to these problems while looking at the fundamental groups of 2-dimensional sur-
faces. The question as to whether a given loop is homotopic to the identity is the word problem,
whether two loops are freely homotopic is the conjugacy problem and whether the fundamental
groups of two surfaces are isomorphic reflects the problem as to whether the spaces are home-
omorphic. It took almost 50 years before all of Dehn’s questions were finally answered. First,
Novikov proved the remarkable

THEOREM 4.3.1 (Novikov-Boone 1954). There exists a finitely presented group with an
unsolvable word problem.

Notice that such a group with an unsolvable word problem also has an unsolvable conjugacy
problem. Novikov’s proof was a combinatorial tour-de-force. New and simpler proofs were
obtained by Boone in 1959 and Britton in 1961. Adyan in 1957 proved a most striking negative
theorem about finitely presented groups. We first need a definition.

DEFINITION 4.3.2. An invariant property P of a finitely presented group G is called Markov,
if there exists a finitely presented group G with property P, and if there exists a finitely
presented group G_ which cannot be embedded in any finitely presented group having property
P.

The group G is called the positive witness, G_ the negative witness for the Markov property
P. For example, the properties of being trivial, finite, abelian, having solvable word problem,
simple or free are Markov properties. Having rank 2 is not a Markov property since every
finitely presented group can be embedded in a finitely presented group of rank 2 by the Higman-
Neumann-Neumann embedding.
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THEOREM 4.3.3 (Adyan 1957, Rabin 1958). Let P be a Markov property. Then there is no
algorithm which decides whether or not any finitely presented group has this property P.

COROLLARY 4.3.4. The isomorphism problem for finitely presented groups is recursively
unsolvable.

It follows that, from an algorithmic standpoint, finitely presented groups represent a com-

pletely intractable class. Of course, certain subclasses, such as finitely generated free groups,
or one-relator groups (finitely presented with only one relation) behave much better. Here the
word problem is solvable. Finitely presented, residually finite groups also have solvable word
problem.
The isomorphism problem for finitely presented solvable groups is recursively undecidable;
but on the other hand it has a positive solution for finitely generated nilpotent groups — see
Grunewald and Segal 1980. In fact they proved somewhat more. In particular their techniques,
which make use of the theory of arithmetic and algebraic groups, give rise to a positive solution
to the isomorphism problem for finite dimensional Lie algebras over QQ, a problem that had
been open for almost a century.

4.4. Free products

The free product is an operation that takes two groups H and K and constructs a new
group H x K. The result contains both H and K as subgroups, is generated by the elements
of these subgroups, and is the “most general” group having these properties. Unless one of the
groups H and K is trivial, the free product is always infinite. Free products arise in algebraic
topology when comparing the fundamental groups of two (or more) topological spaces to the
fundamental group of the space obtained by joining them at a point. The free product of two
groups is the coproduct in the category of groups. This arises in homological algebra.

DEFINITION 4.4.1. Suppose that H and K are two groups. A group L is said to be the
free product of H and K, denoted by L. = H % K if there are homomorphisms ty: H — L
and (g : K — L satisfying the following condition: for any pair of homomorphisms a: H — G
and 8: K — G where GG is any group, there is a unique homomorphism ~: L — G such that
a=~voiy and f =70 k.

HLLJLK
\V/
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As usual, the universal property shows that the free product is unique, up to isomorphism,
if it exists. The existence is not difficult to show since we can write down a presentation for
H x K from presentations of H and K.

PROPOSITION 4.4.2. The free product H x K of two groups H and K exists.

PrROOF. Let H = (S | D) and K = (T' | E) be presentations of H and K. By changing
one of the alphabets if necessary, we can assume S and 7' are disjoint. Then a presentation for
H % K can be obtained by joining these together, thus

H+«K=(SUT|DUE).
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The required maps ¢y and tx are just the homomorphisms induced by the inclusions on gener-
ators. Both of these are monomorphisms. For instance, if we define p: H x K — H by s+ s
and t +— 1 for all s € S and all t € T', then ¢ defines a homomorphism and oy is the identity
on H. So ¢ty is a monomorphism. It also follows from this argument that HNK = {e}. Finally,
given homomorphisms « and [ as in the definition, the required -« is given by v(s) = «a(s) for
s € S and ~v(t) = B(t) for t € T. Then 7 defines a homomorphism; since the definition was
forced on us, this is the unique such map. O

The construction can be generalized to any number of factors.
ExamPLE 4.4.3. 1. F,,, x F,, = F,, 1y, for alln,m € N.

2. CoxCoy=(my|a®>=y?=c¢€) X D, = (s,t]s*=(st)>=e).

3. Cox C3 = PSLy(Z).

The free product F *x Fy of free groups F; and F5 is always a free group because free groups
have no relations. In particular we have F}, x F,, = F,,.,. For n = m = 1 we obtain Z*x7Z = F3.
The infinite dihedral group D., = Isom(Z) is isomorphic to the free product Cy * Cy, which can
be seen by identifying the reflections at 0 resp. at 1/2 with the generators of Cy * Cs.

By an alternating word in H * K we mean an expression hiky - - - hy,k,,, Wwhere by convention
one or both of hy or k,,, may not be present. Such an alternating expression is said to be reduced
if each h; #p e and each k; #x e when present.

THEOREM 4.4.4 (Normal Form). Every element of the free product H x K is equal to a
unique alternating expression hiky - - - hyky, with h; #g e and each k; #x e when present. Here
uniqueness means that if two such expressions are equal in H x K, say

haky - ok =g WK - Bk,
then n = m and each h; =g h, and each k; =g k.
PRrROOF. That any element is equal to an alternating expression is clear from the presenta-
tion. We have to show uniqueness. Let €2 denote the set of all reduced alternating expressions.

With each element h € H we associate a permutation ¢(h) in the group Sym(€2) of all permu-
tations of by the rule

kihg -« hp ko, if h=nh!

@(h)(hik, ) {(hhq)kl"'hmkm if h £ hit

where we understand the first case includes the possibility h; is not present and h = 1. Also
in the second case hy is not necessarily present. It is easy to check that o(h™!) = (¢(h))™!
and that for h,h’ € H we have p(h)p(h') = @(hh’). Thus the map h — @(h) defines a
homomorphism from H to Sym(f2). In an entirely analogous way we define an action of K on
2 and hence a homomorphism ¥ : K — Sym(Q2). We thus obtain a homomorphism ¢ *1: H x
K — Sym(Q2). Now if hiky - - - hy,ky, is a reduced alternating expression, then the permutation
(o *x)(hiky - - hpky) sends the empty expression to hiky - -« hy k. Hence hiky - bk, # 1
in H x K unless it is the empty expression. By induction this implies uniqueness. For suppose

hiky -« hnkm =mex D1k - bl KL
where both sides are reduced alternating expressions. Then

e = hyky -y (kpky Dhy - byt
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and hence the right hand side is not reduced by what we have proved. Since the original
expressions were reduced, we must have k,, = k!, and so by induction the two expressions are
identical. 0

The following is an alternate version of the normal form theorem. It follows immediately
from the above proof.

PROPOSITION 4.4.5. A group G is the free product of its subgroups H and K if and only if
the following two conditions hold:

(1) H and K generate G, that is every element of G is equal to some alternating expression
hiky - hpkp,.

(2) If w = hiky - - - hypkp, is an alternating expression and if w =¢ e then for some i either
hi =g eork;, =g e.

EXAMPLE 4.4.6. The group G = Hx K with H = {a|a* =€) 2 Cy and K = (b | V® = ¢) =
Cs has the presentation G = {(a,b | a> = b® = €), and ab has infinite order.

A power of ab has the form (ab)™ = abab- - - ab which is an alternating word. By the normal
form results, if (ab)™ =g e then either a =y e or b =k e and neither is the case. Hence ab has
infinite order in G. More generally we have the following result.

LEMMA 4.4.7. In the free product H * K, every element of finite order is conjugate to an
element of H or of K. If both H and K are non-trivial, then H x K has elements of infinite
order; in fact every reduced alternating word of even length has infinite order.

PROOF. An alternating word hiky - - - hy, k,, is said to be cyclically reduced if it is reduced
and either has length 1 or even length. By cyclically permuting and reducing as often as possible
one arrives at a cyclically reduced word. Hence any alternating word is conjugate to a cyclically
reduced word in H x K. If a cyclically reduced word w has length at least 2, the w has infinite
order in H *x K, for the same reasons that ab had infinite order in the above example. Hence

an element of finite order must be conjugate to an element of length 1, that is an element of H
or K. 0

We want to mention the following result. The proof is not difficult, but we will omit it here.

ProOPOSITION 4.4.8. If H and K are residually finite, then their free product H x K 1is
residually finite.

We recover Theorem 4.2.15] that free groups are residually finite.
COROLLARY 4.4.9. Free groups of countable rank are residually finite.

PROOF. A free group is a free product of infinite cyclic groups, which are residually finite.
In fact, any finitely generated abelian group is residually finite, because for every non-identity
element there is a normal subgroup of finite index not containing it. Hence every free group is
residually finite by Proposition |4.4.8 O

We can also generalize free products to free products with amalgamation. This arises again
naturally in topology: by the theorem of Seifert and van Kampen, the fundamental group of
a space glued together of several (say two) components is a free amalgamated product of the
fundamental groups of the components over the fundamental group of the intersection (the two
subspaces and their intersection have to be non-empty and path-connected).
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DEFINITION 4.4.10. Suppose that groups H and K have an isomorphic subgroup M, so
that there are a pair of embeddings o: M — H and 7: M — K. The group L is the free
product of H and K with amalgamated subgroup M, denoted by L = H %, K, if there are maps
tg: H — L and 1g: K — L such that 1y o 0 = 1 o 7 satisfying the following condition: for
any pair of homomorphisms a: H — G and §: K — G such that c« o0 = § o7 where G is any
group, there is a unique homomorphism +: L — G such that @« = yoi1y and f =y o k.

M

o T

HL_H>L<LK
\w/
(0% V 6

G

Again it is easy to see that the free product L of H and K with amalgamated subgroup M
exists and is unique. We can just write down a presentation for L = H x); K. Suppose that
H and K are given by presentations, say H = (S | D) and K = (T | E). Also suppose that
M = {(Q | V). Only the generators of M are relevant here. By changing one of the alphabets
if necessary, we can assume S and T are disjoint. Then a presentation for H *,; K can be
obtained by joining these together and identifying the images of M, thus

Hxy K=(SUT|DUE, o(q) =7(q) Vq€Q).

The required maps ¢ty and tx are just the homomorphisms induced by the inclusions on
generators. Both of these are monomorphisms, but this is not obvious. Also one can show
HNK =o0(M)=r71(M), but again this is not obvious. We leave the details for the reader.

EXAMPLE 4.4.11. 1. For the trivial group M =1 we obtain H xy; K = H x K.
2. One can show that the group SLo(Z) is isomorphic to the free amalgamated product Cgxc, Cy.



CHAPTER 5

Group extensions

Given a group G and a normal subgroup N of G we may decompose G in a way into N
and G/N. The study of group extensions is related to the converse problem. Given N and @),
we try to understand what different groups G can arise containing a normal subgroup N with
quotient G/N = (). Such groups are called eztensions of N by Q. If N is abelian, then there is
a natural Q-action on N, making N a Q-module. In that case the cohomology group H%(Q, N)
classifies the equivalence classes of such group extensions which give rise to the given ()-module
structure on N.

Group homology and cohomology is usually treated in homological algebra. This deals with
category theory and in particular with the theory of derived functors. We will only focus on
group theory here, see [11].
5.1. Split extensions and semidirect products
We start with the definition of exact sequences.
DEFINITION 5.1.1. A sequence of groups and group homomorphisms
e A 2 A, S Ay —

is called ezact at A, if ima,, = kera,,, 1. The sequence is called ezact if it is exact at each
group.

EXAMPLE 5.1.2. 1. The sequence 1 =% A 22 1 is exact if and only if A = 1 is the trivial
group.

2. The sequence 1 = A 5 B 21 ds exact if and only if A is isomorphic to B.

Indeed, 1 = im a; = ker ag = A in the first case, and 1 = ima = ker 8, im § = kery = B in
the second, so that
A= Alker = imf = B.

EXAMPLE 5.1.3. A “short exact sequence” is given by
1A %A% 4 51
From the exactness we conclude that « is injective, 3 is surjective and
A = a(A) =ker 8.

Hence a(A") being a kernel is a normal subgroup of A. Sometimes we will identify A’ with its
image a(A’). Furthermore we have

Alker = f(A)=A".
Hence A" is isomorphic to the quotient A/A’.
55
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DEFINITION 5.1.4. Let N and @ be groups. An eztension of N by @ is a group G such that
(1) G contains N as a normal subgroup.
(2) The quotient G/N is isomorphic to Q.
An extension of groups defines a short exact sequence and vice versa: if G is an extension
of N by @ then
I1-NSGLQ—1
is a short exact sequence where ¢ : N — G is the inclusion map and 7 : G — G/N is the
canonical epimorphism. If
1A 5484 51
is a short exact sequence, then A is an extension of a(A) = A" by B(A) = A", see Example

LI13

EXAMPLE 5.1.5. Given any two groups N and @), their direct product G = @ X N is an
extension of N by Q, and also an extension of Q) by N.

EXAMPLE 5.1.6. 1. The cyclic group Cg is an extension of C5 by Cy. Hence we obtain the
short exact sequence
10— Cs— Cy— 1.
2. The symmetric group respectively the dihedral group S3 = Ds is an extension of C5 by Cs,
but not of Cy by Cs3. We obtain the short exact sequence

1—-C3— D3 —Cy — 1.

In the first case, ('3 is a normal subgroup of Cg with quotient isomorphic to C5. In the
second case let C3 = ((123)). This is a normal subgroup of Dj since the index is (D3 : C3) = 2.
The quotient is isomorphic to Cy = ((12)). Note that C5 is not a normal subgroup of Dj.

Let M/L/K be a tower of field extensions such that the field extensions M /K and L/K are
normal. Denote by

Q = Gal(L/K),
N := Gal(M/L),
G := Gal(M/K).

Then G is a group extension of N by @ since N < G and @) = G/N by Galois theory. In this
way be obtain some examples of group extensions.

EXAMPLE 5.1.7. Let M/L/K be Q(v/2,v/3)/Q(v/2)/Q. Then
Q == Gal(Q(v2)/Q) = C
N = Gal(@(\/ﬁ, \/_)
G = Gal(Q(V2,v3)/Q

(\/_))
)%CQXCQ

\\

This yields the short exact sequence

10y > CyxCy— Cy— 1.
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Let us prove that G = Cy x Cy. Since [Q(v/2,v/3) : Q] = 4 the group G has four elements:
the automorphisms
V2,V/3)

(
(—v3.v/3)
V23 =95, L)
(

V3,3

Hence all non-trivial elements of GG have order 2.

EXAMPLE 5.1.8. Let M/L/K be Q(v2,vV2+ v2)/Q(v/2)/Q. Then

Q == Gal(Q(v2)/Q) = C,
N = Gal(Q(V2, V2 + v2)/Q(v2)) = Cy
G = Gal(Q(v2,vV2+v2)/Q) = C,

This yields the short exact sequence

1—-0C,—Cy— Cy — 1.

To show that the Galois group of Q(v/2,v/2 + v/2) over Q is cyclic of order 4, we will use
the following well known result:

LEMMA 5.1.9. Let K be a field of characteristic different from 2 and assume that a is not
a square in K. Let L := K(\/a). Then there exists a tower of normal field extensions M/L/K
with Gal(M/K) = Cy if and only if a € K* + K?. In that case there exist s,t € K, t # 0 such

that M = L(+/s + t\/a).
In our case K = Q, L = Q(+v/2) and a = 2. Since 2 = 12 + 1% we have Gal(M/K) = C, and

with s = 2,t =1,
M=L(V2+v2)=Q(V2,V2+V2).

DEFINITION 5.1.10. Let 1 > N % G 2 Q — 1 be a given group extension. Denote by
7:Q = G/a(N) — G the map assigning each coset © € G/a(N) a representative 7(z) € G.
Any such function 7 : @ — G is called a transversal function.

By definition we have §(7(x)) = z, i.e.,
ﬁT = 1d|Q .

In general a transversal function need not be a homomorphism. If it is however we obtain a
special class of extensions.

DEFINITION 5.1.11. An extension 1 — N % G 5 @ — 1 is called split if there is a
transversal function 7 : ) — G which is a group homomorphism. In that case 7 is called a
section.

Sometimes this is called right-split, whereas left-split means that there exists a homomor-
phism o: G — N such that ca = id|y. For the category of groups however, the properties
right-split and left-split need not be equivalent.
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EXAMPLE 5.1.12. The extensions of Example|5.1.6| are both split:

1->C3—>Cs— Cy—1
10— D3 —Cy —1

On the other hand the extension
1—-0C,—-Cy—Cy— 1
of Fxample|5.1.8| is not split.

Since a transversal function 7 in these examples is given by its values on [0] and [1] in C,
it is easily seen that we can find a section for the first two examples. As to the last extension
it is clear that C5 does not have a complement in Cy. But this implies that the extension is
not splitting as we will see in the following.

DEFINITION 5.1.13. Two subgroups N, Q) < G are called complementary if NN =1 and
G = NQ.

In general, NQ = {ng | n € N, ¢ € Q} is not a subgroup of G. In fact, it is a subgroup if
and only if NQ) = QN. Hence in particular it is a subgroup if N <G or Q < G.

EXAMPLE 5.1.14. The subgroups N = ((123)) and Q = ((12)) are complementary subgroups
in G = S5. The subgroups N = ((12)) and Q = ((234)) of G = Sy are not complementary.

The first case is clear, for the second note that |[NQ| = |[N|-|Q| - [N N Q|™' = 6, hence
NQ # S,

LEMMA 5.1.15. Let N,Q < G be subgroups. Then N and Q) are complementary if and only
if each element g € G has a unique representation g = nq withn € N, q € Q).

Proor. If N and ) are complementary then G = N(), hence each element g € G has a
representation g = ng. To show the uniqueness assume that ¢ = ng = mp with n,m € N and
p,g €Q. Thennlgp ! =gp ' =n"'me NNQ =1 and hence m = n and p = q. Conversely
the unique representation implies G = NQ and NN Q = 1. 0

DEFINITION 5.1.16. A group G is called inner semidirect product of N by @ if

(1) N is a normal subgroup of G.
(2) N and @ are complementary in G.

In that case we will now write G = @) x N. Often it is also written G = N x Q.
ExXAMPLE 5.1.17. Both S3 and Cg are inner semidirect products of C3 by Cs.

This says that in contrast to direct products, an inner semidirect product G of N by @)
is not determined up to isomorphism by the two subgroups. It will also depend on how N is
normal in G.

EXAMPLE 5.1.18. The groups S,, and D,, are inner semidirect products as follows:
Sn = 02 X An
Dn = CQ X Cn
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Clearly A, < S, and Cs, A,, are complementary subgroups in S,,. Recall that
D,=(s,t|s"=1t>=1,tst =5")
and write C,, = (s),Cy = (t). Then C,, < D,, and C,, and Cy are complementary in D,,.

An inner semidirect product of N by @ is also an extension of N by @ since @@ = G/N.
More precisely we have:

PROPOSITION 5.1.19. For a group extension 1 — N = G LA @ — 1 the following assertions
are equivalent:

(1) There is a group homomorphism 7 : @ — G with B1 = id|q.
(2) a(N) = N has a complement in G, i.e., G = Q X N.

COROLLARY 5.1.20. G is an inner semidirect product of N by Q if and only if G is a split
extension of N by Q.

PROOF. Let 7 be a section. We will show that 7(Q) then is a complement of «(N) = ker
in G. So let g € ker N 7(Q). With g = 7(q) for some ¢ € @ it follows

1=p5(g) = B(7(a) = q
Since 7 is a homomorphism g = 7(q) = 7(1) = 1. So we have
a(N)Nnt(Q) =1
Now let g € G and define z := ((g) € Q. Then 7(z) € G and
Blgr(zt)) = Blg) - Blr(z ™)) =aa™ =1
so that gr(z~!) = a(n) for some n € N since it lies in ker 8 = «(N). Using 7(x)~! = 7(z71)
we obtain g = a(n)7(z), i.e.,
G = a(N)7(Q)
Since o and 7 are monomorphisms we have G =2 Q x N, Q = 7(Q)) and N = «(N).
For the converse direction let C' be a complement of o(N) in G, i.e.,
CNa(N)=1
C-a(N)=G

The homomorphism lemma now says that a(N) C ker 5 implies the existence of a unique
homomorphism 7 : G/a(N) — @ such that the following diagram commutes:

| A

G/a(N)

In fact, 7 is defined by v(ga(N)) = B(g). Let us now restrict ¢ to the complement C. We still
denote this map by ¢. By assumption it is an isomorphism, given by ¢ — ca(N) for ¢ € C.
Hence there exists a unique homomorphism 7 : G/a(N) — @ satisfying

Y(p(c)) = y(ca(N)) = B(c)
for all c e C, i.e., yo ¢ = . Note that v is an isomorphism. Hence the map
T:Q—>CCq, g9 (v (9)
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is a homomorphism with

Br(@) = (ve )™ (v () = ¢
hence with 87 =id|q. O

EXAMPLE 5.1.21. The following exact sequences are both split:

1= A, 5 8, 2% (£1} — 1

1 — SLy(k) % GLo(k) 25 k% — 1

It follows that S,, = Cy x A, and GL, (k) = k* x SL,(k).

Since kersign = A,, we see that the first sequence is exact. It also splits. Let m € S,, be a
transposition and define 7: {£1} — S,, by 7(1) = id and 7(—1) = 7. Then 7 is a section. For
the second sequence define 7 : k* — GL, (k) by

1 ... 00
GJH . . .
0O ... 1 0
0 ... 0 a

This is a section since 7(ab) = 7(a)7(b) and (5o 7)(a) = det7(a) = a.

DEFINITION 5.1.22. Let N, @ be two groups and ¢ : @ — Aut(N) be a homomorphism.
Define a multiplication on () x N as follows:

(5.1) (x,a)(y,b) = (zy,¢(y)(a) - )

for z,y € @ and a,b € N. Then @) x N together with this multiplication becomes a group
which is denoted by G = @ x, N. It is called the outer semidirect product of N by @) with
respect to ¢.

Note that this corresponds to Definition [2.4.6] where we wrote the group law on N x @,
instead of @ x N. We have p(zy) = ¢(y) o ¢(x) for all z,y € Q. The product on the RHS
denotes the composition of automorphisms in Aut(N). Let us verify the group axioms. The
element (1,1) is a left unit element in G:

(1, D(z,a) = (z,0(x)(1) - a) = (z, a)

A left inverse element to (z,a) is given by (z71,b7!) where b = p(z71)(a):

(@507 (,a) = (@7 2, 9(2) (b71) - a) = (L, p(@)(¢(z7")(a™)) - a)
= (1,a ta) = (1,1)
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since b~! = (p(z7')(a))™' = p(z7')(a™!). Finally the multiplication is associative.

[(z,a)(y,0)](z,¢) = (zy, (y)(a) - ) (2, ¢) = (zyz, ¢(2)(¢(y)(a) - b) - ¢)
= (zyz, ((¢(2) e 0(y))(a) - p(2)(b) - )
(z,a)[(y,0)(2, )] = (z,a)(yz, p(2)b- c) = (xyz, p(yz)(a) - ¢(2)(D) - c)

Since ¢ is a homomorphism both sides coincide.
We want to explain the relation between an inner and outer semidirect product. If
1-N%G50-1
is a short exact sequence, then G acts on the normal subgroup a(N) < G by conjugation:
G xa(N) = a(N), (g,a(a)) — g~ ala)g

DEFINITION 5.1.23. The assignment v(g) = g 'a(a)g defines a homomorphism v : G —
Aut(a(N)). The restriction on the quotient G/a(N) = @ is also denoted by v : Q@ — Aut(N).

PROPOSITION 5.1.24. Let G = Q X, N be an outer semidirect product of N by Q). Then G
defines a split short exact sequence

1—>N3>G<T_EQ—>1
8

where the maps o, B, T are given by

a(a) = (La), B((x,a0) =z, 7(x) = (z,1)
such that
(5.2) aep(r) =(r(r)) o a

ProoOF. We show first that a(/N) is normal in G so that v : @ — Aut(N) is well defined.
Let (z,a) € G and (1,¢) € a(N).

V(7 (@))lala)] = 7(z) (@) (@) = (2,1) 7' (1, a)(z, 1)
L, o(x)(a)) = alp(z)(a)]

—~

which gives (5.2]). Since obviously « is a monomorphism and § is an epimorphism with
BT = id we obtain a split short exact sequence. The group G is also an inner semidirect
product of a(N) by 7(Q). O

Conversely the following result holds.
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PROPOSITION 5.1.25. Each split short exact sequence 1 — N = G LA Q — 1 defines via
(5.2) an outer semidirect product () X, N which is isomorphic to G.

PROOF. Since « is a monomorphism (5.2)) defines a homomorphism ¢ : @ — Aut(N).
Define the map ¢ : Q@ x, N — G by

(5.3) Ul(z,a)] = 7(x) - a(a)
By Lemma ((5.1.15)) the map ¢ is bijective. Moreover it is a homomorphism. We have

Vi@, a)l¥l(y, b)) = 7(z)a(a) - 7(y)a(b) = 7(2)7(y) - ((y) " ela)7(y)) - (b)
7(2)7(y) - v (T())(ala)) - ab) = 7(2)7(y) - a(p(y)(a)) - a(b)

EXAMPLE 5.1.26. Let Cy act on C,, by the automorphism x — x=*. Then D,, = C, X, Cp.
The homomorphism ¢ : Cy — Aut(C,,) is defined by p(1) =id, p(—1)(z) =z~

The following well known result shows that certain group extensions are always semidirect
products.

SCHUR-ZASSENHAUS 5.1.27. Let N and @) be finite groups of coprime order. Then every

short exact sequence 1 — N = G LA Q) — 1 splits. Hence each extension of N by Q) is a
semadirect product.

We will prove this theorem later, see Proposition [6.5.6, There is an elegant proof for the
case that NN is abelian using the second cohomology group H?(Q, N). The general case can be
proved with an induction over the order of N reducing the problem to a central extension. An
above extension is called central if a(N) C Z(G) is satisfied. In that case N is abelian. In fact,
the above result has first been proved by Schur in 1902 for central extensions.

Note that the result need not be true if the orders are not coprime. A short exact sequence
1 — Cy = G — Cy — 1 may split or may not. Take G = Cy x Cy or G = C} respectively.

5.2. Equivalent extensions and factor systems

How can we describe all possible extensions G of a group N by another group Q7 We will

view extensions as short exact sequences 1 — N = G LA @@ — 1. There will be a natural
equivalence relation on the set of such extensions. As a preparation we will need the following
Lemma.

LEMMA 5.2.1. Suppose that we have the following commutative diagram of groups and ho-
momorphisms with exact rows:
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1 A-—>. B ¢ 1
T
1 A.p 2. 1

If f and h are both injective, respectively surjective, then so is g. In particular, if f and h
are 1somorphisms, so is g.

Proor. By assumption we know that «,~ are injective, 3,0 are surjective and ima =
ker 5, im~ = kerd. Since the diagram commutes we have

(5.4) vf=ga, hB=ig

Assume first that f and h are injective. We will show that ¢ then is also injective. Let g(b) = 1
for some b € B. Then by (/5.4))

1=4(g(b)) = h(B(b)) = () =1

since h is injective. It follows b € ker § = im «, hence a(a) = b for some a € A. Then again by

)

1=g() =g(ala)) =7(f(a)) = fla)=1
since v is injective. But f is also injective hence a = 1 and b = a(1) = 1. This proves the
injectivity of g.
For the second part assume now that f and A are surjective. We will show that ¢ is also
surjective. Let b’ € B’ be given. Since h is surjective there is a ¢ € C' such that h(c) = 0(b') € C".
Since [ is surjective there is a b € B such that 3(b) = ¢. It follows

0(g(b)) = h(B(b)) = h(c) = (V)

so that § (g(b)~'0') = 1 and g(b) ™'V’ € ker§ = im~. it follows g(b)~'0' = ~(a’) for some o’ € A’.
Since f is surjective there is an a € A such that f(a) = a’ so that, using ([5.4))

g(a(a)) = v(f(a)) = y(a') = g(b)~'V/
which implies ' = g(b) - g(a(a)) = g(b- a(a)). Hence g is surjective. 0

The following result involving 10 groups and 13 group homomorphisms generalizes the above
Lemma.

LEMMA 5.2.2. Consider the following commutative diagram of groups and homomorphisms

with exact rows.

[o %1 [e %} as ay

A As As Ay As

lfl jf2 lf:’, jle lfs
B1 B2 B3 Ba

By B, B3 By Bs

Then the following holds.

(a) If fo, f1 are onto and f5 is one-to-one, then f3 is onto.
(b) If fa, fa are one-to-one and fy is onto, then fs is one-to-one.
(¢) In particular, if fi, fo and fy, f5 are isomorphisms, so is fs.

The proof is done in a completely analogous way and is left to the reader.
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DEFINITION 5.2.3. Let N and @ be groups. Two extensions G and G’ of N by @ are called
equivalent if there exists a homomorphism ¢ : G — G’ such that the following diagram with
exact rows becomes commutative:

l—~N—2.qg_"

-

1 N1oq2.Q 1

If the extensions G and G’ are equivalent then they are automatically isomorphic as groups
since ¢ is then an isomorphism by Lemmal5.2.2] The converse however need not be true. There
exist inequivalent extensions GG and G’ which are isomorphic as groups. Classifying inequivalent
group extensions is in general much finer than classifying non-isomorphic groups. We will see
that in the next example. Formally we will write

(G,a,8) ~ (G',7,0)

for two equivalent group extensions. In that case there exists a homomorphism ¢ : G — G’
such that v = pa and f = dp. This defines an equivalence relation. Clearly the relation is
reflexive since (G, a, ) ~ (G, a, B) with ¢ = id. It is symmetric since (G, a, ) ~ (G',7,9)
implies (G',7,0) ~ (G, «a, 3) with ¢! : G' — G. To show transitivity consider the following
diagram:

1 N—.a-l.0 1
jid l‘ﬂ lid

1 NG -Q 1
jid Ltp’ lid

1 N—=G"~2=Q 1

Assume that (G,a, ) ~ (G',7,9) and (G',~,d) ~ (G", e, k). It follows that there are homo-
morphisms ¢ : G — G’ and ¢’ : G’ — G” such that

v =pa, B=0dp, =y, 6 =ry
Defining ¢" := ¢’ : G — G" it follows

e=¢v=¢'pa=¢"a
B =10dp=re'p=re"

Hence we have (G, «, ) ~ (G", ¢, k).

EXAMPLE 5.2.4. Let p be a prime. Then there are p inequivalent extensions G of C,, by C,.
Since G has order p* it is either isomorphic to C, x C,, or to Cpe.

Besides the split exact sequence 1 = C, = C, x C, = C,, — 1 consider the following p — 1
short exact sequences

150,50 50,1
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where C), = (a) = {1,a,a?,...,a""'} and Cpe = (9) = {1,9,9%...,¢” '} and the homomor-
phisms « and ( are given by

a:C,—=Cp, ar—g’
Bi:Cpr—C, grad, i=12...,p—1

The sequences are exact since f;(a(a)) = Bi(¢g?) = a” = 1 in C), hence ima = ker ;.
We claim that any two extensions (; and ; for ¢ # j are inequivalent. Suppose (C), o, §;) =~

(Cpa «, Bj)v i-e-a

and o = pa, B; = Bjp. It follows
9" = a(a) = p(ala)) = ¢(g") = »(g)"

Now ¢(g) = g" generates C,2 since ¢ is an isomorphism. Hence p { r and g = ¢(g”) = ¢"" in
Cp2. This implies 7 = 1(p). On the other hand we have

a' = Bi(g) = Bi(p(9)) = Bi(g") = a”
in C,. It follows i = jr(p). Together with r = 1(p) we have ¢ = j(p) or i = j and f; = ;. So
we have proved the claim.

REMARK 5.2.5. There are exactly p equivalence classes of extensions of C,, by C,. We will
see later that they are in bijection with the elements in the group H?*(C,,C,) = C, where C,
acts trivially on C,.

We will now reduce the classification of group extensions to so called factor systems.
Schreier’s theorem yields a bijection between the equivalence classes of group extensions and
the equivalence classes of the associated parameter systems.

DEFINITION 5.2.6. Let N and @ be two groups. A pair of functions (f,T)

f:QxQ—N
T :Q — Aut(N)

is called a factor system to N and @ if

(5.5) flzy, 2)T(2)(f(x,y)) = f(z,y2)f(y,2)
(5.6) T(y)oT(x) =~ (f(z,y))T(xy)
(5.7) f1,1) =1

for all z,y,z € Q.
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The second condition (|5.6) means, using the definition of ~
T(y) (T(2)(n)) = f(z,y) " T(xy)(n)f(z,y)

for all n € N. Sometimes T is referred to as the automorphism system.

REMARK 5.2.7. If we choose f(x,y) = 1 then (f,T) is called the trivial factor system. In
that case T' is a homomorphism by ((5.6) and (5.5)) reduces to 1 = 1.

Condition (j5.7]) corresponds to a normalization. The first two conditions already imply the
following conditions:

LEMMA 5.2.8. Let (f,T) be a pair of functions as above where only conditions (5.5)) and
(5.6) are satisfied. Then it follows

(5.8) T(1) =~(f(1,1))
(59) f(xa 1) = f(la 1)
(5.10) f(Ly) =T(y)(f(1,1))

forallz,y € Q.
PROOF. By we have T'(1)oT(1) = v(f(1,1))T(1) so that T'(1) = ~v(f(1,1)). It follows
L) (2, 1) f(1,1) =T(1)(f(x,1)) and hence
[, D)f(,1) = fFOLDTA)(f (2, 1))
= [z, DT()(f(2,1))

where we have used (5.5)) with z = y = 1 for the last equation. This shows (/5.9)).
Setting x =y = 1 in (5.5 we obtain

f(la'Z)T(Z)(f(lv 1)) = f(l,z)f(l, Z)

Multiplying f(1,z)"! from the left yields (5.10]. O
COROLLARY 5.2.9. Let (f,T) be a factor system to N and Q). Then

(5.11) F1) = f(1,y) =1

(5.12) T(1) = id| y

forallz,y € Q.

Proor. By (5.7) it follows T'(1) = ~(f(1,1)) = (1) = id|y. Furthermore f(z,1) =
f(1,1) =1and f(1,y) = T(y)(1) = 1 since T(y) is an automorphism of N. O]

We can associate a factor system with each group extension as follows.

PROPOSITION 5.2.10. Each group extension 1 — N 5 G LA @ — 1 together with a
transversal function T : Q — G defines a factor system (f;,T;).

This associated factor system depends not only on the extension, but also on the choice of
a transversal function 7.

PROOF. Let € Q ~ G/a(N) be a coset of a(N) in G and 7 a fixed transversal function
x +— 7(z). Tt satisfies 37 = id on Q. Since a(N) is normal in G, the element 7(z) ' (n)7(z)
is in (V). We will denote it by

(5.13) a(Tx(x)(n)) = ()" a(n)7(z)
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where T, (z)(n) € N. This defines automorphisms 7;(x) of N and a map 7T, : Q — Aut(N).
Since ( is a homomorphism we have

B(r(zy)~'r(x)r(y) = (Br)((wy) ") - (B)(2)(B)(y) = (wvy) 'ay =1
and hence 7(zy) '7(z)7(y) € ker 8 = a(N). It follows that there exists a unique element
f-(x,y) € N such that

(5.14) T(2)7(y) = 7(zy)alf-(2,y))

Now we have to verify the conditions (j5.5)),(5.6]),(5.7) for the pair (f.,7,) which we will
denote by (f,T). We set

(5.15) (1) =1

This condition is not essential, but it helps simplify some of the computations. By ([5.14)
we have

T(W)7(1) = 7(Da(f(1,1))
hence a(f(1,1)) = 1 and f(1,1) = 1. Hence (5.7) is satisfied. By using (5.13]) and we

obtain

7(2(y2)) = 7(2)7(y2) (a(f (2,y2) "
= ()7 (y)7(2) (a(f(y.2)) " (a(f(a,y2))"

Using the associativity in GG both terms must be equal, i.e.,

alf(@,y2))a(f(y, 2)) = alf(zy, 2))  7(2) " alf(z,9)7(2)
a(f(xy, 2) - T (2)(f(2,9))

Since « is a monomorphism we obtain (|5.5)). 0

Now we have associated a factor system (7, f;) to a group extension and a transversal
function 7. Does every factor system (f,T) arise in such a way ? The answer is given by the
following proposition.

PROPOSITION 5.2.11. For each factor system (f,T) to N and Q there is a group extension
G of N by Q such that (f,T) = (f;,T;) for a suitable choice of a transversal function T.
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PrOOF. Given (f,T) we define a group structure on G = ) x N as follows.

(5.16) (z,a) o (y,0) = (zy, f(z,y)T(y)(a)b)

for x,y € @ and a,b € N. This generalizes the construction of the outer semidirect product.
If we choose the trivial factor system f(x,y) =1 for all z,y € @, then T : @ — Aut(N) is a
homomorphism and the above definition coincides with the outer semidirect product ¢ xr N.
We need to show that the group laws are satisfied, that G is a group extension of N by ) and
that (f-,T) is exactly (f,T") with a suitable choice of 7. We start with the associativity. We
have

(z,a) o [(y,0) o (2,¢)] = (,a) o [yz, f(y, 2)T(2) ()]
= (zyz, f (2, y2)T(yz)(a)
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= (zyz, f(z,y2)T(yz)(a) f(y, 2)T(2)(b)c).
In the second computation we have first used that T'(z) is an automorphism of N, then

)
(5.6) and (5.5). Let b:= f(x,z~")T(x7")(a). Then (z~',b7') is the inverse of (z,a).

(z,a)o (x7 1,07 = (zz™ !, fa, 2 DT (27 )(a) - b71) = (1,1)
Clearly (1,1) is the unit element
(1,1) o (y,0) = (v, f(1,y)T(y)(1)b) = (y,b)
Now define 3 : G — Q by (z,a) — =. This map is a surjective homomorphism:
B((z,a)) o B((y. b)) = zy = B((zy, f(2,y)T(y)(a)b) = B((z,a) o (y,b))

where we have used ([5.16)) in the last step. The map (1,a) — a is an isomorphism from
ker 8 ={(1,a) | a € N} to N:

(1,a) o (1,b) = (1, f(1,1)T(1)(a)b) = (1, ab)
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The map a : N — G defined by a — (1,a) is a monomorphism. We obtain a short exact
sequence 1 - N 5 G LA () — 1 and hence an extension G of N by Q.

The next step is to choose a transversal function 7 : ) — G. The most natural choice is
7(z) = (z,1). Since
T(x)o7(y) = (z,1) o (y,1) = (zy, f(z,y)),
T(xy)alf(z,y)) = (zy,1) o (1, f(z,y)) = (zy, f(ey, YT (1)) f(z,y)
= (zy, f(z,y))

we have 7(z)7(y) = 7(zy)a(f(x,y)). Comparing with (5.14), where f.(z,y) was uniquely
determined, it follows f, = f. Using (5.5) with y = 27! and f(1,2) = f(x,1) = 1 we obtain
T(z)(f(z,x~') = f(z~!, x). Since T(x) is an automorphism it follows

(5.17) T(2)(f(z,a™) ") = fla™h 2)™

so that, using the formula for the composition of three elements from above

(z, )" o(La)o (1) = (27", fa™",2)7") o (L,a) o (z,1)
=(z-1-27" fa " 2)T(2) (f(z="2)7") f(1,2)T(x)(a) - 1)
= (1,7(x)(a))

This is just 7(z) *a(a)7(x) = a(T(z)(a)) and a comparison with (5.13) shows T, =T. O

EXAMPLE 5.2.12. Consider the extension 1 — Cy = C, i Cy — 1 where N = Cy =
(a), Cy = (g), Q = Cy = (x) and a(a) = ¢*, B(g) = z. Determine the associated factor system
(fr,Tr) where T is given by 7(1) =1, 7(z) = g.

T, : Cy — Aut(Cy) is given by T,(1) = T, (z) = id since a(T,(z)(a)) = 7(x)ta(a)T(x) =
g 1g%g = g% and hence T, (x)(a) = a. The map f, : Cy x Cy — Cy is given by

f(lvl) = f(l,l‘) = f(z,1) =1, f(ZL',ZL‘) =a
We have to show only the last condition. It is g-¢g = 7(2)7(z) = a(f(z, z)) so that f(z,z) = a.

EXAMPLE 5.2.13. Determine the group extension 1 — Cy = G LA Cy — 1 to the above
factor system (f-,T;).
The group G = {(1,1),(1,a), (z,1), (x,a)} has the following multiplication
(z,a) o (y,b) = (xy, f(x,y)ab)

Using 2% = a? = 1 we obtain
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Since (z,a)* = (1,a) # (1,1) the group G is isomorphic to Cl.

So far we have constructed a correspondence between factor systems (f,7) to N and @ and
group extensions G of N by (). However, the correspondence is not yet one-to-one. There
are many factor systems (f,,T;) associated with one group extension. We will introduce an
equivalence relation on the set of factor systems.

LEMMA 52.14. Let1 - N S o 2 Q — 1 be a group extension and (f,T), (f',T") two
associated factor systems. Then there is a map h : Q — N such that

(5.18) T'(2) = 1(h(x)) « T(2)
(5.19) F(y) = h(zy) " flx,y) - T(y)(h(x)) - h(y)

PRrOOF. The associated factor systems (f,7") and f’,7") arise by two transversal functions
T:Q — G and 7' : Q = G. They just assign a given coset two representatives. Hence

(5.20) 7'(2) = 7(x)l(x)

with a map ¢ : Q — a(N). Define h: Q — N by a(h(z)) = ¢(x). Using (5.13)) we obtain

a(T'(z)(n)) = 7'(2) a(n)r'(z) = ((z) " - 7(2) " a(n)7(2) - ()
(

This implies ([5.19)). O
The Lemma tells us how to define the equivalence relation.

DEFINITION 5.2.15. Let (f,T) and (f',7") be two factor systems to N and (). They are
called equivalent if there is a map h : @ — N such that (5.18) and (5.19) are satisfied, and
h(1) = 1.

If we take h(x) = 1 for all € @ then it follows immediately (f,7T) = (f’,7"). Different
choices of the transversal function 7 lead to equivalent factor systems in our correspondence.
Next we show that the equivalence relation is compatible with equivalent group extensions.
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PROPOSITION 5.2.16. Equivalent group extensions

define equivalent factor systems.

PROOF. Choose any transversal function 7 to the extension 1 - N & G LN @ — 1 and let
(f,T) denote the associated factor system. Let (f’,7") the factor system associated with the

extension 1 — N % ¢ 2 Q@ — 1 and the following 7" : Q — G:

(5.21) '(z) = o(7(2))

Since v = pa and f = dp we have d7" = dp7 = 7 = id. So 7’ is really a transversal
function. Its choice is such that (f’,7") coincides with (f,7"). Hence the two factor systems
are equivalent. In fact, by (5.13)) we have

Y (T'(@)(a)) = 7'(2) " y(a)7(z) = 7'(2) " p(e(a)) 7' (x)

This implies f'(z,y) = f(z,y) or f' = f. O

PROPOSITION 5.2.17. Let N,Q be groups and (f,T), (f',T") be two factor systems to N
and Q. If the factor systems are equivalent, so are the associated group extensions.

PROOF. Assume that (f,T") and (f’,7") are equivalent, so that there is a map h: Q — N
satisfying (5.18) and (5.19). Let G, G’ be the group extensions of N by @ as constructed in
proposition |5.2.11} As a set, G = G' = Q x N. We need to show that both extensions are
equivalent, i.e., that there is a homomorphism ¢ : G — G’ such that the diagram of proposition
5.2.16| commutes. We define ¢ by

(5.22) (z,a) — (2, h(z) 'a)

Clearly this map is bijective. It is also a homomorphism with respect to the composition
(15.16]).
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o(goh)=p((x,a)o (y,0)) = o((xy, f(z,y)T(y)(a)b))
= (zy, h(zy) ™" f(z,9)T (y)(a)b),

p(g) 0 p(h) = (z,h(zx)""a) o (y,h(y)~'b)
= (zy, f'(z,y) - T'(y)(h(x)"'a) - h(y)~'D)
= (zy, f'(z,y) - [y ((y)) e T(»)]((h(x) " a)h(y)~'b))
= (xy, h(zy) " (2, y)T(y)(h(x))h(y)-
Y (h(y)) o T(W)]((h(x) " a)h(y)~'D))
= (zy, h(zy) ™ (2, 9)T(y) (h(x)) - T(y)(h(x) " a)h(y)h(y)~'b)
= (zy, h(zy) ™ f(2,9)T(y)(a)b).

In the second computation we have used also (5.18) and ([5.19)). It remains to show that the
diagram commutes. Since h(1) = 1 we have h(1)~' = 1, so that we obtain

(pa)(a) = ¢((1,a)) = (1, h(1)""a) = (1,a) = v(a)
(2, h(z)"a)) =z = B((z,a))

—~
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Q
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I
(o9

It follows v = pa and 8 = dp.
Now we can formulate the main result of this section.

THEOREM 5.2.18 (Schreier). Let N and Q) be two groups. By associating every extension of
N by Q a factor system one obtains a one-to-one correspondence between the set of equivalence
classes of extensions of N by ) and the set of equivalence classes of factor systems to N and

Q.
In particular, if the factor set associated with the extension G of N by @ is equivalent to

the trivial factor set then the extension G is equivalent to some semidirect product of N by
. Conversely, the factor set associated with a semidirect product is equivalent to the trivial

factor set.



CHAPTER 6

Cohomology of groups

We shall give here the original definition of the cohomology groups which is, unlike the
definition of the derived functors, quite concrete.

6.1. G-modules

If G is a group, we define a G-module M to be an abelian group, written additively, on
which G acts as endomorphisms. That means the following:

DEFINITION 6.1.1. Let G be a group. A left G-module is an abelian group M together with
a map

GXxXM— M, (g,m)—gm
such that, for all g,h € G and m,n € M ,

g(m +n) =gm+gn

(gh)m = g(hm)
Im=m

Equivalently a left G-module is an abelian group M together with a group homomorphism
T: G — Aut(M)
where the correspondence is given by
T(g)(m)=gm VmeM

As in representation theory, we can transform this to a more familiar concept. Let Z[G]
denote the group ring of G. This is the free Z-module with the elements of G as base and in
which multiplication is defined by

() () -

where n,,m;, € Z and the sums are finite. For example, let G = Z = (t). Then {t'},cz is a
Z-basis of Z|G]. Hence Z|G] = Z[t,t!] is the ring of Laurent polynomials.
If M is a G-module, then M becomes a Z[G]-module if we define

(Z ngg> m =" ng(gm)

Conversely, if M is a Z[G]-module, then M becomes a G-module if we define gm := (1g)m.
73
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EXAMPLE 6.1.2. Let M be any abelian group and define

gm =m

forallg € G, m € M. This action of G is called the trivial action, and M 1is called a trivial
G-module.

EXAMPLE 6.1.3. The module M = Z|G] with the action

h (Z ngg) = anhg
g g
15 called the regular G-module.

DEFINITION 6.1.4. Let M be a G-module. Define

M® ={me& M |gm=m forall g G}.
Then M€ is a submodule of M which is called the module of invariants.
If M is a trivial G-module then M% = M.

DEFINITION 6.1.5. Let M, N be two G-modules. A homomorphism of G-modules is a map
@: M — N such that

p(m +m') = o(m) + p(m’)
w(gm) = gp(m)

for all g € G and m,m’ € M. We write Homg (M, N) for the set of all G-module homomor-
phisms ¢: M — N.

6.2. The n-th cohomology group
Let A be a G-module and let C™(G, A) denote the set of functions of n variables

f:GxGEx---xG—= A

into A. For n = 0 let C°(G, A) = Hom(1,A) = A. The elements of C"(G, A) are called
n-cochains. The set C"(G, A) is an abelian group with the usual definitions of addition and
the element 0:

(f+9) (w1, xn) = flag, .. x0) + gz, 2)
0(z1,...,2,) =0

We now define homomorphisms ¢ = 4§, : C"(G, A) — C"T(G, A).



6.2. THE N-TH COHOMOLOGY GROUP 75
DEFINITION 6.2.1. If f € C"(G, A) then define §,,(f) by

On(f) (@1, s tns1) = 21 f (22, T
+ Z(—l)if(%a e T 1y T, - Tl
i=1

+ (=D f (2, .., 2)
For n = 0,1, 2,3 we obtain

(0o f)(x1) = a1f = f
(01f) (@1, 22) = 21 f(22) — f(2122) + f(21)
(02f) (21, 22, 3) = @1 f (02, 73) — f(2122, 73) + f(21, T2w3) — f(21,22)
(53f)(1‘1, To, XT3, IL‘4) = ZL‘lf(l'z, xs, I4) — f(l‘ll‘g, I3, IL‘4) —+ f(l’l, Tols3, 1'4)

— f(x1, 20, x324) + f(21, T2, T3)

For n =0, f is considered as an element of A so that x;f makes sense.
We will show that §2(f) = 0 for every f € C"(G, A), i.e., 6,110, = 0 for all n € N and

hence im 6,, C ker d,, 1.

LEMMA 6.2.2. It holds 6,110,(C™(G,A)) = 0 for all n € N. Hence the following sequence

18 a comple.

A 6—()) OI(G7 A) 6—1) Ce 5"_71> C’n(G7 A) in_> Cﬂ’b-l—l(G«7 A) On+1 .
PROOF. Let f € C"(G,A). We want to show 6%(f)(x1,...,2,42) = 0. Define g; €

C"HG,A)for 0 < j<n+1by

:Elf($2,...,xn+1), ,] —
gj(x17~--,$n+1): (—1)jf<l'1,...,£lj'jilj'j+1,...,l’nJrl)’ 1§j§n
(—1)n+1f($1,...,xn), j=n+1

This means

n+1

(5f)(l’1, cee 7xn+1) = Zgj(xla s 7$n+1)
j=0

Then define g;; € C" (G, A) for 0 <i <n+2 by

219;(22, - - Tnvya), i=0
gji($1,...,$n+2) = (—1)Zgj(x1’...,xixi+1,...,xn+2), 1 §Z§n+1
(_1)"+ng($1,--->$n+1), i=n-4+2
This means
n+2

(0gj)(x1, .-, Tnya) = Z%’j(l'la C s Tng2)
i=0
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It follows
n+1 n+1 n+2
52(f)($1,...,1‘n+2) 22(593)(:171, $n+2 Zzgu xly---axn+2)
7=0 7=0 =0
We will show that forall0 <j<n+landall j+1<i<n-+2
(6.1) (9ji + gi—15) (@1, -, Tng2) =0

This will imply our result as follows. Write down all g;; as an (n+2) x (n+ 3) array and cancel
out each pair (g;;, gi—1;) starting with j =0andi=1,...,n+2,then j=1landi=2,...n+2,
until j=n-+landi=n —|— 2. Then all entries of the array are canceled out and we obtain
n+1 n+2
( ) Z ’ ZZ +0 gl] -

It remains to show Assume first 1 <j<n. Ifi>j+1 then

gji(xl, e ,a:n+2) = (=1)"gj(z1, ., TiTiz1, -+ Tnra)
= (=1)'g;(1, ., Tus1)
= (=1 f(T, . TiTjets s Trt1)
= (=) f(21, .. BTty TiTig1s - Tra)
with
(T1s oo s Ty Tidds e e oy Tis Tty - -+ s Tr1) =
(1, Ty T, oo TiTig1, Tigs -« -y Tng2).

On the other hand we have

Gi—1j(T1, .., Tpyo) = (— 1) g;_ (@1, T, o Tpy2)
= (=1)gi_1(o1,. .., 04y, Ont1)
= (=) f(o1, ..., 00104, ..., Ons1)
= (=) f(my, o T, T, - Tgn)
with
(O1y o021, 05y o Oi1, Ty oo Opy1) =
(@1, T, BT g1y - oy Ty Tig s - -+ Tg2)-

It follows g;; + gi—1; = 0. If ¢ = j + 1 we obtain in the same way

gji(l‘ly e 7$n+2) = (—1)i+jf(l'1, ey LT T541y - - ,$n+2)
= —gifl’](:tl, . 7'Tn+2)
The remaining cases j = 0 and 7 = n + 1 follow similarly. 0

Define the subgroups Z"(G, A) = ker §,, and B"(G, A) = imd,_1. Forn = 0let B°(G, A) =
0. Since B"(G, A) C Z"(G, A) we can form the factor group:

DEFINITION 6.2.3. The n-th cohomology group of G with coefficients in A is given by the
factor group

H™(G, A) = Z"(G, A)/B"(G, A) = ker 8,/ im 6,
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6.3. The zeroth cohomology group

For n = 0 we have
H(G,A)=2°G,A)={ac A|lra=aVxc G} =A°.
Hence H°(G, A) = A% is the module of invariants.

Let L/K be a finite Galois extension with Galois group G = Gal(L/K). Then L and L* are
G-modules. Here L is regarded as a group under addition and L* is the multiplicative group
of units in L. We have

HO(G,LX) — (LX)G - K%
Let p be a prime and C), the cyclic group of order p.

EXAMPLE 6.3.1. Let A = C, be a G = Cy-module. Then xa = a for allxz € C), i.e., Aisa
trivial C,-module. We have

HO(va Cp) =0
Denote by za the action of G on A. Let T : C, — Aut(C,) = C,_; be the homomorphism
defined by za = T'(x)a. Now ker T’ being a subgroup of C, must be trivial or equal to C,, since
p is prime. However ker I" = 1 is impossible since 7" is not injective. In fact, C), is not contained

in Aut(C,). Hence it follows ker T" = C,, and T'(C,) = {id}. This means xa = T'(x)a = a. Since
A'is a trivial C)-module it follows A¢ = A.

LEMMA 6.3.2. Let M be a G-module, and regard 7. as a trivial G-module. Then
H°(G, M) = M® = Homg(Z, M)

PROOF. A G-module homomorphism ¢ : Z — M is uniquely determined by (1), and
m € M is the image of 1 under ¢ if and only if it is fixed by G, i.e., if m € M¢.

gm = g(p(1)) = ¢(g-1) = (1) =m
Here g - 1 =1 since G acts trivially on Z. U

6.4. The first cohomology group
If A is a G-module then
ZNG,A) ={f: G = A flzy) = 2f(y) + f(2)}
BYG,A) ={f:G— A| f(z) = za — a for some a € A}

The 1-cocycles are also called crossed homomorphisms of G into A. A 1-coboundary is
a crossed homomorphism, i.e., d;09 = 0. For the convenience of the reader we repeat the
calculation. Let f = dp(a)(x1) = 164 — a and compute

(0100)(a)(, y) = 61(f)(z,y) = 2f(y) — f(zy) + f(2)
=z(ya—a) — (zy)a+a+za—a
=0

Hence (810¢)(a) = 0. Let A be a trivial G-module. Then a crossed homomorphism is just a
group homomorphism, i.e., Z'(G, A) = Hom(G, A), B'(G, A) = 0 and

H'(G, A) = Hom(G, A)
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is the set of group homomorphisms from G into A.
REMARK 6.4.1. We want to consider sometimes right G-modules instead of left G-modules.
If Ais a left Z|G]-module with action (z,a) — xa, then a *x x = xa defines a right module
action with multiplication y x x = xy in G: a* (z*xy) = (yx)a = y(xa) = (a* z) * y. Then the
definition of 1-cocycles and 1-coboundaries becomes
ZNGA) ={f:G—=A| flxxy) = flz)xy+ f(y)}
BY G, A)={f:G— A| f(z) =a*x—a for some a € A}
PROPOSITION 6.4.2. Let A be a G-module. There exists a bijection between H'(G, A) and

the set of conjugacy classes of subgroups H < Gx A complementary to A in which the conjugacy
class of G maps to zero.

PROOF. There is a bijection between subgroups H < G x A complementary to A and 1-
cocycles h € Z'(G, A). If H is complementary to A then H = 7(G) for a section 7 : G — G x A
form: Gx A — G. Writing 7(z) = (z, h(x)) with h : G — A we have H = {(x, h(z)) | z € G}.
We want to show that h € Z'(G,A). The multiplication in G x A is given by (5.1]), with
w(y)a = ay for y € G and a € A. Note that this is a right action. Since we write A additively,
the formula becomes

(z,a)(y,b) = (vy,ay + )
Since 7(zy) = 7(z)7(y) we have
(zy, h(xy)) = (2, M(x))(y, h(y)) = (xy, h(x)y + h(y))

so that h(xy) = h(x)y + h(y). The converse is also clear. Moreover two complements are
conjugate precisely when their 1-cocycles differ by a 1-coboundary: for a € A < G x A the set
aHa™! consists of all elements of the form

(1,a)(x, h(x))(1,—a) = (z,ax — a — h(x))

Hence the cosets of BY(G, A) in Z'(G, A) correspond to the A-conjugacy classes of complements
Hin A, orin G x A since Gx A= HA. O

COROLLARY 6.4.3. All the complements of A in G x A are conjugate iff H'(G, A) = 0.
We have the following result on cohomology groups of finite groups.

PROPOSITION 6.4.4. Let G be a finite group and A be a G-module. Then every element of
HY(G, A) has a finite order which divides |G|.

PROOF. Let f € Z'(G, A) and a =3 . f(y). Then zf(y) — f(vy) + f(x) = 0. Summing

over this formula we obtain

0=ad fly) =D floy)+ fl@) Y1

e yeG yeG

=za—a+|G|f(z)

It follows that |G| f(z) € B'(G, A), which implies |G| Z! (G, A) C B*(G, A). Hence |G|H'(G, A) =
0. U

COROLLARY 6.4.5. Let G be a finite group and A be a finite G-module such that (|G|, |A]) =
1. Then HY(G, A) = 0.
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PROOF. We have |A|f =0 for all f € C'(G,A). Then the order of [f] € H'(G, A) divides
(|G|, |A]) = 1. Hence the class [f] is trivial. O

REMARK 6.4.6. We will show later that H"(G, A) = 0 for all n € N if the conditions of the
corollary are satisfied.

We shall conclude this section by proving the following result which can be found already
in Hilbert’s book Die Theorie der algebraischen Zahlkorper of 1895. It is called Hilbert’s Satz
90 and we present a generalization of it due to Emmy Noether.

PROPOSITION 6.4.7. Let L/ K be a finite Galois extension with Galois group G = Gal(L/K).
Then we have H'(G,L*) =1 and H'(G,L) = 0.

PROOF. We have to show Z! = B! in both cases. Let f € Z'(G,L*). This implies
f(o) #0 for all 0 € G since f : G — L*. The 1-cocycle condition is, written multiplicatively,
flor) = f(o)af(r) or o f(t) = f(6)"*f(o7). The l-coboundary condition is g(c) = o(a)/a for
a constant a. By a well known result on the linear independence of automorphisms it follows
that there exists a § € L* such that

=D _f@)r(B)£0

TeG

It follows that for all 0 € GG

o(a) =Y o(f(7)) = flo)  flom)or(B) = flo) "> f(r)7(B)

TEG TEG TEG
= flo)™
It follows f(0) = £ = Jgj‘:ll), hence f € BY(G, L*).

For the second part, let f € Z'(G, L). Since L/K is separable there exists a 3 € L such that

a:= 7(8) =Tryx () #0
TeG
Setting v = a~'3 we obtain >, _,7(y) =1 since 7(a) = a and 7(a~') = a~'. Let
=Y fn)r(v)
TeG

Hence we obtain for all 0 € G

o(x) =Y a(f()or(y) =) flom)ar(y) = f(o)ar(y)

T€G TEG
-
It follows f(c) =z — o(x) = o(—x) — (—x), hence f € BY(G,L). O

REMARK 6.4.8. We have H"(G, L) = 0 for all n € N, but not H"(G, L*) = 1 in general.
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6.5. The second cohomology group

Let G be a group and A be an abelian group. We recall the definition of a factor system,
written additively for A. A pair of functions (f,T), f : G x G - Aand T : G — Aut(A) is
called factor system to A and G if

(6.2) flzy, 2) + f(x,y)z = f(z,y2) + f(y, 2)
(6.3) T(zy) = T(y)T(z)
(6.4) F(1,1)=0

where f(z,y)z =T(z)(f(z,y)). Now let

0 ASES G

be an abelian group extension of A by G. This equips A with a natural G-module structure.
We obtain T'(x)(a) = za, or T(x)(a) = ax, for x € G and a € A, which is independent of a
transversal function. In fact, the extension induces an (anti)homomorphism 7’ : G — Aut(A)
with a transversal function 7 : G — E, see chapter 1. Since A is abelian it follows 7j,) = id|4
so that T (x) = Y@ Tr(x) = Tr(x). If we fix T and hence the G-module structure on A,
then the set of factor systems f = (f,T) to A and G forms an abelian group with respect to
addition: (f + g)(z,y) = f(z,y) + g(z,y). It follows from that this group is contained in
the group

Z2HGA) ={f:GxG— Al f(y,2) — fay, 2) + f(z,y2) — f(z,y)z = 0}

where we have considered A as a right G-module. One has to rewrite the 2-cocycle condition
from definition (6.2.1)) for a right G-module according to remark (6.4.1)). Recall that

B G,A) ={f:GxG— A| f(z,y) = h(y) — h(zy) + h(z)y}

is a subgroup of Z2(G, A) and the factor group is H*(G,A). Indeed, a 2-coboundary is a
2-cocycle. The sum of the following terms equals zero.

fy, z) = h(z) = h(yz) + h(y)=
—f(zy, z) = —h(2) + h(zyz) — h(zy)z
f(@,yz) = h(yz) — h(zyz) + h(z)yz
—f(z,y)z = —h(y)z + h(zy)z — h(z)yz
THEOREM 6.5.1. Let G be a group and A be an abelian group, and let M denote the set of
group extensions
0-A5E5051

with a given G-module structure on A. Then there is a 1 — 1 correspondence between the set of
equivalence classes of extensions of A by G contained in M with the elements of H*(G, A). The
class of split extensions in M corresponds to the class [0] € H*(G, A). This class corresponds
to the trivial class represented by the trivial factor system f(x,y) = 0.

Proor. By Theorem [5.2.18| the set of equivalence classes of such extensions is in bijective
correspondence with the equivalence classes of factor systems f € Z?(G, A). Two factor systems

are equivalent if and only if they differ by a 2-coboundary in B*(G, A): by (5.19) we have
fo(@,y) = fr(x,y) — h(zy) + hz)y + h(y)
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Note that there is exactly one normalized 2-cocycle in each cohomology class, i.e., with f(1,1) =
0. Hence two extensions of A by G contained in M are equivalent if and only if they determine
the same element of H*(G, A). O

EXAMPLE 6.5.2. Let A =7/pZ be a trivial G = Cy-module. Then
H*(G,A) = 7/pZ.
Here p is a prime. There are exactly p equivalence classes of extensions
0=z S ES 01

EXAMPLE 6.5.3. Consider the Galois extension L/K = C/R with Galois group G =
Gal(C/R) =2 Cy. Then we have

H*(G,L*) = 7/27

The proof is left as an exercise. In general we have H?*(G, L*) = Br(L/K), where Br(L/K)
is the relative Brauer group. It consists of equivalence classes of central simple K-algebras
S such that S ®x L = M,(L). Two central simple K-algebras are called equivalent if their
skew-symmetric components are isomorphic. For any field K the equivalence classes of finite-
dimensional central simple K-algebras form an abelian group with respect to the multiplication
induced by the tensor product.

The group Br(C/R) consists of two equivalence classes. The matrix algebra My(R) represents

the class [0] and the real quaternion algebra H represents the class [1].
We will now generalize Proposition (6.4.4)).

PROPOSITION 6.5.4. Let G be a finite group and A be a G-module. Then every element of
H™(G,A), n €N, has a finite order which divides |G|.

PrOOF. Let f € C"(G, A) and denote
a(x17 . 7xn—1) - Z f(‘rl? ey Tn—1, y)
yeG
Summing the formula for § f and using
Z flx1, . T, 20y) = a(xy, ..., Tpo1)
yeG

we obtain

Z(éf)(a:l, e Ty Y) = T1a(Toy ., Ty
yeG

n—1

+

(]

(—=Da(zy, ..., 2i%ig1, .- Tn) + (=1)"a(zy, ..., Tp1)
1

)" NG| f(x, ... x0)
da)(zy, ..., %) "G f (21, )

+(~1
Hence if § f = 0, then |G|f(z1,...,2z,) = £(da)(z1, ..., z,) is an element of B"(G, A). Then
|G|Z"(G, A) C B"(G, A), so that |G|H"(G,A) = 0. O

-
Il

+

—
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COROLLARY 6.5.5. Let G be a finite group and A be a finite G-module such that (|G|, |A|) =
1. Then H"(G,A) =0 for alln > 1. In particular, H*(G, A) = 0. Hence any extension of A
by G is split.

The last part is a special case of the Schur-Zassenhaus theorem, see ((5.1.27)). We will sketch
the proof of the general case.

SCHUR-ZASSENHAUS 6.5.6. If n and m are relatively prime, then any exstension 1 — A =
EL a1 of a group A of order n by a group G of order m 1is split.

PROOF. If A is abelian, the extensions are classified by the groups H?(G, A), one group for
every G-module structure on A. These are all zero, hence any extension of A by G is split.
In the general case we use induction on n. It suffices to prove that F contains a subgroup S
of order m. Such a subgroup must be isomorphic to G under 8 : E — G. For, if S is such a
subgroup, then SN A is a subgroup whose order divides |S| = m and |A| = n. Then SNA = 1.
Also AS = E since o(A) = A is normal in E so that AS is a subgroup whose order is divided
by |S| = m and |A| = n and so is a multiple of nm = |E|. It follows that E is a semidirect
product and hence the extension of A by G is split.
Choose a prime p dividing n and let P be a p-Sylow subgroup of A, hence of E. Let Z be the
center of P. We known that Z # 1. Let N be the normalizer of Z in E. A counting argument
shows that AN = F and |[N/(AN N)| = m. Hence there is an extension 1 - (ANN) - N —
G — 1. If N # FE, this extension splits by induction, so there is a subgroup of N, and hence
of E, isomorphic to G. If N = E, then Z < E and the extension 1 - A/Z — E/Z — G — 1
is split by induction. Let G’ be a subgroup of E/Z isomorphic to G and let E’ denote the set
of all z € F mapping onto G'. Then E’ is a subgroup of ¥, and 0 - Z — F' — G' — 1 is
an extension. As Z is abelian, the extension splits and there is a subgroup of E’, hence of F,
isomorphic to G' = G. O

6.6. The third cohomology group

We have seen that H"(G, A) for n = 0,1,2 have concrete group-theoretic interpretations.
It turns out that this is also the case for n > 3. We will briefly discuss the case n = 3, which
is connected to so called crossed modules. Such modules arise also naturally in topology.

DEFINITION 6.6.1. Let E and N be groups. A crossed module (N,«) over E is a group
homomorphism a: N — E together with an action of £ on N, denoted by (e,n) — ©n satisfying

(6.5) My =mnm™!
(6.6) a(®n) =ea(n)e?
for all n,m € N and all e € F.

EXAMPLE 6.6.2. Let E = Aut(N) and a(n) be the inner automorphism associated to n.
Then (N, «) is a crossed module over E.

L and

By definition we have “™n = a(m)(n) = mnm™
a(n)(m) = a(e(n))(m) = e(n)yme(n) ™" = e(ne™! (m)n~") = e(a(n)(e™" (m)))
= (ea(n)e™")(m)

EXAMPLE 6.6.3. Any normal subgroup N < E is a crossed module with E acting by conju-
gation and « being the inclusion.
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Let (N, @) be a crossed module over E and A := ker a. Then the sequence 0 — A - N & F
is exact. Since im « is normal in E by G = coker(a) is a group. This means that the
sequence N 5 E 5 G — 1 is exact. Since A is central in N by , and since the action of
E on N induces an action of G on A, we obtain a 4-term exact sequence

(6.7) 05 ALNSEL G

where A is a G-module. It turns out that equivalence classes of exact sequences of this form are
classified by the group H?(G, A). Let us explain the equivalence relation. Let G be an arbitrary
group and A be an arbitrary G-module. Consider all possible exact sequences of the form (|6.7)),
where N is a crossed module over F such that the action of £ on N induces the given action
of G on A. We take on these exact sequences the smallest equivalence relation such that two
exact sequences as shown below are equivalent whenever their diagram is commutative:

1 A N—“+FE G 1

PR

1 A N YL F G 1

Note that f and g need not be isomorphisms. We then have:

THEOREM 6.6.4. There is a 1 — 1 correspondence between equivalence classes of crossed
modules represented by sequences as above and elements of H3(G, A).

We omit the proof, which can be found in [12], Theorem 6.6.13.
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