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Introduction

Group homology and cohomology has its origins in topology, starting with the work of Rie-
mann (1857), Betti (1871) and Poincaré (1895) on “homology numbers” of manifolds. Although
Emmy Noether observed in 1925 that homology was an abelian group rather than just Betti
numbers, homology remained a part of the realm of topology until about 1945. During the pe-
riod of 1940—1955 came the rise of algebraic methods. The homology and cohomology of several
algebraic systems were defined and explored: Tor and Ext for abelian groups, homology and
cohomology of groups and Lie algebras, the cohomology of associative algebras, sheaves, sheaf
cohomology and spectral sequences. At this point the book of Cartan and Eilenberg (1956)
crystallized and redirected the field completely. Their systematic use of derived functors, de-
fined by projective and injective resolutions of modules, united all the previously disparate
homology theories. Several new fields grew out of this: homological algebra, K-theory, Galois
theory, étale cohomology of schemes and so on. Much could be said also on newer developments
in homological algebra.

Concerning group cohomology, the low dimensional cohomology of a group G was already clas-
sically studied in other guises, long before the formulation of group cohomology in 1943 — 1945
by Eilenberg and MacLane. For example, classical objects were

H(G, A) = A, H'(G,Z) = G/[G,C]
and for G finite, the character group
H*(G,7Z) = H'(G,C*) = Hom(G, C*)

Also the group H'(G, A) of crossed homomorphisms of G into a G-module A is classical as
well: Hilbert’s Theorem 90 from 1897 is actually the calculation that H'(G, L*) = 0 when G is
the Galois group of a cyclic field extension L/K. One should also mention the group H*(G, A)
which classifies extensions over G with normal abelian subgroup A via factor sets. The idea
of factor sets appeared already in Holders paper in 1893 and again in Schur’s paper in 1904
on projective representations G — PGL,(C). Schreier’s paper in 1926 was the first systematic
treatment of factor sets, without the assumption that A is abelian.

In 1950 Hochschild invented the term Galois cohomology for the group cohomology of the
Galois group G = Gal(L/K), where L is a (possibly infinite) Galois field extension of K, such
as the separable closure of K. Here (G is a profinite group. Hochschild and Tate applied Galois
cohomology to class field theory. In 1964 Serre published Cohomologie galoisienne, which until
today is the standard reference on Galois cohomology over number fields.

The first draft was written in 2004. This is a new version with some corrections and extensions,
written in 2009.






CHAPTER 1

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
@, try to understand what different groups G' can arise containing a normal subgroup N with
quotient G/N = (). Such groups are called extensions 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 belongs to the field of homological algebra. This deals with
category theory and in particular with the theory of derived functors. In this chapter however
we will focus most of the time only on group theory.

1.1. Split extensions and semidirect products
We start with the definition of exact sequences.
DEFINITION 1.1.1. A sequence of groups and group homomorphisms
'_>An—1a_n>Anan—+l>An+l_)"'

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

EXAMPLE 1.1.2. The sequence 1 =5 A 2% 1 is exact iff A = 1 is the trivial group. The

sequence 1 5 A 2, B 21 is exact iff A is isomorphic to B.

Indeed, 1 = ima; = keras = A in the first case, and 1 =ima =ker 3, im(3 =kery =B
in the second, so that
A= A/kerf=imf3 =B

EXAMPLE 1.1.3. A short exact sequence is given by
1A %A% 4 51

From the exactness we conclude that « is injective, (3 is surjective and

(1.1) 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

(1.2) A/kerf = B(A) = A"
hence A” is isomorphic to the quotient A/A’.
3
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DEFINITION 1.1.4. 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 GG is an extension
of N by @ then

I1-NS5SG5HQ—1
is a short exact sequence where ¢ : N — G is the inclusion map and 7 : G — G/N is the
canonical epimorphism. If

1A %A% 4 51
is a short exact sequence, then A is an extension of a(A) = A by B(A) = A", see example
(1.1.3).

ExXAMPLE 1.1.5. Given any two groups N and @), their direct product G = @Q X N 1is an
extension of N by @, and also an extension of Q) by N.

EXAMPLE 1.1.6. The cyclic group Cg is an extension of C5 by Cy. Hence we obtain the
short exact sequence

1—-C3—=Cs— Cy—1
The symmetric group respectively the dihedral group Ss = D3 is an extension of Cs by Cy, but
not of Cy by C3. We obtain the short exact sequence

1—-C3—D3—Cy—1

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

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 1.1.7. Let M/L/K be Q(v/2,v/3)/Q(v/2)/Q. Then

Q = Gal(Q(v2)/Q) = C;
N = Gal(Q(v2,v3)/Q(V2)) = C,
G := Cal(Q(V2,V3)/Q) = Cy x Oy

This yields the short exact sequence
1—>CQ—>CQXC2—>CQ—>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)

(
Jevave
V23 =1 5, )
(

V3,3

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

EXAMPLE 1.1.8. Let M/L/K be Q(v/2,vV2+ v2)/Q(v/2)/Q. Then

Q = Gal(Q(v2)/Q) = C;
N = Gal(Q(V2, V2 +v2)/Q(V2)) = C;
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 1.1.9. Let K be a field of characteristic different from 2 and assume that a is not
a square in K. Let L := K(y\/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+V?2)

DEFINITION 1.1.10. 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 x € 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.,

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

DEFINITION 1.1.11. An extension 1 — N % G 2 @ — 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.



6 1. GROUP EXTENSIONS
EXAMPLE 1.1.12. The extensions of ezample (1.1.6) are both split:

1—-0C3—Csg— Cy—1
1-03—-D3—Cy—1

On the other hand the extension
1—-0C,—Cy— Cy—1
of example (1.1.8) is not split.

Since a transversal function 7 in these examples is given by its values on [0] and [1] in Cs,
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 C,. But this implies that the extension is
not splitting as we will see in the following.

DEFINITION 1.1.13. Two subgroups N, ) < G are called complementary if

(1.4) NNQ=1
(1.5) 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 NQQ = QN. Hence in particular it is a subgroup if N <G or Q < G.

EXAMPLE 1.1.14. The subgroups N = ((123)) and Q = ((12)) are complementary subgroups
in G = 8s. 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 1.1.15. 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, g € Q).

ProoFr. If N and @) are complementary then G = N, hence each element g € G has a
representation g = nqg. To show the uniqueness assume that ¢ = ng = mp with n,m € N and
p,g € Q. Thenn~lgp ! =qgp ' =n"'me NNQ =1 and hence m = n and p = ¢q. Conversely
the unique representation implies G = NQ and NN Q = 1. 0]

DEFINITION 1.1.16. 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 write G = () x V.
ExXAMPLE 1.1.17. Both 83 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.
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EXAMPLE 1.1.18. Let S,, denote the symmetric group on n letters and D,, the dihedral group
of order 2n. Both are inner semidirect products as follows:

Sn = C'2 X An
Dn = CQ X Cn
Clearly A, <8, and C5, A,, are complementary subgroups in S,,. Let D,, = (s,t | s" =t* =
1, tst = s71) and C,, = (s),Cy = (t). Then C,, <« D,, and C,, and C5 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 1.1.19. For a group extension 1 — N = G 2, Q — 1 the following assertions
are equivalent:

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

COROLLARY 1.1.20. 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 3
in G. So let g € ker 5N 7(Q). With g = 7(¢q) for some g € @ it follows

1=0(g) = 6(r(q)) = ¢
Since 7 is a homomorphism g = 7(¢) = 7(1) = 1. So we have
(1.6) a(N)Nn7(Q) =1
Now let g € G and define z := (3(g) € . Then 7(z) € G and
Blgr(z™1) = Blg) - B(r(z™)) =22~ =1

so that gr(x™!) = a(n) for some n € N since it lies in ker 3 = a(N). Using 7(z)~! = 7(z ™)
we obtain g = a(n)1(z), i.e.,

1.7) G = a(N)7(Q)

Since o and 7 are monomorphisms we have G = 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.,
(1.8) CNna(N)=1
(1.9) C-a(N)=G
The homomorphism lemma now says that «(/N) C ker # implies the existence of a unique

homomorphism v : G/a(N) — @ such that the following diagram commutes:

B

| 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 v : G/a(N) — @ satisfying

1(p(e)) = y(ca(N)) = B(c)
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for all c € C, i.e., 7o = (3. Note that v is an isomorphism. Hence the map

7:Q—=CCG, g9 (v ()
is a homomorphism with
B(r(@) = (ve )¢~ (v (9) = ¢
hence with 87 =id|q. O

EXAMPLE 1.1.21. The following exact sequences are both split:
1— A, 58, 2% (41} — 1
det

1 — SL,(k) = GL, (k) <> 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 0 0
wis | P
0 1 0
0 0 a

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

DEFINITION 1.1.22. Let N, @ be two groups and ¢ : @ — Aut(N) be a homomorphism.
Define a multiplication on () x N as follows:

(1.10) (z,a)(y,b) = (zy, ¥(y)(a) - b)

for x,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 ¢(zy) = ¢(y) o p(z) for all z,y € Q. The product on the RHS denotes the
composition of automorphisms in Aut(NV). Let us verify the group axioms. The element (1,1)
is a left unit element in G:

(1, D)(z,a) = (2, (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(2)(¢(z7")(a™)) - a)
= (1,a 'a) = (1,1)
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since b! = (p(z7')(a))™' = p(z7!)(a™!). Finally the multiplication is associative.
(2, a)(y, )z, ) = (2y, p(y)(a) - b) (2, ¢) = (xyz, p(2)(¢(y)(a) - V) - ¢)
= (zyz, ((¢(2) > p(y))(a) - ¢(2)(b) - ¢)
(2, a)[(y, b)(2, )] = (2, a)(yz, p(2)b - ¢) = (xy2, 9 (yz)(a) - p(2)(D) - ©)

Since ¢ is a homomorphism both sides coincide.
We want to explain the relation between an inner and outer semidirect product. If

1-N2%a% -1
is a short exact sequence, then G acts on the normal subgroup a(N) < G by conjugation:
G x a(N) = a(N), (g,a(a)) — g ala)g

DEFINITION 1.1.23. 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 : @ — Aut(V).

PROPOSITION 1.1.24. Let G = @) X, N be an outer semidirect product of N by Q). Then G
defines a split short exact sequence

1—>N3>GET;Q—>1

where the maps o, B, T are given by

a(a) = (1,a), B((x,a)) =2, 7(z)=(2,1)
such that
(1.11) aop(z) =7(r(z)) o

PRrROOF. 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).

(z,0) 7 (1,0)(z,a) = (z7" (@) (@) - (z,(2)(c) - a)

Applying this computation we obtain for all a € N

V(7 (@))]ala)] = 7(z) " a(a)7(@) = (2,1)7' (1, a)(z, 1)
= (1, p()(a)) = alp(z)(a)]

which gives (1.11). Since obviously « is a monomorphism and [ is an epimorphism with
(7 = 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.

PROPOSITION 1.1.25. Each split short exact sequence 1 — N % G LN Q — 1 defines via
(1.11) an outer semidirect product @ <, N which is isomorphic to G.
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PROOF. Since a is a monomorphism (1.11) defines a homomorphism ¢ : @ — Aut(N).
Define the map ¢ : Q x, N — G by

(1.12) Ul(z,a)] = 7(2) - afa)

By Lemma (1.1.15) the map 1 is bijective. Moreover it is a homomorphism. We have

Vi@, a)l¥l(y,0)] = 7(2)a(a) - 7(y)a(b) = 7(2)7(y) - (7(y) " la)7(y)) - o(b)

EXAMPLE 1.1.26. Let Cy act on C,, by the automorphism x +— x=*. Then D,, = C X, Cp

The homomorphism ¢ : Co — Aut(C,,) is defined by (1) =id and p(—1)(z) = 2.
The following well known result shows that certain group extensions are always semidirect
products.

SCHUR-ZASSENHAUS 1.1.27. Let N and @) be finite groups of coprime order. Then every

short exact sequence 1 — N = G 5, Q — 1 splits. Hence each extension of N by Q) is a
semudirect product.

We will prove this theorem later, see proposition 2.5.6. There is a very elegant proof for the
case that NV 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.

Exercises
(1) Ezact sequences. Let 1 — G7 — Gy — G3 — ... — G, — 1 be an exact sequence of finite
groups. Let |G| denote the cardinality of a group G. Prove the following equation:

ﬁ’Gﬂ(_l)i =1
=1

(2) Splitting extensions. Show that the extension
1-0C,—Cy— Cy—1

is not split. Which extensions of C'3 by Cy are splitting ?

(3) Semudirect products. Let p be a prime. Show that none of the groups Cpn is a semidirect
product of non-trivial subgroups.

(4) The quaternion group. Let Q = {1, —1,1,—1, 7, —j, k, —k} be the quaternion group. Is @ a
semidirect product of non-trivial subgroups 7
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1.2. Equivalent extensions and factor systems

How can we describe all possible extensions GG of a group N by another group ) 7 We will

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

LEMMA 1.2.1. Suppose that we have the following commutative diagram of groups and ho-
momorphisms with exact rows:

a B

1 A B C 1
[ T
1 A—-p s 1

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

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

(1.13) vf =ga, hB=dg
Assume first that f and h are injective. We will show that g then is also injective. Let g(b) = 1
for some b € B. Then by (1.13)

1=4(g(b)) = h(B(b)) = B(b) =1
since h is injective. It follows b € ker § = im «, hence a(a) = b for some a € A. Then again by
(1.13)

1=9g() =g(ala)) =7(f(a)) = [fla)=1

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

0(g(b)) = h(B(b)) = h(c) = 6()
so that ¢ (g(b)~'0') = 1 and g(b) ¥ € ker § = im~. it follows g(b) '8’ = v(a’) for some ' € A’.
Since f is surjective there is an a € A such that f(a) = a’ so that, using (1.13)

g(a(a)) = y(f(a)) = v(a') = g(b)~'¥'
which implies b’ = ¢(b) - g(a(a)) = g(b- «(a)). Hence g is surjective. 0

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

LEMMA 1.2.2. Consider the following commutative diagram of groups and homomorphisms

with exact rows.

a1 a2 as Q4

A Ay As Ay As

lﬁ ib lﬁ ih lﬁ
B1 B B Ba

B B, ——> By —> B, Bs
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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.

DEFINITION 1.2.3. Let NV 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:

1 N—saL20 1

bk

1 N 2@ 1

If the extensions G and G’ are equivalent then they are automatically isomorphic as groups
since ¢ is then an isomorphism by lemma 1.2.2. 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. Formaly 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 3 = dp. This defines an equivalence relation. Clearly the relation is
reflexive since (G, «, ) ~ (G, a, 3) with ¢ = id. It is symmetric since (G, «, ) ~ (G',7,9)
implies (G',7,0) ~ (G,a, ) with ¢~ : G — G. To show transitivity consider the following
diagram:

a B

1 N G Q 1
iid l‘ﬂ \Lid

1 N> 2-Q 1
lid ltp’ lid

1 N——@G"—==Q 1

Assume that (G, «, ) ~ (G',v,0) and (G',v,0) ~ (G",¢,k). It follows that there are homo-
morphisms ¢ : G — G’ and ¢’ : G’ — G” such that

v=vya, B=20p, c=¢"y, §=ry
Defining ¢" := ¢’ : G — G it follows

e=¢y=¢pa=y"a
B =0p = rp'p=ry"

Hence we have (G, a, 3) ~ (G", ¢, k).
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EXAMPLE 1.2.4. 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

10,50, 20—

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

: P
a:C,—Cp, arg

Bi: Cpr — C), gr—a, i=1,2,....p—1

The sequences are exact since B;j(a(a)) = Bi(g?) = a?* = 1 in C,, hence ima = ker 3.
We claim that any two extensions [; and (; for i # j are inequivalent. Suppose (Cp, @, 3;) =~

(Cp, , 6]'), i.e.,

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

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

a' = B3i(9) = Bi(e(g) = Bi(g") = a”"

in C,. It follows i = jr(p). Together with r = 1(p) we have ¢ = j(p) or i = j and ; = ;. So
we have proved the claim.

REMARK 1.2.5. 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 1.2.6. Let N and @ be two groups. A pair of functions (f,T)

[@xQ—N
T :QQ — Aut(N)

is called a factor system to N and @ if
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(1.14) flzy, 2)T(2)(f(x,y)) = f(z,y2)f(y,2)
(1.15) T(y)eT(x) =7 (f(x,y)) o T(xy)
(1.16) f1,1) =1

for all z,y,z € Q.

The second condition (1.15) means, using the definition of ~y
T(y) (T(x)(n)) = f(z,y) " T(xy)(n) f(z,y)
for all n € N. Sometimes 7T is referred to as the automorphism system.

REMARK 1.2.7. If we choose f(x,y) = 1 then (f,T) is called the trivial factor system. In
that case T' is a homomorphism by (1.15) and (1.14) reduces to 1 = 1.

Condition (1.16) corresponds to a normalization. The first two conditions already imply
the following conditions:

LEMMA 1.2.8. Let (f,T) be a pair of functions as above where only conditions (1.14) and

(1.15) are satisfied. Then it follows

(1.17) T(1) =~(f(1,1))

(1 18) f(z, 1) = f(1, 1)

(1.19) F(y) =T(y)(f(1,1))

forallz,y € Q.
PrOOF. By (1.15) we have T'(1)T'(1) = v(f(1,1))T(1) so that T'(1) = v(f(1,1)). It follows
AT (2, 1) f(1,1) = T(1)(f (2, 1)) and hence
fl, Df(L1) = fFO,DTA)(f (2, 1))
= [z, DT)(f(2,1))

where we have used (1.14) with z = y = 1 for the last equation. This shows (1.18).
Setting x = y = 1 in (1.14) we obtain

f(LZ)T(Z)(f(L 1)) = f(l,Z)f(l, 2)

Multiplying f(1,2)~! from the left yields (1.19). O
COROLLARY 1.2.9. Let (f,T) be a factor system to N and Q. Then

(1.20) Fa1) = f(Ly) =1

(1.21) T(1) =id,| y

forall z,y € Q.

Proor. By (1.16) it follows T(1) = ~(f(1,1)) = v(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 V. O

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

PROPOSITION 1.2.10. Each group extension 1 — N % G 5, @ — 1 together with a
transversal function T : QQ — G defines a factor system (f.,T).
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This associated factor system depends not only on the extension, but also on the choice of
a transversal function 7.

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

(1.22) a(Tx(x)(n)) = ()" a(n)7(z)

where T (x)(n) € N. This defines automorphisms 7, (z) of N and a map T, : @ — Aut(N).
Since ( is a homomorphism we have

Br(zy) (@) (y)) = (B7)((zy) ") - (B7)(@)(B7)(y) = (2y) 'zy =1

and hence 7(zy) 'r(z)7(y) € ker3 = a(N). It follows that there exists a unique element
fr(x,y) € N such that

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

Now we have to verify the conditions (1.14),(1.15),(1.16) for the pair (f;,7T,) which we will
denote by (f,T). We set

(1.24) (1) =1

This condition is not essential, but it helps simplify some of the computations. By (1.23)
we have

T()r(1) = 7(Da(f(1,1))

hence a(f(1,1)) =1 and f(1,1) = 1. Hence (1.16) is satisfied. By using (1.22) and (1.23) we
obtain

7((wy)2) = 7(2y)7(2) (alf (xy, 2)) "
=7(2)7(y) (alf(z,9) " - 7(2) (alf(ay, 2) "
7(2(yz)) = r(2)7(y2) (a(f(2,y2) "

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

Using the associativity in GG both terms must be equal, i.e.,
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alf(z,y2))a(f(y, 2)) = alf(zy, 2)) - 7(2) " a(f(z,9)7(2)
= a(f(zy, 2) - AT(2)(f(2,9))

Since « is a monomorphism we obtain (1.14). O

Now we have associated a factor system (77, f;) to a group extension and a transversal
function 7. Does every factor system (f,T') arise in such a way 7 The answer is given by the
following proposition.

PROPOSITION 1.2.11. For each factor system (f,T) to N and Q there is a group extension
G of N by Q such that (f,T) = (fr,Ty) for a suitable choice of a transversal function T.

PRrOOF. Given (f,T) we define a group structure on G = @ x N as follows.
(1.25) (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 x,y € @, then T : Q — Aut(N) is a
homomorphism and the above definition coincides with the outer semidirect product ) x1 N.
We need to show that the group laws are satisfied, that GG is a group extension of N by @ and
that (f;,7T;) is exactly (f,T") with a suitable choice of 7. We start with the associativity.

(z,a) o[(y,b) o (2,¢)] = (,a) o [yz, f(y, 2)T(2)(b)]
= (wyz, f(x,y2)T (yz)(a) f(y, 2)T(2)(b)c)

—~
2
2}

N~—

I
=
=
~

—~

s

<

N~—
S

<

~—

—~
S

N—

=

(0]
—~
R

2}
N~—

[(z,a) o (y,0)] o

In the second computation we have first used that T'(z) is an automorphism of N, then
(1.15) and (1.14). Let b := f(z,2 )T (z )(a). Then (z~!,b7') is the inverse of (z,a).

(z,a) 0 (271, b7") = (za™", f(z, 27 )T (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,)

Now define #: G — @ by (x,a) — x. This map is a surjective homomorphism:
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B((z,a)) o B((y,b)) = zy = B((zy, f(z.y)T(y)(a)b) = B((z,a) o (y,b))

where we have used (1.25) in the last step. The map (1,a) — a is an isomorphism from
ker 3 ={(1l,a) | a € N} to N:

(1,a) o (1,b) = (1, f(1, )T (1)(a)b) = (1, ab)

The map a : N — G defined by a — (1,a) is a monomorphism. We obtain a short exact

sequence 1 - N = @ LN @ — 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(x) = (x,1). Since

o(y,1) = (zy, f(z,y)),
o (L, f(z,y) = (zy, f(xy, NT(1)(1) f(z,y)

we have 7(2)7(y) = 7(2y)a(f(z,y)). Comparing with (1.23), where f.(z,y) was uniquely
determined, it follows f, = f. Using (1.14) with y = 2! and f(1,z) = f(z,1) = 1 we obtain
T(x)(f(z,z7') = f(x~1, ). Since T'(z) is an automorphism it follows

(1.26) T(@)(fz,2™) ) = flah2)

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

This is just 7(x)a(a)7T(z) = a(T(x)(a)) and a comparison with (1.22) shows T, =T. 0O

EXAMPLE 1.2.12. Consider the extension 1 — Cy - C,4 LA Cy — 1 where N = Cy =
(a), Cy = (g), Q = Cy = (x) and a(a) = ¢*, B(g) = z. Determine the associated factor system
(f-,T) 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) " ala)r(z) =
g 1g%g = g% and hence T, (x)(a) = a. The map f, : Cy x Cy — Cy is given by

f(lvl) = f(lvx) = f(z,1) =1, f(ZL',ZL‘) =a
We have to show only the last condition. It is g-g = 7(x)7(x) = a(f(z, x)) so that f(z,z) = a.
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EXAMPLE 1.2.13. Determine the group extension 1 — Cs 4G LN Cy — 1 to the above
factor system (f.,T).

The group G = {(1,1),(1,a), (z,1), (x,a)} has the following multiplication
(x,a) o (y,0) = (xy, f(x,y)ab)

Using 22 = a* = 1 we obtain

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 1.2.14. Let1 — N % G 2 Q — 1 be a group extension and (f,T), (f',T") two
associated factor systems. Then there is a map h : QQ — N such that

(1.27) T'(x) = v(h(x)) o T()
(1.28) (@) = hzy) ™ f(z,y) - T(y)(h(@)) - h(y)
PROOF. The associated factor systems (f,7') and f’,7") arise by two transversal functions
7:0Q — G and 7 : Q — G. They just assign a given coset two representatives. Hence
(1.29) T(z) = T(2)(z)
with a map ¢ : Q — «(N). Define h: Q — N by a(h(x)) = ¢(x). Using (1.22) we obtain

o(T'(z)(n)) = 7'(2) e(n)r'(x) = L(z) " - 7(x) " a(n)7(2) - ()
(

so that a o T"(z) = aoy(h(x)) o T'(x) and (1.27) follows. Using (1.23) we obtain

= Uay) o f(z,y) - T(y) te(h(z)T(y) - Ly)
= Uzy) o f(z,y) - T (y))(h(z)) - L(y)
= a (h(zy)™") - a(f(z,y)) - a(T(y)(h(x)) - a(h(y))

This implies (1.28). O

The lemma tells us how to define the equivalence relation.
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DEFINITION 1.2.15. Let (f,7T) and (f’,7”) be two factor systems to N and (). They are
called equivalent if there is a map h : Q — N such that (1.27) and (1.28) 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.

PROPOSITION 1.2.16. Equivalent group extensions

1 N G Q@ 1

1 N G’ Q 1

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 @ — 1 and the following 7/ : Q — G-

(1.30) T(z) = o(7(x))

Since v = pa and [ = dp we have 07" = 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 euqivalent. In fact, by (1.22) we have

Y (T'(@)(a)) = 7'(2) " y(a)7(z) = 7'(2) "p(e(a)) 7' (x)
( .

(r(@)™) ¢

I
= 6

T (xy)y(f (2, y) = 7(2)7'(y) = (7 (x

p(r(z)r(y)) = elr(zy) - a(f(z,y))]
= (p7)(zy) - (pa)(f(2,y)) = T'(2y)v(f(z.y))
This implies f'(x,y) = f(z,y) or f' = f. O

PROPOSITION 1.2.17. 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 (1.27) and (1.28). Let G, G’ be the group extensions of N by @ as constructed in
proposition 1.2.11. 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
1.2.16 commutes. We define ¢ by
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(1.31) (z,0) = (2, h(z)"a)
Clearly this map is bijective. It is also a homomorphism with respect to the composition
(1.25).

p(goh)=¢((z,a)o(y,b) = ¢((zy, f(z,y)T(y)(a)D))
= (zy, h(zy) " f (2, 9)T(y)(a)d)
p(g) 0 p(h) = (z,h(x)""a) o (y, h(y)~'b)
= (zy, f'(z,y) - T'(y)(h(z)"'a) - h(y)~'D)
= (zy, f'(z,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(z,y)T(y)(a)b)

In the second computation we have used also (1.27) and (1.28). It remains to show that the
diagram commutes. Since h(1) = 1 we have (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))

—~
(o2
S
N~—
—~
—
8
S
N~—
N~—
I
(o9

It follows v = pa and § = dp.
Now we can formulate the main result of this section.

THEOREM 1.2.18 (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 2

Cohomology of groups

We shall first give the original definition of the cohomology groups which is, unlike the
definition of the derived functors, quite concrete.

2.1. 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 2.1.1. Let G be a group. A left G-module is an abelian group M together with
a map

GXxM— M, (g,m)—gm
such that, for all g,h € G and m,n € M ,

(2.1) g(m+n)=gm+gn
(2.2) (gh)m = g(hm)
(2.3) 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
(2.4) T(g)(m)=gm VYmeM

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

(2.5) (Z ngg> (Z mhh> = Z ngmpy(gh)

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

(2.6) (Z ngg) m = Z ng(gm)

Conversely, if M is a Z[G]-module, then M becomes a G-module if we define gm := (1g)m.
21
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EXAMPLE 2.1.2. Let M be any abelian group and define

(2.7) gm=m

forall g € G, m € M. This action of G is called the trivial action, and M 1is called a trivial
G-module.

EXAMPLE 2.1.3. The module M = Z|G] with the action

(2.8) h (Z ngg) = anhg

15 called the regular G-module.

DEFINITION 2.1.4. Let M be a G-module. Define

(2.9) MC% ={meM|gm=m foral gecG}
Then M€ is a submodule of M which is called the module of invariants.
If M is a trivial G-module then MY = M.

DEFINITION 2.1.5. Let M, N be two G-modules. A homomorphism of G-modules is a map
@: M — N such that

(2.10) p(m +m') = o(m) + p(m’)
(2.11) p(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.

2.2. 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, .. z0) + gz, ..o 2)
0(z1,...,2,) =0

We now define homomorphisms ¢ = 4, : C"(G, A) — C"T(G, A).
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DEFINITION 2.2.1. If f € C"(G, A) then define §,,(f) by

5n<f)($17 s 7$n+1) = xlf(aj% s 7$n+1>
+ Z(—l)if(ffb e Tl BT, - Tt
i=1

+ (=D f (2, 2)
For n = 0,1, 2,3 we obtain

(2.12) (Gof)(z1) =a1f— f

(2.13) (01f) (@1, 22) = 21 f(22) — fla122) + [ (1)

(2.14) (0o f)(z1, X2, x3) = 21 f(T2, 3) — f(a129,23) + f(21, w223) — f (21, 22)
(53f)($1a L2, IE3,$4) = $1f($2,I3, $4) - f(fElﬂUQ, IE3,$4) + f(xl,fﬂg, $4)

(2.15) — f(w1, @2, w324) + fl21, 20, T5)

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 2.2.2. It holds 6,:10,(C™(G,A)) = 0 for all n € N. Hence the following sequence
s a complex.

A Lo, CI(G, A) LI 6"_*% Cm(G, A) On, Cm-ﬂ(G7 A) Snt1

PROOF. Let f € C"(G,A). We want to show 6%(f)(x1,...,242) = 0. Define g; €
C" G, A) for 0 < j<n+1by

‘Tlf(a:27"'axn+1>7 ,] =
gj(xlu"‘7$n+1): (_1)jf(x17"'7xjwj+l>"'7xn+1)7 1 S] <n
(=)™ f(2y,. .., 2p), j=n+1
This means
n+1

) (@1, 1) = Y gi(@1, - o)
j=0

Then define g;; € C""*(G, A) for 0 <i <n+2 by

xlg] va"wxn—&—Q), Z:
Gji(@1, .o Tng2) = S (=1)'gi(@1, .o Tiiga, ooy Tng2), 1<i<n+1
(—1)n+29j<x1,...,xn+1)7 Z:n+2
This means
n+2

(593')(951» cee 7xn+2) = Z%’j(l'la e 7xn+2)
i=0
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It follows
n+1 n+1 n+2
P(f)(@1, - Tpg2) = 2(593‘)(551, ey Tng2) = Z Zgij(l"h R )
=0 j=0 i=0
We will show that forall0 <j<n+landall j+1<i<n-+2
(2.16) (gji + Gi—15)(T15 -, Tpya) =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=mn+1and ¢ =n+ 2. Then all entries of the array are cancelled out and we obtain
( ) Zn—i—l Zn+2 gij = 0.

It remains to show (2.16). Assume first 1 < j <n. If i > j + 1 then
gji(xly-- In+2) ( ) $1,---,$z‘$i+1a---,$n+2)

i(
1)1g] (T1y -y Tne1)

= (-
= (=1 f(1, . TiTjets s Tt1)
= (=) f(21, .., TTjy1, o TiTigts - - Trya)
with
(Ths oo s Ty Tidds o e s Ty Tty -« o s Trp1) =
(T1y ey Ty T, ooy BT 1, Tigs - - -y T2
On the other hand we have
Gi—1;(T1, .. Tpyo) = (— 1) g;_ (T, T, o Tpy2)
= (- 1)ng 101,05, Opy1)
= (=1 f(or,...,00104...,0041)
= (=) (T, T, BT, Tgn)
with
(01, 041,04, o, 041,04y o, Opg1) =
(@1, T, BT g1y ooy Tiy Tig s - - - Tg2)-

It follows g;; + gi—1; = 0. If ¢ = j + 1 we obtain in the same way

gji(flfl, e 7=’Bn+2) = (—1)i+jf($1, ey L1541, - - - 793n+2)
= —gi—l,j(h, < 7$n+2)
The remaining cases 7 = 0 and 7 = n + 1 follow similarly. 0

Define the subgroups Z"(G, A) = ker §,, and B"(G, A) = imd,_;. Forn = 0let B°(G, A) =
0. Since B"(G, A) C Z"(G, A) we can form the factor group:

DEFINITION 2.2.3. 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 6,/ im 6,,_,
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2.3. The zeroth cohomology group

For n = 0 we have
HG,A)=7°G,A)={ac A|lra=aVzec G} =A%

Hence HY(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 2.3.1. Let A = C, be a G = Cy-module. Then xa = a for allz € C), i.e., Aisa
trivial Cp-module. We have

HO(va Cp) =Gy
Denote by xa the action of G on A. Let T': C,, — Aut(C,) = C,_1 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 T" = 1 is impossible since 71" is not injective. In fact, C), is not contained

in Aut(C,). Hence it follows ker T' = C,, and T'(C,) = {id}. This means za = T'(x)a = a. Since
A'is a trivial C)-module it follows A% = A,

LEMMA 2.3.2. Let M be a G-module, and regard 7. as a trivial G-module. Then
HY(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

2.4. The first cohomology group
If A is a G-module then
ZNG, A) ={f: G — A f(xy) = af(y) + f(z)}
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., ;09 = 0. For the convenience of the reader we repeat the
calculation. Let f = dp(a)(x1) = x1a — a and compute

(0100)(a)(x, y) = 61(f)(2,y) = 2f(y) — flay) + 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

HY(G, A) = Hom(G, A)

is the set of group homomorphisms from G into A.
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REMARK 2.4.1. We want to consider sometimes right G-modules instead of left G-modules.
If Ais a left Z|G]-module with action (z,a) — za, then a x x = za defines a right module
action with multiplication y x z = zy in G: a* (x xy) = (yr)a = y(xa) = (a * x) * y. Then the
definition of 1-cocycles and 1-coboundaries becomes
ZNG,A) ={f:G—A| flxxy) = flz) xy+ f(y)}
BYG,A) ={f:G— A| f(z) = a*z — a for some a € A}

PROPOSITION 2.4.2. Let A be a G-module. There ezists a bijection between H (G, A) and
the set of conjugacy classes of subgroups H < G'x 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 (1.10), 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) = (zy,ay +b)
Since 7(zy) = 7(x)7(y) we have
(zy, h(zy)) = (z, h(z))(y, h(y)) = (zy, h(z)y + h(y))
so that h(xy) = h(z)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)(z, 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
H in A, orin G x A since G x A = HA. 0J

COROLLARY 2.4.3. 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 2.4.4. Let G be a finite group and A be a G-module. Then every element of
H' (G, A) has a finite order which divides |G)|.

PROOF. Let f € Z'(G,A) and a = 3 . f(y). Then zf(y) — f(zy) + f(x) = 0. Summing
over this formula we obtain

0=z fly) =Y flay)+ f@) Y 1

yeG 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. 0

COROLLARY 2.4.5. Let G be a finite group and A be a finite G-module such that (|G|, |A|) =
1. Then HY(G, A) = 0.

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



2.5. THE SECOND COHOMOLOGY GROUP 27

REMARK 2.4.6. 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 Hilberts 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 2.4.7. 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 af(t) = f(o) ' f(o7). The 1-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
= f(O)r(B) #0

T7eG
It follows that for all 0 € GG

ola) =Y o(f(r)) => flo)  flom)or(B) = (o) D> f(7)7(B)

TeG TeG TeG
= flo) "
It follows f(0) = ¢ = U(ao‘j), hence f € B} (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
TG
Setting v = a~'3 we obtain >, _,7(y) =1 since 7(a) = a and 7(a~') = a~'. Let
=> f(r)r(v)
TEG

Hence we obtain for all 0 € G

o(x) =Y a(f(M)or() =) flom)ar(y) = f(o)ar(y)

TG TG
-
It follows f(0) =z — o(x) = o(—x) — (—x), hence f € BY(G, L). O

REMARK 2.4.8. We have H"(G, L) = 0 for all n € N, but not H"(G, L*) = 1 in general.

2.5. 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
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called factor system to A and G if

(2.17) f(zy, 2) + f(z,9)z = f(z,y2) + [(y, 2)
(2.18) T(xy) = T(y)T(x)
(2.19) F(1,1)=0

where f(x,y)z =T(2)(f(z,y)). Now let
0—-ASE i G—1

be an abelian group extension of A by GG. This equippes 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 7p,) = 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,7) to A and G forms an abelian group with respect to
addition: (f + g)(x,y) = f(x,y) + g(z,y). It follows from (2.17) that this group is contained
in the group

ZQ(G7A) :{fG><G—>A|f(y,z)—f(xy,z)—l—f(a:,yz)—f(w,y)z:()}

where we have considered A as a right G-module. One has to rewrite the 2-cocycle condition
from definition (2.2.1) for a right G-module according to remark (2.4.1). Recall that

B G,A) ={f:GxG— A| f(z,y) = h(y) — h(zy) + h(z)y}

is a subgroup of Z?(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,2) = h(z) — h(yz) + h(y)z
—f(zy,z) = =h(z) + h(zyz) — h(xy)z
f(@,yz) = h(yz) — h(zyz) + h(x)yz
—f(z,y)z = —h(y)z + h(zy)z — h(z)yz
THEOREM 2.5.1. Let G be a group and A be an abelian group, and let M denote the set of
group extensions
0-ASEL 61

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.

PROOF. By theorem (1.2.18) 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 (1.28) we have

fo(x,y) = fo(2,y) — h(xy) + h(z)y + h(y)
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 2.5.2. Let A =Z/pZ be a trivial G = Cy-module. Then H*(G, A) = Z/pZ.
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Here p is a prime. There are exactly p equivalence classes of extensions
0—zpz S ELC,—1

EXAMPLE 2.5.3. Consider the Galois extension L/K = C/R with Galois group G =

Gal(C/R) = Cy. Then we have
H*(G,L*) 2 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 M,(R) represents

the class [0] and the real quaternion algebra H represents the class [1].
We will now generalize proposition (2.4.4).

PROPOSITION 2.5.4. 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|.
PRrROOF. Let f € C™"(G, A) and denote
a(zy, ..., Tp1) = Z fx1, .. Tu1,y)
yeG
Summing the formula for § f and using
Z f($17 s axn—lvxny> = a(xb s 7xn—1)
yeG

we obtain

Z(5f)(x1, e Ty Y) = z1a(To, ., Ty

yeG
n—1
+ Z(—l)za(xl, e Tty )+ (=D, )
i=1

+ (_1)n+1|G|f<x1a s 7$n)
= (0a)(@1,...,@n) + (=1)"G|f (1. ., 20)
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

COROLLARY 2.5.5. 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 s split.

The last part is a special case of the Schur-Zassenhaus theorem, see (1.1.27). We will sketch
the proof of the general case.

SCHUR-ZASSENHAUS 2.5.6. If n and m are relatively prime, then any exstension 1 — A =
LGt of a group A of order n by a group G of order m 1is split.
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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 E contains a subgroup S
of order m. Such a subgroup must be isomorphic to G under § : E — G. For, if S is such a
subgroup, then SN A is a subgroup whose order divides |S| = m and |A| = n. Then SN A = 1.
Also AS = E since a(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. It is well known that Z # 1, see [4], p. 75. Let N be the normalizer of Z in F.
A counting argument shows that AN = E and |[N/(AN N)| = m, see [5]. Hence there is an
extension 1 - (ANN) - N — G — 1. If N # E, this extension splits by induction, so there
is a subgroup of N, and hence of F, isomorphic to G. If N = F, then Z < E and the extension
1— A/Z — E/Z — G — 1 is split by induction. Let G’ be a subgroup of £/Z isomorphic to
G and let £’ denote the set of all x € E mapping onto G'. Then E’ is a subgroup of F, and
0 —-Z — FE — G'"— 11is an extension. As Z is abelian, the extension splits and there is a
subgroup of E’, hence of E, isomorphic to G' = G. O

2.6. 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 2.6.1. Let F and N be groups. A crossed module (N, a) over E is a group
homomorphism a: N — E together with an action of E on N, denoted by (e, n) — °n satisfying
(2.20) My =mnm™!

(2.21) a(®n) =ea(n)e™?
for all n,m € N and all e € E.

EXAMPLE 2.6.2. Let E = Aut(N) and a(n) be the inner automorphism associated to n.

Then (N, «) is a crossed module over E.

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 2.6.3. Any normal subgroup N <1 E is a crossed module with E acting by conju-
gation and « being the inclusion.

Let (N, a) be a crossed module over E and A := ker a. Then the sequence0 — A - N 5 E
is exact. Since im « is normal in £ by (2.21) G = coker(«) is a group. This means that the
sequence N = E T G — 1 is exact. Since A is central in N by (2.20), and since the action of
E on N induces an action of G on A, we obtain a 4-term exact sequence

(2.22) 0-ALNSELG -1

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
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arbitrary group and A be an arbitrary G-module. Consider all possible exact sequences of the
form (2.22), where N is a crossed module over E such that the action of E 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:

o

1 A N FE G 1
R
1 A N -2 g G 1

Note that f and g need not be isomorphisms. We then have:

THEOREM 2.6.4. 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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2.7. Functorial definition of cohomology groups
We will briefly discuss the language of category theory.

DEFINITION 2.7.1. A category C consists of a nonempty class 0b(C) of objects, a set
Hom(A, B) = Hom¢ (A, B) for each pair of objects A, B, called the set of morphisms from A to
B, and a map

(a, B) — Boa: Hom(A, B) x Hom(B, () — Hom(A, C)
for each triple of objects A, B, C' satisfying the following conditions:

(1) composition of morphisms is associative;
(2) for each object A, Hom(A, A) has an element id4 that is left and right identity for
composition.

A fundamental category is the category AB of abelian groups. The objects are abelian
groups , and the morphisms are group homomorphisms. Another important category is the
category Mg of R-modules for a given arbitrary ring R.

DEFINITION 2.7.2. A covariant functor F: C — D is a map that associates with each object
A of C an object F(A) of D, and with each morphism a: A — B a morphism F(«): F(A) —
F(B) such that F(ae3) = F(a)oF () and F(ida) = idp(a). The functor is called contravariant

if F(aef)=F(f)o F(a).
DEFINITION 2.7.3. A pair of functors F': A — B and G: B — A is called adjoint, if for
every pair of objects (A, B) with A € A and B € B there is a functorial bijection
T =7Tap: Homg(F(A), B) — Homu(A, G(B)).
This means, there is a bijection such that for all f: A — A" in A and all g: B — B’ in B the
following diagram of induced mappings commutes:

Hompg(F(A’), B) — Homp(F(A), B) — Homp(F(A), B')

l | |

HOIDA(A/, G(B)) - HOI’I]A(A, G(B)) - HOHlA(A, G(B/))
In this case, I is called the left adjoint of this pair, and G is called the right adjoint of this
pair.
For example, F' = Hompg(M,-) is a functor from My to AB. The symbol F' = Hompg(M, -)
means that F(N) = Homg(M, N) for all N in Mp.

PROPOSITION 2.7.4. Let R be a ring and M be a left R-module. Then F' = Hompg(M, )
is a covariant functor from Mg to AB, und F' = Hompg(-, M) is a contravariant functor from
MR to AB

PROOF. Let f: A — B be a morphism in Mg. How do we define F(3) 7 Let M be a
fixed R-module. Consider the sequence M 2 A% Bin M r- Then define a homomorphism
B = F(0) of abelian groups

F(B): Homg(M, A) — Homg(M, B)
by F(3)(a) = B(a) = Boa. Obviously § = id in My implies F(8) = id in AB. Given a
sequence
M5 AL Bl
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in Mg, we obtain

(2.23) F(yep)(a) = (yepf)(a) =7 (Boa)
(2.24) = F(y)(F(8)())-
Hence the functor F' = Hompg(M, ) is covariant. The second claim follows similarly. O

PROPOSITION 2.7.5. Let R be a commutative ring and M, N be two R-modules. Then both
F=M®pg-and G =-®r N are covariant functors from Mpg to Mpg.

PRrOOF. Given A% B 2 ¢ in Mg we put
Fla)=1y®a: M®r A — M ®p B,
where (1) ® a)(z ® y) =z ® a(y). Then

(2.25) Ffeoa)=1y @ (foa)=1u®pF) e (1y @ a)
(2.26) = F(B)F(a).
Hence F' is covariant. The second claim follows similarly. 0

DEFINITION 2.7.6. A covariant functor F': A — B is called exact, if it takes short exact
sequences in A to short exact sequences in B. That means, given a short exact sequence

00— M — My — M;—0
in A yields a short exact sequence
0— F(M,) — F(Ms) — F(M3) —0

in B.
The functor is called left-exact, if only follows that

0 — F(M) — F(Ms) — F(Mj;)
is exact. It is called right-exact, if only follows that

F(M,) — F(My) — F(M;) — 0
is exact.

The definition for contravariant functors is analogous. One has to reverse the arrows in B.
Hence a contravariant functor F' is left-exact if every exact sequence

0— M1 — M2 — M3
is taken to an exact sequence

PROPOSITION 2.7.7. The contravariant functor Homg(-, V') from Mg to AB is left-exact,
as well as the covariant functor Hompg(V, ).

PrOOF. We only show that Hompg(V,-) is a left-exact functor. In general, it is not an exact
functor. So let

0— M, % M, % M,

be a short exact sequence of R-modules. We have to show that the sequence

0 — Homp(V, M1) 2 Homp(V, My) & Hompg(V, M)
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is exact. Let o = 0 for 0 € Homg(V, M;). This means ¢(o(v)) = 0 for all v € V. We have
o(v) = 0, because ¥ is injective, and hence o = 0. This implies that also Y is injective.

Now let o7 = 0 with 7 € Hompg(V, Ms). Then ¢(7(v)) =0 for all v € V', and 7(v) = ¢ (v') with
some v € My, depending on v. Since 1) is injective, v is unique. Define 7" € Hompg(V, M;) by
this ¢/, i.e., let 7/(v) = v’. Then it follows that

Hence 7 is contained in the image of 1; 0

REMARK 2.7.8. The covariant functors FF' = M ®g - and G = - ®g N are right-exact, but
not exact in general.

DEFINITION 2.7.9. A category C is called additive if the sets Hom(A, B) are endowed with

the structure of abelian groups for all objects A and B in C, such that the following conditions
hold:

(1) The law of composition of morphisms is bilinear, and there exists a zero object 0, i.e.,
such that Hom(0, A) and Hom(A, 0) have precisely one element for each object A.
(2) Finite products and finite coproducts exist in C.

The second property can be replaced by the requirement, that every finite collection of
objects in C has a direct sum. To say that objects A and B admit a direct sum means that there
is an object A® B in the category and mapsis: A > A®B,ig: B— A® B, pa: A®B — A,
pe: A@® B — B such that pgoiy = idas, ppoip = idg, pacig = 0, pgoig = 0 and
tApa +ippp = idagB.

Some authors also use the following definition (using proposition 2.7.4 as a motivation):

DEFINITION 2.7.10. Let C be an additive category. A sequence 0 — A — B % (' is called
exact if the sequence of abelian groups

0 — Hom(T, A) — Hom(7', B) — Hom(T', C)

is exact for all objects T"in C. A sequence A P B C — 0is exact if the sequence of abelian
groups

0 — Hom(C,T) — Hom(B,T) — Hom(A,T)
is exact for all objects T

We define the kernel and the cokernel of a morphism as follows:

DEFINITION 2.7.11. Let C be an additive category. Suppose that f: A — B is an arbitrary
morphism in C. A kernel of f is a morphism «: C' — A such that

(a) feor: C — B is the zero morphism:

J

C—B
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(b) Given any morphism «': D — A such that forx’ is the zero morphism, there is a unique
morphism g: D — C such that Ko g = k'

DEFINITION 2.7.12. Let C be an additive category. Suppose that f: A — B is an arbitrary
morphism in C. A cokernel of f is a morphism A: B — C' such that

(a) Ao f: A — (' is the zero morphism:
.
A

(b) Given any morphism \': B — D such that Xo f is the zero morphism, there is a unique
morphism ¢g: C'— D such that Ao g = \":

It is easy to see that kernels and cokernels are universal and hence uniquely determined if
they exist (they need not exist in general).

DEFINITION 2.7.13. An abelian category is an additive category A in which the following
two conditions hold:

(3) Kernels and cokernels exist in C.
(4) If f: A — B is a morphism whose kernel is 0, then f is the kernel of its cokernel, i.e.,
ker(coker(f)) = f.

If f: A — B is a morphism whose cokernel is 0, then f is the cokernel of its kernel,

i.e., coker(ker(f))) = f.
A morphism whose kernel and cokernel are 0 is an isomorphism.

In other words, every morphism has both a kernel and a cokernel, every monomorphism is
a kernel of a morphism and every epimorphism is a cokernel of a morphism.
We list some examples (and one counter-example) of abelian categories.

(a) The category Mg of R-modules, for any ring R.

(b) The category of finitely generated R-modules, for a Noetherian ring R.
¢) The category of complexes of R-modules.

(d) The category of vector bundles over a topological space.

(e) The category of sheaves of abelian groups over a topological space.
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(f) The category of all groups is not an abelian category.

We need also special cases of the category Mpg. Taking the group ring R = Z[G] we obtain
the category M of G-modules. For the trivial group G = {1} we have the category of abelian
groups (Z-modules). We recall the following result:

PROPOSITION 2.7.14. Let 1 — I % N 25 M — 1 be a short ezact sequence of R-modules.
Then the following conditions are equivalent:

(1) There exists a module homomorphism 7: M — N such that 31 = id | .
(2) There exists a module homomorphism o: N — I such that ca = id;.
(3) N is isomorphic to the direct sum of I and M, i.e.,

N ~ im(a) @ ker(o) ~ ker(3) @ im(7)

DEFINITION 2.7.15. Let A be an abelian category. An object I of A is injective if Hom(-, I)
is an exact functor, i.e., if 0 - A — B — C' — 0 is exact in A then also

0 — Hom(C,I) — Hom(B,I) — Hom(A,I) — 0
1s exact.

This sequence is automatically exact except at Hom(A, I'). Hence to say that [ is injective
means that every homomorphism A — [ extends to B, i.e., for each injection f: A — B and
each a: A — I there exists at least one map : B — [ such that o = Fo f.

PROPOSITION 2.7.16. Let I be an R-module in the category Mpr. Then the following con-
ditions are equivalent:
(1) I is injective, i.e., the functor Homg(-, I) is ezact.
(2) Each short exact sequence of R-modules 0 — I — N — M — 0 is split.
(3) Each R-module homomorphism f of a submodule M’ of M to I can be extended to
a R-module homomorphism h: M — I. In other words, the following diagram is
commutative, hoa = f:

1

Yoh

0— M ——

PROOF. We just gave a short reasoning why (1) and (3) are equivalent. Now assume (3)
and consider the following diagram:

I

. T‘ h

id
0—>T—2>N

Then (3) yields a homomorphism h: N — I such that hoa = id|y. Using proposition 2.7.14 it
follows (2), i.e., the short exact sequence there splits. Conversely, assume (2). To show (3), let

1

|

0— M —= M
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be an exact diagram. We form the so-called push-out, see [8],

M’LM

L,

[——N
where N = I @y M. Since « is a monomorphism, so is o/. By (2) the sequence 0 — I < N

splits, and composing the splitting map o: N — [ with the push-out map M — N we obtain
the desired homomorphism h: M — I satisfying ho o = f, proving (3). O

DEFINITION 2.7.17. Let A be an abelian category. We say that A has enough injectives if
for every object A in A there is an injection A — I where [ is injective.

We have the following important theorem.

THEOREM 2.7.18. Every R-module can be embedded into an injective R-module, i.e., the
category Mg respectively Mg has enough injectives.

PROOF. Here is a very rough outline of the proof. For details see [8]. Let T' be a divisible
abelian group. This means, the homomorphism x — max from T to T is surjective for all m € Z.
The first step in the proof is to show that then Homgz (R, T) is an injective R-module. If M is
an arbitrary R-module then it is possible to embedd M into some divisible abelian group 7.
This will induce an embedding of M into the injective R-module Homy(R,T'). O

Every category C has an opposite category C? where the objects are the same as the objects
in C, but the morphisms and compositions are reversed, so that there is a 1 — 1 correspondence
f — f° between morphisms f: B — C in C and morphisms f°?: C' — B in C°. The categories
C and C° need not be isomorphic: for example, let 7 be the category of torsion abelian groups.
Then 7° is the category of profinite abelian groups.

Let A be an abelian category. Then A is also abelian and injective objects in 4 correspond
to so called projective objects in A°. We have the following dual definition.

DEFINITION 2.7.19. Let A be an abelian category. An object P of A is projective if Hom(P, -)
is an exact functor, i.e., if 0 = A — B — C' — 0 is exact in A then also

0 — Hom(P, A) — Hom(P, B) — Hom(P,C) — 0
1s exact.
Indeed, A is injective in A if and only if A is projective in A.

ExXAMPLE 2.7.20. Consider the category of all complex vector spaces. Then each object is
projective and injective.

Indeed, every module in this category is free, since it has a basis, and hence projective.

EXAMPLE 2.7.21. The category of finite abelian groups F is an example of an abelian cate-
gory that has no projective objects. Since F is equivalent to F°P it has also no injective objects.

PROPOSITION 2.7.22. Let P be an R-module in the category Mpg. Then the following
conditions are equivalent:

(1) P is projective, i.e., the functor Homg(P, ) is ezxact.
(2) Each short exact sequence of R-modules 0 — N — M — P — 0 is split.
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(3) For each surjective R-module homomorphism g: B — C and an R-module homomor-
phism ~v: P — C there is at least one R-module homomorphism (3: P — B such that

Y=gep:
P

l B
v L
£\

0~— (O <2

DEFINITION 2.7.23. Let A be an abelian category. We say that A has enough projectives if
for every object A in A there is a surjection P — A where P is projective.

PROPOSITION 2.7.24. The category My respectively Mg has enough projectives.
Indeed, every R-module is the homomorphic image of a free, hence projective R-module.
We could also use projectives for the definition of cohomology, but we will do it with injectives.

DEFINITION 2.7.25. Let M be an object of a category A. A resolution of M is a long exact
sequence

0O-M->I">T"—5 ... 5" — ...

We sometimes write this M — [°®. If all the I" are injective objects of A, then it is called an
injective resolution.

PROPOSITION 2.7.26. If the abelian category A has enough injectives, then every object in
A has an injective resolution.

Let F': C — D be a left exact functor from one abelian category to a second one. Let
M — I* be an injective resolution of M. On applying the functor F', we obtain a complex

F(I): 055 F(I%) = F(IY) = - = F(I") £ Iy — -
which may be no longer exact. Define
(R'F)(M) = H"(F(I)) := ker(d")/im(d" ")

for all » > 0. One can show that the objects (R"F)(M) are well-defined up to a canoni-
cal isomorphism. Moreover, a morphism « : M — N gives rise to a well-defined morphism

(RTF)(M) — (R'F)(N). In fact, the R"F are functors.
DEFINITION 2.7.27. The above functors R"F' are called the right derived functors of F.
EXAMPLE 2.7.28. We have R°F = F.
Because F' is left exact, 0 — F(M) — F(I°) LR F(I') is exact. Therefore
(ROF)(M) = ker(d") = F(M)

THEOREM 2.7.29. A short exact sequence 0 — A — B — C — 0 gives rise to a long exact
sequence

0— F(A) — F(B) — F(C) — R'"F(A) - R'F(B) — R'F(C) — - -
— R'F(A) - R'F(B) - R'F(C) — ---

and the association of the long exact sequence to the short exact sequence is functorial.
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The last condition means that a commutative diagram

0 A B C 0
0 A B’ C’ 0

gives rise to a commutative diagram

-+ ——> RF(C) —= R'F(A) — R'F(B) —= R'F(C) — -

| | | |

o —=RIFP(C)—RFA)—=RFB)—=RFU(C)—---
Now we turn to the functorial definition of cohomology groups.

LEMMA 2.7.30. The functor F': Mg — AB, F(M) = M% from the category of G-modules
to the category of abelian groups is left exact.

PROOF. This follows from the fact that M¢ = Homg(Z, M) for any G-module, see (2.3.2).
Here Z is regarded as trivial G-module. 0

Hence, if 0 = N — M — V — 0 is exact then 0 — N — MY — V¢ is exact. Since the
category of G-modules has enough injectives, every G-module has an injective resolution and
we can form the right derived functors of F.

DEFINITION 2.7.31. Let G be a group and M be a G-module. Define the 7" cohomology
group of G with coefficients in M to be

H"(G,M)=RF(M)
That means, if we choose an injective resolution
oMol ps
of M, then the complex
04, (1°)¢ 4, (IN6 = ... at ("¢ a, (I8 ...

need no longer be exact, and we have H"(G, M) = ker(d")/im(d"~'). For any homomorphism
a: M — N of G-modules and any injective resolutions M — [* and N — J*, a extends to a
map of complexes a: I* — J*,

0 M I° It
0 N J° J!

and the homomorphisms H"(a): H"(I*%) — H"(J*“) are independent of the choice of &. On
applying this statement to the identity map id: M — M, we see that the groups H" (G, M) are
well defined up to a canonical isomorphism. These groups have the following basic properties.

(1) We have H(G, M) = F(M) = M€.
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(2) If I is an injective G-module, then H"(G,I) = 0 for all » > 0, because 0 — I — [ —

0 — 0 — --- is an injective resolution of I.
(3) A short exact sequence 0 — N — M — V — 0 of G-modules gives rise to a long exact
sequence

0— HG,N)— H°(G,M) - H*(G,V) - H(G,N) — H (G, M) — - -
— H"(G,N) — H"(G,M) — H(G,V) — H(G,N) — --.
We have finally obtained two different definitions of cohomology groups. One by means
of cochains and explicit formulas of the coboundary operators, the other by means of derived

functors. One can show that there is a canonical isomorphism between the two cohomology
groups.



CHAPTER 3

Galois cohomology

3.1. Profinite groups

Profinite groups G are compact topological groups for which the open normal subgroups
form a fundamental system of neighbourhoods of e = 15. Following Bourbaki we require
compact spaces to be Hausdorff.

DEFINITION 3.1.1. A group G equipped with a topology is called a topologic group if
(1) the map z — 2!, G — G is continuous.
(2) the map (z,y) — xy, G x G — G is continuous, where G x G is equipped with the
product topology.

There are numerous examples of topological groups. Any finite group equipped with the
discrete topology is a topological group. The groups

(@Q +), R,+), (C,+)

with the usual topology induced by the Eudlidean metric are topological groups. Furthermore
(Q, +) is also a topological group with respect to the p-adic topologies. Important examples of
topological groups are given by the Lie groups (topological groups that are also differentiable
manifolds), for instance by the group GL(n,R). The topology on GL(n,R) is defined by viewing
GL(n,R) as a subset of Euclidean space R".

An isomorphism between two topological groups is an isomorphism of abstract groups and a
homeomorphism of their topological spaces. There is a large literature on topological groups.
We only need a few results.

LEMMA 3.1.2. Let G be a topological group and L, be the left multiplication by a € G. Then
L, is a homeomorphism. In particular, a subset A C G is open if and only if aA is open.

Proor. Of course, L, is a homomorphism. Since L, is the composition of the continuous
maps G — G X G, g— (a,g) and G x G — G, (a,g) — ag, it is also continuous. The inverse
mapping L,-1 is continuous for the same reason. U

LEMMA 3.1.3. Let G be a topological group, A, B C G be subsets and A, B the topological
closure of A resp. B. Then we have
(1) 4-B C 4B.
2) AT=4"
(3) gA =gA forall g € G.

PROOF. (1): Let x € A, y € B, and U a neighborhood of 3. Because group multiplication
is continuous there exists a neighborhood V of 1 such that zV - yV C zyU. Then 2V is a
neighborhood of x, and by assumption there is an a € £V N A. Similarly there is a b € yV N B.
This implies ab € AB N xyU, so that each neighborhood of zy intersects AB. Thus we have
xy € AB.

41
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(2): Denote by I the homeomorphism G —, g — g~L. Since A=' C A~ ' = I(A) the RHS is
closed, so that A= C A7'. On the other hand, A= C A1, ie.,
AC (A-H) P =T1(A7Y),
Again the RHS is closed, so that A C (F)_l, and hence A C AL
(3): We have gA C gA, implying gA C gA by the same argument as in (2), using the homeo-

morphism L, instead of I. Conversely we have A C g~'gA, implying again A C g~'gA. This
means gA C gA. O

LEMMA 3.1.4. Let G be a topological group and H be a subgroup of G. Then H 1is a
topological group with respect to the relative topology and the embedding H — G is continuous.
The topological closure H is a subgroup of G as well.

PROOF. The multiplication H x H — H is a restriction of a continuous map, hence con-
tinuous. The same is true for the Inverse [: H — H. It remains to show that H is a group.

By lemma 3.1.3 we have H - H C H - H = H and H'=H =M. Hence His a group. [J
LEMMA 3.1.5. Every open subgroup H of a topological group G is closed at the same time.

PrOOF. We have G\ H = |,y gH. Together with H all gl are open as well. Hence
G\ H is open, that is, H is closed. O

LEMMA 3.1.6. Let G be a topological group. If H is a normal subgroup then G/H s a
topological group with respect to the quotient topology and the canonical projection w: G — G/H
s open and continuous.

PROOF. Let O be the topology on G and m: G — G/H be the canonical projection. Then
O :={U C G/H | m}(U) € O} defines a topology on G/H such that 7 is continuous and
open with respect to this topology. Indeed, () and G/H are open sets, since ) = 7 1(()) and
G = 7 '(G/H). Furthermore, if A; € O, i.e., 771(A;) € O, then

nfl(U A) = U T Y(A) e O

so that U;A; € O'. Similarly, the intersection of finitely many open sets A; is again open.
The map 7 is continuous by definition. It maps open sets to open sets: if U € O then
7 (m(U)) = UH. However, if U is open then UH is open as well. Now (G/H,O') is a
topological group. To see that the multiplication is continuous, let W be a neighborhood of
g192H € G/H. Then 7=*(W) is an open neighborhood of g;¢». Since multiplication in G is
continuous, there exist neighborhoods U; of g; with U3Us C 7~ *(W). Since 7 is open, the sets
7(U;) are neigborhoods of g;H, and w(Uy)m(Us) = w(UUz) € W. Similarly we see that the
inverse taking is continuous. ([l

Let L/ K be a Galois extension, possibly infinite. This means that L/K is algebraic, normal
and separable. We want to give a topology on the group G = Gal(L/K). Define a fundamental
system of open neighbourhoods of 15 € G by the collection of subgroups of the form H =
Gal(L/F) for a finite extension F'/K. Then the Galois closure M of F' is still a finite Galois
extension of K. Hence we always find a normal open subgroup Gal(L/M) C H. Thus we
may actually define the system of neighbourhoods of 14 to be the set of all normal subgroups
N = Gal(L/F) where F/K is a finite Galois extension. Let

O'={N =Gal(L/F) | F/K is a finite Galois extension}
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For each o € G, we define the system of neighbourhoods of o to be cO0' = {oN | N € O'}. We
will show that this defines a topology O on G, the so called Krull topology.

PROPOSITION 3.1.7. Let L/K be a Galois extension. Then (Gal(L/K),O) is a Hausdorff
topological group.

PrOOF. We first show that O defines a topology. Let G = Gal(L/K). Clearly G € O.
Just take F' = K. Also ) € O. If N; = Gal(L/F;) € O for i = 1,2, then so is Ny N Ny =
Gal(L/F1F;) € O since the composite FiF, of two finite Galois extensions is again a finite
Galois extension. This shows that each intersection of finitely many sets in O is again contained
in @. Finally each union of sets in O belongs again to O. If {N;} is a family of sets in O
then U;N; = Gal(L/ N; F;) € O since the intersection N;F; of arbitrarily many finite Galois
extensions is again a finite Galois extension. Hence GG is a topological space. It is also a
topological group. The map i: # — 2! is continuous since the preimage of an open set
N = Gal(L/F) € O contains again an open set, i.e., a set contained in O: because H is a
group we have i7*(N) = N. The map (z,y) — zy is also continuous: let N = o7Gal(L/F) € O
be an open neighbourhood of o7. Then 0N and 7N are open neighbourhoods of o respectively
7, and we have

oN -TN =07N-N =017N

The first equality follows since N is a normal subgroup, and the second one since N is a group,
i.,e., N = N-N. Finally we show that G is a Hausdorff group. Let 0,7 € G such that ¢ # 7. We
have to find U,V € O such that cU N7V = (. Choose o € L such that o(«) # 7(«). Let F be
the normal closure of K («). This is a finite Galois extension of K so that N = Gal(L/F) € O.
We claim that cN N 7N = (). Hence taking U = V = N finishes the proof. Assume that the
intersection would be non-empty. Then we would have ¢ € 7N. But then o(«) = 7(«) since
a € F and N fixes F' elementwise. This is a contradiction. ([l

PROPOSITION 3.1.8. Let L/K be a Galois extension. Then (Gal(L/K),O) is totally dis-
connected and compact.

PROOF. A topological space is called totally disconnected if its connected components are
the one-points sets. Let G = Gal(L/K). We first show that (Gal(L/K),O) is totally discon-
nected. For any finite subset S of L let

G(S)={oceG|o(s)=sVseS}

The sets G(S) with S being G-stable form a neighborhood base of 1 consisting of open normal
subgroups. These G(S) are open subgroups, hence also closed. Since (G(S) = {1}, this
shows that the connected component of G containing 1 is just {1g}. By homogeneity (for
each z,y in a topological group G there is a homeomorphism f: G — G such that f(x) = y),
the analogue statement is true for every element of G.

To show that (Gal(L/K),QO) is compact is more difficult. We just give a rough idea, for
a detailed and direct proof see Artin [1]. Also recall that we follow Bourbaki by requiring
compact spaces to be Hausdorff. This property, however, we have just proved above. Let S
be a finite subset of L stable under G. Then G(S) is a normal subgroup of G of finite index
because it is the kernel of the associated map G — Sym(S). Since every finite set is contained
in a stable finite set, one can show that the map

¢ —[]c/Gs)
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is injective, where the product runs over these finite sets S which are stable under G. We endow
[1G/G(S) with the product topology, so that the induced topology on G is that for which the
G(S) form an open neighborhodd base of 1¢, i.e., it is the Krull topology. According to the
Tychonoff theorem, [[ G/G(S) is compact. The proof is finished by showing that G is closed
in the product. 0

REMARK 3.1.9. A good deal of number theory of this century can be interpreted as the
study of the absolute Galois group Gal(Q/Q). To obtain information on this group one lets
it act on K-vector spaces. In other words, one is considering continuous homomorphisms
¢: Gal(Q/Q) — GL,(K) where GL,(K) is equipped with the discrete topology (even if it
carries a natural topology, e.g., if K = C). For n = 1 such continuous representations cor-
respond to finite cyclic extensions of Q. They have been studied already by Gaufl and the
results include, for example, the theorem of Kronecker-Weber and the prime number theorem
of Dirichlet. The Kronecker-Weber Theorem is as follows: let K/Q be a finite abelian Galois
extension, i.e, Gal(K/Q) is abelian, then K is contained in a cyclotomic extension, i.e., there is
a root of unity ¢ such that K C Q(¢). The study of 2-dimensional continuous representations of
Gal(Q/Q) is among other things connected with the results of Wiles on the Taniyama-Shimura
conjecture. This conjecture roughly says that any elliptic curve over QQ is a modular form in
disguise. It has been proved in 1999 by Wiles, Taylor, Ribet and the work of many more.

We want to explain briefly how the Krull topology can be used to extend the fundamental
theorem of E. Galois to infinite Galois extensions. We recall a part of Galois’ fundamental
theorem when L/K is finite.

THEOREM 3.1.10. Let L/ K be a finite Galois extension. Suppose that M is an intermediate
field, i.e., L/M/K. Then L/M is a Galois extension and there is a one-to-one correspondence

{M | L/M/K is an intermediate field} < {H | H is a subgroup of Gal(L/K)}

given by M +— Gal(L/M) and H — LY. For two intermediate fields M, M’ we have M D
M’ if and only if Gal(L/M) C Gal(L/M"), and Gal(L/MM') = Gal(L/M) N Gal(L/M").
Furthermore M /K is a Galois extension if and only if Gal(L/M) < Gal(L/K). In that case
we have Gal(L/K)/Gal(L/M) = Gal(M/K), induced by o +— o|.

The fixed field is defined by L¥ = {x € L | o(x) =z Vo € H}.
It was already Dedekind who noted that the fundamental theorem fails in general for infinite
Galois extensions. Here is an example. Let K = [, be the field with p elements and let

F=|JF

n>1

its algebraic closure. The extension F/F, is normal and separabel since algebaic extensions of
a finite field are separabel. Let G = Gal(F/F,) be its Galois group. Denote by ¢: a +— o the
Frobenius automorphism. We have ¢ € G. Let H = (¢) be the subgroup of G generated by .

ExaMPLE 3.1.11. The fundamental theorem of Galois fails for the infinite Galois extension
L/K =F/F,. We have L' = LY =TF, and H # G. Hence there are two different subgroups of
G with the same fized field.

Let us give a proof. Clearly L = F,. Let x € L¥. Then we have p(z) = z, hence z is a
root of X? — X € F,[X]. All p elements of F, are roots of this polynomial. Since F), is a field,
there cannot be more roots. Hence = € F, and L# = F,. To show that H is a proper subgroup
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of G we have to construct a 7 € Gal(F/F,) which is not a power of . It suffices to construct
an infinite subfield M with F, G M G F. The extension /M will be also a Galois extension.
Choose a 7 € Gal(F/M) \ {1} and assume that H = G. Then 7 = ¢" for some n € N. One
may replace 7 by 771 if necessary. Then ¢" fixes M elementwise and M is contained in the
fixed field of ¢", i.e., M C F,n. This is a contradiction because M is infinite. Hence we have
H # G. We claim that M = U,,>oF 2 is such an intermediate field. It is infinite but different
from F. To see this let F' be a cubic extension of F,. Of course F' C F, but F' ¢ M. Write
F =TFy(a) and assume o € M. Then o € Fjo» for some n and [Fpen : F)] = [Fpon @ F][F : ).

However 3 = [F': [F,] is not a divisor of 2" = [F,2» : [F], a contradiction.

REMARK 3.1.12. Let F, be a finite field. Then Gal(F,/F,) = Z, where Z is the profinite
completion of the additive group Z. It consists of sequences (s,)%2; with s, € Z/nZ such that
if m | n, then s,, = s, mod m. The set of such sequences forms a group by componentwise

addition. The group 7 is uncountable.

The question of how to modify the fundamental theorem so that it will apply also for
infinite Galois extensions was solved by Krull. One has to equipp the Galois group with the
Krull topology. Then there will be a bijection between closed subgroups of Galois groups and
intermediate fields of the extension. In our example we would obtain H = G, so that the above
problem dissolves.

THEOREM 3.1.13. Let L/K be a Galois extension. We have the following canonical one-to-
one correspondence
{M | L/M/K is an intermediate field} <
{H | H is a closed subgroup of Gal(L/K)}

given by M +— Gal(L/M) and H — L*. Every open subgroup of Gal(L/K) is closed, and open
subgroups correspond to finite extensions L™ /K. For two intermediate fields M, M' we have
M D M’ if and only if Gal(L/M) C Gal(L/M'), and Gal(L/MM') = Gal(L/M)NGal(L/M’).
Furthermore M/K is a Galois extension if and only if Gal(L/M) < Gal(L/K). In this case
o+ oy induces an isomorphism of topological groups
Gal(L/K)/Gal(L/M) = Gal(M/K),
where the factor group is equipped with the quotient topology.
Galois groups will be our motivating example of profinite groups.

DEFINITION 3.1.14. A partially ordered set (I,<) is said to be directed if for any two
elements ¢ and j of I, there exists a k € I such that i, 5 < k. Suppose that for every element
i of a directed set (I, <) we have a group G, and for every inequality i < j we have a group
homomorphism 7;;: G; — G;. If

(1) my =id for all 4 € I,

(2) Tji © Tgj = Ty for all ¢ S] < k,
then the family (G;,7j;) is called a projective system of groups (some authors write (I, <
,Gi,mj;)). Given any such projective system, one defines a projective limit of it by

lim @ = {(g:)ier € [ [ Gi | mji(9;) = g: whenever i < j}

el
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This is indeed a group, being a subgroup of the direct product [[ G;. The neutral element

is (1,1,1,...). It isin limG;. If g,h € limG; with g = (+-+ ,g;,---) and h = (- ,hy,--+)
— —

then we have also gh = ( c ,gihi, c ) € lLHGZ In fact Wji(gjhj) = Wji(gj)ﬂ_ji(hfj) = gzhl
The group liLnGi comes together with projections @Gi — @, induced by the projections
m;j: [[Gi — G;. Furthermore liLnGi is a topological group as well. We give each G; the
discrete topology, the product [ [ G; the product topology and the projective limit the restriction
topology.

PROPOSITION 3.1.15. Let (G;,mj;) be a projective system of groups such that all G; are
compact Hausdorff topological groups. Then @Gi is a compact (Hausdorff) topological group.

PROOF. By the theorem of Tychonoff the product [[ G; together with the product topology
is compact since all GG; are compact. The product topology is the most coarse topology such
that all projections 7;: [[G; — G; are continuous. It suffices to show that lim G; is closed
in [[ G; with respect to the relative topology, because this will imply that lim G is a compact
topological group. If g = (..., g;,...) is in []G; \ lim G; then there is an index pair (i, )
with j > ¢ and 7;;(g;) # ¢;. Since all G; are Hausdorff there are open neighbourhoods V; of
7;i(g;) € Gi and U; of g; € G; such that V; NU; = 0. Since 7j; is continuous U; = 7'(']_21(‘/}) is an
open neighbourhood of g; € G;. Then

U= Uz X Uj X H Gk
ki,
is an open neighbourhood of g € G which does not intersect im G;. In fact U Nlim G; = 0
since m;;(U;) C V; and U; have empty intersection. It follows that []G; \ lim G; is open since
every g € [[ G\ lim G; has an open neighbourhood not intersecting lim GG;. But then lim G; is
closed. 0J

DEFINITION 3.1.16. A topological group which is isomorphic (as a topological group) to a
projective limit of finite groups is called a profinite group.

One defines topological ring and profinite ring similarly. Before giving examples let us say
that profinite groups can be described topologically as follows:

PROPOSITION 3.1.17. Let G be a topological group. The following assertions are equivalent.
(1) G is a profinite group.
(2) G is a compact (Hausdorff) totally disconnected group.

EXAMPLE 3.1.18. Any finite group G is profinite.

Let I = {1}, G; = G and m;; = id. Equipp the finite groups G; with the discrete topology.
Then (Gy,7;;) is a projective system with limit G. Hence G is profinite. Conversely every
discrete profinite group is finite.

EXAMPLE 3.1.19. The group Z is not profinite.
Indeed, Z is not compact. But we may form its profinite completion Z, see below.
EXAMPLE 3.1.20. The p-adic numbers Z, form a profinite ring.

Let R; = Z/p'Z and j;: Z/pZ — Z/p'Z the natural projections. The projective limit of
these rings will be again a ring, namely the ring of p-adic integers

Ly = lim Z/p'Z.
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We can express the expansion of elements in Z, as

Zp = {(Tn)no € H Z/p"Z | xpyy =z, mod p"}
n>0
DEFINITION 3.1.21. Let GG be a group. The profinite completion of G is the profinite group
G defined by G = limG /N, with N ranging over the set of normal subgroups of G of finite
index, ordered by containment, the maps 7 being the natural ones.

There is a natural group homomorphism G — G with dense image, which need not be
injective in general.

EXAMPLE 3.1.22. The projective completion of Z is given by
Z=1mzZ/mZ= ]2,
n peP
This is the absolute Galois group of a finite field ¥y, see remark 3.1.12.

Let I be the set of positive integers, partially ordered by n < m iff n | m. Then (I, <) is

directed and (I, <,Z/nZ, mpny,) forms a projective system with projective limit Z. The ,,, are
again the usual surjections.

ExAMPLE 3.1.23. Let L/ K be a Galois extension. Then Gal(L/K) is a profinite group and
the profinite topology coincides with the Krull topology on Gal(L/K).

Let I be the set of intermediate fields F; inside L/K such that F;/K is a finite Galois
extension. The set I is partially ordered by inclusion. We may take the composed field of two
subfields, which is again a finite Galois extension, so the set [ is directed. For F; D F; we have
restriction maps 7;;: Gal(F;/K) — Gal(F;/K). So we have a projective system and

Gal(L/K) = lim Gal(F,/K)

where now each Gal(F;/K) is a finite group. We have now equipped Gal(L/K) with the
profinite topology. It coincides with the Krull topology. To see this we use the following
lemma.

LemMMA 3.1.24. Let (I,<,G;,m;j) be a projective system of finite groups and G = lim G;
the associated profinite group. Let w;: G — G; be the projections induced by the projections

[1G; — G;. Then the sets {ker(m;) | i € I} form a fundamental system of open neighbourhoods
of 1 in G.

PROOF. Since all G; are finite, equipped with the discrete topology, we know that {1} is
a fundamental system of open neighbourhoods of 1 in ;. According to the definition of the
product topology of [[ G; and the relative topology of G C [[ G; the sets

G N (H{u < I G,-) = () ker(m;)

jed iel\J JCI
form a fundamental system of open neighbourhoods of 1 in G, where J runs through the finite
subsets of I. Since [ is directed, and all J are finite there exists a k € I such that 7 < k for all
j € J. This implies that
ker(my) C ﬂ ker(m;),

JCI
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so that the kernels of the projections 7; form a fundamental system of open neighbourhoods of
1in G. U

Now we can identify the profinite topology and the Krull topology on G = Gal(L/K). A
fundamental system of open neighbourhoods of 1 in the Krull topology on G = Gal(L/K)
consists of the groups G; = Gal(L/F;), where F;/K is finite and normal. We have G' = lim G;
and ker(m;) = Gal(L/F;), since ker(m;) consists of all automorphisms of L which are trivial on
E;.

REMARK 3.1.25. The fact that Gal(L/K) is a profinite group also follows from propositions
3.1.8 and 3.1.17.

We mention some properties of profinite groups.

PROPOSITION 3.1.26. Let H be a closed subgroup of a profinite group G. Then H is profinite
as well.

Note that the condition that H is closed is necessary. If we consider the profinite group
Gal(F,/F,) and its subgroup H, generated by the Frobenius automorphism, then H ~ Z, which
is not a profinite group.

PROPOSITION 3.1.27. Let N be a closed normal subgroup of a profinite group G. Then G /N
18 profinite with the quotient topology.

If H is an open subgroup of GG, then the index (G : H) is finite: G is compact and Ugeq gH
is an open covering of G. On the other hand, subgroups of profinite groups of finite index need
not be open in general:

LEMMA 3.1.28. Let V' be an infinite dimensional vector space. For all n > 1, there exists a
subspace V,, of V' such that V/V,, has dimension n.

Proor. It follows form Zorn’s lemma that V' contains maximal linearly independent sub-
sets, which are indeed a basis of V. Choose such a basis and take V,, to be the subspace spanned
by the set obtained by omitting exactly n elements from this basis. U

PROPOSITION 3.1.29. The profinite group Gal(Q¥/Q) has nonopen normal subgroups of
finite index 2™ for alln > 1.

PROOF. Let E be the subfield
Q[\/ _17\/57 \/§7 \/ga \/77 \/ﬁa . }

of the field C. For each prime p € P we have

GalQV=TV2,...,yi/Q = [[ z/2z

LeP L<p
{=0c0

This implies that
G = Gal(E/Q) = lim Gal(Q[V—1,v2,...,p]/Q)
is a direct product of coplies of Z/27Z indexed by the primes ¢ of Q including ¢ = co. Consider

the following subgroup H of G:
H = {(ay) € G| ap = 0 for all but finitely many ¢}.
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This subgroup is dense in G because, given a point (a,;) € G, there is a sequence in H converging
to (ag), given by

(050,0,0,0,...), (a0, a2,0,0,...), (@00, az,as,0,...), ...

We can regard G/H as a vector space over Fy and apply lemma 3.1.28 to obtain subgroups
G, of index 2" in G containing H. Now G, cannot be open. Otherwise it would be also
closed, which contradicts the fact that H is dense. It follows that the inverse inverse of GG,, in
Gal(Q*/Q) is a normal nonopen subgroup of finite index. O

A profinite group is called topologically finitely-generated, if it has a dense finitely-generated
subgroup.

THEOREM 3.1.30 (Nikolov, Segal 2003). Let G be a topologically finitely-generated profinite
group. Then all subgroups of finite index are open.

This generalizes an earlier analogous result of Jean-Pierre Serre for topologically finitely-
generated pro-p groups. The proof uses the classification of finite simple groups.

PROPOSITION 3.1.31. Every profinite group occurs as a Galois group of an appropriate
Galois extension LK.

PROOF. A proof can be found in [9], Theorem 2.11.5. Here is a brief outline of the idea of
the proof. Let G be a profinite group, and let F' be any field. Denote by T" the disjoint union
of all the sets G/U, where U runs through the collection of all open normal subgroups of G.
One may interpret the elements of 7" as indeterminates, and consider the field

L= F(T)

of all rational functions on the indeterminates in 7" with coefficients in F'. The group G acts
on T in a natural way: if ¢ € G and ¢'U € G/U, then g(¢'U) = g¢’U. This induces an action
of G on L as a group of F-automorphisms of L. Now define K = L&, the fixed field. One can
show that L/K is a Galois extension with Galois group G. O

REMARK 3.1.32. In contrast to the above theorem it is not true that every profinite group
occurs as an absolute Galois group.

In fact, it follows from a result of Artin and Schreier that the only finite absolute Galois
groups are Gal(C/C) =1 and Gal(C/R) = Cs.

THEOREM 3.1.33 (Artin-Schreier, 1927). Let K be an algebraically closed field, and F be a
subfield such that 1 < [K : F] < co. Then K/F is a Galois extension, K = F (i) with i* = —1,
and F has characteristic zero. Furthermore, any finite sum of nonzero squares in F' is again a
nonzero square in F.

There is a lot of very modern research now on the characterization of absolute Galois groups
among all profinite groups.

DEFINITION 3.1.34. Denote by K the separable closure of K. If K is perfect (for example,

all fields of characteristic zero), then it coincides with the algebraic closure K. The absolute
Galois group of K is Gal(K/K).

DEFINITION 3.1.35. A field K is called pseudo algebraically closed, or a PAC field, if each
nonempty absolutely irreducible variety V' defined over K has a K-rational point.
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Suppose that K is an algebraically closed field and consider the ideal I generated by poly-
nomials fi,..., fn € Klz1,...,2,]. Assume that I is not the whole ring. Then Hilbert’s

Nullstellensatz says that fi,..., f,, have a common K-zero. This implies that K is a PAC
field, i.e., algebraically closed fields are PAC fields. So are separably closed fields. We have the
following results:

PROPOSITION 3.1.36. Let K be a PAC field and V' be a variety defined over K. Then the
set V(K) is dense in 'V in the Zariski K-topology. In particular, K is infinite.

Hence a finite field F,, ¢ = p* is not a PAC field.
PROPOSITION 3.1.37. Infinite algebraic extensions of finite fields are PAC-fields.

PROPOSITION 3.1.38 (Ax,Roquette). Every algebraic extension of a PAC-field is a PAC
field.

Both results follow from the following theorem, see [6], Theorem 11.2.3.

THEOREM 3.1.39. Let L be an algebraic extension of an infinite field K. Suppose every
plane algebraic curve defined over K has an L-rational point. Then L is a PAC field.

Recently, Kollar solved an open problem of [6] on PAC fields.

THEOREM 3.1.40 (Kollar). A field K is a PAC field if and only if every absolutely irreducible
homogeneous polynomial f(xz,y,z) € K|x,vy, 2] has a nontrivial zero in K3.

It is interesting to look at the finite field K = F,. Since it is not a PAC field, there must
be a plane projective curve C': f(z,y, z) = 0 defined over F, with no K-rational point, defined
by an homogeneous absolutely irreducible polynomial. In fact, for p > 3 we may take

flr,y,2) = a9t 49071 4 2071
The absolute irreducibility of f reduces to the absolute irreducibility of the polynomial 1 4
X9t 4+Ye 1 For the latter observe that 14 X! has simple roots in F,, and apply Eisenstein’s
criterion over the ring IF,[X]. Since we have a?~* = 1 for all a € F* it follows that a?~ 457! +
¢ 'is 1,2 or 3 for all (a,b,c) € Fi\ {(0,0,0)}. Since p > 3, this value is not 0 in F,.
For p = 3 and ¢ = p' we take

[y, 2) = 2% 4+ y° + 20 + 2?22

It takes some effort to show that f is abolutely irreducible. Since a® = 1 for each F5 it follows
that f takes only the nonzero values 1 and 2 on F3 \ {(0,0,0)}.
For ¢ = 3% and k£ > 2 choose a € F,\ F; and let

flz,y,2) = ax®™t 4 y?t 4 2071
Then f is abolutely irreducible, and the values of f on F2\ {(0,0,0)} are 1,2,,a+1 or a +2.
None of them is 0.

For ¢ = 2% and k > 3 choose a € F, \ F4 and let

flz,y,2) = oo+ oyt + 2771

Then « is a root of no quadratic polynomial with coefficients in Fy. Hence f(x,y,2) = 0 has
no nontrivial solution in F,.
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Finally for ¢ = 4 and ¢ = 2 let
f(zyy,2) = 2%+ 9% + 20 + 2%y® + 2°2° + y?2° + 2%y°27

Using that a® = 1 for each a € Fy, we may check that f(a,b,c) = 1 for all (a,b,c) € F3\
{(0,0,0)} such that one of the coordinates is zero. Otherwise, f(a,b,c) = 6 -1+ a?b*c* # 0.
One can prove that f is absolutely irreducible.

DEFINITION 3.1.41. A profinite group G is called projective, if every finite embedding prob-
lem

G

o
wi
Q

0~—A<>—B

is solvable. This means, for all finite groups A and B, and a homomorphism ¢: G — A, and
an epimorphism «: B — A there is a solution, i.e., a homomorphism v: G — B with acvy = .

The absolute Galois group of a PAC field is projective, and conversely, every projective
profinite group can be realized as an absolute Galois group of a PAC field.

THEOREM 3.1.42 (J. Ax). If K is a PAC field, then Gal(K/K) is a projective profinite
group.

PROOF. See Theorem 11.6.2 in [6]. O

THEOREM 3.1.43 (Lubotzky, van den Dries). Every projective profinite group can be realized
as an absolute Galois group of a PAC field.

PROOF. See Corollary 23.1.2 in [6]. O
However, not every field with projective absolute Galois group is a PAC field.

ExaMPLE 3.1.44. For each prime number p, Gal(E/]Fp) ~7isa projective group, but F,
being a finite field, is not a PAC field.

The projectivity of the absolute Galois group of a field K is closely related to the vanishing
of the Brauer group Br(K) of K, although it is not equivalent to it.

DEFINITION 3.1.45. A central simple K-algebra is a K-algebra A whose center is K and
which has no two sided ideals except 0 and A.

For example, if D is a division ring with center K, then the ring M, (D) of all n x n matrices
with entries in D is a central simple K-algebra. Conversely, if A is a finite dimensional cantral
simple K-algebra, then by a theorem of Wedderburn, there exists a unique division ring D with
center K and some n > 1 such that A ~y M, (D). Suppose B is another finite dimensional
central simple K-algebra. B is called equivalent to A if there exists a positive integer n with
B ~ M, (D). In particular, A is equivalent to D. We denote the equivalence class of A by [A].

DEFINITION 3.1.46. Denote by Br(K) the set of all equivalence classes of finite dimensional
central simple K-algebras. This forms an abelian group under the tensor product, called the
Brauer group of K.
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Indeed, the tensor product of two finite dimensional central simple K-algebras is again a
finite dimensional central simple K-algebra. Moreover, the tensor product respects the euqgiva-
lence relation between finite dimensional central simple K-algebras. Hence,

[A] - [B] = [A @k B]

is an associative multiplication rule on Br(K'). This rule is commutative since AQ x B >~ BRx A.
The equivalence class [K| is a unit in Br(K), because A ® K ~ A. An inverse to [4] is given
by [A°P], where A% is the opposite algebra of A. It consists of all elements a°, with a € A, and
addition and multiplication defined by the rules

a®+b° = (a+b)°,
a’b® = (ba)°.
One proves that A ®x A®? ~ M, (K), where n = dimg (A). This shows [A?] = [A] L.
PROPOSITION 3.1.47. Let K be a PAC field. Then its Brauer group Br(K) is trivial.

The connection between projectivity of the absolute Galois group of a field K and its Brauer
group Br(K) is based on the following canonical isomorphism

H*(Gal(K,/K),K}) ~ Br(K).

It is known that every element of Br(K) has finite order.

Let K be a field and L a finite extension. Multiplication by a € L is a K-linear trans-
formation ¢,: L — L. The norm Np,x(a) is defined as the determinant of ¢,. Properties of
the determinant imply that the norm belongs to K and Ny k(ab) = Ny k(a)Np/k(b). Hence
the norm is a group homomorphism N: L* — K* on the multiplicative groups of non-zero
elements. If L/K is a Galois extension, the norm N = Ny /i of an element a € L is the product
of all the conjugates o(a) of a, for o € Gal(L/K).

PROPOSITION 3.1.48. The following conditions on a field K are equivalent:

(a) The Brauer group Br(L) is trivial for every finite separable extension L of K.
(b) The norm map N: M* — L* is surjective for every finite separable extension L of K
and for every finite Galois extension M/ L.

For PAC fields we summarize the following consequences:

PROPOSITION 3.1.49. Let K be a PAC field. Then the following assertions hold:

(a) The absolute Galois group Gal(K/K) is projective.
(b) The Brauer group Br(K) is trivial.
(¢) The norm map N: M* — K* is surjective for every finite Galois extension M /L.
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3.2. The cohomology of profinite groups

One can define cohomology groups for profinite groups, if one carries along the profinite
topology.

DEFINITION 3.2.1. Let G be a profinite group. An abelian group M is called a discrete
G-module, if M is a G-module such that the action G x M — M is continuous when M is
endowed with the discrete topology, and G x M with the product topology.

In the discrete topology every subset is open.

LEMMA 3.2.2. Let G be a profinite group and M be a G-module. Then the following asser-
tions are equivalent.

(1) M is a discrete G-module.
(2) The stabilizer G,, = {o € G | o(m) = m} of every m € M is open in G.
(3) M = Uy MH", where H runs through the open subgroups of G.

PROOF. Suppose that (1) holds, i.e., that G x M — M is continuous. Then also the
restriction ¢: G x {m} — M is continuous. Hence G,, X {m} = ¢p~!(m) is open in G x {m},
so that G,, is open in G. Hence (2) follows.

Now assume that (2) holds and let m € M. Since G,, is open it contains an open subgroup H
so that m € M%» C M*. Hence (3) follows.

Assume that (3) holds. Let (o,m) € G x {m} and n = o(m). By assumption n € M# for some
open subgroup H. Then Mo x {m} is an open neighbourhood of (¢, m) which is mapped to n
under the G-action G x M — M. Hence this action is continuous and (1) follows. O

Submodules and quotient modules of discrete modules are again discrete.
EXAMPLE 3.2.3. Consider the Galois extension Q(v/N)/Q with
Q(WN) = Q(v2,v3,v5,...),
and G = Gal(Q(v'N)/Q). Then M = [1, Q(\/p) is a G-module which is not discrete.

If G is profinite and M is a discrete topological space, a map G — M is continuous iff there
is an open normal subgroup N of G such that f is constant on the cosets of G/N. Since N
has finite index in G, continuous maps G — M have only finitely many values. In the above
example, assume that G x M — M is continuous. Then G x {m} — M is continuous and any
m has only finitely many images under the action of G. However, this is not true since e.g.

m = (\/5, V3,5, .. .) has infinitely many images.

PROPOSITION 3.2.4. The discrete G-modules form an abelian category Cq. This category
has enough injectives.

This enables us to define cohomology groups H!(G, M) for profinite groups G and discrete
G-modules M by taking injective resolutions, just as before. The groups can also be calculated
using continuous cocycles. Let C?(G, M) be the group of continuous maps G*" — M, and
define the coboundary operators 6, : C*(G, M) — C™(G, M) as before. Then we obtain

H(G, M) = Z2(G, M) /Bl (G, M) = ker(3,)/ im(5,1)

Most of the theory concerning the cohomology groups H"(G, M) continues to hold for the
groups defined by continuous cochains. Sometimes the subscript ¢ will be dropped. It will be
clear from the context which cohomology is used.
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REMARK 3.2.5. It follows from the definition that HY(G, M) = H°(G, M) for all discrete

G-modules M, and that H!(G, M) = H'(G, M) for all 1 > 0 if G is finite. However, for i > 0
and G infinite the two groups are different in general.

EXAMPLE 3.2.6. Let G = 7 and M = Q with the trivial Z-action. Then H(}(z, Q) =0, but
HY(Z,Q) £0.
In fact, H} (Z, Q) = @n Hom(Z/nZ,Q) = 0, because Q is torsion free. On the other hand,

H 1(2, Q) is the group of Z-module homomorphisms ¢: 7 — Q. But as Q is a divisible abelian
group, every homomorphism C' — Q from a subgroup C of an abelian group B extends to a
homomorphism B — Q. Applying this with C =7Z, B = 7 and the natural inclusion 7 — Q
we obtain a nontrivial homomorphism 7 — Q.

REMARK 3.2.7. Let G be a profinite group, Mg be the category of all G-modules, and Cq
the category of discrete G-modules. Then Cg is a full subcategory of M. Moreover there is a
functor F': Mg — Cq, F(M) = M" where

MU= ) M7
H open in G
We have Homg (M, N¥) = Homg(M, N) if M is a discrete G-module. The functor F preserves
injectives and is left exact. Hence Cg has enough injectives. But F' is not exact and hence
H"(G,M) and H"(G, M") in general are different. The inclusion functor i: C¢ — Mg is
exact but does not preserve injectives. Hence H"(G, M) and H"(G,i(M)) are also different in
general.
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3.3. Inflation, restriction and the Hochschild-Serre spectral sequence
We will start with induced modules in the version without continuity.
DEFINITION 3.3.1. Let G be a group, H a subgroup and M be an H-module. Let
Ind% (M) = {¢: G — M | p(hg) = ho(g) for all h € H,g € G}
Then Ind% (M) becomes a G-module with the operations
(0 +¢)(@) = p(z) + ¢'(2)
(g)(x) = (zg)
Indeed, (g, ) — gp defines an action since (¢'g)y = ¢'(g¢):
((g'9)e)(x) = p(zg'g) = (99)(xg) = (¢'(9))(x)
A homomorphism a: M — N of H-modules defines a homomorphism
o, Ind$ (M) — Ind%(N)
of G-modules by a,(¢) = a0 . Hence Ind$: My — Mg is a functor.

DEFINITION 3.3.2. A G-module is said to be induced if it is isomorphic to Ind§'(A) =
{¢: G — A} for some abelian group A.

Note that the maps ¢ are just maps, not necessarily homomorphisms. We have Indg(M )=
Hompy (Z|G], M), where Z[G|] is an H-module as well, with its canonical G-action, and the
action of G on an H-module homomorphism ¢: Z[G] — M is given by (0¢)(g) := ¢(g.0) for a
basis element ¢ of Z[G].

REMARK 3.3.3. Let G be a profinite group, H a closed subgroup and M be a discrete
H-module. Then

Ind% (M) = {¢: G — M continuous | ¢(hg) = he(g) for all h € H,g € G}
becomes a discrete G-module.
LEMMA 3.3.4. For any G-module M and H-module N we have
Homg (M, Ind$(N)) = Homp (M, N)
Moreover the functor Indg: My — Mg is exact.

PROOF. Given a G-homomorphism a: M — Ind$(N), we define 5: M — N by B(m) =
a(m)(1), where 1 is the identity in G. Then we have for any g € G

Blgm) = (algm))(1) = (ga(m))(1) = a(m)(g - 1) = a(m)(g)
because « is a G-homomorphism and a(m) € Ind$(N). Hence for h € H
Blhm) = a(m)(h) = h(a(m)(1) = h(F(m))
so that 8 € Homy (M, N). Conversely, given such a § we define a: M — Ind%(N) such that

a(m)(g) = B(gm). It follows similarly that a is a G-homomorphism. These correspondences
yield the desired isomorphism of the first part. Given an exact sequence of H-modules

0-MENLP o
we have to prove that the sequence of G-modules

0 — Ind (M) 25 md%(N) 25 md%(P) — 0
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is exact. Let ¢ € Ind% (M) and a.(@) = aop = 0. Since a is injective we have ¢ = 0, so that
o, is injective. Furthermore (Biau)(p) = Boa o = 0 since foa = 0. Hence f,a, = 0 and
im o, C ker (,.

Conversely let 1 € ker f3,, i.e., 5.(¢)) = B0t = 0. For all g € G there is an m € M such
that ¥(g) = a(m), because ¥ (g) € ker 8 C ima. Define a map ¢: G — M by ¢(g9) = m.
This is well defined, since « is injective. Furthermore ¢ = a0 ¢ = a,(v). We have to show
that ¢ € Indg(M ), and hence ¥ € ima,. Then ker 5, C im . and it follows the exactness at
Ind%(N). Since ¢ € Ind$(N) we have

a(p(hg)) = ¥(hg) = hp(g) = ha(m) = a(hm) = a(hp(g))

and hence p(hg) = hp(g), because « is injective. This shows ¢ € Ind% (M).

Finally we have to show that (3, is surjective. Let S be a set of right coset representatives for
Hin G, ie., G = Usg Hs, and let ¢ € Ind%(P). For each s € S, choose an n(s) € N mapping
under § to ¢(s) € P, and define 3(hs) = h-n(s). Then @ € Ind$(N) and .(@) = o = ¢. O

REMARK 3.3.5. Let G be a profinite group and H a closed subgroup. Then Indg is also
an exact functor from the category Cy of discrete H-modules to the category Cg of discrete
G-modules.

THEOREM 3.3.6 (Shapiro’s Lemma). Let G be a profinite group, H a closed subgroup of G.
For any discrete H-module N and all r > 0, there is a canonical isomorphism

H"(G,Ind%(N)) = H"(H,N)

PROOF. Let us first mention that the result holds for any abstract group G with subgroup
H and H-module N.
For r = 0, the isomorphism is the composite of the following isomorphisms:

N = Homy(Z, N) = Homg(Z, Ind%(N)) = Ind$(N)©

The first and the third isomorphism follow from lemma 2.3.2, the second one from lemma
3.3.4. Z is regarded as a trivial module. Now choose an injective resolution N — [°® of N.
By applying the functor Ind$, we obtain an injective resolution Ind$(N) — Ind%(I*) of the
G-module Ind%(N), because Ind$ is exact and preserves injectives. Hence

H' (G, Ind§(N)) = H((Ind§(1*))%) = H(1*") = H'(H, N)

COROLLARY 3.3.7. If M is an induced G-module, then H"(G, M) =0 for alln > 1.
PROOF. If M = Ind{'(A), then H"(G, M) = H"({1}, A) = 0. O

COROLLARY 3.3.8. Let L/K be a finite Galois extension and G = Gal(L/K). Then
H"(G,L) =0 for alln > 1.

This generalizes the additive part of proposition 2.4.7. Recall that H"(G, L*) in general
need not be trivial.

PROOF. By the normal basis theorem there exists an o € L such that {oca | ¢ € G} is a
basis (a “normal” basis) for L as a K-vector space. This means, L is isomorphic to K[G] as a
G-module. But K[G] = Ind¥ K, and hence H*(G, L) = H*({1},K) = 0. O
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If a: M — N is a homomorphism of G-modules, then it induces a homomorphism
H"(G,M) — H"(G,N)
of cohomology groups. This can be generalized as follows.

DEFINITION 3.3.9. Let M be a G-module and N be a G'-module. Two homomorphisms
a: G — G and B: M — N are said to be compatible if

Bla(gd)ym)=g¢pB(m) YgeG meM

In this case M becomes a G'-module by ¢'m = «(g’)m such that §: M — N becomes a
homomorphism of G’-modules. Furthermore the map

(a,8): C*(G, M) — C*(G',N)

given by ¢ +— [Bopoa™ defines a homomorphism of complexes. It commutes with the coboundary
operators, so that it induces a homomorphism of cohomology groups

(a,8): H*(G,M) — H"(G', N).

ExXAMPLE 3.3.10. Let H be a subgroup of G and a: H — G be the inclusion map. For
any H-module N let 3: Ind$(N) — N be the map defined by 5(p) = ¢(1). Then o and ( are
compatible:

Bla(h)p) = B(he) = hB(p)

The induced homomorphism
H"(G,Indf(N)) — H"(H, N)
15 precisely the isomorphism in Shapiro’s Lemma.

Similarly, if H is a subgroup of G, a: H — G is the inclusion map and 3: M — M is the
identity, both maps are compatible:

DEFINITION 3.3.11. The induced homomorphisms are called the restriction homomorphisms
Res: H"(G,M) — H"(H, M)

These homomorphisms can also be constructed as follows: let ¢,,(9) = gm. Then ¢, €
Ind% (M) and ¢: M — Ind$ (M), m — ¢, is a homomorphism of G-modules. Denote by
@: HY(G, M) — H"(G,Ind%(M)) the induced homomorphism of cohomology groups. Let
¢: H(G,Ind$(M)) — H™(H, M) be the isomorphism in Shapiro’s Lemma. Then we have

Res=op

Let H be a normal subgroup of G, a: G — G/H be the quotient map and 3: MH# — M
be the inclusion. Then « and [ are compatible:

DEFINITION 3.3.12. The induced homomorphisms are called the inflation homomorphisms
Inf: H"(G/H, M") — H"(G, M)

We can extend the definition of restriction and inflation to profinite groups and discrete
modules. There is the following inflation-restriction exact sequence.
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THEOREM 3.3.13. Let G be a profinite group, H be a closed normal subgroup of G and M
be a discrete G-module. Let n € N. Assume that H"(H, M) = 0 for all r with 1 <r <n. Then
the following sequence is exact.

Inf Res

0— H"(G/H,M") =% H"(G,M) == H"(H, M)
For n =1 the hypothesis on H"(H, M) is vacuous, so that we always have

(3.1) 0— HYG/H, M"Y 2L gha, M) 2 HY(H, M)

PRrROOF. Let n = 1. We will show that Inf is injective and im Inf = ker Res. Let ¢: G/H —
M* be a 1-cocycle and ¢’ = Inf . Then ' is a 1-cocycle in HY(G, M) viaG — G/H & MY —
M. Suppose that the class of ¢’ is trivial, i.e., ¢’ is a 1-coboundary. Then ¢'(g) = gm — m for
some m € M. Hence gm — m = ghm — m for all h € H, so that m = hm for all h € H, i.e.,
m € MH. But then p(gH) = gHm — m is a 1-coboundary in H'(G/H, M*¥) and the class of
@ is zero. It follows that Inf is injective. Similarly we see that im Inf = ker Res. For n > 1 the
result can be proved by induction. O

EXAMPLE 3.3.14. Let /K and L/K be finite Galois extension with L C Q. Then H :=
Gal(QY/L) is a normal subgroup of G := Gal(Q/K), and with M = Q* we have M¥ = L*.

According to Proposition 2.4.7, H'(H,Q*) = 1, and so there is an exact sequence
1 — H*(G/H,L*) — H*(G,Q*) — H*(H,Q*)

REMARK 3.3.15. In Theorem 3.3.13 the cohomology groups H"(H, M) can be equipped
with a G-module structure, such that H acts trivially on it. Then H"(H, M) becomes a G/ H-
module and it is not difficult to show that the image of H"(G, M) under Res actually lies in
H™(H,M)%/" . Then (3.1) can be extended to the following special case of of the Hochschild-
Serre spectral sequence

0— HY(G/H,M™) 2% gy(G, M) 2= B (H, M)/

— HXG/H,M™") 25 H2(G, M)

The result for n > 1 here is as follows:

THEOREM 3.3.16. Let G be a profinite group, H be a closed normal subgroup of G and M
be a discrete G-module. Let n > 1 be an integer and assume that that H"(H, M) = 0 for all r
with 1 < r < n. Then there is a natural map

T HY(H, M)H — g"Y(G/H, M*™7)
fitting into the following exact sequence:

0— H™(G/H,M™") 2 HvG, M) 2= 5 (|, M)
— H"™N(G/H, M7y 2L qryG, M.

Among many possible topics within techniques from group cohomology we want to mention
the cup-product (see [7]). We will assume that G is a group and A, B are G-modules (the
cup-product can also be adapted to profinite groups and discrete modules). A cup-product is
an associative product operation
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H'(G,A) x H(G,B) — H"(G,A® B),
(a,b) — aUb,
which is graded-commutative, i.e., it satisfies
aUb=(-1)"(bUa).

Here A® B = A®gz B is the tensor product of A and B over the commutative ring Z, equipped
with the G-module structure given by

g(a®b)=g.a®g.b
for g € G, a € A and b € B. Note that in general this is different from the tensor product of
A and B over the group ring Z[G]. We begin with a construction of the cup-product with the
first step as follows: let A®* and B*® be complexes of abelian groups, i.e.,

. ai‘—l A .
._>14z—1_>‘/41_>141—i-1_>'”7

and similarly for B®. Then we define the tensor product complex A* @ B*® by first considering
the double complex

..HAi*l@Bj+1HAi@Bj+1HAi+1®B]'+1H...

i —> Ai-l g Bi Al @ B Al @ Bl — - -

> il g Bi-l — > fig Bi~l — > Aitl g Bi-l — > ...

where the horizontal maps are given by
o =0, ®id: A'®@ B! — A @ BY,

a®brs Jy(a) @b,

and the vertical maps are given by
0 =ide(-1)'05: AA@ B? — A'®@ B,
a®@brsa® (1) (0b).
The above squares anticommute, i.e., one has
h v v h
ai,j+1 o 81',3‘ = _aiJrl,j °© ai,j'

Now take the total complex associated with this double complex. This is, by definition, the
complex T® with

™= AeB

i+j=n
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and 0": T™ — T"! given on the component A'® B’ by 8&—1—8;’7 ;- The above anticommutativity
then implies 9"t 09" = 0, i.e., that T is really a complex. We define this 7 to be the tensor
product of A®* and B®, and denote it as above by A®* ® B°.

This enables us to proceed to the second step of the cup-product construction. In addition to
the situation before, assume further given abelian groups A and B. Then we have the complex
Hom(A®, A) whose degree i term is Hom(A™*, A) and whose differentials are those induced by
the differentials of A®. In the same way we have the complex Hom(B*, B). We construct a
product operation

(3.2) Hi(Hom(A®, A)) x HY(Hom(B*, B)) — H™*I(Hom(A* ® B*, A® B))

as follows. Given homomorphisms of abelian groups a: A™% — A and 3: B~/ — B with
1+ j = n, the tensor product a ® 3 is a homomorphism

a®p: A"®B7 - A® B,

and hence defines an element of the degree (i+j) term in Hom(A®*® B®, A® B) via the diagonal
embedding

Hom(A™ ® B9, A® B) — Hom ( P Aa*tept A B) :
k=it
Here if @ € Z{(Hom(A®, A)) and 3 € Z/(Hom(B®, B)), then by construction of A* ® B® we
have
a® B € Z™" (Hom(A* ® B*, A® B)).
Moreover, if « € B*(Hom(A®, A)), then a® 3 € Z*" (Hom(A®* ® B*, A® B)). The same follows
if 3 € B/(Hom(B®, B)). This defines the required map (3.2).

If in this construction all abelian groups carry a G-module structure for some group G and G-
(module)-homomorphisms « and 3, then also a ® 3 is a G-homomorphism, hence by restricting
to G-homomorphisms the product (3.2) induces a product

H'(Homg(A®, A)) x H(Homg(B®, B)) — H™(Homg(A®* ® B®*, A® B)),
where A ® B and A®* ® B® are endowed with the G-module structure defined before.

For the next step we need the following proposition. Recall that the lower numbering in a
projective resolution P, is defined by P, := P~

PROPOSITION 3.3.17. Let G be a group, and let Py be a complex of G-modules which is a

projective resolution of the trivial G-module Z. Then Py @ P, is a projective resolution of the
trivial Z|G x G]-module Z.

Here the terms of P, ® P, are endowed by a G x G-action coming from

(91, 92)(P1 ® P2) = g1.p1 @ G- P2

The proof is based on the following lemma. Recall that a complex A® is called acyclic or exact,
if H'(A®*) =0 for all i.

LEMMA 3.3.18. Let A® and B® be complezes of free abelian groups. Then the following holds.

(1) A* ® B® is again a complex of free abelian groups.
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(2) If A* and B® are acyclic, then so is the complex A®* @ B°.

(3) If A* and B*® are concentrated in nonpositive degree, acyclic in negative degrees and
having a free abelian group as 0-cohomology, then so is the complex A®* @ B®, and in
addition

HY(A* ® B*) ~ H°(A*) @ H°(B*).
PROOF. (1): As tensor products and direct sums of free abelian groups are again free, it
follows that the terms of A®* ® B*® are free abelian.

(2): The proof of acyclicity is based on the fact that a subgroup of a free abelian group is again
free. This implies that for all 4, the subgroups B*(A®) are free, and in particular projective.
For all 7 we have the exact sequence

0— Z'(A*) — A" — B"™(A*) — 0,
the terms being free abelian groups. Hence the sequence splits. Moreover, we have Z'(A®) =
B'(A®) by the acyclicity of A®. Therefore we may rewrite the above exact sequence as

(0,id)

0 Bi(A) 9 Bia®) @ Bt (At Y pivtaey o
Hence the complex A® decomposes as an infinite direct sum of complexes of the shape
s 00— AL A 00—
and similarly, the complex B® decomposes as a direct sum of complexes
-—>O—>O—>B£>B—>O—>O—>---

The construction of tensor products of complexes commutes with arbitrary direct sums. Hence
we are reduced to check acyclicity for the tensor product of complexes of the above type. But
by definition, these are complexes of the form

00— AgB WY, ——5 (A®B)® (A® B) —/—— O AQB 00—

Therefore the claim follows.
(3): The proof goes along the same lines as for (2), and the description of the 0-cohomology

follows from the right exactness of the tensor product. 0

Proof of Proposition 3.3.17: By definition, the P; are direct summands in some free G-
module, which is in particular a free abelian group, so they are also free abelian groups. Hence
we can use (3) of lemma 3.3.18, and we are done if we show that the terms of P, ® P, are
projective as Z[G x GJ-modules. For this, notice first the canonical isomorphism

Z|G x G] ~ Z|G) ®z Z|G] -

indeed, both abelian groups are free on a basis corresponding to pairs of elements in G. Taking
direct sums we obtain that tensor products of free Z[G]-modules are free Z[G x GJ-modules with
the above G x G-action. If P, resp. P; are projective Z|G]-modules with a direct complement
Qi resp. ) in some free Z|G]-module, then the isomorphism

(PoQ)®(PoQ)~(PLeP)e(Pe;) Qe F) o (Q:® Q)

shows that P; ® P; is a direct summand in a free Z[G x G]-module, and hence it is projective.
Then the projectivity of the terms of P, ® P, follows. O

Putting everything together, we can finally construct the cup-product.
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Third step: Let A and B be G-modules, and P, be a projective resolution of the trivial
G-module Z. Applying the second step with A* = B®* = P, we obtain maps

Hi(Hom(P,, A)) x H’(Hom(P,, B)) — H/(P, ® P.,A® B)).

By proposition 3.3.17, the complex P, ® P, is a projective resolution of Z as a G x G-module.
Hence using the definition of cohomology via projective resolutions we may rewrite the above
maps as

H'(G,A) x H(G,B) — H'" (G x G, A® B).

On the other hand, the diagonal embedding G — G x G induces a restriction map
Res: H(G x G,A® B) — H'Y (G, A® B).

Composing the two maps we finally obtain an operation

H'(G,A) x H(G,B) — H"(G,A® B),
(a,b) — aUb.

which we call the cup-product map.
One may check that this construction does not depend on the chosen projective resolution P,.

REMARK 3.3.19. The construction is functorial in the following sense. For a given morphism
A — A’ of G-modules the diagram

H{(G,A) x H(G,B) — H"" (G, A® B)
HY(G,A") x H(G,B) —= H"(G, A’ ® B)
commutes. Similarly such a diagram for the second variable commutes.
REMARK 3.3.20. For ¢ = j = 0 the cup-product map
H°(G,A) x H'(G,B) — H°(G,A® B)

is just the natural map A ® BY — (A ® B)®. This follows from the construction of the
cup-product.

REMARK 3.3.21. There is the following generalization of a cup-product, usually again de-
noted as cup-product. For a given morphism A x B — C of G-modules we obtain pairings

H'(G,A) x H(G,B) — H'M(G,C)
by composing the cup-product with the natural map
H™(G,A® B) — H™ (G, O).
PrROPOSITION 3.3.22. The cup-product is associative and graded-commutative.

Proor. We leave it to the reader to check associativity. One has to follow carefully the
construction. It ultimately boils down to the associativity of the tensor product.
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For graded-commutativity, we first work on the level of tensor products of complexes and
compare the images of the obvious maps

AowB - P A'eB,
k+l=i+j

Bl @ Al — @ Bl @ A*
k+l=i+j

in the complexes A®* ® B* and B* ® A® respectively. Given a ® b € A* ® B, the differential in
A®* ® B*® acts on it by

O @ idg +(—1)"id4 @8,
whereas the differential in B®* ® A® actson b® a € B’ ® A* by

¥y @idy +(—1) idg @0,
Therefore mapping a®b to (—1)¥ (b®a) induces an isomorphism of complexes A*® B® ~ B*®QA®.
Applying this with A* = B®* = P, and performing the rest of the construction of the cup-

product, we obtain that both elements a U b and (—1)”(b U a) are mapped, via the above
isomorphism, to the same element in H (G, A ® B). O

The following exactness property holds for the cup-product.
PROPOSITION 3.3.23. Given an short exact sequence of G-modules
(3.3) 0— A4 — Ay — A3 —0

with the property that the tensor product over Z with a G-module B remains exact, i.e., such
that

is again exact, we have for all elements a € H (G, A3) and b € H' (G, B) the relation
d(a)Ub=10(aUb)

in HTT(G, A; ® B), where the § are the connecting maps in the associated long sequence of
cohomology.
Similarly, if
0— By — By — B3 — 0
1s a short exact sequence of G-modules such that the tensor product over Z
0—-A®B - A By — A® B3 — 0

with a G-module A remains exact, we have for all elements a € H'(G, A) and b € H'(G, Bs)
the relation

aUd(b) = (—1)"6(aUb)
in HH(G, A® By).

PROOF. For the first statement, fix an element b € H’(G, B). Take a projective resolution
P, of the trivial G-module Z and consider the sequences

(3.5) 0 — Hom(P,, A;) — Hom(F,, Az) — Hom(P,, A3) — 0
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and

(3.6) 0 — Hom(P, ® P,, Ay ® B) — Hom(P, ® P., Ao ® B)
— Hom(P, ® P,, A3 ® B) — 0.
These are exact sequences of complexes because of the projectivity of the P; and the exactness
of the sequences (3.3) and (3.4). Lifting b to an element 5 € Hom(P;, B) and tensor product
with § yields maps
Hom(P;, Ay) — Hom(P, ® Pj, Ay, ® B)

for k = 1,2, 3. Hence proceeding as in the second step of the cup-product construction we obtain
maps form the terms in the sequence (3.5) to those of the sequence (3.6), increasing degrees by
J, giving rise to a commutative diagram by functoriality of the cup-product construction. The
connecting maps o are obtained by applying the so called snake lemma to the above sequences
- we leave out the details. Finally one obtains the first statement by following the image of
an element a € H'(G, A) by using the above mentioned commutativity. Let us say, that the
proof of the second statement is similar, except that one has to replace the differentials in
the complexes Hom®(P,, By) by their multiples by (—1)" in order to obtain a commutative

diagram, by virtue of the sign convention we have taken in the first step of the cup-product
construction. [

Let H be a subgroup of G of finite index, and let A be a G-module. We mention briefly the
so called correstriction maps

Cor: H'(H,A) — H'(G,A), i >0

which are given by taking cohomology and applying Shapiro’s lemma. It satisfies the following
property.

PROPOSITION 3.3.24. Let H be a subgroup of G of finite index n > 1, and let A be a
G-module. Then the composite maps

CoroRes: H'(G,A) — H'(G, A)
are given by multiplication by n for all i > 0.

Given a subgroup H of G, perhaps a normal subgroup, or a subgroup of finite index if needed,
the cup-product satisfies the following compatibility relations with the associated restriction
maps, inflation maps and corestriction maps.

PROPOSITION 3.3.25. For given G-modules A and B we have the following relations.
(1) Fora € H'(G,A) and b € H’(G, B) we have

Res(a U b) = Res(a) U Res(b).
(2) If H is normal in G, a € H(G/H, A") and b € HI(G/H, BY), then we have
Inf(a U b) = Inf(a) U Inf(b).

(3) Let H be a subgroup of G of finite index. Then for a € H'(H, A) and b € H' (G, B)
we have

Cor(a U Res(b)) = Cor(a) U b.

This is called the “projection formula™.
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PROOF. According to the definition of restriction maps, (1) follows by performing the cup-
product construction for the modules

Ind%(A) = Homy(Z[G], A)
Ind%(B) = Homy(Z[G], B),

and using the functoriality of the construction for the natural maps A — Ind$(A) and B —
Ind%(B).

Similarly, (2) follows by performing the cup-product construction simultaneously for the projec-
tive resolutions P, and @), considered in the definition of inflation maps (a projective resolution
P, of Z as a trivial G-module and a projective resolution (s of Z as a trivial G/H-module),
and using functoriality.

For (3), consider the diagram

Hompy(Z[G], A) x Hompy(Z[G], B) — Hompyu(Z|G x G], A® B)

| | |

HOmg(Z[G], A) X HOIIlg(Z[G], B) I HOIIIGXg(Z[G X G], A® B)

where the horizontal maps are induced by the tensor product, the middle vertical map upwards
is the one inducing the restriction and the two others are those inducing the correstriction maps.
The diagram is “commutative” in the sense that starting form elements in Homp (Z[G], A) and
Homg(Z|G], B) we obtain the same elements in Homg o (Z[G x G], A ® B) by going through
the diagram in the two possible ways; this follows from the definition of the maps. The claim
then again follows by performing the cup-product construction for the pairings of the two rows
of the diagram and using functoriality. OJ
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3.4. Homology groups and Tate groups

The functorial definition of cohomology groups can be dualized to give us homology groups.

DEFINITION 3.4.1. Let M be a G-module and define Mg to be the largest quotient module
of M on which G acts trivially. This is called the module of coinvariants.
In other words, M is the quotient of M by the subgroup generated by
{gm —m|ge G,me M}

If M is a trivial G-module then M = M. Considering Z|G]-modules we have the following
description of M. Let e: Z|G] — Z be the augmentation map, given by

g Yo,
geG geG
This is a ring epimomorphism (but not a G-module homomorphism). Its kernel is called the
augmentation ideal, denoted by kere = I = I. It is a free Z-submodule of Z[G] with basis
{9—1|geG}:ifx € Ig then z = Y ngg such that 3° ny = 0. Thus, v =3 ny(g —1).
LEMMA 3.4.2. Let M be a G-module. Then we have
Mg = M/[M = Z®Z[G] M
PROOF. By definition the quotient map 7: M — Mg satisfies m7(gm — m) = 0 for all
g € Gm € M. Hence IocM C kerm. But Mg is maximal with this property, and hence
IgM = ker m and Mg = M/IoM. For the second part consider the map Z®zig M — Mg given
by n®m — n[m], where [m] denotes the natural image of an element m € M in Mg = M/IM.
Clearly this map defines an epimorphism. We will show that it is also injective. Let 1 ® m be

in the kernel. This means [m] = [0]. Consequently we can write m = A\ymy +. ..+ A,m,, where
A € I and m, € M. Since for A € I we have 1\ = 0 it follows

Lem=>Y (1®\m,) =Y ((1\)@m,)=0.

r

O
LEMMA 3.4.3. The functor F: Mg — AB, F(M) = Mg from the category of G-modules

to the category of abelian groups is right exvact.

Proor. This follows from the fact that F' is naturally equivalent to the functor M —
7 @zj M, which is clearly right exact. Recall that I’ being right exact means the following. If

0—-M —M-—M -0
is a short exact sequence of G-modules, then so is
M{, — Mg — M}, — 0
O

Recall that the category M has enough projectives, see proposition 2.7.24. Hence every
G-module M has a projective resolution

s PE PP M0

Then the complex
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need no longer be exact, and we define
H, (G, M) = ker(d,)/im(d,+1)

These groups have the following basic properties.

(1) We have Ho(G, M) = F(M) = Mg, because
(P)e — (Po)a — Mg — 0
is exact.
(2) If P is a projective G-module, then H,(G, P) =0 for all n > 1, because ---0 — P —
P — 0 is a projective resolution of P.

(3) Let P, — M and Q)¢ — N be projective resolutions of G-modules M and N. Then
any homomorphism «: M — N of G-modules extends to a morphism of complexes

P04>M

|5 l

Qo*)N

and the homomorphisms H,(&): H,(Pe) — H,(Qec) are independent of the choice
of a. Applying this to the identity map id: M — M, it follows that the groups are
well-defined up to canonical isomorphism. Moreover M +— H,,(G, M) is a functor from
the category of G-modules to the category of abelian groups.

(4) A short exact sequence 0 — N — M — V — 0 of G-modules gives rise to a long exact
sequence

-— H,(G,N) — H,(G,M) — H,(G,V) — H, 1(G,N) — ---
— Hl(G, V) — HO(G, N) — Ho(G, M) — Ho(G, V) — 0
Each morphism of short exact sequences induces a morphism of long exact sequences.

Note that these properties determine the functors H,,(G,e). Just as in the case of cohomology,
it is possible to give an explicit description of the homology groups H,, (G, M) as the quotient
of a group of n-cycles by a subgroup of n-boundaries.

We will shortly discuss the low-dimensional homology groups. They also have interpretations
in group theory. However, the low-dimensional cohomology groups are more important. Let us
start with n = 0. By definition we have

Ho(G, M) = Mg
In the following we consider Z as a trivial G-module.
LEMMA 3.4.4. For any group G we have
H\(G,Z)=1/I?
PRrOOF. By definition of I we have a short exact sequence of G-modules
0—-15ZGS7Z—0
It induces a long exact sequence of homology groups, ending with

H\(G,Z[G) — H\(G,Z) % Hy(G, 1) 2 Hy(G,Z[G) = Ho(G.Z) — 0
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By Lemma 3.4.2 we have
Hy(G,Z)=Z¢ =17
Hy(G, Z[G]) = Z[Gle = ZIG)/IZIG) = 7
Hy(G, I)=1/I*
Also Hy(G,Z[G]) = 0, because Z|G]| is projective. In fact, it is free, hence projective as Z[G]-
module. The exactness of the sequence thus implies that 0 is injective and e, is surjective.

Together it shows that
Z]kere, = ime, =7

Hence €, must be injective as well: if ker e, is nonzero, then Z/ ker ¢, is finite, which is not the
case. It follows that 3 is zero and 0 is surjective, hence bijective:

9: H\(G,Z) = /I

We can now interpret H,(G,Z) with the trivial G-action.

PROPOSITION 3.4.5. For any group G we have
H\(G,Z) = G/E
where G’ is the commutator subgroup of G.

PROOF. Because of the Lemma it suffices to prove that G/G’ = I/I? as abelian groups.
Define 6: G — I/I? by
i (r—1)+ 17
To see that 0 is a homomorphism, note that
py—1—(@-1)—(y—1)= (- 1)y—1) € I
so that
O(zy) = zy — 1+ I?
=(@-1D+y—-1)+1I
=@x-1+P)+@y—1+17
= 0(z) +0(y)
Since I/1? is abelian we have ker # C G’, and so 6 induces a homomorphism ¢: G/G’ — I/I*
given by
G -z — 1417
We will construct the inverse of ¢, showing that 1) is a group isomorphism. Define p: I — G/G’
by
z—1— zG
Because [ is a free abelan group with basis all x — 1, where x € G\ 1, ¢ is a well-defined

homomorphism. We have to show that I? is a subgroup of ker . Then ¢ induces a map
I/I? — G/G’, which is clearly the inverse of ¢». But this follows from the identity

p(z—1y—-1))=p((zy—1)—(z-1) = (y—1))
= 2yG' (G (yG')
=1
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COROLLARY 3.4.6. For any group and any trivial G-module M we have
Hl(G, M) =~ (G/GI) ®Z[G] M

The group Hs(G,7Z) is also useful in group theory. It is called the Schur multiplier of G,
because it has to do with universal central extensions of G. There is also a formula of Hopf: let
G = F/R be a presentation of a group G, where F' is a free group and R is a normal subgroup
of relations.

THEOREM 3.4.7 (Hopf). We have
so that the group on the RHS depends only on G and not upon the choice of the presentation
of G.

REMARK 3.4.8. For any group G, there exists a topological space BG, called the classifying
space of G, such that G = m(BG), and
H,(BG,Z) = H,(G,Z)
There is also a topological space K(G,1), unique up to homotopoy type, such that G =
m(K(G,1)), m(K(G,1)) =0 for n > 1, and
H"(K(G,1),Z) = H"(G,Z)
EXAMPLE 3.4.9. Let G = Z/27 x 7./27 be the Kleinian 4-group. A presentation of G is
given by
G = (z,y|a® ¢ ayz~y ™)
Then Hy(G,Z) = Z]27.
Here, F' is the free group with basis (z,y). One shows that (RN F')/[F, R] = 7Z/27. The
proof is left to the reader.
We will now define the so called Tate groups which combine homology and cohomology groups

so that we become a doubly infinite exact sequence of homology and cohomology. For that we
require GG to be finite.

DEFINITION 3.4.10. Let G be a finite group and M be a G-module. The map Norm¢g: M —
M is defined to be
m — Z gm

geG
It is called the Norm map.

LEMMA 3.4.11. The norm map induces a homomorphism
Normg: Ho(G, M) — H°(G, M)

DEFINITION 3.4.12. Let G be a finite group and M be a G-module. The Tate groups are
defined to be
H*(G, M) k>0
M€Y /Normg(M) k=0
ker(Normg)/IM k= —1
H_k_l(G,M) k< —1

HE(G, M) =
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For example, H;*(G,Z) = H,(G,Z) = G/G'. The T stands for Tate, who had a major
part in introducing Galois cohomology into algebraic number theory.

PROPOSITION 3.4.13. Any short exact sequence of G-modules
0O—-M —-M-—-M —0
induces an exact sequence of Tate groups, for all k € Z,
o HEYG, M"Y — HE(G, M) — HE(G, M) —
HE(G,M") — HETY G, M) — - -
which extends infinitely in both directions.

In general, for any given G and M the Tate groups exhibit very little obvious structure.
This is different, if G is cyclic.

THEOREM 3.4.14. Let G be a finite cyclic group and M be a G-module. Then, for allk € Z,
HE(G, M) = HEPA(G, M)
We mention another result.
THEOREM 3.4.15. Let G be a finite group and M be a G-module. If
H}(H,M) = H2(H,M) =0
for all proper subgroups H of G, then HE(G, M) =0 for all k € Z.
If G is cyclic, this follows of course from the periodicity of the Tate cohomology.

REMARK 3.4.16. We will not attempt to define homology groups or Tate groups for profinite
groups. The passage from finite groups to profinite groups is only well-behaved for cohomology.
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