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1. Introduction

A classical tool to study the cohomology of groups fitting in a group extension

1 N G Q 1

is the Lyndon-Hochschild-Serre spectral sequence, which relates the cohomology of G to the coho-
mology of the kernel N and the quotient Q. For example, as observed in [11], for any G-module M,
the Lyndon-Hochschild-Serre spectral sequence gives rise to an exact sequence
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inf

0 —— H'(Q,MN) —— H'(G,M) YN, M H%(Q,MN)
L H?(G, M), . H'(Q,HY (N, M)) L H3(Q. MN),

where H2(G, M) is the kernel of the restriction map res : H%(G, M) — H%(N, M). The inflation and
the restriction maps in the sequence are well understood, but the others are induced by differentials
in the spectral sequence and there is no explicit description available, except from Huebschmann'’s
description of A, see below. At least, using cocycle manipulations, two different ad hoc constructions
of a map tr: HY(N, M)? — H%(Q, M) were given in [4] and [10] which render the left-hand five-
term sequence exact.

In this paper, we give an alternative, purely group theoretic construction of connecting maps tr
and p as above fitting into this sequence, taking the last map A to be the map constructed by
Huebschmann in [8]. Just as for the latter, our constructions are based on mostly well-known inter-
pretations of the low dimensional cohomology groups, such as derivations, semi-direct complements,
extensions and crossed modules. As a striking fact, our maps tr and p are extracted from nothing but
the conjugation action of group extensions of G by M which are split at least over N, on the set of
semi-direct complements of N: the map tr is basically given by the isotropy groups of this action,
while the map p more precisely encodes this action itself, modulo conjugation by elements of M. It
is interesting to observe that Huebschmann’s map A can be viewed as a broadening of the context
from conjugation to “conjugation-like” automorphisms.

We also give an explicit description of the three maps tr, p, and A on the cocycle level. In particu-
lar, it turns out that the two constructions of a suitable map tr in [4] and [10] both are just different
descriptions of our map tr.

In general, we do not know whether or not the maps in our sequence coincides with the ones
obtained from the spectral sequence. However, when M is N-invariant, we know that tr equals the
boundary map ng :HY(N, M)? — H2(Q, MN) (see Lemma 9.1). Furthermore, Huebschmann showed
in [8] that his map A is the same as the one induced by the spectral sequence.

We start by recalling two important techniques in our construction, namely the pull-back and
a kind of push-out construction. In what follows, we will find a more appropriate way to regard
HY(G, M), namely using semi-direct complements and/or splittings, instead of derivations (Section 3).
To avoid complicating things, and to gain optimal insight in the matter, we use some notions of cat-
egory theory, which are briefly overviewed in Section 4. We are then ready to construct the different
maps in the sequence (Sections 5, 6 and 7). It will be clear that the seven-term exact sequence is
natural with respect to the modules, but we will still have to show that it is natural with respect to
the group extension. We do this in Section 8. In Section 9, we show that, at least under some con-
ditions, tr equals dg’l. An explicit cocycle description of the maps tr, p and A is given in Section 10.
Finally, we demonstrate our results for the Heisenberg groups in Section 11. We finish with some
observations concerning split group extensions (Section 12).

2. Pull-back and push-out constructions

The pull-back and the push-out are two key notions from category theory. The reason that they
are also important to us, is that we can use them to describe induced maps on the extension level.

Given two group morphisms p;: E — H and p, : G — H, we consider the subgroup P C E x G
consisting of all couples (e, g) € E x G such that pi(e) = p2(g). Together with the natural maps
q1:P—Eand q;: P — G, (P,q1,qy) is the so-called pull-back of p; and p. This pull-back satisfies
the following universal property: for any two group morphisms o1 : E' — E and a3 : E' — G such
that p1 o o1 = py o ay, there exists a unique group morphism « : E' — P such that q; o = @7 and
(2 o @ = p. It is obvious that this universal property determines the pull-back completely up to
isomorphism.
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Now suppose we have a short exact sequence of groups

with abelian kernel, and a group morphism p, : G — H. Taking the pull-back (P, q1,q2) of p1 and p»,
we can find a map iy : M — P such that we obtain a commutative diagram with exact rows

¢ 0 M p G 1
lql ipz
e:0 M- E- " H 1

Throughout the article, we denote the equivalence class of an extension e by [e]. Now one can
check that [e’], with e’ the bottom extension in the diagram, is the image of [e] under the induced
map (p2)* : H*(H, M) — H2(G, M), where M is a G-module via p».

The push-out construction we use in this paper is the same as the one given by C.C. Cheng and
Y.C. Wu [2]. Take a short exact sequence of groups with abelian kernel

i p
0— M —~F —2>¢ 1,

a G-module M, and a G-module morphism i, : M1 — M>. We describe the map (iz) : HZ(G, M) —
H2(G, M) on the level of extensions.

Throughout this paper, we will denote the action of an element g € G on an element m of a
G-module M by g-m. There is an Eq{-module structure on M, induced by p1, i.e. ©1my = py(e1) - my,
so we can consider the semi-direct product M, x Eq1. Set E = (M, x E1)/S, where S is the normal
subgroup of My x Eq consisting of the elements of the form (—iy(my),i1(my)) for mq € My. There are
maps ji: E1 — E and j, : My — E, defined by taking the composition of the respective embeddings
in M, x E1 and the quotient map M, x E;1 — E. We call (E, j1, j2) the push-out construction of the
maps i and ip. Sometimes we omit the maps and say that E is the push-out construction of i; and i>,
if it is clear what j; and j, are. Observe that ji oiy = jy oip.

There is a “universal property” of the push-out construction. Let E’ be a group and let pq : E; — E’
and p; : My — E’ be group homomorphisms such that p; oi; = p3 oiz. There exists a homomorphism
h:E— E' with ho j; = p; and ho j; = py, if and only if

pa(e1 -my) = p1(er)pa(m2)p1(er) . (1)

In this case, h is unique.

Observe that we can give an easier description of condition (1), defining an action of E; on E’ by
conjugation, i.e. €1x = py(e1)xp1(e1)~" for x € E’ and e; € E;. Now we can replace condition (1) by
demanding that p; is compatible with the action of E.

If we take p1 = j; and pz = ja, Eq. (1) holds. Moreover, the universal property determines E up
to isomorphism.

Take maps p1:E;1 — G and 1: M, — G, the trivial map, and observe that we can find a map
p: E— G such that po j; = pq and p o j, = 1. Thus, there is a commutative diagram
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nn D1

0 M; Eq G 1
j p

0 My —2 = E G 1.

The bottom sequence is automatically exact. One can check that the image of the class of the upper
sequence under the natural map H2(G, M) — H2(G, M>), induced by iy, can be represented by the
bottom sequence.

3. Derivations, splittings and semi-direct complements

Let G be a group and M a G-module. It will be useful for the construction of the exact sequence
to have different descriptions of the first cohomology group H!(G, M). Consider the standard split
extension of G by M

i p
O—>M—O>M><IGHO-G—>1.

It is well known that H!(G, M) is isomorphic to the group Der(G, M)/Inn(G, M), where Der(G, M)
is the group of derivations d : G — M, and Inn(G, M) are the inner derivations. We can associate to
each derivation d a splitting s: G — M x G, s(g) = (d(g), g). In this way, we get a bijection between
Der(G, M)/Inn(G, M) and Sec(G, M)/~p, where Sec(G, M) is the set of splittings of the split exact
sequence. The equivalence relation is the following: s; ~p sy if there exists m € M such that s; =
io(m)saig(m)~'. These interpretations of H!(G, M) are well known, and appear in several textbooks
on cohomology of groups, for example in [1].

For our purposes, there is a more convenient way to look at H(G, M). Define the set of semi-
direct complements SDC(G, M) of G in M x G as the set containing all subgroups H < M x G, such
that the restriction of pg to H is an isomorphism onto G. The map s+ s(G) entails a bijection
between Sec(G, M) and SDC(G, M). Now we can transfer the equivalence relation ~; to a relation on
SDC(G, M), namely H ~ H’ if there exists an m € M such that H = ig(m)H’ig(m)~!. There is also an
induced group structure

Hi+Ha={(h+h2,8) e M x G | (1, g) € Hy, (h2, &) € Ha},

that turns SDC(G, M) and its quotient under the equivalence relation into abelian groups.
Consider the case where there is an exact sequence of groups

e

1 N G Q 1.

We know that conjugation in the normal subgroup N induces a G-module structure on H'(N, M).
Moreover, the action of G factors through Q, so that HY(N, M) becomes a Q -module. We would like
to know what the G-action looks like on derivations, splittings or semi-direct complements, since this
action directly gives us the action of Q.

We denote the action of an element g € G on a derivation d : N — M by &d. Using the standard
N-resolution, one can see that

(2d)() =g -d(g~ 'ng).
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It is now straightforward to check that on the level of splittings s: N — M x N and semi-direct
complements H of N in M x N the above action translates to

(8s)() = (0, g)s(g " 'ng)(0,g)"" and £H =(0,2)H(0,8) ",

where we view M x N as a subgroup of M x G. If d is an inner derivation, éd will also be an inner
derivation. Therefore, we have a well-defined action of G on Der(N, M)/Inn(N, M), Sec(N, M)/~
and SDC(N, M)/~. These actions factor through Q and correspond to the usual Q-module structure
on HY(N, M).

4. A categorical point of view

Let Pair be the category of all pairs (G, M) where G is a group and M is a G-module. A morphism
(a, f) from (G, M) to (G’, M) consists of a group homomorphism « : G’ — G and a G’-module mor-
phism f: M — M’, where M is a G’-module via «. Now SDC(—,—) is a functor from Pair to the
category of sets, where the induced maps are defined by

SDC(ex, f)(H) = {(f(m), g) | (m. «(g)) € H},

for H € SDC(G, M). Note that SDC(1, f) and SDC(«, 1) are given by the direct and inverse image,
respectively.

As we will see, the functor SDC(G, —) preserves products and final objects. This is an important
property, since it implies that the functor will preserve group objects. Let C be a category that has
products and a final object 1. We call C a category that admits group objects. A group object X is
an object such that there exist morphisms wu: X x X — X (“multiplication”), n: 1¢ — X (“unit”) and
i: X — X (“inverse”) satisfying the commutative diagrams that correspond to the usual group axioms
(e.g. see [9, p. 75]).

If F:C — D is a functor between two categories that admit group objects, there is a well-known
criterion for F to preserve group objects.

Lemma 4.1. If F : C — D preserves products and final objects, then F will preserve group objects.

Explicitly, if (X, i, n,i) is a group object, (FX, Fi o h~1, Fn, Fi) will be a group object, where h
is the canonical map h = (F(pr1), F(pr2)) : F(X x X) — FX x FX, which is an isomorphism since F
preserves products. Often, we will omit h~! and simply write (FX, Fu, F, Fi).

Lemma4.2. Let C and D be categories that admit group objects, and let F : C — D and G : C — D be functors
that preserve products and final objects. If a is a natural transformation between F and G, then for every group
object X of C, ax : FX — GX is a homomorphism of group objects, i.e. the diagram

ax xax
FXx FX —— GX xGX

e e

FX — GX
commutes.

This is also well known, and can be proved using the naturality of a and the fact that F and G
preserve products. We will use this lemma to show that certain maps in our seven-term sequence are
homomorphisms.

Now let’s turn our attention to the functor SDC(G, —) from the category G-modules to the category
of sets.
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Lemma 4.3. The functor SDC(G, —) preserves products and the final object.

The proof is left to the reader. The fact that the functor SDC(G, —) preserves the final object is
trivially checked. It is also obvious how to associate to any element H € SDC(G, M1 x M) a pair of
elements (Hq, Hz) in SDC(G, M1) x SDC(G, M3). One can then show that this correspondence is in
fact a bijection.

An object M in the category of G-modules is always a group object, with the obvious commutative
group law, denoted as +. It follows that SDC(G, M) is a group object in the category of sets, with
multiplication SDC(1, +). The reader can check that this is the same group law as the one described
in Section 3.

5. Construction of tr

Given a short exact sequence of groups

1 N G Q 1
and a G-module M, we construct an exact sequence

inf inf

0 —— H1(Q.MN) = (G, M) —== HI(N, M) — = H2(Q, MN) = H2(G, M).

Note that M is also an N-module, and MN is a Q -module, so the cohomology groups are well defined.
The existence of the exact sequence follows from the Hochschild-Serre spectral sequence. In this
section, we give an explicit description of a map that can be chosen to be the third map.

One can use cocycles to see that the image of the second inflation map is contained in the kernel
of the restriction map res : H2(G, M) — H2(N, M) (or see Corollary 5.9). So it is not surprising that
we will first turn our attention to a general construction involving extensions in Ker(res). Take an
extension

e:0 M— > E G 1 )

which is partially split. This means that the sequence

i p
0— >M—"~p'N) —=N—>1

is split and therefore equivalent to the standard split extension through an isomorphism y : M x N —
p~1(N). (We will sometimes identify the two extensions.) In other words, the class [e] belongs to the
kernel H2(G, M); of the restriction map res : H2(G, M) — H2(N, M).

A partial semi-direct complement H of N in e is a subgroup H < E such that p(H) =N and p|y :
H — N is an isomorphism. Two partial semi-direct complements H; and H, of N in e are equivalent
(denoted by H; ~ Hy) if there exists an element m € M such that Hy =i(m)Hqi(m)~!. Every partially
split extension e determines an action of E on the partial semi-direct complements H < E of N
in e, induced by conjugation. It is immediate that this action will factor through p : E — G, after
passing to equivalence classes. It factors further through 7 : G — Q. If we denote the equivalence
class of a semi-direct complement H by [H], the obtained action of Q is given by 9[H] = [*H], where
w(p(e)) =q.

As a special case, we can consider the standard split extension of G by M

e:0 —— M —— MxG —GC ——> 1.
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In this situation, the set of partial semi-direct complements corresponds exactly to SDC(N, M) and
the action we obtain then is the same action as the one we discussed at the end of Section 3.

Every partial semi-direct complement H of N in e determines a homomorphism s: N — E, map-
ping n to its unique pre-image under p in H. Observe that p o s = id. Such a homomorphism
s: N — E is called a partial splitting of e over N, and for every H, there is a unique partial split-
ting s with s(N) = H. Observe that s defined by s(n) = es(p(e) 'np(e))e~! is a partial splitting
with (és)(N) =€(s(N)), so this is an action of E on the partial splittings of e that corresponds to the
above action of E on the partial semi-direct complements. Two partial splittings s; and s, of e are
equivalent (we write s; ~ s3) if there exists an element m € M such that {™s; = s, or equivalently,
i(m)s1(n)i(m)~! =s,(n) for all n € N.

Now we can start with the construction of a map w that will give rise to a map tr: H'(N, M)Q —
H2(Q,MV). Take an extension (2) and a partial semi-direct complement H of N in e. Since H is
isomorphic to N, one can expect that “taking the quotient of E and H” will correspond to taking the
quotient of G and N. Of course, H doesn’t need to be a normal group of E, so we have to pass to the
normalizer Ng(H) in E. The following two lemmas are easily checked.

Lemma 5.1. The intersection i(M) N Ng(H) equals i(MN).

Lemma 5.2. The restriction p|n; () : Ne(H) — G is surjective iff °*H ~ H for all e € E (or equivalently, ¢s ~ s
for all e € E, where s is the unique splitting with s(N) = H).

Let £2 be the set of all pairs (e, H), where e is an extension

[e] € H2(G,M); and H < E is a partial semi-direct complement of N in e with ¢H ~ H for all e € E.
By the lemmas above, the sequence

i p
0— > MN — > Ng(H) —= G ——>1
is exact. It is not difficult to check that this sequence induces an exact sequence

i p
¢:0 —> MN — > Ng(H)/H —> Q —— 1,
where i and p are the induced maps. This gives a map

w: 2 — H*(Q, M),

mapping (e, H) to the class of the extension e’.
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First we make some remarks about the construction of w. In the commutative diagram

0 M ‘ E G 1

]

0 MN L o Np(H) G 1
i

|k

0 —— MN — = Ng(H)/H —= Q — 1,

E is isomorphic to the push-out construction of the inclusion map j: MN < M and i : MN — Ng(H),
and Ng(H) is isomorphic to the pull-back of p: Ng(H)/H — Q and 7 : G — Q. To show the first
statement, let E/ be the push-out construction of j: MN — M and the map i: MY — Ng(H). We
know from Section 2 that we can find a map P such that

0 M E’ G 1

00— MN — = Ng(H) ——= G ——= 1

is a commutative diagram with exact rows. We can use the universal property of the push-out
construction to get a map h: E’ — E such that hoi=1i and h o q = (. Thus, we get the following
commutative diagram with exact rows

i
0 M— > F G 1
\Lh
0 M. ¢ 1

The right-hand side commutes, since 507: 1=(poh) oi, by definition of p. Also, (poh)oq=pot=
P o q. Therefore uniqueness in the universal property gives us the equality p = p o h. Now by the
five-lemma, h is an isomorphism and E = E’. The pull-back statement is proven in the same way.

Our goal is to find a map HY(N, M)? — H?(Q, M") completing the five-term exact sequence.
Define SDC(N, M)¢ as the pre-image of H'(N, M)? under the projection SDC(N, M) — H'(N, M).
We deduce from Section 3 that SDC(N, M)2 consists of all partial semi-direct complements H of N in
M % G with ™8 H ~ H for all (m, g) € M x G. Therefore, we can define fr: SDC(N, M)¢ — H2(Q, MN)
as

tr(H) = w(eo, H),

where e is the standard split extension of G by M. We will show that this indeed induces a map
tr: HY(N, M)? — H%(Q, M") that can be chosen as the third map in the five-term sequence. We
show that tr is a natural homomorphism, that renders the corresponding five-term sequence exact.

Lemma 5.3. T : SDC(N, —)¢ — H2(Q, —N) is a natural transformation of functors.



78 K. Dekimpe et al. / Journal of Algebra 369 (2012) 70-95

Proof. We have to show that for every G-module map f : M — M3, the following diagram is com-
mutative

]
SDC(N, M1)2 ——= H2(Q, MY)

lSDC(Lf) J/Hz(l,n

.
SDC(N, M3)? —— H2(Q, MY).

For H € SDC(N, M1)2, use the push-out construction to find a representant of f, (tr(H)). The universal
property and the five-lemma give an equivalence of f,(fr(H)) with the extension tr(f.(H)), in the
same way as in the remarks about the construction of w. O

It is well known that the cohomology functors H"(G, —) preserve products and the final object 0.
Furthermore, if M; and M, are G-modules, the action of G on SDC(G, M7 x My) = SDC(G, Mq) x
SDC(G, M) is the diagonal action. Using this information and Lemma 4.3, we see that also the func-
tors SDC(N, —)2 and H2(Q, —N) preserve products and final objects, so they will preserve group
objects. Now, by Lemma 4.2 and Lemma 5.3, we obtain the following result.

Proposition 5.4. The map tr: SDC(N, M)¢ — H2(Q, M) is a homomorphism.

To see that {r induces a well-defined map tr: H'(N, M)2 — H%(Q, MN), we need the following
lemma.

Lemma 5.5. Given H € SDC(N, M)2. There exists an He SDC(G, M) such that Hn (M x N) = H iff
tr(H) =

Proof. Suppose that H = Hn (M x N). Since M x N is normal in M x G, H is normal in H, so
Npywc(H) contains the semi-direct complement H of G. This means that the short exact sequence

00— MN — = Nyyec(H) —= G ——= 1

splits, and consequently, tr(H) = 0. Conversely, choose a semi-direct complement a € Nuxc(H)/H
of Q and take the inverse image under q : Nyxc(H) > Nuxc(H)/H. It is not difficult to prove that
this is the required semi-direct complement H in SDC(G, M). O

There are some immediate consequences of this lemma.
Corollary 5.6. The map tr : [H] — tr(H) is well defined.

Proof. We can extend every semi-direct complement of the form imH, to the semi-direct comple-
ment (™ Fy of M x G, where Ho = {(0,n) € M x G |ne N} and Hg = {(0, g eMxG|geG}l. O

Corollary 5.7. The sequence

inf

0 —— H1(Q, MN) —= H1(G, M) —== HI(N, )2 —= H2(Q, MV)

is exact.
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We will show that tr: HI(N, M)? — H?(Q, MN) is a map that fits in the five-term exact sequence.
To complete the proof of exactness, we need the following lemma.

Lemma5.8.lete:0— M L E 2 G — 1 be an extension of G by M.

o If e is partially split and there exists a partial semi-direct complement H of N in e with *H ~ H for all
e € E, then inf(w(e, H)) = [e].

e Conversely, if there exists an [e'] € H*(Q, MN) such that [e] = inf[e’], then there exists a partial semi-
direct complement H of N in e with¢H ~ H for all e € E, such that [e] = w(e, H).

Proof. The inflation map inf: H2(Q , MN) — H2(G, M) is the composition of the maps H2(Q , MN) —
H%(G,MN) and H%(G, MN) — H2(G, M), induced by respectively the projection map 7 : G — Q and
the inclusion map MN < M. Using Section 2, we see that for any extension e’ of MN and Q, we can
represent inf(e’) by the bottom row in the diagram

e:0 Q 1
0 MN . p G 1 (3)
inf(e’) : 0 L G 1.

Here P is the pull-back of pg and 7, and E is the push-out construction of i’ and j.

Now it follows from the remarks after the definition of w that inf(w(e, H)) = [e] when e is partially
split and H is a partial semi-direct complement of N in e with ¢H ~ H. This proves the first part of
the lemma.

For the second part, suppose that [e] = inf[e’], where

ig Po

e:0 MmN Eo Q 1.

We show that we can find a partial semi-direct complement H of N in e with ¢H ~ H for all
e € E, such that the extensions ¢’ and the canonical representative of w(e, H) are equivalent. Since
[e] = inf[e’], we have again a diagram (3) where the upper right-hand square is a pull-back diagram
and the lower left-hand square is a push-out construction. Using properties of the pull-back (see Sec-
tion 2), we see that the short exact sequence 1 — N ERNYJEIIN Q — 1 induces a short exact sequence
15> N% phy Eg — 1. Define H = o(N) < P and observe that h induces an isomorphism h of
extensions as follows

MN Io Eo bo
P 7
MV L~ p/H

If we set H= y(ﬁ) C E, we see that p(H) = j(N), and a similar argument shows that p|H: H — N
is an isomorphism. Therefore H is a partial semi-direct complement of N in e and e is partially split.
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Observe also that y(P) C Ng(H), so p(Ng(H)) = G. From Lemma 5.2 it follows that *H ~ H for all
ecE.
We can use Lemma 5.1 and the five-lemma to see that y is an isomorphism of extensions

0 MmN p_" G 1
i p

00— MN — = Ng(H) ——= G —— 1.

Since y(ﬁ) = H, the map induces an isomorphism ¥ : P/FI — Ng(H)/H, such that there is an equiv-
alence of extensions

io

0 MN Eo —2 > Q 1

= \L ]70};7]

0 —— MN —— Ng(H)/H —= Q —— 1.

The bottom extension represents w(e, H), so this proves that [¢'] = w(e, H). O
This proves the exactness of the sequence

inf inf

0 — HI(Q,MN) —== HI(G, M) —== HI(N, M2 —"= H2(Q, MN) —“= H2(G, M),

since tr[H] = w(ep, H) and inf(ep) = 0. Furthermore, we have the following corollaries, which are
important for the next section.

Corollary 5.9. The image of inf is contained in H*(G, M)1.

Corollary 5.10. Let [e] € H*(G, M)1. Now [e] € Iminf iff there exists a partial semi-direct complement H of
N in e with ¢H ~ H for all e € E (or equivalently, a partial splitting s : N — E of e over N with €s ~ s for all
eckE)

6. Construction of p

We construct a map p : H2(G, M); — H'(Q, H'(N, M)), extending the five-term sequence to a
six-term exact sequence. Take an extension [e] € H2(G, M);. This is an extension of the form

e:0 M—"-F G 1,

for which the induced extension 0 — M > p~I(N) 2N s split. Choose a partial splitting
So: N — E of e over N. We define a map

Po(e) : E — Der(N, M)

associated to sp, sending x € E to the derivation dy : N — M, defined by i(dx(n)) = (*sg)(n)so(n)~"!. An-
other way to describe this derivation is by taking the derivation associated to *Hg =y ~! (xy (Ho)x™ 1),
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where Ho = {(0,n) [ne N} and y : M x N — p~I(N) is the isomorphism given by y(m,n) =
i(m)sg(n).

We know from the previous section that the action of E on the equivalence classes of partial
splittings factors through G and Q, so this will also be the case for pg(e). Hence, we obtain a map

Po(e) : Q — Der(N, M)/~ =H'(N, M),
sending q to the class of the derivation pg(e)(x), with 7 (p(x)) = q. Observe that pg(e) is trivial iff
*so~spo for all x e E.

We now show that the map po(e) is a derivation, where H'(N, M) has the natural Q-module
structure as discussed in Section 3.

Lemma 6.1. The map po(e) : Q — H'(N, M) is a derivation.
Proof. It suffices to show that pg(e) is a derivation, where the action of E on Der(N, M) is given via

p:E— G. Take x,y € E and define dyx = po(e)(x), dy = po(e)(y) and dx, = pPo(e)(xy). Observe that
i((8d)(n)) = gi(d(g~'ng))g~1, where p(g) = g. As a result,

i((P9dy) ) =(duy (m)i(d(m) .
This means that pg(e) and pg(e) are derivations. O

For two different partial splittings sop and s; of e over N, there always exists a derivation d €
Der(N, M) such that s1(n) =i(d(n))so(n) for all n € N. In this case, we write s1 = dsg.

Lemma 6.2. Let s; = dsg. Then *s; = P®dXsq forall x € E.
The proof is left to the reader.

Lemma 6.3. Take sq and s1, partial splittings of e over N with s; = dsqg and take the associated maps po(e),
pi(e) : E— Der(N, M). Then for all x € E, p1(e)(x) — Po(e)(x) = PXd —d.

Proof. Set di = p1(e)(x) and dog = pPp(e)(x). Using the previous lemma and the fact that i(d;(n)) =
(*s1)(M)s1(m)~1, we see that i(di(n)) = i(P@Wd)(n))(*so)(n)s1(n)~!. Now it is clear that i(dq(n)) =
i(P@d)(n))i(do(n))i(—d(n)) and the result follows. O

As a consequence, the maps e — [po(e)] € H!(E, Der(N, M)) and e — [po(e)] € HI(Q, HI(N, M))
are independent of the choice of the partial splitting. Thus we can define a map 0, mapping a partially
split extension e of G by M to p(e) = [po(e)]. We show that this induces a well-defined homomor-
phism of groups

p:H*(G,M); — H'(Q, H'(N, M));
el [Bo(e)]-
First, we prove a more general result.
Lemma 6.4. If M, and M, are two G-modules and o« : M1 — M3 is a G-module homomorphism, then

o, (p(e)) = p(e"), where o, is the induced map H'(Q, H'(N, M1)) — H'(Q, H'(N, M>)) and ¢’ is an ex-
tension of G by M>, that fits in a commutative diagram
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e:0 My E G 1
\La \Lﬂ
e:0 My — E G 1

Observe that the last statement is equivalent (modulo canonical isomorphisms) with the fact that
(E’, B,1") is the push-out construction of the inclusion map i of e and the map «, or with [¢/] =
H2(1, a)[e]. One can prove this equivalence using the methods in the remarks about the construction
of w, the following Lemma 5.2.

Proof. Take a partial splitting s; : N — E of e over N and the partial splitting s; = 8 os; of ¢’ over N.
Observe that B(*s1(n)) =#®s,(n) for all xe E and n € N.

Since pq(e) maps q to the class of p1(e)(x) in H'(N, M1), with 7 (p(x)) = q, the image of p(e)
under the map o, will be the class of the derivation in Der(Q, H'(N, M3)) that maps q to [o o
P1(€)(0)]. Also, i'((ex o p1(e)(X)) (M) = i'(P2(e")(B(X))(M)). It follows that & o p1(e) = P2(e’) o B, and
one easily sees that this implies that p(e’) = a.(6(e)). O

We state some immediate consequences.

Corollary 6.5. The map p : H*(G, M); — H'(Q, H'(N, M)) is well defined.
Corollary 6.6. The map p is natural with respect to the modules.

The following theorem is now easily proven using Lemma 4.2 and the fact that the cohomology
functors H"(B, —) preserve products for every group B.

Theorem 6.7. The map p : H2(G, M); — H'(Q, H'(N, M)) is a homomorphism.
We want to prove that the definition of p yields an exact sequence.

Lemma 6.8. The sequence

inf

— H'(N, M T H?(Q,MN) —— H?(G, M), L H'(Q,H'(N, M))

is exact.
This follows from Corollary 5.10 and Lemma 6.3.
7. Construction of A

In this section, we give a map A : H'(Q, HY(N, M)) — H3(Q, MN) that completes the seven-term
exact sequence

inf

0 —— H1(Q, MN) —== H1(G, M) —== HI(N, )2 —= H2(Q, MV)

M W26, M) —2 = HI(QH'(N, M) —= H3(Q. MV).
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We will describe the construction given by Huebschmann in [8]. Huebschmann proves that his con-
struction yields the differential map induced by the spectral sequence, so the map will automatically
have all the good properties. In particular it will be a homomorphism, that is natural in a strong sense
(see [8]).

We will make use of the following interpretation of the third cohomology group. It is known that
H3(G, M) corresponds to equivalence classes of crossed extensions, i.e. exact sequences of the form

0 M c.r G 1,

where C 2> I is a crossed module that induces the given action of G on M (see [1, IV.5]). The
equivalence relation is generated by elements (1, : C — C/, 8: " — I'’,1¢), such that the diagram

0 M C r G 1
CE
0 M oo G 1

is commutative, and (o, 8) is a homomorphism of crossed modules. This in particular means that o
is compatible with the action of I, where I" acts on C’ via S.
Now let

e0:0 —= M —- MxN —N——=0

be the standard split extension of N by M, and define Aut(N, M) C Aut(M) x Aut(N), the group of all
couples of automorphisms (o, ¢) € Aut(M) x Aut(N) with o (n-m) = ¢ (n) - o (m). Observe that every
element of Aut(N, M) induces an automorphism of M x N. Also, there is a map x : G — Aut(N, M)
mapping g to (ig, cg), Where ig(m) =g -m and cg(n) = gng~ 1.

Take AutM(M x N) C Aut(M x N), the group of all automorphisms of M x N that map M to itself.
Observe that these automorphisms are of the form

(m,n) = (o (m) +dn), p(n))

where (o, ¢) € Aut(N, M) and do ¢! € Der(N, M). There is an obvious homomorphism 6 : AutM (M x
N) — Aut(N, M), which fits in a split exact sequence

0 — = Der(N, M) —* = AutM(M x N) — > Aut(N, M) — 1,

where o maps a derivation d to the automorphism (m, n) +— (m +d(n), n).
Let Autg(eg) be the pull-back of x and 6. Using the pull-back properties, we find a split exact
sequence

i p
0 — > Der(N, M) — > Autc(ep) —> G — 1.

Observe that the induced G-module structure on Der(N, M) coincides with the one given in Section 3.
There is a splitting s : G — Autg(eo), mapping g to the couple (c(,g), &), where c(o,g) is conjugation
with (0, g) in M x G. Since N is a normal subgroup of G, M x N will be a normal subgroup of M x G
such that c(g,g) can indeed be considered as an automorphism of M x N.
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Take B1: M x N — AutM(M x N) mapping (m,n) to Can,n), conjugation with (m,n), and g : M x
N — G, mapping (m,n) to n. The pull-back property gives us a map B : M x N — Autg(eg). Define
an action of Autg(eg) on M x N by setting "8 (m, n) = h(m, n). The reader can check that this turns
B:M x N — Autg(ep) into a crossed module.

It is easy to see that we obtain a commutative diagram

0 M M x N N 1

b

0 —— Der(N, M) —— Autg(eg) —— G —— 1,

where —38%(m)(n) = m — n - m. Furthermore, the images of the vertical maps are normal subgroups of
the groups in the bottom row, so we can take cokernels without losing exactness of the rows, thanks
to the snake-lemma and injectivity of the map N — G. Define Outg(eg) = Autg(ep)/Im 8. We get the
following commutative diagram with exact rows

0 M M N N 1
0 — > Der(N, M) — = Autc(eg) ——> G — 1 (4)

i p
0 — H'(N,M) — > Outg(eg) — > Q — 1.
The standard splitting of the first row is compatible with the given splitting s of the second row, and
the resulting quotient map s: Q — Outg(eg) is a splitting of the third row.

We restrict our attention to the second column of the diagram. It is not difficult to see that MV is
the kernel of 8, so we obtain a crossed extension

B n
e:0 —> MN — > M x N —— Autg(eg) — Outg(eg) — 1.

Take D € Der(Q, H'(N, M)) and define a new splitting D5: Q — Outg(eg) as D5(q) = i2(D(q))5(q).
Now

ep:0 MmN MxuN " n—l(D§(Q))i>Q4>1

is a crossed extension, with @ = py o IT. Observe that I7-1(D5(Q)) with the associated maps can
be seen as the pull-back of IT and Ds. One can check that this means that [ep] = (D5)*[e]. It is
straightforward to see that the induced action of Q on MN coincides with the given one. Define

A:Der(Q, H'(N,M)) — H*(Q,MN): D+ A(D) =[ep].

Huebschmann proves in [8] that A yields a well-defined homomorphism A : H1(Q, H (N, M)) —
H3(Q, MN), coinciding with the corresponding differential of the spectral sequence.



K. Dekimpe et al. / Journal of Algebra 369 (2012) 70-95 85

Since we don’t know whether or not our map p is the same as the map obtained by Sah in [11],
we still have to check exactness of the following part of the sequence

p A
- — H*(G,M); — H'(Q,H'(N,M)) —— H3(Q,MN).
We will make use of the following result due to Huebschmann [7].

Lemma 7.1. A crossed extension

o
0 B c.r Q — =1

is equivalent to the zero extension if and only if there exists a short exact sequence1 - C — E — Q — 1and
a homomorphism h : E — I such that the diagram

1 C E Q 1
J/h
8 4
0 B C r Q 1

is commutative and (1 : C — C,h: E — I') is a homomorphism of crossed modules.
Now we can prove exactness.

Lemma 7.2. The sequence

- —— H?%(G, M), LN H'(Q,H'(N, M)) _r H3(Q,MN)

is exact.

Proof. First suppose that [D] € H! (Q H'(N, M)) with A[D] = 0. This means that we can find a short
exact sequence 1— M x N LN RN Q — 1 and a homomorphism of crossed modules (Lp;xn,h :
E— I171(Q)) such that the diagram

1— > MxN : 1

l (5)

0— > MN — > MxN—= I~ 1(Q)*>Q*>1

with Q = D5(Q), is commutative. We want to find an extension of G by M that is partially split, such
that [D] is the image of the extension under p.

Let p’: E — G be the composition of h with the map pi : Autg(eg) — G and observe that 7 o
p’ = p. The kernel of p’ is easily seen to be M, so we find an extension

T
o
=
™
QD

=
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where i’ is the composition M < M x N -4 E. One can show that the induced action of G on M
coincides with the given action. Clearly, p’~!(N) is isomorphic to M x N through i. We show that
this extension is the extension we need. )

Write [De] = ple]. We fix the partial splitting s : N<— M x N L E of e over N. We know that
De(q) = [po(e)(x)] for m o p’(x) = q or equivalently, p(x) = q. Using the description of p on semi-
direct complements, we see that pp(e)(x) is the derivation associated to the semi-direct complement
XHo =i~1(xi(Hg)x~ ). Here Hyg is the standard partial semi-direct complement of N in the standard
split extension. Since h is a homomorphism of crossed modules, *Hq equals "® Hy.

From the commutative diagram (5), we deduce that I7 o h(x) = DS o p(X), so

T oh(x) = I1(i1(d)s(g)) (6)

for D(p(x)) = [d] and 7 (g) = p(x). As the reader can easily check, #(™™ Hqy ~ Hy, so it follows that
the action of Autg(eg) on [Ho] factors through Outc(ep). Eq. (6) shows that

XHo ~ il(d)s(g)HO — il(d)HO — a(d)Ho,

and the last one has associated derivation d. It follows directly that [pg(e)(x)] = [d] = D(p(x)), so
De(p(x)) = D(p(x)).
Conversely, consider a partially split extension

and a given partial splitting so: N — E of e over N. Let D = po(e) and let y : M x N — p’~1(N)
be the isomorphism associated with sy as before. By defining p =7 o p’ and observing that Kerp =
¥ (M x N), we obtain an exact sequence

14 p
1—— MxN E Q 1.

We construct a homomorphism h : E — Aut¢(eg), from hy = p’ : E — G and hy : E — AutM™(M x N)
sending x to hy(x), with hy(x)(m, n) =y~ (xy (m,n)x~1). The compositions of h o y with respectively
Autg(eg) — G and Autg(eg) — AutM(M x N) equal the compositions of 8 with these two maps. By
the pull-back property, this means that hoy = 8.

We know that h(x) = i;(d)s(p/(x)) for some derivation d. Since "®Hy = *Hy, it is clear that
d = polep)(x). It follows that IT o h(x) = D5(p(x)), so h(E) C 17*1(6) with a = D5(Q) and we get
a commutative diagram

Y p
1 M x N E Q 1
\Lh
0 MmN M x N n'Q) —=Q —=1,

where the left-hand square is a homomorphism of crossed modules. This shows that A[D] = 0 and
the sequence is exact. O
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Remark 7.3. Using spectral sequence arguments, one can see that in case H2(N, M)? =0, the seven-
term sequence can be extended to the following eight-term exact sequence:

inf

0 —— H1(Q,MN) —= HI(G, M) —== HI(N, )2 —= H2(Q, MV)

inf

inf p A
— H%(G,M) —— H'(Q,H'(N,M)) —— H3(Q,MN) —== H3(G, M).
Since A coincides with the differential d;’l of the spectral sequence, this follows from spectral
sequence arguments as introduced in [6].
8. Naturality of the sequence
We already know that the maps in the seven-term exact sequence are natural with respect to the

modules. Here we show that the maps are also natural with respect to the short exact sequence of
groups. Let

0 N G’ Q’ 1
\Lao \La \L&
0 N ¢G>0 1

be a morphism of group extensions. Take a G-module M. Then M is also a G'-module through .
Observe that now automatically MY ¢ MY, and call the inclusion j: MN — MN',

The naturality of A has already been shown in [8]. We show that tr and p are also natural with
respect to the short exact sequence of groups.

To prove the naturality of tr, one has to show the commutativity of

HIN, M2 — T~ H2(Q, MN)

T

HIN, M) —" = H2(Q", M),

The right-hand map is the composition of o* : H?(Q,MN) - H?>(Q’, M) and j, : H?(Q’,MN/) —
H2(Q’,MN'). Take [d] € H'(N, M)©. Then automatically «[d] = [d o o] € H/(N', M)?', since & (d o
o) = “‘<g/)doa0. To find the image of tr[d] under j,oa™*, we first take a pull-back and then a push-out
of the sequence representing [e4] = tr[d]. This means there is a diagram

eq:0 MmN Nmxc(H)/H —= Q —— 1

a*(eg): 0 MN P Q' 1
T

e:0 MmN E Q’ L,
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where the upper right-hand square is a pull-back diagram, while the lower left-hand square is a push-
out construction. As before, we let sy(n) = (d(n),n) e M x G for all n e N and s);(n") = (d(a(n")),n’) €
M x G’ for all n” € N’, and set H =s4(N) and H' =s/,(N").

Observe that there exists a commutative diagram with exact rows

/

0—>M—'>M>QG’L>G’4>1

e

0O——M —>MxG —>GC —>1.

i
i

Furthermore, (m, g) € Ny (H) iff for all n € N, 8d(n) —d(n) =n-m —m, and (m, g’) € Nywg (H)
iff for all n’ € N/, £(d o ag)(n') — (d o ag)(n') = (') - m — m. Now it is easy to see that (1 x
) Y (Npsc(H)) € Ny (H). Set S = (1 x )~ ' (Nywc(H)). Observe that i'(m) € S iff m e MN, and
p’(S) =G/, since p : Nyixg(H) — G is surjective. This means that the bottom sequence in the diagram

0 MN Nywe (H) —= G ——= 1
/| T
, ”
0 Y — S el 1

is exact. It is also clear that (1 x «)(H’) C H, so H €S and even H' < S, since S C Nyx¢g'(H). It
follows that we get an exact sequence

0— >MN "o S/H —=Q — =1

and we claim that this sequence is equivalent to the sequence a*[ey]. Take ¢1 : S/H' — Ny (H)/H,
mapping (m, g)H’ to (m,a(g))H and ¢, : S/H' — Q’, ¢ = p’. It is easy to see that the maps are
well defined and that, by the universal property, we obtain a map ¢ : S/H’ — P. Now one only has
to check that the diagram

5 v
0 1Y (N, 7 4 Q 1
l ¢)
a*(eq): 0 MN P Q' 1
is commutative, but that is rather straightforward.
Since the diagram
eg:0 MV Nuxe (H)/H —= Q' —1

]

0 MmN S/H Q’ 1
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is commutative, the upper row e, representing tr(c*[d]), is the push-out construction of the bottom
row, equivalent to a*(eq). It follows that [e] = tr(a*[d]), so the map tr is natural.
To prove that p is natural, we have to show that

H2(G,M); —— H'(Q.H'(N, M)) (7)

P
H?(G',M)1 — H'(Q', H'(N', M))
commutes. Observe that the right-hand map is the composition

a* HY(1,0)
H'(Q,HY(N,M)) ——— H'(Q', H'(N, M)) - H'(Q',HI(N',M)).

Take [e] € H2(G, M)1, with

M A E G 1

10
o

and fix a partial splitting so: N — E of e over N. We know that a*[e] can be represented by the
bottom row in the diagram

e:0 M— " ¢ 1
7 p’
e:0 M—>p G’ 1,

where the right—hand square is a pull—back square. By the universal property of the pull-back, we find
a partial splitting so N’ — P of ¢’ over N, such that h o sj =g o ctp. Take ¢’ € Q' and fix an element
X' € P such that 7/op’(xX') =q'. Then p((x*[e]) can be represented by the derivation D, mapping q’ to
the class of the derivation D1(x) with i (Dl(x Yn')) = ("s Y’ )so(n )~1. Straight-forward calculations
show that i(D1 (x) (")) = ("®)s0) (o (n"))s0 (o (1)) .

Now take a look at a*(p[e]). We can represent ple] by a derivation D, that maps q € Q to
the class of the derivation Dz(x) with 7 o p(x) =q and 1(D2(x)(n)) = (*sg)(n)so(n)~! for all n € N.
Applying the right-hand map of (7) to p[e], we obtain an element that can be represented by a
derivation D3, sending ¢’ € Q' to the class of 529() o g, where 7 o p(x) = &(q’). Observe that we
can choose x = h(x'), with 77/ o p’(x') = q'. Now i(D2(h(x))(cto())) = ("®s0) (o (")) s (o))~ It
follows that the diagram (7) commutes, thus p is natural.

9. More on tr

Suppose we take a G-module M that is N-invariant, so the G-action induces a well-defined
Q -action on M. In this case, the equivalence relation on derivations is trivial, and HY(N, M) can
be identified with Homg(N/N’, M), where N’ is the commutator subgroup of N. The G-action on
N/N’ is induced by conjugation.
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Lemma 9.1. Let M be an N-invariant G-module, and take [d]=d € H' (N, M) = Homg(N/N’, M). Then
tr[d] = —d.[€], or equivalently, tr[—d] = d.[€], with

€:0 N/N' G/N' Q 1.

Proof. The partial splitting corresponding to (—d) is s_qg: N — M x G: n+ (—d(n), n). A representant
of tr[—d] is given by

0 —>M— > (MxG)/s_q(N) ——> Q —= 1.

On the other hand, the extension d.[€] can be represented by the second row of the following dia-
gram, where E is the push-out construction

00—~ N/N G/N' Q 1
o p/
0 M— E Q 1

Observe that E = (M x (G/N"))/S, where S = {(—d(n),nN’) € M x (G/N’) | n € N}. Take p : (M x
G)/s_q(N) — E, mapping (m, g)s_q(N) to (m, gN’)S. One easily checks that this is an equivalence of
extensions, so tr[—d] =d.[€]. O

This is exactly the same result as described in Theorem 7.3.1 in [3], so it means that at least
for M = MN, the map tr we have constructed in this paper coincides with the map induced by the
spectral sequence.

10. Cocycle description

Fix a section o : Q — G for w and let f, : Q x Q — N denote the associated factor set, i.e.
a@a(q) = fa(q,q)a(qq).

10.1. The map tr

Take an element [d] € H'(N, M)Q, the associated partial splitting s : N — M x G, and the associated
partial semi-direct complement H = s(N). Since [d] is Q -invariant, we obtain an exact sequence

0 ——> MN — = Nyuc(H) —= G ——= 1,

and we choose a section S : G — Njp;x(H), not necessarily a homomorphism, that extends s. There is
an associated factor set fs: G x G — MN such that 3(g)3(g") =i(fs(g, g)3(gg’). We define a section
S: Q — NMNG(H)/H of

e :0 —= MY — > Nyyuc(H)/H —= Q — 1
as 5(q) =3(x(q))H. Now take q1,q2 € Q. One easily shows that

5q15@@2) = i(fs(2@1). @@2) — fs(fa (@1, 92). @(q192)))5(q142).



K. Dekimpe et al. / Journal of Algebra 369 (2012) 70-95 91

We conclude that tr{d] = [F], where F: Q x Q — M is the cocycle

F(q1.92) = fs(a (@), 2(q2)) — fs(fa(q1, 92), 2(q142)).

In general, one can choose a sectionS: G — Ny ¢ (H) that does not necessarily extend s. In this case,
the image tr[d] can be represented by the cocycle F: Q x Q — MY with

F(q1.92) = fs(2(@1). 2(q2)) — fs(fa(@1.92), 2(q192)) +1 ' (5(fa(@1.92)) H).

Note that one can use this to show that tr=0 if M = MN and « is a homomorphism, taking 3(g) =
©, 2.

Remark 10.1. In [10], Rousseau gave an ad hoc construction of a map H'(N, M)? — H2(Q,MV) on

the cocycle level, rendering the five-term sequence exact. It turns out to coincide with the above
cocycle description of our map tr.

10.2. The map tr, second description
It is easy to prove the following lemma.

Lemma 10.2. Take a derivationd : N — M and set H = {(d(n), n) | n € N}, the associated partial semi-direct
complement. For (m, g) € M x G, the following holds: (m, g) € Nyxc(H) iff (8d —d)(n) =n-m —m for all
neN.

Take a derivation d : N — M such that [d] € H!(N, M)2 and fix a normalized map n: Q — M for
which (*@d —d)(n) =n - n(q) — n(q), so that (17(q), (q)) € Nyxc(H) by the previous lemma, where
H is defined as before. We claim that a representative cocycle F: Q x Q — MN of tr[d] is given as

F(q1.92) = n(q1) +a(q1) - 1(q2) — fa(@1,92) - 1(q192) — d(fa(q1.q2))-

Indeed, we can take a section S: Q — Nyxc(H)/H of the representative extension

en:0 —> MN —' > Nyyo(H)/H —> Q —> 1

of tr[d], mapping q to s(q) = (9(q),®(q))H. It is now an easy calculation to see that indeed
5(q1)3(q2) = 1(F(q1,q2))5(q1q2) for all q1,q3 € Q, so F is the cocycle associated to ey.

Observe that, if M = MN, we can choose 7j = 0. In this case, a representative of tr[d] is given
by F(q1,q2) = —d(f«(q1,q2)). This gives an alternative proof of Lemma 9.1. As a corollary, tr =0 if
M =MV and « is a homomorphism (i.e. the sequence of groups is split exact).

Remark 10.3. Observe that this second cocycle description of our transgression map tr coincides with
an explicit ad hoc description of a map H'(N,M)2 — H%(Q, M"), making the five-term sequence
exact, by Guichardet in [4, §8].

10.3. The map p

Take an element [f] € H2(G, M); such that f:G x G — M is a cocycle with f|yxn = 0. There is
a partially split extension

e:0 —= M ——>Mx;G—>GC——1
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associated to f, where M x G is the set M x G with group law

m,g)(m'.g)=(m+g-m'+ f(g.g'). g¢).

It is trivial to see that M x ¢ N is just the semi-direct product M x N. Take a section so: N — M x G
defined as so(n) = (0, n). Observe that

(m, g)0,m)(m,g) ' =(m+ f(g.n)—gng™'-(m+ f(g.g "))+ f(gn.g'). gng™1).

Remember that (™&sq)(n) = (m, g)so(g™!

is defined as

ng)(m, g)~1, so the derivation d¢n g associated to ™&s,

dmgm=m—n-m+ f(g.g 'ng) —n- f(g.g7") + f(ng.g7").

Since f is a cocycle, —n- f(g.g7") + f(ng, g~') = —f(n,g), so Po(e)(m, &) =d(m.g) With dim,g) () =
m—n-m+ f(g,g" 'ng) — f(n, g). It is now easy to see that

Po(e)(q) = [dg]
with 7 (g) =q and dg(n) = f(g, g~ 'ng) — f(n, g). This gives a complete description of p(e) = [po(e)].
10.4. The map X

It is easy to see that, if we fix a cocycle c: Outg(eg) x Outg(eg) x Outg(eg) — MN associated to
the crossed extension

B I
e:0 ——= MV — = M x N —— Autg(eg) — Outg(eg) — 1,

the image of [D] under A can be represented by ¢ with €(q1,q2, q3) = c(D5(q1), D5(q2), D5(q3)). This
comes from the fact that A[D] can be realized as (Ds)*[e].

On the other hand, we can give a direct cocycle description for A. Fix a section s : H'(N, M) —
Der(N, M) of the quotient map Der(N, M) — H'(N, M). Since the rows in diagram (4) on p. 84
are split exact, we can identify Autc(eg) = Der(N,M) x G and Out¢(eg) = H!(N, M) x Q. Then
S': Outg (eg) — Autg(ep), defined as S([d], q) = (s2[d], «(q)) is a section of IT, s0 So DS = (s 0D, &), is
a section of @ : [T~1(D5(Q)) — Q.

We compute a map f:Q x Q — M x N, measuring the defect of (s o D, ) being a homomor-
phism. In other words, f should satisfy

Bo f(q1.q2)(s2D(q192), ®(q192)) = (s2D(q1), @(q1)) (52D (q2), ®(q2)).

Therefore we measure both the defect of o being a homomorphism (using f,), and the defect of
sy o D being a derivation via «. Since s;D(qq) +2@s,D(q2) — s2D(q1q2) maps to zero in H(N, M),
it is an inner derivation for all q1,q € Q and we can fix a map F': Q x Q — M such that

—8°(F'(q1,42)) = s2D(q1) +*"s3D(q2) — 52D (q192).

Using the relation "d = d + 8°(d(n)), we see that

Bofqr.q2) = (—8°(F'(q1.42) + (52 0 D(q142)) (fa (d1.92)) ). fa(q1. q2)),
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and we can choose

f@1.92) = (F'(q1.92) + (s2 0 D(q142)) (fa (@1, 92)). fa(q1, q2))-

The cocyclec:Q x Q x Q — MN of the crossed extension is now defined by

$eDS@ (g5, q3) £ (1.9293) = 0c(q1. 42, 43) £ (@1, 92) f (q192. G3).
where ip : MY — M x N is the obvious embedding (for the correspondence, see [1, IV.5]). Using the
fact that f,, satisfies a non-abelian “cocycle condition” (for the definition, see [1, IV.6]), and that sy oD

takes values in Der(N, M), together with the definition of F’ and the definition of the G-action on
Der(N, M), we can compute that

c(q1,92.93) ='(1. 92, 93) + (*T92s53D(q3)) (fa (@1, G2)). (8)
with
c'(q1,92,93) = @(q1) - F'(2,93) — F'(q142.q3)
+ F'(q1,9293) — F'(q1, 92),
which resembles a coboundary expression. The last term in (8) is given by taking the derivation
s2D(q3) € Der(N, M), letting a(q1g2) act on it by the usual G-action, and evaluating the resulting
derivation in fy(q1,q2) € N.

11. Example: The Heisenberg groups

We illustrate the seven-term exact sequence for the Heisenberg groups Gy with trivial coefficient
module Z. The group G has presentation

Gr=(a,b,c|[a.bl=c*, [a,c]=[b,c]=1).

Set N=Z(Gy) = (c) = 7Z, so Q =Gy/N = (a, b) =72, where d and b are the images of a and b under
the projection map. We obtain the group extension

€ :0 N Gk Q 0.

To give an explicit description of the exact sequence, it is important to understand the cohomology
groups that appear. We also want to know which cocycles we can choose as group generators. It is
known that H1(Q,Z) is the free abelian group on generators [fa] and [fp], with fg(@) =1= fy(b)
and fq(b) = - 0 = fp(a). Furthermore, there is an isomorphism H! (G, Z) = Z and we can choose
generators [fa ] and [ fb] for H'(Gy, Z), with fa(a) =1= fb(b) fa(b) =0= fb(a) and fa(c) =0=
fb(c) Since N = Z(G) and Z is the trivial module, H' (N, Z) is invariant under the action of Q, so
H'(N, )2 = Z with generator [f], with f(c) = 1. It is known that the cohomology group H2(Q, Z) is
isomorphic to Z, with generator [€;]. We also have the relation H?(Gy, Z) = Z2 @ Z, and Hartl gives
an explicit isomorphism D : Z? @ Zy — H?(Gy, Z) in the example in [5] on p. 410. The generators of
H%(G, Z) are D(1,0,0), D(0,1,0) and D(0,0,1). Since H*(N,Z) =0, H*(Gy, Z)1 = H*(Gy, Z). Last
of all, H'(Q, H'(N, Z)) is a free abelian group on the generators [ f1] and [ f], with f1(@) = f = f2(b)
and f1(b) =0= f2(@).
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The exact sequence is now of the form

72 res 7 tr 7 inf 72 ® 7 # 72 o 0.

inf

0 72

One can easily see that inf is the identical map after identification of the groups with Z2. It is clear
that any homomorphism f : Gy — Z takes c to zero, so res = 0. From Section 9 we know that tr[f] =
—[€ek], since f: N — Z is an isomorphism. It is easy to see that [ex] = k[€1], so tr(1) = —k after
identification.

For the description of the next maps, we make use of the isomorphism in [5]. Computing a co-
cycle for €1, one easily verifies that infl[e;] can be represented by a cocycle sending a couple
(@b'c™, a¥'b’'c™y to K. It follows that inf[e1] corresponds to D(0, 0, 1). This means that inf is the
composition of the projection py : Z — Z; and the embedding i; of the last factor in Z2 @ Z.

We claim that the last map is the projection Z? & Z; — Z?. Indeed, using the formulas in [5], one
proves that D(1,0,0) maps to the class of g1: Q — H'(N,Z), where g;(@*b#) sends c to «. This
means that g;@ = f and g1(b) =0, so g1 = fi1. Analogously, D(0, 1,0) is sent to the class of g5,
with gz(a) =0 and gz(E) = f, so g2 = f>. The element D(0,0, 1) is sent to zero. Now it is clear that
p 72 @® 7 — 72 is the projection piy on the first two factors.

Therefore the exact sequence equals

. i io
id Zz 0 7 k 7 1jopk ZZGBZk b12 Zz 0.

0 72

12. Splitting sequence of groups with N-invariant module

We consider the special case in which the sequence

1 N G Q 1

splits and the module M is N-invariant, so MN = M. Fix a splitting o : Q — G.

We have seen in Section 9 that in this case, tr will be the zero map. Moreover, we can show that
the map A will also be trivial, since we can find a section o : Outg(eg) — Autg(eg) of [T, that is
a homomorphism.

Take I71(h, g) € Outg(ep) and set g’ = a(;r(g)). Now there exists a map h’ such that (h',g’) €
Autg(eg) and I1(h', g’) =I1(h, g). One can show that h’ is the unique map with these properties.

Define & : Outg(ep) — Autg(eg), mapping I1(h, g) to (h’,g’) as in the above. It is easy to check
that this is a homomorphism. Observe that this means that the crossed extension

8
0— > MN — > Mx N —> Autc(eg) —— Outc(eg) — 1

is equivalent to zero, so A =0.
These results are compatible with results for the sequence induced by the spectral sequence.
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