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SEMIDIRECT PRODUCTS OF CATEGORICAL GROUPS.
OBSTRUCTION THEORY

ANTONIO R. GARZON aND HVEDRI INASSARIDZE
(communicated by Antonio Cegarra)

Abstract

By considering the notion of action of a categorical group G
on another categorical group H we define the semidirect prod-
uct Hx G and classify the set of all split extensions of G by H
Then, in an analogous way to the group case, we develop an ob-
struction theory that allows the classification of all split exten-
sions of categorical groups inducing a given pair (¢, ¢) (called
a collective character of G in H) where ¢ : 79(G) — 7o(Eq(H))
is a group homomorphism and ¢ : 71 (G) — 7 (Eq(H)) is a
homomorphism of o (G)-modules.

1. Introduction

An epimorphism of groups u : E — G with kernel an abelian group H induces,
by conjugation in E, a G-module structure in H or, equivalently, a group homo-
morphism p : G — Aut(H). The problem of classifying, up to equivalence, all such
extensions of G by H which induce p was solved in the 1930’s by using factor sets
[1],[18], and later [11] by means of the 2-dimensional cohomology group of G with
coeflicients in H.

If the group H is non-abelian, for any normalized set-theoretical section of p,
there is a pair of maps (f : G x G - H,a : G — Aut(H)) satisfying certain
conditions, which is called a factor set (or 2-cocycle) of G with coeffcients in H. This
factor set determines, up to equivalence, the extension and in this way Schreier’s
theorem [18] of classification of extensions of groups with non-abelian kernel assures
the existence of a natural bijection

H*(G, H) = Ext(G, H)

between the set of equivalence classes of factor sets of G by H and the set of
equivalence classes of extensions of G by H. In particular, let us remark that, by
this bijection, split extensions correspond to the classes of factor sets of the form
(0,c) with @ : G — Aut(H) a group homomorphism ( classification of semidirect
product extensions).
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In §3 of this paper we give the corresponding version, of the theorem of classifica-
tion of split extensions of groups, in the more general setting of categorical groups.
The analysis of the developing, in the last decades, of results extending the classical
results on group extensions, their cohomological classification and their topological
interpretation (c.f. [9], [10], [8]) reveals that the key of such a developing lies in the
consideration of (internal) groupoids instead of groups. In this sense, the 2-category
of the categorical groups has joined (see [19], [3], [21], [6], [7]) as an adequate con-
text in which to approach problems of the same nature as the above-mentioned but
from a more general point of view, thus obtaining a wider range of applications. For
ingtance, the classification of split extensions of categorical groups is the algebraiza-
tion of a topological problem consisting of the classification of those fibrations of
spaces p : F — B which admit a cross-section, where both the base space B and
the fiber of p, F', have the homotopy type of a categorical group [19].

In §2 we start by giving a summary of terminology, some significant examples
and recalling some known results of categorical groups. Then, in §3 we make the
transition to this context of main notions in group theory such as those of action
of a categorical group on another one, of the categorical group semidirect prod-
uct and the corresponding semidirect product extension. With the suitable notion
of equivalence, both for actions and extensions, we conclude in Theorem 3.9 the
classification of all split extensions of categorical groups. Using these notions, we
expect to develop in a forthcoming paper a study of derivations (or crossed homo-
morphisms) from a categorical group G to a G-categorical group H and its relation
with cohomology in this context.

Coming back again to the classical precedents, let us recall that, in the setting of
the group extensions theory, there exists (c.f. [1], [11], [9]) an “obstruction problem”
congisting of the classification of all group extensions 1 - H - E - G — 1
which induce a given group homomorphism p : G — Out(H) where Out(H) =
%%l. Each extension certainly induces a homomorphism G — Out(H) but such
a homomorphism p need not always be induced by an extension. The existence
of an extension inducing p is measured by a 3-cocycle of G with coefficients in
the G-module center of H, which is called the obstruction of p. Note that if 1 —
H - E % @ — 1is a split extension (i.e., there is a group homomorphism s :
G — E such that pus = idg) and v : E — Aut(H) is the homomorphism given
by conjugation in E, then there is a homomorphism vs : G — Aut(H). Thus the
problem in this case consists of measuring the obstruction of those homomorphisms
p: G = Out(H) such that p = go where @ : G — Aut(H) and ¢ : Aut(H) —
Out(H) is the projection. In this way, the obstruction theorems for group extensions
were formulated, providing on the other way and during years, the only known
interpretation of the third cohomology group of G with coefficients in a G-module
A.

In §4 we approach, in the context of the theory of extensions of categorical groups,
an analogous problem of obstruction in the case of considering split extensions of a
categorical group G by a categorical group H. Each split extension

; P
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H
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induces what we call a collective character of G in H, that is, a pair (p,%) where
 : 7o (G) = we(Eq(H)) is a group homomorphism and ¢ : w1 (G) — 71 (Eq(H)) is a
homomorphism of 7y(G)-modules. However, such a pair (¢,) need not always be
induced (realized) by a split extension of G by H and its existence can be measured
by a 3-cocycle of 7o (G) with coefficients in 71 (£¢(H)) which is called the obstruction
of the collective character (¢,4). We then conclude this section by formulating in
4.3 and 4.4 the corresponding obstruction theorems:

“ A collective character (p,v) of a categorical group G in a categorical group H is
realizable if and only if its obstruction k(p,v) € H:(mo(G), 71 (Eq(H))) vanishes”,

“If a collective character (p,%) is realizable then the set Extsﬁli’) (G, H) of equiv-

alence classes of realizations of (p,v) is a principal homogeneous space under the
abelian group HZ(mo(G),m1 (Eq(H))). In particular, there is a (non-natural) bijection

Ext(%%) (G, H) = H2(mo(G), m1 (Eq(H))”.

split

2. Categorical groups: Notation and preliminary results

In this preliminary section we recall the main definitions and first results con-
cerning the 2-category of categorical groups. We refer to [15], [17], [2], [3], [14],
[13], [19] for general background about them.

A monoidal category G = (G,®,a,I,l,7) consists of a category G, a functor
(tensor product) ® : G x G — G, an object I (unit) and natural isomorphisms
called, respectively, the associativity, left unit and right unit constraints

a=axyz: (X®@Y)®Z S5 X® (Y ®2)
I=lx:I®XS5X , r=rx: X 5 X,
such that for any objects X,Y,Z, W € G the following diagrams (associativity

coherence and unit coherence) are commutative:

(XeY)®Z) oW 2o (X0 (Y R2Z)W
(XeY)®(ZW) X(Y®Z)yeW) (1)

\ —

XY e(ZoW))

(XY —2>X®(IeY) (2)

N

XY .
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Let us not that the naturality of [ and r imply that, for any X € G, the following
equalities are satisfied:
lliex =11 ®Ilx ; rxgr=rx®1r,
and from the commutativity of (2) we have that
rr=l:I1l =1,

and also the commutativity of the following diagrams:

IX)Y —2-I®(X®Y) XeY)l =X (Y ®I)

o~ A N

XY XY .

In a monoidal category, an object X is termed invertible if the functors Y —
X®Y and Y — Y ® X are equivalences. The natural isomorphisms of left and right
unit say just that the unit I is an invertible object.

A (right) inverse for an invertible object X consists of an object X* and an
isomorphism ax : X ® X* = I (this isomorphism exists since X ® — is an au-
toequivalence). For other choice of inverse (X% a'y) there exists an isomorphism
¢ : X* 3 XO determined uniquely by the commutativity of the diagram

X X* X®X°
N

I .

A categorical group G is a monoidal small category where every object is invertible
and every morphism is an isomorphism (i.e., G is a groupoid). A categorical group
is termed strict when the isomorphisms of associativity and left and right unit are
identity arrows and the isomorphisms ax : X ® X* 5 T can be chosen as identities.
Any categorical group is equivalent to a strict one. This fact, commonly assumed
in the literature, can be obtained for instance as a consequence of Proposition 1.5
and Theorem 2.6 in [5].

In a categorical group G, once a system of (right) inverses (X*,ax) has been
chosen, the isomorphisms ax determine isomorphisms Bx : X* ® X = I by means
of the following commutative diagram:

(X©X*)®X X®(X*®X)
ax®;/ X@ﬁx
I®X XeI.

T

X
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The isomorphisms 3 come to say that X* is also a left inverse for X and, actually,
the isomorphisms «x and Sx determine each other and (X, X*, ax, Sx) is a duality
in G. The choice, for each X, of such a duality induces a contravariant endofunctor

of G, X = X*, (X 5 Y) s (v* 5 X) (where f* = Ix-(8y ® Dayl y x(1 @ f®
1)(1® ay')ryt), such that the isomorphisms oy and Bx are natural.

Let us remark that, once a system of inverses has been chosen, there are natural
isomorphisms:

XX (XeY) DY e X

Suppose now that G and H are categorical groups. A homomorphism T = (T, ) :
G — H consists of a functor 7' : G — H and a family of natural isomorphisms
n=pxy T(X®Y) — T(X) & T(Y)

such that, for any objects X,Y, Z € @G, the following diagram is commutative:

T(X® (Y ®Z)) - T(X)®T(Y ® Z)
T(V \1*@‘
T(XQY)® Z) TX)®((TY)®T(2) (3)

N /e

T(XeY)eT(Z) —2 —~ (T(X)eTY)) 2 T(Z) .

If T:G — His a homomorphism, there exists an isomorphism,
po : T(I) — I, (4)

determined uniquely by the commutativity of the two following diagrams:

T(r) ()

T(X @) T(X) T(I® X) T(X)
© r] lu ! (5)
T(X)o T(D) 2% T(X) oI , TI)eTX)™ 2 1o T(X).

The homomorphism (7, i) is called strict when each of the isomorphisms px y
and pg is an identity.
Let us note that, once a system of inverses (X*,ax) for X € G and (Y*,ay) for
Y € H has been chosen, there exist unique isomorphisms
Ax T(X*) = T(X)*

such that the following diagrams commute:
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T(X)®T(X*) <—2 T(X ® X*)

1®A;/ \T(ax)
T(X)T(X)* T(I)
MI/

T(X*) @ T(X) <—2 T(X*® X)

Ax®y \7:(51()
T(X)* © T(X) T(I)
kl /

If (Tou): G — H and (T',p') : H —» K are homomorphisms of categorical
groups, their composite is defined by (7", u") : G = K, where 7" =T'"T : G - K
and p' = p y : T'T(X ®Y) = T'T(X) @ T'T(Y) is the isomorphism given by the
composition ppy py T (px,y)-

Given homomorphisms of categorical groups (T, u), (T'u') : G — H, a morphism
from (T, ) to (T', p') consists of a natural transformation € : T — T" such that, for
any objects X,Y € G, the following diagram is commutative:

T(X®Y) —=T(X)2T(Y)
€ eRe
T(X V) L=T'(X) e T'(Y). (6)

Observe that a natural transformation between two homomorphisms of categorical
groups is necessarily a natural isomorphism.

Ife: (T,u) — (T', ') is a morphism, then the following diagrams are commuta-
tive:

T(I) —— > T'(I) T(X*) — 2 T'(X*) (7)
N
I T(x) — X prx)*

All the above considerations yield to the 2-category of categorical groups, whose
1-cells are the homomorphisms of categorical groups and whose 2-cells are the mor-
phisms between them.
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Examples

1. If G is a group, the discrete category it defines, denoted by G = G, is a strict
categorical group where the tensor product is given by the group operation.
In the case that G is an abelian group, then the category with only one object
it defines, denoted by G = 1, is also a strict categorical group where both the
composition and the tensor product are given by the group operation.

2. It is well known that strict categorical groups or, equivalently, groupoids in
the category of groups, are the same as Whitehead crossed modules, [4]. Recall
that a crossed module of groups is a system ® = (H, 7, p, p), where p: H — 7
is a group homomorphism and ¢ : 7 — Aut(H) is an action (so that H is a
m-group) for which the following conditions are satisfied:

p(®h) = ap(h)a™ ; PWp = ph'R .

Given a crossed module ®, the corresponding strict categorical group G(®)
can be described as follows: The objects are the elements of the group 7; an
arrow h : @ — b is an element h € H with a = p(h)b. The composition is
multiplication in H. The tensor product is given by

(@5 ) ® (e 25 d) = (ae 5 ba) .

3. Suppose T : G — H is an equivalence of groupoids. Then each categorical
group structure on G transports along T' to a categorical group structure on
H. This in particular applies to the case when G is a strict categorical group
and in this way one can obtain many algebraic examples of categorical groups.

4. The categorical group of loops of a pointed space, Pa(X, %) (see [12]).
Let us denote by P;(Y") the fundamental groupoid of a topological space Y.
If (X, %) is a pointed topological space with base point x € X, then P2(X, %) =
P1(Q(X, %)), that is, the fundamental groupoid of the loop space Q(X,x).
Thus, the objects are the maps w : I — X such that w(0) = x = w(1), and
the morphisms [f] : w — w' are homotopy classes rel end loops of homotopies
f :w — W' rel end points. The composition of two morphisms in Pa(X, %),
[f] :w— w'and [g] : W' — w" is defined by [g][f] = [gf], where gf : Ix] =+ X
is the map (gf)(t, s) = { g((:,’gj)— 1) (1]/<2 tgi lg/{i .
Since the functor P; preserves products, the map p : Q(X, %) x Q(X, %) —
Q(X, x) defined by

n [ w(2) 0<t<1/2
“(w’w)_{ W(2t—1) 1/2<t<1

induces a functor ® : Po(X, %) X Po(X, %) = Po(X, ) that is given on ob-

jects by w® w' = p(w,w’) and, on morphisms, by [f]® [g] = [f ® g] where
_ | f(2t,s) 0<t<11/2

(fog)(ts) = { g(2t—1,5) 1/2<t<1

There is an associativity constraint ¢ : (w Q@ w') @ W" = w Q@ (w' ® w") which
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is defined as the homotopy class of the map A : I x I = X given by

w(zy) 0<s < L
As,t) = ¢ w'(ds—t—1) Bl g2
W) R Ss<
and there are a unit object %, which is the constant map from I to %, and unit
constraints
I=[L]:+®w—ow , r=[Rl:w®*x—2w,
where L, R : I x I — X are respectively defined by
* 0<sg
L(s,t) = _ 2
(7) {w(28i‘r_;:t1) %Ssgl
and
25 t+1
R(s,t):{ w(gr) 2§3< P
* <s<1,

such that P2 (X, %) = (P2(X), ®,a, %,1,r) is a categorical group.

5. The categorical group £q(G,c) of the equivalences of a categorical group.

An equivalence of a categorical group G is a homomorphism (T, u): G =+ G
such that the endofunctor 7' : G — G is an equivalence of categories. The ob-
jects of £q(G) are the equivalences of G and the arrows are the morphisms
between them. The composition in £¢(G) is given by the usual vertical com-
position of natural transformations, (¢' - €)x = €'yex, which is again a mor-
phism in £¢(G). It is clear that £¢(G) is a groupoid. The composition of
the homomorphisms and the horizontal composition of the natural transfor-
mations define a tensor functor ® : £¢(G) x £¢(G) — £¢(G), that is, given
e: (T,p)= (T, ') and € : (T",u") = (T"", "), then € ® ¢ is defined by
(€ ®e)x = e xT"(ex) = T" (ex)elpx. Thus, £¢(G) is a categorical group in
which I = 1g and an inverse for an object (T', 1) is obtained by taking a quasi-
inverse of 7.

Let us remark that £¢(G) has a categorical subgroup, Aut(G), whose objects,
called automorphisms, are the equivalences (7', i) that are strict and where T
is an isomorphism.

Suppose that G is a categorical group. Then, the set of connected components
of G, mp(G), has a group structure where the operation is given by [X]-[Y] =
[X ® Y]. This is a well defined operation as consequence of the functoriality of
®; the associativity is consequence of the associativity constraints and the unit
constraints assure that [I] is a neutral element; finally, since the translations are
autoequivalences, every element has an inverse. On the other hand, G has also
associated the abelian group 71 (G) = Autg (). For instance, the group of connected
components of P2(X,*) is m1 (X, *) and the group of automorphisms in the unit
object is ma (X, *).

For every object X € G there are maps

vx,0x : 7 (G) = Aute(X) (8)
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which are defined, for each u € m (G), as the unique morphisms making commuta-
tive the following diagrams:

ToXx —2 _r1ex Xl —5% _xer
T
X —0 X X e X

that is,
vx(w) =Ilx(u® idx)l)_(l , O0x(u)=rx(idx ® U)(S)_(l .
These maps yx and §x are group isomorphisms [19] and then, for any object X € G,
the group Autg(X) is abelian.
These isomorphisms are compatible with the functor ® in the sense that, for any
objects X,Y € G and any u € 71 (G), the following equalities are satisfied:
Txoy (u) = vx(u)Qidy ; dxgy(u) = idx Ry (u) ; dx(u)Qidy = idx Ry (u). (9)

Moreover, if f: X — Y is a morphism in G, the following diagrams are commu-
tative

x(u Sx (u
X vx (u) D% D% (u) Y
fl lf f‘/ lf
Y o Y Y oy (0) Y

and then, the following diagram is also commutative

m(G) — 2> Autg(X)

| e

Autg(Y) ——m(G) ,
g

Y

where the diagonal morphism is given by g = fgf~'. All these facts allow to show
[19] that for any two objects X,Y € G and morphisms f,g: X — Y there exists a
unique element v € 71 (G) such that the following equality is satisfied

9= fyxw) =y @)f, (10)
and therefore there is a map
70(G) x m1(G) = m(G) , ([X],u) — vx'ox(u) , (11)

giving to 71 (G) a 7o(G)-module structure.
Let us remark that, for any objects X,Y € G and any v € 71 (G), the following
equalities are satisfied

tdx ®’YY(U) = (5x(11) R idy =

= yx7x 6x (v) ® idy = vxey (vx 0x () = vxov (M) (12)
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and therefore, for any u,v € 71 (G), we have:
Yx (u) ® vy (v) = (vx(v) ® tdy)(idx ® vy (v)) =

= vxey (W rxey (Fv) = vxey (). (13)

If for each z € mo(G) we choose a representative X, € x with X; = I, where
1 =[I], and for any Y € & we choose a morphism iy : ¥ — X, such that ix, =idx,,
trgx, = lx, and ix,or = rx,, then, for any three elements z,y, z € 7(G), we can
consider the following automorphism of X, .:

VX ayz (be,y,2)

Xay)z Xo(y2)

1 .
l’xzycaxz X0 ®Xyz T

KXoy ® X, (Xe®Xy) @ X, — X, @ (X, ® X,) X ® Xy,

— T
xapx, @1 Gy exs

Thus, as consequence of the coherence of the associativity constraint (1), the ele-
ment by, . € 71 (G) determines a normalized 3-cocycle b of 7y(G) with coefficients
in the 7(G)-module 71 (G). Moreover, for any other choices of objects X, € z and
of morphisms jy : ¥ — X, the new 3-cocycle b is cohomologous to b (see [19]).

Finally, note that if G and H are categorical groups and T = (T, u) : G — H
is a homomorphism of categorical groups, then T induces a group homomorphism
7o(T) : mo(G) = mo(H), [X] — [T'X], and a homomorphism of w(G)-modules
m(T) : m1(G) — 71 (H), where w1 (H) is a 7o(G)-module via mo(T"), which is given
by w— poT (w)pg "

3. Semidirect products and split extensions of categorical
groups

If G and H are groups, an action of G on H is a group homomorphism G —
Aut(H) and, in such case, H is said to be a G-group. In the context of crossed
modules of groups, K. Norrie [16] introduced the notion of actor of a crossed module,
as the analogue of the automorphism group of a group, and then she considered
actions of a crossed module on another one. More generally, by considering the
categorical group £q(H) of the equivalences of a categorical group (see §2, Example
5), we have the following:

Definition 3.1. (/3],[7]) Let G and H be categorical groups. An action of G on H is
a homomorphism of categorical groups (T, ) : G — Eq(H). When such a G-action
is given we shall say that H is a G-categorical group.

Proposition 3.2. Giving an action of a categorical group G on another categorical
group H is equivalent to giving a functor

ac:GxH—H , (X,4)— %4,
together with natural isomorphisms

¢=odxya: “OVA LN (VA) (14)
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po=doa: 1A A (15)

Yv=t¢xap: ~(A®9B) =% A42*B (16)

such that, for any objects X,Y,Z € G and A, B,C € H, the following diagrams are
commutative:

(X®(Y®Z))A X((Y®Z)A)
/ ~
(Xov)o7) 4 (% 4)) (17)
(X®Y) (7 4)
(X@I) o

\/

(18)
Y(A® (B (0)) XYAX(Bx(O)
7 <
(Ao B)®(0) YA (XBeX0) (19)
N 1 /e
XA49B) X0 —22 . (XA9XB)eXC
(X@Y)(4 @ B) — = (Xo¥) 4 o (Xo¥) B
¢l l¢®¢
X(Y(4® B) —2Yo X (Y 4) 9 X(VB). (20)

Proof. f T = (T,u) : G — Eq(H) is an action of G on H, we define a functor
ac: G x H — H by letting, for any pair of objects X € G and A € H, ac(X, A) =
XA = T(X)(A), and for any pair of morphisms, u: X =Y inGand f: A — B
in H, ac(u, f) = “f where “f is the diagonal morphism in the following diagram
(which is commutative due to the naturality of T'(u) applied to f)
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LI N

T(u) 4 f T(v) g

| g P '
AT om B

Also, by considering the natural isomorphisms ¢xya = (uxy)a : X2V4 —
X (Y A), the commutativity of (17) is consequence of (3) and, by considering the
isomorphisms @ 4 = (uo)a : A — A, the commutativity of (18) is consequence of
(5). Moreover, if for any object X € G we consider the equivalence of H (T'(X), ux),
we have the natural isomorphisms ¢¥x a5 = (ux)an : ~(A®B) - YA ® XB.
These satisfy that (19) is commutative as consequence of (3) and (20) is so because
the commutativity of (6) for uxy.

Conversely, suppose given a functor ac : G x H — H together with isomorphisms
(14), (15) and (16) satisfying that the diagrams (17), (18), (19) and (20) are com-
mutative. Then, each object X € G defines an equivalence of H (T'(X), ux) where

X
T(X)(A) = X4, T(X)(AL B)=X4 L XB and px = (ux)up: X(A® B) —
X A ® X B is the isomorphism ¥ x 4 5. In this way, we actually have an equivalence

of H because the property corresponding to (3) is given by (19). Also, each mor-
phism »: X — Y in G defines a natural equivalence T'(u) : T(X) — T(Y) given by

Tu)a="*A 2 Y 4 and so we have defined a morphism between the equivalences
(T(X), px) and (T'(Y), uy) because (6) holds as consequence of the naturality of .
In this way we have a functor T' : G — £q(H) and this determines, together with the
natural isomorphisms ¢x y 4 : (X¥®¥) 4 — X (¥ 4), a homomorphism of categorical
groups since (3) and (6) hold as consequence of (17) and (20) respectively. O

Note that, for any X € G, there exists a unique isomorphism
Yo =tox: I -1

determined by the commutativity of the following diagrams:

I A) X1eX4 YA®I) XAXT

Xll jd)o@l Xrl 1@%o

X4 I®XA, X4 YA®I,

T

and then the following diagram is also commutative:
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(XeY)y

(D

Yo Xapo

X
I Yo I.

If G and H are groups and we consider the discrete categorical groups they define,
G =G and H = H, then Eq(H = H) = (Aut(H) = Aut(H)) and a (G = G)-
action on (H = H) is a G-action, in the usual sense, on H, that is, a structure of
G-group on H.

Definition 3.3. If G and H are categorical groups, two actions of G on H, T =
(T,w), T = (T, 1) : G = Eq(H) are termed equivalent if there exists a morphism
e: T —T.

If T and T’ are actions and, for each X € G and A € H, we denote Tx (4) = X A
and T%(A) = AX, the actions
(X, A)=»*4 | (X,4) A%
are equivalent if, and only if, there exist natural isomorphisms
€EX,A XA — AX

such that, for any objects X,Y € G and A,B € H, the following diagrams are
commutative:

(XeY) 4 Ox,v,A X(YA) X(A ® B) Yx,A,B X 4 2 xp
6X®YL L(EY,A)X‘EX,YA 6X,A®Bl ‘/ex,A(@ex,B
$x,v ¥, 4,5
A(X®Y) ’—’A> (AY)X (A ®B)X A AX ® BX .
(21)

The existence of an equivalence between two actions of G on H determines an
equivalence relation in the set of all actions of G on H and we will denote by
Act(G,H) the corresponding quotient set.

Now, using the definition of action of a categorical group on another one, we
formulate the notion of semidirect product for categorical groups.

Definition 3.4. Let H be a G-categorical group via an action (X, A) — X A. We
define the semidirect product of H by G as the categorical group, denoted by H x G,
whose underlying groupoid is the product H x G with tensor functor given by:

(A, X)®(B,Y)=(A48 B, XQY)

(u, f) ® (v,9) = W v, f® g).

The unit object is the pair (I,I) and the constraints of associativity and left and
right unit are given by:
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U(A,X),(B,Y),(C,Z) = ((1 ®Yxpve)(1® (1®dxy,0))aaxpxevc, ax,y,z) ,

lax)y=(a(1®¢o,a),lx) , rax) = (ra(l®ox),rx).
The following definition of extension of a categorical group G by a categorical

group H is due to Breen [3].

Definition 3.5. Let G and H be categorical groups. An extension of G by H is o
sequence of categorical groups and homomorphisms of categorical groups

H-LE -2 G
such that p is an essentially surjective fibration and j establishes an equivalence
between H and By, the fiber category of p on the unit object of G (i.e., p(A) =1 if
A€, and p(f) =idr if f : A — B is a morphism in Ey ).

The extension is termed split if there exists a homomorphism of categorical groups
s: G — E such that ps = idg.

Note that if G and H are categorical groups, and we consider the product Hx G,
we have a split extension:

J

H HxG

G.

s

where j(A) = (A,]), p(A,X) = X and s(X) = (I, X), which is called the direct
product extension.

Definition 3.6. Suppose H -5 E 25 G and H J—I> E LI) G are extensions of
G by H. A morphism between them consists of a pair (T,v) where T :E - E' isa
homomorphism of categorical groups with p'T' = p, and v : Tj — j' is a morphism
such that p'(ya) = idy for every object A € H.

J

Note that if H G is split and H BB Gis equiv-

E

alent to it by means of morphism extensions (T',v), then p'T's = ps = idg and so
T's is an splitting of p'.

The existence of a morphism (T',7y) determines (see ([6], Proposition 3.4) an
equivalence relation between extensions and we will denote by Ext(G, H) the cor-
responding quotient set and by Extp;; (G, H) the subset of the classes of the split
extensions of G by H. These sets are pointed by the class of the direct product
extension.

Proposition 3.7. If G and H are categorical groups, each action of G on H de-
termines, by considering the semidirect product with this action, a split extension
(semidirect product extension)

J

H Hx G G.

Moreover, equivalent actions determine equivalent semidirect product extensions.
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Proof. Let (X, A) — X A be an action of G on H. Then we consider the semidirect
product H x G and the homomorphisms of categorical groups j : H — H x G,
P:HXG - Gand s : G - H X G defined as follows: j = (4, ) is given by
J(4) = (A1), j(u) = (u,1) and pap = (1@ d517); p = (p,6) is given by
p(A, X) =X, p(u, f) = f and 64 x),(B,y) = idxey; s = (s,1) is given by s(X) =
(I,X),s(f)=(@1Q,f) and nxy = ((1 ®w&§()ll_1,idX®y). With these definitions, it

J

is now straightforward to see that, H HxG

G is actually a split

s

extension of G by H

Moreover, if (X,A4) — XA and (X,4) = AX are two equivalent actions of G
on H, there must exist natural isomorphisms ex 4 : ¥ A — AX satisfying (21), and
then the semidirect product extensions associated to both actions are equivalent
since there exists a morphism of extensions (I',v) where T' = (I',{) is given by
I = iduxg and {(4,x),(B,v) : (A®*B,X®Y) — (A® BX, X ®Y) is the morphism
(ida ® ex,p,idxgy). Thus it is clear that p'T' = p. On the other hand, v: Tj — j'
is the identity since I'j = j' as consequence of the equality ¢g, g - €1,5 = ¢o,5 Which
can be deduced from (7). O

Now, suppose H - E 2+ G is an extension of G by H. Then, for each A € E;
and each X € E, once an inverse X* of X has been chosen, we have a morphism
(which is the composite of canonical morphisms) p((X ® A) @ X*) — I. Thus,
since p is a fibration, there exists a morphism in E, é4 x, with source (X ® 4) ® X*
that is mapped by p in the above morphism. The target of this morphism §4 x
belongs to Er and, since j is an equivalence, it is of the form j(£4,x) for a unique
object €4 x € H. Then we can define a functor 7' : E — £q(H) as follows: For any
X ek T(X) = (Tx,,ux) : H — H is defined by Tx(A) = gj(A),Xa A € H and if
f:A— Bisamorphism in H, Tx(f) : &;(a),x — &;(),x is the unique morphism
determined by the commutativity of the following diagram:

i(A), X

(X @4(A) ® X* —D% (&4 x)

1@j(fH@1 H(Tx ()

i(B),X

(X ®(B) ® X* 2% (¢ x).

Note that Tx is an equivalence of categories with quasi-inverse T'x«. On the other
hand, given A, B € H, we have to define (ux)a,p: Tx(A® B) = Tx(A4) ® Tx(B),
that is, (ux)a,B : &aeB),x — &(a),x ®&;(p),x and this morphism is the uniquely
determined by the commutativity of the following diagram:

(X®j(A®B) X"

Sj(a@B),x iex)a,B) .
— > (¢ aen)x) ————— §(&ica),x ®Ej(m)x)

. N . . 3j(a),x ®d;(B),x . .
(X ®j(4)eX") e (X®j(B)) @X") J&ea),x) @3 m)x) -
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To check that diagrams (3) commute for these morphisms (ux)a,p is routine.
Moreover, T = (T, u) : E — £¢q(H) is a homomorphism of categorical groups where
pxy : T(X®Y) - T(X)®T(%), X,Y € E, is the morphism in Eg(H) de-
fined by the natural tansformation determined by the morphism in H (puxy)a :
TX®Y(A) — TxTy(A), that iS, (,U»X,Y)A :gj(A),X®Y — gj(&j(A),Y),X’ which is the
morphism uniquely determined by the commutativity of the following diagram:

8i(a),x@Y

(XeY)ejA)eXeY) 3(&5a).xov)

can j((NX,Y)A)

. * * 1®6‘(A):Y®1 * Sj(ﬁA(A):Y)’X .
XY @jA)eY)eX — 7 > (X®&u)y) ® X" — 5 j(&e;(uyy )nX) -

All these facts allow now to show the following:

Proposition 3.8. If G and H are categorical groups, each split extension of G by
H,

P

H

E G,

s

determines an action of G on H. Moreover, any other equivalent extension of G by
H determines an equivalent action.

Proof. If we compose the splitting s : G — E with the homomorphism T : E —
Eq(H) above described, then we have an action of G on H, F = Ts : G — Eq(H),
denoted by * A , which is given by ¥ 4 = &;(4),s(x)-

If H 25 E 25 G is another extension of G by H, that is equivalent to the
given one by means of morphism extensions (T',v), then I's is an splitting of p'.
This splitting determines, by composing it with the corresponding homomorphism
T' : E — E£q(H), another action of G on H, denoted by AX, and given by A* =
&j1(A),Ts(X)-

Thus, the actions *A y AX, determined by both split extensions, are equiva-
lent by means of the isomorphisms ex 4 : * A — AX determined uniquely by the
commutativity of the following diagrams:

. o FG5cay,sx)) .
T(s(X) ® j(4) ® 8(X)") ———— Tj(§;(a),:(x)

(€500 (x))

can 3'(ex,a)

197®1 81 (4),Ts(X)
B —

I's(X) @T'j(4) @ T's(X)* Ts(X) @5 (A) @Ts(X)* ———— §'(&jr(a),rs()) -

Now it is straightforward to check that these isomorphisms satisfy the commu-
tativity of (21) and therefore we have that the two actions are equivalent. O
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Propositions (3.7) and (3.8) assure that we have well-defined maps
A ACt(G, H) — Ethplit (G, H) s v Ethplit (G, H) — ACt(G, H)
and actually we have:

Theorem 3.9. The map
A Act(G,H) — Extyp (G, H) (22)

is a bijection with inverse the map U.

; P
Proof. If E: H oK _ @ is a split extension of G by H, then we have

of pl
that E and ATV(E) = | H 2oHxG —— @G. | are equivalent. To see this, we de-

s

fine a functor I' : H x G — E as follows. Given (A4, X) € H x G we consider
the object of E j(A) ® s(X) and the morphism p(j(4) ® s(X)) 2 T ® X LN
X where p = (p,u); then, since p is a fibration, there exists a morphism in
E with source j(A) ® s(X) which is carried by p in the morphism lg; if Aax
is such a morphism, we define T'(4, X)) as the target of A4, x, and this mor-
phism satisfies that pI'(4,X) = X. Given (u,f) : (A4, X) — (Y, B) we define
I(u, f):T(A,X) = I'(B,Y) as the morphism Apy (j(u) ® s(f))/\Z,IX and, in this
way, it is clear that I' is actually a functor. Moreover, I' = (I, 8) is a homomorphism
of categorical groups where 64 x),(B,y) : I'((4,X) ® (B,Y)) = '(4,X)®I'(B,Y)
is defined as follows: (4, X)® (B,Y) = (AQ*B,X®Y) = (A®&j(B),s(x), X QY)
and I'((A4, X) ® (B,Y)) is then the target of the following morphism

AAGE;(m).0x) XY 2 J(AB®Ei(B),s(x) ®3(X®Y) = T'((4,X)®(B,Y));

also, we have the morphism Aq x ® Apy : j(4)®@s(X)®j(B)®s(Y) =2 T(4,X)®
I'(B,Y) and if ¢ is the following isomorphism, given by composition of canonical
isomorphisms,

JA® By sx) ®@s(X®Y)
J(A4) ® j(€i(my,s(x)) ® s(X) ®@ s(Y)
1905(p), o) @1

j(A) 2 s(X)®j(B)®s(X)* ®s(X)®s(Y)

can

i(A) @ s(X) ®j(B) ®s(Y)
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we define 0(A,X),(B,Y) (Aa,x @ Apy) ¢ /\A®§J(B) x> Xov: Thus pI’ = p'. More-
over, there exists a morphism ~ : T'j’ — j that is given, for any object A € H, as
the following composition:

va:T(A,T) 24 j(4) @ s(I) 25 j(4) o T - j(A).
Note that v is natural since, for any morphism « : A — A’, we have that
vali'(w) = r(1®p)Ay Ti'(u)
r(1® po) g P () ® s()AZY
r(1® o) (j(u) ® DAL I
(
(

I
.

Jw) (1 MO)/\A T
= jr(le® MO)/\A I
= Jj(u)va
and to check the commutativity of (6) is straightforward.
Conversely, given an action 7 : G — £q(H), denoted by X A, we have

M(T):@(HLHMGéG):(G—>8q(H))

and we denote this action by AX that is given in the target of the following mor-
phism:

6j(A),3(X) : (IaX) ® (Aaj) ® (IaX)* — (AX,I)

Now, since (I, X)® (A, )@ (I[,X)* = (IXA®X® [, X @ I® X*), this new action
is equivalent to the first one by means of the isomorphisms ex 4 : ¥ 4 — A* which
are defined as the following composition of canonical isomorphisms:

FAD 5 (IFXAQLI) = (I XA XX 9 X*) =
IeXA* [ X®IeX*) = (A%,]).

Finally it is straightforward to check that diagrams (21) are commutative and the
proof is finished. O

4. Obstruction theory

Let H be a categorical group and Eq(H) the categorical group of the equivalences
of H (see §2, Example 5). We consider the group m(£¢(H)) whose elements are the
isomorphism classes of equivalences of H with product induced by the composition
of equivalences, that is, [T][T'] = [TT'], for any equivalences T = (T, u),T' =
(T', ') : H — H. Also, we will consider the abelian group m (£¢(H)) whose elements
are the morphisms u : idyg — ¢dy . Thus, an element v € 71 (£¢(H)) consists of a
family of automorphisms uyg : A — A, A € H, such that fus = upf for any
morphism f : A — B in H, and such that wage = w4 ® up for any objects
ABel

Let us note that, for any u € m; (£¢(H)) and any morphism e : T — T', where T
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and T’ are equivalences of H, we have the equality
ul'-e=¢-ul (23)
and therefore, as consequence of (10), we have the following:

Lemma 4.1. Let T, T : H — H be equivalences of the categorical group H. Then,
for any two isomorphisms 0,¢ : T — T', there exists a unique u € w1 (Eq(H)) such
that

e=ul"-0=0-uT.

Let us recall that, according to (11), 71 (Eq(H)) is a we(Eq(H))-module, that is,
there exists a group homomorphism p : 7e(Eq(H)) — Aut(m (Eq(H))) given by
pir)(w) = Tu, where Tu is the unique element of 7 (£q(H)) such that

TuT = Tu. (24)

Now, keeping the Baer notion of “kollektivcharacter” in mind, we shall define a
collective character of a categorical group G in a categorical group H as a pair
(p,4) where ¢ : 7o(G) — 7o(Eq(H)) is a group homomorphism and ¥ : = (G) —
m1(Eq(H)) is a homomorphism of 7y (G)-modules, where 71 (£q(H)) is so via @, that
is, through the induced homomorphism

Homgyp(mo(G), 10 (Eq(H))) £ Homeyp(mo(G), Aut(m (E¢(H)))), ¢ = pulp) = pp.
Thus, given x € mo(G) and v € 71 (£q(H)), we have that, for any T € p(z),
e =Ty,

If (¢, 1) is a collective character of G in H we will denote by H (mo(G), 71 (£¢(H))),
n > 0, the n-th cohomology group of 7(G) with coefficients in the m¢(G)-module
(via @) 71(Eq(H)). Next we will show that (y,4) has canonically associated with
it a cohomology class k(y, ) € H3(mo(G),m1 (£q(H))) whose construction is analo-
gous to a classic construction by Teichmller [20] for a similar situation with linear
algebras, and to that by Eilenberg-Mac Lane [11] for the study of obstructions to
group extensions with non-abelian kernels.

Any collective character has associated a functor T : G — E£¢(H) which is defined
as follows. If X € G let us consider z = [X] € 7p(G) and ¢(z) € 7o(Eq(H)) and
let us choose an equivalence T, : H — H. In particular, if 1 = [I], select T} = idp.
Then we define T(X) = T,,. To define T' on morphisms, let us choose, in each class
x € mo(G), an object X, € x with X; = I and for any X € z we select a morphism
ix : X = X, in Gsuchthat ix, = idx,,trpx, = Ix, and ix,er = rx,. Then, given
any morphism f: X =Y in G, if ¢ = [X] = [Y], we consider the automorphism of
Xo

1 .,
X, X x Ly ox,

and using the isomorphism (8) vx, : m(G) — Autg(X,) we define T(f) =
(d)’y}_{i (iy fi)_(l)) T, : T, — T, which is actually a morphism in £¢(H) from T,
to T
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In this way T is a functor since:
T(idx) = (pvx, (ixidxix)) Yo = (Y75, (idx, ) To = ((id) T, =
idigy Ty = tdr, = idp(x),

and given morphisms in G, X i) Y4 2z , we have that

T(gf) = (Wrx, (izgfi} ) T

(w'}’xi, (ZZQZY ZYfZX )T

= (UWX (ZZQZY )w'}’x (ZYfZX )) T,
(2
T(f

(%ﬁ Zimy )T, (vv5 Gy fixh)) T

Let us note that, if f: X — Y is a morphism in G and Z € G, by using (9), we

have that a = vy (ivez(f ® idz)iyy,) = v, ((iv fix") ®idx,) = vk (iv fix")
and thus

T(f ®idz) = ¢(a)Te. , T(f)=¢(@)Ts. (25)

Likewise, if X € G and f : Y — Z is a morphism in G, by usmg (2), we have

that 8 = vx. (ixez(idx ® f)ixgy) = 7xs, (idx, ® (izfiy")) = *vx. iz fiy") and

so, since ) is a homomorphism of 7o(G)-modules, 1(5) = () ('ny (iz fiy" )) =
©(@)y. Thus, if T(f) = uT,, we have that

T(idx ® f) = $(8)Toy = *Duly,,. (26)

Suppose now X,Y € G. If s = [X] and y = [Y] then [X ® Y] = [X][Y] = 2y and
80, since ¢ is a group homomorphism, ¢(zy) = w(z)p(y). Taking into account that
in £q(H) the tensor on objects is given by the composition of equivalences, we have
that the equivalences T, and T,T, belong to the same class in mp(E¢(H)). Then
we can select isomorphisms

Hay Loy = TpTy (27)
with p1 4z = pg1 = idr,, z € 7o(G).

For any three objects X,Y,Z € G, if x = [X], y = [Y] and z = [Z], the following
diagram need not be commutative

Toy) fo e T,T,.
Tlaxs,xy,x;) Yzﬂy,z
T(w)z T, (TyTZ)) (28)
Hay,z /
oy Th
Ty T - (T, T,)T;

but, by Lemma 4.1, there exists a unique element k%:¥, € 7 (£q(H)) such that:

T,Y,2



Homology, Homotopy and Applications, vol. 3, No. 6, 2001 131

byl pay,e = Tatly,z * Ba,yz - T(a'XzaXanz) : kz@,’;ljo(zy)z . (29)

According to the choices we have made, we have clearly that k:f,’;ljz determines a
normalized 3-dimensional cochain of mo(G) with coefficients in 71 (£¢(H)). Even

more:

Proposition 4.2. The cochain k¥Y : mo(G)? — m1(Eq(H)) is a 3-cocycle of mo(G)
with coefficients in the 7o(G)-module 71 (Eq(H)). Moreover:

i) If the choice of {X,,ix} (for the definition of T on morphisms) is modified,
then k¥ changes to a cohomologous 3-cocycle.

i) If the choice of p in (27) is modified, then k¥ changes to a cohomologous 5-
cocycle and, by suitably changing u, k¥Y may be changed to any cohomologous
3-cocycle.

#t) If the choice of the equivalences T, (for the definition of T on objects) is
modified, then a suitable new selection of u leaves the 3-cocycle kY unaltered.

Proof. To prove that k%% is a 3-cocycle, let (z,y, z,w) € mo(G)*. Then we compute
the isomorphism

zy)z,w zy,z Tw 2,y TeTw
J: szzw L> szsz $_> szTsz M4TT> TzTyTsz
in two ways. On the one hand, we have:
29
J @ Py TeTw - Toytizw * Bay,zw - T(ax,,x,.x.) - kfg}flfz,wT((:cy)z)w
t
(29 ToTythenw * HayTow  pay.zw - T(ax,, x.%,) - k&% wT((0y) 2w
(29)
= LTlypew  Totbyzw e y(aw) T(ax, x,x..) " kf,,;lisz(ﬂﬁy)(zw)‘
T(ax,,x.x.) - k5% o ((ay))w
(23)

= ToTypanw - Toftyzw - fayew) " T(ax, x,.x..) - Tlax,, x.x, )
ke Tl

2wl (@n)aw kY wT(ey)2)w
= ToTypew  Toplyzw - Heyzw) - Tlax, x, x.,) Tlax,, x.x,)

(kf,’;lizw ’ kfz’;,pz,w T((ﬂﬁy)z)w’

and on the other hand:
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J = ((2,y T - Hoy,2)Tw) H(zy)z,w

= ((Tzﬂy,z CMzyz T(aXz,Xy,Xz) : kw@,’gjo@y)z)Tw) *H(zy)z,w
= Topry,:Tw - pra,y=Tw - T(ax, x,,x,)Tw- kf,’;ljo(zy)sz * Mazy)z,w

23
(:) ng,uy,sz . ,U,z,szw . T(O,Xm ,Xy,Xz)Tw . ,u(a:y)z,w . kf,’;lizT((zy)z)w
23,25 .
( = ) Tzﬂy,sz . N:c,szw CHB(zy)zw T T(a'XzaXanz ® Zde) : kw@,,;ljo((ny)z)w
29
(:) Tzﬂy,sz : Tzﬂyz,w C M, (yz)w " T(a'XzaXyzan) : kz@,’;f;,wT@(yz))w‘
T(ax,x,x, ®idx,)  k$y T((ay)opw
23 .
(:) Tzﬂy,sz : Tzﬂyz,w C M, (yz)w " T(aXz,Xy,,Xw) : T(aXm,Xy,Xz &® Zde)‘
ke T @now - Ky T 2w .
= Tz(ﬂy,sz : Nyz,w) C Mg, (y2)w " T(aXz,Xyz,Xw) : T(anm,Xy,XZ & Zde)‘
k8w Tien - KT 2w
29
(:) TzTyﬂz,w : Tzﬂy,zw : T:cT(aXy,Xz ,X'u;) : kayw,’;l:wT(yz)w * ez, (y2)w®
T(ax,x,..x.)  Tlax,x,x. ®idx,)  kSy wTenzw k. Tienw
24
(:) TzTyﬂz,w . Tzﬂy,zw . T:cT(aXy,Xz.,Xw) . a)kqf,’;l:szT(yz)w “ M (y2)w’
T(aXz,Xyz,Xw) . T(a'Xz,Xy,Xz & Zde) . kz@,’;pz,wT((:cy)z)w : k:f,’y,zT((:cy)z)w
(23)
= LTypew - Toptyew - ToT(ax, 5., x0) - Baywow - "R w Do
T(ax, x,.x.) Tlax, x, x. ®idx,) (k& ,  k&¥ VT((ay)2)w
(24)
= TCCTZI:U’Z,w : T$:U’y,zw : zT(a'Xanzan )TCB *He(y2)w zkyw,,,;l:wT:c((yz)w)’
T(ax,.x,..x,) Tlax, x, x. ®idx,) - (k&E, k&8 )T @y ow
23,26 .
( = ) TzTyﬂz,w : Tzﬂy,zw * B (yz)w T(ZdXz ® aXy,Xz,Xw) : $ky@,’;€sz((yz)w)‘
T(ax, x,..x.,)  Tlax, x,x. ®idx,) (k5. 0 k&5 ) Tiay) 2w
(23)

TzTyﬂz,w : Tzﬂy,zw * B (yz)w T(idXz ® aXy,Xz,Xw) : T(aXz,Xyz,Xw)’
T(ax.,x,x, ®idx,) kL uTenw) - k85w - k) T
= ToTyprzw - Topoy,zw - Ha, (yz)w
T ((idx, ® ax,,x.,x.) * 0X,.X,.,X. * (@x,,x,,x, ®idx,))
(RS L o KEew - REY ) Tiawaw
é TzTyﬂz,w : Tzﬂy,zw “ B, (y2)w " T (aXz,Xy,sz C0X,,, X, ,Xw) :

kY kS w kS Ti(an) oy

—
—

Hence, comparison and Lemma 4.1 give
$k5,’;l:w ) kfﬁz,w ) kf,,;ljz = kff:;lizw ) kfzﬂ,w
that is, k¥ is a 3-cocycle.
i) If the choice of {X,,ix} is changed by {Y;,jx}, we know (see the end of §2)
that the two following elements of m (G),

_ -1 . .—1
bay,z = VXaye (ZXZ®(Xy®XZ) TO0X,, Xy, X, ‘Z(X2®Xy)®XZ>

and

_ -1 . 1
bey,» = Vay. (]YZ®(Yy®YZ) $4y,.v,.Y, ‘](Y1®Yy)®Yz)
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determine cohomologous 3-cocycles of 7o(G) with con coefficients in 1 (G). The
first choice gives k¥°¥ satisfying

oy Ty Bay,z = Tapty,z - payyz - Tlax, x,,x,) kf,’;ljo(:cy)z )
and the second choice gives k¥ satisfying
PayTs - Payz = Taply,z - Pa,yz ‘T(aYz,Yy,Yz) : Ef,,;lizT(zy)zy )

where T(axm,xy,xz) = Qﬁ(bz,y,z)T(zy)z and T(ayz,yy,yz) = Uj(bz,y,z)T(zy)z- Then,
comparison and Lemma 4.1 give ¢(bsy.) - k&Y, = ¥(bey,:) - k&Y. Now, since
¢ is a homomorphism of m(G)-modules, (b ,..) and (b, , ) are cohomologous
3-cocycles of mo(G) with coefficients in the 7o (G)-module, via ¢, 71 (£¢(H)) and
therefore it is clear that k¥ and k¥¥ are also cohomologous.

ii) By Lemma 4.1, any other choice 6, , : T, — T,T, has the form 6,, =
Py - Py y Ty where b : mo(G)? — m1(Eq(H)) is a normalized 2-cochain. Then, for
any objects X,Y,Z € G, we obtain the following expressions of the isomorphism
J Ty, = T,T,T, given by:

J = T:cecc,y . ea:,yz . T(aXz,Xy,Xz) . k;,y,zT(:cy)z'
On the one hand,

J = Topry,z  Tahy,:Tys - prays - hz,szz(yz) T(ax, ,Xy,Xz) : k;,y,zT(:cy)z
(2:3) Ty, - Tahy,: Tys - prays - T(a'XzaXanz) : h:c,sz(zy)z : k!c,y,zT(:cy)z
(2:4) Tapty,e - “hy, ToTys - pay: - T (ax, ,Xy,Xz) : (hz,yz : klz,y,z) T(zy)z
z:: Topry, - payz - $h’y,ZTz(yz) T(ax, ,Xy,Xz) : (h:c,yz : klz,y,z) T(zy)z

=" Typpiys - Py Tlax, x,.x.) “Phy, Tay)z - (h’fv’yz ) k;,y,Z) Tay)=
= Tapy,s - Pa,yz ‘T(aXz,Xy X.) (zhy,z “hays - k;o,y,z T(zy)z

and on the other hand,

29

J (:) 0,y T - Oay,z
= oty heyToyTy - oy - hay, 2 Tiay).
(23)
= :U’z,yTz CHay,z h:c,yT(:cy)z : h:cy,zT(:cy)z
(29)

= Tzﬂy,z “Hayz T(aXz,Xy,Xz) : k:c,y,zT(:cy)z : (h:c,y : h:cy,z) T(a:y)z
= Tzﬂy,z CHeyz T(aXz,Xy ,X,) : (kz,y,z : hz,y : h:cy,z) T(a:y)z

Comparison and Lemma 4.1 give

x ! _
hy,z : h:c,yz : k$,y,z - k:c,y,z ' hw,y ' hwy,z s

an equality which asserts that the 3-cocycles k and &' are cohomologous.

ili) If F, € p(z), x = [X] € mo(G), is another selection of equivalences, then we
can select isomorphisms ¢, : T, — F;, and choose, for any = [X], y = [Y] € mo(G),
0s,y 1 Foy = F F the isomorphism making the following diagram commutative:
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O,y
Fpy———-""=- > F,F,
€y
Ta’l/ Faey
T,T, — =% L FT,.
Thus we have,
Oy Fy - Oays - €y =  boyFe- Foyes - €ayTs - pray,s

t
= F:cFyez : ew,yTz : ezyTz * Py, z
F:cFyez : F:ceyTz : eccTyTz : Nw,yTz *Mzy,z

= F:cFyez : F:ceyTz : eccTyTz : Tzﬂy,z CHeyz T(OJXZ ,Xy,Xz)‘
k:c,y,zT(:cy)z

et F:cFyez : F:ceyTz : Fzﬂy,z : eccTyz CHeyz T(aXz,Xy,XZ)‘
ka2 T(zy)=

= Fpby. Foey, €Ty pay:  Tlax,,x,.x.)  Key,:T(ay)z
- Fccey,z : ea:,yz “€x(yz) T(aXz,Xy,Xz) . k:c,y,zT(:cy)z

23
(:) Fp0y. 0y F(a'XzaXanz) *€ay)z kz,y,zT(wy)z
23
(:) ery,z : ez,yz : F(a'XzaXanz) : k$,yaZF($y)Z *Eay)z -
Therefore 0,y F, -6py . = Fuby .05 4. Flax, x,,x.)  Kzy,2Flay). and the 3-cocycle
k is unchanged. O

If G and H are categorical groups and Char(G, H) denotes the set of collective
characters of G in H, there is a diagram of maps

A

Act (G, H) Ethplit (Ga H) (30)

Char(G, H)

where y carries the class of an action of G on H, T = (T, u) : G — Eq(H), to
the collective character (p,v) where ¢ : wo(T) : mo(G) — 7we(Eq(H)) and ¢ =
m(T) : m(G) = m(Eq(H)) (see last paragraph in §2), A is the bijection (22) and
X = XA~ Therefore, X : Extsp;:(G,H) — Char(G,H) associates a collective
character with each equivalence class of split extensions of G by H. We refer to a
collective character (¢, ) of G in H as realizable if it is in the image of %, that is,
if it is induced, as explained above, from a split extension of G by H. The map Y
produces a partition of the set of equivalence classes of split extensions

Extoq(GH) = [[ Ext(2) (G, H)
(o:¥)

where, for any collective character (¢, ) € Char(G, H), Extiﬁlft’) (G, H) =x (o, ¥)

denotes the fiber over (p,1) of X. Hence, a collective character (i, 1)) is realizable
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if the set Extiﬁl’i)((@, H) is non empty. We refer to EXtiﬁi;l;) (G,H) as the set of
equivalence classes of realizations of the collective character (¢, ).
Analogously, let Act(,, (G, H) = x~' (¢, %) be the fiber of map x over a collec-

tive character (p,%) of G in H. Thus we have the partition

Act(GH) = ] Act(yy) (G H),
(o,%)

and for any collective character (y,) the bijection
Act(, (G, H) = Ext(";")(G, H).
Then we have:

Theorem 4.3. A collective character (p,¢¥) of a categorical group G in a cat-
egorical group H is realizable if and only if its obstruction k(p,v) = [k¥¥] €
H3 (m0(G), m (Eq(H))) vanishes.

Proof. Tf (p,%) is a realizable collective character, then Act, 4)(G,H) # @ or,
equivalently, there exists an action T = (T, u) : G — Eq(H) with ¢ = mo(T) y ¥ =
71(T). Then, in the construction of the 3-cocycle k**¥ of mo(G) with coefficients in
the mo(G)-module, via ¢, 71 (£q(H)) one can take just the equivalences T, : H — H,
z € m(G), given by T, = T(X) and the isomorphisms u,, those given by the
homomorphism T = (T, 1), that is, ps,y = px, x,. In this case, since in Eq(H) the
associativity is strict, the condition of T' being a homomorphism (3) reduces to the
following equality:

Nw,yTz CMzy,z = Tzﬂy,z CMzyz T(aXz,Xy,Xz) .

Thus, k£¥, = 1 according to (29) and so k(p,v) = [k¥¥] is the zero cohomology
class in H3(mo(G), m1 (Eq(H))).

Conversely, suppose that (p,4) is a collective character such that k(y,v) is
the zero class. Once we have selected equivalences T, : H — H, = € 7o(G), with
T1 = idm, Proposition 4.2, ii), assures that there is a choice of isomorphisms i, :
Tyy = TpT, with 1, = id = pi, 1 such that k%Y is identically 1. This means that
equality (29) becomes:

BayTe - Bay,z = Tollyz - By - T(ax, x,,x.)

and so, according to (3) and (28), T : G — £¢(H) is a homomorphism of categorical

groups with x(T, ) = (¢,v). Therefore Act(, (G, H) = Exti‘zl’i)((@, H) is not

empty so that the collective character (¢, ) is realizable. O
To complete the classification of the split extensions of categorical groups, we
reach the result below.

Theorem 4.4. If a collective character (p,v) is realizable, then the set

Extiﬁl’;ﬁ) (G, H) of equivalence clases of realizations of (¢,%) is a principal homoge-
neous spade under the abelian group HZ(mo(G), 71 (Eq(H))). In particular, there is
a (non-natural) bijection

Ext{7i!) (G, H) = H}(mo(G), m (E(H)).

split
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Proof. We describe an action
Hg (71'0(@), T (gq(H))) X Act(%d,) (G, H) — Act(%d,) (G, H)

set out below.

Let h : 71(G)?2 — m1(£q(H)) be a normalized 2-cocycle representative of an
element [h] € H(mo(G),m1 (Eq(H))) and (T,u) a representative of an element
[T,u] € Act(, 4)(G,H). Then, if for each pair of objects X,Y € G we consider
z = [X], y =[Y] in no(G) and the isomorphism (A + pt)g,y 1 Ty — T3 T, defined
by (h+ t)a,y = hayToTy - fie,y We observe, simply by reversing the proof of Propo-
sition 4.2, ii), that we have a new action (T, h + u), representing another element
[T,h + p] € Act(y, 4)(G,H), which we maintain depends only on [h] and [T, u]. To
see this, let us suppose that g is another representative of [h] and (F,#) is another
representative of [T, u]. There must then exist isomorphisms ¥, : idg — idg and
€ : Ty = Fy, © € mo(G), such that, for any z,y € 79(G), the following equalities
hold:

$wy g - hz,y =0Gz,y- wzy 5 (31)
Frey €Ty gy =0uy  €ay - (32)

Then, if we consider the isomorphisms (¢ + €);) = ¥, F; - €, : Ty — F,, we have
that the actions (T, h + ) and (F, g + ) are equivalent since, for any X,Y,Z € G,
if x = [X], y =[Y] and z = [Z] are their classes in m(G), we have:

EFy(p+e)y - (W+e)Ty - (h+uey = Foo,F, - Fyey 9, F, T,
€1y - hy oy TuTy - oy

) By, o FyF, - Frey - €Ty

By« oy Ty
) E By 0aFoFy -0y - €y hayToy
B By By 6o FaFy - Ouy - hoyFoy - €ay
B By Fy o FoFy - ho yFoFy - 8ay - €ay
@ wy By 0o FoFy - hoyFoFy - 0ay - €y
z:: oy FuFy - Yy FuFy -0y - €0y

= g:c,yF:cFy : ea:,y : w:cyF:cyeccy
= (9+0)ay W+ 6y

Therefore, ([h],[T,u]) — [h] + [T, p] = [T,h + p] is a well-defined action of the
abelian group HZ(m(G),m1 (Eq(H))) on Act, 4 (G, H).

The above action is principal since, if we suppose that [T, h + p] = [T}, u], there
must exist a family of isomorphisms ¢, : T, — T such that, for any =,y € 7o(G),
Toey - €Ty - (B + )y = Ha,y - €zy- Then, by Lemma 4.1, we can write e, = u, T,
for a uniquely determined cochain v : 7o(G) — 71 (£q(H)) and we have
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P,y u:cyT:cy = [Hz,y - €y
= Tuey €Ty - heyTuTy - Ligy
TouyTy - ugTeTy - by ToTy - gy
TuyToTy - ugTpTy - hy y Tu Ty - oy
= (Tuy s hey)ToTy - pay
=  Hzy- ($uy cUg - hz,y)sz >
from which we deduce that u,, = ®u, - Uy - hgy, that is, b = O(u) represents the
zero class in HZ (mo(G), 71 (Eq(H))).

Finally we observe that the action is transitive. For this, let (T, ), (F, ) be any
two actions representing elements in Act(, (G, H). For each X € G, if z = [X]
in 7o(G), we have that T,,F, € ¢(x) and then there must exist isomorphisms
€x : Ty = F,, © € 7o(G), with €1 = id;g,. Then, as in the proof of Proposition
4.2, iii), by choosing pg, : Tyy — T,T, the isomorphisms such that g, - €5y =
Toey - €Ty - 05y, &,y € m(G), we find a new action (T, i) that represents the same
class in Act(, 4)(G,H) as (F,6). Now, by Lemma 4.1, we can write

6z,y = h/:c,yTzTy T M,y (33)

where h : m(G)? — 71 (Eq(H)) is a normalized 2-cochain of mo(G) with coefficients
in m (£q(H)), and, just as in the proof of Proposition 4.2 i), (for k = k' = 1), we
see that ®hy ;- hyye = Ryy - hay,.- Hence, b is a 2-cocycle of 7y(G) with coefficients
in m1(£q(H)) and clearly, according to (33), we have (T, h + p) = (T, 5) and so

[A] +[F,0] = [h] + [T, ] = [T, h + p] = [T, 5] and the action is transitive. O
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