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Abstract

For any group G, a certain cohomology theory of G-modules is developed. This cohomology arises from the homotopy theory
of G-spaces and it is called the “abelian cohomology of G-modules”. Then, as the main results of this paper, natural one-to-
one correspondences between elements of the 3rd cohomology groups of G-modules, G-equivariant pointed simply-connected
homotopy 3-types and equivalence classes of braided G-graded categorical groups are established. The relationship among all
these objects with equivariant quadratic functions between G-modules is also discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction and summary

For any two abelian groups M and N, the abelian groups
H,(M, N) = Hompos, (K (M. 2), K(N, n + 1),

where HoS, is the homotopy category of pointed spaces (simplicial sets), define the (first level) cohomology theory
of the abelian group M with coefficients in the abelian group N [10,11,19]. It is a well-known fact that for each
k € Ha’;?(M , N), n > 3, there exists a pointed space X = (X, *), unique up to weak homotopy equivalence, such that
mX =M, 1, X = N,n; X =0foralli # 2, n and k is the (unique non-trivial) Postnikov invariant of X. On the other
hand, Joyal and Street proved in [18, Theorem 3.3] that every k € h{fb(M , N) also determines a braided categorical
group G, unique up to braided monoidal equivalence, such that M is the abelian group of isomorphism classes of its
objects, N is the abelian group of automorphisms of its identity object, and k is the cohomology class of those abelian
3-cocycles of M with coefficients in N canonically deduced from the coherence pentagons and hexagons in G. Hence,
braided categorical groups arise as algebraic models for homotopy 3-types of simply connected pointed spaces [17].
The main purpose of this paper is to show how all the above facts are actually instances of what happens in a more
general equivariant context. Indeed, our first motivation for carrying out this work was to state and prove a precise
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classification theorem for braided graded categorical groups; that is, for groupoids G equipped with a grading functor
to a group G, gr : G — G, a graded monoidal structure by graded functors ® : GxgG — Gand I : G — G,
corresponding coherent 1-graded associativity and unit constraints X®@ (Y ®Z) — (XQY)RZ, XQI - X < IR®X
and natural 1-graded braiding morphisms X ® ¥ — Y ® X compatible with the graded monoidal structure, such that
for any object X there is an object X’ with an arrow X ® X’ — [ of grade 1 (the non-braided case was dealt with
in [4]). These graded categorical groups were originally introduced by Frohlich and Wall in [12], where they presented
a suitable abstract setting to study Brauer groups in equivariant situations (cf. also [13,4] or [5] for more instances).
For their classification, two braided G-graded categorical groups that are connected by a braided graded monoidal
equivalence are considered the same. Therefore, the problem arises of giving a complete invariant of this equivalence
relation, which we solve by means of triples (M, N, k), consisting of G-modules M, N and a cohomology class
k e Hgva,,(M , N). Here, the H}; ,,(M, —) are Quillen cohomology groups [21, II, Section 5] of the pointed G-space

K (M, 2) in the homotopy category of pointed G-spaces, HoSf , with respect to the closed model structure where
weak equivalences are those G-equivariant pointed maps that are weak equivalences on the underlying spaces, that is,

Hg,ab(Ma N) = HomHOSG (K(Mv 2)7 K(N9 n + 1))

Since equivariant weak homotopy types of pointed G-spaces X with only two non-trivial homotopy groups at
dimensions 2 and n are classified by the elements of the cohomology group H( (72X, m,X) (see Theorem 4 in
Section 1), we get our main result, namely: the homotopy category of G-equivariant pointed simply-connected 3-
types is equivalent to the homotopy category of braided G-graded categorical groups.

We should stress that the equivariant weak equivalences we are using should not be confused with the stronger
notion of weak equivariant-homotopy equivalences, which are G-equivariant maps inducing weak equivalences on the
fixed point subspaces of all subgroups of G. Thus, whereas the Postnikov invariants of weak equivariant-homotopy
types live in Bredon-Moerdijk—Svensson’s cohomology groups [1,20], the cohomology groups H; (M, N) we use
are isomorphic to ordinary reduced equivariant cohomology groups (see Proposition 3 in Section 1).

The plan of this paper, briefly, is as follows. The first section includes the definition of the cohomology groups of
G-modules H ,, and it is mainly dedicated to stating some concepts, results and notations concerning the homotopy
theory of G-spaces we are going to use. The material in Section 1 is quite standard, so an expert reader may skip most
of the proofs here. Both for theoretical and computational interests, it is appropriate to have an explicit description
of a manageable cochain complex C§ (M, N) to compute the cohomology groups H( ,,(M, N), and this is the goal
of the second section. Next, in Section 3, we describe a particular subcomplex £ (M, N) € C¢ (M, N), whose
cohomology groups are precisely the abelian groups Ext}; (M, N), allowing us to explicitly show the relationship
between the groups Ext,; and H/ , without any argument based on the universal coefficient or the Borel spectral

ab

sequences (see [2, Section 3]). Namely, we describe isomorphisms Ext}; (M, N) = H(';’j,,l (M, N) forn =0, 1, and,
in Section 4, a natural exact sequence

0 — Ext; (M, N) — H3 (M, N) — Quads (M, N) — Ext3; (M, N),

where Quadg (M, N) is the abelian group of all G-equivariant quadratic functions from M to N (cf. [19, Theorem
3], where it was stated that Ha3b(M , N) is isomorphic to the group of all quadratic functions from M to N, for any
two abelian groups M and N). In the fifth and final section we include our theorems on the homotopy classification
of braided G-graded categorical groups and their homomorphisms by means of the cohomology groups Hé’_ab(M ,N)

and HZ ,(M, N).
2. Cohomology of G-modules

The material of this section is fairly standard concerning basic facts of the homotopy theory of G-spaces. Our main
goal is the introduction of cohomology groups of G-modules H[ ,,. We refer the reader to the book by Goerss and
Jardine [14] for background.

Throughout G is a fixed group, S denotes the category of simplicial sets, and S*G is the category of all pointed
simplicial sets X = (X, *) with a (left) G-action by pointed automorphisms, hereafter referred to as pointed G-spaces.

There is a Quillen closed model category structure on S*G such that a pointed G-map f : X — Y is

— a weak equivalence if and only if f is a weak equivalence in S, that is, 7; (f) : 7; X — 7;Y is an isomorphism for
alli > 0;
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— afibration if and only if f is a (Kan) fibration in S;
— a cofibration if and only if it is injective and Y \ f(X) is a free G-set.

Thus, in this homotopy theory a pointed G-space (X, *) is fibrant whenever X is a Kan simplicial set, while (X, *)
is cofibrant if no nonidentity element of G fixes a simplex different from the base point.

For any G-module N, the Eilenberg—MacLane minimal complexes K (N, n) have an evident structure of pointed
G-spaces and the G-equivariant cohomology groups of a pointed G-space X with coefficients in N, H (X, N), are
defined by

Hg;(X, N) = Homy o6 (X, K(N,n)), n >0,
where HoSf is the homotopy category associated to the closed model category Sf described above.
For any G-group II, the equivariant cohomology groups
Hg(II,N) = Hg(K (11, 1), N),

even for twisted local coefficients N, are treated in [3] and several algebraic applications of this cohomology theory
of groups with operators are shown in [4,5] or [6]. In this paper we deal with the case when 7 is abelian, that is, with
cohomology groups of a G-module M, Hj} ,(M, N), which are defined as follows.

Definition 1. The cohomology groups of a G-module M with coefficients in a G-module N are defined by
Hi (M, N) = HZ" (K(M,2),N), n=1. @.1)

Note that when G = 1 is the trivial group, then the cohomology groups (2.1) are just those of Eilenberg—MacLane
cohomology theory of abelian groups H), (M, N) [10,11,19] (see the next section).

Both for theoretical and computational interests, it is appropriate to have an interpretation of the cohomology
groups H{ (M, N) in terms of an ordinary singular cohomology with local coefficients. This is the aim of the
definitions below.

Any G-space X can be regarded as a functor X : G — §, that is, as a diagram of spaces with the shape of G. Let

/ X = hocolim X.
G G

Thus, (fG X)), ={(o1,...,04,x)|0; € G, x € X,} and the face and degeneracy operators are given by
(T_]
do(o1,...,00,x) = (02,...,04, ' dyx),
di(oy,...,0n,x) = (01,...,0i0i41,...,00,dix), 0<i<n,
dy(o1,...,0n,x) =(01,...,04—1,dpXx),
si(01,...,0n,x)=(01,...,0i, 1,0i41,...,0n,85ix), 0<i<n.

In particular, for X = * we have

/ * = K(G, 1) = BG (the classifying space of G),

G
and therefore, a pointed G-space X = (X, *) gives rise to a retraction diagram
€ .

JcX: fGX<T>7fG*=BG, pe =id, (2.2)
where p(oy, ..., 0,,x) = (01,...,0,) and €(o1, ..., 0,) = (01, ..., 0y, *). Note that the retraction p is a fibration
if and only if X is fibrant and also that the fibre space of p at the unique vertex of BG is isomorphic to X as simplicial

set.
This construction defines a functor

Jo: 8¢ —S§2, X+ [ X,
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from the category of pointed G-spaces to the double comma category of spaces over and under BG, that is, the
category Sgg whose objects R are retraction diagrams

R: g BG, rs =id, 2.3)

and whose morphisms are simplicial maps f : R — R’ suchthatr'f =r and fs = s’'.

The category Sgg has a closed model structure induced by the usual one of simplicial sets; that is, a map f in Sgg is
a weak equivalence, cofibration or fibration if and only if f is a weak equivalence, cofibration or fibration of simplicial
sets respectively. The following proposition states that the homotopy theory of pointed G-spaces is equivalent to the

homotopy theory of spaces over and under BG.

Proposition 2. The functor |, G Sf — Sgg is a right Quillen equivalence. Then it induces an equivalence
HoS¢ ~ HoSE¢
between the associated homotopy categories.

Proof. The proposition is known to a large extent so we omit its proof in full detail. To describe the left adjoint
functor Lg : Sgg — Sf to fG, let EG be the universal cover of G, that is, EG is the G-space with (EG), = Gl

and face maps given by d;(og, ..., 0,) = (00,...,0i0i41,...,0,), i < n, dy(oo,...,0,) = (00,...,0,-1), and
with G-action °(oy, ..., 0,) = (009, 01, ..., 0y). The space EG is contractile and EG/G = BG via the canonical
projection EG — BG, (oy, ...,0,) — (01, ...,0,). Then, for any R in Sgg as in (2.3), the pointed G-space Lg R

is defined by the cofibre product

EG — > EG xpg R (2.4)

|k

* — LGR,

where s(09, ...,0,) = (00,...,0n,s(01,...,0,)) and the G-action on it is induced by the one on EG. The unit
of the adjunction R — fG LGR is given by x — (r(x), [1, r(x), x]) and, for any pointed G-space X, the counit
fG LcX — X is given by

[00, ..., 00, (00, ..., 00, X)] = Px.

By [14, VI, Lemma 4.2 and IV, Proposition 1.7] the functor f  Preserves both fibrations and weak equivalences.
Then, by [16, Lemma 1.3.4] (Lg, fG) is a Quillen adjunction. For any R in Sgg, by [8, Proposition 2.3] the map
R — fG EG xpg R, x — (r(x), (1,r(x), x)) is a weak equivalence. Since the map m in (2.4) is a weak equivalence,
the induced one |, ¢ EGXBG R — fG LGR is also a weak equivalence. The unit of the adjunction is just the
composition R — |, ¢ EGxpG R — /. ¢ £6 R and therefore it is also a weak equivalence. An analogous argument,
using once again [8, Proposition 2.3], proves that the counit is a weak equivalence and then the proposition follows
from [16, Proposition 1.3.13].

Since every object in Sgg is cofibrant and, for any G-module N, the retractions fG K(N,n) =2 BG are fibrant
(indeed, they are split minimal fibrations), it is a consequence of the above Proposition 2 that for any pointed G-space
X there are natural isomorphisms

HG (X, N) EHomHosgc (/ X/ K(N,n))
¢ \Je G

E[/ X,/K(N,n):|

¢ o 5

EH"(/X,BG;N),
G
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where [ /, ¢ X /. c KN, n)]SBG is the abelian group of homotopy classes of maps and H" (|, ¢ X, BG; N) is the ordinary
BG
cohomology of the simplicial set |, ¢ X relative to BG = /, ¢ * with local coefficients in the G-module N. The last

isomorphism sends a homotopy class represented by a simplicial map |, cX —f> /. i K (N, n) to the cohomology class

represented by the cocycle G” x X, ﬁ) G"xNEN (see [14, VI, Proposition 4.13]). In particular, we have

Proposition 3. For any G-modules M and N there are natural isomorphisms
Hg (M, N) = H"*! ( / K(M.2), BG; N) :
G
We shall finish this section by proving the following result.

Theorem 4. Every pointed G-space X with m; X = 0 for all i # 2, n, where n > 3, determines a cohomology class
k(X) € H} ,(m2X, 1, X). Two such G-spaces X, Y are in the same equivariant weak homotopy class (i.e., they are

isomorphic in HoS*G ) if and only if there are G-module isomorphisms p : mo X = mY and q : 1, X = 7, Y such that
P*qik(X) = k(Y).

We refer to k(X) as the equivariant Postnikov invariant of X.

Proof. Let M and N be any two G-modules. From Proposition 2, the classification of pointed G-spaces X with
mX = M, 7, X = N and m; X = 0 for all i # 2, n, by its equivariant weak homotopy type, is equivalent to the
classification of minimal fibre sequences

s
FC__ . R=BG (2.5)
r
such that myF = M, n,F = N and =r; F = 0 for all i # 2, n, two such split minimal fibrations being equivalent if
there exists an isomorphism f : R = R’ such that 7’ f = r and fs' = s.

In the case when N = 0, the split minimal fibre sequence (2.5) is necessarily isomorphic to the split minimal fibre
sequence

KM, 2 [;K(M,2) HBG

and, therefore, for N arbitrary, the natural Postnikov system of (2.5) is of the form

K(N,n) K(N,n)

F C R= BG

N

KM, 2, [, K(M,2) ==

where K(N,n)~—— R 2, f ¢ K(M,2) isaminimal fibre sequence. It follows that the classification of the split
minimal fibre sequence (2.5) is equivalent to the classification of the diagrams

BG

2

K(N,n)— R=—L> [, K(M,2), ps = e,
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that is, of all minimal fibre sequences K (N, n)~—— R 2, f cK (M,?2) with a crossed section from BG. Since

these fibre sequences are classified precisely by the relative cohomology group H”*!( fG K(M,?2),BG; N), the
assertion follows from Proposition 3. [

3. An equivariant Bar reduction. The complex C¢ (M, N)

In [10,11,19] Eilenberg and MacLane defined a chain complex, A(M, 2), associated to any abelian group M, to
compute the (co)homology groups of a space K (M, 2). In fact, they proved the existence of a cochain equivalence

cy : C*(K(M,2), N) > Hom(A(M, 2), N) 3.1

for any abelian group N [11, I, Theorem 20.3]. Hence, the cohomology groups of an abelian group M with coefficients
in an abelian group N can be computed as

H" (M, N) = H""'(Hom(A(M, 2), N)).

The main result of this section is to show an explicit description of a cochain complex, C¢ (M, N), to compute
the cohomology HS (M, N), of a G-module M with coefficients in a G-module N, given in Definition 1.
We shall use the following notations for X, Y any two groups:

- XPIYI ={x]|y) = (X1, ..., xpl¥1, ..., ¥g), Xi € X,y; €Y}, p,g=0.

— X% = {()} is the trivial group. Then, X°|Y? = Y9 and X?|Y° = X7,

— Shuf(p, g) is the set of all (p, g)-shuffles. Any = € Shuf(p, ¢) defines a map
7 XP|X9 — XPT4,

given by w(x1, ..., Xp|Xpi1, ..oy Xpig) = Xn(l)s -+ s Xn(ptq))-

Definition 5. Let M, N be two G-modules. The complex C¢ (M, N) is defined to be trivial in dimension zero, that
is, Cg_ah(M, N) = 0 and for n > 1 the elements of C¢ (M, N), related as abelian n-cochains of the G-module M
with coefficients in the G-module N, are the maps

foJmPmr2y- MPr1GY > N,

where the union is taken over all p1, ..., p, > 1, > 0 withr + Z?:l pi +q = n + 1, which are normalized in the
sense that
1 1
f(xl,...,xp1|~~|xf,...,x;r|01,...,oq)=0,

whenever some x; =0orsome oy = 1.
Addition in C¢ (M, N) is given by adding pointwise in the abelian group N. The coboundary homomorphism
9:CL (M, N) — ng;,,l(M, N) is defined by the formula

@O ] XE) =T f & X o)+ Y (D f& - X i)

I<i<gq—1
+ (=D %X |dyT)
+ Z (=Dt pxt o dx - X (o)

I<i<r
0=<j=p;

+ Y e Y ),
« e Shufhrpis 1)
where (x'|x%|---|X"|5) € MPI|---[MPr|GY, 5 = (o1,...,04); di : G! — G971, are the face operators of
BG = K(G,1);d; : MPi — MPi—1 are the face operators of BM = K(M,1);¢; = p1+---+ p; +1i and
€(mr) is the parity of the shuffle 7.
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Thus,
Cl (M, N) consists of all normalized maps

ML,

Céab(M , N) consists of all normalized maps
MAPUM|G -5 N,

ngnb(M , N) consists of normalized maps

M3 UMM U MG UM|G? 5 N,
Céya,,(M , N) consists of normalized maps

M*U MM UM|M?> UM GUM|M|GUM?|G*UM|G?> — N,

with the coboundary maps

@, y)= f&x)— fx+y)+ f), (3.2)
@f)(xlo) = “f(x) = f(Ox); (3.3)
(08)(x, y,2) =g(y,2) —glx +y,2) + g(x, y +2) — g(x, y), (3.4
08)(xly) = g(x,y) — g(y, x), (3.5)
(0g)(x, ylo) =7g(x,y) —g(’x,%y) — g(ylo) + g(x + ylo) — g(x|o), (3.6)
(0g)(x]o, 7) = 7g(x|7) — g(x|oT) + g("x|0); 3.7
@h)(x,y,z,t) =h(y,z,t) —h(x +y,z,t) + h(x,y+2z,t) —h(x,y,z+1t)+ h(x,y,2), (3.8)
@h)(x|y,2) = h(x|z) — h(x|y +2) + h(x|y) + h(x, y,z) — h(y, x, 2) + h(y, z, x), (3.9
@h)(x,y|z) = h(ylz) — h(x + ylz) + h(x|2) = h(x,y,2) + h(x, 2z, y) — h(z, x, y), (3.10)
@h)(x,y,zlo) = “h(x,y,2) —h(x,%y,72) — h(y, zlo)

+h(x +y,zlo) —h(x,y+ zlo) + h(x, ylo), (3.11)
@h)(x|ylo) = “h(x|y) —h(x|7y) — h(x, y|o) + h(y, x|0), (3.12)
(@h)(x, ylo, T) = Th(x, y|t) — h(x, ylot) + h("x, "ylo) + h(y|o, T) — h(x + ylo, T) + h(x|o,T),  (3.13)
@h)(x|o, 7, y) = “h(x|t, y) — h(x|ot,y) + h(x|o, ty) — h(' x|o, T). (3.14)

Below is our main result in this section.

Theorem 6. For any G-modules M and N, C¢ (M, N) is actually a cochain complex and there are natural
isomorphisms

Hg,ab(Mv N) = H" (C(.},ab(Mv N))a n Z O

Proof. Let X5 (M) be the bisimplicial set whose (p, ¢)-simplices are the elements of the cartesian product G? x

K(M,2),. The vertical face and degeneracy maps are defined by those of the Eilenberg-MacLane simplicial set

K (M, 2), and the horizontal face and degeneracy maps are those of BG = K (G, 1) except d/*, which is defined by
-1

dé’(al, ey 0p,X) = (02, ..., 0p, 2 x). Hence

diang(M)zf K(M,?2). (3.15)
G
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Then we obtain a double cosimplicial abelian group C**(Xg (M), N) in which the group C?4 (X5 (M), N) consists
of all maps f : Xg(M), 4, — N, the horizontal cofaces are defined by

~1
, f@a,...,00," x), ifi=0,
d; f)o1,...,0p,X) = flo1,...,0i0i41,...,0p,%), if0<i<p,
7 f1, ... 0p1,%), ifi=p,
and the vertical cofaces are defined by
@djfH@,x)=f(@,djx), 0<j=<gq.

We denote again by C**(Xg(M), N) the associated double complex of normalized cochains, where differentials
are obtained from the faces by taking alternating sums, and by Tot C**(Xg (M), N) the associated total complex.
Observe that, by equality (3.15), we have diag C**(Xg(M), N) = C'(fG K(M,?2), N). Then, as a result of Dold and
Puppe [7], there is a natural equivalence of cochain complexes

om : TotC**(Xg(M), N) - C* </ K(M,2), N) .
G

Now, let us note that the map ¢y in (3.1) is an equivalence of cochain complexes of G-modules, if we consider the
diagonal G-action on both complexes C*(K (M, 2), N) and Hom(A(M, 2), N). Then, cjs induces a homomorphism
of bicomplexes

ey C*(G,C*(K(M,2),N)) - C*(G,Hom(A(M, 2), N)),

where the cochain map ¢y : C4(G, C*(K (M, 2), N)) — C%(G,Hom(A(M, 2), N)) is an equivalence for every q.
Therefore, the induced cochain map on the total complexes

ey TotC*(G, C*(K (M, 2), N)) — Tot C*(G, Hom(A(M, 2), N))

is also an equivalence. Since there is quite an obvious isomorphism of bicomplexes
C*(G,C*(K(M,2),N)) = C*(Xg(M), N),

we deduce a natural equivalence
ey 2 TotC** (X (M), N) — Tot C*(G, Hom(A(M, 2), N)).

By combining the quasi-isomorphisms ¢,7, cps, ¢o and ¢ (the corresponding ones for M = 0), we get the following
commutative diagram of cochain complexes induced by the retraction M < 0:

C*(J; K(M,2), N) —————> C*(/,, K(0.2). N) (3.16)

S1

m T TWO
r

TotC**(Xg(M), N) > TotC**(X¢(0), N)
cM\L icg
Tot C*(G, Hom(A(M, 2), N)) 4):3 Tot C*(G, Hom(A(0, 2), N)),

where r;s; =id,i =1, 2, 3.
Let us observe now that K (0, 2) =  is the one point simplicial set, so that

c* </ K(0,2), N> =C*(BG, N)
G
and the top retraction in (3.16) is precisely the one induced by the split fibration fG K(M,2) = BG (see (2.2)).

Therefore, the kernel of r; is the relative cochain complex C*( f ¢ K(M,2), BG; N) whose homology groups are
H (M, N) up to a shift dimension (see Proposition 3).
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The bicomplexes C**(X(0), M) and C*(G,Hom(A(0,2), N)) are both isomorphic to the double cochain
complex which is the complex C*(BG, N) constant in the vertical direction, and a straightforward identification
shows that the complex C¢ (M, N), with its dimension raised by 1, occurs in the diagram (3.16) as the kernel of r3.
It follows that C¢ (M, N) is actually a cochain complex and the induced maps by ¢a and cy

c* ( / K(M,2), BG: N) L Ker(ry) 2 €2 (M, N)
G

are quasi-isomorphisms, whence H(; ,(M, N) = H"(C¢ ,(M, N)) foralln > 0. O
4. Relationship between Ext;, (M, N) and H(, , (M, N)

In this section, for any group G and G-modules M, N we present a new description by cocycles of the
abelian groups Ext}; (M, N). This description gives us the possibility to establish explicitly their relationship with
H( (M, N) groups in an elemental way, that is, without any argument based on the universal coefficient or the Borel
spectral sequences, as was done by Breen in [2].

Let M be any fixed G-module. We begin by inductively constructing an exact sequence of G-modules

. . [
0— R,(M) -2 P,_y(M) 28 o 2 by s Py X M= 0, (4.1)

in which all P;(M) are free G-modules, as follows. Denote by Z[M*] the free abelian group on the set of elements
[x], x € M, with the only relation [0] = O (so that Z[M*] is the free abelian group on M* = M \ {0}) and let Z[G] be
the free abelian group on the elements [o], 0 € G (so that Z[G] is the free G-module on the unitary set {[1]}). Then
we define

Py(M) = ZIM*] ® Z[G]

with G-action determined by % (w ® [t]) = 0w ® [oT], w € Z[M*], 0,7t € G. Hence, Py(M) is the free G-module
on the set of elements [x] ® [1], x € M, x # 0. The G-module epimorphism dy is given on the free generators by
do([x] ® [1]) = x and we define R{ (M) as the kernel of 9y, so that we have the short exact sequence

j 9
0— Ri(M) -5 Py(M) =% M — 0.
Proceeding by induction, suppose we have defined the sequence (4.1) for n > 1. Then we define
Pn(M) = Ry(M) ® Z[G]

with G-action such that ? (0 ®[7]) = w®J[ot],w € R,(M), 0, T € G. Note that P,,(M) is a free G-module with basis
{e; ® [1]} where {e;} is a basis of the free abelian group R, (M). The G-module epimorphism 9, : P,(M) — R,(M)
is given by 9(w ® [0]) = “w and we define R4 (M) as the kernel of 9,,, so that we have the short exact sequence

int1

0= Ropt (M) 255 oy 5 Ry(M) — 0. (4.2)

Next we show a description of the G-module R,,(M) in (4.1) by a set of generators and relations.

Proposition 7. For any n > 1, the G-module R,(M) is defined by a set of generators
{[x’y’alv-"son—l]v [x,Gl,...,Un]; -xvy € Ms 017"-7Un € G}
with the relations

[x,v,01,...,00-1]1=0=[x,01,...,04], if x =0o0rsomeoc; =1, 4.3)
[x,y,001,...,0n-1] = [y, x, 01, ..., Ou—1], 4.4
[y7Z5O—17"-’Un71]+[xay+z9ola""70'}171]:[x+yvzao—la-"701171]+['x7y’015'-'70'1171]5 (4‘5)
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n—1

o [+1

x.y.00. - ou]l = Y (=D x.y 01, 000141, 0]
i=l1

+(_1)n+1 ( O-nx7o-nyao—17 "'aotnfl] + [)C,U], "-7Un]
+[y7015"'70n]_[x+y7017'~'36n])7 (4'6)
n

x,on ol = Y (=D on oo o]+ (<D x o1 ol @.7)
i=1

Furthermore, as an abelian group, R, (M) is defined by the same set of generators and with the only relations (4.3),
(4.4) and (4.5).

Proof. We proceed by induction. For n = 1, let [x, y], [x, 0] € R{(M) be the elements defined by the equalities

,yl=]I@+ DI -[x+yl®[1], x,yeM, (4.8
x,ol=x]®[c]—[°x]®[1], xe€ M, o €q. (4.9)

To see that these elements generate Ry (M), let us denote by Rj (M) S R;(M) the subgroup generated by them. We
claim that dy : Po(M) — M is the cokernel of the inclusion of R; (M) into Pyp(M). In effect, for any abelian group

homomorphism f : Po(M) — A, which verifies f(R/l (M)) = 0, the map f : M — A given by f(x) = f([xI®[1])
is a group homomorphism satisfying fdyp = f since
fo+y) = flx+y1@[1) = f(xIQ 1) + fIyI @ [1]) — flx, y] = f(x) + f ),
foox1®[0]) = f(Cx) = fF°x1® [1]) = f([x] ® [0]) + flx,0] = f(x] ® [o]).
Therefore, Ri (M) = Ker(dp) = R1(M), and thus, R{(M) is generated (even as an abelian group) by the elements
[x,y],[x,0], x,y € M,o0 € G. The elements (4.8) and (4.9), clearly verify the relations (4.3) and (4.4). Next we
observe that the relations (4.5)—(4.7) hold. In effect,
y,zl+[x,y+z1 =Uyl+lzl=[y+zD@II+(x]+[y+zl-[x+y+zD®[I]
=(xl+ I+l -[x+y+z) ®I[1]
=(xl1+D]-x+yD=(x+yl+[zFl—-[x+y+zD®[1]
=[x, y]+[x+y, 2],
T, yl+Ix+y, 0l =@ o]l +[yIQ o]l - [x +y]@ 0]+ [x +y]®[c] =[x +7y] @ [1]
= ([x]® o] = [“x]1@ [ID+(y]1® [o] = [y] @ [ID+("x] + [T y] = [Px + 7 y]) ® [1]
= [x,01+ [y, 01+ [7x,7y],
Lx, 7] =kl®otl-["xI1® ol =x]I®@[or] = ["x]1@ [T+ [""x]1 @ [1] - ["x] ® [0]
=[x,0t]—=[‘x,0].
Let us suppose now that A is any abelian group and ajy y], a[x,0] € A are elements satisfying (4.3)-(4.5) (with

respect to the indexes). We shall prove the existence of a (necessarily unique) group homomorphism f : Rj(M) — A
such that f([x, y]) = a[x,y) and f([x, 0]) = ax,o]. For, we first build the abelian group extension

0->A-L asmL Mo,
where A x M is the cartesian product set A x M with the addition

(a,x)+(d,y)=(a+d +apy,x+y),

j and p are given by j(a) = (a,0) and p(a, x) = x. Then, we define a group homomorphism ¢ : Po(M) — A+ M
by putting ¢([x] ® [0]) = (a[x.s], x). Since pp = 9y : Po(M) — M, there is a unique homomorphism of abelian
groups f : Ri(M) — A such that (f(w), 0) = ¢(w), for all ® € R{(M). In particular, we have

(f(x, D, 0) = @([x, yD) = o(x]1Q [1])) + ¢(y] ® [1]) — ¢([x + y] ® [1])
=(0,x) 4+ 0,y) — (0, x +y) = (@x,y, 0),
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(f(Ix,01),0) = ¢(lx,0]) = (x]1® [0]) — (" x]1 ® [1])
= (a[x,a]a Ux) — (0, Gx) = (a[x,cr]a 0).
Thus, f([x, y]) = a[x,yj and f([x, 0]) = a(x 0], as required.

Here we observe, simply by checking on the generators, that if A is a G-module and the elements ajy y], a[x,0]
also satisfy (4.6) and (4.7), then the above group homomorphism f : Ri{(M) — A is actually of G-modules. This
completes the proof forn = 1.

Next, we suppose that the proposition is true for n > 1. The short exact sequence (4.2) is split by the group

homomorphism s : R,(M) — P,(M) given by s(w) = @ ® [1]. Therefore, we have an isomorphism of abelian
groups P,(M) = R, +1(M) x R, (M), with projection g : P,(M) — R,4+1(M) defined by

q®o) =w®lo]l—sth(@® o)) =w®[o] -0 [1].
Therefore, as an abelian group and so also as a G-module, R, 1 (M) is generated by the elements
[-x7 yvals "'aall] = Q([x» y3621 "‘7an] ® [Ul])
=[x,y,02, ..., 0, ®[01] = "[x, y, 02, ..., 0, ] ® 1],

[-x70'19 '~'ao—n+1] = Q([X»UZ, "'7Un+1] ® [01])
= [x,02,..., 00411 @ [01] = "[x, 02, ..., O 1 ® [1].

It is routine and we leave it to the reader to check that these elements verify all the equations (4.3)—(4.7), since such
equations are satisfied by the corresponding generators of R, (M) due to the hypothesis of induction.
Let us suppose now that A is any abelian group and

Alx,y,01,..,041> Alx,01,....00 111 € A

are elements satisfying (4.3), (4.4), (4.6) and (4.7). We shall prove the existence of a (necessarily unique) group

homomorphism ¢ : R,11(M) — A such that ¢([x,y,01,...,04]) = a[x,y,0/,...0,] and @([x,01,...,0,41]) =
Ax,01,...,0,.1]- TOT, we first observe, by using inductive hypothesis on R, (M), that for each fixed oy € G, the mapping
[x,y,00,...,00] &= Q[x.y,01,....00]> [X, 02, ..., Ont1] = Qx,0,....0,,1] €XteNds to an abelian group homomorphism

from R, (M) to A. Then, we can define a homomorphism of abelian groups ¢ : P,,(M) — A by equalities

o([x,y,02,...,00] ®[01]) = A[x,y,01,....,0n]>
o([x,02,...,0011] ® [01]) = a[x,04,....00411

Clearly ¢s = 0 : R,(M) — A, thanks to condition (4.3). Therefore, ¢ = ¢ id = ¢(iy+19 + s9,) = @int19, thatis,
o(a) = ¢(g(a)) for all ¢ € P,(M). In particular, the restriction of ¢ to R,41(M) satisfies

o(x,y,01,...,00]) = oq(lx,y,02,...,00] ®[01]) = @([x, y,02,...,0,] ® [01]) = A[x,y,01,....,0n]>
(p(['x7 Gla LRI ) Un-i—l]) = (pq(['x’ 027 ceey Un+1] ® [Gl]) = (p([xs 027 sy Un+1] ® [Gl])

= Alx,01,0001 15

as required.

Finally observe, simply by checking on the generators, that if A is in addition a G-module and the elements
Alx,y,01,...,00]» A[x,01,....0,41] Al80 satisfy (4.6) and (4.7), then the above ¢ : R, 1(M) — A is actually a homomorphism
of G-modules. Therefore, as an abelian group, R,41(M) is indeed defined by the generators [x, y, o1, ..., on],
[x, 01, ..., 0,41] and the relations (4.3)—(4.5), while as a G-module it is generated by the same elements but with the
relations (4.3)—(4.7). O

Now we are ready to describe the abelian groups Ext;; (M, N) as the cohomology groups of the cochain complex
introduced below.

Definition 8. Let M, N be two G-modules. The cochain complex

1 a2
LM, N) : 0— &M, Ny s elom, Ny 5
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is defined as follows. Each £7 (M, N) is the abelian group of all normalized maps

f:M*G" ' UM|G" — N,

satisfying
FG Y101, 0nmt) = F(, X[01. - oy Out), (4.10)
FGuzlon, e oD+ F Oy +2001, e 0n1) = fFE+ 3,2 101, e 0n) + f&, Y |01, oy 001). (4.11)

The coboundary homomorphism 9 : £2 (M, N) — E¥1(M, N) is defined by the formulas

n—1
@Gy lo1, .00 =" F&,y o200+ Y (=D fx,yl01,..., 00041, [ ... 00)
i=1

D[y o1, Oum) F [ 01 0n)
— fx+ylon...;on+ f(ylo1....00],
~ ~ n . o~
@G Lot omp) =" Fxloa,. . our) + ) (=D fx 01,0, 010041, .., 0up1)
i=1
+ (=D FO X o, ..., 0p).
Thus,

52 (M, N) consists of all normalized maps f: M — N,
EL(M, N) consists of normalized maps 3 : M> UM | G — N such that

g, y) =g, x),
g +gx, y+2) =8 +y,2) +8x, ),
5(2; (M, N) consists of normalized maps W M? |GUM | G —> N satisfying
h(x.ylo) =h(y. x|o),
h(y,zlo) + h(x,y +zlo) = h(x +y, zlo) + h(x, y|o),
5(3; (M, N) consists of normalized maps ¥ : M?|G?* U M|G? — N such that

K(x,ylo, 1) =k(y, x|o, 1),
K(y,zlo, 1) +K(x,y + zlo, 1) =K(x + y, zlo, 1) + K (x, ylo, 1),

with the coboundary maps

ONH @, y) = f) = Flx+y) + fx),

@NHG o) =7 fx) - f(°x);

B,y 10) =", y) —3Cx.7y) —Fy | 0) +Zx +y|0) —Z(x | o),

@D 10, 1) =" | 1) —Fx |o1) +5C x | 0);

@h)(x,y 1 0,7) ="h(x,y | ©) —h(x,y | 00) +h(x,"y | 0) + h(y | 0,7) — h(x +y | 0, 7T) + h(x]o, 7),
@h)(x | 0,7, y) ="h(x | 7,y) —h(x | ot,¥) + h(x | o0, 7y) — h(" x | 0, 7);

Theorem 9. For any two G-modules M and N there are natural isomorphisms

Ext, (M, N) = H"ES (M, N).
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Proof. Let P(M) = --- — P1(M) — Py(M) — M — 0 be the free resolution of the G-module M built using the
sequences (4.1). Since

Homgz (P,(M), N) = Homz (R, (M) ® Z(G), N) = Homz(R, (M), N),
Proposition 7 determines isomorphisms Homy, (P, (M), N) £ EL (M, N), f — f, where

fG,ylot.c o) = f(x,y,01, ..., 0011 @ [1])
f&lo,...,on) = f(x,01,...,0,] Q[1]).

These isomorphisms define a cochain complex isomorphism Homy, (Ps(M), N) = £2 (M, N), whence the theorem
follows. O

There is a natural injective cochain map of degree +1,

i:E5(M,N) — CotiM, N, (4.12)
0—=EY(M,N) —=E,M,N) —=EE(M,N) — --- - &Y M, N) > -

| H ) 4
0—Cl(M,N)—C2,(M,N)—C3 (M,N)— -~ = Cl,(M,N)— -

which sends an (n — 1)-cochain f © M?G"? U M|G"!' — N of ES(M,N) to the n-cochain f
UMPH ... |MPr|GY — N of C¢ (M, N) such that

fle\G”72UM|G"71 = f,

flMP1|...‘MPr|GL1 =0 wheneverq <n—2.

Then, as a consequence, we have the following:

Theorem 10. For any G-modules M and N there is a natural homomorphism

Extls (M, N) — Ht\ (M, N)

for every n > 0, induced by the above cochain map (4.12). This homomorphism is actually an isomorphism for n = 0
and n = 1, so that

H 4(M, N) = Homg (M, N),
Hg 4(M, N) = Extzg (M, N),
and for n = 2 it is a monomorphism

Extig (M, N) = HZ (M, N).
S. Hg,ab(M , N) and quadratic maps

In [10,11,19], Eilenberg and MacLane proved that, for any two abelian groups M, N, the cohomology group
H ;b(M , N) is isomorphic to the abelian group of quadratic functions from M to N. This fact was an algebraic
proof of a classic result by Whitehead [22], which states that the quadratic map n* : 7 X — m3X, induced by
the Hopf map 1 : S — S2, completely determines the homotopy type of a path-connected C W-complex X with
only non-trivial homotopy groups w2 X and 73X (recall that H jb (M,N) = H 4(K (M, 2), N)). When X is a pointed
G-space, the quadratic map n* : mpX — mw3X is a G-equivariant quadratic map and it is natural to enquire about
the relationship between the G-equivariant homotopy type of X, which is determined by its equivariant Postnikov
invariant k(X) € Hg,ab(an , m3X) (see Theorem 4), and the induced G-equivariant quadratic map n*. And also, to
enquire whether any G-equivariant quadratic map ¢ : M — N is induced from an equivariant homotopy 3-type of a
simply connected pointed G-space X.
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Let M, N be two G-modules. Then the third Eilenberg—MacLane cohomology group of the abelian group M with
coefficients in the abelian group N, Ha?’b(M, N) = H[',(M, N) is a G-module, where the G-action on 3-cocycles is

given diagonally. Let H;b (M, N)© be the subgroup of H a3b(M , N) of all G-invariant elements. We state below a main
result in this section.

Theorem 11. For any G-modules M and N, there is a natural exact sequence of abelian groups

0 — Ext2 (M, N) —> H3 (M. N) -5 H3, (M, N)¢ - Bxd, (M, N). (5.1)

Proof. We begin by describing the homomorphisms i, j and x. The monomorphism i is exactly the one given in
Theorem 10.
The “forgetting G homomorphism j is the cohomological expression of the obvious map Homy g6 (K (M, 2),

K (N, 3)) — Homyes, (K (M, 2), K (N, 3)). That is, for any abelian 3-cocycle h : M>UM|M UM?*|GUM|G* — N
JIhY = [hlysupu)-
To describe the homomorphism «, take [h] € H ;’b(M , N )G. Then
h:M>UM|M— N
is a normalized map satisfying 94 = 0 in Egs. (3.8)—(3.10) and °[h] = [k] for all ¢ € G. This last condition means
that there are normalized maps g, : M?> — N such that

-1 —1 —1
“h(® x,7 y,7 D=h(x, 9,2+ 8 .2 —&x+y,2)+ 8 (x,y+2) — g (x,V), (5.2)

ThC x| y) = h(x]y) + g (X, ¥) — g0 (3, X). (5.3)

Inserting “x, “y and ?z instead of x, y and z respectively in the above expressions and denoting again by /4 the
map

h:M*G— N
defined by A(x,y | 0) = g+ (°x, 7 y), the equalities (5.2) and (5.3) become

“h(x,y,2) —h(x,°y,%2) — h(y,z|o)+h(x+y,z|0) —h(x,y+z|0o)+h(x,y|0o) =0, 5.4
“hx|y) —h(x|%y) — h(x, ylo) + h(y, x|o) = 0. (5.5)
Then, let

R MYGPUM|G? > N

be the map defined by
Kn(x,ylo,r)="h(x,y 1) —h(x,ylor)+h("x,"y|0), (5.6)
kn(x|o,7,y)=0. (5.7

By using (5.4) and (5.5), it is routine and requires only care over the definitions to show that k, is a 3-cocycle of
the complex £& (M, N). Thanks to the isomorphism in Theorem 9 for n = 3, we define the homomorphism « by

«k[h] = [Rn] € Exts (M, N).

It is easy to verify thatx : H a3b (M, N)° — Ext}, (M, N) is a well-defined homomorphism of abelian groups.
We next prove the exactness of the sequence

ExtZg (M, N) - H2 (M, N) %> H3, (M, N)C.
Obviously, ji = 0. To prove that Ker(j) < Im(i), let j[h] = [hlp3upm] = 0. Then, there exists an abelian
2-cochain g : M> — N such that

h(x,y,2) =g(y,2) —glx +y,2) + gx, y +2) — g(x, y),

h(xb’) == g(-xa )’) _g(y5'x)7
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and we define amapﬁ: M?|G U M|G? — N by taking

h(x,y o) =h(x,y|a)—"gx,y) +gCx,%y),
ﬁ(xkf, t)=h(x|o,1).

An easy direct calculation shows that he E2(M, N), 3h = 0 and i[ﬁ] = [A]. Thus, Im(i) = Ker(j).
And finally, we prove the exactness of the sequence
H3 (M, N) > H3,(M. N)C 5 BxB; (M, N).
For any [h] € HZ (M, N) we have «j[h] = k[h|y30p] = [kn], where
kp(x o, 7,y) =0,
kp(x,ylo,7) = “h(x,y|1)—h(x,ylor)+h(x,"y]|o)
3.13
CL h(y|o,t)+h(x|lo,T) —h(x+y |0, 1).
Then the map h:M 2|G U M|G? — N given by the equalities
h(x|o, ) = —h(x|o, T),
h(x, ylo) =0

is a 2-cochain of £2 (M, N) and clearly oh = kp. Thus, kj = 0.

Let us now consider any [h] € H a3b(M , N)Y into the kernel of «, that is, k[i] = [Kx] = 0. Recall that ¥, is defined
by equalities~ (5.6) and (5.7), via a map h: M? | G — N such that equalities (5.4) and (5.5) hold. Since [k;] = 0,
there exists i € Eé (M, N) such that 3h = kJ,. Then, it is straightforward to verify that the map

W MPUM|MUM?GUM|G>—> N
defined by

R (x,y,2) =h(x,y,2),

K (x|y) = h(xly), ~

K (x,ylo) = h(x, ylo) — h(x, y|o),

K (x|o, T) = h(x]o, 7)
is actually an abelian 3-cocycle and clearly j[A'] = [k]. This complete the proof. [

Let us recall that a map g : M — N between abelian groups is called quadratic if the function M x M — N,
(x,y) = gx) + q(y) — q(x + y), is bilinear and g(—x) = ¢(x). The Whitehead quadratic functor I" [23] is
characterized by the universal property:

Hom(I'(M), N) = Quad(M, N),

where Quad(M, N) is the abelian group of quadratic functions from M to N.
The trace of an abelian 3-cocycle i : M> U M|M — N is the map

th : M — N, tp(x)=h(x|x).

An easy calculation shows that traces are quadratic maps, and Eilenberg and MacLane [10,11,19] proved that trace
determines an isomorphism

H>, (M, N) = Quad(M, N), [h] > 1. (5.8)

Suppose now that M and N are two G-modules. Then, both H jb(M , N) and Quad(M, N) are G-modules by
the diagonal G-action, and (5.8) is actually a G-module isomorphism. Therefore, it restricts to the corresponding
subgroups of all G-invariant elements

H3 (M, N)¢ = Quad(M, N)° = Quadg (M, N),
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where Quadg (M, N) is the abelian group of all quadratic G-maps from M to N. Taking into account this
isomorphism, the exact sequence (5.1) yields

Theorem 12. For any G-modules M and N there is an exact sequence

0 — Ex (M, N) —> H2 (M, N) —L> Quadg (M, N) - Ext, (M, N). (5.9)

Theorem 11 has an interesting interpretation in the equivariant homotopy theory of pointed spaces:
For M and N, two given G-modules, let

SY[M, N]

denote the set of equivalence classes of triples (X, «, 8), where X is a pointed G-space with 7; X = 0 foralli # 2,3
and «, B are isomorphisms of G-modules « : X = M, B : 13X = N. We say that (X, «, 8) is congruent with
(X', o', B') if there is G-equivariant pointed simplicial map f : X — X’ such that «’m2(f) = « and B'm3(f) = B
and then, that (X, &, B) is equivalent to (X', «’, B') if there is a zig-zag chain of congruences

(X, a, B) < (X1, 01, B1) = -+ < (X, @, Bu) = (X', ', B).

By Theorem 4, elements of Sf[M , N] are in one-to-one correspondence with the elements of the group
Hg’ab(M , N); more precisely, we have:

Proposition 13. For any G-modules M and N, there is a bijection
SCIM. N1= H} (M, N), [X., Bl > Bua*k(X),
where k(X) is the equivariant Postnikov invariant of X.
It follows from Theorem 12 that any [X, o, 8] € Sg[M, N] determines the G-equivariant quadratic map
Qixap = JBx"k(X) : M — N.
Therefore, we have a partition

SCIM, N1=][SIIM, N, q],
q

where, for each G-equivariant quadratic mapg : M — N, Sf [M, N, q] is the set of classes [X, «, ] € Sf [M, N]
that fulfill ¢ in the sense that gy , ,; = ¢.
On the other hand, each equivariant quadratic map g : M — N determines a cohomology class

Obs(q) = k(q) € Ext3; (M, N),

which we refer to as the obstruction of q. Then, the exactness of (5.9) in Quadg (M, N) implies the following:

Theorem 14. A G-equivariant quadratic function q : M — N is realizable, that is, Sf [M, N, q] # 0, if and only if
its obstruction vanishes.

And the exactness of (5.9) in Hg_ah(M , N) means that:
Theorem 15. If the obstruction of a quadratic G-map q : M — N vanishes, then there is a bijection
SCIM, N, q] = ExtZ; (M, N).

At the end of this section we consider two particular cases of Theorem 11.

Proposition 16. Let G act trivially on M and N, then there is an isomorphism

HJ (M, N) = Ext3; (M, N) & Quad(M, N).
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Proof. In the hypothesis of the theorem, we have H ;b(M LN =H sb(M , N) = Quad(M, N). Moreover, any abelian
3-cocycle of the abelian group M in the abelian group N, say

h:M>*UM|M — N,
defines an abelian 3-cocycle of the G-module M in the G-module N

n o MPUMIMUM?*GUM|G? — N,
simply by putting /| 357 = h and 1’| p2,6um G2 = 0. Then, the map

H(M,N) — H} (M, N), [h]+> [H],
is a group homomorphism that splits the homomorphism j of the sequence (5.1), and the proposition follows. O
Proposition 17. Let M, N be G-modules such that Hy(M) = 0 and Homyz(H3(M), N) = 0, where the H;(M) =
H;(M, Z) are the integral homology groups of the group M. Then the sequence

0 — Ext}; (M, N) ——> HZ (M, N) —1> Quadg (M., N) — 0.
is short exact.

Proof. Let us fix any quadratic G-map ¢ : M — N. By (5.8), there is an abelian 3-cocycle of the abelian group M
with coefficients in N, say & : M3 U M|M — N, with trace g, that is, such that h(x|x) = ¢g(x) for all x € M. Since
hlys - M 3 — N is an ordinary 3-cocycle of the group M with coefficients in the (trivial) M-module N, and by the
Universal Coefficient Theorem H 3(M , N) = 0, there is a normalized map g : M 2 _ N such that

h(x,y,2) =8y, 2) —g(x +y,2) +gx,y+2) —gx,y).

Then, & is cohomologous to the abelian 3-cocycle 2’ : M> U M|M — N given by
h'(x,y,2) =0,
W (x]y) = h(x | y) —g(x, y) +g(y, x).

Let us now define, for each o € G, the map A, : M3 U M|M — N by
ho(x,y,2) =0,
ho (xly) = 7h' (x|y) = h'Cx | 7y).

It is easy to check that so defined, each &, is an abelian 3-cocycle of the abelian group M with coefficients in N and,
moreover, with zero trace:

thy(X) =he(x | x) ="h'(x | x) =K' (°x | 7x) =%q(x) —q(°x) =0,

since g is G-equivariant. It follows that 0 = [h,] € Ha3b(M , N), that is, there is a map gq : M? — N such that
he(x,9,2) =0=g5(y,2) —8o(x +y,2) + 8o (x, ¥y +2) — go(x, ¥),
ho (Xy) = g6 (x, y) — 8o (¥, X).

Since Ho(M) = 0, the Universal Coefficient Theorem implies that the canonical injection Ext} (M, N) —
H?(M, N) is an isomorphism and, therefore, every group extension of M by N is abelian. This is equivalent to saying
that every ordinary 2-cocycle of the group M with coefficients in the (trivial) M-module N, say f : M> — N, satisfies
the symmetric condition f(x, y) = f(y, x). In particular, we have g, (x, y) = g»(y, x), whence h,(x | y) = 0, for
allo € G and x, y € M. Therefore, we have the equality 2’ (xly) = #'(°x | °y). Then the map

B MPUMIMUM?*GUM|G?> — N,

defined by h'(x,y,2) =0, A’ (xly) = h(x | y) — g(x,y) + g(y, x), as above, and #'(x, y|o) = 0 and h'(x|o, ) = 0,
is an abelian 3-cocycle of the G-module M with coefficients in the G-module N. Clearly its trace is

t(x) = h'(x|x) = h(x]x) = g(x),

thatis j[h'] = ¢. Hence the homomorphism j in the sequence (5.9) is surjective, whence the proposition follows. [
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6. Braided graded categorical groups and classification results

As mentioned in the introduction, this last section is dedicated to showing precise theorems on the homotopy
classification of braided G-graded categorical groups and their homomorphisms. The results are stated and proved by
means of the cohomology theory of G-modules H (M, N) studied throughout the previous sections.

We shall begin by recalling some needed terminology about graded monoidal categories and the definition of
braided G-graded categorical groups, for G a given group.

We regard the group G as a category with one object, where the morphisms are elements of G and the composition
is the group operation. A grading on a category G is then a functor, say gr : G — G. For any morphism f in G,
we refer to gr(f) = o as the grade of f and say that f is a o-morphism. The grading is said to be stable if for
any object X of G and any o € G there exists an isomorphism X = Y with domain X and grade o; in other words,
the grading is a cofibration in the sense of Grothendieck [15]. A functor F : G — H between graded categories is
called a graded functor if it preserves grades of morphisms. From [15, Corollary 6.12], every graded functor between
stably G-graded categories is cocartesian. Suppose F’ : G — H is another graded functor. Then, a graded natural
equivalence 6 : F — F’ is a natural equivalence of functors such that all isomorphisms 0y : FX — F’X are of
grade 1. If G is a graded category, the category Ker G is the subcategory consisting of all morphisms of grade 1. A
graded functor F : G — H between stable graded categories is an equivalence if and only if the induced functor
F : KerG — Ker H is an equivalence of categories [15, Proposition 6.5].

For a G-graded category G, we denote by G x g G the subcategory of the product category G x G whose morphisms
are all pairs of morphisms of G with the same grade. This category G x ¢ G has an obvious grading, which is stable
if and only if the grading of G is as well.

A braided G-graded monoidal category G .= (G, gr, ®,1, A, L, R, C) consists of a category G, a stable grading
gr : G — G, graded functors ® : GxgG — G and I : G — G, and graded natural equivalences defined by
isomorphisms of grade 1 Axyz : X ®Y)® Z S X® Y®Z),Ly :1®X S X,Ry : X®I > X and
Cxy: X®Y Sy ® X, such that for any objects X, Y, Z, T of G the following four coherence conditions hold:

Axv,zeT Axer,z,T = (idx ® Ay,z,1) Ax,yez T (Ax,v,z ® idT), 6.1)
(idx ® Ly) Ax,1,y = Rx ® idy, (6.2)
(idy ® Cx.z) Ay x.z (Cxy ®idz) = Ay.z.x Cx.yoz Ax.v.Z, 6.3)
(Cx.z ®idy) Ay', y (idx ® Cyz) = A7y y Cxev.z AYly 4. (6.4)

If G, H are braided G-graded monoidal categories, then a braided graded monoidal functor F = (F, @, &) :
G — H consists of a graded functor F : G — H, and natural graded equivalences defined by 1-graded isomorphisms
Pxy  FXQ®FY = F(X®Y)and &, : 1 - FI, suchthat, forall X, Y, Z € G, the following coherence conditions
hold:

Px yoz (idrx ® Py,z) Arx,Fy.Frz = F(Axy,7) Pxev,z (Px )y Qidrz), (6.5)
F(Rx) &x1(idrx ® 95) = Rpx, F(Lx) P x (P« ®idrx) = Lrx, (6.6)
Py x Crx,ry = F(Cxy) Pxv. 6.7)

Suppose F’ : G — H is another braided graded monoidal functor. A homotopy (or braided graded monoidal

natural equivalence) 0 : F — F'isa graded natural equivalence such that, for all objects X, Y € G, the following
coherence conditions hold:

Py y(0x ® by) = Oxey Px.v. 61 D, = B,. (6.8)

For later use we state here the lemma below, whose proof is parallel to Lemma 1.1 in [4].

Lemma 18. Every braided graded monoidal functor F = (F, ¢, ®,) : G — H is homotopic to a braided graded
monoidal functor F' = (F', &', &) with F'l =1 and &, = id.

A braided categorical group [18] is a braided monoidal category in which every morphism is invertible and, for
each object X, there is an object X’ with a morphism X ® X’ — L If G is a braided G-graded monoidal category,
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then the subcategory Ker G inherits a braided monoidal structure. When Ker G is a braided categorical group, then
G is said to be a braided G-graded categorical group. Since Ker G is a groupoid if and only if G is, we make the
following:

Definition 19. A braided G-graded categorical group is a braided G-graded monoidal groupoid such that, for any
object X, there is an object X" with an arrow X ® X’ — I of grade 1.

We denote by BCG¢ the category of braided G-graded categorical groups, whose morphisms are the braided
graded monoidal functors between them. Homotopy is an equivalence relation among morphisms of BCG¢ and it is
compatible with compositions in BCG . We can therefore define the homotopy category of braided graded categorical
groups to be the quotient category with the same objects, but morphisms are homotopy classes of braided graded
monoidal functors. A braided graded monoidal functor inducing an isomorphism in the homotopy category is said
to be a braided graded monoidal equivalence and two braided graded categorical groups are equivalent if they are
isomorphic in the homotopy category.

The homotopy classification of braided G-graded categorical groups is our major objective. For, we will associate
to each braided G-graded categorical group G the algebraic data 790G, 71G and k(G), which are invariants under
braided graded monoidal equivalence. We next introduce the first two.

— oG is the abelian group of 1-isomorphism classes of the objects in G where multiplication is induced by the tensor
product.
— 11 G is the abelian group of 1-automorphisms of the unit object I where the operation is composition.

Thus, 7;G = 7;Ker G, i = 0, 1, the first invariants of the braided categorical group Ker G considered by Joyal and
Street in [18]. Note that 71 G is abelian since the multiplication 711G x 711G — 711G, (a,b) — Li(a ® b)L;], is a
group homomorphism [9]. The group oG is also abelian because of the braiding. Next we observe that both oG and
G are G-modules.

If o € G and [X] € myG, then we write

whenever there exists a morphism of grade o, X — X’. Since the grading on G is stable, °[X] is defined
for all 0 € G and [X] € 7pG. The map (o, [X]) — 9[X], is well defined since every morphism in G is
invertible: if g : X — X' and ¢’ : Y — Y’ are both o-morphisms and & : X — Y is an 1-morphism, then
h' = g'hg™! : X’ — Y’ is an 1-morphism. Therefore, [X'] = [Y'] € m(G. If g and g’ are any two o -morphisms as
before, then g®¢g’ : X®Y — X'®Y’is also a o-morphism; whence, ° [X®Y] = [X'®Y'] = [X'][Y'] = 7[X] °[Y].
Furthermore, if o, 7 € G, then for any [X] € 7¢G, any t-morphism # : X — Y and any o-morphism g : ¥ — Z,
since the composition fg is a o T-morphism, we have °*[X] = [Z] = ?[Y] = 2 (*[X]). Hence, 7¢G is a G-module.
The G-module structure on 771G is easier to explain. For any o € G and any arrow a : [ — I'in G of grade 1, it is

a=1(c)allc)"\. (6.10)

The mappings G — m;G, i = 0, 1, are functorial from the category of braided G-graded categorical groups to
the category of G-modules. Moreover, since any braided graded monoidal functor between braided graded categorical
groups is a braided graded equivalence if and only if its restriction to kernels is a braided equivalence, then, by [18]
and by a little modification of the proof of [4, Proposition 1.3] (see also [12]), the proposition below easily follows:

Proposition 20. (i) Every braided graded monoidal functor F : G — G’ between braided G-graded categorical
groups induces homomorphisms of G-modules
mFmi(G) - (G, i=0,1,

given by moF : [X]+— [FX], miF :a+— §Z5*_IF(a) b,.

(ii) Two homotopic braided graded monoidal functors induce the same homomorphisms of G-modules.

(iii) A braided graded monoidal functor is a braided graded monoidal equivalence if and only if the induced
homomorphisms of G-modules, moF and 7\ F, are isomorphisms.

We shall now establish the following terminology.
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Definition 21. A braided G-graded categorical group of type (M, N), where M and N are G-modules, is a triple
(G, @, B) in which G is a braided G-graded categorical group, and « : 710G = M and 8 : 711G = N are G-module
isomorphisms.

If (G, &', B') is a braided G-graded categorical group of type (M’, N’), then a braided graded monoidal functor
F : G — G is said to be of type (p,q), where p : M — M’ and g : N — N’ are G-module homomorphisms,
whenever the two diagrams below commute:

706 —%—> M G —2— N
noFl \LP ﬂlFl lp
oG’ LN M, G L N'.

Two braided G-graded categorical groups of the same type (M, N), say (G, a, B) and (G/, &', B'), are equivalent
if there exists a braided graded monoidal functor (necessarily an equivalence by Proposition 20) F : G — G’ of type
(idy, idy), that is, such that @’ moF = o and B’ m F = B.

The set of equivalence classes of braided G-graded categorical groups of type (M, N) is denoted by

BCGGIM, N1.

Next, we shall prove that 3-cocycles in Cg (M, N) are the appropriate data to construct the manifold of all braided
G-graded categorical groups of type (M, N) up to equivalence.
Every abelian 3-cocycle i € ng,,,,(M, N),

h:M>UM|MUM?*GUM|G?> — N,
gives rise to a braided G-graded categorical group of type (M, N),
G(h) = (G(h), an, Bn), (6.11)

which is defined as follows: the objects of G(h) are the elements of M; an arrow x — y in G(h) is a pair
(a,0) :x — ywherea € N and o € G verifying x = y.
The composition of two morphisms x @) y & z is defined by
(b, t)a,0)=0b+Ta+h(x|z1,0),10). (6.12)

This composition is unitary thanks to the normalization condition of 4 and it is associative owing to the 3-cocycle
condition dh = 0 in (3.14). Note that every morphism is invertible, indeed

@o) ' ==""a—hx|o o).

Hence, G(h) is a groupoid.
The stable G-grading is given by gr(a,o0) = o.
The graded tensor product ® : G(h) xg G(h) — G(h) is defined by

( (a,0) , (b,o) (a+b+h(x,x'|0),0)

x—>y)®(x —>y/):(x+x’ y+y’), (6.13)

which is a functor thanks to the 3-cocycle condition 34 = 0 in (3.13) and the normalization condition of /.
The associativity isomorphisms are

Ax,y,zz(h(xayvz)a1)3(X+y)+Z—>x+(y+Z), (614)

which satisfy the coherence condition (6.1) because of the 3-cocycle condition /2 = 0 in (3.8). The naturalness here
follows since 02 = 0 in (3.11).
The unit graded functor I : G — G(h) is defined by

1(0) = 0 %% 0), 6.15)
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and the unit constraints are identities: L, = (0, 1) = R, : x — x.
The braiding for G (k) is given by

Cry=(h(xly),D:x+y — y+x. (6.16)

The cocycle conditions a2 = 0 in (3.9) and (3.10) amount precisely to the coherence conditions (6.3) and (6.4)
respectively. The naturalness of the braiding follows since 02 = 0 in (3.12).

Thus, G(h) is a braided G-graded monoidal groupoid, which is actually a braided G-graded categorical group
since, for any object x of G(h), we have x @ (—x) = x + (—x) =0 =1

Finally, we recognize that G(#) is of type (M, N) by means of the obvious G-module isomorphisms

ap cwoGHh) =M, Bn:mGHh) ZN, (6.17)
which are defined by
ap(x) =x, Pua,l)=a.

With the device & — G(h), h € Zgyab(M , N), we are ready to prove the main results in this section. The next
theorem deals with the classification of braided graded monoidal functors between braided G-graded categorical

groups of the form G(#), and the following one shows that every braided G-graded categorical group is equivalent to
G (h) for some h.

Theorem 22. Let h € Z3 (M, N), h' € Z3 ,(M’', N') be abelian 3-cocycles, where M, N, M', N' are G-modules,
and suppose that p : M — M' and q : N — N’ are any given G-module homomorphisms.

Then, there exists a braided graded monoidal functor G(h) — G(h') of type (p, q) if and only if the abelian
3-cocycles p*h’', q.h € Zg.ab(M , N') represent the same cohomology class, that is, if and only if

0 = p*[h'] — qslh] € HZ ,(M, N').

Furthermore, when p*[h'] = q«[h], homotopy classes of braided monoidal functors G(h) — G(h') of type (p, q)
are in bijection with elements of the group HGZ’,,,,(M ,N).

Proof. We first assume that p*[h'] = g.[h] € Hé’yab(M, N’). Then, we have g.h = p*h’ + dg, for some
g€ C%’a,,(M , N) which determines a braided graded monoidal functor of type (p, ¢)

F=F(g) :Gh) - GH'), (6.18)
given by
Flx “2 y) = (ptr) LD p(y)) (6.19)

together with the isomorphisms @ of grade 1

Pry = (g, ), D) : p(x) + p(y) = plx +y) (6.20)
and

&, =id =(0,1): p(0) = 0.

So defined, it is routine to check that F' is actually a functor because of the equality (3.7) and the normalization
condition of g. The isomorphisms &y , define a graded natural equivalence F'(—) ® F(—) = F(— ® —) owing to
the coboundary condition (3.6). The coherence conditions (6.5) and (6.7) hold thanks to (3.4) and (3.5) respectively,
whilst (6.6) is trivially verified. Since oy moF (x) = p(x) = paoy(x) and By w1 F(a, 1) = g(a) = q Bir(a, 1), we see
that F is actually of type (p, g).

Conversely, suppose that F = (F, &, &,) : G(h) — G(h') is any braided graded monoidal functor of type (p, q).
By Lemma 18 there is no loss of generality in assuming that F satisfies that ¢, = idy = (0, 1). Then, F acts as p on
objects, since oy moF = p ay, and

(a,1) (g(a),1)
—

F(0 0)=0—>0,
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for any a € N, since By w1 F = q fj. Furthermore, by coherence condition (6.6), one has &, o = id, = 9g , for all

. . .1 . ,1 .1
X € M and then, since every morphism of grade 1, say x @l x, can be expressed in the form x @R x =0 @R

0)® (x @ x), we deduce by naturalness that

F(x ) = F (0“2 0) o r (x 22 x) = (0% 0) o (e 2 peo)

(@), 1)
=plx) — pW).

If we write foreacho € Gandx € M

(g(xl0),0)
F(x &% ox) = (p(x) ——>p).  glxlo) € N,

and

(g(x,y),1)
_—

Dry=(x+y x+y), g,y enN, 6.21)

for each x,y € M, we get an abelian 2-cochain g : M?> U M|G — N’ ¢ Cg_ab(M, N'), which determines F

completely. Indeed, for any morphism in G (k) say x (a—>a) y, we have

Fy) = Fr o) F =)
= (p) YD py) (pr) U2 () (6.22)

(a+g(x|o),0)

= px)———pO).

It is now straightforward to see that the equality g.2 = p*h’ + dg amounts to the conditions of F being a
braided graded monoidal functor. More precisely, the equality g.h(x, y,z) = p*h'(x,y,z) + 9g(x, y, z) follows
from the coherence condition (6.5); g+h(x|y) = p*h'(x|y) + dg(x|y) is a consequence of (6.7); gih(x, ylo) =
p*h'(x, ylo) + dg(x, ylo) owing to the naturalness of the isomorphisms &, , and the equality g.h(x|o, 7) =
p*h (x|o, T) + dg(x|o, ) is a direct consequence of F being a functor. Therefore, g,/ and p*h’ are cohomologous
abelian 3-cocycles of the G-module M with coefficients in N’, as claimed.

To prove that homotopy classes of braided monoidal functors G(h) — G(#’) of type (p, ¢) are in bijection with
elements of the group HGz_ab(M , N'), we shall stress that we have actually proved before that the mapping g +— F(g),
given by construction (6.18), induces a surjection from the set of those abelian 2-cochains g € Céah(M , N') such that
g+h = p*h’ + dg onto the set of homotopy classes of braided graded monoidal functors G(k) — G (k') of type (p, q)
(compare formulas (6.21) and (6.22) with (6.19) and (6.20) respectively).

We now note that if we fix any go € Céab(M , N') satisfying g.h = p*h’ 4+ dgo, which exists under the hypothesis
P*[A'] = g«[h], then any other such abelian 2-cochain g; € Cg,ah(M, N’) with g.h = p*h’ + dg1, is necessarily
written in the form g; = go + g with dg = 0, that is, where g € Z2 (M, N').

Then, to complete the proof of the theorem, it suffices to prove that two braided graded monoidal functors F(go+g)
and F(go + g), where g, g’ € Z2 (M, N'), are homotopic if and only if the g and g’ are cohomologous:

Let g’ — g = df for some f € CL (M, N’). Then the following family of isomorphisms of grade 1 in G(4’),
(f (), 1)
br 1 plx) "—
defines a graded natural equivalence 6 : F(go + g') — F(go + g) thanks to the condition (3.3), which also verifies
the condition (6.8) due to the equality (3.2). That is, 6 is a homotopy of braided graded monoidal functors.
And conversely, if 0 : F(go + g') — F(go + g) is any homotopy of braided graded monoidal functors and we
write 6, = (f(x),1) : p(x) = p(x) foramap f : M — N, then one can easily check that f € C};,ab(M, N’) and
g —g=0f. 0O

px), xeM,
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Corollary 23. Let h, h’ € Zg’ab(M, N) be two abelian 3-cocycles of a G-module M with coefficients in a G-module
N. Then, G(h) and G(h') are equivalent, as braided G-graded categorical groups of type (M, N), if and only if h
and h' are cohomologous.

Proof. By definition, G(h) and G(h') are equivalent whenever there exists a braided graded monoidal functor
G(h) — G(I') of type (idy, idy), which, by Theorem 22, occurs if and only if 0 = [A'] — [h] € Hgya,,(M, N). O

Theorem 24. For any G-modules M and N, the map h — G(h), h € Z?;Yab(M, N), induces a bijection between

elements of the cohomology group Hg,ab(M , N) and equivalence classes of braided G-graded categorical groups of
type (M, N). Hence there is a bijection

BCGGIM, N1= Hg (M, N),  [G,a, Bl o*Bk(G),
where we refer to k(G) € Hg.a,,(m)G, 11G) as the Postnikov invariant of the braided G-graded categorical group G.

Proof. By the previous Corollary 23, the correspondence [2] +— [G(h)] is a correctly defined injective map
Hgyab(M ,N) = BCGg[M, N]. Therefore it only remains to prove that this map is onto, that is, that every braided

G-graded categorical group of type (M, N), say G = (G, «, ), is equivalent to one G (%) for some & € ZG w(M, N).
To simplify the notation, we can assume, without loss of generality, that the G-module isomorphisms « and 8 are
identities, that is, 7¢G = M and 711G = N.

Recall now that a (co)fibred category is skeletal when all its fibre categories are skeletal. In particular, a graded
category is skeletal when any two objects isomorphic by an isomorphism of grade 1 are equal. The braided G-
graded categorical group G is equivalent to a skeletal one, say G, which can be constructed as follows: for each
Xx € M, let us choose an object O, € x, with Op = I, and for any cher O € x, we fix a 1-morphism
@, 1 O — Oy, with 450 = ido,, § B0, = =L, and & oeer = R, - Let G be the full subcategory of G whose
objects are all Oy, x € M. Then G is stably G-graded with grading gr = grig G — G; the inclusion
functor G <> G is a graded equivalence and clearly G is skeletal. Now, the braided graded categorical group
structure of G can be transported to G, in a unique way such that the inclusion functor G < G, together with
the isomorphisms Po,.0y = Po,00, 1 Ox ® Oy = O ®0y = Ox—i-) and &, = idI, turns out to be abraided graded

((G ar, R, T X Z f?\ 5) the unltIls strict in the sense that L = id = R.

Hence it is no loss of generality if we suppose that G is a skeletal braided G-graded categorical group in which
the unit constraints are identities, and also 710G = M, m1G = N.

Then, the following facts hold: ObG = M and x ® y = x + y for all x, y € M. The (strict) unit object is I = 0,
Autj(0) = Nanda ® b = a+b = abforalla,b € N.Forany x € M, N = Aut|(x) by the isomorphism
a +— a ® id,; furthermore,

a®idy =idy Qa (6.23)

for any a € N (by [18, Proposition 2.1] and the naturalness of the braiding). If x, y € M and o € G, then there exists
a o-morphism in G, u : x — y if and only if “x = y (according to (6.9)). For any such morphism « : x — y, of
grade o, we have the composite bijection

u*

N = Auty(y) = Hom, (x,y), avr> (a®idy)u, (6.24)
between elements of N and arrows of grade ¢ in G from x to y = ?x; further,

Io)Qu=u=u®Il(o) (6.25)
(due to the naturalness of the unit constraints) and, for alla € N,

u@®idy) =Ca®idy)u. (6.26)
In effect,

Caid)u ) Ca®idy) 1(0)®u) = Calle) ® u)

19 1) a @ u) = (o) @ u) (a @ idy) 2 u (a @ idy).
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We now choose, for each 0 € G and x € M, a morphism in G with domain x and grade o, say
Uy o :x > y=%x, withuge =1(0), uy,] =idy
and, for each a € N, we shall write

R (aQidy)uy,s
x ATy o O (6.27)

That is, we are denoting by (a, o) : x — y the o-morphism from x to y that corresponds to a by the bijection (6.24)
for u = uy . Thus, for example, we have the equalities

x@)y:x%y, x%x:x%x,

x&x :x&x, OMO=O£>O, (6.28)
xﬂy ©.27) (yﬂy)(xﬂy), (6.29)
x(”a—ﬁ;y 6226 (x%}’)(xﬂ)’), (6.30)
(x (a,1) ©)(x ®.1) ) = (xwx)’ (6.31)

since (a ® idy)(b Q idy) = (a + b) ® id,

(b.1) )

(.X (a,1) X ) ® ( y y (a+b,1)

= (x+vy x+y), (6.32)

. . . 6.23 .
since (a ® idy) @ (b ® idy) = (a+b)®idyyy.
All in all, we are now ready to build a 3-cocycle h = hC ¢ Zg.ab(M , N) such that G(h) >~ G. For we begin by
determining a 3-cochain

h:M*UM|MUM?GUM|G* — N,
by the four equations below.

(v 55 2)(x

foro,t€ G, xeM,'x=y,°y=z

0,7)

y ) _ (x (h(x|o,T),07) p )’ (633)

) , h(x,x'|o),

(x 0,0) }’)®(x/ 0,0) y’) _ (x+x’ (h(x,x"|0),0) y+y/), (6.34)

foroc € G, x,x eM,’°x =y, °x' =y/;
Ce ),

(x—l—y Yy y+x) _ (x—l—y (h(x]y), 1) y+X), (6.35)

forx,y e M,
Ax,y.z (h(x,y,2),1)

(GHN+z—"2x+0+2) = (G+N+z—""=x+(+2)). (6.36)

forx,y,ze M.

So defined, this 3-cochain 4 completely determines the braided graded strictly unitary monoidal category structure
of G, since the following two equalities hold:

( y b,7) z )( X (a,0) y ) _ ()C (b+a+h(x|r,0),T0) z )’ (637)

( X (a,0) y ) ® ( + (b,0) y, ) _ ( 4 + (a+b+h(x,x'|0),0) v+ y/ ) (638)
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forallo, 7 € G,x,x',z€ M,°x =y,%x' =y, "y = z. In effect,

(6 29) (6 30)

(b, 7)(a,0)

(b, 1)(0,7)(a, 1) (0,0) b, 1 (a,1)0,0)

©2) b, 1) (Fa, 1) 0, 7) 0,0) "= 4 470 1) (h(x|z, 0), T0)
2 (b+Ta+h(x|t,0), 10),
(@,0)® (b,o) 2 ((a,1)(0,0)) & (b, 1) (0, )
= (@ 1) ® b 1) (0.0)® 0, 0) 2 @15, 1) (h(x. x|0). 0)
(629)

(@a+b+h(x,x'0),0).

It is now easy to conclude from equalities (6.28), (6.37) and (6.38) that % is actually an abelian 3-cocycle of the
G-module M with coefficients in N. Since the composition and tensor in G are unitary and I is a functor, then the
normalization of & follows from the equalities (6.25), (6.2) and [18, Propositions 1.1 and 1.2]. The cocycle condition
dh = 0 in (3.14) follows from the associativity law for morphisms in G. That 32 = 0 in (3.13) is a consequence
of the graded tensor product ® : Gxg G — G being functorial. The equality 2 = 0 in (3.8) holds because of
the coherence pentagons (6.1), and 042 = 0 in (3.11) follows from the naturalness of the associativity constraints.
The cocycle conditions a2 = 0 in (3.9) and (3.10) are verified owing to the coherence conditions (6.3) and (6.4)
respectively. And, finally, the naturalness of the braiding implies that 32 = 0 in (3.12).

Hence h® = h € Zng,b(M, N) and, by comparison equalities (6.12) with (6.37), (6.13) with (6.38), (6.15) with
(6.28), (6.14) with (6.36) and (6.16)with (6.35) respectively, it is obvious that G(h#) and G are isomorphic braided
G-graded categorical groups of type (M, N). This completes the proof of theorem. O

The classifying results stated in this section can be summarized as follows (cf. [18, Theorem 3.3]).
Let H3 be the category whose objects (M, N, k) consist of G-modules M, N and cohomology classes k €

HZ (M, N). An arrow (M, N, k) = (r.g)
N’ such that g,k = p*k/,

(M', N', k') is a pair of G-module homomorphisms p : M - M',q : N —

H3 (M. N) L5 B3 (M, N') <" HD (M N).
k+———— gk = p*k' =<—F/.
Then, we have the classifying functor

cl: BCGGg — H .
G+ (710G, m,G, k(G)),
F > (moF, m F),

which has the following properties:

(i) For any object (M, N, k) € Hg,ab, there exists a braided G-graded categorical group G with an isomorphism
c(G) = (M, N, k).

(ii) For any morphism (p, gq) : c/(G) — cl(H), there is a braided graded monoidal functor F : G — H such that
cl(F)=(p,q).

(iii) cI(F) is an isomorphism if and only if F is a braided graded monoidal equivalence.

(iv) For any arrow (p, q) : cl(G) — cI(H), homotopy classes of braided graded monoidal functors F : G — H
such that ¢/ (F) = (p, q) are in bijection with elements of the group Héab(no(G, w1 H).

As a final comment, we stress that, as a bonus from Proposition 13 and Theorem 24, for any two G-modules M, N
we have a bijection

SC[M, N1 = BCGG[M, N1,

between the set of equivariant weak homotopy classes of pointed G-spaces X withm; X = Oforalli # 2,3, mX =M
and 73X = N and the set of homotopy classes of braided G-graded categorical groups G with 710G = M and



436 AM. Cegarra, E. Khmaladze / Journal of Pure and Applied Algebra 209 (2007) 411-437

71G = N. This bijection can be illustrated by the construction below of a braided G-graded categorical group G(X)
associated to a pointed G-space X, which represents its equivariant 3-type when X is 1-connected.

Let X = (X, %) be a (topological) space on which the (discrete) group G acts by pointed homeomorphisms. Then,
the objects of G(X) are the double loops in X based on ; that is, all the maps from the square / x I into X which
are constant along the edges, say w : (I2,91%) — (X, %). A morphism w — ' of grade o € G is a pair ([k], o),
where [h] is the homotopy class (relative to 81) of a path between 2-loops & : “@w — «'. That is, a o-morphism in
G, ([h],0) : @ — &, is represented by a relative map £ : (I3,91% x I) — (X, %) with h(s,7,0) = w(s, t) and
h(s,t,1) = &/(s, 1); two such h, h’ are equivalent whenever there exists a map H : (I*, 91> x 1?) — (X, %) such
that H(s,t,u,0) = h(s,t,u), H(s, t,u, 1) = h'(s, t,u), H(s, t,0,v) = w(s,t) and H(s, t, 1,v) = &'(s, 1).

The composition is induced by the usual vertical composition of homotopies, according to the formula
([h'], ©)(h], 0) = ([h o Th], To), where

T h(s,t,2u) 2u
/ T _ s by
(ho h)(s’t’u)_{h/(s,t,Zu—l) 2u

The graded monoidal structure is induced by the H-group structure of the loop space 22(X, %); thus, the graded tensor
product is given on objects by concatenation of 2-loops

1
1.

IV IA

* * *

®

* *

*

w(s,t) ' (s,t) (2s,t) o' (2s—1,1)

* * * *

*

and on morphisms with the same grade by the horizontal composition of homotopies. The 1-graded associativity
and unit constraints are defined to be the equivalence classes of the respective standard homotopies proving the
associativity and unit of the loop composition, and the 1-graded braiding isomorphisms are the equivalence classes of
the ordinary homotopies showing the commutativity of the second homotopy groups of spaces, namely

k —— k —— % k —— k —— % k —— k —— % k —— k —— %
w o' > k== X k—=——k=——x 04 w
k —— k —— % k —— k —— % k —— k —— % k —— k —— %
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