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SOME ALGEBRAIC APPLICATIONS OF GRADED CATEGORICAL
GROUP THEORY

AM. CECARRA AND A.R. GARZON

ABSTRACT. The homotopy classification of graded categorical groups and their homo-
morphisms is applied, in this paper, to obtain appropriate treatments for diverse crossed
product constructions with operators which appear in several algebraic contexts. Precise
classification theorems are therefore stated for equivariant extensions by groups either
of monoids, or groups, or rings, or rings-groups or algebras as well as for graded Clif-
ford systems with operators, equivariant Azumaya algebras over Galois extensions of
commutative rings and for strongly graded bialgebras and Hopf algebras with operators.
These specialized classifications follow from the theory of graded categorical groups after
identifying, in each case, adequate systems of factor sets with graded monoidal functors
to suitable graded categorical groups associated to the structure dealt with.

1. Introduction

Graded categorical groups provide a suitable categorical setting for the treatment of an
extensive list of subjects with recognized mathematical interest. Let us briefly recall
that, if [ is a group, then a I'-graded categorical group is a groupoid G equipped with
a grading functor gr : G — I' and with a graded monoidal structure, by graded functors
®:Gx. G — Gand I :I' — G, such that for each object X, there is an object
X' with a 1-graded arrow X ® X’ — [ (see Section 2 for the details). These graded
categorical groups were originally considered by Frohlich and Wall in [20] to study Brauer
groups in equivariant situations (see also [18, 19, 21]). Indeed, the principal examples in
that context are either the Picard, or the Azumaya or the Brauer I'-graded categorical
groups defined by a commutative ring on which the group I' acts by automorphisms.
Several other examples of graded categorical groups that deal with algebraic problems
are considered in this paper, but there are also interesting instances arising in algebraic
topology (see [4, 6]). Furthermore, in the same way which was dealt with by Sinh the
ungraded case [36], homotopy classifications theorems for graded categorical groups and
their homomorphisms have been shown in [6]. From these general results derive then the
utility of graded categorical group theory either in equivariant homotopy theory or group

Financially supported by DGI of Spain and FEDER, Project: BFM2001-2886

Received by the editors 2002-06-26 and, in revised form, 2003-05-07.

Transmitted by Ieke Moerdijk. Published on 2003-05-22.

2000 Mathematics Subject Classification: 18D10, 20J06, 20M10, 20M50, 16535, 16W50, 16HO05,
16W30..

Key words and phrases: graded categorical group, graded monoidal functor, equivariant group co-
homology, crossed product, factor set, monoid extension, group extension, ring-group extension, Clifford
system, Azumaya algebra, graded bialgebra, graded Hopf algebra.

© A.M. Cegarra and A.R. Garzén, 2003. Permission to copy for private use granted.

215



216 A.M. CEGARRA AND A.R. GARZON

extensions with operators. In this article, our goal is to state several theorems solving a
selected list of classification problems of equivariant algebraic nature and to prove them
by using also the above quoted abstract results on the homotopy classification of graded
categorical groups and their homomorphisms.

The equivariant classification results we obtain along the paper mainly concern com-
mutative rings on which an action by automorphisms from a group I' is given. These
so-called I'-rings are a classical subject of investigation in Algebra as either the 14th
Hilbert’s problem and the invariant theory, or even the more recent equivariant algebraic
K-theory, make clear (cf. [31]). More precisely, the most striking I'-rings we consider as
a matter of study are central simple I'-algebras over a field or, more generally, central
separable I'-algebras over a commutative ring k, whose classes are indeed the elements
of the equivariant Brauer group of k (see [17, 18, 19, 20, 21]). Azumaya I'-algebras are
also in the heart of Long’s Brauer groups [28] (cf. [2, chapter VI]). If R is a commutative
[-ring and R/k is a Galois extension, with Galois group G, splitting a central separable
[-algebra A, then A represents, in the equivariant Brauer group, the same element than a
strongly G-graded I'-algebra whose 1-component is R, that is, a (G, R)-graded I'-Clifford
system. This is the reason why we pay attention to these last kind of I'-rings. Moreover,
in the particular case that the Picard group of R vanishes, then the structure of such
Azumaya I'-algebras is precisely that of a ['-equivariant crossed product algebra of R by
G and this justifies its separate study in Section 5. When the ground ring k = 7Z then,
the possibility of offering an unified treatment of that theory together with the one of
extensions of groups with operators motivates the study about I'-RINGS-GROUPS we
carry out in Section 4.

The plan of this paper is briefly as follows. In the second section we summarize what
will be needed in the paper regarding graded categorical groups theory and also on the
equivariant cohomology theory of groups with operators studied in [5]. Theorem 2.2,
in the second section, shows a classification of the homotopy classes of graded monoidal
functors between graded categorical groups with discrete domain. It is of special relevance
because suitable specializations of it lead to the classification of several kinds of systems of
factor sets for the diverse types of “crossed product constructions with operators” studied
throughout the subsequent sections.

In the third section we deal with the general problem of equivariant perfect Rédei
extensions of monoids by groups when a group of operators I' is acting on both structures
(also called equivariant monoid coextensions of groups). This problem includes that of
group extensions with operators studied in [6, 37]. We develop here an equivariant factor
set theory for equivariant extensions of I'-monoids by I'-groups. Since these equivariant
factor sets become graded monoidal functors from the discrete graded categorical group
associated with the group to the holomorph graded categorical group of the monoid, we
can deduce the desired cohomological classification for equivariant perfect extensions of a
[-monoid by a ['-group from the categorical results.

The next section is devoted to the classification of extensions of RINGS-GROUPS with
operators. Our results extend to the equivariant case the theory developed by Hacque in
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[24, 25] and they are directly applicable both to the theory of I'-group extensions and to the
theory of crossed product I'-rings. We explain a theory of mixed crossed products with
operators that reveals how graded monoidal functors, from discrete graded categorical
groups to the graded categorical groups of holomorphisms of I-RINGS-GROUPS, are the
most suitable systems of data to construct the survey of all equivariant extensions of any
RING-GROUP with operators by a group with operators.

In the following section we focus our attention on the classification of graded Clifford
systems (also called strongly graded algebras) with operators, which were introduced
by Dade [12, 13] to develop Clifford’s theory axiomatically. The key in obtaining that
classification lies in the fact that giving a graded I'-Clifford system is equivalent to giving
a graded monoidal functor from discrete graded categorical groups to I'-graded Picard
categorical groups of I'-algebras. Our results for equivariant graded Clifford systems
are then used in three subsections, where we deal respectively with equivariant crossed
product algebras, equivariant central graded Clifford systems and Azumaya algebras with
operators over Galois extensions of commutative rings as well. In the two last cases, the
classification theorems are reformulated in terms of certain equivariant cohomology exact
sequences.

The last section is dedicated to the classification of strongly graded I'-bialgebras and
strongly graded Hopf ['-algebras. Our results here parallel the non-equivariant case stud-
ied in [8, 3] and they are obtained, from the general theory outlined in the second section,
in a similar way to that previously run for equivariant Clifford systems.

2. On graded categorical groups

The beginning of this section is devoted to recalling the definition and some basic facts
concerning the cohomology of groups with operators and graded categorical groups. Then,
we will derive, from general results established in [6], a classification theorem for homotopy
classes of graded monoidal functors between graded categorical groups whose domain is
discrete. This result is what is needed for the applications set forth in the next sections.

Hereafter I' is a fixed group. Let us recall that a I'-group G means a group G enriched
with a left I'-action by automorphisms, and that a I'-equivariant module over a I'-group
G is a I'-module A, that is, an abelian I'-group, endowed with a G-module structure such
that 7 (*a) = “®(a) forallo € T', x € G and a € A [5, Definition 2.1]. The abelian groups
of I'-equivariant derivations from a I'-group G into equivariant G-modules define a left-
exact functor Der.(G, —) from the category of equivariant G-modules to the category of
abelian groups, whose right derived functors lead to the equivariant cohomology functors
H*(G,—). More specifically, the cohomology groups of a I'-group G with coefficients in
an equivariant G-module A are [5, (3)]:

H'(G,A) = (R" 'Der (G, -))(4), n>1,

and HY(G, A) = 0.
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We shall recall from [5] that the cohomology groups H!(G,A), for n < 3, can be
computed as the cohomology groups of the Whitehead [37] truncated cochain complex
0—CHG,A) L G, A) 25 236, A) — 0

in which C!(G, A) consists of normalized maps ¢ : G — A, C?(G, A) consists of nor-
malized maps ¢:G*U (GxTI) — Aand Z*(G,A) consists of all normalized maps
c:G? U (G?*xT) U (G xI'?) — A satisfying the following 3-cocycle conditions:

c(x,y, 2t) + c(zy, 2, t) = “c(y, z,t) + c(x,yz,t) + c(z,y, 2) ,
7c(z,y, 2)
7c(z,y,7)

)

7c(w, 7,7

_l’_
+ c(zy, z,0) + c(x,y,0) = c(“2,%y,°2) + CDc(y, z,0) + c(z,yz,0) ,
+e(Te, 7y, 0) +e(z,0,7) + Ty, 0,7) = ez, y,07) + c(ay, 0, 7),
+ C(‘T g, T’}/) - C(CL’, oT, /7) + C<’yx7 g, T) )

for z,y,2,t € G, o,7,v € I'. For each c € Crl(G, A), the coboundary Jc is given by

(9c)(x,y) = "ely) = c(ay) + (),
(0c)(z,0) = 7c(x) = ("),

and for ¢ € C2(G, A), Oc is given by

(80)(:5 Y,z ) - xc(y’ Z) - c(x:% Z) + c(x,yz) - c(:v,y) )
(90) (@, y,0) = 7c(z,y) — c("z,7y) = "e(y, 0) + c(ay, o) - c(x,0),
(0c)(x,0,7) = c(x,7) — c(x,07) + c(Tx,0).

Next, we regard the group I' as a category with exactly one object, say *, where
the morphisms are the members of I' and the composition law is the group operation:
* N * N * = % = *.

A T-grading on a category G [20] is a functor gr : G — I'. For any morphism f in G
with gr(f) = o, we refer to o as the grade of f, and we say that f is an o-morphism. The
grading is stable if, for any object X of G and any o € I', there exists an isomorphism
X 5 Y with domain X and grade o; in other words, the grading is a cofibration in the
sense of Grothendieck [23]. Suppose (G, gr) and (H, gr) are stably I'-graded categories.
A graded functor F : (G,gr) — (H,gr) is a functor F' : G — H preserving grades of
morphisms. If F’ : (G,gr) — (H,gr) is also a graded functor, then a graded natural
equivalence 0 : F — F’ is a natural equivalence of functors such that all isomorphisms
0, : FX = F'X are of grade 1.

For a I'-graded category (G, gr), we write G x. G for the subcategory of the product
category G x G whose morphisms are those pairs of morphisms of G with the same grade;
this has an obvious grading, which is stable if and only if gr is.

A T-graded monoidal category [20] (see [34, Chapter I, §4.5] for the general notion of
fibred monoidal category) G = (G, gr,®,I,a,l,r), is a stably I'-graded category (G, gr)
together with graded functors

R :Gx,.G—-G, 1:T -G,
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and graded natural equivalences
ar(-@-)o- —-e(-e-),
l1:Tgr(—)®@ — ——id,, r: —®I[I gr(—) —id, ,
such that for any objects X,Y, Z, T € G, the following two coherence conditions hold:

Ay zeor Axovzr = (X @8y ,0) Axyorr (A, OT),
(X®l)a,, =r, QY.
If G, H are I'-graded monoidal categories, then a graded monoidal functor

F=(F®o,):G—-H,

consists of a graded functor F' : G — H, natural isomorphisms of grade 1,

=0, : FX®FY S FX®Y),
and an isomorphism of grade 1 (natural with respect to the elements o € I)
S - FI

(where I = I(x)) such that, for all objects X,Y, Z € G, the following coherence conditions
hold:

(I)X,Y®Z (FX ® (I)Y,Z) a = F(a ) @

F<rx) CI)X,I (FX@CD*) =Trx, F(IX) P
Suppose F' : G — H is also a graded monoidal functor. A homotopy (or graded
monoidal natural equivalence) 6 : F'— F' of graded monoidal functors is a graded natural

equivalence 6 : F = F’ such that, for all objects X,Y € G, the following coherence
conditions hold:

XQY,Z ((DX,Y ® FZ) ) (1)
(., @ FX)

FX,FY,FZ X,Y,Z

I,X - ]'FX .

(D;(,y (ex ® ey) = 9X®Y (I)X,Y ’ 91 (I)* = (I)i : (2)

For later use, we state here the lemma below [6, Lemma 1.1].

2.1. LEMMA. FEvery graded monoidal functor F = (F,®,®,) : G — H is homotopic to
a graded monoidal functor F' = (F',®', @) with F'I = I and ' =id,.

A T'-graded monoidal category, H = (H, gr, ®, I, a,1,r) is said to be a I'-graded cate-
gorical group if every morphism is invertible; that is, H is a groupoid, and for any object
X there is an object X’ with a I-morphism X ® X’ — I. In subsequent sections several
examples of I'-graded categorical groups will be discussed. However, we shall describe now
an elementary example, the discrete I'-graded categorical group defined for any I'-group
G, which will be frequently used in this paper.

Let G be a I'-group. Then, the discrete I-graded categorical group dis' G has the
elements of G as objects and their morphisms ¢ : * — y are the elements ¢ € I' with
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7z = y. Composition is multiplication in I' and the grading gr : dis.G — I'is the obvious
map gr(c) = 0. The graded tensor product is given by

(x5 y) @ (@ 5 y) = (xz
and the graded unit I : T' — dis" G by

the associativity and unit isomorphisms are identities.
Each I'-graded categorical group H has two associated homotopy groups, which we
shall describe below (see [6, Proposition 1.2] for details):

m,H = the I'-group of 1-isomorphism classes of the objects in H, where multiplication
is induced by tensor product, [X|[Y] = [X ® Y], and the I'-action is defined by
?[X] = [Y] whenever there exists a morphism X — Y in H of grade o.

m, H = the I'-equivariant m,H-module of 1-automorphism in H of the unit object I, where
the operation is composition, the T'-action is “u = I(¢) u I(c)~!, and the structure
of m,H-module is as follows : if [X] € n,H and u € 7,G, then ¥y is determined by
the formula

0(u) = v(Mu),

where

Aut, (X) <2—m,H—2> Aut, (X) (3)

are the isomorphisms defined respectively by 6(u) = r(X @ u)r!

1(u® X)17,

and y(u) =

Thus, for example, if G is any I'-group, then WO@FG = (G, as a ['-group, while
7, dis" G = 0.

For each I'-group G and each I'-graded categorical group H, let
[dis" G, H]

denote the set of homotopy classes of graded monoidal functors from dis' G to H. There
is a canonical map

7, : [dis' G, H] — Hom,.(G, 7, H) [F]— 7,F, (4)

where Hom, (G, m,H) is the set of equivariant homomorphisms from the I'-group G to the
I-group 7, ,H. We refer to a I'-group homomorphism p : G — 7,H as realizable whenever
it is in the image of the above map m,, that is, if p = 7 F for some graded monoidal
functor F' : dis" G — H. The map (4) produces a partitioning

dis" G, H] = | | [dis" G, H; p],

p
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where, for each p € Hom (G, H), [dis"G,H; p|] = 7 1(p) is the set of homotopy classes
of realizations of p.

When an equivariant homomorphism p : G — 7 H is specified, it is possible that there
is no graded monoidal functor that realizes p, and this leads to a problem of obstructions
which (even in a more general form) is solved in [6, Theorem 3.2] by means of a 3-
dimensional equivariant group cohomology class Obs(p). Next we outline this theory for
this particular case.

Let p : G — 7w,H be any given I'-group homomorphism. Then, 7 H is, via p, a I'-
equivariant G-module and so the equivariant cohomology groups H'(G, 7, H) are defined.
The obstruction cohomology class

Obs(p) € H; (G, m,H) (5)

e
is represented by any 3-cocycle ¢ € Z°(G, 7, ) built as follows. For each x € G, let us
choose an object F(z) € p(x), with F(1) = I. Since p(zy) = p(x)p(y), for each z,y € G,
we can select a 1-morphism &, , : F(z) ® F(y) — F(zy), with &, =1 and ®,; = r.
Furthermore, since p(?z) = “p(x), for each x € G and ¢ € T', we can also select an
o-morphism @, , : F(z) — F(°x), with ®; , = I(0) and ®,; = id. Then, the map

& GUG*xT)U(GxT?) — mH (6)

3
r
1

)
(
)
)

is determined, for all z,y,z € G and o,7 € I', by the commutativity of the diagrams in
H,

(Dz7y®ld (bfl/"y72

|
al | 7<cp($?y7z))
v

F(2) ® (F(y) ® F(2)) ——"+ F(z) @ F(yz) —— F(zyz) ,

F(zy) F(%)
v (P (ay.0)) ' - l% o
Flzy) —" F(z) © F(y) =22 p(or) @ F(%)
F(z) — "~ F ()
v(er(@om)) :v i%,a
F(z) —227 F(o)

where the +’s are the isomorphisms defined in (3). The fact that ¢” is an equivariant
3-cocycle, whose cohomology class

Obs(p) = [¢!] € H*(G, 7, H)

only depends on p, follows from [6, Theorem 3.2]. Also, as a consequence of this theorem,
the following is true:



222 A.M. CEGARRA AND A.R. GARZON
2.2. THEOREM. Let G be a I'-group and let H be a I'-graded categorical group. Then,

(i) A T-group homomorphism p : G — mH is realizable, that is, [dis" G, H; p] # 0, if,
and only if, its obstruction Obs(p) vanishes.

(i1) If Obs(p) = 0, then there is a bijection

(dis" G, H p] & H2(G. m, H). 7)

The bijection (7), which is non-natural, can be described as follows (see [6] for details).
By hypothesis, and using Lemma 2.1, there is a strictly unitary graded monoidal functor
(F,®) : dis'G — H realizing the equivariant homomorphism p. Then, once we have
fixed such a (F,®), the bijection (7) associates to any equivariant 2-cohomology class
[c] € H2(G, m,H), represented by a 2-cocycle ¢ : G*U (G x I') — m, H, the homotopy class
of the strictly unitary graded monoidal functor (c- F,c- ®) : dis' G — H, where ¢ - F is
the graded functor sending a morphism o : z — y of dis' G to the dotted morphism in
the commutative diagram in H

(7 is the isomorphism (3)), and the natural isomorphisms (¢ - ®),,, for z,y € G, are the
dotted morphisms in the commutative diagrams

F@»®Fm»°@”y///;3@m
oy Flay) w(c(%y))

3. Equivariant extensions of monoids by groups

If M is any monoid and G is a group, then a perfect Schreier extension of M by G is a
sequence of monoids and homomorphisms

£ MoNLa (8)

which is exact in the sense that i is injective, p is surjective and (M) = p~*(1) and,
moreover, such that the congruence on N defined by p is perfect, that is, p~!(z)p~(y) =
p~Yzy), for all z,y € G. Observe that, since 1 € p~(z)p~(z7!) for all z € G, the
monoid N contains at least one unit u, such that p(u,) = x. Hence, since the map of
multiplication by u, establishes a bijection (M) = p~!(z), it follows that M = i(M) is a
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normal divisor of NV (cf. [22]) whose congruence on N coincides with the one defined by
p. Therefore, N/M = G.

The study of Schreier extensions of monoids goes back to Redei [33], and a precise
classification theorem for perfect Schreier extensions of monoids by groups was stated in
[7, 4.2]. Below, our goal is to study equivariant extensions of monoids by groups when a
given group of operators is acting on both structures.

If I' is a fixed group of operators, then a I'-monoid is a monoid endowed with a I'-action
by automorphisms. An equivariant perfect Schreier extension (hereafter, an equivariant
extension for short) of a I'-monoid M by a I'-group G is a perfect Schreier extension & as
in (8) such that N is also a I'-monoid and maps ¢ and p are equivariant. Thus, M can
be identified with an equivariant normal divisor of N and N/M = G as I'-groups. Two
such extensions £ and &’ are equivalent whenever there exists an equivariant isomorphism
g : N — N’ such that gi =4 and p'g = p, and we denote by

Ext" (G, M)

the set of equivalence classes of equivariant extensions of the I'-monoid M by the I'-group
G. This set is pointed by the class of the I'-monoid product M x G.

Next, we shall explain an equivariant factor set theory for equivariant extensions of
[-monoids M by I'-groups . Then, an equivariant factor set for an equivariant ex-
tension will be an appropriate set of data to rebuild (by an appropriate crossed product
construction) the equivariant extension up to equivalence. Furthermore, as we will see
later, these equivariant factor sets are essentially the same as graded monoidal functors
from the discrete I'-graded categorical group dis' G to the I'-graded categorical group of
holomorphims of the T-monoid M, Hol" (M). Thanks to that observation, we will able to
use Theorem 2.2 in this context. To do so, we begin by describing the graded categorical
group Hol" (M) and then we will state Theorem 3.1 below, in which proof we include the
precise notion of equivariant factor set.

Let M be any I'-monoid. Then, the group Aut(M) of all monoid automorphisms of
M is a I'-group under the diagonal I'-action, f +— f, where °f : m — 7 f( "_lm), and the
map

C: M — Aut(M),

sending each unit u of M to the inner automorphism given by conjugation with u, C, :
m — wmu !, is a [-group homomorphism. The holomorph I'-graded categorical group
of the T-monoid M, Hol" (M), has the elements of the T-group Aut(M) as objects, and
a morphism of grade o € T" is a pair (u,0) : f — g, where v € M*, with °f = C,g. The
composition of morphisms is given by

f (u,0) g (v,7) 5 = f (wv,T0) L ’ (9)

the graded tensor product is

(F gy e (f gy = pp D gy (10)
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and the graded unit I : T' — Hol" (M) is defined by I(o) = idy, ﬂ>1dM The associa-

tivity and unit constraints are identities.

3.1. THEOREM. (Equivariant crossed products theory for monoids with operators) For
any I'-monoid M and any I'-group G, there is a bijection

¥ : [dis"G, Hol' (M)] = Ext" (G, M), (11)

between the set of homotopy classes of graded monoidal functors from dis" G to Hol" (M)
and the set of equivalence classes of equivariant extensions of M by G.

PROOF. By Lemma 2.1, every graded monoidal functor is homotopic to a given (F, ®, ®,)
in which '/ = I and ®, = id;, and so we can restrict our attention to this kind of graded
monoidal functors, (F,®) : dis'G — Hol" (M). Then, let us start by observing that the
data describing such a graded monoidal functor consist of a pair of maps (f, ), where

f:G— Aut(M), ¢:G*U(GxT)— M*, (12)

such that we write F(z) = f,, F(z-%>%) = f, M)f% and ¢, , = fxfy (ploy), fxy ,
for all z,y € G and 0 € I'' When we attempt to write the conditions of (F,®) being
a graded monoidal functor in terms of (f,¢), then we find the following conditions for

(f,0):

leZdy (P(ZL‘,l)::l:(,D(l,y), 13

fxfy w(z,y) fxya fo:C (z,0) f"ma

(13)
(14)
o(x,y) p(zy, 2) = fole(y, 2)) (z,y2), (15)
(16)
(17)

%(x,y) o(zy,0) = o(z,0) [, (e(y,0)) (%,%), 16

p(z,07) =%(z,7) ¢(2,0), 17
for all z,y,2 € G, 0,7 € I'. To prove this in full several verifications are needed, but they
are straightforward: conditions (14) say that (¢(x,y), 1) and (¢(z,0), o) are, respectively,
morphisms in Hol' M; (15) expresses the coherence condition (1), while (16) means that
the isomorphisms ®,, are natural and (17) that F' preserves the composition of mor-
phisms. The normalization condition (13) says that F' preserves both identities and the
unit object.

We call an equivariant factor set, or a non-abelian 2-cocycle of the I'-group G with
coefficients in the I'-monoid M, any pair (f, ) as in (12) satisfying the conditions (13)-
(17). We should stress that when I' = 1 (the trivial group), a factor set is just the same
as a Redei system of factor sets for a Schreier extension of the monoid M by the group
G [33, 16]. In particular, when M is a group, we have precisely a Schreier factor system
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for a group extension [35]. Furthermore, if M and G are any two I'-groups, then such a
pair (f, ) is a Schreier system of factor sets for an equivariant group extension of M by
G [6].

Suppose now that (f’, ¢') describes another graded monoidal functor (F”, ®') : dis" G —
Hol' M. Then, any homotopy 6 : F — F' is given by a map

g:G— M*,

such that one writes 0, = f, (9(2),))

for 6 to be a homotopy are:

fi for all x € G. In terms of map g, the conditions

g(1) =1 (18)
fo=Cya) I, (19)
p(z,9) 9(zy) = g(=) f1(9(v)) ¥'(z,y) (20)
p(z,0) g(°r) = g(z) ¢'(z,0), (21)

for all z,y € G, o € I'. Condition (19) expresses that 6, is a morphism in Hol (M) from
fz to fi, (21) is the naturalness of 6 and (20) and (18) say that the coherence conditions
(2) hold.

We now are ready to prove bijection (11).
Every equivariant factor set (f, ) asin (12) gives rise to an equivariant crossed product
extension of M by G,

S(f): Mo Mx, G5 G, (22)

in which M x, G is Rédei’s Schreier product monoid defined in [33]; that is, it is the carte-
sian product set M x G, with multiplication given by (m,x)(n,y) = (m f.(n) ¢(x,y), xy).
This multiplication is associative and unitary thanks to equalities (14), (16) and (13).
The I'-action on Mx, G is given by ?(m,z) = (°m ¢(x, o), 7x) which, owing to (14), (16)
and (17), satisfies the requlred Condltlons in order for MX, G to be a I'monoid. The I'-
equivariant monoid homomorphisms ¢ and p are given by i(m) = (m, 1) and p(m, z) = z.
Since (m, zy) = (mp(z,y) ™", 2)(1,y) € p~ (x)p~ ' (y), we see that p~ ! (zy) = p~ ' (z)p™" (),
and therefore the congruence is perfect. Thus, X(f, ¢) is an equivariant extension of the
[-monoid M by the I'-group G.

Suppose (f',¢) is another equivariant factor set. If there is a I'-monoid isomorphism,
say g 1 Mx, G = Mx f,w,G, establishing an equivalence between the corresponding
equivariant crossed product extensions of M by G, then we can write g in the form
g(m,z) = g(m, )g(l,z) = (m,1)(g(x),z) = (mg(z),x) for a map g: G — M*. Since
g((1, z)(m, 1)) = g(fe(m), z) = (fo(m) g(x), ), while g(1,2) g(m, 1) = (g(z) f(m), 2),
it follows that f, = Cy fo; that is, (19) holds. Analogously, we see that (20) follows
from the equality g((1, x)( y)) = g(l z)g(1l,y) and (21) from the equality g(?(1,x)) =
?g(1, ). Therefore, g defines a homotopy between (the graded monoidal functors defined
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by) (f',¢") and (f,¢). Conversely, if (f, ) and (f’, ¢') are made homotopic by a g : G —
M*, thus satisfying (18)-(21), then they lead to isomorphic equivariant crossed product
extensions, just by the map g : (m,x) — (mg(z),x), as we can see by retracing our steps.

Finally, we prove that any equivariant extension of M by G, £ : M o N S G,
has an associated equivariant factor set, that is, it is equivalent to an equivariant crossed
product like (22), for some equivariant factor set (f, ). To do so, there is no loss of
generality in assuming that ¢ is the inclusion map. Let us choose then, for each z € G,
a unit u, € p~*(z) N N*. We take u, = 1. Hence, the maps m — mu, establish
bijections M = p~*(1) = p~'(z), for all z € G. Since p(uzu,) = xy = p(ugy) and
p(“uz) = ¢ = p(ue), it follows that there are unique elements p(z,y), p(z,0) € M,
such that u, u, = p(x,y)uy, and u, = @(z,0) us,, for all x,y € G and 0 € I'. Note
that ¢(z,v),¢(x,0) € M* since the u, are units. Moreover, each x € G induces an
automorphism f, of M, f, : m — u,mu,!, and this pair of maps

f:G— Aut(M), p:G*U (G xT)— M*,

is actually an equivariant factor set. Indeed, conditions (13) and (14) follow immediately
from the definition of (f,¢). To observe the remaining conditions (15)-(17), note that
every element of N has a unique expression of the form mu,, with m € M and z € G.
Because u, m = f,(m)u,, it follows that the I'-monoid structure of N can be described,
in terms of the I'-group structure of G, the I'-monoid structure of M and the pair (f, ),
by (muy) (m'u,) = m fo(m') p(z,y) ugy and “(mu,) = M p(z,0) te. Then, (15) fol-
lows from the associative law u,(uyu,) = (uyuy)u, in M, (16) follows from the equality
7 (ugyuy) = “u,"u,, while (17) is a consequence of the equality "(“u,) = "u,. Hence, (f,¢)
defines an equivariant factor set, whose associated equivariant crossed product extension
Y(f, ) is equivalent to € by the existence of the I'-monoid isomorphism M x ;.G =N,
(m, ) — mu,. n

Let us now observe that, for any I'-monoid M, the homotopy groups of the I'-graded
categorical group Hol' (M) are:

m,Hol" (M) = Coker(M* < Aut(M)) = Aut(M)/In(M) = Out(M), the group of
outer automorphisms of M, which is a T-group with action ?[f] = [°f], where °f :
mi— 7f(7 m),

m Hol" (M) = Ker(M* <, Aut(M)) = Z(M)* the abelian group of units in the centre
of the monoid M, which is a I'-submonoid of M and a I'-equivariant Out(/N)-module
with action Flu = f(u), f € Aut(M), u € Z(M)*.

Then, owing to bijection (11) and map (4), each equivalence class [£] of an equivariant
extension £ : M — N — G of the I'-monoid M by the I'-group G, determines a I'-
equivariant group homomorphism

P+ G — Out(M),
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by p,(x) = [fa], where (f, ) is any equivariant factor set for £. A pair (M, p), where M
is a [monoid and p : G — Out(M) is a I'-group homomorphism, is termed an equivariant
G-kernel for an equivariant monoid extension (or an equivariant collective character of G
in M, cf. [14, 25, 7]), and an equivariant extension of an equivariant G-kernel (M, p) is
an equivariant extension & of M by G that realizes p, that is, with p, = p. We denote
by

Ext" (G, (M, p))

the set of equivalence classes of such equivariant extensions of (M, p). Hence, there is a
canonical partition

Ext' (G, M) |_|ExtF M, p)).

Since, for each equivariant homomorphlsm p: G — Out(M), the bijection (11) restricts
to a bijection X : [@FG,MF(M);p] =~ Extl (G’, (M, p)), Theorem 2.2 i) shows, in this
particular case, a necessary and sufficient condition for the set Ext" (G, (M, p)) to be
non-empty in terms of a 3-dimensional equivariant cohomology class (5)

Obs(M, p) € H3 (G, Z(M)"),

of the T-group G with coefficients in the equivariant G-module Z(M)*, where the G-action
is via p (i.e., *u = *@uy). We refer to this invariant as the obstruction of the equivariant
G-kernel, and it is not hard to see that the general construction (6) of an equivariant
3-cocycle ¢, representing in this case the cohomology class Obs(M, p), particularizes as
follows. In each automorphism class p(x), € G, let us choose an automorphism f, of
M; in particular, we select f, = id,,. Since f.f, € p(zy) and fo, € p(x ) for z,y € G
and o € I', we can select elements ¢(z,y), ¢(z,0) € M*, such that f,f, = Cy(zy) foy and
7f2 = Cop(w,0) fou, With @(2,1) =1 = ¢(1,y) = (1, 0). Then, the pair of maps

f:G— Aut(M), ¢:G*U (GxT)— M,

satisfies conditions (13) and (14), although (15)-(17) need not be satisfied. The measure-
ment of such a lack is precisely given by the equivariant 3-cocyle

G U(G*xT) U (GxT?) — Z(M)*
determined by the equations:
(z,y,2) p(z,y) elry, 2) = folo(y, 2)) o(z,y2),
Cp('r?y?‘j) 090<:U7y) (10(37% ) 90(1' 0) f"x( (y70)) (10(01'703/)’ (23)
(x,0,7) p(x,0m) = %(2,7) 0(,0),

forx,y,z € G, 0,7 €T.
If Obs(M, p) = 0, so that there exists an equivariant crossed product extension X( f, )
of M by G that realizes p, then Theorem 2.2 ii) states the existence of a bijection
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Hf (G, Z(M)*) =~ Exth (G, (M, p)) In this case, such a bijection associates to any equiv-
ariant 2-cohomology class represented by a 2-cocycle ¢ : G* U (G x T') — Z(M)*, the
equivalence class of the equivariant crossed product monoid extension X(f, ¢ - ), where
(c-@)(x,y) = c(z,y) p(z,y) and (c-p)(z,0) = c(z,0) p(z,0), for all x,y € G and o € T.

In summary, we have the following classification theorem for equivariant perfect Schreier
extensions of a I'-monoid by a I'-group.

3.2. THEOREM. Let M be a I'-monoid and G a I'-group.

(i) There is a canonical partition Ext' (G, M) = L, Ext' (G, (M, p)), where, for each
I'-equivariant homomorphism p : G — Out(M), Ext. (G, (M, p)) is the set of classes of
equivariant extensions of the equivariant G-kernel (M, p).

(i1) Each equivariant G-kernel (M, p) invariably determines a 3-dimensional cohomol-

ogy class Obs(M, p) € H*(G,Z(M)*).

(iii) An equivariant G-kernel (M, p) is realizable, that is, Ext" (G, (M, p)) £ 0, if and
only if its obstruction Obs(M, p) vanishes.

() If the obstruction of an equivariant G-kernel, (M, p), vanishes, then there is a
bijection Ext" (G, (M, p)) = H*(G,Z(M)*).

To end this section, we should remark that the treatment of group extensions with
operators as expounded in [6] (cf. [37]), is particularized from the above by requiring
simply that the I'-monoid M be a I'-group.

4. Equivariant extensions of RINGS-GROUPS

Let us briefly recall from [25] that a RING-GROUP is a pair [R, M] consisting of a unitary
ring R together with a subgroup M of the group R* of all units in R. A morphism of
RINGS-GROUPS f : [R,M] — [S,N] is then a ring homomorphism f : R — S such
that f(M) C N. If [R, M] is any RING-GROUP and G is a group, then an extension of
[R, M] by G is a pair

€= ([R,M] —[S,N],N = G) (24)
in which ¢ is an injective RING-GROUP morphism and p is a surjective group homomor-
phism, such that the following conditions hold:

i) The action of N on S by inner automorphisms is restricted to an action of N on R.

i) M . N £ G is an extension of groups.

iii) S decomposes as a direct sum of subgroups S = @,c¢S;, where, for each x € G,
S, = Rp~'(z)R is the (R,R)-subbimodule of S generated by the set of elements of
N mapped by p to z.
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For any group M, isomorphism classes of extensions of the RING-GROUP [Z(M), M|
by a group G are in bijection with isomorphism classes of group extensions of M by G;
while for any ring R, isomorphism classes of extensions of the RING-GROUP [R, R*| by
a group G are in bijection with isomorphism classes of crossed product rings of R by G
25, Example 1.6].

Here, we deal with RINGS-GROUPS with operators and their equivariant extensions
by a group with the same operators. Let [' be any fixed group. Then a I'-RING-GROUP
is a RING-GROUP [R, M] on which T" acts by RING-GROUP automorphisms, that is,
a homomorphism I' — Aut[R, M] is given. Note that R is then a I'-ring and M is an
equivariant subgroup of the I'-group of units R*.

Given a I'-RING-GROUP [R, M| and a I'-group G, then an equivariant extension of
[R, M| by G is an extension £ of the RING-GROUP [R, M] by the group G, say (24), in
which [S; N] is endowed with a T'-action, that is, [S, N] is a I-RING GROUP, such that
both mapsi: R — S and p: N — G are equivariant. We denote by

Ext' (G, [R, M])

the set of isomorphism classes of T-equivariant extensions of [R, M| by G.

Next we show a cohomological solution for the problem of classifying all equivariant
RING-GROUP extensions for any prescribed pair (G, (R, M ]) The treatment is parallel
to the known theory [24, 25] in the case in which I' = 1, the trivial group. However,
the proofs here bear only an incidental similarity with those by Hacque, since we derive
the results on equivariant RING-GROUP extensions from the results obtained on the
classification of graded categorical groups, that is, from Theorem 2.2.

Our conclusions can be summarized as follows.

If [R, M] is a I-RING-GROUP, then the group Aut[R, M] of all RING-GROUP au-
tomorphisms of [R, M] is also a I'-group under the diagonal T-action, °f : r +— °f ("717“),
and the map C' : M — Aut[R, M| sending each element m € M into the inner auto-
morphism given by conjugation with m, C,, : v — mrm™!, is a ['-group homomorphism.
Then, the centre-group [24, Definition 2.3] of [R, M|, Z[R, M| = Ker(C'), and the group of
outer automorphisms Out|R, M| = Aut|R, M|/In[R, M| = Coker(C), are both I'-groups.
Furthermore, Z[R, M] is a I-equivariant Out[R, M]-module with action lm = f(m).

If (24) is any equivariant extension of the T-RING-GROUP [R, M| by the I'-group G,
then the assignment to each n € N of the operation of conjugation by n in S restricted
to R, that is, the mapping n — p, € Aut[R, M| such that ip,(r) = ni(r)n=t, r € R,
induces an equivariant homomorphism (which depends only on the isomorphism class of
£),

P+ G — Out[R, M].
A pair ([R,M],p : G — Out[R, M]), where [R, M] is a I-RING-GROUP and p is an
equivariant homomorphism of groups, is termed an equivariant collective character of the
I'-group G in [R, M] (cf. [25, Section 2]).
We state the following theorem:
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4.1. THEOREM. Let [R,M] be a I'-RING-GROUP and let G be a I'-group.
(i) There is a canonical partition

Ext" (G, [R, M]) = | |Ext"(G,[R, M];p),

where, for each equivariant collective character p : G — Out[R, M|, Ext" (G, [R, M]; p)
is the set of isomorphism classes of equivariant extensions £ that realize p, that is, such
that p,, = p.

(ii) Each equivariant collective character invariably determines a 3-dimensional equiv-
artant cohomology class

T(p) € H(G,Z[R, M]),
of G with coefficients in the centre-group of the RING-GROUP (with respect to the I'-

equivariant G-module structure on Z[R, M| obtained via p). This invariant is called the
“Teichmiiller obstruction” of p.

(i4i) An equivariant collective character p is realizable, that is, Ext" (G, [R, M]; p) + 0,
if and only if its obstruction vanishes, that is, T(p) = 0.

(i) If the obstruction of an equivariant collective character p : G — Out[R, M| van-
ishes, then there is a bijection

Ext' (G, [R, M);p) = H*(G,Z[R, M]) .

As we will show later, Theorem 4.1 is a specialization of Theorem 2.2 for the particular
I'-graded categorical group H = MF[R, M|, the holomorph graded categorical group of
the I-RING-GROUP [R, M|, which is defined below similarly to the holomorph graded
categorical group of a T-monoide (see Section 3). The objects of Hol'[R, M] are the
elements of the I'-group Aut[R, M|. A morphism of grade o € T from f to g is a pair
(m,o) : f — g, where m € M, with ?f = C,,g. The composition of morphisms is
given by equality (9), the graded tensor product is given by equality (10) and the graded

unit I : T' — Hol"[R, M] is defined by I(0) = id, 4.9 id,. The associativity and unit
constraints are identities.

We develop next the device of mized crossed products for equivariant extensions of
RINGS-GROUPS by groups, such as Hacque did in [25] in the non-equivariant case. These
constructions allow us to show how the graded monoidal functors dis" G — Hol" (R, M|

are the appropriate systems of data to construct the manifold of all equivariant extensions
of [R, M] by G.

4.2. THEOREM.  (Structure of equivariant extensions of RINGS-GROUPS) For any
[-RING-GROUP [R, M| and I'-group G, there is a bijection

S [dis' G, Hol"[R, M]] = Ext" (G, [R, M]), (25)
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between the set of homotopy classes of graded monoidal functors from dis' G' to Hol' [R, M]
and the set of equivalence classes of equivariant extensions of [R, M] by G.

ProOOF. This is quite parallel to the proof of Theorem 3.1, to which we refer for some
details. First, observe that the data describing a strictly unitary graded monoidal functor
(F,®) : dis" G — Hol" [R, M] consist of a pair of maps (f, ), where

f:G— Aut[R,M], »:G*U (G xT)— M,

such that we write F'(o : z — y) = (¢(z,0),0) : fo — f, and @, = (p(2,9),1) : fofy —
fuy, for all z,y € G and o € I'. Then, the conditions of (F, ®) being a graded monoidal
functor in terms of (f, ¢), are precisely those given by the five equations (13)-(17). A pair
(f,¢) describing a graded monoidal functor from dis"G' to Hol'[R, M], is what we call
an equivariant factor set, or a non-abelian 2-cocycle of a I'-group GG with coefficients in a
[-RING-GROUP [R, M]. Further, if (f’,¢’) is another factor set describing the graded
monoidal functor (F”,®') : dis"' G — Hol"[R, M], then any homotopy 6 : ' — F' is given
by a map g : G — M, such that one writes 6, = (g(z),1) : fo — f., forall z € G. In
terms of this map g, the conditions for # being a homotopy are those described by the
four equations (18)-(21).

Let us stress that when I' = 1, the trivial group, then a factor set is exactly a Hacque’s
mized system of factor sets for a RING-GROUP extension of [R, M| by G [25]. Partic-
ularly, if M = R*, then such a pair (f,¢) is just a factor set for a crossed product ring
of R by G (cf. [29]). Furthermore, for M and G any two I'-groups, if one considers the
[-RING-GROUP [R, M] = [Z(M), M], then a pair (f, ) is a Schreier system of factor
sets for an equivariant group extension of M by G (cf. [6]).

Every equivariant factor set (f, ) provides a I'-equivariant RING-GROUP extension
of [R, M] by G,

fire

S(f, ) : ([R M] 5 [Rx, G, Mx, G, Mx G—p»G> , (26)

which we term an equivariant mized crossed product extension. In it, the crossed product
ring Rx, G = @, Rx{r} is the free left R-module with basis {(1,7z), * € G}, with
multiplication according to the rule (r,z)(s,y) = (r f.(s) p(z,y),zy), and the crossed
product group Mx, G is the subgroup M x G C (R* G)*. The T-action on [Rx,
G,Mx, G]is glven by %(r,z) = (r p(x,0),%) and the equivariant homomorphisms i
and p are defined by i(r) = (r, 1) and p(r, x) = z, respectively. Note that, for each = € G,
Rp~'(z)R = R x {z}.

If (f',¢) is another equivariant factor set such that there is an equivariant RING-
GROUP isomorphism, say g : [R*f,W/G, Mx, G] — [Rx, G, Mx, G], establishing an
isomorphism between the corresponding equivariant mixed crossed product extensions
Y(f,¢') and X(f, ), then we can write g(r,z) = (rg(z),z) for a map g : G — M sat-
isfying the equalities (18)-(21). And conversely, the existence of a map g : G — M
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satisfying such equations implies that X(f', ') and X(f, ) are isomorphic equivariant
RING-GROUP extensions, just by the map g : (r,z) — (r g(z), z). Hence, the equivariant
mixed crossed product construction induces an injective map X : [@FG ,Hol"[R, M ] —
Ext' (G, [R, M)).

To complete the proof of the theorem, it only remains to prove that every equivariant

extension of [R, M] by G, say € = ([R, M| — [S,N], N % G), has an associated equivari-
ant factor set, that is, it is isomorphic to an equivariant mixed crossed product extension
X(f, ) for some (f, ) as above. To do so, we assume that ¢ is the inclusion map, and,
for each x € G, let us choose a representative u, € N, with u, = 1. Then, there are
unique elements ¢(z,y), p(x,0) € M, such that u, u, = ©(x,y) Uy, and u, = @(z,0) Usy.
Moreover, each z € G induces an automorphism f, of [R, M], f, : r — u, ru,'. The pair
of maps so defined (f : G — Aut[R, M], ¢ : G* U (G x ') — M) is actually an equivari-
ant factor set, which we recognize as an equivariant factor set for the given equivariant
RING-GROUP extension by the existence of the I'-equivariant RING-GROUP isomor-
phism g : [Rx, G,Mx, G] — [S,N], > (r4,%) v > 12 u,. It is straightforward to
see that g is an equivariant RING-GROUP homomorphism. To prove that it is actu-
ally an isomorphism, let us recall that S = @,S5, with S, = Rp~!(z)R. Since for each
r € G, pi(z) = u.M = Mu,, we have S, = Ruu,MR = u,RMR = u,R = Ru,. It
follows that the set {u,, x € G} is a basis of S as a left R-module and therefore the map
g: Rx, G — S is a bijection, which clearly restricts to a bijection between M x , G and
N. [

The bijection (25) is all one needs to obtain, from Theorem 2.2, the classification of
equivariant RING-GROUP extensions as stated in Theorem 4.1. Indeed, for any I'-RING-
GROUP [R, M], the homotopy groups of the I'-graded categorical group Hol' [R, M] are

m,Hol' [R, M] = Coker (M % Aut[R, M]) = Out|[R, M],

7, Hol' [R, M] = Ker (M -5 Aut[R, M]) = Z[R, M],

and the Teichmiiller obstruction T(p) € H?*(G,Z[R, M]) in part (ii) of Theorem 4.1,
of any equivariant collective character p : G — Out|R, M|, is defined to be precisely the
cohomology class Obs(p) in (5) for the particular graded categorical group here considered
H = Hol"[R, M].

Moreover, for any factor set (f, ) describing a graded monoidal functor F : dis' G —
Hol"[R, M], we have m,F = Py Lherefore, bijection (25) provides, by restriction,
bijections X : [@FG,H_OIF[R, M]; p] ~ Ext' (G, [R, M]; p), for any equivariant collective
character p : G — Out[R, M]. Hence, parts (ii¢) and (iv) of Theorem 4.1 follow from
Theorem 2.2.

For any given equivariant collective character p : G — Out[R, M], the general con-
struction of a representative equivariant 3-cocycle ¢” of the Teichmiiller obstruction T(p)
in (6) works in this case as follows. In each automorphism class p(z), € G, let us
choose an automorphism f, of [R, M]; in particular, select f, =id,. Then, for z,y € G
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and o € I', we can select elements ¢(xz,y), ¢(x,0) € M such that f,f, = Cyay) fay and
’fo = Cop(w0) fou, With @(z,1) =1 = ¢(1,y) = ¢(1,0). Then, the equivariant 3-cocycle

&GP U (G*xT) U (G xT?) — Z[R, M]

is determined by the three equations (23).

If T(p) = 0, so that there exists an equivariant mixed crossed product extension
Y(f, @) that realizes p, then the bijection Ext" (G, [R, M]; ,0) = H? (G, Z[R, M]) associates
to any 2-cohomology class represented by a 2-cocycle ¢ : G? U (G x I') — Z[R, M], the
isomorphism class of the equivariant mixed crossed product X(f, c-¢), where (c-p)(z,y) =
c(x,y) p(z,y) and (¢ - p)(z,0) = c(z,0) p(x,0), for all z,y € G and 0 € T.

As a final comment here, we shall stress that, similarly as in the non-equivariant case
(cf. [25]), the theory presented of equivariant RING-GROUP extensions particularizes on
the one hand to the theory of equivariant extensions of groups with operators as stated
in [6] (just by considering the RINGS-GROUPS with operators [Z(M), M| for any group
with operators M), and, on the other hand, to the theory of crossed product rings with
operators (simply by considering the RINGS-GROUPS with operators [R, R*| for any ring
with operators R).

5. Graded Clifford systems with operators

Throughout this section, k is a unitary commutative ring and all algebras are unitary k-
algebras. Further, I' is a fixed group of operators and a I'-algebra is an algebra provided
with a I'-action by automorphisms (o,7) — 7.

A graded Clifford system (over k) is a triple (S, {S:}zeas G), where S is an algebra, G
is a group and {S, }.eq is a family of k-submodules of S, one for each = € G, such that
S =,cc S and S, S, = S,y for all z,y € G. A morphism of graded Clifford systems is
apair (h,a) : (S,{S:}sec, G) — (', {Ss}secr, G'), where h : S — S' is a homomorphism
of algebras and a : G — G’ is a homomorphism of groups, such that h(S,) C S;(i) for
all z € G. Graded Clifford systems were introduced and applied by E. Dade [12] to
develop Clifford’s theory axiomatically, but they have also been extensively studied with
the terminology of strongly graded algebras [13] or with that of generalized crossed product
algebras [32]. Our goal in this section is the classification of graded Clifford systems
S on which a group of operators I' acts by automorphisms; that is, a homomorphism
I' - Aut (S, {S:}zeq, G) is given. In such a case, we refer to (5’, {S:}zeq, G) as a graded
I'-Clifford system.

Whenever (S7 {Sz}zecs G) is a graded I'-Clifford system, then G is a I'-group and S
is a ['-algebra. Furthermore, the 1-component S; is a ['-subalgebra of S and then it is
natural to see S as an equivariant extension of the I'-algebra S; by the I'-group GG. More
precisely, we establish the notion below:

5.1. DEFINITION. Let R be a I'-algebra and G a I'-group. A (G, R)-graded I'-Clifford
system is a pair (3, j,), where S = (S, {S:}zeq, G) is a graded I'-Clifford system such that
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the I'-action on G is the given one, that is, °Sy = Sop, and j, : R = S) is an isomorphism
of I'-algebras.

The most basic example is the group algebra R(G) = @, . R x {z}, which is a
[-algebra with the action ?(r,x) = (°, %), but also, equivariant crossed products of
[-algebras by I'-groups (considered in Subsection 5.4), yield examples of (G, R)-graded
I'-Clifford systems.

If (S,7js) and (T, jr) are two (G, R)-graded TI'-Clifford systems, by a morphism h :
(S,js) — (T,jr) we mean a I'-equivariant homomorphism of algebras h : S — T, so
that h(%) = “h(s) for 0 € T' and s € S, which is grade-preserving, in the sense that
h(S;) C T, for all x € G, and such that hj, = j,.. It follows from [13, Corollary 2.10]
that such a morphism is always an isomorphism and

Cliff, (G, R)

will denote the set of isomorphism classes of (G, R)-graded I'-Clifford systems, for any
prescribed I'-algebra R and I'-group G.

The general results about abstract graded categorical groups can be used now to
obtain an appropriate treatment of the equivariant graded Clifford systems. The key for
such a treatment lies in the observation we will detail below that giving a (G, R)-graded
[-Clifford system is essentially the same as giving a I'-graded monoidal functor from the
discrete T-graded categorical group dis' G to the T'-graded Picard categorical group, of the
['-algebra R, denoted here by

Pic(R),

which is an example of ['-graded categorical group originally considered by Frohlich and
Wall in [20]. This graded categorical group, canonically built from any I'-algebra R, has,
as objects, the invertible (R, R)-bimodules over k. A morphism P — P’ in Picj(R), of
grade o € T, is a pair (¢,0), where ¢ : P = P’ is an isomorphism of k-modules with
o(rp) = re(p) and p(pr) = ¢(p) or for all r € R and p € P. The composition of (g, o)
with another morphism (¢',0’) : P — P" is given by (¢',0")(¢,0) = (¢'p,0'0). The
graded monoidal product ® : Picj(R) x . Picj(R) — Picj(R) is defined by the usual tensor
product of bimodules

(¥,0)

Pl@RQ/)a

and the graded unit I : I' — Pici(R) is defined by I(0) = (0,0) : R — R, r +— .
The associativity and unit 1-graded constraints are the usual isomorphisms for the tensor
product of bimodules.

Now, suppose that a I'-group GG and a I'-algebra R are given. Then, a strictly unitary
I'-graded monoidal functor (F,®) : dis" G — Pici(R) consists of: i) a family of invertible
(R, R)-bimodules F,, x € G} ii) isomorphisms of k-modules

Fo, F, > F, ocel, ze€g, (27)
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such that F, ,(ra) = o F,,(a) and F, ,(ar) = F, ,(a)r, for any r € R and a € F,; and
iii) isomorphisms of (R, R)-bimodules

S,y F,®rF, > F,y, z,y€dq, (28)
such that the following conditions hold:

Fr=R, F,1=1idg, Fi,=idg, ®1:a@r—ar, ®1,:rQar—ra,
Foro =Fopr Fog,

D, y- (dr, ®@r @y ) = Puy 2 (Puy Rridr,),

Fryo @y = Popoy (Fro @p Fyo) -

Thus, such a graded monoidal functor should be termed an equivariant factor set,
since when I" = 1, this is exactly a factor set in the sense of Kanzaki [27]. Indeed, for any
graded monoidal functor (F, ®), the family of the invertible (R, R)-bimodules F,, x € G,
together with the isomorphisms of bimodules ®,,, z,y € G, is actually a Kanzaki factor
set and so (F, ®) gives rise to a generalized crossed product algebra in his sense; that is,
N(F,®) = @,c¢ Fry where the product of the elements a € F, and b € F), is defined
by ab = ®,,(a ® b). Moreover, thanks to the isomorphisms F, ,, the group I' acts on
S(F,®) by the rule a = F,,(a) if a € F,. In this way, 3(F,®) = (S(F,®),{F,},G),
together with the identity R = F}, is a (G, R)-graded I'-Clifford system, which we refer to
as the generalized crossed product (G, R)-graded I'-Clifford system with equivariant factor
set (F, ).

Suppose now that F' = (F",®’) : dis G — Pic;(R) is another strictly unitary graded
monoidal functor. Then, a homotopy 6 : (F, ®) — (F”, ®’) consists of a family of (R, R)-
bimodule isomorphisms 6, : F, — F. x € G, satisfying that 6, = idg, 0oy F,, =
F,, 0, and 0, ®,, = @, (0, ®r0,), for all 7,y € G and o € I'. Therefore, it is
clear that giving such a homotopy is equivalent to giving an isomorphism of I'-algebras,
Y(F,®) — N(F', '), a — 0,(a), a € F,, which establishes an isomorphism of (G, R)-
graded T-Clifford systems 0 : (S(F, ®),idg) — (Z(F’,®’),idR).

Moreover, any (G, R)-graded I'-Clifford system (S, j,) , S = (S, {Sx}xeg,G), is ac-
tually isomorphic to a generalized crossed product (G, R)-graded I'-Clifford system for a
certain equivariant factor set (F, ®). Indeed, up to an isomorphism, we can assume that
R =S; and j, = idg. By [32, Proposition 2.5], for any z,y € G, the canonical multiplica-
tion map @, , : S, ®p Sy = Sy, a®bi— ab, is a (R, R)-bimodule isomorphism and each
component S, is an invertible (R, R)-bimodule. Furthermore, the I'-action on S deter-
mines, for all z € G and o € I, isomorphisms of k-modules F} , : S; = So,, a — “a, and it
is straightforward to see that, in this way, we have a strictly unitary graded monoidal func-
tor (F,®) : dis' G — Picj(R), with F, = S, for each x € G, whose associated generalized
crossed product (G, R)-graded I'-Clifford system (X(F, ®),idg) is exactly (S,idg).

All in all, we state the following:
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5.2. THEOREM.  For any I'-algebra R and any U'-group G, the mapping carrying any
strictly unitary graded monoidal functor to the associated generalized crossed product
(G, R)-graded T'-Clifford system, induces a bijection

¥ [dis" G, Pigy(R)] = Cliffy (G, R) , (29)

between the set of homotopy classes of graded monoidal functors from dis' G to EE(R)
and the set of isomorphism classes of (G, R)-graded T'-Clifford systems.

Now, let us remark that, for any I'-algebra R, the homotopy groups of the I'-graded
categorical group Pici(R) are:

m,Pici(R) = Picy(R), the I'-group of isomorphism classes [P] of invertible (R, R)-
bimodules over k, where the multiplication is induced by the tensor product, [P] [Q] =
[P ®g @], and the I'-action is given by

TP = [oFs] (30)

where ,P, denotes the invertible (R, R)-bimodule which is the same k-module as P
with R-actions 7-p=° rpandp-r=p° r,forr € R and p € P;

7, Pici(R) = Z(R)*, the I'-equivariant Pic(R)-module of all units in the center of R. The
[-action is given by restriction of the one on R and the action of Picy(R) on Z(R)*
is given by the restriction to Z(R)* of Bass’ homomorphism Picg(R) — Autg(Z(R))
[1], that is, for each [P] € Picy(R) and v € Z(R)*, Plu is the element in Z(R)*
uniquely determined by the equality lup = pu for all p € P.

Every (G, R)-graded I'-Clifford system (S = (S, {S:z}zec, G) , J¢) induces a I'-equivariant
homomorphism (which depends only on its isomorphism class [S])

Xs.jg) 0 G — Pick(R), x+—1[S,], z€G.
Hence, there is a canonical map
x : Cliff; (G, R) — Homp(G, Pick(R)) , (31)

where Homrp(G, Pic,(R)) is the set of I'-equivariant group homomorphisms of G into
Pick(R), which clearly makes this diagram commutative:

z

[dis" G, Pic(R)] CliffL (G, R) (32)

Homr (G, Picg(R)) .

We say that any I-equivariant group homomorphism p : G — Picy(R) is an equivariant
generalized collective character of the I'-group G in the I'-algebra R, and we say that a
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(G, R)-graded I'-Clifford system (3, j,) realizes such an equivariant generalized collective
character p whenever x(s ;] = p. The map x provides a partitioning

Cliff (G, R) = | | Cliff} (G, R; p),

p

where Cliff; (G, R; p) is the set isoclasses of (G, R)-graded T-Clifford systems that realize
each I'-equivariant generalized collective character p : G — Picg(R). Due to the com-
mutativity of triangle (32), bijection (29) restricts to bijections ¥ : [dis" G, Pic(R); p] =
Cliff, (G, R; p), and then Theorem 2.2 4) shows here a necessary and sufficient condition
for the set Cliffl,;(G , R; p) to be non-empty in terms of a 3-dimensional equivariant coho-

mology class (5)
T(p) € H(G,Z(R)") (33)

of the I'-group G with coefficients in the equivariant G-module Z(R)*, where the G-action
is via p (i.e., *u = P@y). We refer to this invariant as the Teichmiiller obstruction of p
since its construction, outlined below, has a clear precedent in the Teichmiiller cocycle
map Brg(R) — H3(G, R*), defined for any finite Galois field extension R/k with group G.
The general construction (6) of an equivariant 3-cocycle ¢” representing the cohomology
class T(p) particularizes as follows. In each isomorphism class p(x), * € G, let us choose
an invertible (R, R)-bimodule P,; in particular, select P, = R. Since p is a ['-equivariant
homomorphism, we can select (R, R)-bimodule isomorphisms @, , : P, ®p P, = P,, and
D, 50 o(Pr)o = Py for every x,y € G and o € I, chosen as the canonical ones whenever
either =,y or o are identities. For any three elements z,y, 2 € G, the isomorphisms of
(R, R)-bimodules ®,, .(®,, ®ridp,) and @, ,.(idp, ®g D, ) from P, Qg P, Qg P, to Py,
need not coincide, but then there is (cf. [9, Lemma 3.1] for example) a unique element
c’(x,y,z) € Z(R)* such that

(2., 2) Payo (Pay(Pe @ py) @) = Puye (P2 ® Dy . (py @ 1)),

for all p, € P,, p, € Py and p, € P.. Analogously, for any z,y € G and 0,7 € I, there
are unique elements c¢*(x,y, o) and ¢?(z,0,7) in Z(R)* such that

c(z,y,0) Doy oy (q)z,o@a:) ® (I)y,cf(py)) =Dyy 0 (q)ﬂmy(px ® py))
Cp('r7 g, T) ®$,0'7' (pa:) = q)Ta:,o (CI):E,T (pac)) .

The resulting map is exactly the equivariant 3-cocycle
&GP U (G xT) U (G xT?) — Z(R)*. (34)
If T(p) = 0, then Theorem 2.2 i7) states the existence of a bijection
H?(G,Z(R)*) = Cliff, (G, R; p) , (35)

that can be described as follows. Once we have chosen any (G, R)-graded I'-Clifford system
((S,{Sz}eea, G), js) that realizes p, then the bijection associates to any equivariant 2-
cohomology class represented by a 2-cocycle ¢ : G* U (G x T') — Z(R)* the class of the
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(G, R)-graded I'-Clifford system ((C*S, {Sz}zec, G), js), where cx S is the same k-module
as S with product s, x s, = ¢(z,y)s,s, and I'-action o * s, = c(z,0) %, for all s, € S,
s, €Syand o €T

In summary, we have the following classification theorem:

5.3. THEOREM. Let R be a I'-algebra and G a I'-group.
(i) There is a canonical partition Cliff;,(G, R) = L, Cliff, (G, R; p), where p varies in
the range of the set of I'-equivariant generalized collective characters of G in R.

(ii) Fach T'-equivariant generalized collective character p invariably determines a 3-
dimensional cohomology class T(p) € H? (G,Z(R)*) of G with coefficients in the group
of units of the centre of R (with respect to the equivariant G-module structure on Z(R)*
obtained via p).

(111) An equivariant generalized collective character p : G — Picg(R) is realizable, that
18, Cliffl,;(G, R; p) # 0, if, and only if, its Teichmiiller obstruction vanishes.

(iv) If the obstruction of an equivariant generalized collective character, p, vanishes,

then there is a bijection
Cliff, (G, R; p) = H* (G, Z(R)*) .

In the three next subsections we shall emphasize the interest of Theorem 5.3 by ex-
plaining some of its applications.

5.4. EQUIVARIANT CROSSED PRODUCT ALGEBRAS. If R is any I'-algebra and G is
a T-group, then a I'-equivariant crossed product algebra of R by G is a (G, R)-graded
I-Clifford system ((S, {S:}zec,G),j: R= Sl) such that every component S,, x € G, is
a free left R-module of rank one. Let

Ext (G, R)

denote the set of isomorphism classes of equivariant crossed product algebras of R by G.
Thus, Ext, (G, R) C Cliff, (G, R), and we shall characterize this subset of Cliff;,(G, R) by
means of equivariant collective characters as follows.

Let us recall Bass’ group exact sequence [1, Chap. II, (5.4)]

1 — Z(R)* — R* S Auty(R) > Picy(R) (36)

in which C' maps each unit u of R to the inner automorphism C, : r — uru~!, and ¢
carries each algebra automorphism f of R to the class of the invertible (R, R)-bimodule
Ry, the underlying left R-module R with the right R-action via f, that is, r- 7" = r f(r').
Actually, since R is a ['-algebra, sequence (36) is of I'-groups, where I" acts both on Z(R)*
and R* by restriction, on Aut,(R) by the diagonal action, that is, °f : r — “(f(° 1)),
and the I'-action on Picg(R) is the one considered before, that is, °[P] = [,F,], where ,P,
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is the same k-module as P with R-actions 7-p =7 rpand p-r = p ° r. To see that &

is a T-equivariant map, let us observe that the map 7 — ° r establishes an isomorphism
of (R, R)-bimodules Ro; = (Ry),, for all f € Auty(R) and o € I, and so, §(°f) = %0(f).
Then, there is an induced I'-group embedding

Outy(R) <> Picy(R),

of the group of outer automorphisms of the algebra R, Outy(R) = Auti(R)/In(R), into
the Picard group Picg(R). By [1, Chap. II, (5.3)] we know the image of §, namely

Im(0) = {[P] € Picy(R) | P = R as left R-modules},

and therefore we have a cartesian square

Exth (G, R) & Cliff} (G, R) (37)

| |

Homr (G, Outy(R)) % Homy (G, Pick(R)),
where x is the map (31). If any I'-equivariant homomorphism
p: G — Outg(R)

is termed a I'-equivariant collective character of the I'-group G in the I'-algebra R, then
equivariant crossed product algebras of R by G are exactly those (G, R)-graded I'-Clifford
systems that realize equivariant collective characters. The equivariant collective character

X5, @ G — Outy(R)

realized by any equivariant crossed product algebra of R by G, ((S, {Sz}zec, G),j: R=
Sl), is built as follows. Since each component S, is an invertible (R, R)-bimodule iso-
morphic to R as left R-module, there must exist a f, € Autg(R) and an isomorphism of
(R, R)-bimodules over k, 1, : Ry, = S, and therefore x  (z) = [f.]. Observe that if we
write u, = 1,(1), then S, = Ru, = u,R. Further, from S,S,-1 = R1 = 5,15, it follows
that u, Ru,-1+ = R1 = u,-1 Ru, and therefore there exist a,b € R such that 1 = u au,—1 =
Uz—1bu,, whence each u, is a unit of S. Since 7 u, = ¥, (r) = ¥, (1- f71(r)) = us f;71(r),
we conclude that f.(r) = u,ru;® for all r € R and z € G. Hence, the equivariant
collective character x4, maps every z € G to the class of the automorphism of R given
by conjugation by u, in S.

Equivariant factor sets, or strictly unitary I-graded monoidal functors (F, ®) : dis" G —
EE(R), for equivariant crossed product algebras of R by G have a particulary simple re-
formulation (well-known for I' = 1, cf. [29]), namely, they consist of pairs of maps (f, ¢),
where

f:G— Autp(R), ¢:G*U (GxTI)— R*, (38)
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subject to the conditions (13)-(17). Moreover, two such factor sets (f,¢) and (f', ') are
equivalent, that is, they define homotopic graded monoidal functors if, and only if, there
is a map ¢g : G — R* such that the equalities (18)-(21) hold. By the bijection (29), the
equivariant crossed product algebra defined by a factor set (38) is Rx, G =, Rx{r},
the free left R-module with basis {(1, ), + € G}, with multiplication according to the
rule (r,x) (s,y) = (r fz(s) ¢(x,y), xy), on which I' acts by /(r,z) = (r ¢(z,0), 7).

Since the square (37) is cartesian, Theorem 5.3 gives the following classification theo-
rem for equivariant crossed product algebras.

5.5. THEOREM. Let R be a I'-algebra and G a T'-group.

(i) There is a canonical partition Ext) (G, R) = L, Ext}, (G, R; p), where, for each I'-
equivariant collective character p : G — Outy(R), Ext), (G, R; p) 1s the set of classes of
equivariant crossed products of R by G that realize p.

(ii) Each equivariant collective character p : G — Outy(R) determines a 3-dimensional
cohomology class T(p) € H? (G, Z(R)*), of G with coefficients in the equivariant G-module
of the units in the centre of R (with respect to the I'-equivariant G-module structure on
Z(R)* obtained via p). This invariant is called the “Teichmiiller obstruction” of p.

(i4i) An equivariant collective character p is realizable, that is, Exty, (G,R; p) £ 0, if
and only if its obstruction vanishes.

(iv) If the obstruction of an equivariant collective character, p, vanishes, then there is
a bijection Exty (G, R; p) = H*(G,Z(R)*).

Remarks.

i) The equivariant action of the I'-group Outi(R) on the I'-module Z(R)* in Theorem
5.5 is given by Vlu = f(u). Indeed, since *Mlul = Brlyl =1-u =1 f(u) = f(u),
the action is the one obtained via the embedding ¢ : Outy(R) — Picg(R).

ii) The construction (34) of an equivariant 3-cocycle ¢” € T(p), for any given equivariant
generalized collective character, particularizes to any equivariant collective character
as follows. Let us choose an automorphism f, € p(z) for each z € G, with f, =1id,,.
Then, we select normalized maps (f : G — Auti(R), ¢ : G* U (G xT') — R¥)
such that f.f, = Cyay) foy and 7f, = Cpp0) fou, for all z,y € G and o € I'. The
equivariant 3-cocycle

&GP U (G*xT) U (GxTI? — Z(R)*
is then determined by the three equations (23).
Finally, we should comment that for any I'-ring R and any I'-group G,

Exth(G, R) = Ext" (G, [R, R*]),
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as one can easily check by seeing that an equivariant factor set for an equivariant crossed
product ring of R by G is the same as an equivariant factor set for an equivariant RING-
GROUP extension of [R, R*] by G. Hence, Theorem 5.5 for k = Z is the same as Theorem
4.1 restricted to those RINGS-GROUPS in which the group is the full group of units.

5.6. CENTRAL GRADED CLIFFORD SYSTEMS WITH OPERATORS. This example is
motivated by Dade’s classification of graded Clifford systems over a field k£ for which the
1-component is 1-dimensional over k. In [12, Section 14|, he shows that such a (G, k)-
graded Clifford system is essentially the same as a central group extension of £* by group
G. In other words, there is a natural bijection H?(G,k*) = Cliffy(G, k) between the
2nd cohomology group of G with coefficients in the trivial G-module £* and the set of
isomorphism classes of (G, k)-graded Clifford systems over k.

Suppose R to be any commutative I'-ring and G a I'-group. A (G, R)-graded I'-Clifford
system (S, j) = (5, {Ss}eec, G),j : R = Sp) is termed central whenever S; is central in
S. Let

Cliff,,

cen

(G, R)

denote the subset of Cliff}, (G, R) consisting of isomorphism classes of central (G, R)-graded
I-Clifford systems. Observe that, when I' = 1, Cliff’_ (G, R) = Cliffg(G, R).

cen

The set Cliff, (G, R) is actually an abelian group under the operation

cen

1S, 411", '] = [(S ® S, {S: @& Sy }eea: G), 5 @ '],

where S ® 5" = @, (5. ®r S,), with multiplication (s, ® s,,)(s, ® ;) = 5.5, ® 8,5,
and [-action (s, ® 7)) = %, ® %, and j ® j' is the composition R = R ®r R =
Sy ®r 5. The class of the group ring R(G) = @, R x {r}, on which I'-acts by
%(r,x) = (%), is the identity element of Cliff’, (G, R), and the inverse is given by
18,417 = [(S°,{Ss-1}sec, G), j : R = S1], where S is the opposite ring of S.

Below, as a consequence of Theorem 5.3, we obtain a generalization of the afore-
mentioned Dade’s theorem. Let H"(G,R*) denote the nth cohomology group of the
[-group G with coefficients in the I'-equivariant trivial G-module R* and recall from [5,
Theorem 3.3| that Hrz(G7 R*) is isomorphic to the abelian group of classes of equivariant
central extensions of R* by G.

5.7. THEOREM. Let R be a commutative I'-ring and G a I'-group. There exists an exact
sequence of abelian groups

0—= HX(G, R*) —=~ CKff". (G, R) — = Hom, (G, Picg(R)) —— H3(G, R*),  (39)

cen

in which the homomorphism A is defined by means of the equivariant crossed product
construction, that is,

Sle] = [(R*, G AR x {z}}se, G),j : R= R x {1}],
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where Rx,G is the twisted group ring Rx,G = @, Rx{x} whose multiplication is given
by (r,x)(r',2") = (rr'yY(x,2’), zz") and on which T'-acts by (r,x) = (rY(x,0),7x). The
homomorphisms x and T are given, respectively, by restricting the equivariant generalized
collective character map (31) and the Teichmiiller obstruction map (33).

PrOOF. It is straightforward to check that the maps >, xy and T in the sequence
are certainly group homomorphisms. As for the exactness in the first two points, let us
consider the bijection (35) when one chooses the I'-group ring R(G), in the bijection,
as a representative (G, R)-graded I'-Clifford system that realizes the trivial equivariant
generalized collective character. In this case, the bijection simply says that H f (G , R*) é
Cliffg (G, R; O). In addition, since a (G, R)-graded T'-Clifford system that realizes the zero
collective character is necessarily central, Cliffg (G , R; 0) = Ker(y), whence the exactness
in the first two points of the sequence follows. Part (iii) of Theorem 5.3 directly gives the
exactness in the remaining point. [

When R is a field, but also when R is any commutative algebra with Picg(R) = 0 (for
instance a principal ideal domain, a local algebra, ...), then Cliff.,_ (G, R) = H?(G, R"),
and Dade’s result follows. We should also remark that the construction of the above exact
sequence (39) is quite similar to the corresponding part of the seven-term exact sequence
of Chase-Harrison-Rosenberg about the Auslander-Goldman-Brauer group relative to a
Galois extension of commutative rings [11] (cf. with exact sequence (45) in the next

subsection, also with Miyashita’s generalized seven term exact sequences [30]).

5.8. EQUIVARIANT AZUMAYA ALGEBRAS OVER (GALOIS EXTENSIONS WITH OPERA-
TORS. Throughout this paragraph, R is a commutative k-algebra such that R O k is a
Galois extension with finite Galois group G C Autg(R) and, in addition, we assume that
R is a I'-algebra through a given homomorphism I' — G. The Galois group G is then a
I-group by the diagonal action (o, x) — %, where “z(r) = %(x(° ).

An R/k-Azumaya algebra [26] is a pair (A, j) consisting of an Azumaya k-algebra (i.e.
central separable) A and a maximal commutative embedding j : R < A. When A is
endowed with a I'-action by algebra automorphisms such that j is I'-equivariant, then
the pair (A, 7) is called a I'-equivariant R/k-Azumaya algebra. Two such algebras, (A, j)
and (A’, j') are isomorphic whenever there exists a I'-equivariant isomorphism of algebras
¢ : A= A’ which respects the embeddings of R, that is, ¢j = j'. Let

Br (R/k)

denote the corresponding set of isomorphism classes.
If (A, 7) is any equivariant R/k-Azumaya algebra and, for each z € G, we let

A, ={ac Al z(r)a=ar foralre R}. (40)
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Then, by [27, Proposition 3] or [2, Theorem I 2.15], it holds that A = @®,cc Ay, AzA, = Ay
for all z,y € G and A, = j(R) = R. Moreover, for any o € I and z € G,

Ay ={% | z(r)a=ar, re R} ={a|z(r)°a = " ar, r € R}
={a|z(°")7a="a"r reRy={a| "(:E("_;")) a=ar, r € R}
={a|%%(r)a=ar, r € R} = Ao, .
Hence, ((4,{As}sec, G),j: R= A1) is a (G, R)-graded I'-Clifford system over k.

And conversely, if ((A, {A;}seq,G),j: R = A;) is any (G, R)-graded I'-Clifford sys-
tem over k such that

z(r)a, =a,r forallze G,re Randa, € A,, (41)

then it follows from [27, Proposition 2] that (A4, j) is an equivariant R/k-Azumaya algebra.
Thus, equivariant R/k-Azumaya algebras are the same as (G, R)-graded T'-Clifford

—~T
systems such that equalities (41) hold. Next we shall characterize the subset Br (R/k) C
Cliff, (G, R) by means of the generalized collective character map (31). To do so, let us
recall Bass’ split exact sequence of groups [1, II, (5.4)]

1 — Picg(R) " Picy(R) # Autp(R) — 1, (42)

in which § : f +— [Ry] is the homomorphism already recalled in sequence (36), and h
maps the class of any invertible (R, R)-bimodule [P] € Pick(R) to the automorphism
h([P]) = hp € Auti(R) such that hp(r)p =pr for all r € R and p € P. Let

¢ : Picy(R) — Picp(R), [P]— [€P], (43)

be the map that assigns to each class of an invertible (R, R)-bimodule P the class of
the (R, R)-bimodule {P which is the same P as left R-module but with right R-action
p-r=rp. Thus, {[P] = [P ®p Ry 1] = [P][Ry,] " = [P] (0n([P)))~"

Sequence (42) is actually of I'-groups. Indeed, when we recalled sequence (36), we
showed that ¢ is a [-equivariant homomorphism. Homomorphism h is also equivariant
since, from equalities hp("?l‘) p=p? rin P, it follows that the equalities "hp("flr)-p = pr
hold in ,F,, which means that hp = h_p,. Thus, °h([P]) = h(°[P]) according to the
[-action (30) on Picg(R). Hence, the abelian group Picg(R) is a I-equivariant Auty(R)-
module, on which I' acts by (30), and Aut,(R) acts in a similar way by

P] =[P,

where (P; & Ry ®rP®gR;-1 is the same k-module as P withr-p = f~Y(r)p=p f~(r) =
p-r, forr € R and p € P. In particular, since G is a I-subgroup of Auty(R), Picg(R) is
also a I'-equivariant G-module.
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Now, if p : G — Pick(R), say p(x) = [A,], is any equivariant generalized collective
character of the I'-group G in the I'-algebra R, then the equalities (41) hold if and only
if hp =in : G — Autg(R). Moreover, since map (43) induces an isomorphism of abelian
groups [5, Proposition 2.5]

{p € Hom,(G, Pick(R)) | hp(x) = x, x € G} = Der.(G,Picr(R)), pr— Ep,

where Der.(G,Picg(R)) is the abelian group of I'-equivariant derivations from G into
Picgr(R), we conclude that there is a cartesian square

Br (R/k) ——"— Cliff} (G, R) (44)

i lx

Der, (G, Picg(R)) = Homp (G, Picy(R)) ,

where x is the map (31) and X : [A4,j] — X, ,, where X, (z) = [§A,] for each z €
G. Hence, equivariant R/k-Azumaya algebras are the same as (G, R)-graded I'-Clifford
systems over k that realize equivariant derivations from G into Picr(R).

The set B\rr(R/ k) has a canonical structure of abelian group under the operation
[AGNAL T =TA® A j @ T,
where A ® A" = @, A, ®r A, in which, for each x € G, A, and A}, are defined by

x?

(40) and A, by (43), with multiplication given by the chain of isomorphisms:

§A, ®p A, ®rEA, ®r A 2 EA, @r [EAy). ®r A, @R A,
= (A, ®@rAy) ®r A, @r A}, = Ay QR A,

Ty
that is, (a,®a,)(a,®a,) = aza,®a,a,. The I-action is given by /(a,®a},) = %a,®%;,, and
Jj®j"is the composition R = RRrR = A;®@rA] = EA1®rA]. The class of the skew group
algebra RxG = @, ., Rx{z}, whose multiplication is given by (r,z)(r’,y) = (rz(r'), zy)
and on which I'-acts by “(r, z) = (o, %x), gives the identity element of B\TF(R/ k), and the
inverse is given by

[A, 517" = [A7, 4],
where A is the opposite -algebra of A (observe that, for any z € G, A% = A,-1 with
T Qg1 = a7 =2 (r)a,— and a1 -7 = ra,-1, and then, A ® A? = R G by the
map » . Gy ® by-1 — Y (ayb,—1,x)).

Then, we have:

5.9. THEOREM. Let R/k be a Galois extension of commutative rings with finite Galois
group G C Auty(R) and suppose that an action of a group I' on R by automorphisms in
G is given. Then, there exists an exact sequence of abelian groups

00— H2(G,R") =~ 5" (R/) —> Der, (G, Pica(R)) —~ H¥G,R"),  (45)
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in which the homomorphism Y is defined by means of the equivariant crossed product
construction, that is

Sg] = [Rbing Goj : R= R x {1}],

where R %, , G 1s the crossed product algebra R %, , G = @IeGR x {x}, whose multi-
plication is given by (r,x)(r',x’") = (rx(r') p(x,2’), zx") and on which T'-acts by /(r,x) =
(r o(z,0),%). The homomorphism X is that given in (44) and T is the Teichmiiller ob-
struction map (33) restricted to Der, (G, PiCR(R)); that is, for any I'-derivation d : G —

Picg(R), T(d) = T(pa), where pg : G — Picy(R) is the equivariant homomorphism given
by pa(w) = d(x)[Ra].

Proor. To check that maps X, y and T are group homomorphisms is routine. The
exactness in the two first points means that X establishes a bijection between HFQ(G, R)
and Ker(y), but this is just bijection (35),

HF2 (G, R*) é Cliff£ (G, R; po) =x'(po) = Ker(x),

when one chooses the skew I'-group algebra R x GG, in the bijection, as the representative
(G, R)-graded I'-Clifford system that realizes the equivariant generalized collective char-
acter po corresponding to the zero derivation 0 : G — Pici(R). Part (¢ii) of Theorem 5.3
directly gives the exactness in the remaining point. [

Exact sequence (45) in the above theorem extends the sequence in [10, Theorem 2.1].

6. Strongly graded bialgebras and Hopf algebras with operators

Throughout this section, k is a unitary commutative ring and all algebras and coalgebras
are over k. Recall that a bialgebra (R, A, €) is an algebra R enriched with a coalgebra
structure such that the comultiplication A : R — R ®; R and the counit € : R — k are
algebra maps.

A strongly graded bialgebra [8, Definition 6.4]) ((S, A, €), {S;}seq, G) is a graded Clif-
ford system over k in which S is endowed with a bialgebra structure such that every com-
ponent S, is a subcoalgebra. A morphism of strongly graded bialgebras is a morphism
(h, ) between the underlying graded Clifford systems such that h is also a coalgebra
homomorphism. Strongly graded bialgebras were classified in [8, Section 6] as a specific
application of the general treatment of graded monoidal categories.

Hereafter, I' is a fixed group of operators and a I'-bialgebra means a bialgebra provided
with a -action by bialgebra automorphisms (o,7) — “r. Our goal in this section is
the classification of strongly graded bialgebras on which a group of operators I' acts by
automorphisms, that is, the classification of strongly graded I'-bialgebras.

Similarly to what happens with graded I'-Clifford systems, if ((S, Ae),{S:} e, G)
is a strongly graded I'-bialgebra, then G is a I'-group, (S, A, ¢€) is a I'-bialgebra and its
1-component S is a I'-subbialgebra. Then, we shall regard ((S,A,e),{Sx}xeg,G) as
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an equivariant extension of the I'-bialgebra (S, A, €) by the I'-group G. More precisely,
if (R, A, €) is any I'-bialgebra and G is a I'-group, then a strongly (G, (R, A, ¢))-graded
I"-bialgebra is a pair (S,j,), where S = ((S,A,e), {Sm}xeg,G) is a strongly graded I'-
bialgebra, such that the I'-action on G is the given one, that is, 95, = S, for all x € G
and o € I', and j, : (R, A,€) = (51,4, €) is an isomorphism of I'-bialgebras.

The most striking example is, for (R, A, €) any given I-bialgebra, the group bialgebra
R(G) = @,c R x {x} (where the multiplication is given by (r,z)(r’,2’) = (rr’, z2") and
the comultiplication, using Sweedler’s notation, by A(r,z) = >, (r(), )®(r(2), z), which
is a I-bialgebra with the action “(r,z) = (°,°). However, equivariant crossed products
of (R,A,¢) and G also yield examples of equivariant strongly graded bialgebras. Note
that the underlying graded algebra of a strongly graded I'-bialgebra is a graded I'-Clifford
system as defined in Section 5.

Two strongly (G, (R, A, €))-graded I'-bialgebras, (9, js) and (I, jr), are isomorphic if
there exists a ['-equivariant isomorphism of I'-bialgebras h : (S, A,€) = (T, A, €) which is
grade-preserving. We denote by

Extg(G, (R,A,e))

the set of isomorphism classes of strongly (G, (R, A, €))-graded I'-bialgebras.

The classification of strongly graded I'-bialgebras parallels the non-equivariant case
(i.e., when I is the trivial group) studied in [8]. Let (R, A, €) be any I'-bialgebra. Then,
the group

PiCk (R, A, 6)

of isomorphism classes of invertible (R, R)-coalgebras [8, Definition 6.3] is a I'-group with
action given by ?[P| = [,P,], where ,P, is the invertible (R, R)-coalgebra which is the same
coalgebra as P but with (R, R)-actions r-p = *rpandp-r=p° rforr € Randp € P.
Note that, since every invertible (R, R)-coalgebra is an invertible (R, R)-bimodule, there
is an obvious equivariant homomorphism, from the I'-group Picg(R, A, €) to the I-group
Pick(R) of the underlying I'-algebra as considered in Section 5, which is neither injective
nor surjective in general. Moreover, the centre of the bialgebra Z(R, A, €) [8, Definition
6.2], which is the multiplicative submonoid of R consisting of all group-like elements of R
as a coalgebra that belong to the centre of R as an algebra, that is,

Z(R,Aje)={ue R| A(u) =u®u, €(u) =1, and ur = ru for all r € R},

is a I'-monoid in the obvious way. Therefore, the group of units of Z(R, A, €), denoted by
Z(R,A €e)*, is a -module. In fact, Z(R, A, €)* is actually a I'-equivariant Pic,(R, A, €)-
module, where the action of Picy(R, A, €) on Z(R,A,e)* (see [8]) is determined by the
equalities Plup = pu, for any invertible (R, R)-coalgebra P, any u € Z(R, A, ¢)* and
peP.

Every strongly (G, (R, A, €))-graded I'-bialgebra (S = ((S,A,€), {Ss}eec, G), js) in-
duces a T'-equivariant homomorphism (which depends only on its isomorphism class

S, 7s])
Xisag) G — Picy(R,Aye), x—[S;], z€qG,
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and so there is a canonical map
X : Bxtp (G, (R, A, €)) — Homp(G, Picp(R, A, €)) .

We call any I'-equivariant group homomorphism p : G — Picy (R, A, €) an equivariant
generalized collective character of the I'-group G in the I'-bialgebra (R, A e). We also
say that a strongly (G, (R, A, €))-graded I'-bialgebra (S, j,) realizes such an equivariant
generalized collective character p whenever Xisjg = P Map y provides a partitioning

Ext, (G, (R,Ae)) = |_| Ext, (G, (R, A, €);p),
p

where, for each I'-equivariant homomorphism p : G — Pici(R, A, €), Exty (G, (R, A, €); p)
is the set of isoclasses of strongly (G, (R, A, €))-graded I'-bialgebras that realize p.
Now we state the following:

6.1. THEOREM. (Classification of strongly graded bialgebras with operators)
Let (R, A, €) be a I'-bialgebra and G a I'-group.

(i) Each T-equivariant generalized collective character p invariably determines a 3-
dimensional cohomology class T(p) € H?(G,Z(R,A,e)*) of G with coefficients in the
equivariant G-module of all group-like central units of (R, A, €) (with respect to the G-
module structure on Z(R, A, €)* obtained via p). This invariant is called the obstruction

of p.

(ii) An equivariant generalized collective character p is realizable, that is, the set
Ext, (G, (R, A, €); p) is non-empty if, and only if, its obstruction vanishes.

(iii) If the obstruction of an equivariant generalized collective character, p, vanishes,
then there is a bijection

Exty (G, (R, A e);p) 2 HX(G,Z(R, A e)) .

As in the examples studied in the previous sections, this classification theorem for the
strongly graded bialgebras with operators will follow from the general theory in Section
2, once we are able to identify, up to isomorphisms, strongly graded I'-bialgebras with
I'-graded monoidal functors from the discrete I-graded categorical group dis'G' to the
[-graded Picard categorical group of a I'-bialgebra (R, A, €)

Pic, (R, A, €),

which is defined in a similar way to the T'-graded categorical group Picy (R) of the under-

lying T'-algebra R. The objects of Pic, (R, A, ¢) are the invertible (R, R)-coalgebras and

the morphisms are pairs (¢, o) where ¢ is an isomorphism of coalgebras. Composition and

the graded tensor product are defined much as for Pic; (R), in such a way that, omitting

the coalgebra structure, one has a graded monoidal functor Picy (R, A, €) — Picj (R).
Then we have:
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6.2. THEOREM. For any I'-bialgebra (R, A, €) and any U'-group G, there is a bijection
Z : [@FGv EE(R, A? 6)} = Eth(G7 (Ra A? 6)) ) (46)

between the set of homotopy classes of graded monoidal functors from dis' G to Pic (R, A, )
and the set of isomorphism classes of strongly (G, (R, A, e))—gmded ['-bialgebras.

Proor. [t is parallel to the proof for Theorem 5.2 and so we will omit some straight-
forward details. First we observe that a strictly unitary I'-graded monoidal functor
(F,®) : dis"G — Picy.(R, A, €) is the same as a strictly unitary I'-graded monoidal func-
tor (F,®) : dis'G — Pic} (R) in which every F, is an invertible (R, R)-coalgebra and
the isomorphisms (27) and (28) are of (R, R)-coalgebras. Such a graded monoidal func-
tor (F,®) is now termed an equivariant factor set of the I'-group G in the I'-bialgebra
(R,A,€) and it gives rise to a generalized crossed product bialgebra X(F,®) = @, . Fi
which is the direct sum (= coproduct) coalgebra of the coalgebras F, where the product
of the elements ¢ € F, and b € F, is defined by ab = ®,,(a ® b). Further, owing to
the isomorphisms F, ,, group I' acts on X(F, ®) by the rule “a = F,,(a) if a € F,. In
this way, X(F,®) = ((E(F,@),A,e),{Fm},G), together with the identity R = F7, is a
strongly (G, (R, A, €))-graded I'-bialgebra.

If I/ = (F',®') : dis' G — Picy. (R, A, ) is another strictly unitary graded monoidal
functor, then it is straightforward to see that giving a homotopy 6 : (F, ®) — (F’,®’) is
equivalent to giving an isomorphism of I-bialgebras, ¥(F, ®) — X(F', ®'), a — 0,(a),
a € F,, which establishes an isomorphism of strongly (G, (R, A, €))-graded I'-bialgebras
0 (S(F, @), idg) = (S(F', ®'),idg).

Moreover, any strongly (G, (R, A, €))-graded I'-bialgebra is actually isomorphic to a
generalized crossed product (G, (R, A, €))-graded I'-bialgebra for a certain equivariant fac-
tor set (F,®). In fact, given any (S, js) S = ((S,A,e), {Sx}meg,G), we can assume, up
to isomorphism, that R = S; and j, = idg. For any z,y € G, the canonical multipli-
cation map ®,, : S, ®r Sy, — Sz, a®@ b+ abis a (R, R)-coalgebra isomorphism and
each component S, is an invertible (R, R)-coalgebra [8, Proposition 6.4 and Corollary 6.1].
Furthermore, the I'-action on S determines, for all z € G and o € I', isomorphisms of coal-
gebras F, : Sy — Sop, a =Y, and it is plain to see that (F,®) : dis' G — Pic} (R, A, ),
with F, = S, for each x € @, is a strictly unitary graded monoidal functor whose as-
sociated generalized crossed product (G, (R, A, ¢€))-graded I'-bialgebra (X(F,®),idg) is
exactly (S,idg). "

The classification of strongly (G, (R, A, €))-graded bialgebras with operators stated in
Theorem 6.1 is now a consequence of Theorem 2.2 and the above bijection (46). Indeed,
for any I'-bialgebra (R, A,¢€), the homotopy groups of the I'-graded categorical group
Pic; (R, A, €) are moPic, (R, A, €) = Pici(R, A, €) and m Pici (R, A,¢) = Z(R, A, ¢)* and
the obstruction T(p) € H3*(G,Z(R,A,€)*) in part (i) of Theorem 6.1, of any equiv-
ariant generalized collective character p : G — Pici(R, A, €), is defined in the same
way as (33) for equivariant generalized collective characters of I'-groups in I'-algebras.
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Furthermore, for any equivariant factor set (F,®) of the I'-group G in the I'-bialgebra
(R,Aje), m, F = Xis(rayay and then bijection (46) provides, by restriction, bijections
PO [@FG,EE(R, A e); p} >~ Extr (G, (R, A, €); p) for any equivariant generalized char-
acter p : G — Pick(R,A,€). Hence, parts (ii) and (éi7) of Theorem 6.1 follow from
Theorem 2.2.

By [3, Theorem 1.1], Theorem 6.1 applies to the classification of strongly graded Hopf
['-algebras over a field k with 1-component of finite dimension, that is, strongly graded
I'-bialgebras ((S, A e),{S:}eea, G) where (5, A €) is a Hopf algebra whose antipode map
€ : S — S satisfies that £(5,) C S,-1 for all z € G, and S is finite dimensional over
k. Indeed, when (R, A, ¢) is any finite dimensional Hopf I'-algebra, then every strongly
graded I'-bialgebra whose 1-component is isomorphic to (R, A, €) is necessarily a strongly
graded Hopf T'-algebra and, therefore, for any I'-group G, Ext}, (G, (R, A, e)) is exactly
the set of isomorphism classes of strongly (G, (R, A, €))-graded Hopf I'-algebras.
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