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AZUMAYA ALGEBRAS WITH GENERAL GRADINGS
AND THEIR AUTOMORPHISMS*

By

Hisatoshi IkAI

Abstract. Some basic properties of graded Azumaya algebras are
given systematically. Here, the grading is indexed by an arbitrary
additive group and the notion of a graded Azumaya algebra is
relative to a choice of a commutation factor. We also establish two
exact sequences which generalize the Skolem-Noether theorem.

Introduction

Let R be a commutative ring and A be an additive group. We will work in
the category of unitary associative graded R-algebras of type A. A graded
Azumaya algebra, introduced by L. N. Childs, G. Garfinkel, and M. Orzech [6],
is a special object in this category. This notion is a generalization of the finite-
dimensional central simple algebras, and the Brauer group of such graded
algebras have been extensively studied by F. W. Long and by M. Orzech .
In this article, we propose to give some basic properties of such algebras sys-
tematically, and to prove the Skolem-Noether theorem in a form of two exact
sequences.

To be more precise, we choose a bimultiplicative map ¢ on A x A with value
in the unit group R* of R. As in [6], the notion of graded Azumaya algebras is
defined relative to e. Though any other confusion would not actually occurs, we
have employed the prefix “e-” whenever the map ¢ is involved. Thus, our “e-
Azumaya” is a synonym of “graded Azumaya” in [6]. As in the ungraded case,
the property “e-Azumaya” admits various equivalent descriptions and this fact
itself is one of the important theorems. Before stating our Skolem-Noether
theorem, we review definitions in together with additional generalities from
Section one to Section four. In particular, we give in Section one a supplement to
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[6] which deal with generalities on graded invertible modules. Our Skolem-
Noether theorem is stated in Section five in a form of two exact sequences

iO e
(1) [— R — A 4 Aut(4) 2% Picgr®(R)
and
2) 1 R hU(4) -4 Aut(4) 25 Pic(R).

Here, 4 = @ 1ca A; is an arbitrary e-Azumaya algebra and the meanings of each
members are as follows: Aut (A4) is the automorphism group of 4 with respect to
the structure of unitary graded algebra, and % assigns to ue A; the inner
automorphism x — uxu~! of A. hU (A) is the group of units # in 4 whose
localization u, at any p € Spec R is homogeneous, and the automorphism i§(u) is
characterized by the formula

i (u)(x,) = Ze(v,,u)u,,xvu*l
UEA
for ve A and x, € 4,. Pic(R) is the ordinary Picard group of SpecR and Picgr®(R)
is the group of graded invertible R-modules L = @Ae ALy of type A modulo
graded isomorphisms of degree zero (here the adjective invertible refers to L as a
ungraded R-module). ¥’ assigns to o € Aut(A4) the class of Lé(a) = P, _, L%(a),
where

L), := {x; € A) | a(a,)x; = e(p, A)x;au,u € Aya, € Ay}

It is an important consequence of é-Azumaya that so constructed L%(«) is indeed
invertible. Finally ¢% assigns to a € Aut(A4) the class of the underlying ungraded
R-module of L¢(a).

When we take take A =0 and ¢ = 1, the e-Azumaya algebras are the same
as the ordinary Azumaya algebras, and both (1) and (2) reduce to the exact
sequence

(3) 1— R* — 4* = Aut(4) — Pic(R)

due to Rosenberg and Zelinsky (cf. [10], [2, I1I-4.6]). In particular if R is a field,
we are reduced to considering central simple algebras and (3) recovers a part of
the Skolem-Noether theorem (cf. [4, VIII, §10, no 1]). On the other hand, the
case where A = Z/2Z and ¢(4,u) = (—1)* is treated in the works of H. Bass
and of C. Small [11]. In fact, our work is modeled on [2] and [1T]. Among the
topics in there, we devoted our attention to various definitions of Azumaya,
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which is important in producing examples, and to exact sequences describing
automorphism groups. Here we keep in mind a relation to the theory of
quadratic forms. Indeed, one of the motivations to consider such algebras comes
from the fact that an example is given by the Clifford algebra C(P,q) of a
non-singular quadratic form ¢ on a finitely generated projective R-module P (cf.
[2, V-3.9]). Also exact sequences (1) and (2) in this case are utilized to construct
various groups related to the orthogonal group O(P,q) (cf. [3, §3)).

Finally, we would like to thank the referee for valuable comments and

teaching us the works [6], [7], and [9].

§1. Graded Invertible Modules

1. We start with a general observation on an adjoint situation, by which we
understand a data (¢; F,G;2,%) consisting of two categories ¥ and 2, two
functors

(1) F:9—-% and G:¥% — 2,

and a natural equivalence ¢ of set-valued bifunctors 2(G(-), -) — €(-,F(-)) (cf.
(8, pp. 117-118]). Here, «/(x, y) stands for the set of morphisms in a category &/
with source x and target y. By definition, we have a bijection

(2) 9(c,d) : 2(G(c),d) = 6(c,F(d))

for each ce ¥ and d € 2. Denote by £ : Id¢ — Fo G and by n: Go F — 1Idg the
associating natural transformations of functions (cf. [8, Ch. V, Prop. 1.1]), in
other words, we have

¢(c) = o(c, G(c))(Idg()) € €(c, F o G(c)),

(3)
n(d) = p(F(d),d)” (1dp)) € 2(G o F(d), d),

for ce ¥ and d € 2. Then, we have the following lemma by means of which we
will define the “‘graded invertible modules” and the “e-Azumaya algebras” (cf. 3,
31):

LEMMA. The following conditions are equivalent:

(i) F is an equivalence.

(i) G is an equivalence.

(i) Al the morphisms &(c): ¢ — FoG(c) and n(d): Go F(d) — d, where
ce¥ and d € 9, are isomorphisms.
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ProoF. We have [(i) or (ii)] = (ii1) from [8, Ch. V, Prop. 1.3]. (iii) amounts
to saying that the natural transformations &:Id¢y — Fo G and : Go F — Idgy
are equivalences. Hence we have (iii) = [(i) and (ii)] from [8, Ch. II, Prop. 10.1].

2. Let A be an additive monoid such that any element A is regular (i.e., the
translation § — 6 + A is injective). Let 4 =@, _, 4; and B=P),_, B1 be two
graded rings of type A, and U =@, _, U; be a graded (B; A)-bimodule of type
A. Here and in sequel, we follow to [4, I, §11] and [4, III, §4] the definitions and
notations for graded rings, modules, and algebras. Denote by C-Med, for C = A4
and B, the category of graded left C-modules of type A with morphisms graded
C-homomorphisms of degree zero (cf. [4, II, § 11, def. 4]). By [4, II, §11, nos 5, 6],
we then have an adjoint situation (cf. 1)

(1) (9% ; Homgrgz(U, - ), U @ 4; B-Mod, A-Mod),

where @& assigns to M € A-Mod and N € B-Mod the isomorphism ¢8 (M, N) :
B-Mod(U ®,4 M,N) = A-Mod(M,Homgrz(U,N)) of abelian groups sending
g:U®;M — N to the map ¢g': M — Homgrg(U,N) such that g'(m)(u) :=
glu®m). As in 1, denote by &¥ and by #& the natural transformations
associating to the situation (1). By definition, &% and #® assign to M € 4-Mod
and N € B-Mod the homomorphisms

(2) &4 M — Homgrg(U,U®,M) and nf:U®,Homgrg(U,N) —» N
such that &8 (m)(u) = u@®m and 75 (u® f) = f(u), respectively.

3. By the lemma in 1, the following definition is valid:

DEFINITION.  Let (A, A, B) be as in 2 and U =P, _, U, be a graded (B; A)-
bimodule of type A. We say that U is graded invertible if it satisfies the following
conditions which are equivalent:.

(i) The functor U ®, : A-Mod — B-Mod is an equivalence.

(i) The functor Homgrg(U, -) : B-Mod — A-Mod is an equivalence.

(iil) ANl the morphisms &5, : M — Homgrg(U, U ®, M) and 1% : U ®,
Homgrg(U,N) — N, where M € A-Mod and N € B-Mod, are isomorphisms.

4. Let A and B be two ungraded rinds and U be a ungraded (B;A)-
bimodule. When we apply 2 after taking A to be zero, the adjoint situation (1) of
2 reduces to the ordinary situation

(1) (p; Homp(U, -), U ®,; B-mod, A-mod),
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where C-mod, for C = A4 and B, is the category of ungraded left C-modules with
morphisms C-homomorphisms, and ¢ is the natural equivalence of bifunctors
which assigns to M e A-mod and N € B-mod the canonical isomorphism
9(M,N) : Homp(U ®, M,N) = Hom,(M,Hompg(U,N)) of abelian groups (cf.
e.g. [4, II, §4. no 1]). Also we denote by

(3) ¢y :M—Hompg(U,U®,;M) and pny:U®,,Homg(U,N)— N

the associating homomorphisms. Now the graded invertibility of U, in the sense
of 3, reduces to the following equivalent conditions:

(i) U®,: A-mod — B-mod is an equivalence.

(i) Homp(U, ) : B-mod — A-mod is an equivalence.

(iii) All the morphisms &,, and #, are isomorphisms.

The condition (i) is precisely the one for U being invertible in the sense of [2,
II-3.2]. Recall (cf. [2, II-5.6 (c), II-4.4 (1)]) that the latter is equivalent to the
following equivalent conditions:

(iv) U is faithfully projective (i.e., finitely generated, projective, and a gen-
erator) as left B-module, and the canonical ring homomorphism 4° — Endg(U)
is an isomorphism.

(v) U is faithfully projective as right 4-module, and the canonical ring
homomorphism B — End4(U) is an isomorphism.

Recall also (cf. [2, 1I-4.3 (3), 5.6 (b), 5.10]) that, in the case where A4 is
commutative, these are equivalent to both of the following:

(vi) U is a generator as left B-module, and the canonical ring homomorphism
A — Endg(U) is an isomorphism.

(vii) U is finitely generated, projective, and faithful as A-module, and the
canonical ring homomorphism B — End,4(U) is an isomorphism.

5. THEOREM. Let (A, A,B) be as in 2 and U = P, _, U, be a graded (B; A)-
bimodule of type A. Assume that A is a group. Then the following two conditions
are equivalent:

(i) U is graded invertible, in the sense of 3.

(ii) The underlying ungraded (B; A)-bimodule of U is invertible, in the sense of
[2, 1I-3.2].

PROOF. (i) = (ii): We shall verify the condition (v) in 4.

1° The canonical homomorphism A4° — Endgrz(U) of graded rings is an
isomorphism.—To prove this, denote by 4(5) (resp. U(J)) the object in 4-Mod
(resp. B-Mod) obtained from A (resp. U) by shifting the grading by J € A (cf. [4,
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II, §11, no 2, Example (3)]). The scalar multiplications induce homomorphisms
es: As — A-Mod(A4(0), A(5)) and yy: A5 — B-Mod(U(0),U(6)) of abelian
groups, and morphisms y;: U ®4 45 — U(d) in the category B-Mod. Note that
all the e;’s and y, are isomorphisms, and that the diagram

A; i B-Mod(U(0), U(9))

es l [B-Mod(xo )

A-Mod(A(0), 4()) L4049, p Mod(T(4(0)), T(4())),

where T stands for the functor U ®,, is commutative. In our situation, all the
xs’s are also isomorphism since A is a group, and so are T(A4(0), A(J))’s since
T = U ®, is an equivalence (cf. 3). It follows that ;’s are all isomorphisms.
Hence so is the map in question, which is precisely the direct sum @a Vs

2°—The lemma in 6 below, combined with the surjectivity of the map 7% for
N = B (cf. 3 (2)), tells us that the underlying ungraded left B-module structure &
on U is faithful, that the canonical ungraded left Endgrz(U)-module structure &'
on U is finitely generated projective, and that the endmorphism ring for &’ is the
same as the homothety ring for . In view of 1°, these results can be read as
follows: The underlying ungraded right A-module of U, say U,, is finitely
generated projective and the canonical ring homomorphism B — End,(U) is an
isomorphism.

3°—It remains to show that U, is a generator. U4 may be considered to be
dual to the ungraded right 4-module (U,4)* := Hom4(Uy4, A), since Uy, is finitely
generated and projective (cf. 2°). Hence it suffices to show that (U,)* is a
generator (cf. [2, I1-5.6 (b)]), i.e. the functor Hom4((U,)", -) from 4-mod to the
category Ab of abelian groups is faithful. Indeed, it is isomorphic to the
composite A-mod S 4-Mod = B-Mod & Ab, where G is the functor giving the
trivial grading which is faithful, 7" is the functor U ®, which is an equivalence
(cf. 3), and F is the forgetful functor which is faithful.

(i) = (i): A is a group and the underlying ungraded left B-module of U is
finitely generated (cf. 4 (iv)). It follows that Hompg(U, Y) is precisely the
underlying ungraded left 4-module of Homgrg(U, Y), for any Y in B-Mod (cf. [4,
II, §11, no 6, Remark]). Hence, after forgetting the gradings, we have &5, = &)y,
and n% =ny for all M € A-Mod and all N € B-Mod. Since &, and 7, are all
isomorphisms (cf. 4 (iii)), so are &% and 75%.

6. LEMMA. Let A be an additive monoid whose elements are regular, A be a
graded ring of type A, and E be a graded left A-module of type A. Assume that
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there exist finite families of elements xi,...,x, € E and f,, ..., f, € Homgr (E, A)
such that 3, _,_, fi(xi) =1. Then

(i) The underlying ungraded left A-module structure on E is faithful.

(i) The canonical ungraded left Endgr4(E)-module structure on E is finitely
generated and projective.

(i) Any endmorphism v of E with respect to the left Endgr,(E)-module
structure in (il) is a scalar multiplication by an element of A.

This lemma is proved in the same way as in [2, 11-4.3].

7. Let (A,A,B) be as in 2. Then the group Homgrp(U, B) carries a
structure of right B-module as well as the structure of graded left 4-module of
type A defined in 2. The former is defined by the formula (fb)(u) := f(u)b
for be B, feHomgrg(U,B) and ue U. By these structures, we regard
Homgrp(U, B) as a graded (4; B)-bimodule of type A. Then, by applying 2 after
interchanging 4 and B, we obtain a functor Homgrg(U, B) ®z from B-Mod to A-
Mod. Also we have a morphism

(1) 6% : Homgrg(U, B) @ N — Homgrz(U, N)
in 4-Mod, for each N € B-Mod functorially, such that 6% (f ® n)(u) = f(u) - u.

COROLLARY. Let (A, A,B,U) be as in 2, and assume that A is a group and
that U is graded invertible. Then the graded bimodule Homgrg(U,N) is also

graded invertible, and there exist isomorphisms
(2) U ®,Homgrgy(U,B) > B and Homgrgz(U,B)®zU — A
of graded (B;B)-bimodules and of graded (A; A)-bimodules, respectively.

Proor. Since the graded invertibility reduces to the invertibility of under-
lying ungraded bimodule (cf. 5), it suffices to establish isomorphisms (2) (cf. [2,
11-3.2]). Indeed, the former is furnished by the natural isomorphism 7% (cf. 3) for
N = B. On the other hand, note that A is a group and that U is finitely generated
and projective as ungraded left B-module (cf. 5, 4 (iv)). It follows that we have
Homgrg(U, N) = Homp(U,N) after forgetting grading (cf. [4, II, §11, no 6,
Remark]). Hence the morphism 6% (cf. (1)) reduces to the canonical homo-
morphism 6y : Homp(U, B) ® N — Homp(U, N) which is an isomorphism (cf.
(4, §4, no 2, Prop. 2, Cor.]). Therefore, 6% is an isomorphism, and so is
® : A° — Endgrgz(U), the canonical homomorphism of graded rings, by the same
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argument. Thus the latter of (2) is furnished by the composite of 6% for N = U
with @'

8. Let A be an additive group and 4 = @15 A A; be a graded ring of type
A. If P and Q are graded (A4; A)-bimodules of type A, the tensor product P ®, Q
acquires also a canonical structure of such graded bimodule. In this way, we
regard ®, as a product in the category A-Mod-A4 of graded (A4; A)-bimodules of
type A. This product is associative up to natural isomorphisms, while it is not
commutative in general. Also, for P € A-Mod-4, we put

(1) P := Homgr ,(,P, A),

where 4P stands for the underlying graded left 4-module of P, to obtain an
object P in A-Mod-A (cf. 7). In this way, we regard ? as an operator in the
category A-Mod-A. Since the composite functor 4-Mod L&, 4-Mod 224 4-Mod
is isomorphic to (P ®, Q) ®,4, we see that, in the category 4-Mod-4, the graded
invertible bimodules are closed under the product ®,. Moreover by 7, if Pe
A-Mod-A is graded invertible, so is P and we have P®, P > P®, P = A. Thus,
by the product induced by ®,, the isomorphism classes cl(P) with P graded
invertible form a group in which we have cl(P)™' = cl(P). We call this group the

graded Picard group of A, and denote it by Picgr(4).

9. Let A be an additive group and 4 = @le A A be a graded ring of type
A. We denote by Aut(A4) the automorphism group of 4 with respect to the graded
ring structure. For «, f € Aut(4) and P € 4-Mod-4, denote by ,Ps the object in
A-Mod-A having the same underlying graded abelian group as P, and with
multiplication a- x- b := a(a)xp(b) for a, be A and x € P. We use the notation
x|x|; to denote the element of ,Pg which is identified with an element x € P in the
underlying abelian group. Hence, we have ay|x|gh = ,|a(a)xB(b)|4. If y € Aut(4)
and Q € A-Mod-4, we have an isomorphism ,Pg ®, 30, — «(P ® Q), given by
the map sending 4| x|z ®g|y|, to 4|x ® y|,. Taking P to be 4, we obtain an object
2Ap in A-Mod-A4. In this case, an isomorphism 44 — ,44,s is given by the map
sending o|x|; t0 ,4|y(x)|,5. Thus, we get an isomorphism.

(1) 14 ® 1 Ag = 140p

given by the map sending i|x|, ®|y|s to i|xa(y)|,s which is the composite
1Ae @ Ap = 14y Ry Aup — 1(A ®y A)yp = 1A,p of the above isomorphisms. (1)
tells us that 4, is graded invertible (cf. 5, 4 (i)) and that the map
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¢4 : Aut(4) — Picgr(4) given by
(2) p4(o) :=cl(;4,) € Picgr(4)

is @ homomorphism of groups. On the other hand, recall that the zero-component
Ay is a subring of 4 and that the center Cen(A) of the underlying ungraded ring
of 4 is a graded subring of 4 (cf. [4, §11, no 2, Prop. 1, no 3, Prop. 5, Cor.)).
Denote by A4; the multiplicative group of units is 4o, and by i%(u) the inner
automorphism of 4 induced by an element u of A;. Then i may be considered
as a homomorphism A4; — Aut(A4) of groups. Note that 45N Cen(A), which is
the kernel of {9, is in fact the multiplicative group Cen(A4); of the zero-com-
ponent of Cen(A4),. The following proposition is proved in the same way as in [2,
I1-7.2]:

PROPOSITION. The sequence

0
3) 1 — Cen(A); — A; -2 Aut(4) 24 Picgr(4)

is exact and the image of ¢, consists of cl(P)’s with P € A-Mod-A graded invertible
whose underlying graded left A-module is isomorphic to that of A.

§2. Generalities on Graded Algebras

10. Let R be a commutative ring and A be an additive monoid whose
elements are all regular. We begin with recalling the notions of commutation
factors and of graded tensor e-products from [4, III, §4, nos 6-9]. By a com-
mutation factor over A with value in R, we understand a map ¢: A x A —» R
satisfying e(4, u+ p') = e(4, we(d, 1'), e(A+ A, 1) = e(A, we(2', 1), and (4, we(p,
4) = 1. By definition, the map (A, u) — &(u, A) is also a commutation factor which
we denote by & If 4 =@, _, 42 and B=P),_, B, are two graded R-algebras of
type A, we have a similar algebra 4 ®; B called graded tensor ¢-product of type A
(cf. [4, IIL, §3, no 8]). By definition, the underlying graded R-module of 4 ®% B is
the ordinary tensor product 4 ®gz B with the total grading, while the multipli-
cation is such that

(1) (@ ® b,) (% ® y) = &(u, 4)(ax1) @ (byy)

foraed, yeB, A, ueA, x,e€4,, and b, € B, (cf. [4, 111, §4, no 7, (21)]. Thus,
for any graded R-algebra F of type A and any diagram A4 LFEB with
g(bu) f(ar) = e(u, A) f(a;)g(b,) for A, pe A, a; € A; and b, € B, the R-linear map
h: A®B— F sending a® b to f(a)g(b) is also a homomorphism of graded
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algebras. If § is another commutative ring and ¢: R — S is a ring homo-
morphism, we denote by @e the composite

(2) pe:AxA SRS,

which is clearly a commutation factor over A with value in S. Also we denote
by ¢*A the graded S-algebra of type A derived from a graded R-algebra 4 by
the scalar extension relative to ¢. Observe that the composite isomorphism
9" (A ®gB) = S ®g (4 ®r B) = (S ®r 4) ®s (S ®r B) = (¢*4) ®F (¢9*B) of un-
derlying ungraded S-modules gives rise to an isomorphism ¢*(4 ®; B) —
(p*A4) ®L (¢*B) of graded S-algebras. We say that this isomorphism is canonical.

Let us introduce some more notations. We denote by 4° the similar algebra
having the same underlying graded R-module as A4, and with multiplication
a, - b, :=e(i,p)a;b, for 2, ue A, a; € A; and b, € A,. We use the notation a® to
denote the element of A* which is identified with an element ae 4 in the
underlying module. In this notation, we have ajb = &(4,u)(asb,)’. Also we
observe A% = A% = 4 and 4% = A%, where A° denotes the opposite algebra of
A4 in general. We use the similar notation a® € 4% for a € A as above. Note that
we then have af*b?® = e(4, ) (bua;)”.

11. Let (R,A,¢) be as in 10. In sequel, we use the following conventions:
For any graded R-algebra 4 =@ 1eaAi of type A, we denote by 4-Mod (resp.
Mod-A4) the category of graded left (resp. right) 4-modules of type A with
morphisms A4-homomorphisms of degree zero. Let B = @,1 <A B: be another
graded R-algebra. By a statement “M is a graded (A4; B)-bimodule of type A, we
understand that both 4 and B induce the same R-module structure on M. Denote
by A-Mod-B the category of graded (4; B)-bimodule of type A in this sense with
morphisms (A4; B)-homomorphisms of degree zero. _

These being said, consider the algebra A4 ®j; B*, in which we have the
multiplication formula (a ® b5°)(x, ® y&*) = e(u, v + 6)(ax,) ® (y,b,)” for a e 4,
u, vioel, b,eAd, x,e€A, and y, € B,. Then we have an identification

(1) A-Mod-B ~ (4 ®% B*)-Mod

of categories as follows: If M = (—BA A M is in A-Mod-B, we regard M as an
object in (4 ®y B%)-Mod by preserving the underlying graded R-module and by
the multiplication formula

(2) (@a®b;) - xy == e(u, v)ax,b,.

Conversely if N =@),_, N, is in (4 ®5 B*)-Mod, we regard N as an object in
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A-Mod-B, by preserving the underlying graded R-module and by the multipli-
cation formulas

(3) a-x:=(@®1%x and x,-b,:=e(v,0)(1 ®b;)x,.

In either case morphisms need not be changed. It is a simple calculation to see
that (2) and (3) indeed define required module structures and that so constructed
two functors are inverses each other. We observe also that the identification (1)
commutes with base change in the obvious sense.

12. Let (R,A,e) be as in 10 and 4 =P, _, 4; be a graded R-algebra of
type A. We then define a similar algebra 4; by

(1) Af = A®LA”,

and call it the graded e-enveloping algebra of A. Thus, A satisfies the multi-
plication formula (a ® x{*)(b, ® y) = e(4, 1+ v)(ab,) ® (y,x2)” for ae 4, A, p,
veA, x;€d;, b,eA, and y,eA4,. Since 4 has a graded (A4;A)-bimodule
structure by the ring multiplication, it also has an induced graded left 4¢-module
structure which is characterized by the formula (@ ® 5;°) - ¢, = &(y, v)ac,b, (cf. 11
(2)). The corresponding homomorphism

(2) Ha: Aae — Endgrg(4)

is called the canonical representation of A; in A. We have an R-linear map
$q:Af — A defined by ¢,(a ® x*) := ax, which is surjective and compatible
with gradings. Moreover, viewing 4 as a left Af-module by the canonical
representation, we see that ¢, is also 4¢-linear. In this way, we obtain an exact
sequence

(3) 0——kerg,— A° 24 40

of left 4A¢-modules. In particular, A4 is finitely generated as a left 47-module. On
the other hand, the same calculation as in [2, III-1.2] shows that ker ¢, is
generated by {a ® 1% — 1 ® a®”|a € A} as a left ideal. The formation 4 — A? of
e-enveloping algebras can be considered as a functor from the category of graded
R-algebras of type A to itself. If f: A — B is a morphism of such algebras,
fE:Af — B¢ is the map such that f{(a ® x%) = f(a) ® f(x)”. If we regard A
(resp. B) as a left module over A¢ (resp. BY) by the canonical representation, then
the map f : A — B becomes semi-linear relative to f7 : A5 — B¢, and we have
¢pfi = fd,4. The formation of e-enveloping algebras commutes with tensor e-

~

products ®j, in the sense that an isomorphism @, p : A ®f B — (A ®; B); can
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be defined by the formula @4 5((a ® x;°) ® (by ® y*)) = &(u,v)(a ® b)) @ (X, ®
¥)%. Our formation commutes also with base change in the obvious sense.

13. If M=, , M, isin A-Mod-A, we denote by M =P, _, (M), the
graded submodule of the underlying graded R-module of M such that

(1) (M), = {x1 € M;|a,x; = e(u, A)x;a,,V, € A,¥a, € A,}.

Observe that any morphism u: M — M’ in A-Mod-4 sends M/ into M4
Denote by u/ the morphism M4 — M4 in R-Mod induced by . In this way, we
obtain a functor

(2) M — M*: 4-Mod-A — R-Mod.

Recall from 11 and from 2 that we have an identification 4-Mod-4 = A¢-Mod
and a functor Homgr (4, -) on 4¢{-Moed, respectively. We propose to show that
the functors (2) and Homgr ,.(4, -) are isomorphic. Note first that, in terms of
the A¢-module structure, the definition of M/ can be read as

(3) MA={xeM|z-x=0,Yzekerg,}.

This follows from the equation a,x; — e(u, A)x;a, = (@, @ 1% — 1 ® a;®) - x; (cf.
11 (2)), and from the fact that ker ¢, is a graded left ideal of A generated by
homogeneous elements a, ® 1% — 1 ®a;* (cf. 12). The expression (3) makes it
clear that any A¢-linear map f : 4 — M carries 1 into M. Note that we have
f(1) e (M), if fis graded of degree 1. Conversely, for any element x; in (M4),,
the formula f(a):=ax, defines an Af-linear map f: 4 — M of degree 1. It
follows that the map f — f(1) induces an isomorphism

(4) S f(1) : Homgr 4. (4, M) = M/

in R-Mod. This isomorphism is functional in M by construction. Hence, varying
M, we obtain the announced isomorphism of functors.

Note also that the isomorphism (4), viewed as a R-linear map of ungraded R-
modules, is in fact the composite Homgr: (4, M) Incl, Hom (4, M) A MA,
where ®(g) := g(1). ® is injective since 1 generates 4 as Af-module. Hence both
of two maps in the above composite are bijective. Therefore, we have

(5) Homgr (4, M) = Homy¢ (A4, M) as ungraded R-modules.

14. We consider the base change for the situation of 13. Let S be another
commutative ring and ¢ : R — S be a ring homomorphism. If M = @,1 M is
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in 4-Mod-4, it is clear from the definition 13 (1) that the natural morphism
M — ¢,9*M induces, by restricting to M? and extending scalars, a morphism

(1) Hy(M) : ¢"(M2) — (p"M)%."

in S-Mod. Observe that, after forgetting gradings, we may use the isomorphisms
(4) and (5) in 13 to identify H,(M) with the S-linear map ¢* Homy.(4, M) —
Hom,. 4)(¢*4,¢9* M) induced by the functoriality of ¢*. The following propo-
sition is proved in the same way as in [2, II-2.2, 2.8]:

PROPOSITION.  Let (R,A,¢,4) be as in 13, and ¢ : R — S be a homomorphism
of commutative rings. Assume that the underlying ungraded R-module of A is
finitely presented, and that S is flat over R. Then the morphism H,(M) is an
isomorphism for all M € A-Mod-A.

15. Consider the graded R-module 4/ of type A (cf. 13), and observe that it
is in fact a subalgebra of 4. We denote by

(1) Cen®(4) = @@ Cen®(4),

AeA

so constructed graded R-algebra of type A, and call it the graded e-center of A.
Note that the isomorphism (4) in 13 applied to M = A gives rise to an iso-
morphism

(2) f = f(1) : Endgr.(4) = Cen®(4)

of graded algebras. Also, we have

(3) Cen®(4); = {as € A; | bua; = e(u, A)azb,,Yue A,Vb, € A,},
4) Cen®(4) ={aeA|z-a=0,Vzekerg,},

by 13 (1) and 13 (3). Note that Cen®(A4), does not depend on the choice of ¢ and
is equal to Cen(4),, the zero-component of the center Cen(A4) of the underlying
ungraded ring of 4. We say that A4 is e-central if Cen®(A) is the trivial R-algebra.
This amounts to saying that both of the following two conditions are satisfied:
1° Cen®(4) = Cen(A4), (which depends on &).
2° The canonical map R — Cen(4), is bijective (which does not depend on ).
An example is given by the following proposition:

PROPOSITION. Let P=@),_, P; be a graded R-module of type A. Assume
that A is a group and that the underlying ungraded R-module of P is faith-



306 Hisatoshi IkAl

ful, finitely generated, and projective. Then the graded R-algebra Endgrg(P) is
e-central.

ProoF. Since A is a group and P is finitely generated, we have Endgrg(P) =
Endz(P) as ungraded R-algebras (cf. [4, §11, no 6, Remark]). Also the as-
sumption on P implies that Endg(P) is central (in the sense that the structural
homomorphism R — Endg(P) induces the isomorphism onto the center).
Hence we conclude by the following observation, the verification of which is
straightforward: For an arbitrary graded R-module M = 6—) ea M of type A, we
have Cen® (Endgrr(M)) = Cen(Endgrg(M)),, in other words, we have Cen®
(Endgrg(M)); =0 for A #0.

§3. &-Separable Algebras

16. Let R be a commutative ring, A an additive monoid whose elements are
regular, ¢ a commutation factor over A with value in R, and A=), _,4; a
graded R-algebra of type A. Recall (cf. 12) that we have a similar algebra A
operating from left on the underlying graded R-module of 4, and consider the
following class of algebras:

DEFINITION. A graded R-algebra A = @),_, A of type A is said to be e-
separable if the ungraded left Af-module structure on A is projective.

We begin with giving some criteria for the e-separability of 4. Recall from 12
that the multiplication of 4 induces a map ¢, : A — 4 which is in fact 4¢-linear.
Viewing ¢, as an morphism in the category 4-Mod-4 (cf. 11), we construct a
morphism (¢,)/ : (42)! — A2 in R-Mod (cf. 13). Looking at the underlying map
of (¢ A)EA, we call an element in the fiber of (¢ A);" over 1 € A2 an e-separability
idempotent over 4. In view of 13 (3), this amounts to saying that:

DEFINITION. An e-separability idempotent over a graded R-algebra A =
(—Bl aAy is an element e of A; satisfying the following two conditions:

(1) Pale) =1,

(2) ze=0 for all zekerg,.
Then, as in [2, III-1.6] and [8, (2.10)], we have:
PROPOSITION.  The following conditions are equivalent:

(i) A is e-separable.
(ii) The R-linear map (¢4)7 : (A2 — AL is surjective,
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(i) There exists an e-separability idempotent over A.
(iv) There exists an Af-linear section A — A of ¢,.

In particular, the criterion (iii) tells us that

COROLLARY 1. If A is e-separable, ¢p*A is gpe-separable for any scalar ex-
tension ¢ : R — S.

Also, using the criterion (ii) and standard arguments as in [5, I, §3], we have
the following corollary in which we write & and A, instead of g¢ and ¢*4,
respectively, for ¢ : R — R, the canonical homomorphism of localization at any
prime ideal p of R:

COROLLARY 2. Let A=), , A, be a graded R-algebra of type A whose
underlying ungraded R-module is finitely presented. Then A is e-separable if one of
the following two conditions are satisfied:

(1) The localization A, is em-separable for all maximal ideal m of R.

(i1) The scalar extension @p*A is ge-separable for some faithfully flat base
change ¢ : R — S and the underlying ungraded R-module of A is finitely generated.

Finally, let e A? be an e-separability idempotent. Then we have e-A4 <
Cen®(4), since z- (e-a) = (ze) -a =0 for all zekerg, and all ae 4 (cf. (2), 15
(4)). Moreover we have e-a=a for ae Cen®(A4), since e-a—a=(e—1)-ae
(Kerg,)-a (cf. (1), 15 (4)). These formulas can be read that an e-separability
idempotent e defines an R-linear retraction b — e - b for the inclusion Cen®(4) —
A. Thus we have

CorOLLARY 3. If A is e-separable, Cen®(A) is a direct factor of A as
ungraded R-modules.

17. An example of the e-separable algebras is given by the endomorphism
algebra of a suitable graded module. Namely:

PrOPOSITION. Let P = @A ca P be a graded R-module of type A. Assume
that A is a group and that the underlying ungraded R-module of P is faithful,
finitely generated, and projective. Then the graded R-algebra Endgrg(P) is e-
separable.
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PrOOF. Since A is a group and P is finitely generated, we have Endgrgz(P) =
Endg(P) as ungraded R-algebras (cf. [4, §11, no 6, Remark]). Hence the un-
derlying ungraded R-module of Endgrg(P) is identified with the tensor product
P ®z P* which is finitely generated and projective by assumption. In particular,
the assumption in the corollary 2 in 16 is satisfied. Note that the P;’s are also
finitely generated and projective since they are direct factors in P. Thus, after local-
ization, we are reduced to the case where P is non-zero free with base (ey,...,e,)
consisting of homogeneous elements. In this case, denote by e; the endmorphism
of P sending e; to ¢; and annihilating all the other e;’s. Fix an index a and put

e:= z eix ® eof € Endgrg(P);.

1<i<n

Then, we see by simple calculation that e is an e-separability idempotent over
Endgrz(P).

18. Let I be an ideal of R. Denote by &/I the composite A x A < R % R/I,
where ¢ is the canonical surjection. ¢/I is precisely the commutation factor ge
defined in 10 (2). If 4 = P 1ea A2 1s a graded R-algebra of type A, denote by 14
the subgroup of 4 generated by all the ra’s for r € I and a € A, which is in fact a
graded two-sided ideal of 4. Thus the quotient of A by IA carries a grading
of type A, as well as the (R/I)-algebra structure. By the notation A4/I4, we
understand the so constructed graded (R/[I)-algebra. This can be considered also
as the algebra ¢*A4 derived from A4 by the scalar extension ¢ : R — R/I. Denote
by r(A/IA) the graded R-algebra of type A derived from A4/I4 by the scalar
restriction R — R/I. Note that we have a homomorphism 7 : 4 — gr(A4/IA4) of
graded R-algebras, whose underlying homomorphism of graded rings is the
canonical surjection. 7 is precisely the canonical morphism A4 — ¢,p*A asso-
ciating to the base change ¢ : R — R/I. Then, we have the following proposition
which is proved by generalizing [2, III-1.8] in our situation:

PROPSOITION. Let A =), _, As be a graded R-algebra of type A, and I be
an ideal of R. Assume that A is e-separable. Then the graded (R/I)-algebra A/IA is
¢/I-separable, and the graded (¢/I)-center Cen®’(A/IA) has the same underlying

graded ring as the image of Cen®(A) under the canonical homomorphism n: A —
r(A4/14).

19. Let (4°), be a finite family of graded R-algebras 4’ =@),_, A} of type
A. Then the product 4 :=I1;4' acquires a grading with A-component IT;4}; this
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follows from the fact that a finite product coincides with a direct sum. By
construction, the projection pr’:a+s a’ onto any component A’ is a homo-
morphism of graded algebras. As in [2, I1I-2.20], we have

PROPOSITION. The product A is e-separable if and only if so are all the
components AVs.

20. The following proposition is important for the description of the
property “e-Azumaya’ (cf. 32), and proved in the same way as in [2, III-2.8]:

PROPOSITION. Let A=), , A and B=P),_, B) be two graded R-algebras
of type A. Assume that the underlying ungraded R-module of B is faithful, finitely
generated and projective, and that A ® 4 B is e-separable. Then A is e-separable.

21. Let A=), _,4; and B=(P),_, B, be two graded R-algebras of type
A. Observe that the induced homomorphism Cen®(4) ®f Cen®(B) — 4 ®; B by
inclusions is factored by Cen®(4 ®;B). Thus we have a homomorphism
Cen®(4) ®; Cen®(B) — Cen®(A4 ®§ B) of graded algebras, which we say canoni-
cal. Then, the argument in [2, III-2.6] yields the following generalization:

PROPOSITION.  Assume that both A and B are e-separable. Then so is A ®f B
and the canonical homomorphism Cen®(A4) ®j Cen®(B) — Cen®(4 ®% B) is an
isomorphism.

22. From now on until 26, we propose to introduce the notion of “semi-
simplicity”’ for graded rings and modules. Let A be an additive monoid whose
elements are regular and let 4 = @A a4, be a graded ring of type A. Recall
from 2 the category 4-Mod of graded left A-modules of type A with morphisms
A-homomorphisms of degree zero. Note that 4-Mod can be considered as an
abelian category in the natural way. Also 4-Mod admits arbitrary direct sum
which is preserved by the forgetful functor with respect to the gradings. Therefore
the terms “sum” and ““direct sum” have no ambiguities. Moreover it should be
noted that so is the term “‘projective”. Indeed, we have the following proposition
which is proved along the same line as [8, (1.11)]:

PROPOSITION. Let M = @A oa M, be a graded left A-module of type A. Then
the following conditions are equivalent:

(1) The underlying ungraded left A-module of M is projective.

(il) M is a projective object in the abelian category A-Mod.
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23. We say that a graded left A-module M =), _, M, is graded simple if
M is not zero and has no proper graded A-submodule. Then, we have the
following theorem which is proved along the same line as the ungraded case (cf.
(4, §3, no 3, Th. 1]):

THEOREM. Let M =@, _, M, be a graded left A-module of type A, and
(M;);.; be a family of graded submodules of M. Assume that all the M;s are
graded simple and that M is the sum of those. Then, for any graded submodule N
of M, there exists a subset J of I such that N is the direct sum of the M)’s for
jeJ.

24. A graded submodule N of M is said to be a graded direct factor of M if
there exists a graded submodule N’ of M such that M is the direct sum of N and
N’. Similarly to the ungraded case [cf. [4, VIII, Prop. 7]), the theorem in 23
suggests the following definition:

DEFINITION. Let M = @),_, M) be a graded left A-module of type A. We
say that M is graded semi-simple if it satisfies the following conditions which are
equivalent:

(1) M is the sum of a family of graded simple graded submodules.

(i) M is the direct sum of a family of graded simple graded submodules.

(iii) Any graded submodule of M is a graded direct factor of M.

Note that, in the case where the underlying ungraded A4-module of M is
finitely generated, we may assume the family in the definition to be finite.

25. We say that 4 is graded semi-simple if every M € A-Mod is projective
(cf. 22). A graded semi-simplicity of 4 implies that every M € A-Mod is graded
semi-simple since, for any graded submodule N of M, the projectivity of M /N
implies that N is a graded direct factor of M (cf. 22, 24). Conversely:

PROPOSITION. Assume that A is a group. Then the following conditions are
equivalent:

(1) 4 is graded semi-simple.

(ii) Every M € A-Mod is graded semi-simple.

(iii) The statement in (ii) holds for M = A;, the graded left A-module derived
from A.
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Proor. It remains to show that (iii) implies (i). Since A is a group, there
exists a graded free left A-module F € 4-Mod and a epimorphism 7z : F — M in
A-Mod (cf. [4, II, §11, no 2, Example (3)]). (iii) implies that F is graded semi-
simple. Thus = splits, and hence M is projective.

26. We say that A4 is graded quasi-simple if it is not zero and has no proper
graded two-sided ideal. Observe that, if this is the case, the zero component
Cen(A), of the center Cen(4) (cf. [4, II, §11, no 3, Prop. 5, Cor.]) is a field. 4 is
said to be graded simple if it is graded semi-simple (cf. 24) and graded quasi-
simple. By a maximal graded left ideal of 4, we understand a maximal element of
the set of proper graded left ideals of 4 ordered by inclusions. Denote by %(A)
the intersection of maximal graded left ideals of 4. Similarly to the ungraded case
(cf. [4, VIII, §6, no 3]), we see that

a) x € #(A) if and only if x € anny(S) for any graded simple S € 4-Mod.

b) Z(A) is the minimal element of the set {anny(M)|M € A-Mod, M is
graded semi-simple} (any element of which is a graded two-sided ideal of A)

ordered by inclusions.
In particular, #(A4) is a graded two-sided ideal of 4. We say that A4 is graded

left Artinian if any non-empty set consisting of graded left ideal of 4 has a
minimal element with respect to the inclusions. For example, this is the case if the
underlying ungraded ring of A is left Artinian. By the canonical argument (cf. [4,
VIII, no 4, Th. 4]), we see that if 4 is graded left Artinian there exists a finite
family (m;), _,., of maximal graded left ideals of 4 such that 2(4) = (), <icnMi.

PROPOSITION.  Assume that A is a group and that A is graded quasi-simple and
graded left Artinian. Then A is graded simple.

Proor. It suffices to show that A is graded semi-simple (cf. 25). Indeed we
have {0} = #(4) = (), ;., m: for some maximal graded left ideals m,, ..., m, of
A. Tt follows that the canonical map ¢: 4 — @), _,_, A/m; is injective. ¢ is a
morphism in A-Mod whose target is graded semi-;irﬁple. Hence so is 4.

27. Our next aim is 29 which asserts the graded simplicity for some e-
separable algebras over a field. We begin with the following proposition which is
proved in the same way as in [8, (5.7) (ii)]:

PROPOSITION. Let R be a field, A an additive monoid whose elements are
regular, ¢ a commutation factor over A with value in R, and A=P),_, A, a



312 Hisatoshi IkAIl

graded R-algebra of type A. Assume that A is e-separable. Then the underlying
graded ring of A is graded semi-simple.

28. PROPOSITION. Let (R,A,¢) be as in 27 and A = @), _, As be a graded
R-algebra of type A. Assume that A is a group, and that A is finite-dimensional and
e-separable. Then A is isomorphic to a finite product []; A', where each A" is a

graded R-algebra of type A which is finite-dimensional, e-separable, and graded
simple.

Proor. The adjective finite-dimensional (resp. graded simple) refers to the
underlying ungraded R-vector space (resp. graded ring) of the algebra in question.
The graded R-algebra A¢ is also finite-dimensional and e-separable by 21. Hence
A¢ is graded semi-simple by 27. It follows that the left 4°-module 4 decomposes
into a direct sum 4! @ --- @ A" of graded simple submodules (cf. 24, 25). By the
definition of 4¢-module structure on A (cf. 12), each 4" is a two-sided ideal of A.
This implies that 4’ inherits from 4 a structure of graded R-algebra of type A
and that the map ¢: A! x --- 4" — A induced by the addition gives rise to an
isomorphism. Clearly A’ is finite-dimensional. The e-separability of A’ follows
from 19. We claim that A’ is graded simple. Since A4’ is finite-dimensional, it
suffices to show the graded quasi-simplicity (cf. 26). Indeed, a graded two-sided
ideal m of A’ is also that of 4. It follows that m is the sum . _; 4/ for certain
J < [1,r] (cf. 23). If ieJ then m = A’. Otherwise we have m = {0}.

29. CorOLLARY. Let (R,A,¢) be as in 27 and A =), _, A; be a graded
R-algebra of type A. Assume that A is a group, and that A is finite-dimensional,
e-separable, and e-central. Then the underlying graded ring of A is graded simple.

PROOF. A is isomorphic to the product [],.; 4’ of a finite family of graded
simple graded algebras A‘ (cf. 28). The fact that Cen®([];.; 4") = [1;c; Cen®(4’)
is clear from the formula 15 (3). This is isomorphic to R which is a field by
assumption. It follows that the set 7 is a singleton, which shows our assertion.

§4. e-Azumaya Algebras

30. Let R be a commutative ring, A an additive monoid whose elements
are regular, and ¢ a commutation factor over A with value in R. For any graded
R-algebra A4 = (—Bl aA4i of type A, we have an adjoint situation (cf. 1)

(1) (9%24, 4 ®57; A-Mod-A, R-Mod)
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which is identified with the situation (p®'; Homgru.(4, -), 4 ®g; A:-Mod, R-Mod)
associated to the graded (A¢; R)-bimodule structure on 4 (cf. 2 (1), 11 (2) and 13
(4)). For the convenience, we shall describe the situation (1) directly. 4-Mod-4 is
the category of graded (A4; A)-bimodules of type A, in the sense of 11, and R-Mod
1s that of graded R-modules. The functor

2) 74 . 4-Mod-4 — R-Mod

is the one defined in 13 by the formula (M), = {x; € M) |a.x; = &(u, 2)x;a,,
VYueA,Va, € A,} for M € A-Mod-A and 1€ A. The functor

(3) A ®z? : R-Mod — A-Mod-A4

assigns to E e R-Mod the graded (A4;A4)-bimodule 4 ®}E whose underlying
graded R-module is the ordinary tensor product 4 ®g E with the total grading,
and the (A4;A4)-bimodule structure is defined by the formulas a- (b ®e) :=
(ab) ®e and (b®e,) - a; :=e(v,A)(ba))) ®e, fora, be A, e€ E, ,, ve A, a; € A,
and e, € E, (cf. 11 (4)). If M € A-Mod-4, the formula #%,(a ® x) := ax defines a
morphism

(4) | M+ A @p(M]') — M

in A-Mod-A4. Also if E € R-Mod and if e € E, the element 1 ® e of 4 ®g E in fact
belongs to (4 ®% E)EA. Denoting this by &£;(e), we obtain a morphism

(5) & E— (AQLE)]
in R-Mod. Then we have an isomorphism
(6) 9°(M,E) : A-Mod-A(A ®% E, M) = R-Mod(E, M)

by sending f € A-Mod-A(4 ®% E, M) to (f) o &% € R-Mod(E, M). The inverse
is given by sending g € R-Mod(E, M) to 5%, 0 (4 ®% g) € A-Mod-A(4 QL E, M).
In our situation, it should be noted that both 4-Med-4 and R-Mod admit
products given by ®, and ®g, respectively (cf. 8). The functor 4 ®j; preserves
these products since, for any £ and F in R-Meod, an isomorphism ®(E,F) :
(ARLE)® (AR F) 5> A®L(E®gF) in A-Mod-A4 is given by the formula
O, F)((a® e) ® (b, ® f)) := (4 1) (ab,) ® (e, ® f) for aed, feF, 1
uel, e;eE;, and b, e 4,.

31. As in 3, the following definition is valid:
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DEFINITION.  Let A = @), _, A; be a graded R-algebra of type A. We say that
A is e-Azumaya if it satisfies the following conditions which are equivalent.

(i) The functor 72 : A-Mod-A — R-Mod is an equivalence:

(i) The functor A ®};7: R-Mod — A-Mod-A is an equivalence.

(iti) Al the morphisms 1%, : A (M) — M and & : E — (A QL E)[, where
M € A-Mod-A and E € R-Mod, are isomorphisms.

Note that, if this is the case, the functor ?7:4-Mod-4 — R-Mod also
preserves products given by ®, and &p.

32. We will establish some criteria for an e&-Azumaya in 33. We begin with
the following proposition which is proved in the same way as in (8, (6.2)] using 18
and 29:

PROPOSITION. Assume that A is a group, and that A is e-central, e-separable,
and finitely generated as an ungraded R-module. Then the following two sets
coincide:

a) The maximal elements of the set { M |graded two-sided ideal of A, M #+
A}.

b) The mA’s, where m runs in the set of maximal ideals of R.

33. THEOREM. Let A = @x caAx be a graded R-algebra of type A. Assume
that A is a group. Then the following conditions are equivalent:

(i) A is e-Azumaya.

(ii) The underlying ungraded R-module of A is finitely generated, projective,
and faithful, and the canonical representation A — Endgrg(A) is an isomorphism.

(ili) A is e-central and is a generator as a ungraded left Af-module.

(iv) A is e-central, e-separable, and the underlying ungraded R-module of A is
finitely generated.

(v) There exists an isomorphism A ®% B = Endgrg(P) of graded R-algebras
for some graded R-algebra B= P, _, B, and a graded R-module P =D, _, P,
whose underlying ungraded R-module is finitely generated, projective, and faithful.

PROOF. (i) ¢ (i) <> (iii): This follows from the theorem in 5 and criteria (vi)
and (vii) in 4.

(i) © (v): B:= A% and P:= A are what we want.

(v) = (iv): Since A is a group, the isomorphism A4 ®g B — Endgrg(P)
induces an isomorphism 4 ®z B — Endg(P) of underlying ungraded R-modules
(cf. [4, II, §11, no 6, Remark]). Thus the underlying ungraded R-modules of 4
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and B are finitely generated, projective, and faithful (cf. [2, 1-6.1]). By 20, we see
that 4 and B are e-separable. Then, by 21 and 15, the underlying ungraded
R-modules of Cen®(A4) and Cen®(B) become invertible. However, R is a direct
factor in A (resp. B) (cf. [2, III-2.17]), and contained in Cen®(4) (resp. Cen®(B)).
It follows that Cen®(4)~ R ~ Cen®(B).

(iv) = (ii1): This follows from the same argument as in the proof of (1) = (2)
in [2, III-4.1], by using 32.

§5. Automorphisms

34. Let R be a commutative ring and A be an additive monoid. If M =
@, M, is a graded R-module of type A and if p € Spec R, the localization M,
is a graded R,-module of type A. The canonical map M — M,, uws u,, is
compatible with taking homogeneous components in the sense that we have
(up), = (u3), for ue M, p e Spec R, and A € A. Hence, for such (u,p, 1), we have

(1) up is homogeneous of degree 1 & (u—uy), =0.

Note that, if (u, 1) is fixed, such p’s form an open subset in Spec R. Also we see
from (1) that an element u € M is homogeneous of degree A if so are u, for all
peSpecR. We say that an element ue M is locally homogeneous if u, is

homogeneous for all p e Spec R.

LEMMA. Let u be an element of M. Assume that u is free and that the
submodule R-u of M is graded. Then u is locally homogeneous.

ProOOF. Since every homogeneous component u; of u belongs to R-u, we
have a family (f}),., of elements of R such that f;u = u;. The support of this
family is finite and ), f; = 1, since so is (u;);. and u is free. It follows that any
p e SpecR admits A€ A such that f, ¢ p. In this case u, is homogeneous of
degree A.

35. Let A=), _,A4; be a graded R-algebra of type A, and & be a
commutation factor over A with value in R. Denote by Aut(4) the automor-
phism group of A4 with respect to the graded algebra structure. Note that the
homogeneous units form a subgroup of 4*, the whole of units in 4. Denote by
hU(A) this subgroup. Also the locally homogeneous units form a subgroup of 4*,
which we denote by AU (A4). The underlying set of the group AU (A) is identified
with the union of 4*N A4;,’s for all A € A, which is disjoint provided A is not zero.
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For €A and u; € A*N A4,, the formula

(1) i5(u)(xy) = &(v, /l)u;xvuil,

where v € A and x, € 4,, defines an automorphism i4(u;) of 4. We call i4(u;) the
e-inner automorphism of A induced by u;. We may regard i as a map from
hU(A) to Aut (4), which is in fact a group homomorphism. By (1) and 15, the
kernel of i is the union 4* N Cen®(4),’s for all 1€ A, while 4*NCen®(4), is in
fact Cen®(4)* NCen®(4),. In this way, we obtain an exact sequence

2) 1 — hU(Cen®(A)) — hU(A) -4 Aut(4)

of groups.

We now consider the case where 4, # 0 for all p € Spec R. (This is the case
if, for example, A is e-Azumaya.) Then, for u € hU(A) and p € Spec R, the degree
of u, is uniquely determined since u, is a non-zero homogeneous element in A4,.
Denoting by d,(p) € A the degree of u,, we have di;(p) =0 and d,(p) =
d,(p) + d,(p). Moreover, for fixed uehU(4) and ieA, the p’s such that
d,(p) = A form an open subset in Spec R (cf. 34). Hence, the function d,:
Spec R — A is locally constant and the map u+~— d, is a homomorphism
d: hU(A) — Top (SpecR, A) of monoids. Note that 4* N A4; is precisely the fiber
of d over the constant A-valued function. It follows that the sequence

(3) 1 > A3 — hU(4) S Top(Spec R, A)

is exact. We propose to extend the above homomorphism i : hU(A) — Aut(A4)
to hU(A). For ue hU(A), ve A, and x, € 4,, set

(4) i5)(x) = 3 e, puxu”

UHeEA

and consider i%(u) as an endomorphism of the underlying graded R-module of A4.
We claim that i4(u) is in fact an element of Aut(A4) and that the map i§ : u—
i%(u) is a homomorphism. Indeed, since we have i%(1) = Id, clearly from the
definition, it remains to show that ij respects the products and that i is a
homomorphism. Now the question being local, we are reduced to the case where
u is homogeneous. Then the assertion is clear since, after localizing at p € Spec R,
we have

(5) i5 (), (zv) = (v, du(P))upzstty

for z, € (4,),. We see from (4) and (1) that so constructed homomorphism i :
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hU(A) — Aut(4) is indeed a desired extension. For u € hU(A), we call i%(u) the
e-inner autmorphism induced by u. The condition i§ =1d4 on uehU (A) is
equivalent to u e Cen®(4), by (4) and 15 (3). By localization, we see that
Cen®(4)NhU(A) = hU(Cen®(4)). In this way, we obtain an exact sequence

(6) 1 — hU(Cen®(4)) — hU(4) —4 Aut(A)

of groups.

36. From now on, we assume that A is a group. We denote by Picgr®(R)
the graded Picard group (cf. 8) of the graded ring of type A derived from R by
the trivial grading. In this case, R-Mod-R is identified with R-Med in an obvious
way. Then, the graded invertible R-modules is precisely the graded R-modules
of type A whose underlying ungraded R-modules are invertible, i.e. projective of
rank one (cf. 5, [2, 1I-3.2], [5, I1 §5, no 4, Th. 3]). Also Picgr®(R) is the group of
such graded R-modules modulo graded R-isomorphisms of degree zero. Denote
by Pic(R) the ordinary Picard group of R. Then we have two homomorphisms

(1) Picgr®(R) — Pic(R) and Pic(R) — Picgr®(R)

induced by forgetting gradings and adding trivial gradings, respectively. By
constructions, the composite Pic(R) — Picgr®(R) — Pic(R) is the identity. On the
other hand, we have two homomorphisms

(2) o :Top(Spec R,A) — Picgr®(R) and = : Picgr®(R) — Top(Spec R, A),

which are defined as follows: o sends f € Top(Spec R,A) to the class of R(f) e
R-Mod, where R(f) is the R with the grading (R(f););. defined by f (cf. [5, II,
§4, no 3, Prop. 15]). Namely, we have R(f), = Rf;, where (f;),., is the
orthogonal decomposition of the unit of R (by this we understand that f; = 0 for
almost all 4, that >, f; = 1, and that f,f, = 0 for 1 # u), characterized by the

property
(3) Y2 ={peSpecR| f,¢p} for all 1eA.

From this description of R(f), we see that the map o: f +— o(f) is in fact a
homomorphism, since the group Top(Spec R,A) can be imbedded into the
multiplicative group of the group algebra R[A], by the map sending f to Y, f;e*,
where (e*),_, stands for the canonical base of R[A]. On the other hand, let
L=P 1ea Lz be a graded invertible R-module of type A. Then each L, is finitely
generated projective, and almost all the L;’s are zero. Thus, for each A€ A, we



318 Hisatoshi Ikal

have a locally constant function p — rk,(L;) : Spec R — Z, the rank of L; (cf.
[5, 11, §5, no 3]). For each p e Spec R, we have Y, rk,(L;) = 1, since @, L; = L
is of rank one. It follows that there exists unique index A such that rk,(L;) = 1.
Denoting by A;(p) this index, we obtain a function

4) AL : Spec R — A,

which is locally constant since so is each rk(L;). It can be said that A;(p) is the
unique index A such that (Lz),, is not zero, i.e. p € Suppg(L,). From this, we see
Areym(P) = AL(p) + Am(p), since L, ®gx M, is a direct factor of (L ®g M),
Clearly A; depends only on the isomorphism class of L. Thus cl(L) — Ay is a
homomorphism from Picgr®(R) to Top(Spec R, A). This homomorphism is 7, by
definition.

These being said, observe that both of two sequences

(5) 0 — Top(Spec R, A) 5 Picgr®(R) 2 Pic(R) — 0
and
(6) 0— Pic(R) —> Picgr®(R) == Top(Spec R, A) — 0

are exact and split.

37. Let R be a commutative ring, A be an additive group, and ¢ be a
commutation factor over A with value in R. If 4=),_, 4; is a graded R-
algebra of type A, denote by Aut(A4) the automorphism group of 4 with respect
to the graded algebra structure. For o € Aut(4), we define a graded R-module
Lé(a) = @), ., L°(2), to be the graded submodule of the underlying graded R-
module of 4 with A-component

(1) L(a); := {x1 € A3 | a(a,)x) = e(u, A)x;a,,u € Aya, € A}

Observe that, for «, f € Aut(A4), the multiplication in A4 induces a graded R-
homomorphism

(2) ®p: L(a) ®g L*(B) — L*(af)

of degree zero. In the notation of 9, the definition (1) can be read as Lé(«) =
(,41)7. Recall that ,4;, € 4-Mod-A is graded invertible (cf. 9), and that the
functor M — M preserves products provided 4 is e-Azumaya (cf. 31). Hence

THEOREM. If A is e-Azumaya, the underlying ungraded R-module of all the
Lé(a)’s are projective of rank one and all ®@, ;’s are isomorphisms.
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38. In general, if L is an R-module which is projective of rank one, we
denote by L* the generators of L. Namely, L* is the set of ue L’s such that
Ru = L. Therefore, L* is not empty if and only if L is trivial. Also, the map
r— ru is an isomorphism R = L for all ue L*. Then, we have the following
theorem which is proved in the same way as in [3, 1.3 Th. (c¢)]:

THEOREM. If A is e-Azumaya, we have
(1) Lo(@)" = {uehU(A4)| i5(u) = «}
for all o€ Aut(A4).

39. Let A=), , A be a graded R-algebra of type A. Assume that A4 is
e-Azumaya. Denote by Picgrr(A4) the subgroup of Picgr(A4) (cf. 9) consisting of
the classes cl(P) represented by objects P in 4-Mod-A in the sense of 8. Then we
have an isomorphism

(1) cl(P) - cl(P) : Picgrg(4) = Picgr®(R)

of groups, since the functor ?#: 4-Mod-4 — R-Mod is an equivalence which
preserves the products (cf. 31). By 37, each o € Aut(A4) defines an element ¢ (o)
of PicgrA(R) by the formula

2) Y (a) := cl(L%(a)) € Picgr®(R).

Since the map o — % (x) is the successive composite of the homomorphism
Aut(A4) — Picgrg(A4) induced by ¢4 in 9, the isomorphism (1), and the symmetry
z+ —z in Picgrg(A4), we thus obtain a homomorphism ¥ from Aut(4) to
Picgr®(R). Note that we have Cen(A4), ~ R, since A4 is e-central (cf. 33).
Therefore, by 9 (3), we obtain an exact sequence

iO e
(3) 1 — R*— A % Aut(4) % Picgr®(R)
with
(4) Imy’ = {cl(L)| A ®g L ~ A as graded left 4-modules}.

Also, by 38, we obtain an exact sequence
(5) 1 R*— hU(4) -2 Aut(4) 24 Pic(R)

where ¢% is the composite Aut(4) 4, Picgr®(R) =5 Pic(R).



320

[1]
(2]
[3]
[4]
[5]
[6]

(8]
(9]
(10]

[11]

Hisatoshi IkAl

References

Auslander, M. and Goldman, O., The Brauer group of a commutative ring, Trans. Amer. Math.
Soc. 97 (1960), 367-409.

Bass, H., Lecture on topics in algebraic K-theory, Tata Inst. Fund. Res. Lectures on Math. and
Phys., Bombay, 1967.

Bass, H., Clifford algebra and spinor norms over a commutative ring, Amer. J. Math. 96 (1974),
156-206.
Bourbaki, N., Eléments de mathématique, Algebre, Caps. I-III, English translation, Addison-
Wesley Publishing Co., Reading Mass., 1974; Chap. VIII, Hermann, Paris, 1958.
Bourbaki, N., Eléments de mathématique, Algébre commutative, Chaps, 1 a 4, Masson & Cie,
Paris, 1985.

Childs, L. N., Garfinkel, G. and Orzech, M., The Brauer group of graded Azumaya algebras,
Trans. Amer. Math. Soc., 175 (1973), 299-326.

Long, F. W., A generalization of the Brauer group of graded algebras, Proc. London Math.
Soc., 29 (1974), 237-256.

Mitchell, B., Theory of categories, Pure and Applied Mathematics, Vol. XVII, Academic Press,
New York-London, 1965.

Orzech, M., On the Brauer group of algebras having a grading and an action, Can. J. Math.,
XXVIII, No. 3, 1976, 533-552.

Rosenberg, A. and Zelinsky, D., Automorphisms of separable algebras, Pacific J. Math. 11
(1961), 1109-1117.

Small, C., The Brauer-Wall group of a commutative ring, Trans. Amer. Math. Soc. 156 (1971),
455-491.

Mathematical Institute

Tohoku University

Sendai 980-8578

Japan

e-mail address: ikai@math.tohoku.ac.jp



	AZUMAYA ALGEBRAS WITH ...
	Introduction
	\S 1. Graded Invertible ...
	5. THEOREM. ...

	9. Let $\Delta$ be an ...
	\S 2. Generalities on ...
	11. Let $(R, \Delta, \epsilon)$ ...
	12. Let $(R, \Delta, \epsilon)$ ...
	13. If $M=\oplus_{\lambda\in\Delta}M_{\lambda}$ ...
	\S 3. e-Separable Algebras
	18. Let $I$ be an ideal ...
	21. Let $A=\oplus_{\lambda\in\Delta}A_{\lambda}$ ...
	THEOREM. Let ...

	\S 4. $\epsilon$ -Azumaya ...
	33. THEOREM. ...

	\S 5. Automorphisms
	36. From now on, we assume ...
	THEOREM. If ...
	THEOREM. If ...

	39. Let $A=\oplus_{\lambda\in\Delta}A_{\lambda}$ ...
	References


