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AUTOMORPHISM GROUPS AND PICARD GROUPS OF
ADDITIVE FULL SUBCATEGORIES

NAOYA HIRAMATSU and YUJI YOSHINO

Abstract

We study category equivalences between additive full subcategories of module categories over
commutative rings. And we are able to define the Picard group of additive full subcategories. The
aim of this paper is to study the properties of the Picard groups and show that the automorphism
group of an additive full subcategory is a semi-direct product of the Picard group with the group
of algebra automorphisms of the ring.

1. Introduction

Let (A, m) be a (commutative) Cohen-Macaulay local ring and CM(A) be
the category consisting of maximal Cohen-Macaulay modules over A and A-
module homomorphisms. It is known (e.g. [12]) that the structure of CM(A)
reflects the properties of the singularity of Spec(A). To understand CM(A)
well, we consider in this paper the problem how big (or small) is the auto-
morphism group of the category CM(A).

Our main theorem in the paper is the following (see Theorem 6.2).

THEOREM 1.1. Let A be a Cohen-Macaulay local k-algebra with dimen-
sion d, where k is a commutative ring. Suppose that A has only an isolated
singularity (i.e., Ay is a regular local ring for each prime ideal b except m).
Let Aut;,(CM(A)) denote the group of k-linear automorphisms of the category
CM(A). Then we have the following isomorphisms of groups.

Auty g (A) (d#2)

Auty (CM(A)) = {AUtk—alg(A) x CL(A) (d=2),

where Auty_q5(A) denotes the group of k-algebra automorphisms of A and
C{(A) denotes the divisor class group of A.

Motivated by this result, we generalize in this paper these isomorphisms to
hold for much wider classes of additive full subcategories & of A-Mod, and
we shall show a certain structure theorem for Aut, (€) in the most generality.
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Our primary setting is the following: Let k be a commutative ring and A
be a commutative k-algebra. Assume that € is an additive full subcategory of
the module category over A such that € contains A as an object. Since A is
a k-algebra, every additive full subcategory € is a k-category. We say that a
covariant functor € — € is a k-linear automorphism of € if it is a k-linear
functor giving an auto-equivalence of the category €. Then the set of all the
isomorphism classes of k-linear automorphisms of ¢, which we denote by
Aut (€), forms a group by defining the multiplication to be the composition
of functors. The final goal of this paper is to prove the isomorphism of groups

(1) Auty (€) = Autyq,(A) X Pic(©),

under some subtle assumptions on €. In this isomorphism, Pic(€) is the Picard
group of € which we shall define in this paper below. Note that this type of
isomorphism is known for the classical Picard group of the ring. (Compare
with [2, Proposition 5.4, Chapter 2] and its non-commutative analogue in
[11].) However, an original point of this paper is that we can define the Picard
group for any additive full subcategory of module category over A whenever
it contains A as an object.

In Section 2, we shall prove some results on the presentation of functors
which give equivalences between additive full subcategories. See Theorems 2.5
and 2.7. These results can be regarded as part of a generalization of Morita
theory. There are many variants and generalizations of Morita theory. See
Rickard [9], [10] for other variants of Morita theory to derived categories.
We should emphasize that the commutativity of the ring A is essential in our
argument in Section 2.

Based on the results in Section 2, we give the definition of the Picard group
for an additive full subcategory in Section 3. See Definition 3.2.

In Section 4, we shall give our computational results for the Picard groups
of various additive full subcategories. It is worth noting that if A is a Krull
domain and if € is the category of reflexive A-lattices, then we shall have the
divisor class group C£(A) as Pic(C¢), cf. Propositions 4.1 and 4.2.

Section 5 is devoted to prove the above mentioned isomorphism (1) under
the assumption that the category € is stable under Aut;_.(A). See Defin-
ition 5.2 for the stability under Aut_,(A). As a result, the Picard group
Pic(€) is naturally a normal subgroup Aut;(€) and the residue class group
Aut (€)/ Pic(C) is isomorphic to Aut.qg(A), cf. Corollary 5.10.

In Section 6, we concentrate upon the category of Cohen-Macaulay mod-
ules over a Cohen-Macaulay local k-algebra. We prove the above mentioned
Theorem 1.1 in Theorem 6.2.
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An application to the duality of an additive full subcategory is given in
Section 7.

ConNVENTION. Throughout the paper, k always denotes a commutative ring
which we fix. Let A be a commutative k-algebra. Then we denote the category
of all A-modules and A-homomorphisms by A-Mod. When we say that € is a
subcategory of A-Mod, we always assume that € is closed under isomorphisms,
i.e., if X and Y are isomorphic A-modules and if X is an object of €, then so is
Y. Since we only consider full subcategories of A-Mod in this paper, we often
identify the full subcategory € of A-Mod with the class of objects of €. Hence
we simply write X € € to indicate that X is an object of €. A full subcategory
¢ of A-Mod is said to be additive if it is closed under finite direct sums, i.e.,
ifX,YeCthen XY € C.

2. Equivalences of additive full subcategories

Let A and B be commutative k-algebras and suppose we are given an ad-
ditive full subcategory € (resp. ®) of A-Mod (resp. B-Mod). And suppose
that there is an additive covariant functor F from € to ©. We say that F
is a k-linear functor if it induces a k-linear mapping from Homu (X, Y) to
Hompg (F(X), F(Y)) for any objects X, Y € €. We denote the set of all the
natural transformations F — F by End(F). Note that End(F) naturally has
structure of abelian group, since F : € — D is an additive functor of additive
categories. Moreover End(F) is a ring by defining the composition of natural
transformations as the multiplication.

Since A is a commutative ring, taking an elementa € A we have the natural
transformation«(a) : F — F definedbya(a)(X) = F(ax) : F(X) - F(X)
for each X € €, where ay denotes the multiplication map by a on an object
X € €. (Note that ay : X — X is an A-module homomorphism, since A is a
commutative ring.) In such a way we have the ring homomorphism

o :A— End(F); a— F(ag)).

If F is a k-linear functor, then it is easy to see that End(F) naturally has
structure of k-algebra and that « is a k-algebra homomorphism.

Now suppose that B € © and there is an object N € € suchthat F(N) = B.
Note in this case that the mapping B — Endg (F(N)) which sends b € B to
the multiplication mapping br(yy by b on F(N) is an isomorphism of rings.
Furthermore if F is a k-linear functor, then this isomorphism is a k-algebra
isomorphism. We often identify Endg (F (N)) with B by this isomorphism.
Then we can define a ring homomorphism

B : End(F) — Endg(F(N)) = B; o — o(N).
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If F is a k-linear functor, then 8 is a k-algebra homomorphism.
We observe the following lemma holds.

LEMMA 2.1. Let A and B be commutative k-algebras and let € and D
be additive full subcategories of A-Mod and B-Mod respectively such that
A € Cand B € D. Then the following hold for a k-linear covariant functor
F:C—D.

(1) If F is afaithful functor, then the k-algebra homomorphism o is injective.
(2) If F is afull functor and it has a right adjoint functor, then o is surjective.

(3) Assume that there is an object N € € such that F(N) = B. Then the
k-algebra homomorphism f is surjective.

(4) Adding to the assumption of (3), if F is a full functor, then B is injective
as well.

PRrROOF. (1) Suppose a(a) = O for a € A. Since A is an object of €
and since F is a faithful functor, a natural mapping ¢4 : A = Ends(A) —
Endg(F(A)) defined by @a(a) = F(aa) is injective. Note that there is a
commutative diagram

A—2——  End(F)

. | |

A ——— End(F(A)),

where the right vertical arrow evy is the evaluation map at A which maps
y € End(F) to y(A). This implies that p4(a) = F(as) = eva(a(a)) = 0,
which forces a = 0.

(2) Since F is full, the natural map ¢4 : A = End4(A) — Endp(F(A)) is
surjective. If the mapping ev4 in the diagram of (x) is injective, then it follows
from the commutativity of () that « is surjective. Thus we only have to show
that ev4 is injective.

Let G be a right adjoint functor of F' and we have a commutative diagram

End(F) = Hom(F, F) — = 5 Hom(lg,GoF)

CVAj( leVA

End(F(A)) = Homp(F(A), F(A)) ——=—— Homy(A, G o F(A)).

Therefore it is enough to show that ev4 : Hom(ls, G o F) — Homyu (A, G o
F(A)) is an injective map.
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To prove this, assume eva () = ¥ (A) = 0 for ¥ € Hom(l¢s, G o F).
For any X € € and any x € X, we define an A-module homomorphism
hy: A — Xbyh,(a) =ax (a € A). Since ¥ is a natural transformation from
Is to G o F, there is a commutative diagram

A— YD GoF(A)

hAl lGoF(h»

XT)GOF(X),

which implies that ¥ (X)(x) = O for all x € X, since ¥(A) = 0. Hence
Y (X) =0forall X € €, and we conclude that v = 0.

(3) Forany b € B and any X € ¢, we denote by ¢, (X) the multiplication
map by b on F(X). Since F is a functor, for any f € Homu (X, Y) where
X, Y € €, F(f)isa B-module homomorphism from F (X) to F(Y), therefore
we have a commutative diagram

FX) —f9D o py)

wb(X)J/ j/(ﬂb(y)

Thus ¢, is a natural transformation of F, hence ¢, € End(F) for all b € B.
Clearly the equality 8(¢p) = b holds, hence S is surjective.

(4) To prove the injectivity of 8, let B(v) = ¥ (N) = O for ¢ € End(F).
We have to show that ¥ (X) : F(X) — F(X) is a zero map for each X € €.
For any y € F(X), we define a B-module homomorphism 4, : B — F(X)
by hy,(b) = by (b € B). Since F is a full functor and since F(N) = B,
there exists an f, € Hom, (N, X) such that F'(f,) = h,. Then there is a
commutative diagram

F(N) F(fy)=hy F(X)

W(N)l L//(X)

s
FIN) — 50— £,

and hence it follows that ¥ (X)(y) = 0. Since y is any element of F(X), we
have ¢ (X) = 0.

The lemma holds for a contravariant functor. Actually we can prove the
following lemma whose proof will be left to the reader.
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LEMMA 2.2. Let A and B be commutative k-algebras and let € and D
be additive full subcategories of A-Mod and B-Mod respectively such that
A € Cand B € D. Then the following hold for a k-linear contravariant
functor F : € — DP,

(1) IfF is afaithful functor, then the k-algebra homomorphism o is injective.
(2) If F is afull functor and it has a right adjoint functor, then o is surjective.

(3) Assume that there is an object N € € such that F(N) = B. Then the
k-algebra homomorphism B is surjective.

(4) Adding to the assumption of (3), if F is a full functor, then B is injective
as well.

Recall that we say that € and © are equivalent to each other as k-categories
if there is a k-linear functor € — © which gives an equivalence of categories.

COROLLARY 2.3. Let A and B be commutative k-algebras and let € and
D be additive full subcategories of A-Mod and B-Mod respectively such that
A € Cand B € D. Suppose the categories € and D are equivalent to each
other as k-categories. Then A is isomorphic to B as a k-algebra.

Proor. This is a consequence of Lemma 2.1, since the k-linear equivalence
F : € — D satisfies all the necessary conditions assumed in the lemma.

It is well known that there exist examples of non-commutative rings for
which Corollary 2.3 does not hold. For example, let A be a commutative ring
and B be an m x m full matrix algebra over A. Then, A and B are Morita
equivalent, hence there is an equivalence of categories A-Mod = B-Mod.
However, A are B are not isomorphic as algebras if m = 2.

Next we argue about the form of a functor which gives an equivalence of
categories.

DErFINITION 2.4. Let A and B be commutative k-algebras and let N be
an A-module. Given a k-algebra homomorphism o : B — A, we define an
(A ®; B)-module N, by N, = N as an abelian group on which the ring action
is defined by

(a®b) -n=aob)n
foranya ® b € A ®; B andn € N. In such a case, we can define a functor

Hom, (N,, —) : A-Mod — B-Mod .

Note that the B-module structure on Hom 4 (N,;, X) for X € A-Mod is defined
by (b- f)(n) = f(1®Db)-n)for f € Homy(N,, X),b € Bandn € N.
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THEOREM 2.5. Let A and B be commutative k-algebras and let € and D
be additive full subcategories of A-Mod and B-Mod respectively such that
A € Cand B € D. Suppose that C and D are equivalent as k-categories and
let F : € — D be a k-linear covariant functor which gives an equivalence
between them. Then there is a k-algebra isomorphism o : B — A such that F
is isomorphic to the functor Homu (N, —)|s, where N € € is chosen so that
F(INZBin®.

PrOOF. Since F is an equivalence, there exists an A-module N € € such
that F(N) = B. By virtue of Lemma 2.1, the k-algebra homomorphisms «
and B are defined well and they are isomorphisms. Now we define a k-algebra
isomorphism o : B — A as the composition of «~! and 8~ :

B —= Endp(F(N)) 2> End(F) — A

b — brv —— B U bravy) — o(b) = a LB N brwy))-

Note from the definition of o and B, the equality F (o (b)n) = br(ny holds for
any b € B.

Since F is a k-linear equivalence, we have isomorphisms of k-modules for
each X € &,

Hom (N,, X) ———> Homg(F(N), F(X)) ———— F(X)

f— F(f) — F(NH),

whose composition we denote by gx. We claim that gy is a B-module homo-
morphism for each X € €. For this, we show that F(b - f) = bF(f) for any
b € B and any f € Hom4(N,, X). Since the equality (b - f)(n) = f((1 ®
b)-n) = f(o)n) = (c(b)f)(n) = o(b)x(f(n)) holds for any n € N, we
should note that b - f = o (b)x f, hence we have F(b- f) = F(o(b)x)F(f).
Therefore it is enough to show the equality F (o (b)x) = br(x) forany b € B
and X € €. To prove this, for y € F(X),leth, : B — F(X) be a B-module
homomorphism defined by 4,(b) = by (b € B). Since F(N) = B and F
is full, there exists g, € Hom4 (N, X) such that h, = F(gy). Since g, is an
A-module homomorphism, we have the equality o (b)x - g, = g, - 0(b)y for
b € B. Thus we have F(o(b)x) - F(g,) = F(g,) - F(o(b)y). This implies
F(o(b)x) -hy =hy, - F(o(b)y) = hy - brv) = brx) - hy, hence in partic-
ular, we have F (o (b)x)(y) = brix)(y) for all y € F(X). This shows that
F(o(b)x) = br(x) as desired.

As the final step of proof, we show that the B-module isomorphism ¢y :
Hom,(N,, X) — F(X) is functorial in the variable X so that it induces
the isomorphism of functors ¢ : Homy(N,, —) — F. To prove this let f :
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X — Y be any morphism in €. We want to show the equality F(f) - px =
py-Homy (N,, f). Butevaluating the bothends at g € Hom 4 (N,, X), wehave

F(f)(px(8)) = F(f)(F(g)(1)), and (¢y - Homs(Ns, f))(8) = ¢y (f-8) =
F(f-g)() = F(f)(F(g)(1)), hence the equality above holds.

It is worth noting the following corollary as a direct consequence of the
theorem.

COROLLARY 2.6. Let A and B be commutative k-algebras and let € and
D be additive full subcategories of A-Mod and B-Mod respectively such that
A € Cand B € D. Suppose that F : € — D is a k-linear covariant functor
which gives an equivalence between them and that F(A) = B in . Then
there is a k-algebra isomorphism o : B — A such that F is isomorphic to the
Junctor Homy (Ay, —) 6.

In particular, if F : € — € is a k-linear auto-equivalence of € and if
F(A) 2 A, then F is isomorphic to the identity functor on €.

The contravariant version of the theorem also holds, whose proof will go
through similarly to the proof of Theorem 2.5, but using Lemma 2.2 instead
of Lemma 2.1.

THEOREM 2.7. Let A and B be commutative k-algebras and let € and D be
additive full subcategories of A-Mod and B-Mod respectively such that A € €
and B € D. Suppose there is a k-linear contravariant functor F : € — D
which gives a duality between them. Then there is a k-algebra isomorphism
o : B — A such that F is isomorphic to the functor Homy(—, N, )|s for
N € Cwith F(A) = B.

Note that for any X € €, the B-module structure on Homa (X, N,) is
defined as follows:

b-fHx)=0Rb)- f(x) =0(b)f(x),
forx € X, f € Homu (X, N,) and b € B.

3. Picard groups of additive full subcategories

In this section, we study the group of all the A-linear automorphisms of an
additive full subcategory of A-Mod.

Let A be a commutative ring and let € be an additive full subcategory
of A-Mod such that A € €. We denote by Aut,(€) the group of all the
isomorphism classes of A-linear automorphisms over ¢, i.e.,

Auty(€) = {F C—= ¢

F is an A-linear covariant functor that ~
gives an equivalence of the category €



AUTOMORPHISM GROUPS AND PICARD GROUPS 13

Since the identity mapping A — A is the unique A-algebra automorphism of
A, Theorem 2.5 implies the following.

COROLLARY 3.1. Forany element [F] € Aut, (&), there is an isomorphism
of functors F = Homu (N, —)|¢ for some N € €.

Taking this corollary into consideration, we make the following definition.

DEFINITION 3.2. Let A be a commutative ring and let € be an additive full
subcategory of A-Mod such that A € €. We define Pic(€) to be the set of all
the isomorphism classes of A-modules M € € such that Hom (M, —)|¢s gives
an equivalence of the category. That is,

Pic(€) = {M € € | Hom4 (M, —)|¢ gives

an (A-linear) equivalence ¢ — €}/ = .

We define the group structure on Pic(€) as follows: Let [M] and [N] be
in Pic(€). Since the composition Hom4 (M, —)|s o Hom4 (N, —)|¢ is also an
A-linear equivalence, it follows from Corollary 3.1 that there exists an L € €
such that

HOmA(L, _)|6 ; HOmA(M, _)|6 o HOmA(N, _)|6
We define the multiplication in Pic(€) by [M] - [N] = [L]. Note that

Hom4 (M, —)|s o Hom4 (N, —)|c = Homs (M ®4 N, =)l
= Homu (N, —)|s o Homa (M, —)|¢,

we see that [M] - [N] = [N] - [M]. In such a way Pic(¢®) is an abelian group
with the identity element [A]. We call Pic(€) the Picard group of €.

Note from Yoneda’s lemma that objects M and N in € are isomorphic as
A-modules if and only if the functors Hom4 (M, —)|s and Hom4 (N, —)|¢
are isomorphic to each other. Therefore the multiplication in Pic(¢) is well-
defined. We should note that the multiplication is not necessarily defined to be
M ®4 N in the usual way, since M ®4 N is not always an object of €.

Furthermore, the mapping Pic(€) — Auts(€) which sends [M] to
Hom 4 (M, —)|¢ is an isomorphism of groups by Corollary 3.1.

LEMMA 3.3. There is an isomorphism Pic(€) = Aut, (€) as groups.

In the following we shall give some examples of the Picard groups of ad-
ditive full subcategories.
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Let A be a commutative ring. We denote by Pic A the ordinary Picard group
of the ring A. Recall that an A-module M is called invertible if there is an A-
module M’ such that M @ 4 M’ = A as A-modules. Then Pic A consists of
all the isomorphism classes of invertible A-modules, and the multiplication
in Pic A is defined by tensor product over A. See [2, §5, Chapter 2] for more
details. Recall the following lemma holds for invertible modules. (Cf. [3].)

LEMMA 3.4. Let A be a commutative ring and let M be an invertible A-
module. Then M is a finitely generated projective A-module.

Adding to the lemma, we note that if M is an invertible A-module, then
there is an isomorphism Hom4 (M, —) = M™* ® 4 — as functors on A-Mod,
where M* denotes Hom4 (M, A). In fact, there is a natural transformation
M* ®4 — — Homy (M, —) of functors that is an isomorphism if M is a
finitely generated projective A-module. Note also that M ® 4 M* = A holds
for an invertible A-module M.

Recall that an additive full subcategory is called additively closed if it is
closed under summands of finite direct sums. Note that if € is an additively
closed full subcategory of A-Mod and if A € @, then all finitely generated
projective A-modules belong to €, since they are summands of finite direct
sums of copies of A. We note the following lemma holds.

LeEmMmaA 3.5. Let A be a commutative ring and let € be a full subcategory
of A-Mod that is additively closed and A € €. Then the classes of invertible
A-modules are elements of Pic(C), and hence Pic A is naturally a subgroup

of Pic(C).

Proor. Let [M] € Pic A. Then M € € as remarked above. Assume that
M is a summand of the free module A" of rank n. Then, for any X € €,
Homu (M, X) is a summand of Hom4 (A", X) = X" which is an object of
€. Therefore we have Hom4 (M, X) € € for any X € €. This shows that
Hom 4 (M, —) defines a functor € — @. Let M’ be an A-module with M ®4
M’ = A. Then by the same reason as above, Hom4(M’, —) defines a functor
€ — € as well. Since Hom4 (M, —)|s o Homs (M, —)|c = Homs(M ®4
M', —)|s = 1, we see that [M] € Pic(¢).

A full subcategory € of A-Mod is said to be closed under tensor products
it M ®s N eCforall M, N € €.

LEMMA 3.6. Let A be a commutative ring and let & be an additive full
subcategory of A-Mod that is closed under tensor products and A € €. Then
Pic(C) is naturally a subgroup of Pic A.

Proor. Let[M] € Pic(€). Then there is an M’ € € such that Hom 4 (M ® 4
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M, —)|s = 1s. Since M@ M’ € €, Yoneda’s lemmaimplies that M @ 4 M/ =
A as A-modules, hence M is an invertible A-module. Therefore [M] € Pic A.

Combining Lemmas 3.5 and 3.6 above, we have the following proposition.

PROPOSITION 3.7. Let A be a commutative ring and let € be an additively
closed full subcategory of A-Mod which is closed under tensor products and
A € €. Then we have the equality

Pic(€) = Pic A.

Note in the proposition that the equality means an equality of subsets of the
set of all the isomorphism classes of A-modules.

ExampPLE 3.8. Let A be a commutative ring. We denote by A-mod the full
subcategory of A-Mod consisting of all finitely generated A-modules. We also
denote by Proj(A) (resp. proj(A)) the full subcategory of A-Mod consisting of
all projective A-modules (resp. all finitely generated projective A-modules).
Since all of these full subcategories are additively closed and closed under
tensor products, we have the equalities

Pic(A-Mod) = Pic(A-mod) = Pic(Proj(A)) = Pic(proj(A)) = Pic A.

4. Further examples of Picard groups

In this section we shall give numerous examples of Picard groups for additive
subcategories.

Let A be a Krull domain. We denote by CZ(A) the divisor class group of
A which is a group consisting of all the isomorphism classes of divisorial
ideals of A. Recall that an A-module M is called an A-lattice if there are
free A-modules F and F’ with the same finite rank such that F C M C F’.
An A-lattice M is called reflexive if the natural mapping M — M™** is an
isomorphism, where (—)* denotes Homy4 (—, A). A divisorial ideal is nothing
but a reflexive A-lattice of rank one. Note that the multiplication in C£(A) is
defined by [1] - [J] = [({ ®4 J)**]. See [3] or [6] for the details.

PROPOSITION 4.1. Let A be a Krull domain and we denote by Ref (A) the
full subcategory of A-Mod consisting of all reflexive A-lattices. Then we have

an equali
quattty Pic(Ref(A)) = CL(A).

ProoOF. For any [M] € Pic(Ref(A)), there exists an [M'] € Pic(Ref(A))
such that Igera) = Homu (M @4 M’, —)|ref(a) as functors on Ref(A). Since
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any A-homomorphism from M ® 4 M’ to a reflexive module factors through the
natural A-homomorphism M ® 4 M’ — (M ® 4 M')**, we have isomorphisms
of functors

IRer(a) = Homp (M @4 M', —)|Ret(a) = Homu (M &4 M')*™, —)|Ret(a)-

Since (M ® 4 M')** is again a reflexive A-lattice, we conclude that (M ®4
M')** = A by Yoneda’s lemma. This implies that the reflexive A-lattice M
has rank one, thus M is a divisorial ideal and [M] € C£(A).

On the other hand, we shall show that Hom 4 (1, —)|ref(4) is a well-defined
automorphism for any divisorial fractional ideal / of A, hence that [/] €
Pic(Ref(A)).

First of all we remark from Bourbaki [3, Chapter VII, §2] or Fossum [6,
Chapter 1, §5] that an A-lattice M is reflexive if and only if the equality
M = (Vper(a) My holds, where H(A) is the set of all prime ideals of height
one. Secondly we note that that the equality

Homu(X,Y) = (] Homa(X,.Yy)
peH(A)

holds for X,Y € Ref(A). In fact, any f € ﬂpeH(A) Homy (X, Y,) maps
X to Y, for all p € H(A), hence f(X) € (Vyepry Yo = Y, and thus f €
Homy (X, Y). Combining these two claims one can see that Hom4 (1, X) is a
reflexive lattice for all X € Ref(A). Hence Hom 4 (/, —) yields a functor from
Ref(A) to itself. Since I is a divisorial ideal, there exists a divisorial ideal J
with[J] = —[1]in CL(A),i.e., (I ®4J)** = A. Then there are isomorphisms
of functors on Ref(A);

Homy (J, Homy (1, —))|Reta)y = Homa (I @4 J, —)IRef(4)
= Homa((7 ®4 )™, —)IRef(a)
= IRef(a)-
This shows that Hom(/, —)|ref(4) is an automorphism on Ref(A) as desired.
In a Noetherian case we have the following example.

PrOPOSITION 4.2. Let A be a Noetherian normal domain. We denote by
ref (A) the full subcategory of A-Mod consisting of all finitely generated re-
flexive A-modules. Then we have the following equality.

Pic(ref(A)) = CL(A).
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Proor. In fact, if A is a Noetherian Krull domain, then all reflexive A-
lattices are finitely generated, hence we have Ref(A) = ref(A).

Let A be an integral domain. The torsion part (M) of an A-module M is
defined to be

t(M)={m € M | am = 0 for some non-zero element a € A}.

An A-module M is called torsion-free if (M) = 0. Note that M/t (M) is
always torsion-free for any A-module M.

PROPOSITION 4.3. Let A be a commutative integral domain. We denote by
Tf(A) (resp. tf(A)) the full subcategory of A-Mod consisting of all torsion-
free A-modules (resp. all finitely generated torsion-free A-modules). Then we
have the equalities

Pic(Tf(A)) = Pic(tf(A)) = Pic A.

ProoF. Since Tf(A) (resp. tf(A))is additively closed, the inclusion Pic A €
Pic(Tf(A)) (resp. Pic A C Pic(tf(A))) holds by Lemma 3.5.

To prove the other inclusion, assume [M] € Pic(Tf(A)) (resp. [M] €
Pic(tf(A))). We have only to show that M is an invertible A-module. Take a
torsion-free A-module [M'] € Pic(Tf(A)) (resp. [M'] € Pic(tf(A))) such that
Homs (M ®4 M’, —) = 1 as functors on Tf(A) (resp. tf(A)). We define the
torsion-free tensor product by

MM == (M @4 M')/t(M @4 M').

It is easy to see that every A-homomorphism from M ® 4 M’ to a torsion-free
A-module factors through the natural surjection M @ 4 M’ — M®,M’. Hence
the above isomorphism of functors induces an isomorphism

Hom (M@sM', —) =1,

as functors on Tf(A) (resp. tf(A)). Since M® 4, M’ is torsion-free, it follows
from Yoneda’s lemma that M@, M’ = A as A-modules. Note from this iso-
morphism that M has rank one.

Now we prove the following claim.

CLAIM. Assume that M@ s M' = A for torsion-free A-modules M and M'.
Then we have M, = Mt/) = A, for any prime ideal p of A.

In fact, take an element Y ;_, m; ® m; € M ® 4 M’ which maps to 1 by the
natural epimorphism

T MOUM - MM = A.
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Localizing at p, we have the A,-homomorphism
Tyt My ®a, M = (M @4 M)y - (MRAM'), = A,.

Since Ay is a local ring, we may assume that m;/1 ® m\/1 € My ®a, M,
is mapped to a unit element of A, by m,. Let f, be an A,-homomorphism
from A, to M; defined by f(a) = a - (m}/1) (a € Ay). Taking the tensor
product of M, with f, and making the composition with m,, we obtain an
Ap-homomorphism

My =M, @4, Ay —220 s M, @4, M, —2 A,
which we denote by g,. Note that g, is an epimorphism, since g,(m;/1) =
y(mi/1 @ m) /1) is a unit of A,. Therefore we see that M, = A, @ K as
Ay-modules, where K = ker(gy). Since M}, has rank one, K must be a torsion
Ay-module. However M, is a torsion-free A,-module, hence we have K = 0.
Thus M, = A,. This completes the proof of the claim.
Now from the claim we have that

(M ®4 M/)p =M, a4, MI/J = Ay,

which is a torsion-free A,-module. It follows from this that 1 (M ® 4 M"), = 0.
Since this equality holds for any prime ideal p, we have that t (M ® 4 M') = 0.
Therefore, we have M @4 M’ = M®4M' = A, which shows that M is an
invertible A-module.

Let (A, m) be a Noetherian local ring. We consider the full subcategory
d='(A) of A-Mod which consists of all the finitely generated A-modules M
with depth M > 1. Denote by H? (M) the Oth local cohomology module of an
A-module M, i.e.,

H;%(M) = {x € M | m"x = 0 for some natural number n}.

Note that a finitely generated A-module M is an object of d=!(A) if and only if
H? (M) = 0. Moreover, for any finitely generated A-module M, M/H® (M)
is always an object of d=!(A).

PrOPOSITION 4.4. Let A be a Noetherian local ring with depth A > 0. Then
Pic(d='(A)) is a trivial group.

PrOOF. Let [M] € Pic(d='(A)), and we shall show that M = A as A-
modules. Take an element [M'] € Pic(d='(A)) such that

Lgz1a) = Homy (M @4 M', =) |g21(a)-
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We define M& 4 M’ as the residue module M ®, M'/H?(M ®4 M'). Then
M®,M' € d='(A) and it is easy to see that every A-homomorphism from
M ®4 M’ to an object of d=!(A) factors through the natural surjection M ® 4
M' — M®4M'. Hence the above isomorphism of functors induces an iso-
morphism _

1dzl(A) = HomA(M®AM’, —)|dzl(A).

Since M@, M' € d='(A), it follows from Yoneda’s lemma that there is an
isomorphism M®4M’ = A as A-modules. Thus M ® 4 M’ is isomorphic to
A® HY(M ®4 M'). We denote by 7 the natural projection from M ®4 M’ to
A. Note that ker(7) = Hﬁ (M ®4 M) is of finite length, hence the localized
mapping 7, : My ®a, My, = (M ®4 M'), — A, is an isomorphism of Ay-
modules for any prime ideal p 7= m of A. Thus M, is an invertible A,-module.
Since Ay is a local ring, it forces that M), = A, as A,-modules.

Let>"_, m; ®m/ be anelement of M ® 4 M’ such that 7 (}_;_, m; ®m)) =
1. Since A is a local ring, we may assume that 7 (m; ® m) is a unit element
in A. We define an A-homomorphism f : A — M'by f(a) = am/ (a € A).
Taking the tensor product with M and making the composition with m, we
have an A-homomorphism

MY Mo, M —s A,
which we denote by g. Then g is an epimorphism, since g(m) = w(m; @ m})
is a unit of A. For any prime ideal p with p # m, since the localized mapping
& : M, — A, is surjective and since M, = A,, we can see that g, is an
isomorphism of A,-modules. This implies that ker(g) is an A-module of finite
length. Since depth M > 1, the submodule ker(g) of M of finite length must
be 0. Therefore g : M — A is an isomorphism of A-modules.

Now let (A, m) be a Noetherian complete local ring, and we denote by E
the injective envelope of the A-module A /m. An A-module M is called Matlis-
reflexive if the natural mapping M — M"" is an isomorphism, where (—)"
denotes Homy (—, E). Itis well known by [7] that every Noetherian or Artinian
A-module is Matlis-reflexive. We denote by Mat(A) the full subcategory of
A-Mod consisting of all the Matlis-reflexive A-modules. Note from [5] that an
A-module M belongs to Mat(A) if and only if there is a short exact sequence

0 N M L 0,

where N is a Noetherian A-module and L is an Artinian A-module. Itis easy to
see that any submodule and any quotient module of a Matlis-reflexive module
is again Matlis-reflexive. Hence the subcategory Mat(A) is an abelian category.
It is also easy to see that Mat(A) is additively closed.
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ProrosITION 4.5. Let (A, m) be a Noetherian complete local ring. Then
Pic(Mat(A)) is a trivial group.

ProoF. Let [M] € Pic(Mat(A)) be an arbitrary element. It is enough to
show that M is an invertible A-module. Take an inverse element [N] = [M]~!
in Pic(Mat(A)) with N € Mat(A). Setting L = M ®4 N, from the definition
we have an isomorphism of functors

~

Homy (L, =) Mata) = IMara)-

We have only to show that L = A from this isomorphism. Since E € Mat(A),
we have an isomorphism LY = Hom, (L, E) = E. Since the natural mapping
L — LYV is always an injection, we have an embedding L — LYY = EY =
A. Therefore L is isomorphic to an ideal of A, hence it is finitely generated.
On the other hand, we have isomorphisms of A-modules:

Homy (L ®4 A/m, E) = Homy(A/m, L")
= Homyu(A/m, E) = A/m.

Since L ®4 A/m is finitely generated, we have
L) A/m=E(LQy A/m)YY = (A/m)Y = A/m.

This shows that L is generated by a single element by Nakayama’s lemma.
Hence we may write L = A/I for some ideal I of A. Since A € Mat(A), we
also have an isomorphism of A-modules:

Hom,(L, A) = A.

Since I annihilates the left hand side, we have TA = 0, hence L = A as
desired.

REMARK 4.6. Any subgroups of Pic A (resp. C£(A)) will appear as the
Picard groups of some additive full subcategories. In fact, it is not difficult to
see that the following claims hold. (We leave their proofs to the reader.)

(1) Let A be a commutative ring. For any additive full subcategory € of
proj(A) with A € €, Pic(€) is naturally a subgroup of Pic A. Conversely, for
any subgroup G of Pic A, there exists an additive full subcategory € of proj(A)
such that Pic(¢) = G.

(2) Let A be a Krull domain. For any additive full subcategory € of Ref(A)
such that A € €, Pic(€) is naturally a subgroup of CZ(A). Conversely, for any
subgroup G of C{£(A), there exists an additive full subcategory € of Ref(A)
such that Pic(€) = G.
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5. Structure of the group of k-linear automorphisms

Let k be a commutative ring and let A be a commutative k-algebra. We denote
by Auty_ag(A) the group of all the k-algebra automorphisms of A. For an
automorphism o € Aut;_y,(A), we can define a covariant k-linear functor
o : A-Mod — A-Mod as in the following manner. For each A-module M,
we define o, (M) to be 0, M = M as an abelian group on which the A-module
structure is given by

aom:ail(a)m (ae A, meM).

For an A-homomorphism f : M — N of A-modules, wedefineo, f : o.M —
o, N to be the same mapping as f. Note that o, f is an A-homomorphism, since
the equalities (o, f)(aom) = f (o~ (a)m) = o~ (a) f (m) = aoo, f (m) hold
fora € Aandm € M. Itis easily verified that the equality (o0 7), = 0,7, holds
for o, T € Auty_ag(A). In fact, we see thata om = (o) Y (@)m on (67). M,
on the other hand @ o m = t='(¢~"(a))m on 0,7, M. Since o,(c '), is the
identity functor on A-Mod, the k-linear functor o, : A-Mod — A-Mod is an
equivalence of the category.

Let € be any subcategory of A-Mod. We denote by Aut;(C) the group of
all the isomorphism classes of k-linear automorphism of ¢, i.e., an element of
Aut; (€) is the isomorphism class [F] of a k-linear equivalence F : € — €,
and the multiplication in Aut; (€) is defined to be the composition of functors.

Under these notations we have the following lemma.

LEMMA 5.1. There is an injective group homomorphism W: Auty_y,(A) —
Aut; (A-Mod) which maps o to the isomorphism class of 0.

PRrOOF. It is easy to see from the observation above that W is a group
homomorphism. we have only to show that it is injective. For this, it is enough
to prove the following claim.

CLamM. If o is isomorphic to the identity functor on A-Mod, then the
k-algebra automorphism o is the identity mapping.

In fact, letting ¢ : 14-M0a — 04 be an isomorphism of functors, for any
a € A we have the following commutative diagram, from the definition of o,.

A s A=——0 4
a/sl U*(aA)j/ aAl
A T oA ———=A,

where a4 denotes the multiplication mapping by a on A. Thus it follows the
equality ¢(A)(a) = a-¢(A)(1) as an element of 0, A = A. On the other hand,
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since ¢(A) is an A-homomorphism, we must have p(A)(a) = a o p(A)(1) =
o~ a) - 9(A)(1). Therefore we have a = o~ !(a). Since this holds for all
a € A, we conclude that o is the identity mapping.

It is worth noting that ¥ may not be surjective.

DEFINITION 5.2. Let € be an additive full subcategory of A-Mod and let
o € Auty_q,(A). Then € is called o-stable if o, gives an equivalence € — €,
ie., 0,(M) € Cand (67!),(M) € € whenever M € €. We also say that € is
stable under Auty_,(A) if € is o-stable for all o € Auty_gg(A).

ExaMpLE 5.3. The following subcategories of A-Mod are stable under
AUtk—alg(A)-

(1) A-mod, proj(A) and Proj(A). (See Example 3.8.)

(2) Ref(A) incase A is a Krull domain, and ref (A) in case A is a Noetherian
normal domain. (See Propositions 4.1 and 4.2.)

(3) Tf(A) and tf(A) in case A is an integral domain. (See Proposition 4.3.)

(4) the full subcategory d='(A) which consists of all the finitely generated
A-modules M with depth M > i when A is a Noetherian local ring with
depth A > i, where i is any natural number. (Cf. Proposition 4.4.)

(5) Mat(A) in case A is a Noetherian complete local ring. (See Proposi-
tion 4.5.)

(6) CM(A) in case A is a Cohen-Macaulay local ring. (See §5 below.)

Notice that an additive full subcategory of A-Mod is not necessarily stable
under Aut_q(A).

Regarding A as an A-algebra, we can consider the group Aut,(€) for an
additive full subcategory € of A-Mod. Since any A-linear functor is a k-
linear functor in an obvious way, there is a group homomorphism Aut4 (€) —
Auty (€) whose kernel consists of a single element that is the class of the identity
functor on €. In such a way, Aut4 (€) is naturally a subgroup of Aut;(A).

If the additive full subcategory € contains A as an object, then we have
shown in Lemma 3.3 that Pic(€) is isomorphic to Aut,(C€). Thus we obtain
the following lemma.

LEMMA 5.4. Let A be a commutative algebra over a commutative ring k,
and let € be an additive full subcategory of A-Mod with A € €. Then Pic(C)
is naturally a subgroup of Auty (&) by mapping [M] € Pic(C) to the class of
automorphism Hom s (M, —)|¢.

We should remark that Pic(€) is an abelian group while Aut, (€) is not.
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DEFINITION 5.5. In the rest of the paper, we always assume that the additive
full subcategory € is stable under Aut_qs(A). Then by definition there is a
group homomorphism

Yl : Alltk_alg(A) — Aut (€)

which maps o to the class of o, |s. We denote the image of W|s by I; (€). Note
that I;(C) is a subgroup of Aut,(€). We call I;(€) the subgroup of k-linear
automorphisms of € induced by k-algebra automorphisms.

We should note the following lemma.

LEMMA 5.6. Let € be an additive full subcategory of A-Mod which is
stable under Auty_,s(A) and A € §. Then the group homomorphism Vs :
Autyq5(A) — Aut(Q) is injective. In particular, Auty_q,(A) = L (C) as
groups.

ProoF. To show the injectivity of W|g, it is enough to prove that o, = 1¢
as functors on € only if o is the identity mapping on A. But the proof of this
will be the same as that of the claim in the proof of Lemma 5.1.

In this way we obtain the subgroups Aut4 (&) and I (€) in Aut, (¢) which are
isomorphic as groups to Pic(€) and Aut_, (A) respectively. For [M] € Pic(€)
and o € Autyq,(A), it is easy to see that o, M defines an element of Pic(€),
hence the group Auty_a¢(A) acts on Pic(©). In fact we can show the following
lemma.

LEMMA 5.7. Let [M] € Pic(C) and let 0 € Autyq,(A) as above. Then
there is an isomorphism of functors on €

Hom (0. M, —)|s = 0.]s o Homa (M, —)|s o (™ ).ls.

PRrROOF. It is enough to show that there is a natural isomorphism
Homy (o.M, X) = o, Homs (M, (1), X)

as A-modules for any X € €. But the both sides are the set of homomorphisms
of abelian groups f : M — X satisfying f (o~ (a)m) = af (m) foralla € A
and m € M, on which the A-module structure is given as (a o f)(m) =
f(o~Ya)ym) fora e Aandm € M.

This lemma shows that under the isomorphism Pic(€) = Aut,(€) in
Lemma 3.3, an element [0, M ] € Pic(C) corresponds to the product of functors
oxlc o Homy (M, —)|s o (07 )sls.
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LEMMA 5.8. Let [F] € Auty(C€) be an arbitrary element. Then F is iso-
morphic to the product of functors

oxlc o Homs (M, —)lc,

forsomeo € Auty_y,(C) and [M] € Pic(Q). In particular, we have the equality
Auti(A) = L(€) - Auta(C) as a group.

Proor. By Theorem 2.5, given an equivalence F, we have a k-algebra auto-
morphism 7 of A and an A-module M € € such that there is an isomorphism
of functors ' = Hom, (M., —)|s. It is easily observed from the definition
of M, (Definition 2.4) that the right hand side equals the product of func-
tors (17 ),|s o Hom, (M, —)|¢. Since F and (t7!),|¢ are equivalences, so is
Hom, (M, —)|s, hence [M] € Pic(€).

Now we are able to prove the main theorem in this paper.

THEOREM 5.9. Let k be a commutative ring and let A be a commutative k-
algebra. Assume that an additive full subcategory € of A-Mod is stable under
Autyq(A) and A € §. Then there is an isomorphism of groups

Auti(€) = Autye(A) X Pic(C).

Proor. Recall that the group Aut;_,,(A) acts on the group Pic(©), i.e.,
an element 0 € Aut,,(A) sends [M] € Pic(C) to [0, M]. Therefore the
semi-direct product Auty_,.(A) X Pic(C) is the set of pairs (o, [M]) where
o € Auty_q,(A) and [M] € Pic(€), on which the multiplication is defined as

(0. [M]) - (. [N]) = (o - 7. [(z7 ). M] - [N]).
Now we define a mapping
® : Autyq(A) X Pic(€) — Auti (€)

by sending (o,[M]) to the class of the product of functors o, |soHom 4 (M, —) | .
We can verify that ® is a homomorphism of groups by the following compu-
tations using Lemma 5.7.
@ (o, [M]) o P(7,[N])
= 0y|s o Homy (M, —)l¢ o T|sc o Homa (N, —)l¢
= 0uls © Tle o Homa (771 M, —)l¢ o Homa (N, =)l
= ®(0 -7, [(z7)M]- [N
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It follows from Lemma 5.8 that ® is a surjective mapping. It remains to
show that @ is injective. To prove this, assume that ® (o, [M]) = o4l¢ o
Homu (M, —)|¢ is isomorphic to the identity functor 1¢. Then we have an
isomorphism (o0 ~'"),|¢ = Homy (M, —)|¢, in particular, (o~!),|¢ is an A-
linear functor. Thus the following claim is sufficient to finish the proof.

CLAIM. Assume that T,|s is an A-linear functor on € for T € Auty_q,(A).
Then t is the identity mapping on A.

Foranya € A, the multiplication map a4 on A by a is an A-homomorphism.
Note that we can apply the functor 7, |s toas : A — A, because A € €. Since
T, |¢ is an A-linear functor, we have the equality

T*(CIA) =darA - T*(IA) =drA

as a mapping t,A — t,A. Recall that A = 7, A as abelian groups, and that
T.(ay) is the same as a4 as a mapping on A. Evaluating the both ends of the
equality above at 1 € A = 1, A, we see that a = t,(as)(1) = a,4(1) =
771 (a). Thus the equality t(a) = a holds for all @ € A. This completes the
proof of the claim.

CoROLLARY 5.10. Under the circumstances of Theorem 5.9, Pic(€) is
naturally a normal subgroup of Auty(C) and the residue class group

Aut (C)/ Pic(€) is isomorphic to Auty_qg(A).

6. Automorphisms of the category of Cohen-Macaulay modules

In this section, let (A, nt) be a Cohen-Macaulay local k-algebra, i.e., A is a
Noetherian local k-algebra with maximal ideal m and satisfies the equality
depth A = dim A. We are interested in the additive full subcategory CM(A)
of A-mod consisting of all the maximal Cohen-Macaulay modules over A.
Note that a finitely generated A-module M belongs to CM(A) if and only if
depth M = dim A. (Cf. See [12].)

First we should note the following proposition as a direct consequence of
Corollary 2.3, which says that the category CM(A) well reflects the k-algebra
structure of A.

PROPOSITION 6.1. Let A and B be Cohen-Macaulay local k-algebras. If
CM(A) and CM(B) are isomorphic to each other as k-categories, then A and
B are isomorphic to each other as k-algebras.

Now we shall prove Theorem 1.1 in the introduction.
Recall that A is said to have only an isolated singularity if A, is a regular
local ring for each prime ideal p except m. See [12, Chapter 3]. Now, to
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prove Theorem 1.1, suppose that A is a Cohen-Macaulay local ring having
only an isolated singularity. If dim A = 0, then CM(A) = A-mod. Hence
it follows from Example 3.8 that Pic(CM(A)) = Pic A which is a trivial
group, since A is a local ring. If dim A = 1, then CM(A) = d='(A) and
we have shown in Proposition 4.4 that Pic(CM(A)) is again a trivial group.
On the other hand, if dim A = 2, then A is a Noetherian normal domain and
CM(A) = ref(A). Therefore we have the equality Pic(CM(A)) = C{(A)
as shown in Proposition 4.2. In this case Pic(CM(A)) may be a non-trivial
group. Therefore, to complete the proof of Theorem 1.1, it remains to prove
the following theorem.

THEOREM 6.2. Let A be a Cohen-Macaulay local k-algebra. Suppose that
A has only an isolated singularity and dim A > 3. Then Pic(CM(A)) is a
trivial group. Hence we have an isomorphism Aut(CM(A)) = Auty_qe(A) as
groups.

To show this, we shall prove a stronger result.

THEOREM 6.3. Let A be a Cohen-Macaulay local k-algebra of any dimen-
sion. Suppose that A is regular in codimension two, i.e., Ay is a regular local
ring for any prime ideal p with ht(p) = 2. Then Pic(CM(A)) is a trivial group.

Proofr. If dim A = 0, then CM(A) = A-mod and hence Pic(CM(A)) =
Pic A is a trivial group by Example 3.8. If dim A = 1, then CM(A) = d=!(A)
and we have shown in Proposition 4.4 that Pic(CM(A)) is again a trivial group.
If dim A = 2, then our assumption says that A is a regular local ring hence a
UFD. Therefore Pic(CM(A)) = C{(A) is a trivial group.

In the rest we may assume d = dim A > 3. Let [M] € Pic(CM(A)).
Assuming that M is not free, we have only to show a contradiction. Take a free
cover F of M and we obtain an exact sequence

0 —> QM) F M 0.

Note that the first syzygy module €2(M) is also a maximal Cohen-Macaulay
module. Apply Hom 4 (M, —) to the sequence, and we get an exact sequence

0 —> Homa(M, Q(M)) —> Hom(M, F)
—> Homy (M, M) -1 Ext (M, Q(M)).

Notice that f # 0, since we have assumed that M is not free. Because of
the assumption, we see that M, is a free A,-module for any prime ideal p
with ht(p) = 2. Thus Ext}4 (M, 2(M)), = 0 for those prime ideals p. This
implies that dim Exti4 (M, 2(M)) < d — 3, hence the image Im(f) is also
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a nontrivial A-module of dimension at most d — 3. In particular, we have
depthIm(f) <d —3.

On the other hand, since Hom 4 (M, —)|cma) is a functor from CM(A) to
itself, the modules Hom 4 (M, Q(M)), Hom4 (M, F) and Hom 4 (M, M) have
depth d. Hence we conclude from the depth argument [4, Proposition 1.2.9]
that depth Im( f) > d — 2. This is a contradiction, and the proof is completed.

7. Remarks on the duality of an additive full subcategory

Let A be a k-algebra and let € be an additive full subcategory of A-Mod. In
this section we are interested in the k-linear dualities of €.

DEFINITION 7.1. An additive functor D : € — € is called a k-linear
duality of € if it is a k-linear functor which gives an equivalence between the
categories € and €°P.

The following is a direct consequence of Theorem 2.7.

LEMMA 7.2. Let € be an additive full subcategory of A-Mod which contains
A as an object, where A is a commutative k-algebra. Suppose there is a k-
linear duality D : € — G°P, Then there is an A-module w € € and a k-algebra
automorphism o € Auty_a(A) such that D = Homy (—, wg)|c as functors on
¢.

In particular, every A-linear duality D of € is of the form Hom (—, w)|¢
for some w € €.

We say that an object w € € is a dualizing module of € if the functor
Homy (—, w) gives an A-linear duality of €.

EXAMPLE 7.3.
(1) If A is a Cohen-Macaulay local ring with canonical module w4, then w4
is a dualizing module of the category CM(A).

(2) Let A be a Krull domain (resp. a Noetherian normal domain). Then
the free module A of rank one is a dualizing module of Ref(A) (resp.
ref(A)). (See Propositions 4.1 and 4.2.)

(3) Let (A, m) be a Noetherian complete local ring and let E be the injective
envelope of A/m. Then E is a dualizing module of the category Mat(A).
(See Proposition 4.5.)

In all these examples, the duality functor D satisfies D> = 1. We remark
on this property in the following proposition.

PROPOSITION 7.4. Let A be a commutative k-algebra and let € be an additive
full subcategory of A-Mod such that A € €. Then every A-linear duality D of
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© satisfies the equality D* = 1. In particular, every dualizing module w of €
satisfies End 4 (w) = A as A-modules.

Proor. It follows from Lemma 2.2 that the k-algebra homomorphism « :
A — End(D) is an isomorphism. On the other hand, since we may write
D = Homy (—, w)|s for a dualizing module w € €, Yoneda’s lemma forces
that End(D) = End4(w) as A-modules. Hence we have isomorphisms of
A-modules

D*(A) = Hom,(Hom4 (A, o), w) = Endy(w) = A.

Since D? : € — ( is a covariant equivalence, we can apply Corollary 2.6 to
get D> = I.

Note that if @ is a dualizing module of € and if [M] € Pic(€), then
Homu (M, w) is also a dualizing module of €. In fact, we have the follow-
ing isomorphism of functors by the adjoint formula.

(2)  Homy(—, Homy (M, w))|s = Homs (M, —)|s o Homy (=, »)lg,

where the right hand side is an A-linear duality of €.
Now we prove the main theorem of this section.

THEOREM 7.5. Let A be a commutative k-algebra, and let € be an additive
full subcategory of A-Mod that is stable under Auty_u5(A) and A € €. Suppose
that € admits a dualizing module w. Let D be an arbitrary k-linear duality
of €. Then there exist an automorphism o € Autyu,(A) and an element
[M] € Pic(C) such that there is an isomorphism of functors

D= G*'Q’ o HOmA(—, HOmA(M7 C()))|Q’

PrOOF. In fact, the composition of functors D o (Hom,(—, )|s)~" is a
k-linear automorphism of €, hence it follows from Lemma 5.8 that

D o (Homu(—, ®)|¢) ™" = o.]¢ o Homa (M, —)lg,
for some o € Auty_,(A) and [M] € Pic(C). Therefore we have
D = oy|c o Homs (M, —)|s o Homyu (—, w)ls.

By the isomorphism (2) above, we see that the right hand side is equal to
0x|c o Homy (—, Homy (M, w))|s.
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