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The radius of a subcategory of modules
Hailong Dao and Ryo Takahashi

Dedicated to Professor Craig Huneke on the occasion of his sixtieth birthday

We introduce a new invariant for subcategories ¥ of finitely generated modules
over a local ring R which we call the radius of . We show that if R is a complete
intersection and & is resolving, then finiteness of the radius forces ¥ to contain
only maximal Cohen—Macaulay modules. We also show that the category of max-
imal Cohen—Macaulay modules has finite radius when R is a Cohen—Macaulay
complete local ring with perfect coefficient field. We link the radius to many
well-studied notions such as the dimension of the stable category of maximal
Cohen—Macaulay modules, finite/countable Cohen—Macaulay representation type
and the uniform Auslander condition.

Introduction

Let R be a commutative Noetherian local ring and mod R the category of finitely
generated modules over R. In this paper we introduce and study a new invariant
for subcategories & of mod R which we call the radius of %. Roughly speaking, it
is defined as the least number of extensions necessary to build the whole objects
in & out of a single object in mod R. (For the precise definition, see Definition 2.3
in this paper.) Our definition is inspired by the notion of dimension of triangulated
categories that was introduced by Rouquier [2008].

We obtain strong evidences that the concept of radius is intimately linked to both
the representation theory and the singularity of R. For example, over a Gorenstein
complete local ring R, the category of maximal Cohen—Macaulay modules has
radius zero if and only if R has finite Cohen—Macaulay representation type, in other
words, R is a simple hypersurface singularity (when R has an algebraically closed
coefficient field of characteristic zero). In addition, the category of maximal Cohen—
Macaulay modules over a complete local hypersurface (over an algebraically closed
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field of characteristic not two) of countable Cohen—Macaulay representation type
has radius one. We also observe a tantalizing connection to the uniform Auslander
condition, which has attracted researchers over the years.

Perhaps most surprisingly, one corollary of our first main result (Theorem 3.3)
states:

Theorem 1. Let R be a local complete intersection, and let X be a resolving
subcategory of mod R. If the radius of X is finite, then X contains only maximal
Cohen—Macaulay modules.

We conjecture that the above result holds for all Cohen—Macaulay local rings.
Our second main result below supports this conjecture, which follows from more
general results (Theorems 5.7 and 5.11).

Theorem II. Let R be a Cohen—Macaulay complete local ring with perfect coef-
ficient field. Then the category of maximal Cohen—Macaulay modules over R has
finite radius.

The structure of the paper is as follows. In Section 1 we set the basic notations
and definitions. Section 2 contains our key definition (Definition 2.1) of the radius
of a subcategory of mod R, as well as some detailed comparisons to similar notions.
We also give several results connecting the radius to the singularities of finite and
countable Cohen—Macaulay representation type. Sections 3 and 4 consist of the
statement and proof of our Theorem I, respectively. We also discuss here thickness
of resolving subcategories of maximal Cohen—-Macaulay modules over a complete
intersection. Section 5 contains the proof of (generalizations of) our Theorem II.
Section 6 connects the main results to the uniform Auslander condition and discusses
some open questions.

1. Preliminaries

In this section, we recall the definitions of a resolving subcategory, totally reflexive
modules and a thick subcategory.

Convention 1.1. Throughout this paper, we assume all rings are commutative
Noetherian rings with identity. All modules are finitely generated. All subcategories
are full and strict. (Recall that a subcategory ¥ of a category 6 is called strict
provided that for objects M, N € ‘€ with M = N, if M is in ¥, then so is N.) Hence,
the subcategory of a category 6 consisting of objects {M, },ca always means the
smallest strict full subcategory of € to which M, belongs for all A € A. Note that
this coincides with the full subcategory of € consisting of all objects X € € such
that X = M, for some A € A. Let R be a (commutative Noetherian) ring. Denote by
mod R the category of (finitely generated) R-modules and R-homomorphisms. For
a Cohen—Macaulay local ring R, we call a maximal Cohen—Macaulay R-module
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just a Cohen—Macaulay R-module. We denote by CM(R) the subcategory of mod R
consisting of Cohen—Macaulay R-modules.

The following notation is used throughout this paper.

Notation 1.2. For a subcategory ¥ of mod R, we denote by add ¥ (or addg &)
the additive closure of &, namely, the subcategory of mod R consisting of direct
summands of finite direct sums of modules in . When & consists of a single
module M, we simply denote it by add M (or addg M). For an R-module M, we
denote by M* the R-dual module Homgz (M, R). For a homomorphism f: M — N
of R-modules, f* denotes the R-dual homomophism N* — M* sending 0 € N*
to the composition o - f € M*.

The notion of a resolving subcategory has been introduced by Auslander and
Bridger [1969]. It can actually be defined for an arbitrary abelian category with
enough projective object. The only resolving subcategories we deal with in this
paper are ones of mod R.

Definition 1.3. A subcategory & of mod R is called resolving if the following hold.

(R1) & contains the projective R-modules.

(R2) & is closed under direct summands: if M is an R-module in &¥ and N is an
R-module that is a direct summand of M, then N is also in ¥.

(R3) % is closed under extensions: for an exact sequence 0 > L - M — N — 0
of R-modules, if L, N are in ¥, then so is M.

(R4) % is closed under kernels of epimorphisms: for an exact sequence 0 — L —
M — N — 0 of R-modules, if M, N are in ¥, then so is L.

A resolving subcategory is a subcategory such that any two minimal resolutions
of a module by modules in it have the same length; see [Auslander and Bridger
1969, Lemma (3.12)]. Note that one can replace the condition (R1) with:

(R1") % contains R.
Next we recall the notion of a totally reflexive module.

Definition 1.4. An R-module M is called rotally reflexive if the natural homomor-
phism M — M™** is an isomorphism and Ext"R (M,R)=0= ExtiR (M*, R) for all
i > 0. We denote by %(R) the subcategory of mod R consisting of totally reflexive
modules.

A totally reflexive module was defined by Auslander [1967], and deeply studied
by Auslander and Bridger [1969]. The R-dual of a totally reflexive R-module is also
totally reflexive. Every projective module is totally reflexive, i.e., add R € 4(R). If
R is a Cohen—Macaulay local ring, then every totally reflexive R-module is Cohen—
Macaulay, i.e., 9(R) € CM(R). When R is a Gorenstein local ring, an R-module
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is totally reflexive if and only if it is Cohen—Macaulay, i.e., 9(R) = CM(R). For
more details, see [Auslander and Bridger 1969] and [Christensen 2000].

Syzygies, cosyzygies and transposes are key tools in this paper. We recall here
their precise definitions.

Definition 1.5. Let (R, m) be a local ring, and let M be an R-module.

. . 8n 8n S s
(1) Take a minimal free resolution - - - —> F, = F,_; —> ... 5 Fp— M — 0

of M. Then, for each n > 1, the image of §, is called the n-th syzygy of M
and denoted by Q"M (or Q% M). For convention, we set Q"M =M.

(2) The cokernel of the R-dual map &7 : Fj — F} is called the (Auslander)
transpose of M and denoted by Tr M (or Trg M).

(3) Let0— M — F_; 25 ... 20 g O 22 be a minimal
free coresolution of M, that is, an exact sequence with F_, free and Im4§_, C
mF_(,41) for all n > 1. Then we call the image of 6_, the n-th cosyzygy of M
and denote it by Q7" M (or Q" M).

Let R be a local ring. Then by [Yoshino 2005, Lemma 3.2] one can replace (R4)
with:

(R4") % is closed under syzygies: if M is in &, then so is QM.

Totally reflexive modules behave well under taking their syzygies, cosyzygies
and transposes. Let R be a local ring. Let M be a totally reflexive R-module. The
R-dual of a minimal free resolution (respectively, coresolution) of M is a minimal
free coresolution (respectively, resolution) of M*. In particular, a minimal free
coresolution of M always exists, and it is uniquely determined up to isomorphism.
The n-th syzygy 2" M and cosyzygy 27" M are again totally reflexive for all n. This
is an easy consequence of [Christensen 2000, (1.2.9) and (1.4.8)]. The transpose
Tr M is also totally reflexive; see [Auslander and Bridger 1969, Proposition (3.8)].
For an R-module M, the n-th syzygy 2" M for any n > 1 and the transpose Tr M
are uniquely determined up to isomorphism, since so is a minimal free resolution
of M. If M is totally reflexive, then the n-th cosyzygy 27" M for any n > 1 is also
uniquely determined up to isomorphism, since so is a minimal free coresolution
of M.

A lot of subcategories of mod R are known to be resolving. For example, CM(R)
is a resolving subcategory of mod R if R is Cohen—Macaulay. The subcategory of
mod R consisting of totally reflexive R-modules is resolving by [Auslander and
Bridger 1969, (3.11)]. One can construct a resolving subcategory easily by using the
vanishing of Tor or Ext. Also, the modules of complexity less than a fixed integer
form a resolving subcategory of mod R. For the details, we refer to [Takahashi
2009, Example 2.4].

Now we define a thick subcategory of totally reflexive modules.
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Definition 1.6. A subcategory & of 9(R) is called thick if it is closed under direct
summands and short exact sequences: for an exact sequence 0 - L —- M — N — 0
of totally reflexive R-modules, if two of L, M, N are in &, then so is the third.

A typical example of a thick subcategory is obtained by restricting a resolving
subcategory to G(R).

The following proposition is shown by an argument dual to [Yoshino 2005,
Lemma 3.2].

Proposition 1.7. Let R be a local ring. Let ¥ be a subcategory of 4(R) con-
taining R. Then & is a thick subcategory of 4(R) if and only if ¥ is a resolving
subcategory of mod R and is closed under cosyzygies: if M is in %, then so is Q™' M.

Let (R, m) be a local ring. We call R a hypersurface if the m-adic completion R
of R is a residue ring of a complete regular local ring by a principal ideal. We say
that R is a complete intersection if R is a residue ring of a complete regular local
ring by an ideal generated by a regular sequence.

We recall the definitions of Gorenstein dimension and complete intersection
dimension, which are abbreviated to G-dimension and CI-dimension. These notions
have been introduced by Auslander and Bridger [1969] and Avramov, Gasharov
and Peeva [Avramov et al. 1997], respectively.

Definition 1.8. Let R be a local ring, and let M be an R-module. The G-dimension
of M, denoted Gdimg M, is defined as the infimum of the lengths of totally reflexive
resolutions of M, namely, exact sequences of the form 0 — X, > X, —> --- —
X1 — Xo — M — 0 with each X; being totally reflexive. The CI-dimension of
M is defined as the infimum of pd¢(M ®g R’) — pdg R’, where R — R’ < S runs
over the quasi-deformations of R. Here, a diagram R— RES of homomorphisms
of local rings is called a quasi-deformation of R if f is faithfully flat and g is a
surjection whose kernel is generated by an S-sequence.

Recall that M is said to have complexity c, denoted by cxg M = ¢, if c is the
least nonnegative integer n such that there exists a real number r satisfying the
inequality BR(M) < ri"~! for all i > 0.

Remark 1.9. For a local ring (R, m, k) and a module M over R, the following are
known to hold. For the proofs, we refer to [Christensen 2000] and [Avramov et al.
1997].

(1) Gdimg M = oo if and only if M does not admit a totally reflexive resolution
of finite length.

(2) Cldimg M = oo if and only if pdg(M ®g R") = oo for every quasi-deformation
R— R < 8S.

(3) One has M =0 & Gdimg M = —o00 < Cldimg M = —o0.
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(4) Gdimg M <0 if and only if M is totally reflexive.

(5) If Gdimg M (respectively, Cldimg M) is finite, it is equal to depth R—depth, M.

(6) The inequalities Gdimg M < Cldimg M < pdr M hold, and equalities hold to
the left of any finite dimension.

(7) If M # 0, then Gdimg(2"M) = sup{Gdimg M — n, 0} and Cldimg(Q"M) =
sup{Cldimg M —n, 0} hold for all n > 0.

(8) If R is a Gorenstein ring (respectively, a complete intersection), then Gdimg M
(respectively, Cldimg M) is finite. If Gdimg k (respectively, Cldimg k) is finite,
then R is a Gorenstein ring (respectively, a complete intersection).

(9) If Cldimg M < oo, then cxg M < o0.

2. Definition of the radius of a subcategory

This section contains the key definition and establishes several results. More
precisely, we will give the definition of the radius of a subcategory of mod R for
a local ring R, and compare it with other notions, such as the dimension of a
triangulated category defined by Rouquier. We will also explore its relationships
with representation types of a Cohen—Macaulay local ring.

Definition 2.1. Let R be a local ring.

(1) For a subcategory & of mod R we denote by [&] the additive closure of the sub-
category of mod R consisting of R and all modules of the form Q' X, where i >0
and X € ¥. When & consists of a single module X, we simply denote it by [ X].

(2) For subcategories &, % of mod R we denote by & o Y the subcategory of
mod R consisting of the R-modules M which fits into an exact sequence
0> X—>M—->Y—>0withXeXandY €Y. WesetX eY = [[X] o [Y]].

(3) Let % be a subcategory of mod R. We define the ball of radius r centered at 6 as

(€] ifr=1,

[€],—1 @€ =[[€],—10[€]] ifr=>2.

If € consists of a single module C, then we simply denote [€], by [C],, and
call it the ball of radius r centered at C. We write [6]X when we should specify
that mod R is the ground category where the ball is defined.

Some similar notions have already been introduced. Takahashi [2009, Defini-
tion 3.1] defines the subcategory res” & of the resolving closure res & of a given
subcategory & of mod R. This is different from ours in that res” & is not closed under
syzygies. In [Avramov et al. 2010] the thickening thick” & of a given subcategory &
of a triangulated category is defined. This cannot be applied directly to a module
category.
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Proposition 2.2. Let R be a local ring.

(1) Let &,% be subcategories of mod R. The following are equivalent for an
R-module M:

(a) M belongs to ¥ %Y.

(b) There exists an exact sequence 0 > X — Z — Y — 0 of R-modules with
X e[X]and Y € [Y] such that M is a direct summand of Z.

(2) For subcategories &,%, % of mod R, one has (X eY) e F =X o (Y 0 %).

(3) Let € be a subcategory of mod R, and let a, b be positive integers. Then one
has [€] o [€]p = [€la+s = [€]p @ [€la.

Proof. (1) The implication (b) = (a) is obvious. To prove the opposite implication
(a) = (b), let M be an R-module in ¥ ¢ Y = [[¥] o [Y]]. By definition, M is
isomorphic to a direct summand of R®” & P_,(Q2'Z;)®%, where p, q; > 0 and
Z; €[¥]o[¥]. For each 0 <i <n there is an exact sequence 0 > X; - Z; - ¥; — 0
with X; € [¥] and Y; € [¥]. Taking syzygies and direct sums, we have an exact
sequence

n n n
0> R o P )% - R o Q' 2% & R — P(QY)® — 0.
i=0 i=0 i=0

The left and right terms are in [¥] and [Y], respectively. The middle term contains
an R-module isomorphic to M. Thus the statement (b) follows.

(2) First, let M be an R-module in (X e%Y) e%. By the assertion (1) there is an exact
sequence 0 — W i> V—>Z7Z—0with WeXe¥ and Z € [%] such that M is a direct
summand of V. By (1) again, we have an exact sequence 0 -~ X — U — Y — 0 with
X € [¥] and Y € [¥] such that W is a direct summand of U. Writing U = W @ W',
we make the following pushout diagram.

0

(e}
=
>
=
<
o<—ﬂ<—6§9 — X o
N
(e}
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The bottom row implies that 7 is in %Y e %, and it follows from the middle column
that M belongs to & e (Y e ¥). Hence we have (X e V) e X C X o (Y 0 %F).

Next, let M be an R-module in ¥ e (%Y @ %¥). Then it follows from (1) that there
is an exact sequence 0 - X — V i) W — O with X € [X] and W € Y % such
that M is a direct summand of V. Applying (1) again, we have an exact sequence
0—>Y—>U—Z—>0withY € [¥] and Z € [¥] such that W is a direct summand
of U. Write U = W @ W', and we have a pullback diagram:

0 0

0 X VoW —5 WoepWwW —— 0
7 Z
0 0

We see from the first row that 7" is in ¥ e %Y, and from the middle column that M is
in (X e%) e%. Therefore X o (Y 0 %) C (¥ e V) ¢ % holds.

(3) It is enough to show the equality [€], e [€], = [€],+». We prove this by
induction on b. It holds by definition when » = 1. Let b > 2. Then we have

[€], ® [€]p, = [€], @ ([€]p—1 @€) = ([€], @ [€lp—1) @€ =[€Clotp—1 6 =[Clays,

where the second equality follows from (2), and the induction hypothesis implies
the third equality. U

Let ‘€ be a subcategory of mod R and r > 0 an integer. By the second and third
assertions of Proposition 2.2, without danger of confusion we can write

r

e e
[€], =€o---0%6.
Now we can make the definition of the radius of a subcategory.

Definition 2.3. Let R be a local ring, and let % be a subcategory of mod R. We
define the radius of &, denoted by radius &, as the infimum of the integers n > 0
such that there exists a ball of radius n + 1 centered at a module containing ¥. By
definition, radius ¥ € NU {co}.
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The definition of the radius of a resolving subcategory looks similar to that of
the dimension of a triangulated category which has been introduced by Rouquier
[2008, Definition 3.2]. The stable category CM(R) of Cohen—Macaulay modules
over a Gorenstein local ring R is triangulated by [Buchweitz 1986; Happel 1988],
and the dimension of CM(R) in the sense of Rouquier is defined. It might look the
same as the radius of CM(R) in our sense.

However there are (at least) two differences in the definitions:

(1) A defining object for dim CM(R) is required to be inside the category CM(R),
but a defining object for radius CM(R) is not, i.e., it is enough to be an object
of mod R. More precisely, dim CM(R) (respectively, radius CM(R)) is defined
as the infimum of the integers n > 0 such that CM(R) = (G),+; for some
object G (respectively, CM(R) C [C],+1 for some object C). Then G must
be an object of CM(R), while C may not be an object of CM(R), just being
an object of mod R.

(2) Let ¥ and % be subcategories of CM(R) and CM(R), respectively. Then
the subcategory (%) of CM(R) is closed under taking cosyzygies of Cohen—
Macaulay modules in it, but the subcategory [¥] of CM(R) is not in general.
(In fact, this difference is a reason why we can prove Proposition 2.5 below but
do not know whether the analogue for dimension holds or not; see Question 2.6
below.)

Thus these two notions are different, but they are still related to each other. In
fact, we can show that the following relationship exists between them.

Proposition 2.4. Let R be a Gorenstein local ring.
(1) One has the inequality dim CM(R) < radius CM(R).
(2) The equality holds if R is a hypersurface.

Proof. (1) We may assume that n := radius CM(R) < oo. Then there exists an
R-module C such that CM(R) is contained in the ball [C];,4.

We claim that CM(R) = [Q_deC]nH holds, where d = dim R. This claim
implies CM(R) = (Q¢C),,41, which shows dim CM(R) < n.

In the following, we show this claim. Since Q7¢Q?C is a Cohen-Macaulay
R-module, and CM(R) is a resolving subcategory of mod R, the inclusion CM(R) 2
[Q79Q7C],41 holds. To get the opposite inclusion, it is enough to prove that for
every m > 1 and M € [C],, we have Q4QIM € [Q79Q4C]),. Let us prove
this by induction on m. The case m = 1 is obvious, so let m > 2. According to
Proposition 2.2(1), there is an exact sequence 0 - X — Y — Z — 0 of R-modules
with X € [C],,—1 and Z € [C] such that M is a direct summand of Y. Taking the
d-th syzygies, we have an exact sequence 0 — QX — QY ®R® — Q47 — 0
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of Cohen—Macaulay R-modules. Since R is Gorenstein, taking the d-th cosyzygies
makes an exact sequence

0—> Q QX - QY ® R - Q Q%7 -0

of Cohen—Macaulay modules. The induction hypothesis implies Q79Q?Z e
[Q79QIC] and Q9QIX € [Q9QC],,—;. Since Q79Q4M is a direct summand
of Q74Q4Y, it belongs to [2~¢QC],,.

(2) Let n := dim CM(R) < co. We find a Cohen—-Macaulay R-module G such that
CM(R) = (G)+1. We want to prove that CM(R) = [G],+1 holds, and it suffices to
show that for every m > 1 and M € (G),, we have M € [G],,. Let us use induction
on m. The case m = 1 follows from the fact that QN = Q~! N up to free summand
for each Cohen—Macaulay R-module N, since R is a hypersurface. When m > 2,
there exists an exact triangle X — ¥ — Z — XX in CM(R) with X € (G),,—1 and
Z € (G) such that M is a direct summand of Y. Then we have an exact sequence
0— X —Y®R® — Z — 0 of R-modules, and we are done by applying the
induction hypothesis. U

In the rest of this section, we will study the relationships between the repre-
sentation types of a Cohen—Macaulay local ring and the radius of the category of
Cohen—Macaulay modules. Recall that a Cohen—Macaulay local ring R is said to be
of finite (respectively, countable) Cohen—Macaulay representation type if CM(R)
has only finitely (respectively, countably but not finitely) many indecomposable
modules up to isomorphism.

We can describe the property of finite Cohen—Macaulay representation type in
terms of a radius.

Proposition 2.5. Let R be a Gorenstein Henselian local ring. The following are
equivalent:

(1) One has radiusCM(R) =0;
(2) The ring R has finite Cohen—Macaulay representation type.

Proof. 2) = (1): If My, ..., M, are the nonisomorphic indecomposable Cohen—
Macaulay R-modules, then we have CM(R) =[M & --- D M, ].

(1) = (2): There is an R-module C satisfying CM(R) C [C]. Setting d =dim R,
we have CM(R) = [Q74Q4C). Replacing C with Q1Q4C, we may assume that
CM(R) = [C] with C being Cohen—Macaulay.

Note that since R is Henselian, the Krull-Schmidt theorem holds, i.e., each
R-module uniquely decomposes into indecomposable R-modules up to isomor-
phism. Let Cq, ..., C, be the indecomposable direct summands of C. We may
assume that C = C; @ - - - @ C,,. Since R is Gorenstein, taking syzygies preserves
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indecomposability of nonfree Cohen—Macaulay R-modules. We see that the set of
nonisomorphic indecomposable Cohen—Macaulay R-modules is

[RY)U{QC;1i=0,1<j<n)}.

We may assume that for all i >0 and 1 < j # j' <n we have QiCj Z# Cj, because
if Q'C; = C; for some such i, j, j’, then we can exclude Cj from C. Now fix
an integer j with 1 < j < n. As taking cosyzygies preserves indecomposability
of nonfree Cohen-Macaulay R-modules, Q~'C ; 1s isomorphic to Q“C), for some
a > 0and 1 <b < n. Taking the a-th cosyzygies, we have Q_l_“C.,- = Cp, hence
C; = Q!*4Cy,. This forces us to have b = j, which says that C ;j 18 periodic. Hence
there are only finitely many indecomposable Cohen—Macaulay R-modules. ]

Question 2.6. Does the equality in Proposition 2.4(1) hold true? If it does, then
Proposition 2.5 will say that a Gorenstein Henselian local ring R has finite Cohen—
Macaulay representation type if and only if dim CM(R) < 0. This statement is a
partial generalization of Minamoto’s theorem [2013, Theorem 0.2], which asserts
that the same statement holds for a finite-dimensional self-injective algebra over a
perfect field, extending Yoshiwaki’s recent theorem [2011, Corollary 3.10].

The next result hints at further relationship between finite radius of CM(R) and
more well-known classification of singularities.

Proposition 2.7. Let R be a complete local hypersurface over an algebraically
closed field of characteristic not two. Assume that R is of countable Cohen—
Macaulay representation type. Then radius CM(R) = 1.

Proof. Tt follows from [Araya et al. 2012, Theorem 1.1] that there exists an
R-module X such that for every indecomposable module M € CM(R) there is
an exact sequence 0 > L > M d R" — N — O with L, N € {0, X, 2X}. This
shows that CM(R) = [X],. Now we see from Proposition 2.5 that the radius of
CM(R) is equal to one. O

3. Finiteness of the radius of a resolving subcategory

In this section we state our guiding conjecture and first main result.

Conjecture 3.1. Let R be a Cohen—Macaulay local ring. Let ¥ be a resolving
subcategory of mod R with finite radius. Then every R-module in & is Cohen—
Macaulay.

Remark 3.2. The converse of Conjecture 3.1 also seems to be true. We consider
this in Section 5.

Let ¥ be a subcategory of mod R. We denote by res & (or resg ¥) the resolving
closure of &, namely, the smallest resolving subcategory of mod R containing &. If
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& consists of a single module M, then we simply denote it by res M (or resg M).
For a prime ideal p of R, we denote by &, the subcategory of mod Ry, consisting of
all modules of the form X, where X € &. The first main result of this paper is the
following theorem.

Theorem 3.3. Let R be a commutative Noetherian ring. Let X be a resolving
subcategory of mod R. Suppose that there exist a prime ideal p of R with htp > 0
and an Ry-module M with 0 # M € addg, &, which satisfy one of the following
conditions.

1) pM =0.

(2) 0 < Gdimg, M =n < 0o and Q' Q% M € addg, %,.

(3) 0 < Gdimg, M < 00 and resg, (Q’;ep M) is a thick subcategory of ‘9(Ry) for
some n > 0.

@ 0< CIdime M < o0.

Then X has infinite radius.

The proof of this theorem will be given in the next section. As a direct conse-
quence of the above theorem, we obtain two cases in which our conjecture holds
true.

Corollary 3.4. Conjecture 3.1 is true if

(1) R is a complete intersection, or

(2) R is Gorenstein, and every resolving subcategory of mod R contained in
CM(R) is a thick subcategory of CM(R).

Proof. Conjecture 3.1 trivially holds in the case where R is Artinian, so let (R, m, k)
be a Cohen—Macaulay local ring of positive dimension. Then we have htm > 0.
Let & be a resolving subcategory of mod R, and suppose that ¥ contains a non-
Cohen—Macaulay R-module M.

(1) We have 0 < dim R — depthg M = depth R — depthg M = Cldimg M < oo,
and Theorem 3.3(4) implies that & has infinite radius.

(2) We have 0 <n:=dim R —depthy M =depth R—depthr M = Gdimg M < oco.
The module Q' M is Cohen—Macaulay, and by assumption resg (2x M) is a thick
subcategory of CM(R) =%(R). Theorem 3.3(3) implies that & has infinite radius. [J

4. Proof of Theorem I

This section is devoted to give the proof of Theorem 3.3 (hence of Theorem I from

the introduction), which we break up into several parts. Most of them also reveal

properties of subcategories of mod R which are interesting in their own right.
First of all, we make a remark to reduce our theorem to the local case.
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Remark 4.1. Let C be an R-module, n > 0 an integer and p a prime ideal of R.
Then for a subcategory ¥ of mod R the implication

LCICIR = addg, %, C[Cpln"

holds. It follows from [Takahashi 2010, Lemma 4.8] that addg, &y is a resolving
subcategory of mod Ry,. (The ring R in (loc. cit.) is assumed to be local, but its proof
does not use this assumption, so it holds for an arbitrary commutative Noetherian
ring.) Hence, to prove Theorem 3.3, without loss of generality we can assume
(R, p) is a local ring with dim R > 0 and M is an R-module with 0 # M € %.

Proof of Theorem 3.3(1). First, we investigate the annihilators of torsion submod-
ules. For an ideal / of R and an R-module M, we denote by I";(M) the I-torsion
submodule of M. Recall that I'; (M) is by definition the subset of M consisting of all
elements that are annihilated by some power of 7, and the assignment M +— ["; (M)
defines a left exact additive covariant functor I'; : mod R — mod R.

Lemma 4.2. Let I be an ideal of R. Let C, M be R-modules and n > 1 an integer.
If M belongs to [C],,, then one has Anng I'; (M) 2 (Anng I';(R) - Anng I'; (C))".

Proof. Let us prove the lemma by induction on 7.
If n = 1, the module M is isomorphic to a direct summand of (R&E¢_, 2 C)*”
for some a, b > 0. Hence I'; (M) is isomorphic to a direct summand of

a &b
(r,<R> o@D msz"C)) :
i=0

Fori > 1, the syzygy Q' C is a submodule of some free module R®<, and I'; (Q/ C) is
a submodule of I'; (R)®¢, which implies that Anng I'; (2 C) contains Anng I'; (R).
Hence we obtain

a
Anng T'; (M) 2 Anng T';(R) N (ﬂ Anng F,(Q"C))
i=0
= AI]IIR F[(R) ﬂAnnR F[(C) 2 AHHR F[(R) . AHHR F[(C)
Let n > 2. Then M is in [C], = [C],—1  [C], and Proposition 2.2(1) says
that there is an exact sequence 0 - X — Y — Z — 0 with X € [C],—1 and
Z € [C] such that M is a direct summand of Y. We have an exact sequence
0—->T;(X)—>T,;()— I';/(Z), and therefore we obtain
AIll’lR F[(M) ) AnnR F[(Y) 2 Al’ll’lR F[(X) . AIII’IR F[(Z)
D (Anng I'y(R) - Anng T';(C))" " - (Anng I'; (R) - Anng T';(C))
= (Anng I';(R) - Anng '/ (C))",
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which is what we want. U

Let (R, m) be a local ring, and let M be an R-module. We denote by ££(M) the
Loewy length of M, which is by definition the infimum of the integers n > 0 such
that m" M = 0. Obviously, ££(M) is finite if and only if M has finite length. There
is a relationship between finite radius and Loewy length:

Proposition 4.3. Let (R, m) be a local ring, and let X be a resolving subcategory
of mod R. If radius X < 00, then supy o {€¢(I'n(X))} < o0.

Proof. Put r = radius®. By definition, there exists an R-module C such that
[C],+1 contains ¥. Let X be a module in &. It follows from Lemma 4.2 that the
annihilator Ann I'y, (X) contains the ideal (Ann Iy (R)-Ann Ty (C)) 1. As T (R)
and I',,(C) have finite length, they have finite Loewy length. Set a = ££(I',(R))
and b = €4(I'y(C)). Then AnnT(X) contains m@ T2+ " which means that
Le(I'y (X)) is at most (a+b)(r+1). Since the number (a+b)(r +1) is independent
of the choice of X, we have supy o {€€(I'n (X))} <(@a+b)(r +1) < 0. U

The following is the essential part of Theorem 3.3(1).

Theorem 4.4. Let (R, m, k) be a local ring of positive dimension. Let X be a
resolving subcategory of mod R. If & contains k, then % has infinite radius.

Proof. We claim that R/m' belongs to % for all integers i > 0. Indeed, there is an
exact sequence 0 — m'~!/m! - R/m/ — R/m'~! — 0, and the left term belongs
to & as it is a k-vector space. Induction on i shows the claim.

We have ££(I'n(R/m')) = £0(R/m') = i, where the second equality follows
from the assumption that dim R > 0. Therefore it holds that

sup {£6('m (X))} = sup{€&(T'm(R/m"))} = supfi} = oo,
Xe¥ i>0 i>0

which implies radius & = oo by Proposition 4.3. U

Now, let us prove Theorem 3.3(1). By Remark 4.1, we may assume that (R, p) is
a local ring with dim R > 0 and that M is a nonzero R-module in &. The assumption
pM = 0 says that M is a nonzero k-vector space, where k = R/p is the residue
field of R. Since ¥ is closed under direct summands, k belongs to &. Theorem 4.4
yields radius & = oo.

Proof of Theorem 3.3(2)(3). Establishing several preliminary lemmas and propo-
sitions is necessary, which will also be used in the proof of Theorem 3.3(4).
We begin with stating an elementary lemma, whose proof we omit.

Lemma 4.5. Let (R, m, k) be a local ring. Let 0 > L — M — N — 0 be an exact
sequence of R-modules. Then inf{depth L, depth N} = inf{depth M, depth N}.
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For an ideal I of R, we denote by V (/) (respectively, D (1)) the closed (respec-
tively, open) subset of Spec R defined by [ in the Zariski topology, namely, V (1) is
the set of prime ideals containing I and D (/) = Spec R\ V (/). For an R-module M
we denote by NF(M) the nonfree locus of M, that is, the set of prime ideals p of R
such that the R,-module M, is nonfree. It is well-known that NF(M) is a closed
subset of Spec R.

The next result builds, out of each module in a resolving subcategory and each
point in its nonfree locus, another module in the same resolving subcategory whose
nonfree locus coincides with the closure of the point. Such a construction has
already been given in [Takahashi 2009, Theorem 4.3], but we need in this paper a
more detailed version. Indeed, the following lemma yields a generalization of (loc.
cit.).

Lemma 4.6. Let M be an R-module. For every p € NF(M) there exists X € res M
satisfying NF(X) = V (p) and depth X; = inf{depth M, depth Ry} for all g € V (p).

Proof. Note that V (p) is contained in NF(M). If V(p) = NF(M), then we can
take X := M @ R. Suppose V (p) is strictly contained in NF(M). Then there is a
prime ideal v in NF(M) that is not in V (p). Choose an element x € p \ v. By [ibid.,
Proposition 4.2], we have a commutative diagram with exact rows

0 —— QM F M 0
| I
0 —— QM N M 0

where F is free, V(p) € NF(N) € NF(M) and D((x)) "NNF(N) = &. The second
row shows that N belongs to res M. Since t is in D((x)), it is not in NF(N), and
we have V (p) € NF(N) C NF(M).

Now we claim that depth N = inf{depth M, depth Ry} for all g € V (p). Indeed,
localizing the above diagram at q and taking long exact sequences with respect to
Ext, we get a commutative diagram with exact rows
E-'(My) —— E'(QM)) —— E(F;)) —— E'(My) —— E"'(QM),)

| oL e
E-'My) —s Ei(@M)y) —— EI(Ny) —— E/(My) —2Ls EM1(QM),)

fori € Z, where E'(—) = Ext’kq («(q), —). As x is an element of q, the maps (1), (2)
are zero maps, and so are (3), (4). Thus we have a short exact sequence

0 — Ext' (i (q), (M) 4) — Ext' (k(q), Ng) — Bxt' (k(q), Mgq) — 0

for each integer i. It is easy to see from this that the first equality in the following
holds, while the second equality is obtained by applying Lemma 4.5 to the exact



156 Hailong Dao and Ryo Takahashi

sequence 0 — (QM)q — Fy — My — 0:
depth Ny = inf{depth(2M), depth M} = inf{depth R, depth M}.

Thus the claim follows.

If V(p) = NF(N), then we can take X := N. If V (p) is strictly contained in
NF(N), then the above procedure gives rise to an R-module L eres N (so L eres M)
with V (p) € NF(L) C NF(N) C NF(M) such that

depth Ly = inf{depth Ny, depth R;} = inf{depth M, depth R}

for all q € V(p). Since Spec R is a Noetherian space, iteration of this procedure
must stop in finitely many steps, and we eventually obtain such a module X as in
the lemma. O

The next lemma will play a crucial role in the proofs of our theorems. The main
idea of the proof is similar to that of Lemma 4.2, but a much closer examination is
necessary.

Lemma 4.7. Let S — R be a homomorphism of rings. Let C, M be R-modules
with M € [C],If, and let N be an S-module of injective dimension m < oo. Then

m
ﬂ Anng Exty (M, N) = ﬂ Anng Exty(M, N)

i>0 i=1

m n
=) (]_[ Anng Exti(R, N) - Anng Exts(C, N)) :

i=1

Proof. For each integer i < 1 and R-module L, set aiL = Anng ExtiS(L, N).
Note that aﬁ = § for all 4 > m since Extg(L, N) = 0. It suffices to prove that
al, 2 ([T%; akas)". Let us proceed by induction on .

When n = 0, we have M = 0, and the above two ideals coincide with S.

Let n = 1. Then M is isomorphic to a direct summand of a finite direct sum of
copies of R (@lj:O Qic ) Hence Ext’;g(M , N) is isomorphic to a direct summand
of a finite direct sum oflcopigs of Exts(R, N) & (@lj:O Ext(Q/C, N)). Thus
we have aj, 2 af N ((;—pay,). For each j > 1 there is an exact sequence

. J
0— Q/C — R%i — Q/~1C — 0, which induces an exact sequence

Exts(R, N)®% — Exts(Q/C, N) — Exti™ (@/7'C, N).

This gives

i i it i il i42 i it i+j=1_i+j
Agjc 2 ORAgj 10 2 OrAg Ag o 2 - 2 apap -+ -0ap ac .
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1 .
Regarding aR airl... alRﬂ alcﬂ as aC when j =0, we have
i+l i+j—1 _i+j
aQ,C 2 aRa S lp ac

for all j > 0. Thus we obtain

i+l i+j—1_i+j
aMDaRﬂ<ﬂ aRa g ac )
j=0

= (ahald - ay (ahalf! a2 Ha{aaé.
]:l
Now let us consider the case where n > 2. We have M € [C],, = [C],_1 o [C],
and by Proposition 2.2(1), there exists an exact sequence 0 > X - Y - Z — 0
with X € [C],—; and Z € [C] such that M is a direct summand of Y. Using the
induction hypothesis, we have

m n
aj, Daj, Day-a, D (l_[ aRaC> (1_[ aRaC> = (l_[ aﬁeajc) :
j=i

which completes the proof of the lemma. ([

Here we prepare a lemma, which is an easy consequence of Krull’s intersection
theorem.

Lemma 4.8. Let (R, m) be a local ring and M an R-module. Then Anng M =
(Ni=o Anng (M /m' M).

Now we can prove the following proposition, which will be the base of the
proofs of our theorems. Actually, all of them will be proved by making use of this
proposition.

Proposition 4.9. Let (R, m, k) be a local ring. Let X be a resolving subcategory of
mod R. If & contains a module M such that 0 < pdp M < 00, then radius ¥ = 0.

Proof. Applying Lemma 4.6 to m € NF(M), we find a module X cresM C &
satisfying NF(X) = {m} and depth X = inf{depth M, depth R}. Since M has finite
projective dimension, the depth of M is at most that of R. Hence, we have depth X =
depth M. Note that the subcategory of mod R consisting of R-modules of finite
projective dimension is resolving. Since it contains M, it also contains res M. This
implies that X has finite projective dimension, and we have

pdr X = depth R — depth X = depth R —depth M = pdp M
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Thus, replacing M with X, we may assume that M is locally free on the punctured
spectrum of R. Taking the n-th syzygy of M where n = pdz M — 1 > 0, we may
also assume that the projective dimension of M is equal to 1.

Now Ext}e (M, R) is a nonzero R-module of finite length, and we can choose a
socle element 0 # o € Ext}e (M, R). It can be represented as a short exact sequence

c0:0R—- N—->M-—0.

The module N belongs to ¥, is locally free on the punctured spectrum of R and has
projective dimension at most 1. Hence pdz N =1 if and only if Ext}e (N, R) #0.
Applying the functor Homg(—, R), we get an exact sequence

R L Exth (M, R) — Exth(N, R) — 0,

where f sends 1 € Rtoo € Ext}e(M , R). Hence we obtain an exact sequence
0 — k — ExthL(M, R) — ExtL(N, R) — 0.

This implies length(Extk (N, R)) = length(ExtL (M, R)) — 1. Replacing M by
N and repeating this process if Iength(Ext}e (N, R)) > 0, we can assume that
Ext}e (N, R) = 0. Therefore Ext}e(M, R) = k. Since pdp M = 1, we easily get
an isomorphism Tr M = k. Taking the transpose of this isomorphism, we see that
Trk is isomorphic to M up to free summand (see [Auslander and Bridger 1969,
Proposition (2.6)(d)]). It follows that Tr k belongs to .

We claim that Tr L is in & for any R-module L of finite length. This is shown
by induction on length L. If length L > 0, then there is an exact sequence 0 —
L' — L — k — 0, and applying [ibid., Lemma (3.9)] (see also [Takahashi 2013,
Proposition 3.3(3)]), we have an exact sequence

0=(L) - Trk—>TrL&R® - TrL — 0,

where the equality follows from the fact that R has positive depth. (As R possesses
a module of finite positive projective dimension, the depth of R is positive.) The
induction hypothesis implies Tr L" € ¥, and the above exact sequence shows Tr L € %,
as desired.

Now, assume that we have radius ¥ =r < oo. We want to deduce a contradiction.
There is a ball [C ]f+1 that contains %. Since & contains Trz(R/m’) forall i > 0, the
ball [C ]f+ | also contains it. Taking the completions, we have Trﬁ(lle\ /mi f’%\) € [6 ]f "
for all i > 0. By virtue of Cohen’s structure theorem, there exists a surjective homo-
morphism § — R such that S is a Gorenstein local ring with dim S =dim R =:d.

Let n denote the maximal ideal of S and note that we have R/m' R = R/n'R for
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any i > 0. Lemma 4.7 gives an inclusion relation

. . o~ d . o~ . o~ r+1
() Anns Extg(Trg(R/n'R). §) 2 <]_[ Anng Ext}(R, S) - Anng Ext}(C, S)) :
Jj>0 Jj=1
Fix an integer i > 0 and let ay, ..., a, be a system of generators of the ideal n
@@y ,....am)

of §. There is an exact sequence Rom Qi B ﬁ/n’ff — 0 of R-modules.
Dualizing this by R induces an exact sequence

(2)

0 =Homz(R/n'R, R) - R -5 R®" — Tra(R/n'R) — 0,

where the equality follows since depth R= depth R > 0. This makes an exact
sequence

Homs(R, $)®" %) Homg(R, ) — Exth(Trz(R/n'R), ),
which yields an injection Homg(R, S)/n' Homg(R, S) — Extk(Trz(R/n'R), S).
Thus

Anng(Homg(R, S)/n’ Homg(R, S))
D Anng(Ext(Tra(R/n' R), S))

. . o~ d . o~ . o~ r+1
D () Anng Ext{(Trg(R/n'R), §) 2 (]_[ Anng Ext}(R, S)-Anng Ext}(C, S)) :
j>0 j=1

and we obtain

d r+1
(1_[ Anng Extg(ﬁ, S) - Anng Exté(a S))
j=1
C () Anng(Homg (R, S)/n Homg(R, S)) = Anng Homg(R, S),
i>0
where the equality follows from Lemma 4.8.

Let I be the kernel of the surjection § — R. Since dim S = d = dim R, the
ideal I of S has height zero. Hence there exists a minimal prime ideal p of §
which contains /. Since we have a ring epimorphism from the Artinian Gorenstein
local ring S, to f?\p, the ﬁp—module Homg (/I:f, Sy = Homgp (ﬁp, Sp) is isomorphic
to the injective hull of the residue field of Ry, which is in particular nonzero. This
implies that p contains the ideal Anng Homs(ii’\ , S). Therefore, for some integer
1 <[ < d the ideal p contains either Anng ExtlS(I/%\, S) or Anng Extls(a S). Ifp
contains Anng Ext’S(I’? , S), then we have Ex‘[’Sp (k\p, Sp) # 0, which contradicts the
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fact that S, is injective as an Sp-module. Similarly, we have a contradiction when p
contains Anng ExtlS(C , §). This contradiction proves that radius ¥ = oo. ([l

Now we can show the essential part of Theorem 3.3(2)(3).

Theorem 4.10. Let R be a local ring. Let X be a resolving subcategory of mod R.
One has radius ¥ = oo if there exists a module M € X with 0 < Gdimg M < oo that
satisfies either of the following conditions.

(1) Q72QEM € X, where g = Gdimg M.
(2) res(2"M) is a thick subcategory of 4(R) for some n > 0.
Proof. According to Proposition 4.9, it suffices to show that & contains a module

of projective dimension one.

(1) We consider a construction whose idea essentially comes from the Auslander—
Buchweitz approximation theorem [1989, Theorem 1.1]. There are exact sequences
0—> QM — R®* — Q¢ 'M — 0and 0 —> QM — R® — Q7'QsM — 0,
where the latter is possible as Q28 M is a totally reflexive module. We make the
following pushout diagram.

0 — QM ——> R® 5 Q8 M —5 0

0 —— R® _ N —_ s QM —— 0
Qs M ——— Q7 IQsm
0 0

As Q7'Q8M is totally reflexive, we have Ext}e(Q_lﬁgM, R) = 0. Hence the
second column in the above diagram splits, and we get an exact sequence

0—> R® 5 R Q7 'Q¢M — Q% 'M — 0.

There is an exact sequence 0 — Q7 'QEM — R® — Q72Q¢M — 0, and taking
the direct sum with 0 — R®* — R®4 — (0 — 0, we have an exact sequence
0— R @Q1QEM — RO 5 Q72Q8M — 0. Thus the following pushout
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diagram is obtained.

0 0
1 1
0 ——> R® 5 RYpQIQSM —— Q¢'M —— 0
| | !
0 —— R® —— RO+ —_— L — 0
<4 <4
Q2Q8M - Q72QtM
0 0

As Q8 M and Q72Q8M are in ¥, the module L is also in ¥. The second row
shows that L has projective dimension at most 1. Since Q728 M is totally reflexive
but Q2! M is not, it follows from the second column that L is nonfree. Therefore
the projective dimension of L is equal to 1.

(2) Since by assumption res 2" M is a subcategory of 4(R), the module Q"M is
totally reflexive. Hence n > g := Gdimg M.

We claim that res Q"M = res Q¥ M. In fact, since n — g > 0 and Q"M =
Q18 (Q8EM), we observe that res Q"M is contained in res 28 M. There is an exact
sequence

0->QM—>F,_ 1> Fyo— = Fe1 = F,—> QM —0

of totally reflexive R-modules with each F; being free. Since res 2" M is assumed to
be thick in %(R), decomposing the above exact sequence into short exact sequences
of totally reflexive modules, we see that 28 M belongs to res Q" M. Therefore
res 28 M is contained in res Q2" M. Thus the claim follows.

Set ¥ =res Q"M = res Q8 M. Our assumption implies that ¥ is closed under
cosyzygies, whence Q72Q¢ M € ¥. By (1), we conclude that & contains a module
of projective dimension 1. U

Now, using Remark 4.1 and Theorem 4.10, we deduce Theorem 3.3(2)(3).

Proof of Theorem 3.3(4). We use the notion of a module of reducible complexity,
which has been introduced by Bergh [2007]. Let us recall the definition.

Definition 4.11. The subcategory €', of mod R is defined inductively as follows.

(1) Every module of finite projective dimension belongs to €.
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(2) Amodule M with 0 < cxg M < oo belongs to 6’ if there exists a homogeneous
element 1 € Exty (M, M) with |n| > 0 which is represented by a short exact
sequence 0 > M — K — QM=IM — 0 with K € 6%, cxK < cxM and
depth K = depth M.

An R-module is said to have reducible complexity if it is in €’,.

The result below is shown in [Bergh 2007, Proposition 2.2(i)], which is implicitly
stated in [Avramov et al. 1997].

Proposition 4.12. Let R be a local ring. Every R-module of finite CI-dimension
has reducible complexity.

In a resolving subcategory, for any fixed integer n > 0, existence of modules of
Cl-dimension 7 is equivalent to existence of modules of projective dimension 7.

Lemma 4.13. Let R be a local ring. Let ¥ be a resolving subcategory of mod R.
Suppose that there is a module M € ¥ such that Cldimg M < co. Then ¥ contains
a module N with pdp N = Cldimg M.

Proof. Since M has finite CI-dimension, it has finite complexity. It follows from
Proposition 4.12 that M has reducible complexity. If cx M = 0, then pd M < oo,
and we can take N := M. Hence we may assume cx M > (. There exists an exact
sequence 0 > M — K — Q‘IZHM — 0 with cx K < cx M and depth K = depth M,
where 7 is a homogeneous element of Exty (M, M). We have K € & and

Cldim K = depth R — depth K = depth R — depth M = Cldim M.

Replacing M with K and iterating this procedure, we can eventually arrive at a
module N € ¥ with Cldim N = Cldim M and cx N = 0. The module N has finite
projective dimension, and we have pd N = Cldim N = Cldim M. (]

Lemma 4.13 and Proposition 4.9 immediately yield the following theorem.
This is not only the essential part of Theorem 3.3(4) but also a generalization of
Proposition 4.9.

Theorem 4.14. Let R be a local ring. Let X be a resolving subcategory of mod R.
Suppose that there exists a module M € X with 0 < Cldimg M < co. Then the radius
of % is infinite.

Theorem 3.3(4) now follows from Theorem 4.14 and Remark 4.1.

Another proof of Theorem 4.14. In the next theorem, we study the thickness of
resolving subcategories of modules of CI-dimension at most zero. This will give
another proof of Theorem 4.14.

Theorem 4.15. Let R be a local ring.
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(1) Let M be an R-module of CI-dimension at most zero. Then Q' M belongs to
res M.

(2) Let % be a resolving subcategory of mod R. Suppose that every module in ¥
has Cl-dimension at most zero. Then X is a thick subcategory of 4(R).

Proof. (1) Proposition 4.12 implies that M has reducible complexity. Let Ko = M
and let K;1; be a reduction in complexity of K; for each i > 0. Then we have
a short exact sequence 0 — K; => K;.; — Qi7'K; — 0 with #; > 0 (see also
[Avramov et al. 1997, Proposition 7.2]), and eventually we must have cxg K, =0
for some e > 0. Then K, has finite projective dimension. As Cldimg M =0, we
have depth K, = depth M = depth R. Therefore K, is a free module. Note that the
above exact sequence also shows that

K;eresM foralli > 0. (4.15.1)

If e = 0, then M is free and we have Q~'M =0 € res M. So we may assume e > 1.

We claim that for each 0 < i < e — 1 the cokernel C; of the composite map
fi+ fifo: M — K;1 belongs to res M. Let us show this claim by induction on i.
When i =0, we have C; = Q©~'M eres M. Leti > 1. We have the following
commutative diagram with exact rows and columns.

0 0
fi—1fo
0 M Ki —— Ciy —— 0
| |
0 M Kiygz, — ¢ —— 0
1 <
Qi-lK;, ——— Qii~lK;
<4 A
0 0

The induction hypothesis implies that C;_; belongs to res M. Since Q' K; is in
res M by (4.15.1), the right column shows that C; is also in res M. Thus the claim
follows.

Now we have a short exact sequence 0 — M K,— C,_; — 0, where
K, is free and C,_; is in res M by the claim. Since M is totally reflexive and 9(R)
is a resolving subcategory of mod R, all the modules in res M are totally reflexive.
Hence all modules appearing in the above exact sequence belong to G(R). It is

Se—1--f1 fo
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easy to verify that there exists an isomorphism C,_; = Q~'M @ F with F being
free. Consequently, Q' M belongs to res M.

(2) By assumption, ¥ is a subcategory of %4(R). Thanks to Proposition 1.7, it is
enough to show that ¥ is closed under cosyzygies. Let M be an R-module in .
Then M is of CI-dimension at most zero, and Q~' M belongs to res M by (1). Since
% is resolving and contains M, it also contains res M. Thus Q' M is in . (]

Theorem 4.15(2) immediately implies:

Corollary 4.16. Let R be a local complete intersection. The following two are the
same.

o A resolving subcategory of mod R contained in CM(R).
o A thick subcategory of CM(R) containing R.

Now let us give another proof of Theorem 4.14. Let R be a local ring, and let
M € ¥ be an R-module with 0 < Cldimg M < co. Then we have ¢ := Cldimg M =
Gdimg M, and 2°M has CI-dimension zero. In particular, Q2°M is totally reflexive,
and hence so is Q7'Q°M. We have

0 = Cldimg (M) = sup{Cldimz(Q~'Q°M) — 1, 0},
which especially says that 27 'Q¢M has finite CI-dimension. Therefore
Cldimz(Q7'QM) = Gdimz(Q71Q°M) =0,

and Theorem 4.15(1) yields Q72Q°M € res(Q°M) € ¥. Now Theorem 4.10(1)
implies that the radius of & is infinite.

5. Proof of Theorem II

In this section we prove the main Theorem II from the introduction. In fact, we can
prove significantly more general statements (Theorems 5.7 and 5.11). In order to
state and prove such results we need to first introduce a couple of definitions related
to the concept of radius. In this section, an n-th syzygy Q"M of an R-module M
means the image of the n-th differential map in a projective resolution of M in mod R.
(So it is not unique up to isomorphism but unique up to projective summands.)

Definition 5.1. Let &, %Y be subcategories of mod R. We put [¥| = add &, and set
xX*xY = ||9€| o |Y| | (The notation “o” was introduced in Definition 2.1.) For an
integer r > 0, set
X ifr=1,
], = {' |

%],_1 %% ifr>2.
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Let &, %, % be subcategories of mod R. We observe that an object M € mod R
is in & * % if and only if there is an exact sequence 0 - X — F — Y — 0
with X € |¥| and Y € |%| such that M is a direct summand of E. Also, one has
XY «F =X x(Y*x%) and |X|, * |%|p = |X|s2p for all a, b > 0.

Definition 5.2. For a subcategory & of mod R we define size & (respectively, rank &)
to be the infimum of integers n > 0 such that & C |G|+ (respectively, X = |G|,+1)
for some G € mod R.

It always holds that size ¥ < rank&. Since |¥|, C [¥], for all n > 0, one has
dim& > radius & <size¥. If & is resolving, then dim & < rank ¥.
For an R-module M, we denote by M® an object in addg M.

Proposition 5.3. Let I be an ideal of R and let M be an R/I-module.
(1) There is an exact sequence 0 — I[® — QprM — Qgr/ M — 0.
(2) One has QyM € |Qy M & (=) p1)|,,, foralln > 0.

Proof. (1) Take a surjection from a free R-module F to M. Then this factors
through a surjection F'/I F — M. The assertion follows from this.

(2) We induce on n. Let n > 0. The induction hypothesis shows

n—2

QM @ (@ 9;1)

i=0

Q’;Q_IQRHME

n

By (1) we have an exact sequence 0 — SZ’I’{IIEB — QWM — Q’,’{lﬂR/IM — 0.
Now the assertion follows. O

For n > 0 we denote by Q' (mod R) the subcategory of mod R consisting of n-th
syzygies of R-modules. For an ideal / of R, let Q% (mod R/I) be the subcategory
of mod R consisting of n-th syzygies of R-modules annihilated by 1.

Corollary 5.4. Let d = dim R < co. Suppose that R/p is regular for all p € Min R.
Then size Q¢ (mod R) < oo.

Proof. There is a filtration R =1y 2 I} 2 --- 2 I, = 0 of ideals of R such that
for each i one has I;/I; 11 = R/p; with p; € Spec R. Choose a minimal prime g;
contained in p;. Let M be an R-module. Setting M; = ;M /I; 1M, we have an
exact sequence 0 — Q%(I,-HM) — Qj’e(liM) — Qj’eMi — 0. Note that each d-th
syzygy R/q;-module is free. Hence Q%M,- €|R/q; ® L;|4+1 by Proposition 5.3(2),
where L; := @;{;6 Qéqi. Thus Q%M € }EB?:I(R/qi ® Li)‘n(d-i—l)’ which implies
size Q¢(mod R) < n(d + 1) < . O

Corollary 5.5. Let I be an ideal of R and n > 0 an integer. Then
size Qp(mod R/I) < (n+ 1)(size Q'}e/](mod R/I)+1).
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In particular, if size erl?/l (mod R/1) is finite, then so is size Q' (mod R /).
Proof. This is a consequence of Proposition 5.3(2). (]
Lemma 5.6. Let M be an R-module. Let x € R be R-regular. Then

kg (QRM /xQpM) = QT M /x QM
foranyn > 0.
Proof. We use induction on n. Let n > 0. We have

QAR (QM/xQM) = Q"M /xQ"M

by the induction hypothesis, and hence

Qp/r(QM/xQM) = Qp/cr(Q"M/xQ2"M).
Note that x is Qs M-regular. There is an exact sequence

0> Q"M —>P—>Q'M—0
of R-modules with P projective, which gives an exact sequence
0— Q" MM/xQ"T'M — P/xP — Q"M/xQ"M — 0.

Hence Q"M /xQ" M = Qg ("M /xQ"M). O

Theorem 5.7. Let (R, m) be a d-dimensional complete local ring with perfect
coefficient field. Then one has size Q4 (mod R) < 0o. Hence radius 24 (mod R) < oo.

Proof. We use induction on d. When d = 0, we have mod R = |k|¢(r), hence
size(mod R) < €4(R) < co. Letd > 1. Take a filtration R=1y 2 --- 2 [, =0 of
ideals such that for each i one has I;/I;+1 = R/p; with p; € Spec R. Suppose that
size chlei/p,« (mod R/p;) < oo for all i, where d; = dim R/p;. Then we have

size Q% ,, (mod R/p;) < oo,

since Q?e Ini (mod R/p;) is contained in Qf{ Ipi (mod R/p;). Corollary 5.5 implies

size Qj’e(mod R/p;) < oco. For each R-module M there is an exact sequence
0— iy 1M —>IiM— I;M/I; 1M — 0, which gives an exact sequence

0— Q4L M) — QEULM) — QLM /I M) — 0.

As Q4(I;M /41 M) is in Q%(mod R/p;), we have size Q% (mod R) < oo. Thus,
we may assume R is a domain.

If R is regular, then Q?(mod R) = |R|; and size 2¢(mod R) = 0 < 00, so we
may assume that R is singular. By [Wang 1994, 5.15] there is an ideal J € m with
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SingR=V(J) and J Ext‘j{r] (mod R, mod R) = 0. Since R is a domain, we find an
element 0 # x € J. The induction hypothesis guarantees

Q‘;J): z(mod R/xR) C |G|R/*R

for some R/xR-module G and an integer n > 0. Let M be an R-module and
put N = Q%M . Note that x is N-regular as d > 0. Hence N is isomorphic to a
direct summand of Qz(N/xN) (see [Takahashi 2010, Lemma 2.1]). In view of
Lemma 5.6, we have

N/xN = Q4 (QrM/xQrM) € Q% | p(mod R/xR) C |G|RK/K.

Hence N/xN is in |G|, which implies Qgr(N/xN) € |QrG|K. Therefore N

belongs to [QrG|X, and we obtain Q¢(mod R) C |QxG|F. It now follows that
size 24(mod R) < 0. U

Lemma 5.8. Let

0O-M—->C'5C'>...5c" 'S N=>0O
be an exact sequence in mod R withn > 0. Then M is in | Q"N & (@::01 Q'CY) |n+1.
Proof. We induce on n. The case n = 0 is trivial, so let n > 1. There are two exact
sequences0 > M — C°—> L —-0and0—L—-C!—»...— C" ' - N—0. The
induction hypothesis shows L € Q"' N @ (@7:_02 Q'cth) |n A pullback diagram
makes an exact sequence 0 — QL — M & R® — C° — 0. Since QL belongs to

Q"N & (B 5 QFICHT)| |, we see that M is in | Q"N & (@) @C?)|,,,. O

Corollary 5.9. Let R be a Cohen—Macaulay complete local ring with perfect
coefficient field. Then size CM(R) < oo.

Proof. As R is complete, it admits a canonical module . Theorem 5.7 implies
size Q4(mod R) =: n < 00, so we have 4 (mod R) C |G |,+1 for some R-module G.
Let M be a Cohen—Macaulay R-module. Then there exists an exact sequence
0> M— 0% — ... - @1 » N — 0. It follows from Lemma 5.8 that
M isin |Q¢N @ W41, where W := EB?:_OI Q'w. Since Q!N € |G|,+1, we have
M € |G ® W|nt1)@+1)- Thus sizeCM(R) < (n+1)(d + 1) < o0. O

Proposition 5.10. Let R be a Cohen—Macaulay local ring with a canonical mod-
ule w.

(1) rank CM(R) < (dim R + 1)(sizeCM(R) + 1).
(2) dimCM(R) < (dim R 4 1)(radiusCM(R) + 1).

In particular, one has

rank CM(R) < 00 < size CM(R) < 00 = dim CM(R) < 00 < radius CM(R) < 00.
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Proof. (1) Let n = sizeCM(R). We find an R-module G with CM(R) C |G|, +1-
Letd =dim R and M € CM(R). Similarly to the proof of Corollary 5.9, there exists
N € CM(R) such that M is in [N & W41, where W := @) Q'w € CM(R).
Note that QYN € |Q¢G|,41. Thus we obtain

CM(R) = |9°G ® W |mr1)@+1)»
and rank CM(R) < (n+ 1)(d + 1).

EE T

(2) In the proof of (1), replace “size”, “rank” and “| |” with “radius”, “dim” and
“[ 1", respectively. O

Theorem 5.11. Let R be a Cohen—Macaulay local ring admitting perfect coefficient
field. Assume that either of the following holds.

(1) R is complete.

(2) R is excellent with an isolated singularity.
Then one has rank CM(R) < oc.

Proof. (1) This assertion follows from Corollary 5.9 and Proposition 5.10(1).

(2) It follows by (1) that CM(I/Q\) has finite rank, where R denotes the completion
of R. One can prove that CM(R) also has finite rank, making an argument similar
to [Dao and Takahashi 2012, Remark 6.5]:

Putting 7 = rank CM(R), we have CM(R) = |C |41 for some C € CM(R). Since
R is Cohen—Macaulay, excellent and with an isolated singularity, we can apply
[Takahashi 2010, Corollary 3.6] to see that C is isomorphic to a direct summand of
G for some G € CM(R). Hence the equality CM(I/?\) = |6|n+1 holds.

Claim. Let m > 0. For any N € |6|m there exists M € |G|,, such that N is
isomorphic to a direct summand of M.

To show this claim, we use induction on m. As R is an isolated singularity, for
all X,Y € CM(R) the R-module Ext}e (X, Y) has finite length. Hence there are iso-
morphisms Ext}e (X ,I) = Ext}e /(\X Y)Y %thlﬁ(f , ?), which imply that every short
exact sequence 0 — Y — E — X — 0 of R-modules is isomorphic to the completion
of some short exact sequence 0 — Y — E’ — X — 0 of R-modules. The claim
follows from this. Using this claim and [Aihara and Takahashi 2011, Lemma 5.7],
we observe that CM(R) = |G|,,+1 holds. Therefore rank CM(R) < n < oo. ([l

6. Some discussions and open questions

In this section we relate our results to the uniform Auslander condition and discuss
some open questions. For a local ring R, Jorgensen and Sega [2004] introduced the
uniform Auslander condition:
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(UAC): There exists an integer n such that for all R-modules M, N with
Exth (M, N) =0 for all i > 0 one has Ext},(M, N) =0 for all i > n.

It is known that this condition is satisfied if the local ring R is a complete intersection,
a Golod ring, a Gorenstein ring with mult R = codim R + 2, or a Gorenstein
ring with codim R < 4. Here mult R denotes the multiplicity of R. These are
proved in [Jorgensen and Sega 2004, Proposition 1.4], [Avramov and Buchweitz
2000, Theorem 4.7], [Huneke and Jorgensen 2003, Theorem 3.5] and [Sega 2003,
Theorem 3.4], respectively. More information can be found in [Christensen and
Holm 2010, Appendix A]. On the other hand, there exists an example of a Gorenstein
local ring which does not satisfy (UAC); see [Jorgensen and Sega 2004, Theorem
in §0].

The result below says that over a Gorenstein local ring the condition (UAC)
is closely related to the thickness of resolving subcategories of Cohen—Macaulay
modules.

Proposition 6.1. Let R be a Gorenstein local ring. Assume every resolving sub-
category of mod R contained in CM(R) is a thick subcategory of CM(R). Then R
satisfies (UAC).

Proof. Let t > 0 be an integer, and let M, N be R-modules with Ext"R (M,N)=0
for all i > ¢t. We define a subcategory & of mod R to consist of all Cohen—Macaulay
R-modules X satisfying Ext"R(X, N) =0 for all i > ¢. Then ¥ is a resolving
subcategory of mod R contained in CM(R). By assumption, & is a thick subcategory
of CM(R). Set d =dim R. Since QM is in %, so is Q'Q4 M. We have

Exth (M, N) = Ext; 4 (Q?M, N) = Ext; 4(Q'(Q7'QM), N)
= Exty (QTQIM, N) =0
for all integers i > d. (|

There is also a connection between thickness of resolving subcategories of totally
reflexive modules and closure under R-duals. Here we say that a subcategory & of
mod R is closed under R-duals if for each module M in & its R-dual M* is also
in &.

Proposition 6.2. (1) Ler R be local. Let & be a resolving subcategory of mod R
contained in 9(R). If X is closed under R-duals, then ¥ is a thick subcategory
of 4(R).

(2) Let R be a local hypersurface. Then every resolving subcategory of mod R
contained in CM(R) is closed under R-duals.

Proof. (1) According to Proposition 1.7, we have only to show that & is closed under
cosyzygies. Let X € . There is an exact sequence 0 - Q(X*) > F — X* — 0,
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where F is free. Dualizing this by R, we get an exact sequence
00— X— F*—= (Q(X")*— 0.

Note that (2(X™))™* is totally reflexive. We easily see that (2(X™))* is isomorphic
to Q7' X up to free summand. As ¥ is a resolving subcategory closed under R-duals,
(Q2(X*))* belongs to %, and so does Q' X.

(2) It follows from [Takahashi 2010, main theorem] that every resolving subcate-
gory of mod R contained in CM(R) can be described as NFEI\I,[(W), where W is a
specialization-closed subset of Spec R contained in Sing R. If M is an R-module
in NF&&,[(W), then we have NF(M*) = NF(M) C W, which shows that NFE;,I(W)
also contains M*. ]

Now we have reached the following question.

Question 6.3. Let R be a Gorenstein local ring. Let us consider the following five
conditions.

(1) R is a complete intersection.

(2) Every resolving subcategory of mod R contained in CM(R) is closed under
R-duals.

(3) Every resolving subcategory of mod R contained in CM(R) is a thick subcate-
gory of CM(R).

(4) R satisfies (UAC).

(5) Conjecture 3.1 is true for R.

We know that the implications (2) = (3) and (1) = (3) = (4) hold by Proposi-
tions 6.1, 6.2(1) and Corollary 4.16. The implication (1) = (2) is also true if R is a
hypersurface by Proposition 6.2(2). Very recently, motivated by the first version of
the present paper, Stevenson [2013a] proved that the implication (1) = (2) holds
in the case where R is a quotient of a regular local ring. Corollary 3.4 says that
(3) = (5) holds. How about the other implications among these five conditions?

Remark 6.4. According to a recent preprint by Stevenson [2013b] (see also [Iyengar
2009]), if R is a quotient of a regular local ring by a regular sequence, then one can
classify the thick subcategories of CM(R) in terms of “support varieties”. Thus,
one can also classify the resolving subcategories of mod R contained in CM(R)
by using Corollary 4.16 and [Takahashi 2010, Proposition 6.2]. In relation to this,
the resolving subcategories over a regular ring can be classified completely. This
classification theorem is stated and proved in [Dao and Takahashi 2013].
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