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Introduction

This book is about the representation theory of commutative local
rings, specifically the study of maximal Cohen-Macaulay modules over
Cohen-Macaulay local rings.

The guiding principle of representation theory, broadly speaking,
is that we can understand an algebraic structure by studying the sets
upon which it acts. Classically, this meant understanding finite groups
by studying the vector spaces they act upon; the powerful tools of lin-
ear algebra can then be brought to bear, revealing information about
the group that was otherwise hidden. In other branches of represen-
tation theory, such as the study of finite-dimensional associative alge-
bras, sophisticated technical machinery has been built to investigate
the properties of modules, and how restrictions on modules over a ring
restrict the structure of the ring.

The representation theory of maximal Cohen-Macaulay modules
began in the late 1970s and grew quickly, inspired by three other ar-
eas of algebra. Spectacular successes in the representation theory of
finite-dimensional algebras during the 1960s and 70s set the standard
for what one might hope for from a representation theory. In particu-
lar, this period saw: P. Gabriel’s introduction of the representations of
quivers and his theorem that a quiver has finite representation type
if and only if it is a disjoint union of ADE Coxeter-Dynkin diagrams;
M. Auslander’s influential Queen Mary notes applying his work on
functor categories to representation theory; Auslander and I. Reiten’s
foundational work on AR sequences; and key insights from the Kiev
school, particularly Y. Drozd, L. A. Nazarova, and A. V. Roiter. All
these advances continued the work on finite representation type be-
gun in the 1940s and 50s by T. Nakayama, R. Brauer, R. Thrall, and
dJ. P. Jans. Secondly, the study of lattices over orders, a part of integral
representation theory, blossomed in the late 1960s. Restricting atten-
tion to lattices rather than arbitrary modules allowed a rich theory
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xii INTRODUCTION

to develop. In particular, the work of Drozd-Roiter and H. Jacobinski
around this time introduced the conditions we call “the Drozd-Roiter
conditions” classifying commutative orders with only a finite num-
ber of non-isomorphic indecomposable lattices. Finally, M. Hochster’s
study of the homological conjectures emphasized the importance of the
maximal Cohen-Macaulay condition (even for non-finitely generated
modules). The equality of the geometric invariant of dimension with
the arithmetic one of depth makes this class of modules easy to work
with, simultaneously ensuring that they faithfully reflect the structure
of the ring.

The main focus of this book is on the problem of classifying Cohen-
Macaulay local rings having only a finite number of indecomposable
maximal Cohen-Macaulay modules, that is, having finite CM type. No-
tice that we wrote “the problem,” rather than “the solution.” Indeed,
there is no complete classification to date. There are many partial re-
sults, however, including complete classifications in dimensions zero
and one, a characterization in dimension two under some mild as-
sumptions, and a complete understanding of the hypersurface singu-
larities with this property. The tools developed to obtain these clas-
sifications have many applications to other problems as well, in addi-
tion to their inherent beauty. In particular there are applications to
the study of other representation types, including countable type and
bounded type.

This is not the first book about the representation theory of Cohen-
Macaulay modules over Cohen-Macaulay local rings. The text [Yos90]
by Y. Yoshino is a fantastic book and an invaluable resource, and has
inspired us both on countless occasions. It has been the canonical ref-
erence for the subject for twenty years. In those years, however, there
have been many advances. To give just two examples, we mention
C. Huneke and Leuschke’s elementary proof in 2002 of Auslander’s
theorem that finite CM type implies isolated singularity, and R. Wie-
gand’s 2000 verification of F.-O. Schreyer’s conjecture that finite CM
type ascends to and descends from the completion. These develop-
ments alone might justify a new exposition. Furthermore, there are
many facets of the subject not covered in Yoshino’s book, some of which
we are qualified to describe. Thus this book might be considered simul-
taneously an updated edition of [Yos90], a companion volume, and an
alternative.
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In addition to telling the basic story of finite CM type, our choice of
material is guided by a number of themes.

(i) For a homomorphism of local rings R — S, which maximal
Cohen-Macaulay modules over S “come from” R is a basic question.
It is especially important when S = R, the completion of R, for then
the Krull-Remak-Schmidt uniqueness theorem holds for direct-sum
decompositions of R-modules.

(i) The failure of the Krull-Remak-Schmidt theorem is often more
interesting than its success. We can often quantify exactly how badly
it fails.

(iii) A certain amount of non-commutativity can be useful even in
pure commutative algebra. In particular, the endomorphism ring of a
module, while technically a non-commutative ring, should be a stan-
dard object of consideration in commutative algebra.

(iv) An abstract, categorical point of view is not always a good thing
in and of itself. We tend to be stubbornly concrete, emphasizing ex-
plicit constructions over universal properties.

The main material of the book is divided into 17 chapters. The
first chapter contains some vital background information on the Krull-
Remak-Schmidt Theorem, which we view as a version of the Funda-
mental Theorem of Arithmetic for modules, and on the relationship
between modules over a local ring R and over its completion R. Chap-
ter [2|is devoted to an analysis of exactly how badly the Krull-Remak-
Schmidt Theorem can fail. Nothing here is specifically about Cohen-
Macaulay rings or maximal Cohen-Macaulay modules.

Chapters |3| and [4] contain the classification theorems for Cohen-
Macaulay local rings of finite CM type in dimensions zero and one.
Here essentially everything is known. In particular Chapter [3| intro-
duces an auxiliary representation-theoretic problem, the Artinian pair,
which is then used in Chapter (4] to solve the problem of finite CM type
over one-dimensional rings via the conductor-square construction.

The two-dimensional Cohen-Macaulay local rings of finite CM type
are at a focal point in our telling of the theory, with connections to al-
gebraic geometry, invariant theory, group representations, solid geom-
etry, representations of quivers, and other areas, by way of the McKay
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correspondence. Chapter [5| sets the stage for this material, introduc-
ing (in arbitrary dimension) the necessary invariant theory and re-
sults of Auslander relating a ring of invariants to the associated skew
group ring. These results are applied in Chapter [6] to show that two-
dimensional rings of invariants have finite CM type. In particular
this applies to the Kleinian singularities, also known as Du Val sin-
gularities, rational double points, or ADE hypersurface singularities.
We also describe some aspects of the McKay correspondence, including
the geometric results due to M. Artin and J.-L. Verdier. Finally Chap-
ter [7| gives the full classification of complete local two-dimensional C-
algebras of finite CM type. This chapter also includes Auslander’s the-
orem mentioned earlier that finite CM type implies isolated singular-
ity.

In dimensions higher than two, our understanding of finite CM
type is imperfect. We do, however, understand the Gorenstein case
more or less completely. By a result of J. Herzog, a complete Gorenstein
local ring of finite CM type is a hypersurface ring; these are completely
classified in the equicharacteristic case. This classification is detailed
in Chapter[9} including the theorem of R.-O. Buchweitz, G.-M. Greuel,
and Schreyer which states that if a complete equicharacteristic hy-
persurface singularity over an algebraically closed field has finite CM
type, then it is a simple singularity in the sense of V. I. Arnol'd. We
also write down the matrix factorizations for the indecomposable MCM
modules over the Kleinian singularities, from which the matrix fac-
torizations in arbitrary dimension can be obtained. Our proof of the
Buchweitz-Greuel-Schreyer result is by reduction to dimension two
via the double branched cover construction and H. Knorrer’s period-
icity theorem. Chapter (8| contains these background results, after a
brief presentation of the theory of matrix factorizations.

Chapter [10| addresses the critical questions of ascent and descent
of finite CM type along ring extensions, particularly between a Cohen-
Macaulay local ring and its completion, as well as passage to a local
ring with a larger residue field. This allows us to extend the clas-
sification theorem for hypersurface singularities of finite CM type to
non-algebraically closed fields.

Chapters 11 and 13 describe two powerful tools in the study of
maximal Cohen-Macaulay modules over Cohen-Macaulay rings: MCM
approximations and Auslander-Reiten sequences. We are not aware
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of another complete, concise and explicit treatment of Auslander and
Buchweitz’s theory of MCM approximations and hulls of finite injec-
tive dimension, which we believe deserves to be better known. The
theory of Auslander-Reiten sequences and quivers, of course, is essen-
tial. Chapter 12 establishes some homological tools and introduces to-
tally reflexive modules, whose homological behavior over general local
rings mimics that of MCM modules over Gorenstein rings.

The last four chapters consider other representation types, namely
countable and bounded CM type, and finite CM type in higher di-
mensions. Chapter uses recent results of I. Burban and Drozd,
based on a modification of the conductor-square construction, to prove
Buchweitz-Greuel-Schreyer’s classification of the hypersurface singu-
larities with countable CM type. It also proves certain structural re-
sults for rings of countable CM type, due to Huneke and Leuschke.
Chapter |15|contains a proof of the first Brauer-Thrall conjecture, that
an excellent isolated singularity with bounded CM type necessarily
has finite CM type. Our presentation follows the original proofs of
E. Dieterich and Yoshino. The Brauer-Thrall theorem is then used, in
Chapter to prove that two three-dimensional examples have finite
CM type. We also quote the theorem of D. Eisenbud and Herzog which
classifies the homogeneous rings of finite CM type; in particular, their
result says that there are no examples in dimension > 3 other than
the ones we have described in the text. Finally, in Chapter |17, we con-
sider the rings of bounded but infinite CM type. It happens that for
hypersurface rings they are precisely the same as the rings of count-
able but infinite CM type. We also classify the one-dimensional rings
of bounded CM type.

We include two Appendices. In Appendix [A] we gather for ease of
reference some basic definitions and results of commutative algebra
that are prerequisites for the book. Appendix [B] on the other hand,
contains material that we require from ramification theory that is not
generally covered in a general commutative algebra course. It includes
the basics on unramified and étale homomorphisms, Henselian rings,
ramification of prime ideals, and purity of the branch locus. We make
essential use of these concepts, but they are peripheral to the main
material of the book.

The knowledgeable reader will have noticed significant overlap be-
tween the topics mentioned above and those covered by Yoshino in his
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book [Yos90]. To a certain extent this is unavoidable; the basics of the
area are what they are, and any book on Cohen-Macaulay represen-
tation types will mention them. However, the reader should be aware
that our guiding principles are quite different from Yoshino’s, and con-
sequently there are few topics on which our presentation parallels that
in [Yos90]. When it does, it is generally because both books follow the
original presentation of Auslander, Auslander-Reiten, or Yoshino.

Early versions of this book have been used for advanced graduate
courses at the University of Nebraska in Fall 2007 and at Syracuse
University in Fall 2010. In each case, the students had had at least
one full-semester course in commutative algebra at the level of Mat-
sumura’s book [Mat89]. A few more advanced topics are needed from
time to time, such as the basics of group representations and character
theory, properties of canonical modules and Gorenstein rings, Cohen’s
structure theory for complete local rings, the Artin-Rees Lemma, and
the material on multiplicity and Serre’s conditions in the Appendix.
Many of these can be taken on faith at first encounter, or covered as
extra topics.

The core of the book, Chapters [3] through [9] is already more ma-
terial than could comfortably be covered in a semester course. One
remedy would be to streamline the material, restricting to the case of
complete local rings with algebraically closed residue fields of charac-
teristic zero. One might also skip or sketch some of the more tangential
material. We regard the following as essential: Chapter (3| (omitting
most of the proof of Theorem [3.7); the first three sections of Chapter [4}
Chapter [5} Chapter [6] (omitting the proof of Theorem the calcu-
lations in §3] and [§4); Chapters [7] and [8} and the first two sections of
Chapter [9] Chapters [2| and [10] can each stand alone as optional top-
ics, while the thread beginning with Chapters [11] and [13] continuing
through Chapters [15| and [17] could serve as the basis of a completely
separate course (though some knowledge of the first half of the book
would be necessary to make sense of Chapters [14] and [16).

At the end of each chapter is a short section of exercises of varying
difficulty, over 120 in all. Some are independent problems, while oth-
ers ask the solver to fill in details of proofs omitted from the body of
the text.
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CHAPTER 1

The Krull-Remak-Schmidt Theorem

In this chapter we will prove the Krull-Remak-Schmidt unique-
ness theorem for direct-sum decompositions of finitely generated mod-
ules over complete local rings. The first such theorem, in the context
of finite groups, was stated by Wedderburn [Wed09]: Let G be a fi-
nite group with two direct-product decompositions G = H{ x --- x H,,
and G = K1 x--- x K,, where each H; and each K; is indecomposable.
Then m = n, and, after renumbering, H; = K; for each i. In 1911
Remak [Remll] gave a complete proof, and actually proved more:
H; and K; are centrally isomorphic, that is, there are isomorphisms
fi: Hi — K; such that x~1f(x) is in the center of G for each x € H;, i =
1,...,m. These results were extended to groups with operators satis-
fying the ascending and descending chain conditions by Krull [Kru25]|
and Schmidt [Sch29]. In 1950 Azumaya [Azu50] proved an analo-
gous result for possibly infinite direct sums of modules, with the as-
sumption that the endomorphism ring of each factor is local in the
non-commutative sense.

§1. KRS in an additive category

Looking ahead to an application in Chapter[3] we will clutter things
up slightly by working in an additive category, rather than a category
of modules. An additive category is a category «f with 0-object such
that (i) Hom(M1,M5) is an abelian group for each pair M;, M2 of
objects, (ii) composition is bilinear, and (iii) every finite set of objects
has a biproduct. A biproduct of M,...,M,, consists of an object M
together with maps u;: M; — M and p;: M — M;, i =1,...,m, such
that p;u; =6;; and u1p1+---+umpm = 1. We denote the biproduct
byMi&---&M,,.

We will need an additional condition on our additive category, that
idempotents split (cf. [Bas68, Chapter I, §3, p. 19]). Given an object M
and an idempotent e € End (M), we say that e splits provided there is
a factorization M 2~ K -+ M such that e = up and pu = 1g.

The reader is probably familiar with the notion of an abelian cat-
egory, that is, an additive category in which every map has a kernel

1



2 1. THE KRULL-REMAK-SCHMIDT THEOREM

and a cokernel, and in which every monomorphism (respectively epi-
morphism) is a kernel (respectively cokernel). Over any ring R the
category R-Mod of all left R-modules is abelian; if R is left Noether-
ian, then the category R-mod of finitely generated left R-modules is
abelian. It is easy to see that idempotents split in an abelian category.
Indeed, suppose e: M — M is an idempotent, and let u: K — M be
the kernel of 1) —e. Since (137 —e)e = 0, the map e factors through u;
that is, there is a map p: M — K satisfying up =e. Then upu =eu =
eu+(1ly—e)u =u =ulg. Since u is a monomorphism (as kernels are
always monomorphisms), it follows that pu = 1.

A non-zero object M in the additive category < is said to be de-
composable if there exist non-zero objects M; and My such that M =
Mo M. Otherwise, M is indecomposable. We leave the proof of the
next result as an exercise:

1.1. PROPOSITION. Let M be a non-zero object in an additive cate-
gory o/, and let E = End ,(M).

(i) If 0 and 1 are the only idempotents of E, then M is indecompos-

able.
(ii) Conversely, suppose e = e? € E, with e #0,1. If both e and 1—e
split, then M is decomposable. U

We say that the Krull-Remak-Schmidt Theorem (KRS for short)
holds in the additive category <« provided

(i) every object in «f is a biproduct of indecomposable objects, and

(i) if M1 ®---6M,, =N1®---®N,, with each M; and each N; an in-
decomposable object in <, then m = n and, after renumbering,
M; = N; for each i.

It is easy to see that every Noetherian object is a biproduct of
finitely many indecomposable objects (cf. Exercise [1.19), but there are
easy examples to show that can fail. For perhaps the simplest ex-
ample, let R = k[x, y], the polynomial ring in two variables over a field.
Lettingm =Rx+Ry and n = R(x—1)+Ry, we get a short exact sequence

0—mnNnn—men—R —0,
since m+n = R. This splits, so mén =R & (mnn). Since neither m nor
n is isomorphic to R as an R-module, KRS fails for finitely generated
R-modules.

Alternatively, let D be a Dedekind domain with a non-principal
ideal I. We have an isomorphism (see Exercise [1.20)

(1.1.1) ReR=Iel?,
and of course all of the summands in (1.1.1)) are indecomposable.
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These examples indicate that KRS is likely to fail for modules over
rings that aren’t local. It can fail even for finitely generated modules
over local rings. An example due to Swan is in Evans’s paper [Eva73].
In Chapter [2| we will see just how badly it can fail. Azumaya [Azu48]
observed that the crucial property for guaranteeing KRS is that the en-
domorphism rings of the summands be local in the non-commutative
sense. To avoid a conflict of jargon, we define a ring A (not necessarily
commutative) to be nc-local provided A / Z(N) is a division ring, where
JZ (=) denotes the Jacobson radical. Equivalently (cf. Exercise |1.21)
A #{0} and _#Z(A) is exactly the set of non-units of A. It is clear from
Proposition[I.Ithat any object with nc-local endomorphism ring must
be indecomposable.

We’ll model our proof of KRS after the proof of unique factorization
in the integers, by showing that an object with nc-local endomorphism
ring behaves like a prime element in an integral domain. We'll even
use the same notation, writing “M | N”, for objects M and N, to indi-
cate that there is an object Z such that N = M & Z. Our inductive proof
depends on direct-sum cancellation (i) below), analogous to the fact
that mz = my — z = y for non-zero elements m,z,y in an integral
domain. Later in the chapter (Corollary we’ll prove cancellation
for arbitrary finitely generated modules over a local ring, but for now
we’ll prove only that objects with nc-local endomorphism rings can be
cancelled.

1.2. LEMMA. Let <&/ be an additive category in which idempotents
split. Let M, X, Y, and Z be objects of </, let E = End (M), and assume
that E is nc-local.

@) IfM|XeY, then M| X or M|Y (“primelike”).

() fMoeZ=MeaY, then Z=ZY (“cancellation”).

PROOF. We'll prove (i) and (ii) simultaneously. In (i) we have an
object Z such that M®Z =X Y. In the proof of (1) we set X = M
and again get an isomorphism Me®Z =X @Y. Put J = _#(E), the set of
non-units of £.

Choose reciprocal isomorphisms ¢p: M &Z — X &Y and y: X &
Y — MeoZ. Write
a p
Yy 6
wherea: M — X, :Z — X,y M —Y,6:Z—Y, u: X — M,
v:Y —-M,0: X—Zandt1:Y — Z. Since y¢ =107 = [1{)” 0 ],We

(p:

and w:[g : ,

1z
have pa + vy = 1p7. Therefore, as E is local, either pa or vy must be

outside J and hence an automorphism of M. Assuming that pa is an



4 1. THE KRULL-REMAK-SCHMIDT THEOREM

automorphism, we will produce an object W and maps

MEx2Mm wLxLw
satisfying pu =1y, pv =0, qu = 1w, qu =0, and up +vq = 1x. This
will show that X = M @ W. (Similarly, the assumption that vy is an
isomorphism forces M to be a direct summand of Y.)

Letting u = a, p = (ua) g and e = up € End »(X), we have pu = 1y
and e? = e. By hypothesis, the idempotent 1 — e splits, so we can write
l—e:vq,whereXi»WL»X and quv=1w. Frome=up and 1-e =
vq, we get the equation up +vqg = 1x. Moreover, qu = (qu)(qu)(pu) =
qq)up)u = q(1 —e)eu = 0; similarly, pv = pupvqv = pe(1—e)v = 0.
We have verified all of the required equations, so X = M & W. This
proves (i).

To prove we assume that X = M. Suppose first that a is a unit
of E. We use a to diagonalize ¢:

1 0]l[a B][1 -a7lp 0
1 y &|l0 1 0 —ya 'B+6

-ya - 1
Since all the matrices on the left are invertible, so must be the one on
the right, and it follows that —ya~'f+6: Z — Y is an isomorphism.
Suppose, on the other hand, that @ € J. Then vy ¢ J (as pa+vy =
1), and it follows that a + vy ¢ J. We define a new map

1y v
o T

!/

Y = MeoeY —MeoZ,

which we claim is an isomorphism. Assuming the claim, we can diag-
onalize ¢’ as we did ¢, obtaining, in the lower-right corner, an isomor-
phism from Y onto Z, and finishing the proof. To prove the claim, we
use the equation Y@ = 1147 to get

;_la+vy B+vy
Y= 0 1 7
As a+vy is an automorphism of M, y/'¢ is clearly an automorphism of
M & Z. Therefore ' = ('¢)p~" is an isomorphism. O

1.3. THEOREM (Krull-Remak-Schmidt). Let <f be an additive cate-
gory in which every idempotent splits. Let M+,...,M,, and N1,...,N,, be
indecomposable objects of o, with M1&---®M,, =N1&---®N,,. Assume
that End_/(M;) is nc-local for each i. Then m =n and, after renumber-
ing, M; = N; for each i.

PROOF. We use induction on m, the case m =1 being trivial. As-
suming m > 2, we see that M,, | N1®---®N,. By (i) of Lemma [1.2]
M,, | N; for some j; by renumbering, we may assume that M,, | N,.
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Since N, is indecomposable and M,, # 0, we must have M,, = N,,.
Now of Lemma implies that M1 &---eM,, 1EN1®---®N,_1,
and the inductive hypothesis completes the proof. 0

Azumaya actually proved the infinite version of Theorem If
@Dic1M; =Djes N; and the endomorphism ring of each M; is nc-local,
and each N; is indecomposable, then there is a bijection o: I — J
such that M; = N, for each i. (Cf. [Azu48l], or see [Fac98, Chapter
2].)

We want to find some situations where indecomposables automat-
ically have nc-local endomorphism rings. It is well known that idem-
potents lift modulo any nil ideal. A typical proof of this fact actually
yields the following stronger result, which we will use in the next sec-
tion.

1.4. PROPOSITION. Let I be a two-sided ideal of a (possibly non-
commutative) ring A, and let e be an idempotent of A/I. Given any

positive integer n, there is an element x € A such that x+1 = e and
x=x? (mod I™).

PROOF. Start with an arbitrary element u € A such that u +1 =e,
and let v =1 —u. In the binomial expansion of (u +v)?"~1, let x be the
sum of the first n terms: x = 42" 1+... + (Zr:l__ll)u”vn_l. Putting y=1-x
(the other half of the expansion), we see that x —x? = xy € A(uv)"A.
Since uv =u(l-u) eI, we have x —x2 € I". ]

Here is an easy consequence, which will be needed in Chapter 3}

1.5. COROLLARY. Let M be an indecomposable object in an additive
category «f. Assume that idempotents split in <f. If E := End (M) is
left or right Artinian, then E is nc-local.

PROOF. Since M is indecomposable, E has no non-trivial idempo-
tents. Since _¢(F) is nilpotent, Proposition implies that E / F(E)
has no idempotents either. It follows easily from the Wedderburn-
Artin Theorem [Lam91, (3.5)] that E / JZ(E) is a division ring, whence
nc-local. U

1.6. COROLLARY. Let R be a commutative Artinian ring. Then KRS
holds in the category of finitely generated R-modules.

PROOF. Let M be an indecomposable finitely generated R-module.
By Exercise Endgr(M) is finitely generated as an R-module and
therefore is a left (and right) Artinian ring. Now apply Corollary
and Theorem [1.3] O
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§2. KRS over Henselian rings

We now proceed to prove KRS for finitely generated modules over
complete and, more generally, Henselian local rings. Here we define a
local ring (R, m, k) to be Henselian provided, for every module-finite R-
algebra A (not necessarily commutative), each idempotent of A/_#(A)
lifts to an idempotent of A. For the classical definition of “Henselian”
in terms of factorization of polynomials, and for other equivalent con-
ditions, see Theorem [A.30)

1.7. LEMMA. Let R be a commutative ring and A a module-finite
R-algebra (not necessarily commutative). Then A_#(R)< _#(A).

PROOF. Let f € A_#(R). We want to show that A(1-Af) = A for
every A € A. Clearly A(1-Af)+A_Z(R)= A, and now NAK completes
the proof. O

1.8. THEOREM. Let (R,m,k) be a Henselian local ring, and let M
be an indecomposable finitely generated R-module. Then Endgr(M) is
nc-local. In particular, KRS holds for the category of finitely generated
modules over a Henselian local ring.

PROOF. Let E = Endgr(M) and J = _#(E). Since E is a module-finite
R-algebra (cf. Exercise [1.22), Lemma implies that mE < J and
hence that E/J is a finite-dimensional k-algebra. It follows that E/J
is semisimple Artinian. Moreover, since E has no non-trivial idempo-
tents, neither does E/J. By the Wedderburn-Artin Theorem [Lam91,
(3.5)], E/dJ is a division ring. O

1.9. COROLLARY (Hensel’s Lemma). Let (R, m,k) be a complete lo-
cal ring. Then R is Henselian.

PROOF. Let A be a module-finite R-algebra, and put J = _#(A).
Again, mA € J, and J/mA is a nilpotent ideal of A/mA (since A/mA is
Artinian). By Proposition we can lift each idempotent of A/J to an
idempotent of A/mA. Therefore it will suffice to show that every idem-
potent e of A/mA lifts to an idempotent of A. Using Proposition [1.4]
we can choose, for each positive integer n, an element x, € A such that
Xp +mA = e and x, = x2 (mod m*A). (Of course m"A = (mA)*.) We
claim that (x,) is a Cauchy sequence for the mA-adic topology on A.
To see this, let n be an arbitrary positive integer. Given any m > n,
put z = X, + X — 2% %,. Then z = 22 (mod m™A). Also, since x,, = x,,
(mod mA), we see that z=0 (mod mA), so 1 -z is a unit of A. Since
z(1—2z)em™A, it follows that z € m" A. Thus we have

Xy + Xy = 20X %0, X = x?n, Xp = x?l (mod m"™A).
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Multiplying the first congruence, in turn, by x,, and by x,, we learn
that x,, = x,,%, = x, (mod m"”A). If, now, £ > n and m > n, we see that
x¢ = %y, (mod m™A). This verifies the claim. Since A is mA-adically
complete (cf. Exercise [1.24), we let x be the limit of the sequence (x,,)
and check that x is an idempotent lifting e. O

1.10. COROLLARY. KRS holds for finitely generated modules over
complete local rings. 0

Henselian local rings are almost characterized as those having the
Krull-Remak-Schmidt property. Indeed, a theorem due to Evans states
that a local ring R is Henselian if and only if for every module-finite
commutative local R-algebra A the finitely generated A-modules sat-
isfy KRS [Eva73|.

§3. R-modules vs. R-modules

A major theme in this book is the study of direct-sum decomposi-
tions over local rings that are not necessarily complete. Here we record
a few results that will allow us to use KRS over the completion R to
understand R-modules.

We begin with a result due to Guralnick [Gur85, Theorem A] on
lifting homomorphisms modulo high powers of the maximal ideal of
a local ring. Given finitely generated modules M and N over a lo-
cal ring (R,m), we define a lifting number for the pair (M,N) to be a
non-negative integer e satisfying the following property: For each pos-
itive integer f and each R-homomorphism &: M/m®* M — N/m¢*f N,
there exists 0 € Homgr(M,N) such that ¢ and ¢ induce the same homo-
morphism M/m/ M — N/m/ N. (Thus the outer and bottom squares in
the diagram below both commute, though the top square may not.)

M—%2 N

| |

MimeH M —s N/me* N

l l

MM —— N/m/N

(=0
For example, 0 is a lifting number for the pair (M,N) if M is free.

1.11. LEMMA. Every pair (M,N) of modules over a local ring (R, m)
has a lifting number.
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PROOF. Choose exact sequences

F1=Fy—M—0,
G, G,—N—O,

where F; and G; are finite-rank free R-modules. Define an R-ho-
momorphism ®: Hompg(Fy,Gy) x Homg(F1,G1) — Hompg(F1,G() by
®(u,v) = pa — Bv. Applying the Artin-Rees Lemma to the submodule
im(®) of Hompg(F1,Gg), we get a positive integer e such that

(1.11.1)  im(®)nm®* Homg(F1,Go) <m/ im(®)  for each £ >0.

Suppose now that f > 0 and ¢&: M/m¢* M — N/m®*fN is an R-
homomorphism. We can lift { to homomorphisms py and vy making
the following diagram commute.

Fymet Fy —% Fo/me*f Fy —— M/me* M —— 0

(1.11.2) Wl %l lé

Gi/m* Gy —— Go/m** TGy —— N/m** N —— 0
B

Now lift ug and v to homomorphisms py € Hompg(Fo,Go) and vg €
Hompg(F1,G1). The commutativity of implies that the image
of ®(up,vo): F1 — Gy lies in me*tf Q. Choosing bases for F'; and Gy,
we see that the matrix representing ®(up,vo) has entries in met so
that ®(uo, vo) € m** Homg(F1,Go). By (T.IL.1), (uo,vo) € m/ im(®) =
O(m/ (Homp (Fy,Go) x Homg(F1,G1))). Choose a pair of maps (u1,v1) €
m/ (Homg(Fo,Go) x Homg(F1,G1)) such that ®(u1,v1) = ®(uo,vo), and
set (u,v) = (uo,vo) — (11,v1). Then ®(u,v) = 0, so p induces an R-
homomorphism o: M — N. Since u and o agree modulo m/, it fol-
lows that ¢ and ¢ induce the same map M/m/ M — N/m/N. 0

1.12. LEMMA. If e is a lifting number for (M,N) and e’ > e, then e’
is also a lifting number for (M,N).

PROOF. Let f' be a positive integer, and let
& M 'M — Nm*'N

be an R-homomorphism. Put f = f'+e'—e. Since e’ +f' = e+ f and
e is a lifting number, there is a homomorphism o: M — N such that
o and ¢ induce the same homomorphism M/m/M — N/m/N. Now
f = f', and it follows that o and ¢ induce the same homomorphism
M/m/'M — Nm/'N. 0

We denote e(M,N) the smallest lifting number for the pair (M,N).
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1.13. THEOREM (Guralnick). Let (R,m) be a local ring, and let M
and N be finitely generated R-modules. If M/m"**M | N'm" "IN for
some r > max{e(M,N), e(N,M)}, then M | N.

PROOF. Choose reciprocal homomorphisms
MMM — Nm™ N  and  n: Nm™IN — M/m™ M

such that n¢ = 1/,,r+1p,. Since r is a lifting number (Lemma [1.12),
there exist R-homomorphisms 0: M — N and 7: N — M such that o
agrees with ¢ and 7 agrees with 1 modulo m. By NAK, t0: M — M is
surjective and therefore, by Exercise[1.27], an automorphism. It follows
that M | N. O

1.14. COROLLARY. Let (R,m) be a local ring and M, N finitely gen-
erated R-modules. If M/m"M = N/m"N for all n> 0, then M = N.

PROOF. By Theorem |[1.13] M | N and N | M. In particular, we have
surjections N 2> M and M L, N. Then Ba is a surjective endomor-

phism of N and therefore is an automorphism (cf. Exercise [1.27). It
follows that a is one-to-one and therefore an isomorphism. 0

1.15. COROLLARY. Let (R,m) be a local ring and (R,#) its m-adic
completion. Let M and N be finitely generated R-modules.

() fReg M|R®g N, then M| N.

(ii) f Rer M =R ®r N, then M = N. O

1.16. COROLLARY. Let M, N and P be finitely generated modules
over a local ring (R,m). fPeM =P@®N, then M =N.

PROOF. We have (R ® P)& (R ®r M) = (R ®r P)® (R g N). Using
KRS for complete rings (Corollary we see that Rep M = R ®r N.
Now apply Corollary O

§4. Exercises

1.17. EXERCISE. Prove Proposition [1.1; For a non-zero object M
in an additive category </, and E = End_/(M), if 0 and 1 are the only
idempotents of E, then M is indecomposable. Conversely, suppose e =
e?2 e E, with e #0,1. If both e and 1 — e split, then M is decomposable.

1.18. EXERCISE. Let M be an object in an additive category. Show
that every direct-sum (i.e., coproduct) decomposition M = M1 & M5 has
a biproduct structure.

1.19. EXERCISE. Let M be an object in an additive category.



10 1. THE KRULL-REMAK-SCHMIDT THEOREM

(i) Suppose that M has either the ascending chain condition or the
descending chain condition on direct summands. Prove that M
has an indecomposable direct summand.

(i) Prove that M is a direct sum (biproduct) of finitely many inde-
composable objects.

1.20. EXERCISE. Prove Steinitz’s Theorem ([Stell]]): Let I and J
be non-zero fractional ideals of a Dedekind domain D. Then [ & J =
Deold.

1.21. EXERCISE. Let A be a ring with 1 # 0. Prove that the follow-
ing conditions are equivalent:

(1) A is nc-local.
(i) _#Z(A) is the set of non-units of A.
(ii1) The set of non-units of A is closed under addition.

(Warning: In a non-commutative ring one can have non-units x and y
such that xy =1.)

1.22. EXERCISE. Let M and N be finitely generated modules over
a commutative Noetherian ring R. Prove that Homg(M,N) is finitely
generated as an R-module.

1.23. EXERCISE. Let (R,m) be a Henselian local ring and X, Y,
M finitely generated R-modules. Let a: X — M and : Y — M be
homomorphisms which are not split surjections. Prove that [a@ ]: X &
Y — M is not a split surjection.

1.24. EXERCISE. Let M be a finitely generated module over a com-
plete local ring (R,m). Show that M is complete for the topology de-
fined by the submodules m"M,n > 1.

1.25. EXERCISE. Prove Fitting’s Lemma: Let A be any ring and
M a A-module of finite length n. If f € End,(M), then M = ker(f™)®
f™(M). Conclude that if M is indecomposable then every non-invertible
element of End, (M) is nilpotent.

1.26. EXERCISE. Use Exercise and Fitting’s Lemma from the
exercise above to prove that the endomorphism ring of any indecom-
posable finite-length module is nc-local. Thus, over any ring R, KRS
holds for the category of left R-modules of finite length. (Be careful:
You’re in a non-commutative setting, where the sum of two nilpotents
might be a unit! If you get stuck, consult [Fac98, Lemma 2.21].)

1.27. EXERCISE. Let M be a Noetherian left A-module, and let
f € Endp(M).
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(1) If f is surjective, prove that f is an automorphism of M. (Con-
sider the ascending chain of submodules ker(f").)
(ii) If f is surjective and f2 = f, prove that f = 1.






CHAPTER 2

Semigroups of Modules

In this chapter we analyze the different ways in which a finitely
generated module over a local ring can be decomposed as a direct sum
of indecomposable modules. Put another way, we are interested in
exactly how badly KRS uniqueness can fail.

Our main result depends on a technical lemma, which provides
indecomposable modules of varying ranks at the minimal prime ideals
of a certain one-dimensional local ring. The proof of this lemma is left
as an exercise, with hints directed at a similar argument in the next
chapter.

Given a ring A, choose a set V(A) of representatives for the isomor-
phism classes [M] of finitely generated left A-modules. We make V(A)
into an additive semigroup in the obvious way: [M]+[N]=[M & N1].
This monoid encodes information about the direct-sum decompositions
of finitely generated A-modules. (In what follows, we use the terms
“semigroup” and “monoid” interchangeably.)

2.1. DEFINITION. For a finitely generated left A-module M, we de-
note by add(M) or add (M) the full subcategory of A-mod consisting
of finitely generated modules that are isomorphic to direct summands
of direct sums of copies of M. Also, +(M) is the subsemigroup of V(A)
consisting of representatives of the isomorphism classes in add(M).

In the special case where R is a complete local ring, it follows from
KRS (Corollary that V(R) is a free monoid, that is, V(R) = I\Ig ),
where Ny is the additive semigroup of non-negative integers and the
index set I is the set of atoms of V(R), that is, the set of representatives
for the indecomposable finitely generated R-modules. Furthermore, if
M is a finitely generated R-module, then +(M) is free as well.

For a general local ring R, the semigroup V(R) is naturally a sub-
semigroup of V(R) by Corollary and similarly +(M) is a subsemi-
group of +(M) for an R-module M. This forces various structural re-
strictions on which semigroups can arise as V(R) for a local ring R, or
as +(M) for a finitely generated R-module M. In short, +(M) must be
a finitely generated semigroup. In|§1| we detail these restrictions, and
in the rest of the chapter we prove two realization theorems, which

13
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show that every finitely generated Krull monoid can be realized in the
form +(M) for a suitable local ring R and MCM R-module M. Both
these theorems actually realize a semigroup A together with a given
embedding A < Nf)" ). The first construction (Theorem gives a one-
dimensional domain R and a finitely generated torsion-free module
M realizing an expanded subsemigroup A as +(M), while the second
(Theorem [2.17) gives a two-dimensional unique factorization domain
R and a finitely generated reflexive module M realizing A as +(M), as-
suming only that A is a full subsemigroup of l\lg) . (See Proposition
for the terminology.)

§1. Krull monoids

In this section, let (R, m, %) be a local ring with completion R ,m, k).
Let V(R) and V(R) denote the semigroups, with respect to direct sum,
of finitely generated modules over R and R, respectively. We write all
our semigroups additively, though we will keep the “multiplicative” no-
tation inspired by direct sums, x | ¥, meaning that there exists z such
that x + z = y. We write 0 for the neutral element [0] corresponding to
the zero module.

There is a natural homomorphism of semigroups

j: V(R)— V(R)

taking [M] to [R ®z M]. This homomorphism is injective by Corol-
lary so we consider V(R) as a subsemigroup of V(R). It follows
that V(R) is cancellative: if x+z =y +z for x,y,z € V(R), then x = y.
Since in this chapter we will deal only with local rings, all of our semi-
groups will be tacitly assumed to be cancellative. We also see that V(R)
is reduced, i.e. x+y =0 implies x =y =0.

The semigroup homomorphism j: V(R) — V(R) actually satisfies
a much stronger condition than injectivity. A divisor homomorphism
is a semigroup homomorphism j: A — A’ such that j(x) | j(y) implies
x|y for all x and y in A. Corollary says that j: V(R) — V(R)
is a divisor homomorphism. Similarly, if M is a finitely generated
R-module, the map +(M) — +(M) is a divisor homomorphism. A re-
assuring consequence is that a finitely generated module over a local
ring has only finitely many direct-sum decompositions. (Cf. (1.1.1),
which shows that this fails over a Dedekind domain with infinite class
group.) To be precise, let us say that two direct-sum decompositions
M=M®---oM,, and M =N1o---® N, are equivalent provided m =n
and, after a permutation, M; = N, for each i. (We do not require that
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the summands be indecomposable.) The next theorem appears as The-
orem 1.1 in [Wie99], with a slightly non-commutative proof. We will
give a commutative proof here.

2.2. THEOREM. Let (R,m) be a local ring, and let M be a finitely
generated R-module. Then there are only finitely many isomorphism
classes of indecomposable modules in addgr(M). In particular, M has,
up to equivalence, only finitely many direct sum decompositions.

PROOF. Let R be the m-adic completion of R, and write RepM =
V1(n1) ®--- D Vt(n‘), where each V; is an indecomposable R-module and

each n; > 0. If L € add(M), then R ®p L = V1(a1) DD Vt(at) for suitable
non-negative integers a;; moreover, the integers a; are uniquely deter-
mined by the isomorphism class [L], by Corollary[1.9] Thus we have a
well-defined map j: + (M) — N(t), taking [L] to (a1,...,a;). Moreover,
this map is one-to-one, by faithfully flat descent (Corollary [1.15).

If [L] € +(M) and j([L]) is a minimal non-zero element of j(+(M)),
then L is clearly indecomposable. Conversely, if [L] € add(M) and L
is indecomposable, we claim that j([L]) is a minimal non-zero element
of j(+(M)). For, suppose that j([X] < j([L]), where [X] € +(M) is non-
zero. Then Rer X | R®r L, so X | L by Corollary [1.15] But X #0
and X Z L (else j([X]) = j([L]), and we have a contradiction to the
indecomposability of L.

By Dickson’s Lemma (Exercise [2.20), j(+(M)) contains only finitely
many minimal non-zero elements, and, by what we have just shown,
add(M) has only finitely many isomorphism classes of indecomposable
modules.

For the last statement, let n = ur(M), the number of elements in
a minimal generating set for M, and let {N1,...,N;} be a complete set
of representatives for the isomorphism classes of direct summands of
M. Any direct summand of M is isomorphic to N Yl) &---oN grt), where
each r; is non-negative and r{ +---+r; < n. It follows that there are,
up to isomorphism, only finitely many direct summands of M. Let
{L1,...,Ls} be a set of representatives for the non-zero direct sum-
mands of M. Any direct-sum decomposition of M must have the form
M= L(lul) ®--- GBLS‘S), with u1+---+us <n, and it follows that there are
only finitely many such decompositions. 0

We will see in Example that add(M) may contain indecompos-
able modules that do not occur as direct summands of M.

2.3. DEFINITION. A Krull monoid is a monoid that admits a divisor
homomorphism into a free monoid.
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Every finitely generated Krull monoid admits a divisor homomor-
phism into I\Ig) for some positive integer ¢. Conversely, it follows easily
from Dickson’s Lemma (Exercise that a monoid admitting a divi-
sor homomorphism to I\Ig) must be finitely generated.

Finitely generated Krull monoids are called positive normal affine
semigroups in [BH93l. From [BH93, 6.1.10], we obtain the following
characterization of these monoids:

2.4. PROPOSITION. The following conditions on a semigroup A are
equivalent:

(1) Ais a finitely generated Krull monoid.
(it) A=Gn Ng) for some positive integer t and some subgroup G of
Z9. (That is, A is isomorphic to a full subsemigroup of I\Ig). )
(iti)) A=ZWn I\Ig‘) for some positive integer u and some Q-subspace W
of Q™. (That is, A is isomorphic to an expanded subsemigroup

of NI.)
(iv) There exist positive integers m and n, and an m x n matrix «
over Z, such that A =N"™ nker(a). O

Observe that the descriptors “full” and “expanded” refer specifically
to a given embedding of a semigroup into a free semigroup, while the
definition of a Krull monoid is intrinsic. In addition, note that the
group G and the vector space W are not mysterious; they are the group,
respectively vector space, generated by A.

It’s obvious that every expanded subsemigroup of N is also a full
subsemigroup, but the converse can fail. For example, the subsemi-

group
A= {[3’5] eNP ‘x Eymod3}

of Nf)m is not the restriction to I\IE)Z) of the kernel of a matrix, so is not
expanded. However, A is isomorphic to

A’:{[g] EI\IE)S) ) x+2y:32}.

As this example indicates, the number u of might be larger than
the number ¢ of ().

Condition says that a finitely generated Krull monoid can be
regarded as the collection of non-negative integer solutions of a homo-
geneous system of linear equations. For this reason these monoids are
sometimes called Diophantine monoids.

The key to understanding the mo/poids V(R) and +(M) is knowing
which modules over the completion R actually come from R-modules.
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Recall that if R — S is a ring homomorphism, we say that an S-
module N is extended (from R) provided there is an R-module M such
that N = S®gr M. In the two remaining sections, we will prove a pair of
criteria—one in dimension one, and one in dimension two—for identi-
fying which finitely generated modules over the completion R of a local
ring R are extended. In both cases, a key ingredient is that modules of
finite length are always extended. We leave the proof of this fact as an
exercise.

2.5. LEMMA. Let R be a local ring with completion R, and let L
be an R-module of finite length. ThenAL also has finite length as an
R-module, and the natural map L — R ®g L is an isomorphism.  []

§2. Realization in dimension one

In the one-dimensional case, a beautiful result due to Levy and
Odenthal [LO96] tells us exactly which R-modules are extended from
R. See Corollary[2.8 below. First, we define for any one-dimensional lo-
cal ring (R, m, k) the Artinian localization K(R) by K(R) = U™ 1R, where
U is the complement of the union of the minimal prime ideals (the
prime ideals distinct from m). If R is Cohen-Macaulay, then K(R) is
just the total quotient ring {non-zerodivisors} 'R as in Chapter IfR
is not Cohen-Macaulay, then the natural map R — K(R) is not injec-
tive.

2.6. PROPOSITION. Let (R,m,/lg) be a one-dimensional local ring,
and let N be a ﬁniiely generated R-module. Then N is extended from
R if and only if K(R) ®5 N is extended from K(R).

PROOF. To simplify notation, we set K = K(R) and L = K(R). (Keep
in mind, however, that these may not be fields.) If q is a minimal prime
ideal of R, then gNR is a minimal prime ideal of R, since “going down”
holds for flat extensions [BH93, Lemma A.9]. Therefore the inclusion
R — R induces a homomorphism K — L, and this homomorphism is
faithfully flat, since the map Spec(R) — Spec(R) is surjective [BH93,
Lemma A.10]. The “only if” direction is then clear from the identifica-
tion Lex KepM=LesRer M.

For the converse, let X be a finitely generated K-module such that
LegX =L®zN. Since K is a localization of R, there is a finitely gener-
ated R-module M such that Keg M = X. Since L&z N = L®E(E®RM),
there is a homomorphism ¢: N — R ®r M inducing an isomorphism
from L®sz N to L®g (R ® M). Then the kernel U and cokernel V of ¢
have finite length and therefore are extended by Lemma Now we
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break the exact sequence
0—U—N—S®rM—V —0
into two short exact sequences:
0—U—N—W-—0
0—W-—RegM—V —0.
Applying of Lemma below to the second short exact sequence,

we see that W is extended. Now we apply (i) of the lemma to the first
short exact sequence, to conclude that N is extended. U

2.7. LEMMA. Let (R, m) be a local ring with completion R, and let
0—X—Y—Z—0

be an exact sequence of finitely generated R-modules.

(i) Assume X and Z are extended. If Ext}?(Z ,X) has finite length as
an R-module (e.g. if Z is locally free on the punctured spectrum
of E), then Y is extended.

(it) Assume Y and Z are extended. If Homg(Y ,Z) has finite length
as an R-module (e.g. if Z has finite length), then X is extended.

(iii) Assume X and Y are extended. If Homp(X,Y) has finite length
as an R-module (e.g. if X has finite length), then Z is extended.

PROOF. For , write X = ﬁ@R Xoand Z = ﬁ@R Zy, where X and
Z are finitely generated R-modules. The natural map

R ®p Extn(Zo,Xo) — Ext;?(Z,X)

is an isomorphism since Zj is finitely presented, and Ext}a(Zo,X o) has
finite length by faithful flatness. Therefore the natural map

Exty(Zo,Xo) — R ®g Ext}(Zo,X0)

is an isomorphism by Lemma Combining the two isomorphisms,
we see that the given exact sequence, when regarded as an element
of Ext;?(Z ,X), comes from a short exact sequence 0 — Xg — Yy —
Zo — 0. Clearly, then, RepYy2Y.

To prove , we write Y = R®p Yy and Z = R ®r Zy, where Yy
and Z( are finitely generated R-modules. As in the proof of (i) we
see that the natural map Homg(Yy,Zo) — Homp(Y,Z) is an isomor-
phism. Therefore the given R-homomorphism B:Y — Z comes from
a homomorphism By: Yo — Zp in Hompg(Yy,Zp). Clearly, then, X =
R ®r (ker o). The proof of is essentially the same: Write ¥ =
R®rYy and X = R ®r Xo; show that a: X — Y comes from some
ag € Hompg(Xy,Y)), and deduce that Z = §®R (cok ay). ]
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2.8. COROLLARY (Levy-Odenthal). LeAt (R,m,k) be a local ring of
dimension one for which the completion R is reduced, and let N be a
finitely generated R-module. Then N is extended from R if and only if

dims (Ny) = dimg (Ng)

whenever p and q are minimal prime ideals of R lying over the same
prime ideal of R. In particular, if R is a domain, then N is extended if
and only if N has constant rank. [

This gives us a strategy for producing strange direct-sum behavior:

(i) Find a one-dimensional domain R whose completion is reduced
but has lots of minimal primes.
(i1) Build indecomposable modules with highly non-constant ranks
over R.
(iii) Put them together in different ways to get constant-rank mod-
ules.

Suppose, to illustrate, that R is a domain whose completion R has two
minimal primes p and . Suppose we can build indecomposable R-
modules U,V ,W and X, with ranks (dimﬁp(—),dimﬁq(—)) =(2,0), (0,2),
(2,1), and (1,2), respectively. Then U @ V has constant rank (2,2), so
is extended; say, Us V = M. Similarly, there are R-modules N, F' and
G such that VeWeW =N, WoX =F, and Us X o X = G. Using
KRS over R, we see easily that no non-zero proper direct summand
of any of the modules M , N , ﬁ, G has constant rank. It follows from
Corollary that M, N, F', and GG are indecomposable, and of course
no two of them are isomorphic since (again by KRS) their completions
are pairwise non-isomorphic. Finally, we see that Mo FeoF =N &G,
since the two modules have isomorphic completions. Thus we easily
obtain a mild violation of KRS uniqueness over R.

It’s easy to accomplish (i), getting a one-dimensional domain with
a lot of splitting but no ramification. In order to facilitate (i1), how-
ever, we want to ensure that each analytic branch has infinite Cohen-
Macaulay type. The following construction from [Wie01l, (2.3)] does
the job nicely:

2.9. CONSTRUCTION (R. Wiegand). Fix a positive integer s, and let
k be any field with |k| > s. Choose distinct elements #1,...,t; € k. Let
Z be the complement of the union of the maximal ideals (x —¢;)k[x],
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i=1,...,s. We define R by the pullback diagram

R— X7 1k[x]

(2.9.1) l L’

; > 1k[x]
(x—t1)4 - (x—ts)*’

where 7 is the natural quotient map. Then R is a one-dimensional lo-
cal domain, is the conductor square for R (cf. Construction 4.1)),
and R is reduced with exactly s minimal prime ideals. Indeed, we can
rewrite the bottom line R,y as k—Dq x --- x Dg, where D; = E[x]/(x*)
for each i. The conductor square for the completion is then

ﬁ—>T1x---sz

|

k——Dix---xDg,

where each T; is isomorphic to k[[x]l. (If char(k) # 2, 3, then R is the
ring of rational functions f € £(T') such that f(¢1) =--- = f(¢;) # co and
the derivatives f/, f” and f"’ vanish at each ¢;.)

Let p1,...,ps be the minimal prime ideals of R. Define the rank of
a finitely generated R-module N to be the s-tuple (r1,...,rs), where r;
is the dimension of N;, as a vector space over R,.

The next theorem [Wie01, (2.4)] says that even the case s = 2 of
this example yields the pathology discussed after Corollary

2.10. THEOREM. Fix a positive integer s, and let R be the ring of
Construction Let (r1,...,rs) be any sequence of non-negative inte-
gers with not all the r; equal to zero. Then R has an indecomposable
torsion-free module N with rank(N)=(rq,...,rs).

PROOF. Set P = TYl) X oo X TgrS), a projective module over R = T'; x
-+ x Ts. Lemma below, a jazzed-up version of Theorem yields
an indecomposable ﬁart-module V—W with W = D(lrl) x---DJ*’. Since
P/cP =W, Construction implies that there exists a torsion-free R-
module M, namely, the pullback of P and V over W, such that M, =
(V—W). NAK implies that M is indecomposable, and the ranks of M
at the minimal primes are precisely (ry,...,rs). 0

We leave the proof of the next lemma as a challenging exercise

(Exercise [2.23).
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2.11. LEMMA. Let % be a field. Fix an integer s > 1, set D; = k[x]/(x*)
fori=1,...,s,and let D =D x---xDg. Let (r1,...,rs) be an s-tuple of
non-negative integers with at least one positive entry, and assume that
ri1>r; forevery i. Then the Artinian pair k—D has an indecomposable
module V—W, where W :D(1r1) X oo X DgrS). O

Recalling condition of Proposition [2.4] we say that the finitely
generated Krull monoid A can be defined by m equations provided
A= I\Igl) Nker(a) for some n and some m x n integer matrix a. Given

such an embedding of A in Nf)”), we say a column vector A € A is strictly
positive provided each of its entries is a positive integer. By decreasing
n (and removing some columns from «) if necessary, we can harm-
lessly assume, without changing m, that A contains a strictly positive
element A. Specifically, choose an element A € A with the largest num-
ber of strictly positive coordinates, and throw away all the columns of
a corresponding to zero entries of A. If any element A’ € A had a non-
zero entry in one of the deleted position, then A + A’ would have more
positive entries than A, a contradiction.

2.12. THEOREM. Fix a non-negative integer m, and consider the
ring R of Construction with s=m+ 1. Let A be a finitely generated
Krull monoid defined by m equations and containing a strictly positive
element A. Then there exist a torsion-free R-module M and a commu-
tative diagram

(n)
A N

d b
+(M) — +(R ®p M)

in which
(i) jis the natural map taking [N] to [R &g N,
(i1) @ and y are semigroup isomorphisms, and
(iir) (1) =[M].

PROOF. We have A = I\IE)") Nker(a), where a =[a;;] is an m x n ma-
trix over Z. Choose a positive integer 4 such that a;;+h > 0 for all i, ;.
For j=1,...,n, choose, using Theorem a torsion-free R-module
L; such that rank(L ;) =(a1; +h,...,amj+h,h).

Given any column vector 8 =[b1,bs,...,b,1" € I\Ig‘), put Ng =

GBL(,?”). The rank of Ny is

i(alj+h) i i(amj+h)bj,(ilbj)h).

J:

(b1)
L1 ®
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Since R is a domain, Corollary implies that Npg is in the image of
j: VB — V(R) if and only if ¥°_;(a;; + h)b; = (£, b, h for each i,

that is, if and only if B € I\Igl) Nker(a) = A. To complete the proof, we let
M be the R-module (unique up to isomorphism) such that M=N 1. U

This corollary makes it very easy to demonstrate spectacular fail-
ure of KRS uniqueness:

2.13. EXAMPLE. Let
A:{[g] El\lg’) ’ 72x+y:732}.

This has three atoms (minimal non-zero elements), namely

0
, B= [73], Y=
1

Note that 73a = § +y. Taking s =2 in Construction we get a local
ring R and indecomposable R-modules A, B, C such that A® has only
the obvious direct-sum decompositions for ¢t <72, but A™ =B e C.

1 73
a=|1 0
1 72

We define the splitting number spl(R) of a one-dimensional local

ring R by
spl(R) = |Spec(ﬁ )| — |Spec(R)| .

The splitting number of the ring R in Construction is s — 1. Corol-
lary says that every finitely generated Krull monoid defined by m
equations can be realized as +(M) for some finitely generated module
over a one-dimensional local ring (in fact, a domain essentially of finite
type over Q) with splitting number m. This is the best possible:

2.14. PROPOSITION. Let M be a finitely generated module over a
one-dimensional local ring R with splitting number m. The embedding
+(M)—V(R) exhibits +(M) as an expanded subsemigroup of the free
semigroup +(R ®r M). Moreover, +(M) is defined by m equations.

PROOF. Write Rer M = Vl(el)ea -V where the V; are pairwise
non-isomorphic indecomposable R-modules and the e; are all positive.
We have an embedding +(M) — I\If)n) taking [N]to [b1,...,b,]", where
RerpN= Vl(bl) OB V,(Lb”), and we identify +(M) with its image A in
I\Igl). Given a prime p € Spec(R) with, say, ¢ primes q1,...,q; lying
over it, there are ¢ — 1 homogeneous linear equations on the b; that
say that N has constant rank on the fiber over p (cf. Corollary .
Letting p vary over Spec(R), we obtain exactly m = spl(R) equations
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that must be satisfied by elements of A. Conversely, if the b; sat-
isfy these equations, then N := Vl(bl) @@ V,Eb”) has constant rank on
each fiber of Spec(R) — Spec(R). By Corollary is extended
from an R-module, say N = RegplL. Clearly RepL | MW if u is large
enough, and it follows from Proposition that L € +(M), whence
[b1,...,b,]7 € A. O

In [Kat02] Kattchee showed that, for each m, there is a finitely
generated Krull monoid A that cannot be defined by m equations.
Thus no single one-dimensional local ring can realize every finitely

generated Krull monoid in the form +(M) for a finitely generated mod-
ule M.

§3. Realization in dimension two

Suppose we have a finitely generated Krull semigroup A and a full
embedding A < N, i.e. A is the intersection of N with a subgroup
of Z®. By Proposition we cannot realize this embedding in the
form +(M) — +(R ®r M) for a module M over a one-dimensional local
ring R unless A is actually an expanded subsemigroup of I\Ig), i.e. the
intersection of N® with a subspace of Q). If, however, we go to a two-
dimensional ring, then we can realize A as +(M), though the ring that
does the realizing is less tractable than the one-dimensional rings that
realize expanded subsemigroups.

As in the last section, we need a criterion for an R-module to be ex-
tended from R. For general two-dimensional rings, we know of no such
criterion, so we shall restrict to analytically normal domains. (A local
domain (R, m) is analytically normal provided its completion (R,®) is
also a normal domain.)

We recall two facts from Bourbaki [Bou98, Chapter VII]. Firstly,
over a Noetherian normal domain R one can assign to each finitely
generated R-module M a divisor class cl(M) € CI(R) in such a way
that

(1) Taking divisor classes cl(—) is additive on exact sequences, and

(i1) if J is a fractional ideal of R, then cl(J) is the isomorphism
class [J**] of the divisorial (i.e. reflexive) ideal J**, where —*
denotes the dual Homg(—,R).

Secondly, each finitely generated torsion-free module M over a Noe-
therian normal domain R has a “Bourbaki sequence,” namely a short
exact sequence

(2.14.1) 0O—F—M—J—0
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wherein F is a free R-module and ¢J is an ideal of R.

The following criterion for a module to be extended is Proposition
3 of [RWW99] (cf. also [WesS88, (1.5)]).

2.15. PROPOSITION. Let R be a two-dimensional local ring whose
m-adic completion R is a normal domain. Let N be a finitely generated
torsion-free R-module. Then N is extended from R if and only if cl(N)
is in the image of the natural homomorphism ®: CI(R) — CI(R).

PROOF. Suppose N = R ®p M. Then M is finitely generated and
torsion-free, by faithfully flat descent. Choose a Bourbaki sequence of
the form for M; tensoring with R and using the additivity of
cl(—) on short exact sequences, we find

(V) = cl(R ®g J) = [(R ®R J)**]1 = D(cl(])).
For the converse, choose a Bourbaki sequence
0—G—N—L—0

over R , sothat G is a free R-module and L is an ideal of B. Then cl(L) =
cl(N), and since cl(NV) is in the image of ® there is a divisorial ideal I of
R such that Reg I =L**. Set V = L**/L. Then V has finite length and
hence is extended by Lemma it follows from Lemma [2.7|{i) and the
short exact sequence 0 — L — L** — V — 0 that L is extended.
Moreover, ﬁp is a discrete valuation ring for each height-one prime
ideal p, so that Ext%?(L,G) has finite length. Now Lemma says
that N is extended since G and L are.

As in the last section, we need to guarantee that the complete ring
R has a sufficiently rich supply of MCM modules. This is [WieO1,
Lemma 3.2].

2.16. LEMMA. Let s be any positive integer. There is a complete
local normal domain B, containing C, such that dim(B) = 2 and CI(B)
contains a copy of (R/2).

PRrROOF. Choose a positive integer d such that (d —1)(d —2) > s, and
let V be a smooth projective plane curve of degree d over C. Let A be
the homogeneous coordinate ring of V for some embedding V — P%.
Then A is a two-dimensional normal domain, by [Har77, Chap. II,
Exercise 8.4(b)]. By [Har77, Appendix B, Sect. 5], Pic®(V) = D :=
(R/Z)%8, where g = %(d —1)(d - 2), the genus of V. Here Pic’(V) is
the kernel of the degree map Pic(V) — Z, so CI(V) =Pic(V)=D & Zo,
where o is the class of a divisor of degree 1. There is a short exact
sequence

0— 27— Cl(V)— Cl(A) — 0,



§3. REALIZATION IN DIMENSION TWO 25

in which 1 € Z maps to the divisor class 7:=[H - V], where H is a line
in IP% (Cf. [Har77, Chap. II, Exercise 6.3].) Thus CI(A) = CI(V)/Zr.
Since 7 has degree d, we see that 1 —do € D. Choose an element 6 € D
with dé = 7 —do. Recalling that CI(V) = Pic(V) = D & Zo, we define
a surjection f: CI(V) — D & Z/(d) by sending x € D to (x,0) and o to
(=6,1+(d)). Then ker(f)=Zt,s0 Cl(A)=ZED o Z/dZ.

Let *¥ be the irrelevant maximal ideal of A. By [Har77, Chap. II,
Exercise 6.3(d)], Cl(Agq) = CI(A). The ‘B-adic completion B of A is an
integrally closed domain, by [ZS75, Chap. VIII, Sect. 13]. Moreover
Cl(Aq) — CI(B) is injective by faithfully flat descent, so C1(B) contains
a copy of D = (R/2)¢~D@-2) which, in turn, contains a copy of (R/Z)®.

O

We now have everything we need to prove our realization theorem
for full subsemigroups of I\Ig).

2.17. THEOREM. Let t be a positive integer, and let A be a full sub-
semigroup of Nf)t). Assume that A\ contains a strictly positive element A.
Then there exist a two-dimensional local unique factorization domain
R, a finitely generated reflexive (= MCM) R-module M, and a commu-
tative diagram of semigroups

)
A\

o Jv

+(M) — +(R®r M)

in which
(i) jis the natural map taking [N] to [R &g NJ,
(i1) ¢ and vy are isomorphisms, and

(i) (1) =[M].

PROOF. Let G be the subgroup of Z*) generated by A, and write
7Z9/G =C1o---®C,, where each C; is a cyclic group. Then Z¥/G can
be embedded in (R/Z)®.

Let B be the complete local domain provided by Lemma[2.16] Since
7Z®/G embeds in CI(B), there is a group homomorphism @: Zz# —
CI(B) with ker(®) = G. Let {eq,...,e;} be the standard basis of Z®.
For each i < ¢, write @(e;) = [L;], where L; is a divisorial ideal of B
representing the divisor class of @(e;).

Next we use Heitmann’s amazing theorem [Hei93ll, which implies
that B is the completion of some local unique factorization domain R.
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For each element m = (m1,...,m;) € I\Ig), we let y(m) be the isomor-

phism class of the B-module L(1m1) & @Lgmt). The divisor class of this
module is mq[Li]+---+ m¢L;] = @(m1,...,m;). By Proposition [2.15]
the module L(lml) ® ---@L(tmt) is the completion of an R-module if and
only if its divisor class is trivial, that is, if and only if m e G n Nf)t).
()
0

But meGn Ng) = A, since A is a full subsemigroup of N;’. Therefore

L(lm Veg... @Lgmt) is the completion of an R-module if and only if m € A.
If m € A, we let ¢(m) be the isomorphism class of a module whose
completion is isomorphic to L(1m1) ® ---@Lgmt). In particular, choosing
a module M such that [M] = ¢(1), we get the desired commutative
diagram. O

§4. Flat local homomorphisms

Here we prove a generalization (Proposition [2.19) of the fact that
V(R) — V(R) is a divisor homomorphism. We begin with a general
result that does not even require the ring to be local [Wie98, Theorem
1.1].

2.18. PROPOSITION. Let A — B be a faithfully flat homomorphism

of commutative rings, and let U and V be finitely presented A-modules.
Then U € adda V ifand only if Be®a U e addp(B®4 V).

PROOF. The “only if” direction is clear. For the converse, we may
assume, by replacing V by a direct sum of copies of V, that B®4 U |

B®, V. Choose B-homomorphisms B®4 U ~.B ®aVand BesV R
B®4U such that fa = 1ps, . Since V is finitely presented and B is flat
over A, the natural map B® 4 Homa(V,U) — Homp(B®,V,B®,U) is
an isomorphism. Therefore we can write f=b1®01+:--+b,®0,, with
b; € B and 0; € Homu(V,U) for each i. Put o =[01-+-0,]: V" — U.
We will show that o is a split surjection. Since

b1
(I1g®o)| : |a = 1ge,uu,
br

we see that 13®0: B4 V") — Be4 U is a split surjection. Therefore
the induced map (13 ®0).: Homg(B®, U,B®4 V™) — Homp(B ®4
U,B®4 U) is surjective. Since U too is finitely presented, the vertical
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maps in the following commutative square are isomorphisms.
(2.18.1)

1p®0

B®sHomuy (U, V™) B& s Homu(U,U)

Homg(B®sU,Bo,4 V) ETP— Homg(Be®sU,B®o4 U)
B *

Therefore 15 ®4 0, is surjective as well. By faithful flatness, o, is
surjective, and hence o is a split surjection. [

2.19. PROPOSITION ([HWO09, Theorem 1.3]). Let R — S be a flat
local homomorphism of Noetherian local rings. Then the homomor-
phism j: V(R) — V(S) taking [M] to [S ®g M1 is a divisor homomor-
phism.

PROOF. Suppose M and N are finitely generated R-modules and
that Seg M | S®r N. We want to show that M | N. By Theorem [1.13]it
will be enough to show that M/m!M | N/m!N for all ¢ > 1. By passing to
the flat local homomorphism R/m! — S/m’S, we may assume that R is
Artinian and hence, by Corollary that finitely generated modules
satisfy KRS.

By Proposition we know at least that M | N for some r > 1.
By Corollary (or Theorem and Corollary M is uniquely a
direct sum of indecomposable modules. If M itself is indecomposable,
KRS immediately implies that M | N. An easy induction argument
using direct-sum cancellation (Corollary completes the proof (cf.
Exercise [2.24). 0

§5. Exercises

2.20. EXERCISE. A subset C of a poset X is called a clutter (or an-
tichain) provided no two elements of C are comparable. Consider the
following property of a poset X: () X has the descending chain con-
dition, and every clutter in X is finite. Prove that if X and Y both
satisfy (f), then X xY (with the product partial ordering defined by
(x1,y1) < (x2,y2) < x1 < x9 and y; < y9) satisfies (). Deduce Dick-
son’s Lemma [Dicl13[: Every clutter in l\lg) is finite.

2.21. EXERCISE. Prove the equivalence of conditions ({)—(iv) from
Proposition

2.22. EXERCISE. Prove Lemma [2.5]

2.23. EXERCISAE (IW1e01, Lemma 2.2]). Prove the existence of the
indecomposable Ryi-module V—W in Lemma [2.11] as follows. Let
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C =k, viewed as column vectors. Define the “truncated diagonal”
0:C — W= D(1r1) x -+ x D7) by sending an element [c1,...,cr I toO
the vector whose i entry is [cl,...,cri]tr. (Here we use r1 > r; for all
i.) Let V be the k-subspace of W consisting of all elements

{0(w) + X o) + X20(Hv)} ,

as u and v run over C, where X = (x,0,...,0) and H is the nilpotent
Jordan block with 1 on the superdiagonal and 0 elsewhere.

(i) Prove that W is generated as a D-module by all elements of
the form 0(u), u € C, so that in particular DV = W. (Hint: it
suffices to consider elements w = (w1,...,w;) with only one non-
zero entry w;, and such that w; € DE”) has only one non-zero
entry, which is equal to 1.)

(i) Prove that V—W is indecomposable along the same lines as the
arguments in Chapter [4] (Hint: use the fact that {1,x,x2,x3} is
linearly independent over k. For additional inspiration, take a
peek at the descending induction argument in Case [3.16|of the
construction in the next chapter, with a =x, f = x3, and t=0.)

2.24. EXERCISE. Complete the proof of Proposition [2.19]



CHAPTER 3

Dimension Zero

In this chapter we prove that the zero-dimensional commutative,
Noetherian rings of finite representation type are exactly the Artinian
principal ideal rings. We also introduce Artinian pairs, which will be
used in the next chapter to classify the one-dimensional rings of finite
Cohen-Macaulay type. The Drozd-Roiter conditions (drl) and (dr2) are
shown to be necessary for finite representation type in Theorem
and in Theorem [3.23| we reduce the proof of their sufficiency to some
special cases, where we can appeal to the matrix calculations of Green
and Reiner.

Here are the main definitions of this book.

3.1. DEFINITION. Let (R, m) be a local ring of dimension d. A non-
zero finitely generated R-module is maximal Cohen-Macaulay (MCM)
if depth M = d. We say that R has finite Cohen-Macaulay (CM) type if
there are, up to isomorphism, only a finite number of indecomposable
maximal Cohen-Macaulay modules.

§1. Artinian rings with finite Cohen-Macaulay type

We'll say that an Artinian ring (possibly not local) has finite CM
type provided it has only finitely many indecomposable finitely gen-
erated modules up to isomorphism. (Of course this causes no conflict
in the local case.) To see that this condition forces R to be a princi-
pal ideal ring, and in several other constructions of indecomposable
modules, we use the following result:

3.2. LEMMA. Let R be any commutative ring, n a positive integer
and H the nilpotent n x n Jordan block with 1’s on the superdiagonal
and 0’s elsewhere. If a is an n x n matrix over R and aH = Ha, then
a € R[H], thalt is, there are constants r; € R such that o« =rol +r1H +
vt H'

Note that a has ry on the main diagonal, r; on the first super-
diagonal, and so on. Such matrices are often called “striped” in the
literature.

29
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PROOF. Let a = [a;;]. Left multiplication by H moves each row up
one step and kills the bottom row, while right multiplication shifts each
column to the right and kills the first column. The relation aH = Ha
therefore yields the equations a; j_1 =a;+1,; for i,j =1,...,n, with the
convention that apy =0if k =n+1 or £ =0. These equations show (a)
that each of the diagonals (of slope —1) is constant and (b) that a9 =
-+ =a,1 =0. Combining (a) and (b), we see that a is upper triangular.
Letting b; be the constant on the diagonal [a1j+1 @2j+2 ... @n—jnl,
forOgjgn—l,weseethata:Z;.‘;(}ijj. O

When R is a field, there is a fancy proof: H is “cyclic” or “non-
derogatory”, that is, its characteristic and minimal polynomials coin-
cide. The centralizer of a non-derogatory matrix B is always just R[B]
(cf. [Jac75) Corollary, p. 107]).

3.3. THEOREM. Let R be a Noetherian ring. These are equivalent:
(i) R is an Artinian principal ideal ring.
(i1) R has only finitely many indecomposable finitely generated mod-
ules, up to isomorphism.
(iit) R is Artinian, and there is a bound on the number of generators
required for indecomposable finitely generated R-modules.

Under these conditions, the number of isomorphism classes of indecom-
posable finitely generated modules is exactly the length of R.

PROOF. Assuming (i), we will prove and verify the last state-
ment. Since R is a product of finitely many local rings, we may as-
sume that R is local, with maximal ideal m. As R is a principal ideal
ring, the length ¢ of R is the least integer ¢ such that m’! = 0. Since
every finitely generated R-module is a direct sum of cyclic modules,
the indecomposable modules are exactly the modules R/m?,1 <t < /.

To see that (1) = (i11), suppose R is not Artinian. Choose a maxi-
mal ideal m of positive height. The ideals m?, ¢ > 1, then form a strictly
descending chain of ideals (cf. Exercise[3.24). Therefore the R-modules
R/m! are indecomposable and, since they have different annihilators,
pairwise non-isomorphic, contradicting (i).

To complete the proof, we show that = (). Again, we may as-
sume that R is local with maximal ideal m. Supposing R is not a prin-
cipal ideal ring, we will build, for every n, an indecomposable finitely
generated R-module requiring exactly n generators. By passing to
R/m?, we may assume that m? = 0, so that now m is a vector space
over k := R/m. Choose two k-linearly independent elements x,y € m.

Fix n > 1, let I be the n x n identity matrix, and let H be the n x
n nilpotent Jordan block of Lemma [3.2l Put ¥ = y/ +xH and M =
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cok(¥). Since the entries of ¥ are in m, the R-module M needs exactly
n generators.

To show that M is indecomposable, let f = f2 € Endg(M), and as-
sume that f # 1j)7. We will show that f = 0. There exist n x n matrices
F and G over R making the following diagram commute.

R(n) k4 R(n) M 0

o

R(n) R(n) M 0
v

The equation F'¥ = Y@ yields yF +xFH = yG +xHG. Since x and y
are linearly independent, we obtain, after reducing all entries of ', G
and H modulo m, that F =G and F H = H G. Therefore F and H
commute, and by Lemma E F is an upper-triangular matrix with
constant diagonal.

Now f is not surjective, by Exercise [1.27, and therefore neither is
F. By NAK F is not surjective, so F must be strictly upper triangular.
But then F' = =0, and it follows that im(f) = im(f") < mM. Now NAK
implies that 1 f is surjective. Since 1—f is idempotent, Exercise|1.27
implies that f =0. U

This construction is far from new. See, for example, the papers of
Higman [Hig54], Heller and Reiner [HR61]], and Warfield [War70].
A similar construction arises in the classification of pairs of matrices
up to simultaneous equivalence (see Dieudonné’s discussion [Die46]
of the work of Kronecker [Kro74] and Weierstrass [Wei68]). Essen-
tially the same construction shows that certain higher-dimensional
rings have unbounded CM type:

3.4. PROPOSITION. Let (S,n,k) be a CM local ring of dimension at
least two, and let z be an indeterminate. Set R = S[z1/(z2). Then R has
indecomposable MCM modules of arbitrarily large rank.

PROOF. Fix n > 2, and let W be a free S-module of rank 2n. Let I
be the n xn identity matrix and H the n xn nilpotent Jordan block with
1 on the superdiagonal and 0 elsewhere. Let {x, y} be part of a minimal
generating set for the maximal ideal n of S, and put ¥ = yI + xH.
Finally, put ® = [J¥]. Noting that ®* = 0, we make W into an R-
module by letting z act as ®: W — W. Then W is a MCM R-module,
and one shows as in the proof of Theorem [3.3|that W is indecomposable
over R. L]
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§2. Artinian pairs

Here we introduce the main computational tool for building inde-
composable MCM modules over one-dimensional rings.

3.5. DEFINITION. An Artinian pair is a module-finite extension of
commutative Artinian rings (A — B). Given an Artinian pair A = (A —
B), an A-module is a pair (V — W), where W is a finitely generated
projective B-module and V is an A-submodule of W with the property
that BV = W. A morphism (V; — W;) — (Vo — Ws) of A-modules is a
B-homomorphism from W; to Wy that carries V7 into Vy. We say that
the A-module (V — W) has constant rank n provided W = B™.

With biproducts (direct sums) defined in the obvious way, we get
an additive category A-mod. To see that Theorem applies in this
context, we note first that the endomorphism ring of every A-module is
a module-finite A-algebra and therefore is left Artinian. Next, suppose
€ is an idempotent endomorphism of an A-module X = (V — W). Then
) = (e(V) — e(W)) is also an A-module. The projection p: X — 9)
and inclusion u: %) — X give a factorization ¢ = up, with pu = 1y.
Thus idempotents split in A-mod. Combining Theorem and Corol-
lary we obtain the following:

3.6. THEOREM. Let A be an Artinian pair, and let My,...,M; and
Ni,...,N; be indecomposable A-modules such that M1 ®---®M; = N7 @
---®N;. Then s =t, and, after renumbering, M; = N; for each i. U

We say A has finite representation type provided there are, up to
isomorphism, only finitely many indecomposable A-modules.

Our main result in this chapter is Theorem which gives neces-
sary conditions for an Artinian pair to have finite representation type.
As we will see in the next chapter, these conditions are actually suf-
ficient for finite representation type. The conditions were introduced
by Drozd and Roiter [DR67]] in 1966, and we will refer to them as the
Drozd-Roiter conditions. (See the historical remarks in Section [§2| of
Chapter[d])

3.7. THEOREM. Let A =(A — B) be an Artinian pair in which A is
local, with maximal ideal m and residue field k. Assume that at least
one of the following conditions fails:

(drl) dimy (B/mB) <3

mB+A
dr2) dimp | ———| <1
( ) k (mQB n A) S
Let n be an arbitrary positive integer. Then there is an indecomposable
A-module of constant rank n. Moreover, if |k| is infinite, there are at
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least |k| pairwise non-isomorphic indecomposable A-modules of rank
n.

3.8. REMARK. If the field % is infinite then the number of isomor-
phism classes of A-modules is at most |k|. To see this, note that there
are, up to isomorphism, only countably many finitely generated pro-
jective B-modules W. Also, since any such W has finite length as an
A-module, we see that |W| < |k| and hence that W has at most |k| A-
submodules V. It follows that the number of possibilities for (V — W)
is bounded by Xg|k| = |&].

The proof of Theorem [3.7)involves a basic construction and a dreary
analysis of the many cases that must be considered in order to imple-
ment the construction.

3.9. ASSUMPTIONS. Throughout the rest of this chapter, A=(A —
B) is an Artinian pair in which A is local, with maximal ideal m and
residue field k.

The next three results will allow us to pass to a more manage-
able Artinian pair 2 — D, where D is a suitable finite-dimensional
k-algebra. The proofs of the first two lemmas are exercises.

3.10. LEMMA. Let C be a subring of B containing A. The functor
(V—oW)~(V—BocW)from (A — C)-mod to (A — B)-mod is faithful
and full. The functor is injective on isomorphism classes and preserves
indecomposability. [

3.11. LEMMA. Let I be a nilpotent ideal of B and set E = (4L — B),

The functor (V. — W) ~~ (V;VIVW — %), from A-mod to E-mod, is surjec-

tive on isomorphism classes and reflects indecomposable objects. 0

3.12. PROPOSITION. Let A — B be an Artinian pair for which either
(drl) or (dr2) fails. There is a ring C between A and B such that, with
D = C/mC, we have either

(1) dimy(D) >4, or

(it) D contains elements a and B such that {1,a, B} is linearly inde-

pendent over k and a® =af=p%=0.

PROOF. If (drl) fails, we take C = B. Otherwise (dr2) fails, and

we put C = A + mB. Since dimy, (;12%1‘2) > 2, we can choose elements
x,y € mB such that the images of x and y in n‘:é%*_é‘ are linearly inde-

pendent. Since D := C/mC maps onto 1:12%11?4’ the images a,8 € D of

x,y are linearly independent, and they obviously satisfy the required
equations. O




34 3. DIMENSION ZERO

Now let’s begin the proof of Theorem We have an Artinian pair
A — B, where (A,m,k) is local and either (drl) or (dr2) fails. We want
to build indecomposable A-modules V — W, with W = B®. By Lem-
mas [3.10| and [3.11}, we can pass to the Artinian pair 2 — D provided
by Proposition We fix a positive integer n. Our goal is to build
an indecomposable (¢ — D)-module (V — D™) and, if & is infinite,
a family {(V; — D™)her of pairwise non-isomorphic indecomposable
(k — D)-modules, with |T'| = |&|.

3.13. CONSTRUCTION. We describe a general construction, a mod-
ification of constructions found in [DR67, Wie89, CWW95]. Let n be
a fixed positive integer, and suppose we have chosen a,f € D with
{1, a, B} linearly independent over k. Let I be the n x n identity matrix,
and let H the n x n nilpotent Jordan block in Lemma [3.2| For ¢ € &,
we consider the n x 2n matrix ¥; = [I | aI + B(tI + H)]. Put W = D™,
viewed as columns, and let V; be the k-subspace of W spanned by the
columns of ¥;.

Suppose we have a morphism (V; — W) — (V, — W), given by an
n x n matrix ¢ over D. The requirement that ¢(V) <V says there is a
2n x 2n matrix 6 over k£ such that

(3.13.1) oV, =V¥,0.
Write 0 = [4 g], where A,B,P,Q are n x n blocks. Then gives
the following two equations:
p=A+aP+pul+H)P
ap+Pptl +H)=B+aQ + ful + H)Q.

Substituting the first equation into the second and combining terms,
we get a mess:

(3.13.2)

(3.13.3) —-B+a(A-Q)+p(tA-u@Q+AH-HQ)+(a+tp)a+up)P
+af(HP + PH) + B>(HPH +tHP + uPH)=0.

3.14. CASE. D satisfies (ii). (There exist a,p € D such that {1,a, f}
is linearly independent and a? = af = B%=0.)

From (3.13.3) and the linear independence of {1, a, 8}, we get the
equations
(3.14.1) B =0, A=Q, A(t—-uw)+H)=HA.

If ¢ is an isomorphism, we see from (3.13.2) that A has to be invertible.
If, in addition, ¢ # u, the third equation in (3.14.1) gives a contradic-
tion, since the left side is invertible and the right side is not. Thus
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Vi—=W)Z((V,—W)if t #u. To see that (V; — W) is indecomposable,
we take u =t and suppose that ¢, as above, is idempotent. Squar-
ing the first equation in (3.13.2), and comparing “1" and “A" terms,
we see that A2=A and P = AP + PA. But equation (3.14.1) says that
AH =HA, and it follows that A is in £[H], which is a local ring. There-
fore A =0 or I, and either possibility forces P =0. Thus ¢ =0 or 1, as
desired. Thus we may take T = % in this case. O

3.15. ASSUMPTIONS. Having dealt with the case (i), we assume
from now on that (@) holds, that is, dim (D) > 4.

3.16. CASE. D has an element a such that {1, a, a2} is linearly inde-
pendent.

Choose any element € D such that {1, a, 8, a2} is linearly indepen-
dent. We let E be the set of elements ¢ € k& for which {1,a, B,(a+1B)?} is
linearly independent. Then E is non-empty (since it contains 0). Also,
E is open in the Zariski topology on k£ and therefore is cofinite in k.
Moreover, if t € E, the set

E,={ucE |{1,a,B,(a+tf)a+up)} is linearly independent}

is non-empty and cofinite in E. We will show that (V; — W) is indecom-
posable for each ¢ € E, and that (V; — W) Z(V, — W) if t and u are dis-
tinct elements of E with u € E;. Assuming this has been done we can
complete the proof in this case as follows: Define an equivalence rela-
tion ~ on E by declaring that ¢ ~ u if and only if (V, — D) =(V; — D),
and let T be a set of representatives. Then T # @, and (V; — W) is in-
decomposable for each ¢ € T. Moreover, each equivalence class is finite
and E is cofinite in k. Therefore, if & is infinite, it follows that |T'| = |&]|.

Suppose ¢t € E and u € E; (possibly with ¢ = u), and let ¢: (V; —
W) — (V, — W) be a homomorphism. With the notation of (3.13.1)-
(3.13.3), one can show, by descending induction on i and j, that for all
i,j=0,...,n we have H'PH/ = 0. (Cf. Exercise ) Therefore P =0,
and we again obtain equations (3.14.1). The rest of the proof proceeds
exactly as in Case |3.14 0

The following lemma, whose proof is left as an exercise, is useful
in treating the remaining case, when every element of D satisfies a
monic quadratic equation over k:

3.17. LEMMA. Let ¢ be a field, and let A be a finite-dimensional ¢-
algebra with dimy(A) > 3. Assume that {1,a,a?} is linearly dependent
over ¢ for every a € A. Write A = A1 x---x A, where each A; is local,
with maximal ideal m;. Let Yt =mq x --- x My, the nilradical of A.

(i) If x €N, then x2=0.
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(it) There are at least |¢| distinct rings between ¢ and A.
(iti) If s > 2, then A;/m; = ¢ for each i.
(iv) If s > 3 then |¢| =2. OJ

3.18. ASSUMPTIONS. From now on, we assume that {1, a, a2} is lin-
early dependent over % for each @ € D (and that dimy (D) > 4). We write
D =D x---xDg, where each D; is local, with maximal ideal m;; we let
I =mq x --- x My, the nilradical of D.

3.19. CASE. dim; (D) > 2.

Choose a, f € M so that {1,a, B} is linearly independent. Then a? =
B? =0 by Lemma If {1,a, B, ap} is linearly independent, we can
use the mess to complete the proof. Otherwise, we can write
af=a+ba+cp with a,b,c € k. Multiplying this equation first by «
and then by g, we learn that a8 =0, and we are in Case(3.14 U

3.20. ASSUMPTION. We assume from now on that dim(91) < 1.

From Lemma(3.17|we see that s (the number of components) cannot
be 2. Also, if s = 3, then, after renumbering if necessary, we have
M =mq x0x0 with m; #0. Now put a = (x,1,0), where x is a non-
zero element of m;, and check that {1,a,a?} is linearly independent,
contradicting Assumption We have proved that either s =1 or
s>4.

3.21. CASE. s=1(D is local).

By Assumptions and K := D/ must have degree at least
three over 2. On the other hand, Assumption [3.18| implies that each
element of K has degree at most 2 over k. Therefore K/k is not sep-
arable, char(k) = 2, a2 € k for each a € K, and [K : k] > 4. Now choose
two elements «, f € K such that [k(a, ) : k] =4. By Lemma|3.11|we can
safely pass to the Artinian pair (k,K) and build our modules there; for
compatibility with the notation in Construction|3.13| we rename K and
call it D. Now we have a, 8 € D such that {1,a, 3, af} is linearly inde-
pendent and both a? and 2 are in &. If, now, ¢: (V; — W) — (V, — W)
is a morphism, the mess provides the following equations:

B=(a®+tup?®P + p*(HPH +tHP + uPH), A=Q,

(3.21.1)
A((t-wI+H)=HA, (t+u)P+HP+PH=0.

Suppose ¢ # u. Then t+u # 0 (characteristic 2), and the fourth equation
shows, via a descending induction argument as in Case that P =
0. (Cf. Exercise [3.30]) Now the third equation shows, as in Case
that ¢ is not an isomorphism.
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Now suppose ¢t = u and ¢? = ¢. Using the third and fourth equa-
tions of (3.21.1)), the fact that char(k) = 2, and Lemma we see that
both A and P are in k[H]. In particular, A, P and H commute, and,
since we are in characteristic two, we can square both sides of
painlessly. Equating ¢ and ¢2, we see that P =0 and A = A2. Since
k[H]is local, A=0orI. ]

One case remains:

3.22. CASE. s > 4.

By Lemmal3.17] |k| = 2 and D;/m; = k for each i. By Lemma[3.11]we
can forget about the radical and assume that D =% x--- x k (at least 4
components). Alas, this case does not yield to our general construction,
but Dade’s construction [Dad63] saves the day. (Dade works in greater
generality, but the main idea is visible in the computation that follows.
The key issue is that D has at least 4 components.)

Put W = D™, and let V be the k-subspace of W consisting of all
elements (x, y, x+y, x+Hy, x,...,x), where x and y range over £".
(Again, H is the nilpotent Jordan block with 1’s on the superdiago-
nal.) Clearly DW =V. To see that (V — W) is indecomposable, sup-
pose ¢ is an endomorphism of (V — W), that is, a D-endomorphism
of W carrying V into V. We write ¢ = (a,8,7,0,¢s5,...,€5), where each
component is an n x n matrix over k. Since ¢((x,0,x,x,x,...,x)) and
¢(0,y,y,Hy,0,...,0)) are in V, there are matrices o,7,¢,n satisfying
the following two equations for all x € £™:

(ax, 0, yx, Ox, €5x, ..., €sx)=(0x, Tx, (0 +71)x, (0 +H71)x, 0X, ..., OX)
0, By, vy, 6Hy, 0, ..., 0)=(y, ny, (C+n)y, (E+Hn)y, ¢y, ..., §¥)
The first equation shows that ¢ =(a, «a, ..., a), and the second then

shows that aH = Ha. By Lemma a € k[H] = k[x]/(x™), which is
a local ring. If, now, (p2 = ¢, then a? = a, and hence a =0 or I,,. This
shows that (V — W) is indecomposable and completes the proof of The-
orem 3.7 O

We close the chapter with the following partial converse to The-
orem This statement, the sufficiency of the Drozd-Roiter condi-
tions, is due to Drozd-Roiter [DR6%7] and Green-Reiner [GR78] in the
special case where the residue field A/m is finite. In this case they re-
duced to the situation where where A/m — B/n is an isomorphism for
each maximal ideal n of B. In this situation they showed, via explicit
matrix decompositions, that conditions (drl) and (dr2) imply that A
has finite representation type. These matrix decompositions depend
only on the fact that the residue fields of B are all equal to £, and not
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on the fact that & is finite. The generalization stated here is due to R.
Wiegand [Wie89] and depends crucially on the matrix decompositions
in [GR78].

3.23. THEOREM. Let A = (A — B) be an Artinian pair in which A
is local, with maximal ideal m and residue field k. Assume that B is a
principal ideal ring and either

(i) the field extension k — B/n is separable for every maximal ideal
nof B, or
(it) B is reduced (hence a direct product of fields).

If A satisfies (dr1) and (dr2), then A has finite representation type.

PROOF. As in [GR78] we will reduce to the case where the residue
fields of B are all equal to 2. By (drl) B has at most three maximal
ideals, and at most one of these has a residue field ¢ properly extending
k. Moreover, [/ : k] < 3. Assuming ¢ # k, we choose a primitive element
0 for ¢/k, let f € A[T] be a monic polynomial reducing to the minimal
polynomial for 6 over k&, and pass to the Artinian pair A' = (A’ — B’),
where A’ = A[T1/(f) and B' = B®4 A’ = B[T1/(f). Each of the condi-
tions , guarantees that B’ is a principal ideal ring.

One checks that the Drozd-Roiter conditions ascend to A’, and fi-
nite representation type descends. (This is not difficult; the details
are worked out in [Wie89].) If £(0)/k is a separable, non-Galois exten-
sion of degree 3, then B’ has a residue field that is separable of degree
2 over k, and we simply repeat the construction. Thus it suffices to
prove the theorem in the case where each residue field of B is equal to
k. For this case, we appeal to the matrix decompositions in [GR78],
which work perfectly well over any field. U

§3. Exercises

3.24. EXERCISE. Let m be a maximal ideal of a Noetherian ring R,
and assume that m is not a minimal prime ideal of R. Then {m’ | ¢ > 1}
is an infinite strictly descending chain of ideals.

3.25. EXERCISE. Let (R, m, k) be a commutative local Artinian ring,
and assume £ is infinite.

(i) If ¢4 is a set of pairwise non-isomorphic finitely generated R-
modules, prove that |¢4| < |&|.

(i) Suppose R is not a principal ideal ring. Modify the proof of
Theorem to show that for each n > 1 there is a family ¥, of
pairwise non-isomorphic indecomposable modules, all requir-
ing exactly n generators, with |%,| = |k|. (Hint: Given a unit ¢
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of R,let ¥; = (y+tx)I+xH. Show that an isomorphism between
cok(¥;) and cok(¥,) forces t and u to be congruent modulo m.)

3.26. EXERCISE. Prove Lemmas[3.10 and [3.11]

3.27. EXERCISE. Prove Lemma (For the second assertion,
suppose there are fewer than |/| intermediate rings. Mimic the proof
of the primitive element theorem to show that D = k[a] for some a.)

3.28. EXERCISE. With E and E; as in [3.16], prove that [k —E| <1
and that |[E - E;| < 1.

3.29. EXERCISE. Let A = (A — B) be an Artinian pair, and let C;
and Cq be distinct rings between A and B. Prove that the A-modules
(C1— B) and (Cg — B) are not isomorphic.

3.30. EXERCISE. Work out the details of the descending induction
arguments in Case [3.16| and Case [3.21] (In Case [3.16], assuming that
H*lyH/ = 0 and H'yH/*! = 0, multiply the mess by H' on
the left and H’ on the right. In Case use the fourth equation
in and do the same thing.)






CHAPTER 4

Dimension One

In this chapter we give necessary and sufficient conditions for a
one-dimensional local ring to have finite Cohen-Macaulay type. In the
main case of interest, where the completion R is reduced, these con-
ditions are simply the liftings of the Drozd-Roiter conditions (drl) and
(dr2) of Chapter Necessity of these conditions follows easily from
Theorem To prove that they are sufficient, we will reduce the
problem to consideration of some special cases, where we can appeal
to the matrix decompositions of Green and Reiner [GR78] and, in char-
acteristic two, Cimen [Cim94, Cim98].

Throughout this chapter (R,m,%) is a one-dimensional local ring
(with maximal ideal m and residue field k). Let K denote the total
quotient ring {non-zerodivisors} 'R and R the integral closure of R in
K. If R is reduced (hence CM), then R = R/p; x --- x R/ps, where the p;
are the minimal prime ideals of R, and each ring R/p; is a semilocal
principal ideal domain.

When R is CM, a finitely generated R-module M is MCM if and
only if it is torsion-free, that is, the torsion submodule is zero.

The main result in this chapter is Theorem which states that
a one-dimensional local ring (R, m,k), with reduced completion, has
finite CM type if and only if R satisfies the following two conditions:

(DR1) pr(R)< 3, and
(DR2) “‘%%R is a cyclic R-module.

The first condition just says that the multiplicity of R is at most
three (cf. Theorem [A.29). When the multiplicity is three we have
to consider the second condition. One can check, for example, that
E[[t3,t57] satisfies (DR2) but that 2[¢3,¢1] does not.

The case where the completion is not reduced is dealt with sepa-
rately, in Theorem In particular, we find (Corollary that a
one-dimensional local ring R has finite CM type if and only if its com-
pletion does. The analogous statement fails badly in higher dimension
without some additional assumptions; cf. Chapter Furthermore,

41
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Proposition |4.15|shows that if a one-dimensional CM local ring has fi-
nite CM type, then its completion is reduced; in particular R is an iso-
lated singularity, which property will appear again in Chapter |7, We
also treat the case of multiplicity two directly, without any reduced-
ness assumption.

As a look ahead to later chapters, in [§3| we discuss the alternative
classification of finite CM type in dimension one due to Greuel and
Knérrer in terms of the ADE hypersurface singularities.

§1. Necessity of the Drozd-Roiter conditions

Looking ahead to Chapter[17, we work in a somewhat more general
context than is strictly required for Theorem In particular, we
will not assume that R is reduced, and R will be replaced by a more
general extension ring S. By a finite birational extension of R we mean
aring S between R and its total quotient ring K such that S is finitely
generated as an R-module.

4.1. CONSTRUCTION. Let (R,m,%) be a CM local ring of dimension
one, and let S be a finite birational extension of R. Put ¢ = (R :g S),
the conductor of S into R. This is the largest common ideal of R and
S. Set A =R/c and B = S/c. Then the conductor square of R—S

R——S

(4.1.1) l ln

A~——B

is a pullback diagram, that is, R = 77 (A). Since S is a module-finite
extension of R contained in the total quotient ring K, the conductor
contains a non-zerodivisor (clear denominators), so that the bottom
line A = (A—B) is an Artinian pair in the sense of Chapter

Suppose that M is a MCM R-module. Then M is torsion-free,
so the natural map M — K ®r M is injective. Let SM be the S-
submodule of K ®r M generated by the image of M; equivalently, SM =
(S ®r M)/torsion. If we furthermore assume that SM is a projective S-
module, then the inclusion M/cM—SM/cM gives a module over the
Artinian pair A—B.

In the special case where S is the integral closure R, the situa-
tion clarifies. Since R is a direct product of semilocal principal ideal
domains, and RM is torsion-free for any MCM R-module M, it fol-
lows that RM is R-projective. Thus M/cM—RM/cM is automatically
a module over the Artinian pair R/c—R/c. We dignify this special case
with the notation Ry = (R/c—R/c) and Moy, = (M;cM—RM/cM).
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Now return to the case of an arbitrary finite birational extension
R—S, and let V—W be a module over the associated Artinian pair
A =(A—B)=(R/c—S/c). Assume that there exists a finitely generated
projective S-module P such that W = P/cP. (This is a real restriction;
see the comments below.) We can then define an R-module M by a
similar pullback diagram

M——P

(4.1.2) l lT

Ve——W

so that M = 77 1(V). Using the fact that BV = W, one can check that
SM = P, so that in particular M is a MCM R-module. Moreover,
M/cM =V and SM/cM =W, so that two non-isomorphic A-modules
that are both liftable have non-isomorphic liftings.

If in particular V—W is an A-module of constant rank, so that
W = B™ for some n, then there is clearly a projective S-module P
such that P/cP = W, namely P = S®. Furthermore, in this case M
has constant rank n over R (see Definition [A.27). It follows that every
A-module of constant rank lifts to a MCM R-module of constant rank.
Moreover, every A-module is a direct summand of one of constant rank,
so is a direct summand of a module extended from R.

By analogy with the terminology “weakly liftable” of [ADS93], we
say that a module V—W over the Artinian pair A = R/c—S/c is weakly
extended (from R) if there exists a MCM R-module M such that V—W
is a direct summand of the A-module M/cM—SM/cM. The discussion
above shows that every A-module is weakly extended from R.

Now we lift the Drozd-Roiter conditions up to the finite birational
extension R—S.

4.2. THEOREM. Let (R,m,k) be a local ring of dimension one, and
let S be a finite birational extension of R. Assume that either

() ur(S) >4, or

(i) pr ("FE)>2.
Then R has infinite Cohen-Macaulay type. Moreover, given an arbitrary
positive integer n, there is an indecomposable MCM R-module M of
constant rank n; if k is infinite, there are |k| pairwise non-isomorphic
indecomposable MCM R-modules of constant rank n.

PROOF. The hypotheses imply that either (drl) or (dr2) of Theo-
rem fails for the Artinian pair A = (R/c¢—S/c). Therefore there
exist indecomposable A-modules of arbitrary constant rank n, in fact,
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|k| of them if % is infinite. Each of these pulls back to R, so that there
exist the same number of MCM R-modules of constant rank n for each
n > 1. Furthermore these MCM modules are pairwise non-isomorphic.
Finally, we must show that if V—W is indecomposable and M is a
lifting to R, then M is indecomposable as well. Suppose M =X &Y.
Then SM =SX & SY, and it follows that (V—W) is the direct sum of
the A-modules (X/cX—SX/cX) and (Y/cY —SY/cY). Therefore either
X/cX=0o0rY/cY =0. By NAK, either X =0or Y =0. U

The requisite extension S of Theorem [4.2] always exists if R is CM
of multiplicity at least 4, as we now show.

4.3. PROPOSITION. Let (R, m) be a one-dimensional CM local ring
and set e = e(R), the multiplicity of R. (See Appendix[A|§2]) Then R has

a finite birational extension S requiring e generators as an R-module.

PROOF. Let K again be the total quotient ring of R. Let S,, =(m" :x
m”?) for n > 1, and put S =, S,,. To see that this works, we may
harmlessly assume that % is infinite. (This is relatively standard, but
see Theorem for the details on extending the residue field.) Let
Rf <m be a minimal reduction of m. Choose n so large that

(@) m*l = fm! for i > n, and

(b) pr(m?) =e(R) for i >n.
Since f is a non-zerodivisor (as R is CM), it follows from (a) that S =
S,. We claim that Sf™* = m”. We have Sf" =S,f" < m”. For the
reverse inclusion, let @« € m"”. Then lﬁinmn - f—lnmzn = an ffm” =m".
This shows that fl" € S, and the claim follows. Therefore S = m” (as
R-modules), and now (b) implies that u(S) = e(R). (l

4.4. REMARK. Observe that the proof of the proposition above gives
more than is claimed: for any one-dimensional CM local ring R and
any ideal I of R containing a non-zerodivisor, there exists some n > 1
such that I" is projective as a module over its endomorphism ring S =
Endr(I"), which is a finite birational extension of R. (Ideals projective
over their endomorphism ring are called stable in [Lip71]] and [SV74].)
Since S is semilocal, I" is isomorphic to S as an S-module, whence as
an R-module. Furthermore, n may be taken to be the least integer
such that ur(I") achieves its stable value. Sally and Vasconcelos show
in [SV74, Theorem 2.5] that this n is at most max{1,e(R) — 1}, where
e(R) is the multiplicity of R. This will be useful in Theorem [4.18 below.

4.5. REMARK. With R as in Theorem [4.2] and with % infinite, there
are at most |k| isomorphism classes of R-modules of constant rank.
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To see this, we note that there are at most |k| isomorphism classes of
finite-length modules and that every module of finite length has cardi-
nality at most |k|. Given an arbitrary MCM R-module M of constant
rank n, one can build an exact sequence

0—T—M—R™ —U—0,

in which both T and U have finite length. Let W be the kernel of
R™ — U (and the cokernel of T — M). Since |U| < ||, we see that
|Homp(R™,U)| < |k|. Since there are at most |%| possibilities for U,
we see that there are at most |k|2 = |&| possibilities for W. Since there
are at most |k| possibilities for T', and since |Ext11%(W,T)| < |k|, we see
that there are at most |k| possibilities for M.

§2. Sufficiency of the Drozd-Roiter conditions

In this section we will prove, modulo the matrix calculations of
Green and Reiner [GR78] and Cimen [Cim94, Cim98], that the Drozd-
Roiter conditions imply finite CM type. Recall that a local ring (R, m)
is said to be analytically unramified provided its completion R is re-
duced. The next result gives an equivalent condition [Kru30, Nag58]
for one-dimensional CM local rings, namely finiteness of the integral
closure.

4.6. THEOREM. Let (R, m) be a local ring, and let R be the integral
closure of R in its total quotient ring.
(i) If R is analytically unramified, then R is finitely generated as
an R-module.
(ii) Suppose R is one-dimensional and CM. If R is finitely generated
as an R-module then R is analytically unramified.

PROOF. See [Mat89, p. 263] or [HS06), 4.6.2] for a proof of (i). With
the assumptions in (i), we’ll show first that R is reduced. Suppose x is
a non-zero nilpotent element of R and ¢ a non-zerodivisor in m. Then

x x x
R-cR—5cR—c---
t 28

is an infinite strictly ascending chain of R-submodules of R, contra-
dicting finiteness of R. Now assume that R is reduced and let p;...,ps
be the minimal prime ideals of R. There are inclusions

R—R/p1x--xRlps—Rlp1 x--xRlps =R.
Each of the rings R/p; is a semilocal principal ideal domain. Since R is

a finitely generated R-module, the m-adic completion of R is the prod-
uct of the completions of the localizations of the R/p; at their maximal
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ideals. In particular, the m-adic completign of Ris a dirgct product of
discrete valuation rings. The flatness of R implies that R is contained
in the m-adic completion of R, hence is reduced. U

In the proof of part (1) of the following proposition we encounter the
subtlety mentioned in Construction not every projective module
over B is of the form P/cP for a projective S-module. This is because R
might not be a direct product of local rings. For example, the integral
closure R of the ring R = Clx, e,/ y2—x%—x2) has two maximal ideals
(see Exercise , and so R/c is a direct product By x Bg of two local
rings. Obviously B x 0 does not come from a projective R-module and
hence cannot be the second component of an R,.-module of the form
Mgt. The reader may recognize that exactly the same phenomenon
gives rise to modules over the completion R that don’t come from R-
modules, as we saw in Chapter 2]

Recall that we use the notation M7 | M9, introduced in Chapter
to indicate that M is isomorphic to a direct summand of M.

4.7. PROPOSITION. Let (R, m,k) be an analytically unramified local
ring of dimension one, and assume R # R. Let Ray be the Artinian pair
R/c—R/c.

(i) The functor M ~» My = (M/cM—RM/cM), for M a MCM R-
module, is injective on isomorphism classes.
(it) If M1 and My are MCM R-modules, then M1 | My if and only if
(Ml)art | (M2 )art~
(iit) The ring R has finite CM type if and only if the Artinian pair
R+ has finite representation type.

PROOF. (i) First observe that M ~» My, is indeed well-defined:
since R is a direct t product of principal ideal rings, RM is a projec-
tive R-module, so RM/cM is a projective R/c-module. Thus M,y is a
module over R,. Let M; and My be MCM R-modules, and suppose
that (M1)art = (M9)art. Write (M;)art = (V; — W;), and choose an isomor-
phism ¢: W; — W; such that ¢(V1) = V,. Since RMj, is R- -projective,
we can lift ¢ to an R-homomorphism /R RM; — RMs carrying M,
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into M.
M, RM;,
N
AN v /)(
N s
\\ B ~
M1 —>RM1
My I_BMl
cMq cM1
S AN
My RM,
cMo Mg

Since ¢ € m, the induced R-homomorphism M; — M is surjective, by
NAK. (Here we need the assumption that R # R.) Similarly, M2 maps
onto M1, and it follows that M = M (see Exercise |4.25).

The “only if” direction is clear. For the converse, suppose there
is an R, t-module X = (V — W) such that (M1)art ® X = (M9)art. Write
R =D x---x D, where each D; is a semilocal principal ideal domain.
Put B; = D;/cD;, so that R/c = By x --- x B;. Since RM1, and RMj are
projective R-modules, there are non-negative integers e;, f; such that
RM; =1[;D\*” and RMs = [|;DY”. Then RM1/cM; = [1; B\, simi-
larly RMa/cMs = [1; B/, and W = [1;BY~*". Letting P = [];DY""*",
we see that W = P/cP. As discussed in Construction |4.1] it follows that
there is a MCM R-module N such that N, = X. We see from (i) that
MieN =M.

Suppose Rt has finite representation type, and let Xj,...,X;
be a full set of representatives for the non-isomorphic indecomposable
R,yi-modules. Given a MCM R-module M, write M = X(1n1) ®- - -@Xi’” )
and put j((M]) = (n1,...,ns). By KRS (Theorem [3.6), j is a well-defined
function from the set of isomorphism classes of MCM R-modules to
I\Ig), where Nj is the set of non-negative integers. Moreover, j is injec-
tive, by (@i). Letting X be the image of j, we see, using (ii), that M is
indecomposable if and only if j[M] is a minimal non-zero element of
with respect to the product ordering. Dickson’s Lemma (Exercise [2.20)
says that every antichain (clutter) in I\I(Ot) is finite. In particular, X has
only finitely many minimal elements, and R has finite CM type.

We leave the proof of the converse (which will not be needed here)
as an exercise. 0

4.8. REMARK. It’s worth observing that the proof of Proposition 4.7
uses KRS only over R,., not over R (which is not assumed to be
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Henselian). In fact, since the completion R is reduced, (R)art = Rart.
Indeed, the bottom row R/c—R/c of the conductor square for R is un-
affected by completion since R/c has finite length. Therefore the m-adic
completion of the conductor square for R is

R\%R\@)RE

(4.8.1) l lﬁ

R/c——R/c

which is still a pullback diagram by flatness of the completion. Note
that R ®z R is the integral closure of R. No non-zero ideal of R/c is
contained in R/c, so ker7 is the largest ideal of R ®z R contained in R.
Since also ker 7 contains a non-zerodivisor, ker 7 is the conductor for R
and is the conductor square for R.

In particular, this shows that an analytically unramified local ring
R of dimension one has finite CM type if and only if R does. This is
true as well in the case where R is not reduced; see Corollary
below.

Returning now to sufficiency of the Drozd-Roiter conditions, we will
need the following observation from Bass’s “ubiquity” paper [Bas63,
(7.2)1:

4.9. LEMMA (Bass). Let (R, m) be a one-dimensional Gorenstein lo-
cal ring. Let M be a MCM R-module with no non-zero free direct sum-
mand. Let E = Endg(m). Then E (viewed as multiplications) is a sub-
ring of R which contains R properly, and M has an E-module structure
that extends the action of R on M.

PROOF. The natural inclusion Homg(M,m) — Hompg(M,R) is bi-
jective, since a surjective homomorphism M — R would produce a
non-trivial free summand of M. Now Hompg(M,m) is an E-module
via the action of £ on m by endomorphisms, and hence so is M* =
Hompg(M,R). Therefore M** is also an E-module, and since the canon-
ical map M — M™* is bijective (as R is Gorenstein and M is MCM),
M is an E-module. The other assertions regarding E are left to the
reader. (See Exercise Note that the existence of the module M
prevents R from being a discrete valuation ring.) 0

Now we are ready for the main theorem of this chapter. We will
not give a self-contained proof that the Drozd-Roiter conditions im-
ply finite CM type. Instead, we will reduce to a few special situations
where the matrix decompositions of Green and Reiner [GR78] and Ci-
men [Cim94, Cim98] apply.
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Note that the final statement of Theorem verifies the second
Brauer-Thrall conjecture (see Conjecture [15.1) for analytically unram-
ified one-dimensional rings.

4.10. THEOREM. Let (R,m,k) be an analytically unramified local
ring of dimension one. These are equivalent:

(i) R has finite CM type.
(i1) R satisfies both (DR1) and (DR2).

Let n be an arbitrary positive integer. If either (DR1) or (DR2) fails,
there is an indecomposable MCM R-module of constant rank n; more-
over, if |k| is infinite, there are |k| pairwise non-isomorphic indecompos-
able MCM R-modules of constant rank n.

PROOF. By Theorem . 4.6, R is a finite birational extension of R.
The last statement of the theorem and the fact that ) — now
follow immediately from Theorem . with S = R.

Assume now that (DR1) and (DR2) hold. Let A = R/c and B = R/c,
so that R,,t = (A — B). Then R, satisfies (drl) and (dr2). By Proposi-
tion it will suffice to prove that R, has finite representation type.
If every residue field of B is separable over &, then R, has finite rep-
resentation type by Theorem [3.23

Now suppose that B has a residue field ¢ = B/n that is not separable
over k. By (drl), ¢/k has degree 2 or 3, and ¢ is the only residue field
of B that is not equal to k.

4.11. CASE. /¢/k is purely inseparable of degree 3.

If B is reduced (that is, R is seminormal), we can appeal to Theo-
rem Suppose now that B is not reduced. A careful computation
of lengths (see Exercise 4.27) shows that R is Gorenstein, with exactly
one ring S (the seminormalization of R) strictly between R and R.
By Lemma E :=Endgr(m) 2 .S, and every non-free indecomposable
MCM R-module is naturally an S-module. The Drozd-Roiter condi-
tions clearly pass to the seminormal ring S, which therefore has finite
CM type. It follows that R itself has finite CM type.

4.12. CASE. /¢/k is purely inseparable of degree 2.

In this case, we appeal to Cimen’s tour de force [Cim94, Cim98],
where he shows, by explicit matrix decompositions, that R, has finite
representation type. O

Let’s insert here a few historical remarks. The conditions (DR1)
and (DR2) were introduced by Drozd and Roiter in a remarkable 1967
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paper [DR67]], where they classified the module-finite Z-algebras hav-
ing only finitely many indecomposable finitely generated torsion-free
modules. Jacobinski [Jac67] obtained similar results at about the
same time. The theorems of Drozd-Roiter and Jacobinski imply the
equivalence of (i) and (i) in Theorem [4.10|for rings essentially module-
finite over Z. In the same paper they asserted the equivalence of
and in general. In 1978 Green and Reiner [GR78] verified the
classification theorem of Drozd and Roiter, giving more explicit details
of the matrix decompositions needed to verify finite CM type. Their
proof, like that of Drozd and Roiter, depended crucially on arithmetic
properties of algebraic number fields and thus did not provide immedi-
ate insight into the general problem. An important point here is that
the matrix reductions of Green and Reiner work in arbitrary charac-
teristics, as long as the integral closure R has no residue field properly
extending that of R.

In 1989 R. Wiegand [Wie89] proved necessity of the Drozd-Roiter
conditions (DR1) and (DR2) for a general one-dimensional local ring
(R,m, k) and, via the separable descent argument in the proof of Theo-
rem sufficiency under the assumption that every residue field of
the integral closure R is separable over k. By (DR1), this left only the
case where k& is imperfect of characteristic two or three. In [Wie94], he
used the seminormality argument above to handle the case of charac-
teristic three. Finally, in his 1994 Ph.D. dissertation [Cim94], Cimen
solved the remaining case—characteristic two—Dby difficult matrix re-
ductions. It is worth noting that Cimen’s matrix decompositions work
in all characteristics and therefore confirm the computations done by
Green and Reiner in 1978. The existence of |k| indecomposables of con-
stant rank k&, when |k| is infinite and (DR) fails, was proved by Karr
and Wiegand [KWO09] in 2009.

§3. ADE singularities

Of course we have not really proved sufficiency of the Drozd-Roiter
conditions, since we have not presented the difficult matrix calcula-
tions of Green and Reiner [GR78] and Cimen [Cim94, (Cim98]. If R
contains the field of rational numbers, there is an alternate approach
that uses the classification, which we present in Chapter [6, of the
two-dimensional hypersurface singularities of finite Cohen-Macaulay
type. First we recall the 1985 classification, by Greuel and Knoérrer
[GKS85], of the complete, equicharacteristic-zero curve singularities of
finite Cohen-Macaulay type. Suppose % is an algebraically closed field
of characteristic different from 2,3 or 5. The complete ADE (or simple)
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plane curve singularities over k are the rings kllx, yll/(f), where f is
one of the following polynomials:

(A,): x2+yttl n>1
Dy): x2y+y" 1 n=4
(Eg): x + yt

(Er): x3 +xy3

(Eg): x3 495

We will encounter these singularities again in Chapter 6| Here we
will discuss briefly their role in the classification of one-dimensional
rings of finite CM type. Greuel and Knoérrer [GK85] proved that the
ADE singularities are exactly the complete plane curve singularities
of finite CM type in equicharacteristic zero. In fact, they showed much
more, obtaining, essentially, the conclusion of Theorem [4.2]in this con-
text:

4.13. THEOREM (Greuel-Knorrer). Let (R,m,k) be a reduced com-
plete local ring of dimension one containing Q. Assume that k is alge-
braically closed.

(i) R satisfies the Drozd-Roiter conditions if and only if R is a finite
birational extension of an ADE hypersurface singularity.
(it) Suppose that R has infinite CM type.
(a) There are infinitely many rings between R and its integral
closure.
(b) Foreach n > 1 there are infinitely many isomorphism classes
of indecomposable MCM R-modules of constant rank n. [

Greuel and Knoérrer used Jacobinski’s computations in [Jac67] to
prove that ADE singularities have finite CM type. The fact that fi-
nite CM type passes to finite birational extensions (in dimension one!)
is recorded in Proposition below. We note that can fail for

infinite fields that are not algebraically closed. Suppose, for exam-

ple, that ¢/k is a separable field extension of degree d > 3. Put R =
E +x¢[x]l. Then R = ¢[[x]] is minimally generated, as an R-module,
by {1,x,...,2471}. Theorem implies that R has infinite CM type.
There are, however, only finitely many rings between R and R. In-
deed, the conductor square shows that the intermediate rings
correspond bijectively to the intermediate fields between £ and ¢.

In Chapter 8 we will use the classification of the two-dimensional
complete hypersurface rings of finite CM type to show that the one-
dimensional ADE singularities have finite CM type (even in character-
istic p, as long as p > 7). Then, in Chapter 10| we will deduce that the
Drozd-Roiter conditions imply finite CM type for any one-dimensional
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local ring CM ring (R, m,k) containing a field, provided % is perfect
and of characteristic # 2,3,5. Together with Greuel and Knorrer’s re-
sult and the next proposition, this will give a different, slightly round-
about, proof that the Drozd-Roiter conditions are sufficient for finite
CM type in dimension one.

4.14. PROPOSITION. Let R and S be one-dimensional local rings,
and suppose S is a finite birational extension of R.

(i) For MCM S-modules M and N, we have equality Homgp(M,N) =
Homg(M,N).
(it) Every MCM S-module is a MCM R-module.
(iit) An MCM S-module M is indecomposable over S if and only if

M is indecomposable over R.
(iv) If R has finite CM type, so has S.

PROOF. We may assume that R is CM, else R = S and everything
is boring.

We need only verify that any R-homomorphism is S-linear. Let
¢: M — N be an R-homomorphism. Given any s € S, write s = r/t,
where r € R and ¢ is a non-zerodivisor of R. Then, for any x € M, we
have tp(sx) = p(rx) = rp(x) = tsgp(x). Since N is torsion-free, we have
p(sx) = s@p(x). Thus ¢ is S-linear.

If M is a MCM S-module, then M is finitely generated and
torsion-free, hence MCM, over R.

is clear from (i) and the fact that gM is indecomposable if and
only if Homg(M, M) contains no idempotents. Finally, is clear from
(i11), (@) and the fact that by () non-isomorphic MCM S-modules are
non-isomorphic over R. 0

§4. The analytically ramified case

Let (R, m) be a local Noetherian ring of dimension one, let K be the
total quotient ring {non-zerodivisors} 'R, and let R be the integral clo-
sure of R in K. Suppose R is not finitely generated over R. Then, since
algebra-finite integral extensions are module-finite, no finite subset
of R generates R as an R-algebra, and we can build an infinite as-
cending chain of finitely generated R-subalgebras of R. Each algebra
in the chain is a maximal Cohen-Macaulay R-module, and it is easy
to see (Exercise that no two of the algebras are isomorphic as
R-modules. Moreover, each of these algebras is isomorphic, as an R-
module, to a faithful ideal of R. Therefore R has an infinite family of
pairwise non-isomorphic faithful ideals. It follows (Exercise that
R has infinite CM type. Now Theorem [4.6)implies the following result:
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4.15. PROPOSITION. Let (R,m,k) be a one-dimensional CM local

ring with finite Cohen-Macaulay type. Then R is analytically unrami-
fied. 0

In particular, this proposition shows that R itselfis reduced; equiv-
alently, R is an isolated singularity: R, is a regular local ring (a field!)
for every non-maximal prime ideal p. See Theorem [7.12

What if R is not Cohen-Macaulay? The next theorem ([Wie94,
Theorem 1]) and Theorem provide the full classification of one-
dimensional local rings of finite Cohen-Macaulay type. We will leave
the proof as an exercise.

4.16. THEOREM. Let (R,m) be a local ring of dimension one, and
let N be the nilradical of R. Then R has finite Cohen-Macaulay type if
and only if

(i) R/N has finite Cohen-Macaulay type, and
(i) m*n N =(0) for i > 0. ]

For example, £[[x, yI/(x2, xy) has finite Cohen-Macaulay type, since
(x) is the nilradical and (x,y)?> N (x) = (0). However Ellx, yI/(x3,x2y)
has infinite CM type: For each i > 1, xy*~! is a non-zero element of
(x,y)' Nn(x).

4.17. COROLLARY. Let (R,m) be a local ring of dimensiori one. Then
R has finite CM type if and only if the m-adic completion R has finite
CM type. 0]

PROOF. Suppose first that R is analytically unramified. Since the
bottom lines of the conductor squares for R and for R are identical
(Remark [4.8), it follows from (i11) of Proposition [4.7] that R has finite
CM type 1f and only if R has ﬁmte CM type.

For the general case, let N be the nilradical of R. Suppose R has
finite CM type. The CM ring R/N then has finite CM type by Theo-
rem and hence is analytically unramified by Proposition [4.15] It
follows that N is the nilradical of R. By the first paragraph, R/N has
finite CM type; moreover, @’ NN = (0) for i > 0. Therefore R has fi-
nite CM type. For the converse, assume that R has finite CM type.
Since every MCM R/N-module is also a MCM R- module, we see that
R/N =R/N has finite CM type. | Since R/N is CM, so is R/N and now
Theorem implies that R/N is reduced. By the first paragraph,
R/N has ﬁmte CM type. Now N is contained in the nilradical of R,
so Theorem implies that @i NN = (0) for i > 0. It follows that
m! NN =(0) for i > 0, and hence that R has finite CM type. O
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We shall see in Chapter that finite CM type always descends
from the completion, even in higher dimensions, but that there are
counterexamples to ascent of finite CM type. It is interesting to note
that the proof of the corollary does not depend on the characteriza-
tion (Theorem [4.10) of the one-dimensional analytically unramified
local rings of finite CM type. We remark that in higher dimensions
finite CM type does not always ascend to the completion (see Exam-

ple[10.12).

§5. Multiplicity two

Suppose (R, m) is an analytically unramified one-dimensional local
ring and that dimj,(R/mR) = 2. One can show (cf. Exercise i that R
automatically satisfies (DR2) and therefore has finite CM type. Here
we will give a direct proof of finite CM type in multiplicity two, using
some results in Bass’s “ubiquity” paper [Bas63]. We don’t assume that
R is a finitely generated R-module.

We refer the reader to Appendix[A] [§2|for basic stuff on multiplicity,
particularly for one-dimensional rings.

4.18. THEOREM. Let (R,m,k) be a Cohen-Macaulay local ring of
dimension one, with e(R)=2.

(i) Every ideal of R is generated by at most two elements.
(i1) Every ring S with R < S C R and finitely generated over R is
local and Gorenstein. In particular R itself is Gorenstein.

(iit) Every MCM R-module is isomorphic to a direct sum of ideals
of R. In particular, every indecomposable MCM R-module has
multiplicity at most 2 and is generated by at most 2 elements.

(iv) The ring R has finite CM type if and only if R is analytically
unramified.

PROOF. For (i) we quote Theorem (.

Let S be a module-finite R-algebra properly contained in R.
Then S has a maximal ideal n such that S, is not a DVR. We claim that
S is local. For this, we may assume, by passing to the faithfully flat
extension (R[x])mpg[y], that % is infinite. Choose a principal reduction
(¢) of m (see Theorem [A.20). Suppose n’ is another maximal ideal of
S, and note that t e nnn’. Now £z (S/tS) = eg(S) < 2 by Theorem [A.23]
and the fact that S is isomorphic to an ideal of R (clear denominators).
It follows that nnn’ = St. Localizing at n, we see that nS,, is principal,
a contradiction. Now that we know S is local we return to the general
situation, where & is allowed to be finite. Every ideal I of S is iso-
morphic to an ideal of R and hence is two-generated as an R-module;
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therefore I is generated by two elements as an ideal of S. Since the
maximal ideal of S is two-generated, Exercise guarantees that S
is Gorenstein.

Let M first be a faithful MCM R-module. As M is torsion-
free, the map j: M — K ®r M is injective. Let H ={te K | tj(M) <
J(M)}; then M is naturally an H-module. Since M is faithful, H —
Hompgr(M,M), and thus H is a module-finite extension of R contained
in R. Suppose first that H = R. Then R is reduced by Lemma and
hence R is a principal ideal ring. It follows from the structure theory
for modules over a principal ideal ring that M has a copy of H as a
direct summand, and of course H is isomorphic to an ideal of R. If H
is properly contained in R, then, since H/R has finite length, we can
apply Lemma 4.9 repeatedly, eventually getting a copy of some subring
of H as a direct summand of M. In either case, we see that M has a
faithful ideal of R as a direct summand.

Suppose, now, that M is an arbitrary MCM R-module, and let
I = Ann(M). Then R/I embeds in a direct product of copies of M (one
copy for each generator); therefore R/I has depth 1 and hence is a one-
dimensional CM ring. Of course e(R/I) < 2, and, since M is a faithful
MCM R/I-module, M has a non-zero ideal of R/I as a direct summand.
To complete the proof, it will suffice to show that R/I is isomorphic
to an ideal of R. Dualizing over R, we have (R/I)* = Ann(I), an ideal
of height 0 (since I # 0). Therefore R/Ann(I) has positive multiplicity
and hence, by Theorem (i), Ann(l) is a principal ideal. There-
fore (R/I)* is a cyclic R-module. Choosing a surjection R — (R/I)*, we
get an injection (R/I)** — R. But R/I, being a MCM module over a
Gorenstein ring, is reflexive (Theorem [11.5), and we have R/I — R.

The “only if” implication is Proposition [4.15] For the converse,
we assume that R is analytically unramified, so that R is a finitely
generated R-module by Theorem It will suffice, by item (i), to
show that R has only finitely many ideals up to isomorphism. We first
observe that every submodule of R/R is cyclic. Indeed, if H is an R-
submodule of R and H 2 R, then H is isomorphic to an ideal of R,
whence is generated by two elements, one of which can be chosen to be
1g. Since R/R in particular is cyclic, it follows that R/R =R/(R :g R) =
R/c. Thus every submodule of R/c is cyclic; but then R/c is an Artinian
principal ideal ring and hence R/c has only finitely many ideals. Since
R/R = R/c, we see that there are only finitely many R-modules between
R and R.

Given a faithful ideal I of R, put E = (I :g I), the endomorphism
ring of I. Then I is a projective E-module by Remark Since E
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is semilocal, I is isomorphic to E as an E-module and therefore as an
R-module. In particular, R has only finitely many faithful ideals up to
R-isomorphism.

Suppose now that </ is a non-zero unfaithful ideal; then R is not
a domain. Notice that if R had more than two minimal primes p;,
the direct product of the R/p; would be an R-submodule of R requir-
ing more than two generators. Therefore R has exactly two minimal
prime ideals p and q. Exercise implies that o/ is a faithful ideal
of either R/p or R/q. Now R/p and R/q are discrete valuation rings:
if, say, R/p were properly contained in R/p, then R/p x R/q would need
at least three generators as an R-module. Therefore there are, up to
isomorphism, only two possibilities for /. U

§6. Ranks of indecomposable MCM modules

Suppose (R, m,k) is a reduced local ring of dimension one, and let
P1,...,ps be the minimal prime ideals of R. Recall that the rank of a
finitely generated R-module M is the s-tuple rankgr(M) = (r1,...,rs),
where r; is the dimension of M, as a vector space over the field Ry,.
If R has finite CM type, it follows from (DR1) and Theorem that
s < e(R) < 3. There are universal bounds on the ranks of the indecom-
posable MCM R-modules, as R varies over one-dimensional reduced
local rings with finite CM type. The precise ranks that occur have
recently been worked out by Baeth and Luckas [BL10].

4.19. THEOREM. Let (R, m) be a one-dimensional, analytically un-
ramified local ring with finite CM type. Let s < 3 be the number of
minimal prime ideals of R.

(i) If R is a domain, then every indecomposable finitely generated
torsion-free R-module has rank 1, 2, or 3.

(it) If s = 2, then the rank of every indecomposable finitely gener-
ated torsion-free R-module is among the following possibilities:
(0,1), (1,0), (1,1), (1,2), (2,1), or (2,2).

(iti) If s = 3, then one can choose a fixed ordering of the minimal
prime ideals so that the rank of every indecomposable finitely
generated torsion-free R-module is among the following possi-
bilities: (0,0,1), (0,1,0), (1,0,0), (0,1,1), (1,0,1), (1,1,0), (1,1,1),

or(2,1,1).
Moreover, there are examples showing that each of these possibilities
actually occurs. O

The lack of symmetry in the last possibility is significant: One can-
not have, for example, both an indecomposable of rank (2,1,1) and one
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of rank (1,2,1). An interesting consequence of the theorem is a uni-
versal bound on modules of constant rank, even in the non-local case.
First we note the following local-global theorem [WW94]:

4.20. THEOREM (Wiegand and Wiegand). Let R be a reduced ring
of dimension one with finitely generated integral closure, let M be a
finitely generated torsion-free R-module, and let r be a positive integer.
If, for each maximal ideal m of R, the Ry-module My, has a direct
summand of constant rank r, then M has a direct summand of constant
rank r. O

4.21. COROLLARY. Let R be a one-dimensional reduced ring with
finitely generated integral closure. Assume that Ry, has finite Cohen-
Macaulay type for each maximal ideal m of R. Then every indecom-

posable finitely generated torsion-free R-module of constant rank has
rank 1, 2, 3, 4, 5 or 6. O

Theorem and Corollary correct an error in a 1994 paper
of R. and S. Wiegand [WW94]] where it was claimed that the sharp
universal bounds were 4 in the local case and 12 in general.

If one allows non-constant ranks, there is no universal bound, even
if one assumes that all localizations have multiplicity two [Wie88].
An interesting phenomenon is that in order to achieve rank (r1,...,ry)
with all of the r; large, one must have the ranks sufficiently spread
out. For example [BL10, Theorem 5.5], if R has finite CM type locally
and n > 8, every finitely generated torsion-free R module with local
ranks between n and 2n — 8 has a direct summand of constant rank 6.

§7. Exercises

4.22. EXERCISE. Let R = Clx,y)x/(y? — %% —x?). Prove that the
integral closure R is R [%] and that R has two maximal ideals. Prove
that the completion R = Cl[x, yI/(y% — x% — x®) has two minimal prime
ideals. Show that the conductor square for R is

R—— kltly

| ]

kﬁka

where A is the diagonal embedding, U is a certain multiplicatively
closed set, and the right-hand vertical map sends ¢ to (1,—1).

4.23. EXERCISE. Let R be a one-dimensional CM local ring with
integral closure R, and let M be a torsion-free R-module. Show that
R ®r M is torsion-free over R if and only if M is free.
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4.24. EXERCISE. Let cq,...,c, be distinct real numbers, and let S
be the subring of R[Z] consisting of real polynomial functions f satisfy-
ing

fle)=--=f(cn) and f®(c;)=0
foralli=1,...,nand k =1,...,3, where f®) denotes the k" derivative.
Let S’ be the semilocalization of S at the union of prime ideals (¢—c1)U
---U(t—cp). Let m={f €S|f(c1)=0}, and set R =S,,. Show that m is
a maximal ideal of S and that

R¢ S’

| |

R klt11/(t2) x -+ x k[t )(t2)

is the conductor square for R.

4.25. EXERCISE. Let A be a ring (not necessarily commutative),
and let M1 and My be Noetherian left A-modules. Suppose there ex-
ist surjective A-homomorphisms M — My and My — M;. Prove that
M; = Ms. (Cf. Exercise[1.27])

4.26. EXERCISE. Prove the “only if” direction of in Proposi-
tion (Hint: Use the fact that any indecomposable R ,..-module is
weakly extended from R, and use KRS (Theorem [3.6). See Proposi-
tion [10.4]if you get stuck.)

4.27. EXERCISE ([Wie94, Lemma 4]). Let (R,m,k) be a reduced
local ring of dimension one satisfying (DR1) and (DR2). Assume that R
has a maximal ideal n such that ¢ = R/n has degree 3 over k. Further,
assume that R is not seminormal (equivalently, R/c is not reduced).
Prove the following:

() R is local and mR =n.

(ii) There is exactly one ring strictly between R and R, namely S =

R +n.
(iii) R is Gorenstein.
(iv) S is seminormal.

4.28. EXERCISE. Let (R,m) be a one-dimensional CM local ring
which is not a discrete valuation ring. Let R be the integral closure
of R in its total quotient ring K. Identify E = {ce K | cm € m} with
Endg(m) via the isomorphism taking ¢ to multiplication by c¢. Prove
that E <R and that E contains R properly.

4.29. EXERCISE. Let (R,m,k) be a one-dimensional reduced local
ring for which R is generated by two elements as an R-module. Prove
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that R satisfies the second Drozd-Roiter condition (DR2). (Hint: Pass
to R/c and count lengths carefully.)

4.30. EXERCISE. Let R be a commutative ring with total quotient
ring K = {non-zerodivisors} 'R.

(i) Let M be an R-submodule of K. Assume that M contains a
non-zerodivisor of R. Prove that Endr(M) is naturally identi-
fied with {¢ € K | aM < M}, so that every endomorphism of M
is given by multiplication by an element of K.

(i1) ((W1ie94, Lemma 1]) Suppose A and B are subrings of K with
R < AnB. Prove that if A and B are isomorphic as R-modules
then A = B.

4.31. EXERCISE. Let R be a reduced one-dimensional local ring.
Suppose R has an infinite family of ideals {I;} that are pairwise non-
isomorphic as R-modules. Prove that R has infinite CM type. (Hint:
the Goldie dimension of R is the least integer s such that every ideal
of R is a direct sum of at most s indecomposable ideals. Prove that
§ <00.)

4.32. EXERCISE. Prove Theorem [4.16]

4.33. EXERCISE ([Bas63, Theorem 6.4]). Let (R,m) be a CM local
ring of dimension one, and suppose m can be generated by two ele-
ments. Prove that R is Gorenstein.

4.34. EXERCISE. Let (R,m) be a reduced local ring of dimension
one, and let M be a MCM R-module. Prove that (0 :g M) is the inter-
section of the minimal prime ideals p for which M} # 0.






CHAPTER 5

Invariant Theory

In this chapter we describe an abundant source of MCM modules
coming from invariant theory. We consider finite subgroups G of the
general linear group GL(n,k) with |G| invertible in the field &, acting
by linear changes of variable on the power series ring S = k[[x1,...,x,]l.
The invariant subring R = S¢ is a complete local CM normal domain
of dimension n, and comes equipped with a natural MCM module,
namely the ring S considered as an R-module. The main goal of this
chapter is a collection of one-one correspondences between:

(i) the indecomposable R-direct summands of S;
(i1) the indecomposable projective modules over the endomorphism
ring Endg(S);
(iii) the indecomposable projective modules over the skew group
ring S#G; and
(iv) the irreducible k-representations of GG.

We also introduce two directed graphs (quivers), the McKay quiver
and the Gabriel quiver, associated with these data, and show that they
are isomorphic.

In the next chapter we will specialize to the case n = 2, and show
that in fact every indecomposable MCM R-module is a direct sum-
mand of S, so that the correspondences above classify all the MCM
R-modules.

§1. The skew group ring

We begin with a little general invariant theory of arbitrary comm-
utative rings, focusing on a central object: the skew group ring.

5.1. NOTATION. Fix the following notation for this section. Let S
be an arbitrary commutative ring and G < Aut(S) a finite group of
automorphisms of S. We always assume that |G| is a unit in S. Let
R = S€ Dbe the ring of invariants, so s € R if and only if o(s) = s for
every o € Q.

5.2. EXAMPLE. Two central examples are given by linear actions
on polynomial and power series rings. Let & be a field and V' a k-vector

61
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space of dimension n, with basis x1,...,x,. Let G be a finite subgroup
of GL(V) = GL(n, k), acting naturally by linear changes of coordinates
on V. We extend this action to monomials x7" .- xo" multiplicatively,
and then to all polynomials in x1,...,x, by linearity. This defines an
action of G on the polynomial ring k[x1,...,x,]. Extending the action
of G to infinite sums in the obvious way, we obtain also an action on
the power series ring k[[x1,...,x,]. In either case we say that G acts
on S via linear changes of variables.

It is an old result of Cartan [Car57] that when S is either the
polynomial or the power series ring, we may assume that the action
of an arbitrary subgroup G < Aut;(S) is in fact linear. This is the first
instance where the assumption that |G| be invertible in S will be used,;
it will be essential throughout.

5.3. LEMMA (Cartan). Let k be a field and let S be either the poly-
nomial ring klx1,...,x,] or the power series ring kllxi,...,x,1. Let
G < Auti(S) a finite group of k-algebra automorphisms of S with |G|
invertible in k. Then there exists a finite group G' < GL(n, k), acting on
S via linear changes of variables, such that SG' = 8¢,

PROOF. Let V = (xl,...,xn)/(xl,...,xn)2 be the vector space of lin-
ear forms of S. Then G acts on V, giving a group homomorphism
¢: G — GL(V). Set G’ = ¢(G), and extend the action of G’ linearly to
all of S by linear changes of variables as in Example

Define a ring homomorphism 6: S — S by the rule

1
0(s)=— Y (o) a(s).
(€] oeG

Since 0 restricts to the identity on V, it is an automorphism of S. For
an element 7 € G, we have ¢(1)of = o1 as automorphisms of S. Hence
the actions of G and G’ are conjugate, and it follows that SG¢' =8¢ [

Let S, G, and R be as in[5.1l The fact that |G| is invertible allows
us to define the Reynolds operator p: S — R by sending s € S to the
average of its orbit:

1
(8)=— ) ol(s).
N
Then p is R-linear, and it splits the inclusion R < S, thereby making
R an R-direct summand of S. It follows (Exercise [5.27) that ISNR =
I for every ideal I of R, whence R is Noetherian, respectively local,
respectively complete, if S is.
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The extension R — S is integral. Indeed, every element s € S is a
root of the monic polynomial [],cq (x — 0(s)), whose coefficients are el-
ementary symmetric polynomials in the conjugates {o(s)}, so are in R.
In particular it follows that R and S have the same Krull dimension.

Suppose that S is a domain with quotient field K, and let F' be the
quotient field of R. Then G acts naturally on K, and by Exercise [5.28
the fixed field is F', so that K/F is a Galois extension with Galois group
G.

If S is a Noetherian domain, then S is a finitely generated R-
module. Since this fact seems not to be well-known in this generality,
we give a proof here. We learned this argument from [BDO0S8]. For the
classical result that finite generation holds if S is a finitely generated
algebra over a field, see Exercise [5.29

5.4. PROPOSITION. Let S be a Noetherian integral domain and let
G < Aut(S) be a finite group with |G| invertible in S. Set R = SC. Then
S is a finitely generated R-module of rank equal to |G|.

PROOF. Let F and K be the quotient fields of R and S, respectively.
The Reynolds operator p: S — R extends to an operator p: K — F
defined by the same rule. (In fact p is nothing but a constant multiple
of the usual trace from K to F'.)

Fix a basis a1,...,a, for K over F. We may assume that a; € S for
each i. Indeed, if s/t € K with s and ¢ in S, we may multiply numerator
and denominator by product of the distinct images of ¢ under G to
assume t € R, then replace s/t by s without affecting the F-span.

By [Lan02, Corollary VI.5.3], there is a dual basis af,...,a), such
that p(aia;.) =6;j. Let M denote the R-module span of {a},...,a}}
in K. We claim that S € M, so that S is a submodule of a finitely
generated R-module, hence is finitely generated.

Let s € S, and write s = }¥; fia! with f1,...,f, € F. It suffices to
prove that f; € R for each j. Note that since a;j € S for each j, we have
p(saj)eR for j=1,...,n. But

P(Saj)=Zfiaia}=fj

so that S € M, as claimed. The statement about the rank of S over R
is immediate. U

If in addition S is a normal domain then the same is true of R.
Indeed, any element a € F' which is integral over R is also integral
over S. Since S is integrally closed in K, we have a e SNF =R.

Finally, if S and R are local rings, then we have by Exercise [5.30
that depthR > depthS. In particular R is CM if S is, and in this case
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S is a MCM R-module. (This statement, for example, is quite false if
|G| is divisible by char(k) [Fog81].)

We now introduce the skew, or twisted, group ring.

5.5. DEFINITION. Let S be a ring and G € Aut(S) a finite group of
automorphisms with order invertible in S. Let S#G denote the skew
group ring of S and G. As an S-module, S#G = @,cq S -0 is free on the
elements of G; the product of two elements s-o and ¢-7 is

(s-o)t-1)=s0(t)-07.
Thus moving o past t “twists” the ring element.

5.6. REMARKS. In the notation of Definition [5.5, a left S#G-module
M is nothing but an S-module with a compatible action of G, in the
sense that og(sm) = o(s)o(m) for all c € G, s€ S, m € M. We have
o(st)=o(s)o(t) for all s and £ in S, and so S itselfis a left S#G-module.
Of course S#G is also a left module over itself.

Similarly, an S#G-linear map between left S#G-modules is an S-
module homomorphism f: M — N respecting the action of GG, so that
f(og(m)) = o(f(m)). This allows us to define a left S#G-module struc-
ture on Homg(M,N), when M and N are S#G-modules, by o(f)(m) =
o(f(c~1(m))). It follows that an S-linear map f: M — N between
S#G-modules is S#G-linear if and only if it is invariant under the G-
action. Indeed, if o(f) = f for all o € G, then f(m) = o(f(c~1(m))), so
that o~ 1(f(m)) = f(o~1(m)) for all o € G. Concisely,

(5.6.1) Homguq(M,N) = Homg(M,N)C .

Since the order of G is invertible in S, taking G-invariants of an
S#G-modules is an exact functor (Exercise [5.32). In particular, —¢
commutes with taking cohomology, so (5.6.1) extends to higher Exts:

(5.6.2) Extl,.(M,N) = Extsy(M,N)%

for all S#G-modules M and N and all i >> 0. This has the following
wonderful consequence, the easy proof of which we leave as an exer-
cise.

5.7. PROPOSITION. An S#G-module M is projective if and only if it
is projective as an S-module. 0

5.8. COROLLARY. If S is a polynomial or power series ring in n

variables, then the skew group ring S#G has global dimension equal to
n. U

We leave the proof of the corollary to the reader as well; the next
example will no doubt be useful.
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5.9. EXAMPLE. Set S be either the polynomial ring k[x1,...,x,]
or the power series ring kllx1,...,x,1l, with G < GL(n,k) acting by
linear changes of variables as in Example The Koszul complex
K. on the variables x = x1,...,x, is a minimal S#G-linear resolution
of the residue field £ of S (with trivial action of G). In detail, let
V = (xl,...,xn)/(x;l,...,xn)2 be the k-vector space with basis x1,...,x,,
and

p
K,=K,(x,S)=S&, \V
for p > 0. The differential 0, : K, — K} _1 is given by

p
OpCxiy Ao Axi,) = Y (1Yl (g A AKG A AR,
j=1

where {x;; A---Ax; }, 1 <11 <ig<-<ip<n, are the natural basis
vectors for AP V. Since the x; form an S-regular sequence, K. is acyclic,
minimally resolving &.

The exterior powers APV carry a natural action of G, by o(x;, A
o Axi, ) =0(xi)) A+ Ao(x;,), and it’s easy to see that the differentials
0, are S#G-linear for this action. Since the modules appearing in K.
are free S-modules, they are projective over S#G, so we see that K,
resolves the trivial module 2 over S#G. Since every projective over
S#G 1is free over S, the Depth Lemma then shows that pdgyg 2 cannot
be any smaller than n.

5.10. REMARK. Let S and G be as in The ring S sits inside
S#G naturally via S =S -1g. However, it also sits in a more sym-
metric fashion via a modified version of the Reynolds operator. Define
p: S — S#G by

N 1

p(s) Gl UEGG(S) 0.
One checks easily that p is an injective ring homomorphism, and that
the image of p is equal to (S#G)”, the fixed points of S#G under the
left action of G. In particular, p(1) is an idempotent of S#G.

§2. The endomorphism algebra

The “twisted” multiplication on the skew group ring S#G is cooked
up precisely so that the homomorphism

yY: S#G — Endg(S), Y(s-o)(t)=so(t),

is a ring homomorphism extending the group homomorphism G —
Endr(S) that defines the action of G on S. In words, y simply considers
an element of S#G as an endomorphism of S.
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In general, y is neither injective nor surjective, even when S is a
polynomial or power series ring. Under an additional assumption on
the extension R — S, however, it is both, by a theorem due to Aus-
lander [Aus62,, Prop. 3.4]. We turn now to this additional assumption,
explaining which will necessitate a brief detour through ramification
theory. See Appendix [B|for the details.

Recall (Definition that a local homomorphism of local rings
(A,m,k) — (B,n,f) which is essentially of finite type is said to be un-
ramified provided mB = n and the induced homomorphism A/m —
B/mB is a finite separable field extension. Equivalently, the exact se-
quence

(5.10.1) 0—— ¢§——BeyB——B——0,

where u: B®4 B — B is the diagonal map defined by w(b ® b') = bd’
and _¢ is the ideal of B ®4 B generated by all elements of the form
b®1-1®b, splits as B ®4 B-modules (this is Proposition [B.9). We say
that a ring homomorphism A — B which is essentially of finite type
is unramified in codimension one if the induced local homomorphism
Agna — By is unramified for every prime ideal q of height one in B. If
A — B is module-finite, then it is equivalent to quantify over height-
one primes in A.

In order to leverage codimension-one information to give a global
conclusion, we will use a general lemma about normal domains due to
Auslander and Buchsbaum [AB59], which will reappear repeatedly in
other contexts.

5.11. LEMMA. Let A be a normal domain and let f: M — N be a
homomorphism of finitely generated A-modules such that M satisfies
the condition (Sg) and N satisfies (S1). If f, is an isomorphism for
every prime ideal p of codimension 1in A, then f is an isomorphism.

PROOF. Set K = kerf and C = cokf, so that we have the exact
sequence

(5.11.1) 0—K— M- N——c——0.

Since f(o) is an isomorphism, K = 0, which means that K is annihi-
lated by a non-zero element of A. But M is torsion-free, so K = 0. As
for C, suppose that C # 0 and choose p € AssC. Then p has height at
least 2. Localize at p:

0——M,——N,——Cy——0.
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As M is reflexive, it satisfies (Sg2), so M, has depth at least 2. On
the other end, however, Cy, has depth 0, which contradicts the Depth
Lemma. O

5.12. THEOREM (Auslander). Let (S,n) be a normal domain and
let G be a finite subgroup of Aut(S) with order invertible in S. Set
R =SC. If R — S is unramified in codimension one, then the ring
homomorphism y: S#G — Endg(S) defined by y(s-o)(t) = so(t) is an
isomorphism.

PROOF. Since S#G is isomorphic to a direct sum of copies of S as
an S-module, it satisfies (Sg) over R. The endomorphism ring Endg(S)
has depth at least min{2,depth S} over each localization of R by Exer-
cise |5.37, so satisfies (S1). Thus by Lemma [5.11] it suffices to prove
that y is an isomorphism in height one. At height one primes, the ex-
tension is unramified, so we may assume for the proof that R — S is
unramified.

The strategy of the proof is to define a right splitting Endg(S) —
S#G for y: S#G — Endr(S) based on the diagram below.

Y

S#G Endg(S)
(5.12.1) ﬁT lf»—»f@ﬁ
S &R (S#G) ———— Homg(S & S, S or (SHQ))

We now define each of the arrows in (5.12.1) in turn. Recall from
Remark that the homomorphism

1
p: S — S#G, p(s)=— ) o(s)-o
|G|0€G

embeds S as the fixed points (S#G)” of S#G. Thus — ® p defines the
right-hand vertical arrow in (5.12.1).
Since we assume R — S is unramified, the short exact sequence

(5.12.2) 0—— ¢— S8 S——S——0

splits as S ®g S-modules, where again u: S®r S — S is the diagonal
map and _¢ is generated by all elements of the form s®1-1®s forseS.
Tensoring (5.12.2) on the right with S#G thus gives another split exact
sequence

(5.12.3) 0—— 7 ®g (S#G)——S ®F (S#G)——S#G——0

with (t®s-0) = ts-o0 € S#G defining the left-hand vertical arrow
in (5.12.1).
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Let j: S — S ®g S be a splitting for (5.12.2), and set € = j(1). Then
ue)=1and

(5.12.4) (1®s—s®1)=0
for all s € S. Evaluation at e € S ®g S defines
eve: Homg(S ®r S,S ®g (S#G)) — S ®r (S#G),

the bottom row of the diagram. Now we show that for an arbitrary
f € Endgr(S), we have
_ R 1
Y(H (eVe (f®P))) = @f-

Write € =) ; x; ® y; for some elements x;,y; € S. We claim first that
1
;xio'(yi) = {0
To see this, note that
(s®1) (le ®yi) =(1®s) (le ®yi)
i i

for every s € S by (5.12.4). Apply the endomorphism 1®0 to both sides,
obtaining

if 0 =1, and
otherwise.

sti ®0o(y;)= in ®oa(s)a(y;).

Collapse the tensor products with u: S®rS — S, and factor each side,
getting

s (ina(yi)) =0o(s) (ina(yi)) .

This holds for every s € S, so that either 0 =15 or }_; x;0(y;) =0, prov-
ing the claim.
Now fix f € Endg(S) and s € S. Unravelling all the definitions, we
find
YlE[(fep)@]] () =y [E[(f p) (D_;xi ® i) ]] ()
=y [E(X f @) ® py))] (s)
=y [(3F &)D())] (s)
1

=y [(Zif(xi)(lGlzga(yi)-a))] (s)

1
= @Zif(xi)(zaa(yi)a(S)) :
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Now, since the sum over o is fixed by G, it lives in R, so

1
=gt (Cw (Eoo006)

_ é £ (X, (X xi0(n) o)

1
= @f(zixiyﬁ)

by the claim. By the definition of € = } x; ® y;, this last expression
is equal to ﬁf(s), as desired. Therefore y: S#G — Endgr(S) is a
split surjection. Since both source and target of y are torsion-free R-
modules of rank equal to |G |2, this forces Y to be an isomorphism. [

When S is a polynomial or power series ring and G < GL(n,k) acts
linearly, the ramification of R — S is explained by the presence of
pseudo-reflections in G.

5.13. DEFINITION. Let & be a field. An element o € GL(n, k) of finite
order is called a pseudo-reflection provided the fixed subspace V7 =
{vek™|o(v)=v} has codimension one in ™. Equivalently, o - I,
has rank 1. We say a subgroup G < GL(n,k) is small if it contains no
pseudo-reflections.

If a pseudo-reflection o is diagonalizable, then o is similar to a
diagonal matrix with diagonal entries 1,...,1,4 with 1 # 1 a root of
unity. In fact, one can show (Exercise that a pseudo-reflection
with order prime to char(k) is necessarily diagonalizable.

The importance of pseudo-reflections in invariant theory is high-
lighted by the foundational theorem of Chevalley-Shephard-Todd (The-
orem [B.27), which says that, in the case S = kl[x1,...,x,]l, the invari-
ant ring R = SY is a regular local ring if and only if G is generated by
pseudo-reflections. More relevant for our purposes, pseudo-reflections
control the “large ramification” of invariant rings. We banish the proof
of this fact to the Appendix (Theorem [B.29).

5.14. THEOREM. Let k be a field and let G < GL(n,k) be a finite
group with order invertible in k. Let S be either the polynomial ring
klx1,...,x,] or the power series ring kllx1,...,x,]1l, with G acting by lin-
ear changes of variables. Set R = SC. Then the extension R — S is
unramified in codimension one if and only if G is small. [

In fact, by a theorem of Prill, we could always assume that G is
small. Specifically, we may replace S and G by another power series
ring S’ (possibly with fewer variables) and finite group G’, respectively,
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so that G’ is small and S'¢' = SG. See Proposition for this, which
we will not use in this chapter.

In view of Theorem [5.14] we can restate Theorem [5.12| as follows
for linear actions.

5.15. THEOREM. Let k be a field and let G < GL(n,k) be a finite
group with order invertible in k. Let S be either the polynomial ring
klx1,...,x,] or the power series ring kllx1,...,x,]1l, with G acting by
linear changes of variables. Set R = S¢. If G contains no pseudo-
reflections, then the natural homomorphism y: S#G — Endg(S) is an
isomorphism.

5.16. COROLLARY. With notation as in Theorem assume that
G contains no pseudo-reflections. Then we have ring isomorphisms

S#G —— (S#G)? — Endgsq(S#G) —— Endg(S)

where (s-0)=0"1s)-071, v(s-0)¢-7) = (¢-T)(s-0), and res is restriction
to the subring p(S) = (S#G)C. The composition of these maps is the
isomorphism y. These isomorphisms induce one-one correspondences
between

(i) the indecomposable direct summands of S as an R-module;
(it) the indecomposable direct summands of Endgr(S) as a (left)
Endr(S)-module; and
(iii) the indecomposable direct summands of S#G as a (left) S#G-
module.

Explicitly, if Py,...,Pq are the indecomposable summands of S#QG, then
PJG, for j=0,...,d, are the direct summands of S as an R-module. They
are in particular MCM R-modules.

PROOF. It’s easy to check that : and v are isomorphisms, and that
the composition resovor is equal to y. The primitive idempotents of
Endgr(S) correspond both to the indecomposable R-direct summands
of S and to the indecomposable Endg(S)-projectives, while those of
Endg#c(S#G) correspond to the indecomposable S#G-projective mod-
ules. The fact that (S#G) = S implies the penultimate statement, and
the fact that S is MCM over R was observed already. O

We have not yet shown that the indecomposable direct summands
of S#G as an S#G-module are all the indecomposable projective S#G-
modules. This will follow from the first result of the next section,
where we prove that projective modules over S#G (and hence over
Endgr(S)) satisfy KRS when S is complete.
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§3. Group representations and the McKay-Gabriel quiver

The module theory of the skew group ring S#G, where G < GL(n, k)
acts linearly on the power series ring S, faithfully reflects the repre-
sentation theory of G. In this section we make this assertion precise.

Throughout the section, we consider linear group actions on power
series rings, so that G € GL(n,k) is a finite group of order relatively
prime to the characteristic of &, acting on S = k[[x1,...,x,] by linear
changes of variables, with invariant ring R = S¢. Let S#G be the
skew group ring.

5.17. DEFINITION. Let M be an S#G-module and W a k-represen-
tation of G, that is, a module over the group algebra £G. Define an
S#G-module structure on M ®;, W by the diagonal action

socimeow)=so(m)®o(w).

Define a functor & from the category of finite-dimensional k-rep-
resentations W of G to that of finitely generated S#G-modules by

FW)=Ser,W

and similarly for homomorphisms. For any W, (W) is obviously a
free S-module and thus a projective S#G-module.

In the opposite direction, let P be a finitely generated projective
S#G-module. Then P/nP is a finite-dimensional k-vector space with
an action of GG, that is, a k-representation of G. Define a functor ¢
from projective S#G-modules to k-representations of G by

4(P)=P/nP
and correspondingly on homomorphisms.

5.18. PROPOSITION. The functors & and 9 form an adjoint pair,
that is,

Homy,q(4(P),W) = Homgya(P, F(W)),
and are inverses of each other on objects. Concretely, for a projective
S#G-module P and a k-representation W of G, we have
Se®p,PmP =P

and
S W)n(Se, W)=W.

In particular, there is a one-one correspondence between isomorphism
classes of indecomposable projective S#G-modules and irreducible k-
representations of G.
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PROOF. It is clear that ¥(%#(W)) = W, since
S W)n(Se,W)=She, W=W.

To show that the other composition is also the identity, let P be a pro-
jective S#G-module. Then % (¥4(P)) =S ®; P/nP is a projective S#G-
module, with a natural projection onto P/nP. Of course, the original
projective P also maps onto P/nP. This latter is in fact a projective
cover of P/nP (since idempotents in £G lift to S#G via the retraction
kG — S#G — kG@G). There is thus a lifting S ®;, P/nP — P, which is
surjective modulo nP. NAK then implies that the lifting is surjective,
so split, as P is projective. Comparing ranks over S, we must have
S®,PmP=P. U

5.19. COROLLARY. Let Vy,...,V4 be a complete set of pairwise non-
isomorphic irreducible kG-modules. Then

S®,Vp,...,S®,Vy

is a complete set of non-isomorphic indecomposable finitely generated
projective S#G-modules. Furthermore, the category of finitely generated
projective S#G-modules satisfies the KRS property, i.e. each finitely gen-
erated projective P is isomorphic to a unique direct sum EB‘;:O(S ®p

V; ), O

Putting together the one-one correspondences obtained so far, we
have

5.20. COROLLARY. Let k be a field, let S = kllx1,...,x,]1, and let
G < GL(n,k) be a finite group acting linearly on S without pseudo-
reflections and such that |G| is invertible in k. Then there are one-one
correspondences between

(i) the indecomposable direct summands of S as an R-module;
(ii) the indecomposable finitely generated projective (left) Endg(S)-
modules;
(iii) the indecomposable finitely generated projective (left) S#G-mod-
ules; and
(iv) the irreducible kG-modules.
The correspondence between the first and last items is induced by the
equivalence of categories between k-representations of G and addg(S)
defined by W — (S ®;, W)©.
Explicitly, if Vy,..., V4 are the non-isomorphic irreducible represen-
tations of G over k, then the modules of covariants

M;=(Se, V)", j=0,....d
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are the indecomposable R-direct summands of S. They are in particu-
lar MCM R-modules. Furthermore, we have rankg M ; = dim;, V;. U

The one-one correspondence between projectives, representations,
and certain MCM modules obtained so far extends to an isomorphism
of two graphs naturally associated to these data, as we now explain.
We will meet a third incarnation of these graphs in Chapter

We keep all the notation established so far in this section, and ad-
ditionally let Vy, ...,V be a complete set of non-isomorphic irreducible
k-representations of G, with V| the trivial representation k. The given
linear action of G on S is induced from an n-dimensional representa-
tion of G on the space V =n/n? of linear forms.

5.21. DEFINITION. The McKay quiver of G < GL(V) has

e vertices Vy,..., V4, and
e m;;j arrows V; — V; if the multiplicity of V; in an irreducible
decomposition of V ®, V; is equal to m;;.

In case & is algebraically closed, the multiplicities m;; in the McKay
quiver can also be computed from the characters y, xo,...,xq for the
representations V,Vy,...,V;; see [FH91, 2.10]:

1
G Y xiox(@ Hyeh.
oeG

Foreachi=0,...,d, we set P; = S®;Vj, the corresponding indecom-
posable projective S#G-module. Then in particular Po =S ®, Vy = S,
and {Py,...,P4} is a complete set of non-isomorphic indecomposable
projective S#G-modules by Proposition The V; are simple S#G-
modules via the surjection S#G — kG, with minimal projective cover
P;. Since pdgy; V; < n by Proposition 5.7, the minimal projective reso-
lution of V; over S#G thus has the form

mij=Xi, XXj) =

0—@Qjn—Qjpn-1— —Qj1—P;—V;—0
with projective S#G-modules @;; fori=1,...,n and j=0,...,d.
5.22. DEFINITION. The Gabriel quiver of G < GL(V) has

e vertices Py,...,P4, and
e m;; arrows P; — P; if the multiplicity of P; in @ 1 is equal to
m;;.

5.23. THEOREM (Auslander). The McKay quiver and the Gabriel
quiver of R are isomorphic directed graphs.
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PROOF. First consider the trivial module Vy = k. The minimal
S#G-resolution of £ was computed in Example [5.9; it is the Koszul
complex

n
K.: 0—>S®k/\V—>--'—>S®kV—>S—>O.

To obtain the minimal S#G-resolution of V;, we simply tensor the
Koszul complex with V; over k, obtaining

0—>S®k(/\V®ij)—>---—>S®k(V®ij)—>S®ij—>0.

This displays @1 = S ®; (V & V;), so that the multiplicity of P; in @ 1
is equal to that of V; in V ®, V. O

5.24. EXAMPLE. Take n =3, and write S = kllx,y,z]l. Let G = 72/27,
with the generator acting on V = kx®ky®kz by negating each variable.
Then R = S = k[[x2,xy,xz, y%, yz,2z2]l. There are only two irreducible
representations of G, namely the trivial representation £ and its neg-

ative, which is isomorphic to the inverse determinant representation
V1 =det(V)™1 = A3V*. The Koszul complex

3 2
0—SeA\V—Se, A\V—S&,V—S—0
resolves k, while the tensor product

0——Se(A3VerA3V*) — Se, (A2Ver A3 V*) —

Ser(Ver\N3V*) ———— Sep A3V ——— 0

is canonically isomorphic to

2 3
O—>S—>S®kV*—>S®k/\V*—>S®k/\V*—>O.

Since the given representation V = (/\3V*)(3) is just 3 copies of V1, we
obtain the McKay quiver S
B —
Vo =W
or the Gabriel quiver e

—
S e Vo SerVr .
D —

Taking fixed points as specified in Corollary [5.20, we find MCM
modules

Mo=R and M;=(S&,V)°.



§3. GROUP REPRESENTATIONS AND THE MCKAY-GABRIEL QUIVER 75

Since V7 is the negative of the trivial representation, the fixed points
of S ®, V1, with the diagonal action, are generated over R by those
elements f ® a such that o(f) = —f. These are generated by the linear
forms of S, so that M is the submodule of S generated by (x, y,z). This
is isomorphic to the ideal (x2,xy,xz) of R. In particular we recover the
obvious R-direct sum decomposition S =R @ R(x,y,z) of S.

Observe that My and M; are not the only indecomposable MCM
R-modules, even though it turns out that R does have finite CM type;
see Example(16.4

From now on, we draw the McKay quiver for a group G, and refer
to it as the McKay-Gabriel quiver.

5.25. EXAMPLE. Let n = 2 now, and write S = k[[u,v]l. Let r > 2 be
an integer not divisible by char(k), and choose 0 < g <r with (q,r)=1.
Take G = (g) = Z/rZ to be the cyclic group of order r generated by

.0
g:({O (2) € GL(2, k),

where (, is a primitive r*! root of unity. Let R = k[[u,v]® be the corre-
sponding ring of invariants, so that R is generated by the monomials
u%v? satisfying @ + bg = 0modr.

As G is Abelian, it has exactly r irreducible representations, each
of which is one-dimensional. We label them Vj,...,V,_1, where the
generator g is sent to { ; in V;. The given representation V of G is
isomorphic to V1 & V, so that for any j we have

V®ij EVj+1€BVj+q,

where the indices are of course to be taken modulo r. The corre-
sponding MCM R-modules are M; = (S ®;, Vj)G, each of which is an
R-submodule of S:

Mj:R(u“vb )a+qu—j modr).

The general picture is a bit chaotic, so here are a few particular exam-
ples.
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Take r =5 and ¢ = 3. Then R = k[[u®,u?v,uv3,v°]. The McKay-
Gabriel quiver takes the following shape.

The corresponding indecomposable MCM R-modules appearing as R-
direct summands of S are the ideals

My=R

My :R(u4,uv,v3)E(u5,u2v,uv3)
Ms=R@?v) = @®,u’v)

Ms :R(uZ, uvZ,v4) = (u5,u402,u3v4)

M4 =R(u,v?) = Wb, u*v?).

For another example, take r = 8 and ¢ = 5, so that we obtain R =
Elud, udv,uv?,v8]l. The McKay-Gabriel quiver looks like

\%: / X \ Vs
) .
%
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and the indecomposable MCM R-modules arising as direct summands
of S are

My=R
My :R(u7,u2v,v3) = (uS,usv,uvs)
Mo :R(u6,uv,v6) = (uB,u3v,u2v6)
M;3=R®u®,v) = @® u’v)
My :R(u4,u2v2,v4) = (u8,u6v2 utv?)
M5:R(u3 u02 v7)E(u8 ubv? U 5u7y
Mg =Ru?,u’v,v?) = w?®,u’v",0®)
M7;=R(u,v )E(uv3,v8).
Finally, take r = n + 1 arbitrary, and ¢ = n. Then
R =E[u™ uv, 0™ 2 kllx, y, 2 /(xz — y* 1)

is isomorphic to an (A,) hypersurface singularity (see the next chap-
ter). There are n + 1 irreducible representations Vj,...,V,, and the
McKay-Gabriel quiver looks like the one below.

2 Vn—1—>Vn

Vi

The non-free indecomposable MCM R-modules take the form
Mj:R(u“vb ‘ b-a=j modn+1)

for j =1,...,n. They have presentation matrices over k[u" " luv,v"*1]]

B (uv)n+1—j _un+1
J— ( _vn+1 (uv)j )

n+1)

y
|

or over kllx,y,zIl/(xz—y
n+l-j

—X
-z y] .

§4. Exercises

5.26. EXERCISE. Let k be the ﬁeld With two elements, and define
o: kllx]l — klxI by x — =x+x2+x%+.-.. What is the fixed ring of
o?
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5.27. EXERCISE. Let R < S be an extension of rings with an algebra
retraction, that is, a ring homomorphism S — R that restricts to the
identity on R. Prove that IS N R =1 for every ideal I of R. Conclude
that if S is Noetherian, or local, or complete, then the same holds for
R. (Hint for completeness: If {x;} is a Cauchy sequence in R converging
to x € S, apply the Krull Intersection Theorem to o(x) — x;.)

5.28. EXERCISE. Let S be an integral domain with an action of a
group G < Aut(S), and set R = S@. Let F and K be the quotient fields
of R and S, respectively. Prove that any element of K can be written
as a fraction with denominator in R, and conclude that KG = F.

5.29. EXERCISE. Suppose that S is a finitely generated algebra
over a field %, let G < Aut(S) be a finite group, and set R = S¢. Prove
that S is finitely generated as an R-module, and is finitely generated
over k. (Hint: Let A €S be the k-subalgebra generated by the coeffi-
cients of the monic polynomials satisfied by the generators of S, and
prove that S is finitely generated over A. This argument goes back to
Noether [Noel5].)

5.30. EXERCISE. Let S be a local ring, G < Aut(S) a finite group
with order invertible in S, and R = S©.

(i) If I =8 is a G-stable ideal, prove that (S/I)® = R/(INR).

(i) For an element s € S, define the norm of s by N(s) =[[,eq o(s).
Notice that N(s) € R. If s is a non-zerodivisor in S, show that
N(s)SNR =N(s)R.

(iii) Use part to prove by induction on depthS that depthR >
depth S.

5.31. EXERCISE. Find an example of a non-CM local ring S and
finite group acting such that the fixed ring R is CM. (There is an
example with S one-dimensional complete local and R regular.)

5.32. EXERCISE. Let S and G be as in Show that the fixed-
point functor —¢ on S#G-modules is exact. (Hint: left-exactness is
easy. For right-exactness, take the average of the orbit of any preim-
age.)

5.33. EXERCISE. Let S be as in and let M be an S-module.
For each 0 € G, let “M be the S-module with the same underlying

Abelian group as M, and structure given by s-m = o(s)m. Prove that
S#GRsM =D, cq’ M.
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5.34. EXERCISE. Prove that in the situation of Proposition a
finitely generated S#G-module M is projective if and only if it is pro-
jective as an S-module. Conclude that if S is regular of dimension d,
then S#G has global dimension d.

5.35. EXERCISE. Set R = kllx,y,z]/(xy), the two-dimensional (A,)
complete hypersurface singularity and let Z/rZ act on R by letting the
generator take (x,y,z) to (x,(,y,(,2z), where (, is a primitive r root of
unity. Give a presentation for the ring of invariants R¢. (Cf. Exam-

ple[14.25])

5.36. EXERCISE. Set R = k[[x,y,z]/(x%y — 22), the two-dimensional
(D) complete hypersurface singularity. Let » = 2m + 1 be an odd inte-
ger and let Z/rZ act on R by (x,y,z) — ((%x,(;ly,(?”%), where (, is a
primitive ** root of unity. Find presentations for the ring of invariants

RY in the cases m =1 and m = 2. Try to do m = 4. (Cf. Example[14.26])

5.37. EXERCISE. Let A be a local ring and M, N two finitely gen-
erated A-modules. Then depthHomy (M, N) > min{2,depth N}.

5.38. EXERCISE. Let o € GL(n,%) be a pseudo-reflection on V = 2™,
(1) Suppose v € V spans the image of 0 — 1y. Prove that o is diag-
onalizable if and only if v is not fixed by o.
(2) Use Maschke’s Theorem to prove that if |o| is relatively prime
to char(k), then V has a decomposition as £#G-modules V? @ kv
and so o is diagonalizable.

5.39. EXERCISE. If £ =R, show that any pseudo-reflection has or-
der 2 (so is a reflection).






CHAPTER 6

Kleinian Singularities and Finite CM Type

In the previous chapter we saw that when S = k[lx1,...,x,]1 is a
power series ring endowed with a linear action of a finite group G
whose order is invertible in %, and R = S is the invariant subring,
then the R-direct summands of S are MCM R-modules and are closely
linked to the representation theory of G. In dimension two, we shall
see in this chapter that every indecomposable MCM R-modules is a
direct summand of S. This is due to Herzog [Her78b]. Thus in par-
ticular two-dimensional rings of invariants under finite non-modular
group actions have finite CM type. In the next chapter we shall prove
that in fact every two-dimensional complete normal domain containing
C and having finite CM type arises in this way.

In the present chapter, we first recall some basic facts on reflexive
modules over normal domains, then prove the theorem of Herzog men-
tioned above. Next we discuss the two-dimensional invariant rings
Ellu,v]® that are Gorenstein; by a result of Watanabe [Wat74] these
are the ones for which G < SL(2,%k). The finite subgroups of SL(2,C)
are well-known, their classification going back to Klein, so here we
call the resulting invariant rings Kleinian singularities, and we derive
their defining equations following [Kle93[]. It turns out that the re-
sulting equations are precisely the three-variable versions of the ADE
hypersurface rings from Chapter This section owes many debts
to previous expositions, particularly [Slo83].

In the last two sections, we describe two incarnations of the McKay
correspondence: first, the identification of the McKay-Gabriel quiver
of G < SL(2,C) with the corresponding ADE Coxeter-Dynkin diagram,
and then the original observation of McKay that both these are the
same as the desingularization graph of Speck[[u,v]%.

§1. Invariant rings in dimension two

In the last chapter we considered invariant rings of the form R =
Ellx1,...,%,1%, where G is a finite group with order invertible in £ act-
ing linearly on the power series ring S = k[[x1,...,x,]l. In general, the
direct summands of S as an R-module are MCM modules. Here we

81



82 6. KLEINIAN SINGULARITIES AND FINITE CM TYPE

prove that in dimension two, every indecomposable MCM module is
among the R-direct summands of S.

First we recall some background on reflexive modules over normal
domains. See Chapter [14|for some extensions to the non-normal case.

6.1. REMARKS. Recall (from, for example, Appendix [A) that for a
normal domain R, if a finitely generated R-module M is MCM then it
is reflexive, that is the natural map

oy: M — M** =Homgr(Homgr(M,R),R),

defined by op/(m)(f) = f(m), is an isomorphism. If moreover dim(R) =
2, then the converse holds as well, so that M is MCM if and only if it
is reflexive.

The first assertion of the next proposition is due to Herzog, and will
imply that two-dimensional rings of invariants have finite CM type.

6.2. PROPOSITION. Let R — S be a module-finite extension of two-
dimensional complete local rings which satisfy (Ss) and are Gorenstein
in codimension one. Assume that R is a direct summand of S as an
R-module. Then every finitely generated reflexive R-module is a direct
summand of a finitely generated reflexive S-module. If in particular R
is complete and S has finite CM type, then R has finite CM type as well.

PROOF. Let M be a reflexive R-module and set M* = Homg(M,R).
Then the split monomorphism R — S induces a split monomorphism
M = Homgp(M*,R) — Homgr(M*,S). Now Hompg(M*,S) is naturally
an S-module via the action on the codomain, and Exercise [5.37|shows
that it satisfies (Sg) as an R-module, hence as an S-module, so is re-
flexive over S by Corollary

Let Ni,...,N, be representatives for the isomorphism classes of
indecomposable MCM S-modules. Then each N; is a MCM R-module
as well, so we write N; = M; 1 ®---® M, ,,, for indecomposable MCM
R-modules M; ;. By the first statement of the Proposition, every in-
decomposable MCM R-module is a direct summand of a direct sum of
copies of the N;, so is among the M; ; by KRS over complete local rings
(Theorem [1.9). O

6.3. THEOREM (Herzog). Let S = kllu,v]l be a power series ring in
two variables over a field, G a finite subgroup of GL(2,k) acting linearly
on S, and R = S¢. Assume that R is a direct summand of S as an
R-module. Then every indecomposable finitely generated reflexive R-
module is a direct summand of S as an R-module. In particular, R has
finite CM type.
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PROOF. Note that S is module-finite over R, by Proposition
Let M be an indecomposable finitely generated reflexive R-module. By
Proposition [6.2| M is an R-summand of a reflexive S-module N. But S
is regular, so in fact N is free over S. Since R is complete, KRS implies
that M is a direct summand of S. U

The one-one correspondences listed in Corollary can thus be
extended in dimension two.

6.4. COROLLARY. Let k be a field, S = kllx,yll, and G < GL(2,k)
a finite group, with |G| invertible in k, acting linearly on S without
pseudo-reflections. Put R = SC. Then there are one-one correspondences
between

e the indecomposable reflexive (MCM) R-modules;
the indecomposable direct summands of S as an R-module;
the indecomposable projective Endg(S)-modules;

the indecomposable projective S#G-modules; and
the irreducible kG-modules. U

Observe that while we need the assumption that |G| be invertible
in k& for Corollary Proposition [6.2| requires only the weaker as-
sumption that R be a direct summand of S as an R-module. We will
make use of this in Remark [6.22] below.

§2. Kleinian singularities

Having seen the privileged position that dimension two holds in
the story so far, we are ready to define and study the two-dimensional
hypersurface rings of finite CM type. These turn out to coincide with a
class of rings ubiquitous throughout algebra and geometry, variously
called Kleinian singularities, Du Val singularities, two-dimensional ra-
tional double points, and other names. Even more, they are the two-
dimensional analogs of the ADE hypersurfaces seen in the previous
chapter.

For historical reasons, we introduce the Kleinian singularities in
a slightly opaque fashion. The rest of the section will clarify matters.
For the first part of this chapter, we work over C for ease of exposi-
tion. We will in the end define the complete Kleinian singularities
over any algebraically closed field of characteristic not 2, 3, or 5 (see
Definition [6.21)).

6.5. DEFINITION. A complete complex Kleinian singularity is a ring
of the form C[[u,v]I®, where G is a finite subgroup of SL(2,C).
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The reason behind the restriction to SL(2,C) rather than GL(2,C)
as in the previous chapter is the fact, due to Watanabe [Wat74], that
R = S@ is Gorenstein when G < SL(n,k), and the converse holds if
G is small. Thus the complete Kleinian singularities are the two-
dimensional complete Gorenstein rings of invariants of finite group
actions.

In order to make sense of this definition, we recall the fact that the
finite subgroups of SL(2,C) are the “binary polyhedral” groups, which
are double covers of the rotational symmetry groups of the Platonic
solids, together with two degenerate cases.

The classification of the Platonic solids goes back to Theaetetus
around 400 BCE, and is at the center of Plato’s Timaeus; the final
book of Euclid’s Elements is devoted to their properties. According
to Bourbaki [Bou02], the determination of the finite groups of rota-
tions in R® goes back to Hessel, Bravais, and Mébius in the early 19t
century, though they did not yet have the language of group theory.
Jordan [Jor77] was the first to explicitly classify the finite groups of
rotations of R3. Recall that SO(3) denotes the special orthogonal group,
that is, the group of rotations of R3.

6.6. THEOREM. The finite subgroups of SO(3) are up to conjugacy
the following rotational symmetry groups.

C,+1: The cyclic group of order n+1 for n > 0, the symmetry group
of a pyramid with (n + 1)-gonal base.
D,,_o: The dihedral group of order 2(n —2) for n > 4, the symmetry
group of a beach ball (“hosohedron”).
T: The symmetry group of a tetrahedron, which is isomorphic
to the alternating group A4 of order 12.
O: the symmetry group of the octahedron, which is isomorphic
to the symmetric group S4 of order 24.
I: The symmetry group of the icosahedron, which is isomorphic
to the alternating group As of order 60. U

In order to leverage this classification into a description of the finite
subgroups of SL(2,C), we recall some basics of classical group theory.
Recall first that the unitary group U(n) is the subgroup of GL(n,C) con-
sisting of unitary transformations, i.e. those preserving the standard
Hermitian inner product on C*. The special unitary group SU(n) is
SL(n,C)NnU(n). We first observe that to classify the finite subgroups of
SL(n,C), it suffices to classify those of SU(n).

6.7. LEMMA. Every finite subgroup of GL(n,C), respectively SL(n,C)
is conjugate to a subgroup of U(n), respectively SU(n).
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PROOF. Let G be a finite subgroup of GL(n,C). Denote the usual
Hermitian inner product on C* by (, ). It suffices to define a new
inner product { , } on C" such that {ou, ov} = {u, v} for every 0 € G
and u, v € C". Indeed, if we find such an inner product, let 24 be an
orthonormal basis for {, }, and let p: C* — C” be the change-of-basis
operator taking 9 to the standard basis. Then pGp~! < U(n), as

(pop~tu, pop~tv) ={op'u, op~ v}

={p""u, p~'v}
=(u, v)

for every 0 € G and u,v € C". Define the desired new product by

1
{u,v}=—= Y (o), o)) .
|G| oe@G
Then it is easy to check that {, } is again an inner product on C*, and
that {ou, ov} = {u, v} for every o, u, v. ]

The special unitary group SU(2) acts on the complex projective line
qu: by fractional linear transformations (Mobius transformations):

(% Z )[z:w]: [az—ﬁw:ﬁz+aw .

Since the matrices +1 act trivially, the action factors through PSU(2) =
SU(2)/{+I}. We claim now that PSU(2) = SO(8), the group of symme-
tries of the 2-sphere S2. Position S? with its south pole at the origin,
and consider the stereographic projection onto the equatorial plane,
which we identify with C. Extend this to an isomorphism S? — IP%:
by sending the north pole to the point at infinity. This isomorphism
identifies the conformal transformations of IP% with the rotations of
the sphere, and gives a double cover of SO(3).

6.8. PROPOSITION. There exists a surjective group homomorphism
7: SU2) — SO3) with kernel {£I}. O

6.9. LEMMA. The only element of order 2 in SU(2) is —1.

PROOF. This is a direct calculation using the general form (% _aﬁ)
of an arbitrary element of SU(2). L]

6.10. LEMMA. Let I be a finite subgroup of SU(2). Then either I' is
cyclic of odd order, or |T'| is even and T = n~Y(n(T)) is the preimage of a
finite subgroup G of SO(3).
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PROOF. If I has odd order, then —I ¢ I', so I'nkernw = {I}, and the
restriction of 7 to I' is an isomorphism of I' onto its image. By the
classification of finite subgroups of SO(3), we see that the only ones of
odd order are the cyclic groups C,+1 with n +1 odd. If |T'| is even, then
by Cauchy’s Theorem there is an element of order 2 in I', which must
be —I. Thus ker7 €T and T = 7~ Y (n(I)). U

6.11. THEOREM. The finite non-trivial subgroups of SL(2,C), up to
conjugacy, are the following groups, called binary polyhedral groups.
Let {, denote a primitive r'" root of unity in C.

6m: The cyclic group of order m for m > 2, generated by

({m c;&) '

Dm: The binary dihedral group of order 4m for m > 1, gener-
ated by 6o, and
i
)

9 : The binary tetrahedral group of order 24, generated by 9s

and
1 (( s ¢ g)
\/§ (s (8 ’
O: The binary octahedral group of order 48, generated by I

and
[® o
e3)

#: The binary icosahedral group of order 120, generated by
i(cg—cg cé—cg) o i(cg—cg (:3;*—1) |
\/3 {5_C5 (5_(5 \/5 1-(5 (5_55

([l

As abstract groups, the binary polyhedral groups can be presented

in a uniform way: they are all generated by three elements a, b, and

¢ subject to the relation a” = b? = ¢" = abc, where p < g < r consti-

tute an integer solution to % + % + % > 1, namely one of (1,q,r), (2,2,r),

2,3,3), (2,3,4), and (2,3,5). (The integers p, q, r are not mysterious;

they are just the orders of the stabilizers of a face, an edge, and a ver-

tex of the corresponding Platonic solid.) The concrete presentations
above are more useful for our purposes.

6.12. THEOREM. The complete complex Kleinian singularities are
the rings of invariants of the groups above acting linearly on the power
series ring S = Cllu,v]l. We name them as follows:
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Singularity Name | Group Name
A, 61, cyclic (n>1)
D, Dy 9, binary dihedral (n > 4)
Eg T, binary tetrahedral
E; O, binary octahedral
Eg £, binary icosahedral

O

At this point the naming system is utterly mysterious, but we con-
tinue anyway.

It is a classical fact from invariant theory that the Kleinian sin-
gularities “embed in codimension one,” that is, are defined by a single
equationE] We can make this explicit by writing down a set of gen-
erating invariants for each of the binary polyhedral groups. These
calculations go back to Klein [Kle93l, and are also found in Du Val’s
book [DV64]; for a more modern treatment see [Lam86]. We like the
concreteness of having actual invariants in hand, so we present them
here. The details of the derivations are quite involved, so we only
sketch them.

6.13 (A,). In this case, the only monomials fixed by the generator
(u,v)— (C,Hlu,C;}le) are uv,u™!, and v”**1. Thus we set

Xo(u,v)=u""1+7*1 Yo(u,v)=uv,
and
Z(g(u, U) — un+1 _ vn+1 .
These generate all the invariants, and satisfy the relation
2 _ 32 1
Z,=Xo,-4Y.".

6.14 (D). The cyclic subgroup 62(,-2) of 2,2 has invariants a =
w2n=2 4 20=2) b =y and ¢ = w22 — 22 45 in the case above.
The additional generator (u,v) — (iv,iu) changes the sign of b, multi-
plies a by (-1)*, and sends ¢ to —(—1)"c. Now we have two cases to
consider depending on the parity of n. If n is even, then ¢, a2, ab, and
b2 are all fixed, but we can throw out b2 since b2 = ¢2 — 4(a?)* 2. In

1Abstractly, we can see this from the connection with Platonic solids as fol-
lows [McKO01}, Dic59]: drawing a sphere around the platonic solid, we project from
the north pole to the equatorial plane, which we interpret as C. Thus the projection of
each vertex v gives a complex number z,, and we form the homogeneous polynomial
V(x,y) =TII,(x—z,y). Similarly, the center of each edge e gives a complex number z,,
and the center of each face f a corresponding z, which we compile into the polyno-
mials E(x,y) = [l.(x—z.y) and F(x,y) = [Is(x—zy). These are three functions in two
variables, and so there must be a relation f(V,E,F)=0.
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the other case, when n is odd, similar considerations imply that the
invariants are generated by b, a2, and ac. Thus in this case we set

Xo(u,v) = 2" 2 4 (-1)" 22, Yo(u,v) = u’v?

Zg(u,v)=uv (uz(n_2) - (—1)"02(”_2)) .

For these generating invariants we have the relation
Z2 =YoX5+4(-Yo)" L.
6.15 (Eg). The invariants (D4) of the subgroup 2 are
u4+v4, u202, and uv(u4—v4).
The third of these is invariant under the whole group 9, so we set
Yo (u,v)=uv (u4 - v4) .

Searching for an invariant (or coinvariant) of the form P(u,v) = Xg +

tYqy = u* + tu?v? + v#, we find that if ¢ = vV-12, and we set
P(u,v):u4+ “12 u2v? + vt and I_3(u,v): —V=12 u%0? + 0t

then
Xo(u,v) =P(u,v) P(u,v) = ud + 14utv* + 08

is invariant. 5
Furthermore, [%(t - 2)] =1, so that every linear combination of P3

and 1_93, such as
1 —3
Zg ()= [P3+P ]

12 _ 33,804 —33u*08 + 012

is invariant. These three invariants generate all others, and satisfy
the relation
2 _ 3 4

6.16 (E7). Begin with the above invariants for 9. The additional
generator for & leaves X g fixed but changes the signs of Y4 and Zg4.
We therefore obtain generating invariants

Xo(u,v)=Yq(u, v)? = (u v—uvs)2
Yo(u,v)=Xg(u, v)=ub+ 140t + o

Zo(u,v) = Yo (u,0)Z g (u,v) = uv (u* - v*)w? - 33ubv* - 33u*v® + v1?)

8

(of degrees 8, 12, and 18, respectively). These satisfy
Z%=-X5(108X2-Y)).
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6.17 (Eg). From the geometry of the 12 vertices of the icosahedron,
Klein derives an invariant of degree 12:

Yo(u,v)= wo(ud® + (,0505)(u5 - (,0_505)
=uv(u® +11u%0% + vlo),
where ¢ = (1+v/5)/2 is the golden ratio. The Hessian of this form is
also invariant, and takes the form —121X s(u,v), where

%/ou  0%/0vou
0%/0udv  3%/0v?

= (£ +0?%) - 228 (1'°v® - u®v1®) + 494410010,

Xg(u,v)=

The Jacobian of these two forms (i.e. the determinant of the 2x2 matrix
of partial derivatives) is invariant as well:

Zg(u,v) = (u30 + v30) +522 (u25v5 - u5v25) —10005 (u20010 + ulovzo) .
Now one checks that?
Z% =X3 +1728Y5.

It’s interesting to note that in each case above, we have degX -
degY =2 |G|, namely 2(n + 1), 8(n — 2), 48, 96, 240. Since the defin-
ing equation in each case is obtained as a relation among homoge-
neous polynomials, we see that each equation is quasi-homogeneous,
that is, there exist weights for the variables making the relation ho-
mogeneous. Specifically, the weights are the degrees of the generating
invariants.

Adjusting the polynomials by certain n'! roots (n < 5), one obtains
the following normal forms for the Kleinian singularities.

6.18. THEOREM. The complete complex Kleinian singularities are
the hypersurface rings defined by the following polynomials.

(A,): x2 4+t 4 22 n>1

Dy): 2y +yt 422 n=4

(Es): x4+ yt 422

(Eq): x3 +xy3 +22

(Eg): x3 + 35+ 22 Il

We summarize the information we have on the Kleinian singulari-

ties so far in Table

2tempting one to call Eg the great gross singularity (1728 = 12 x 144, a dozen
gross, aka a great gross).
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TABLE 6.19. Complete Kleinian Singularities

Name flx,y,2) G [&]] (p,q,r)
A, n>1 22+y"" 1422 6,.q, cyclic n+1 (1,1,n)
(Dp),n>4 x2y+y* 1422 @, 5 b.dihedral 4(n-2) (2,2,n-2)

(Es) x4yt 422 T, b. tetrahedral 24 (2,3,3)
(E7) x3 +xy + 22 O, b. octahedral 48 (2,3,4)
(Eg) %3+ y5 +22 #, b.icosahedral 120 (2,3,5)

6.20. REMARK. Now we relax our requirement that we work over
C. Assume from now on only that % is an algebraically closed field of
characteristic different from 2, 3, and 5.

With this restriction on the characteristic, the groups defined by
generators in Theorem [6.11]exist equally well in SL(2, %), with two ex-
ceptions: 6, and 2,, are not defined if chark divides n. Therefore, in
positive characteristics (# 2, 3, 5), we simply define the (A,-1) and
(D, +2) singularities using the elements X, Y, and Z listed in
and and derive the normal forms listed in Theorem

6.21. DEFINITION. Let k& be an algebraically closed field of char-
acteristic not equal to 2, 3, or 5. The complete Kleinian singularities
over k are the hypersurface rings k[lx,y,zIl/(f), where f is one of the
polynomials listed in Theorem [6.18

6.22. REMARK. There is one further technicality to address. In the
cases 6, and 9,, where n is divisible by the characteristic of &, we lose
the ability to define the Reynolds operator. However, in each case we
can verify that the Kleinian singularity is a direct summand of the
regular ring k[[u,v]l by using the generating invariants X, Y, and Z.

The case (A,,—1) was mentioned in passing already in Example[5.25
Set R = kllu",uv,v™]l. Then k[[u,v]l is isomorphic as an R-module to
69;.‘:_01 M;, where M; is the R-span of the monomials u®v® such that
b —a = jmodn. In particular, R is a direct summand of k[[u,v]] in any
characteristic.

For the case (D,+2), we have R = k[[u®" + v?",u%v?, uv (u?" —v?")].
Then R is a direct summand of A = k[[u?",uv,v?"]: observe that A =
R &R (uv,u®" —v2") and that the second summand is generated by el-
ements negated by 7: (u,v)— (v,—u). As A is an (Ag,_1) singularity, it
is a direct summand of k[[u,v]l by the previous case.

Combined with Herzog’s Theorem|[6.3], these observations prove the
following theorem.



§3. MCKAY-GABRIEL QUIVERS OF THE KLEINIAN SINGULARITIES 91

6.23. THEOREM. Let k be an algebraically closed field of character-

istic not equal to 2, 3, or 5, and let R be a complete Kleinian singularity
over k. Then R has finite CM type. 0

§3. McKay-Gabriel quivers of the Kleinian singularities

In this section we compute the McKay-Gabriel quivers (defined in
Chapter [5) for the complete complex Kleinian singularities. We will
recover McKay’s observation that the underlying graphs of the quiv-
ers are exactly the extended (also affine, or Euclidean) Coxeter-Dynkin
diagrams Avn, D, E¢ Eq,Es, corresponding to the name of the singu-
larity from Table

For background on the Coxeter-Dynkin diagrams A,,, D,, Eg, E7,
Eg, and their extended counterparts An, D,, Eg, E7, Eg, we recom-
mend Reiten’s survey article in the Notices [Rei97]. They have deep
connections with more areas of mathematics than we can enumerate.
Beyond the connections we will make explicitly in this and the next
section, we will content ourselves with the following brief description.
The extended ADE diagrams are the finite connected graphs with no
loops (a loop is a single edge with both ends at the same vertex) bear-
ing an additive function, i.e. a function f from the vertices {1,...,n} to
N satisfying 2f(i) = X; f(j) for every i, where the sum is taken over
all neighbors j of i. Similarly, the (non-extended) ADE diagrams are
the graphs bearing a sub-additive but not additive function, that is,
one satisfying 2f(i) > }_; f(j) for each i, with strict inequality for at
least one i. The non-extended diagrams are obtained by removing a
single distinguished vertex and its incident edges from the extended
ADE diagrams.

They’re all listed in Table with their (sub-)additive functions
labeling the vertices. The distinguished vertex to be removed in ob-
taining the ordinary diagrams from the extended ones is circled. We
shall see that, furthermore, the ranks of the irreducible representa-
tions (that is, indecomposable MCM modules) attached to each vertex
of the quiver gives the (sub-)additive function on the diagram.

Recall from Definition[5.21]that the McKay-Gabriel quiver of a two-
dimensional representation G — GL(V') has for vertices the irreducible
representations Vj,...,Vg of the group G, with an arrow V; — V; for
each copy of V; in the direct-sum decomposition of V ®,V;. The number
of arrows V; — V; will (temporarily) be denoted m ;. Recall that when
k is algebraically closed

1
— Y xi(@)y(@ Hyc™h,

mij = ) =
17 Xl XXJ |G|0_€G



92 6. KLEINIAN SINGULARITIES AND FINITE CM TYPE

TABLE 6.24. ADE and Extended ADE Diagrams

(A) (A,)
1 1 1 1
@\ 1
(D) 9 9 9 9 / (Dy)
1 1
(Ee) ) (Es)
1 2 3 2 1
2
ED (—2 3 4 3 2 1 (E7)
2
(Eg) ‘ (Es)

where 1, x0,...,Xq are the characters of V,Vy,...,V,.

6.25. LEMMA. Let G be a finite subgroup of SL(2,C) other than the
two-element cyclic group. Then m;j €{0,1} and m;; =mj; for all i,j =
1,...,d. In other words, the arrows in the McKay-Gabriel quiver appear
in opposed pairs.
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PROOF. Let G be one of the subgroups of SL(2,C) listed in Theo-
rem in particular, the given two-dimensional representation V
is defined by the matrices listed there. By Schur’s Lemma and Hom-
tensor adjointness, we have

m;j= dim¢c Homcg(V ®cq Vj,Vi)
=dim¢ Homcg(V;,Homcg(V, V).

The inner Hom has dimension equal to the number of copies of V; ap-
pearing in the irreducible decomposition of V. These irreducible de-
compositions are easily read off from the listed matrices; the only one
consisting of two copies of a single irreducible is (A1), which corre-
sponds to the two-element cyclic subgroup 6». Thus Hom¢cg(V;,V) has
dimension at most 1 for all 7, and so m;; < 1 for all 7, j.

Since the trace of a matrix in SL(2,C) is the same as that of its
inverse, the given representation V satisfies y(o~1) = y(o) for every o.
Thus

mij =i XX = XiX> Xj) = M
for every i and J. U
In displaying the McKay-Gabriel quivers for the Kleinian singular-
ities, we replace each opposed pair of arrows by a simple edge. This has

the effect, thanks to Lemma [6.25, of reducing the quiver to a simple
graph with no multiple edges.

6.26 (A,). We have already calculated the McKay-Gabriel quiver
for the (A,) singularities xz — y**1, for n > 1, in Example Replac-
ing the pairs of arrows there by single edges, we obtain

Vo

T

V]_ V2 A Vn_l . Vn.

6.27 (D). The binary dihedral group 2,9 is generated by two el-

ements
1
_ and = ( )
(2(}1—2)) P l

(C 2n—2)

satisfying the relations
a" 2= g2 =(ap)?, and p*=1.

There are four natural one-dimensional representations as follows:
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Vo a—1, p—1;
Vi D a—1, p—-1;
Voct 0 a—-1, B—1i;
Va ca—-1, p—-i.

Furthermore, there is for each j =2,...,n — 2 an irreducible two-
dimensional representation V; given by

i1 )

¢4 i1

a— ( 2(n-2) —j+1 and b~ -j—1 .
(2(n—2) Z

In particular, the given representation V is isomorphic to Va. It’s easy
to compute now that

Ve,Vi=sVieV; 4

for 2 < j < n-2, leading to the McKay-Gabriel quiver for the (D)
singularity.

Vo

Vs Vs Vo3 Viso

AN
/

Vi Vi

For the remaining examples, we will take the character table of G
as given (see, for example, [Hum94], [IN99I, or [GAPOS8]). From these
data, we will be able to calculate the McKay-Gabriel quiver, since the
character of a tensor product is the product of the characters and the
irreducible representations are uniquely determined up to equivalence
by their characters.

6.28 (Eg). The given presentation of 9 is defined by the generators

Y |
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The character table has the following form.

representative | I -1 B y y2 ¢yt 9P
|class| 1 1 6 4 4 4 4
order 1 2 4 6 3 3 6
Vo 1 1 1 1 1 1 1
Vi 2 -2 0 1 -1 -1 1
Vo 33 -1 0 0 0 O
Vs 2 -2 0 (3 {3 (% 2
vy 2 -2 0 (3 -5 (3 (3
Vs 1 1 1 ¢ ¢ ¢ 03
vy 1 1 1 3 3 {3 (s

Here V = V7 is the given two-dimensional representation. Now one
verifies for example that the character of V; ®;, V4, that is the element-
wise product of the second and sixth rows of the table, is equal to the
character of V3. Hence V7 ®; V4 = V3 and the McKay-Gabriel quiver
contains an edge connecting V3 and V4. Similarly, Vi®, Vo = Vi e V3 e
V', so V3 is a vertex of degree three. Continuing in this way gives the
following McKay-Gabriel quiver.

vy vy Vs Vs Vi

6.29. (E7) The binary octahedral group @ is generated by «, 8, and
y from the previous case together with
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This time the character table is as follows.

representative | I -1 B y y>2 & p6 &3
|class| 1 1 6 8 8 6 12 6
order 1 2 4 6 3 8 4 8

Vo 1 1 1 1 1 1 1 1
Vi 2 2 0 1 -1 -v2 0 V2
Vo 3 3 -1 0 O 1 -1 1
V3 4 -4 0 -1 1 0 0 0
1 3 3 -1.0 0 -1 1 -1
Vs 2 -2 0 1 -1 v2 0 -v2
Ve 11 1 1 1 -1 -1 -1
\%i 2 2 2 -1 -1 0 0 0

Again V =V is the given two-dimensional representation. Now we
compute the McKay-Gabriel quiver to be the following.

\%;

Vo Vl Vz V3 V4 V5 V6

6.30. (Eg) Finally, we consider the binary icosahedral group .#,
generated by

1 4 2 _»3 1 2 _ 4 4 _
U:_(g (g (5 {i) and T:—((5 (5 (35 1)

\/5 (5_(5 65_65 \/5 1_(5 65_65
Set ¢t = (1++/5)/2, the golden ratio, and ¢~ = (1-v/5)/2. The character
table for .# is below.

representative | I —-I o 1 12 ot (01 (01)® (o7)*
Iclass| 1 1 30 20 20 12 12 12 12
order 1 2 4 6 3 10 5 10 5

Vo 11 1 1 1 1 1 1 1
\%1 2 -2 0 1 -1 ¢ -9~ ¢ —¢*
Vo 3 3 -1 0 0 ¢t ¢ Q- p*
Vs 4 -4 0 -1 1 1 -1 1 -1
Vy 5 5 1 -1 -1 0 0 0 0
Vs 6 -6 0 0 0 -1 O -1 0
Ve 4 4 0 1 1 -1 -1 -1 -1
\% 2 -2 0 1 -1 ¢ —¢" ¢t -
Vs 3 3 -1 0 0 ¢ ¢ p* Q-
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We find that the McKay-Gabriel quiver of .# is the extended Coxeter-
Dynkin diagram Ejg.

Vs

\%; Ve Vs V4 Vs Vo Vi Vo

We have verified the first sentence of the following result, and the
rest is straightforward to check from the definitions.

6.31. PROPOSITION. The McKay-Gabriel quivers of the finite sub-
groups of SL(2,C) are the extended Coxeter-Dynkin diagrams. The di-
mensions of the irreducible representations appearing in the McKay-
Gabriel quiver define an additive function on the quiver: Twice the
dimension at a given vertex is equal to the sum of the dimensions at
the neighboring vertices. In accordance with Corollary these di-
mensions coincide with the ranks of the indecomposable MCM modules
over the Kleinian singularity. [

§4. Geometric McKay correspondence

The one-one correspondences derived in Chapter [5|in general, and
in this chapter in dimension two, connect the representation theories
of a finite subgroup of SL(2,%) and of its ring of invariants to the (ex-
tended) ADE Coxeter-Dynkin diagrams. These diagrams were known
to be related to the geometry of the Kleinian singularities much earlier.
Du Val’s three-part 1934 paper [DV34] showed that the desingulariza-
tion graphs of surfaces “not affecting the conditions of adjunction” are
of ADE type; these are exactly the Kleinian singularities [Art66].

The first direct link between the representation theory of the com-
plex Kleinian singularities and geometric data is due to Gonzalez-
Sprinberg and Verdier [GSV81]. They constructed, on a case-by-case
basis, a one-one correspondence between the irreducible representa-
tions of a binary polyhedral group and the irreducible components of
the exceptional fiber in a minimal resolution of singularities of the in-
variant ring. (See below for definitions.) At the end of this section we
describe Artin and Verdier’s direct argument linking MCM modules
and exceptional components.

This section is significantly more geometric than other parts of the
book; in particular, we omit many of the proofs which would take us
too far afield to justify. Most unexplained terminology can be found
in [Har77].
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Throughout the section, (R, m, %) will be a two-dimensional normal
local domain with algebraically closed residue field 2. We do not as-
sume chark = 0. Let X = SpecR, a two-dimensional affine scheme,
that is, a surface. In particular, since R is normal, X is regular in
codimension one, so m is the unique singular point of X.

A resolution of singularities of X is a non-singular surface Y with
a proper birational map n: Y — X such that the restriction of 7 to
Y \ 7~ L(m) is an isomorphism. Since dim(X) = 2, resolutions of X exist
as long as R is excellent [Lip78]. The geometric genus g(X) of X is the
k-dimension of the first cohomology group H'(Y,Gy). This number is
finite, and is independent of the choice of a resolution Y. Again since
dim(X) = 2, there is among all resolutions of X a minimal resolution
n: X — X such that any other resolution factors through 7.

6.32. DEFINITION. We say that X and R have (or are) rational sin-
gularities if g(X) = 0, that is, H/(X,0%) = 0.

We can rephrase this definition in a number of ways. Since X =
SpecR is affine, the cohomology H:(X,0 %) is isomorphic to the higher
direct image Rin.(@ %), so R has a rational singularity if and only if
Rln*(@’g) = 0. This is equivalent to the condition that Riﬂ*(@’g) =
0 for all i > 1, since the fibers of a resolution 7 are at most one-
dimensional [Har77, II1.11.2]. The direct image 7.0 itself is easy
to compute: it is a coherent sheaf of R-algebras, so S =I'(X, 7.0 %) is
a module-finite R-algebra. But since 7 is birational, S has the same
quotient field as R. Thus S is an integral extension, whence equal to
R by normality, and so 7.0 =Ox.

Alternatively, recall that the arithmetic genus of a scheme Y is de-
fined by p,(Y) = x(Oy)—1, where y is the Euler characteristic, defined
by the alternating sum of the %-dimensions of the H/(Y,0y). It follows
from the Leray spectral sequence, for example, that if 7: X — X is a
resolution of singularities, then

pa(X) - po(X) =dim, H'(X,0%),

so that X is a rational singularity if and only if the arithmetic genus
of X is not changed by resolving the singularity.

For a more algebraic criterion, assume momentarily that R is a
non-negatively graded ring over a field Rg = & of characteristic zero.
Flenner [Fle81] and Watanabe [Wat83] independently proved that R
has a rational singularity if and only if the a-invariant a(R) is nega-
tive. In general, a(R) is the largest n such that the n'" graded piece
of the local cohomology module Hglim(R)(R) is non-zero. For a two-
dimensional quasi-homogeneous hypersurface singularity such as the
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Kleinian singularities in Theorem [6.18, the definition is particularly
easy to apply:

a(klx,y,zl/(f)) =degf —degx —degy —degz.

In particular, we check from Table that the Kleinian singularities
have rational singularities in characteristic zero.

More generally, any two-dimensional quotient singularity k[u,v]?
or k[[u,v]%, where G is a finite group with |G| invertible in %, has ra-
tional singularities [Bur74) Vie77]. In fact, the restriction on |G| is
unnecessary for the Kleinian singularities: if S has rational singular-
ities and R is a subring of S which is a direct summand as R-module,
then R has rational singularities [Bou87]. Thus the Kleinian singu-
larities have rational singularities in any characteristic in which they
are defined.

As a final bit of motivation for the study of rational surface singu-
larities, we point out that a normal surface X = SpecR is a rational
singularity if and only if the divisor class group CI(R) is finite, if and
only if R has only finitely many rank-one MCM modules up to isomor-
phism [Mum61, Lip69|.

Return now to our two-dimensional normal domain R, its spectrum
X, and n: X — X the minimal resolution of singularities. With 0 € X
the unique singular point of X, set E = 771(0), the exceptional fiber of
7. Then E is connected by Zariski’s Main Theorem [Har77, 111.5.2],
and is one-dimensional since 7 is birational. In other words, E is a
union of irreducible curves on X, so we write E = U?_;Ei. The next
result is [Bri68, Lemma 1.3].

6.33. LEMMA. Let n: X — X be the minimal resolution of a ratio-
nal singularity X, and let E =U]_, E; be the exceptional fiber.

(i) Each E;is non-singular, in particular reduced, and furthermore
is a rational curve, i.e. E; =P
(it) E;nE;NE}, =@ for pairwise distinct 1, j, k.
(iit) E;NE; is either empty or a single reduced point for i # j, that
is, the E; meet transversely if at all.
(iv) E is cycle-free. L]

To describe the intersection properties of the exceptional curves
more precisely, recall a bit of the intersection theory of curves on non-
singular surfaces. Let C and D be curves on X with no common com-
ponent. The intersection multiplicity of C and D at a closed point x € X
is the length of the quotient & z /(f,8), where f =0 and g =0 are local
equations of C and D at x. The intersection number C-D of C and D



100 6. KLEINIAN SINGULARITIES AND FINITE CM TYPE

is the sum of intersection multiplicities at all common points x. The
self-intersection C?, a special case, is defined to be the degree of the
normal bundle to C in X. Somewhat counter-intuitively, this can be
negative; see [Har77, V.1.9.2] for an example.

The first part of the next theorem is due to Du Val [DV34] and
Mumford [Mum61, Hir95a]; it immediately implies the second and
third parts [Art66, Prop. 2 and Thm. 4].

6.34. THEOREM. Let n: X — X be the minimal resolution of a sur-
face singularity (not necessarily rational) with exceptional fiber E =
U?_; Ei. Define the intersection matrix of X to be the symmetric matrix
EX);;=(E;-Ej).

(i) The matrix E(X) is negative definite with off-diagonal entries

either 0 or 1.

(it) There exist positive divisors supported on E (that is, divisors of

the form Z = Z;"zl m;E; with m; > 1 for all i) such that Z-E; <0

for all i.
(iii) Among all such Z as in (i), there is a unique smallest one, which
is called the fundamental divisor of X and denoted Zy. [

To find the fundamental divisor there is a straightforward combi-
natorial algorithm: begin with m; =1 for all i, so that Z; =) ; E;. If
Zy-E; <0 for each i, we set Zy = Z; and stop; otherwise Z;-E; >0 for
some j. In that case, we put Zs = Z1 + E; and continue. The process
terminates by the negative definiteness of the matrix E(X). See below
for two examples.

For a rational singularity, we can identify Z; more precisely, and
this will allow us to identify the Gorenstein rational singularities.

6.35. PROPOSITION (Artin). The fundamental divisor Z¢ of a nor-
mal surface X with a rational singularity satisfies

(0% ®6, m)/torsion =0 x(~Zy).

In particular, we have formulas for the multiplicity and the embedding
dimension ug(m) of R:

e(R) = —z,%
embdim(R) = —Z]% +1
O

6.36. COROLLARY. A two-dimensional normal local domain R with
a rational singularity has minimal multiplicity in the sense of Ab-
hyankar:

e(R) = pr(m)—dim(R)+1. U



§4. GEOMETRIC MCKAY CORRESPONDENCE 101

6.37. COROLLARY. Let (R,m) be a two-dimensional normal local
domain, and assume that R is Gorenstein. If R is a rational singular-
ity, then R is a hypersurface ring of multiplicity two. 0

Isolated singularities of multiplicity two are often called “double
points.”

PROOF OF COROLLARY[6.37. By the Proposition, we have e(R) =
—Z}z, and pur(m) = —Z}% + 1. Since % is algebraically closed, by Theo-
rem [A.20| there exists a minimal reduction, that is, a regular sequence
of length two in m \ m? such that the quotient R satisfies e(R) = ¢(R)
and pgz(m) = up(m)—2. These together imply that uz(m) = /(R)-1, so
the Hilbert function of R is (1,—-Z2-1,0,...). However, R is Gorenstein,

f
so has socle dimension equal to 1. This forces Z2 = —2, which gives
e(R) =2 and pr(m) = 3. In particular R is a hypersurface ring. U

6.38. COROLLARY. Let R be a Gorenstein rational surface singular-
ity. The self-intersection number E? of each exceptional component is
—2. Equivalently the normal bundle N g x 18 O, (=2).

PRrROOF. This is a straightforward calculation using the adjunction
formula and Riemann-Roch Theorem, see [Dur79, A3], together with
Z%=-2. O

f

6.39. REMARK. At this point, we can describe the connection be-
tween Gorenstein rational surface singularities and the ADE Coxeter-
Dynkin diagrams. To do this, we define the desingularization graph of
a surface X to be the dual graph of the exceptional fiber in a minimal
resolution of singularities. Precisely, let 7: X — X be the minimal
resolution of singularities, and let E+,...,E, be the irreducible compo-
nents of the exceptional fiber. Then the desingularization graph has
vertices E1,...,E,, with an edge joining E; to E; for i # j if and only if
E.nE j 7D

Let Zy = Y} ;m;E; be the fundamental divisor of X, and define a
function f from the vertices {E1,...,E,} to N by f(E;) =m;. Then for
i=1,...,n we have

0>Z-E;= —2mi+ij(Ei-Ej)= —2m,;+ij,
J J
where the sum is over all j # i such that E; nE; # @. This gives
2f(E;) = ¥ ;f(E;), and the negative definiteness of the intersection
matrix (Theorem [6.34) implies that f is a sub-additive, non-additive
function on the graph. Thus the graph is ADE.
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We illustrate the general facts described so far with two examples
of resolutions of rational double points: the (A;) and (D4) hypersur-
faces. We will also draw the desingularization graphs for these two
examples.

6.40. EXAMPLE. Let X be the hypersurface in A? defined by the
(A1) polynomial x2 + y? + 22. To resolve the singularity of X at the
origin, we blow up the origin in A3. Precisely, we set

Rg':{((x,y,z),(a:b:c))eﬁk?’xIP2 | xb=ya, xc =za, yc =zb}.

(See [Har77] for basics on blowups.) The projection ¢: A3 — A3 is
an isomorphism away from the origin in A3, while ¢~1(0,0,0) is the
projective plane P2 c A3,

Let X be the blowup of X at the origin. That is, X is the Zariski
closure of 91X \(0,0,0)) in A3. Then X is defined in A? by the van-
ishing of a? + b2 + ¢2. The restriction of ¢ gives 7: X — X, and the
exceptional fiber E is the preimage of (0,0,0) in X. We claim that X is
smooth, and that E is a single projective line P!.

The blowup X is covered by three affine charts U,, Uy, U, defined
by a #0, b #0, ¢ # 0 respectively, or equivalently by a =1, b =1,
¢ = 1. In the chart U,, we have y = xb and z = xc, so that the defining
equation of X becomes

2+ 202 + 2222 =« (1 +b2+ 02)
Above X \ (0,0,0), we have x # 0, so the preimage of X \ (0,0,0) is de-
fined by x # 0 and 1+ b2 +c¢2 = 0. The Zariski closure of ¢~ 1(X \(0,0,0))
is thus in this chart the cylinder 1+ b2 +¢2 =0 in U, = A2. Applying
the same reasoning to the other charts, we conclude that X is smooth.

Remaining in the chart U,, we see that the exceptional fiber E is
defined in X by x =0, so is defined in U, by 1+ b2 +¢? = x = 0, with
similar equations in U, and U.. We conclude that E is smooth, and
even rational, so E = P1.

Drawing the desingularization graph of X is thus quite trivial: it
has a single node and no edges.

E

Observe that this is the (A1) Coxeter-Dynkin diagram. Since E? = —2
by Corollary|6.38, we find that Z; = E is the fundamental divisor.

6.41. EXAMPLE. For a slightly more sophisticated example, con-
sider the (D4) hypersurface X < A2 defined by the vanishing of x2y +
y3 +22. Again blowing up the origin in A2, we obtain as before

A% ={((x,y,2),(a:b:c) € A’ xP? | xb = ya, xc = za, yc =zb},
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with projection ¢: A2 — A3. This time let X be the Zariski closure
of (p‘l(X \(0,0,0)). In the affine chart U, where a = 1, we again have
y=xb and z = xc, so the defining polynomial becomes

13b+ 2303 + 2262 = &2 (x (b + b3) + 02) .

Thus X; is defined by x(b + b3) + ¢ in Uy, so is a singular surface.
In fact, an easy change of variables reveals that in this chart X; is
isomorphic to an (A1) hypersurface singularity (in the variables %(x +
(b + b3)), %(x —(b+b2)), and ¢). In particular, X; has three singular
points, with coordinates x = ¢ = 0 and b + b3 = 0. In the coordinates
of A3, they are at ((0,0,0),(1:5:0)), where b2 = —b. The exceptional
fiber, which we denote E{, corresponds in this chart to x = 0, whence
¢ =0, so is just the b-axis.

In the other charts, we find no further singularities. On U, the
defining polynomial is

yia+y®+y%c? =% (ya+y+c?)
so that X is defined in Up, by ya +y+c2 = 0. This is also an (A1) singu-
larity, this i:ime with a single singular point at y = ¢ = 0. However, this
point has A3 coordinates ((0,0,0),(—1:1:0)), so we’ve already seen it;

it lies in U,. The exceptional fiber here is the a-axis. Finally, in the
chart U, we find

23a%b + 2263 + 2% = 2% (2a®b + 2% + 1)
so that X; is smooth in this chart and E; is not visible. In particular
we find that E; = P1.

Since the first blowup X7 is not smooth, we continue, resolving the
singularities of the surface x(b + b3) + ¢2 = 0 by blowing up its three
singular points. Since each singular point is locally isomorphic to an
(A1) hypersurface, we appeal to the previous example to see that the
resulting surface X is smooth, and that each of the three new excep-
tional fibers Eqo, E3, E4 intersects the original one E; transversely.
The desingularization graph thus has the shape of the (D4) Coxeter-
Dynkin diagram:

E,

Es E, E4

To compute the fundamental divisor Z¢, we begin with Z1 = E1 + Eg +
Es+E4. Since E? =—-2and E;-E1 =1 for each j =2,3,4, we find

Z1-E1=-2+1+1+1=1>0.
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Thus we replace Z1 by Zo=2E1+Es+Es+E4. Now
Zo-E1=-4+1+1+1<0,

and for j =2,3,4 we have Zy-E;=2-2+0+0<0, sothat Zy =Zy =
2E1+E9+E3+ E4 is the fundamental divisor.

The calculations in the examples can be carried out for each of the
Kleinian singularities in Table [6.19, and one verifies the next result,
which was McKay’s original observation.

6.42. THEOREM (McKay). Let G be a finite subgroup of SL(2,C) and
R = Cllu,v]l® the corresponding ring of invariants. Then the desingu-
larization graph of X = SpecR is an ADE Coxeter-Dynkin diagram. In
particular, it is equal to the McKay-Gabriel quiver of G with the ver-
tex corresponding to the trivial representation removed. Furthermore,
the coefficients of the fundamental divisor Z¢ coincide with the dimen-
sions of the corresponding irreducible representations of G, and with
the ranks of the corresponding indecomposable MCM R-modules. [

We can now state the theorem of Artin and Verdier on the geomet-
ric McKay correspondence. Here is the notation in effect through the
end of the section:

6.43. NOTATION. Let (R,m,k) be a complete local normal domain
of dimension two, which is a rational singularity. Let 7: X — X =
SpecR be its minimal resolution of singularities, and E = 77 1(m) the
exceptional fiber, with irreducible components E1,...,E,. Let Z; =
Y., m;E; be the fundamental divisor of X. We identify a reflexive R-
module M with the associated coherent sheaf of @ x-modules, and de-
fine the strict transform of M by

M=WM ®py O z)/torsion,
a sheafon X.

6.44. THEOREM (Artin-Verdier). With notation as above, assume in
addition that R is Gorenstein. Then there is a one-one correspondence,
induced by the first Chern class c1(-), between indecomposable non-
free MCM R-modules and irreducible components E; of the exceptional
fiber. Precisely: Let M be an indecomposable non-free MCM R-module,
and let [C] = c1(M) € Pie(X). Then there is a unique index i such that
C-E;=1and C-E;=0 for i # j. Furthermore, we have rankg(M) =
C-Zr=m,;. O

The first Chern class mentioned in the Theorem is a mechanism for
turning a locally free sheaf & into a divisor ¢1(&) in the Picard group
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liic(X' ). In particular, c1(-) is additive on short exact sequences over
X.

The main ingredients of the proof of Theorem |6.44] are compiled in
the next propositions. We refer to [AV85] for the proofs.

6.45. PROPOSITION. With notation as in Menjoys the follow-
ing properties.
(i) M is a locally free © 5-module, generated by its global sections.
(ii) T(X,M)=M and H{(X,M*) = 0.
(iii) There is a short exact sequence of sheaves on X
(6.45.1) 0—09 —M—06c—0,

where r = I;ankR(M ), and C is a closed one-dimensional sub-
scheme of X which meets the exceptional fiber E transversely.

Furthermore, the global sections of (6.45.1) give an exact se-
quence of R-modules:

(6.45.2) 0—R" —-M-—TX,60)—0
O

Observe that the class [C] of the curve C in the Picard group Pic(X)
is equal to the first Chern class c1(M) of M, s~ince c1(-) is additive on
short exact sequences and c1(%) = [£] € Pic(X) for any line bundle Z.

6.46. PROPOSITION. Keep all the notation of |6.43] and assume in
addition that R is Gorenstein. Fix a reflexive R-module M, and let C
be the curve guaranteed by Proposition Then

(i) C-Zs <r, with equality if M has no non-trivial free direct sum-
mands.

(it) If C = C1U---UCy is the decomposition of C into irreducible
components, then M decomposes accordingly: M = M.,&---& M,
with each M; indecomposable and cl(ﬂz) =[C;] foreach i. [l

§5. Exercises

6.47. EXERCISE. Let R — S be a module-finite extension of com-

plete local rings, with S regular. Prove that if M is a reflexive R-
module such that Ext,(M*,S)=0fori=1,...,n—2, then M € addg(S).

6.48. EXERCISE. Let R be a reduced Noetherian ring and M, N, P
finitely generated reflexive R-modules. Define the reflexive product of
M and N by

M-N=(Me&rN)*"*
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Prove the following isomorphisms.
i) M-N=N-M.
(i1) Homg(M - N,P) = Homg(M,Hompg (N, P)).
(iii)) M-(N-P)=Z(M-N)-P.

6.49. EXERCISE. Let (R,m) be a reduced CM local ring of dimen-
sion two, X = SpecR, U =X \{m}, and i: U — X the open embedding.
Let M — M and & — I['(F) be the usual sheafification and global sec-
tion functors between R-modules and coherent sheaves on X.

(1) If M is MCM, then the natural map M — ['(i4i*M) is an iso-
morphism. (Use the exact sequence 0 — Hgl(M ) — M —
I'G.i*M)— HL(M) —0.)

(i) If M is torsion-free, M** — ['(i ,i* M) is an isomorphism. (Use
the case above and A(HL (M)) < co. Notice i* is exact since i is
an open embedding, and i* Hrln(M ) =0, so get a square relating
M to M** and M**.)

(iii) Assume R is normal, and let VB(U) be the category of locally
free Oy-modules. Then i*: CM(R) — VB(U) is an equivalence.

6.50. EXERCISE (Abhyankar). Let (R,m,%) be a CM local ring of
multiplicity e(R). Verify the inequality

e(R) > uyp(m)—dim(R) +1.
6.51. EXERCISE. Generalize Corollary by showing that any

Gorenstein local ring (R, m, k) satisfying e(R) = uyg(m)—dim(R)+ 1is a
hypersurface of multiplicity two.

6.52. EXERCISE. Classify the finite subgroups of GL(2,C) by using
the surjection C* x SL(2,C) — GL(2,C) sending (d, o) to do.

6.53. EXERCISE. Let G = (o) be a finite cyclic subgroup of GL(2,C).
Show that the ring of invariants Cllu,v]I¢ is generated by two invari-
ants if and only if o has an eigenvalue equal to 1.



CHAPTER 7

Isolated Singularities and Classification in
Dimension Two

In this chapter we present a pair of celebrated theorems due origi-
nally to Auslander. The first, Theorem|7.12] states that a CM local ring
of finite CM type has at most an isolated singularity. We give the sim-
plified proof due to Huneke and Leuschke, which requires some easy
general preliminaries on elements of Ext!. The second, Theorem
gives a strong converse to Herzog’s Theorem namely that in di-
mension two over a field of characteristic zero, every CM complete local
algebra having finite CM type is a ring of invariants.

§1. Miyata’s theorem

The classical Yoneda correspondence (see for example [ML95]) al-
lows us to identify elements of an Ext-module Extfq (M,N) as equiva-
lence classes of i-fold extensions of N by M. In the case i = 1, this is
particularly simple: an element a € Extll% (M,N) is an equivalence class
of short exact sequences 0 — N — X — M — 0, where we declare
two such sequences, with middle terms X, X', to be equivalent if they
fit into a commutative diagram

0 N X M 0
i | ]
0 N X' M 0.

It follows from the Snake Lemma that in this situation X = X', so
the middle term X, is determined by the element a. The converse is
false (cf. Exercise[7.22), but Miyata’s Theorem [Miy67] gives a partial
converse: if a short exact sequence is “apparently” split—the middle
term is isomorphic to the direct sum of the other two—then it is split.

7.1. THEOREM (Miyata). Let R be a commutative Noetherian ring

and let

b q

a: N X M 0

be an exact sequence of finitely generated R-modules. If X, =M & N,
then «a is a split short exact sequence.

107
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PROOF. It suffices to show that p: N — X, is a pure homomor-
phism, thatis, Z®gp: Zer N — Z®r X, is injective for every finitely
generated R-module Z. Indeed, taking Z = R will show that p is injec-
tive, and by Exercise (or Exercise [13.37), pure submodules with
finitely-presented quotients are direct summands.

Fix a finitely generated R-module Z. To show that Z ®g p is in-
jective, we may localize at a maximal ideal and assume that (R, m) is
local. Suppose c € Z ® N is a non-zero element of the kernel of Z ®g p.
Take n so large that ¢ ¢ m*(Z ®g N) = m"Z ®r N. Tensoring further
with R/m™ gives the right-exact sequence

(Z/m"*Z)®r N -2, Zm*"Zyeg M &N — (Z/m"Z)@g M —— 0

of finite length R-modules. Counting lengths shows that p is injective,
contradicting the presence of the nonzero element ¢ in the kernel. []

Let

B: 0—N—Xs——M—0

be two extensions of N by M, with X, = Xg. As mentioned above, a
and f need not represent the same element of Ext]_%B (M,N). In the rest
of this section we describe a result of Striuli [Str05] giving a partial
result in that direction.

7.2. REMARK. We recall briefly a few more details of the Yoneda
correspondence for Ext!. First, recall that if a € Ext}i, (M,N) is repre-
sented by the short exact sequence

a: 0 N X M 0,

then for r € R, the product ra can be computed via either a pullback
or a pushout. Precisely, ra is represented either by the top row of the
diagram

ra: 0 > N P M 0
| |
a 0 N X M 0
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or the bottom row of the diagram

a: 0 > N X M 0
11
ra: 0 N Q M 0
where
P={(x,m)eXaeM|q(x)=rm}
and

Q@ =XeN/{(p(n),-rn)lneN).

More generally, the same sorts of diagrams define actions of Endg (M)
and Endgr(N) on Ext]}B (M,N), on the right and left respectively, replac-
ing r by an endomorphism of the appropriate module.

Pullbacks and pushouts also define the connecting homomorphisms
0 in the long exact sequences of Ext. If a € Ext}e(M ,IN) is as above, then
for an R-module Z the long exact sequence looks like

---—>HomR(Z,X)i>H0mR(Z,M)5—>Ext}%(Z,N)—>--- .
The image of a homomorphism g: Z — M in Ext}B(M ,IN) is the top
row of the pullback diagram below.

0 >N U Z 0

R

0 N X M 0
p q

In particular, when Z = M we find that 6(137) = a. Similar considera-
tions apply for the long exact sequence attached to Hompg(—, Z).

Here is the result that will occupy the rest of the section. In fact
this result holds for arbitrary Noetherian rings; we leave the straight-
forward extension to the interested reader.

7.3. THEOREM (Striuli). Let R be a local ring. Let
a: 0 N X M 0

B: 0—N—X;——M—0

be two short exact sequences of finitely generated R-modules. Suppose
that X, = Xpg and that p € IExt}e(M,N) for some ideal I of R. Then the
complex a ®g R/I is a split exact sequence.
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We need one preliminary result.

7.4. PROPOSITION. Let (R,m) be a local ring and I an ideal of R.
Let

p q

a: 0 N M 0

Xa

be a short exact sequence of finitely generated R-modules, and denote
by a =a®g R/I the complex

a: 0 —— N/IN —25 X JIX, —2— M/IM —— 0.

Ifael Extll% (M,N), then @ is a split exact sequence.

PROOF. By Miyata’s Theorem [7.1]it suffices to show that X,/IX, =
M/IM e N/IN. Let

¢: 0 Z Fy M 0

be the beginning of a minimal resolution of M over R, so that Z =
syzf (M) is the first syzygy of M. Then applying Hompg(—,N) gives
a surjection Homg(Z,N) — Extj(M,N). In particular I Homg(Z,N)
maps onto Extll{ (M,N), so there exists ¢ € I Homg(Z,N) such that a
is obtained from the pushout diagram below.

0 Z—>F, M 0
I .
a: 0 N X M 0
P q

In particular, we have @(Z) < IN. The pushout diagram also induces
an exact sequence

i
v 0 / ol FooN —221 . x. 0.

Let L be an arbitrary R/I-module of finite length, and tensor both &
and v with L:

i®ly, do®lL
ZQpL ————  Foyop L ————— M r L —— 0
[ i®ly, ] [w®1L]T
—p®11, pel;

Z®pL —— s (Foepr LYo (N®rL) —————— X, ®9r L —— 0.
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Since ¢(Z) c IN and IL =0, the image of —¢ ® 17, is zero in N ®r L.
Denoting the image of i ® 1 by K, we get exact sequences

00— K—— Fog®pL — M®rL ——0
0— K— (Fo®pL)#a(N®grL) — Xa9r L — 0.
Counting lengths (over either R or R/I, equally) now gives
((Xyg®rL)=¢(M R L)+ ¢(N®RL).
In particular, since L is an R/I-module, we have
(X /IXy®p; L)=¢(M/IM ®g/1 L)+ ¢(N/IN ®p/ L).

Exercise now applies, since L was arbitrary, to give X,/I1X, =
M/IM & N/IN. O

PROOF OF THEOREM[Z.3] Since f € I Ext}(M,N), Proposition
implies that Xz/IXpg = M/IM ® N/IN and hence X,/IX, = M/IM &
N/IN. Applying Miyata’s Theorem we have that a ®g R/I is split
exact. 0

Here is an amusing consequence.

7.5. COROLLARY. Let (R,m) be a local ring and M a non-free finitely
generated module. Let a be the short exact sequence

a: 0 My F M 0,

where F is a finitely generated free module and M1 < mF. Then a is a
part of a minimal generating set of Extll% (M, M).

PROOF. If a € mExt}B(M,Ml), then @ = a ® R/m is split exact. But
since M1 S mF, the image of M ® R/m is zero, a contradiction. ]

7.6. EXAMPLE. The converse of Proposition [7.4|fails. Consider the
one-dimensional (Asg) singularity R = £[[#2,¢2]. Since R is Gorenstein,
Ext}%(k,R ) =k, and so every nonzero element of Extlli,(k,R) is part of a
basis. Define a to be the bottom row of the pushout diagram

0 m R k 0

R

0 R X k 0

where ¢ is defined by ¢(t%) = t3 and ¢(¢3) = t*. Then «a is non-split,
since there is no map R — R extending ¢, whence « ¢ mExt}i,(k,R).
On the other hand, u(X) =2 and hence X/mX =k o k. It follows that @
is split exact.
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These results raise the following question, which will be particu-
larly relevant in Chapter

7.7. QUESTION. Let (R,m) be a CM local ring and let M and N be
MCM R-modules. Take a maximal regular sequence xon R, M, and N,
and take a € Extlle (M,N). Is it true that a € xExt}e(M,N) if and only if
a ® R/(x) is split exact?

§2. Isolated singularities

Now we come to the first major theorem in the general theory of CM
local rings of finite CM type: that they have at most isolated singular-
ities. The result is due originally to Auslander [Aus86a] for complete
local rings, though as Yoshino observed, the original proof relies only
on the KRS property, hence works equally well for Henselian rings
by Theorem Auslander’s argument is a tour de force of functo-
rial imagination, and an early vindication of the use of almost split
sequences in commutative algebra (cf. Chapter [13). Here we give a
simple argument due to Huneke and Leuschke [HLO02], valid for all
CM local rings, using the results of the previous section.

7.8. DEFINITION. Let (R, m) be a local ring. We say that R is, or
has, an isolated singularity provided R, is a regular local ring for all
non-maximal prime ideals p.

Note that we include the case where R is regular under the defi-
nition above. We also say R has “at most” an isolated singularity to
explicitly allow this possibility.

The next lemma is standard, and we leave its proof as an exercise
(Exercise[7.27).

7.9. LEMMA. Let (R,m) be a CM local ring. Then the following
conditions are equivalent.
(i) The ring R has at most an isolated singularity.
(it) Each MCM R-module is locally free on the punctured spectrum.
(iit) For all MCM R-modules M and N, Ext}e(M,N) has finite length.
O

7.10. LEMMA. Let (R,m) be a local ring, r e m, and

i

a: 0 > N Xq M 0

N

ra: 0 N j Xra M 0
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a commutative diagram of short exact sequences of finitely generated R-
modules. Assume that X, = X4 (not necessarily via the map f). Then
a € rExth(M,N).

Note that the case r =0 is Miyata’s Theorem

PROOF. The pushout diagram gives an exact sequence

r. .
o—>Nﬂ>N@Xa VI x 0.

Since N X, = N & X,,, Miyata’s Theorem implies that the se-
quence splits. In particular, the induced map on Ext,

[, ]: Extp(M,N) — Extp(M,N) o Exts (M, X,),
is a split injection. Let & be a left inverse for [}, ].

Now apply Hompg (M, -) to a, getting an exact sequence

.. — Homg (M, M) —>— ExtL(M,N) e, ExtL(M,Xg) — - .

The connecting homomorphism 6 takes 17 to a, so i.(a) =0. Thus
a=h(ra,0)=rh(a,0) €rExth,(M,N). O

7.11. THEOREM. Let (R,m) be local and M, N finitely generated R-
modules. Suppose there are only finitely many isomorphism classes of
modules X for which there exists a short exact sequence

0—N—X—M—0.
Then Exty(M,N) has finite length.
PROOF. Let a € Ext}e(M,N), and let »r € m. By Exercise it

will suffice to prove that r"*a = 0 for n > 0. For any integer n > 0, we
consider a representative for r* a, namely

ra: 0—N—X,—M—0.

Since there are only finitely many isomorphism classes of such X,,,
there exists an infinite sequence n; <ng <--- such that X,,, =X n; for
every i,j. Set f=r"1a, and let i > 1. Note that r"ia =r"""1 3. Hence
we get the commutative diagram

B 0 N — X, M 0

rtiTti g 0 N Xn, M 0
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for each i. By Lemma , Xn, = X,, implies f € r”i‘”lExt}B(M,N)
for every i. This implies 8 € m! Ex‘cl{3 (M,N) for every t > 1, whence, by
the Krull Intersection Theorem, = 0. U

If R has finite CM type, then for all MCM modules M and N,
there exist only finitely many MCM modules X generated by at most
uUr(M)+ur(N) elements, thus finitely many potential middle terms for
short exact sequences. Thus we obtain Auslander’s theorem:

7.12. THEOREM (Auslander). Let (R,m) be a CM ring with finite
CM type. Then R has at most an isolated singularity. U

7.13. REMARK. A non-commutative version of Theorem|7.12]is easy
to state, and the same proof applies. This was Auslander’s original
context [Aus86al. Specifically, Auslander considers the following sit-
uation: Let T be a complete regular local ring and let A be a (pos-
sibly non-commutative) T-algebra which is a finitely generated free
T-module. Say that A is non-singular if gldim A = dim(7"), and that
A has finite representation type if there are only finitely many isomor-
phism classes of indecomposable finitely generated (left) A-modules
that are free as T-modules. If A has finite representation type, then
Ay is non-singular for all non-maximal primes p of T'.

We mention here a few further applications of Theorem |7.11} all
based on the same elementary observation. Suppose that R is a CM
local ring and M is a MCM R-module such that there are only finitely
many non-isomorphic MCM modules of multiplicity less than or equal
to ur(M)-e(R); then M is locally free on the punctured spectrum.
This follows immediately from Theorem upon taking N to be the
first syzygy of M in a minimal free resolution. If in addition R is a
domain, then the criterion simplifies to the existence of only finitely
many MCM modules of rank at most ur(M).

Obvious candidates for M are the canonical module w, the conor-
mal module I/I? of a regular presentation R = A/I, and the module
of Kahler differentials Qllg 4 if R is essentially of finite type over a
field £. Since the freeness of these modules implies that R is Goren-
stein, respectively complete intersection [Mat89, 19.9], respectively
regular [Kun86, Theorem 7.2], we obtain the following corollaries.

7.14. COROLLARY. Let (R,m) be a CM local ring with canonical
module w. If R has only finitely many non-isomorphic MCM modules of
multiplicity up to r(R)e(R), where r(R) = dimy, Ext}igm(R)(k,R) denotes
the Cohen-Macaulay type of R, then R is Gorenstein on the punctured
spectrum. [
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7.15. COROLLARY. Let (A,n) be a regular local ring, and suppose
I cn?is an ideal such that R = A/I is CM. Assume that I/I? is a MCM
R-module. If R has only finitely many non-isomorphic MCM modules
of multiplicity at most us(I)-e(R), then R is complete intersection on
the punctured spectrum. O

7.16. COROLLARY. Let k be a field of characteristic zero, and let
R be a k-algebra essentially of finite type. Let Qll% 1, be the module of
Kdhler differentials of R over k. Assume that Q is a MCM R-module. If
R has only finitely many non-isomorphic MCM modules of multiplicity
up to embdim(R)-e(R), then R has at most an isolated singularity. [l

The second corollary raises the question of when the conormal mod-
ule I/I% is MCM over A/I for an ideal I in a regular local ring A. Her-
zog [Her78a] showed that this is the case if A/I is Gorenstein and
I has height three; see [HU89] and [Buc81, 6.2.10] for some further
results in this direction.

§3. Classification of two-dimensional CM rings of finite CM
type

Our aim in this section is to prove a converse to Herzog’s The-
orem which states that rings of invariants of two-dimensional
regular local rings have finite CM type. The result, due to Auslan-
der [Aus86b] and Esnault [Esn85], is that if a complete local ring R
of dimension two, with a coefficient field & of characteristic zero, has
finite CM type, then R = E[[u,v]? for some finite group G < GL(n, k).

Auslander’s proof relies on a deep result of Mumford in topology
(see [Mum61] and [Hir95bl). We give Mumford’s theorem below, fol-
lowed by the interpretation and more general statement in commuta-
tive algebra due to Flenner [Fle75] (see also [CS93]).

7.17. THEOREM (Mumford). Let V be a normal complex space of
dimension 2 and x € V a point. Then the following properties hold.

(i) The local fundamental group n(V ,x) is finitely generated.

(i) If the local homology group H1(V ,x) vanishes, then n(V,6x) is
isomorphic to the fundamental group of a valued tree having
negative definite intersection matrix.

(iit) If n(V ,x) = {1} is trivial, then x is a regular point. O

To translate Mumford’s result into commutative algebra, we recall
the definition of the étale fundamental group, also called the algebraic
fundamental group. See [Mil08] for more details. (We will not attempt
maximal generality in this brief sketch; in particular, we will ignore
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the need to choose a base point.) For a connected normal scheme X,
the étale fundamental group nit(X ) classifies the finite étale coverings
of X in a manner analogous to the usual fundamental group classifying
the covering spaces of a topological space.

The construction of ﬂit is clearest when X = SpecA for a normal
domain A. Let K be the quotient field of A, and fix an algebraic clo-
sure ) of K. Then nit(X ) £ Gal(L/K), where L is the union of all the
finite separable field extensions K’ of K contained in Q, and such that
the integral closure of A in K’ is étale over A. There is a Galois cor-
respondence between subgroups H < n‘it(X ) of finite index and finite
étale covers A — B of A. In particular, nit(X ) =0 if and only if A has
no non-trivial finite étale covers.

With some extra work, the étale fundamental group can be defined
for arbitrary schemes X. In particular, one may take X to be the punc-
tured spectrum Spec® A = SpecA \ {m} of a local ring (A,m). We say
that the local ring (A, m) is pure if the induced morphism of étale fun-
damental groups 7¢/(Spec® A) — n¢/(SpecA) is an isomorphism. (Un-
fortunately this usage of the word “pure” has nothing to do with the
usage of the same word earlier in this chapter.) The point is the sur-
jectivity: A is pure if and only if every étale cover of the punctured
spectrum extends to an étale cover of the whole spectrum.

7.18. THEOREM (Flenner). Let (A,m,k) be an excellent Henselian
local normal domain of dimension two. Assume that chark = 0. Con-
sider the following conditions.

(1) n$"(Spec® A)=0;
(it) A is pure;
(iit) A is a regular local ring.

Then (a) = (b) < (c), and the three conditions are equivalent if k
is algebraically closed. U

The implication “A regular = A pure” is a restatement of the
theorem on the purity of the branch locus (Theorem [B.12). The content
of the theorem of Mumford and Flenner is in the other implications, in
particular, a converse to purity of the branch locus.

Now we come to Auslander and Esnault’s characterization of the
equicharacteristic zero, two-dimensional, complete local rings having
finite CM type.

7.19. THEOREM (Auslander, Esnault). Let R be a complete CM lo-
cal ring of dimension two with coefficient field k. Assume that k has
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characteristic zero. If R has finite CM type, then there exists a power se-
ries ring S = kllu,v]l and a finite group G acting on S by linear changes
of variables such that R = S©.

PROOF. First, notice that by Theorem R is regular in codi-
mension one, whence a normal domain.

Let K be the quotient field of the normal domain R, and fix an
algebraic closure ). Consider the family of all finite field extensions
K' of K, contained in Q, and such that the integral closure of R in K’
is unramified in codimension one over R. Let L be the field generated
by all these K', and let S be the integral closure of R in L.

We will show that L is a finite Galois extension of K, so that in
particular S is a module-finite R-algebra [Mat89, p. 262, Lemma 1].
Furthermore, S is a local ring since R is Henselian. Observe that if we
show that S is a local ring module-finite over R, then by construction S
has no module-finite ring extensions which are unramified in codimen-
sion one; indeed, any such ring extension would also be module-finite
and unramified in codimension one over R. (See Appendix [B]) In other
words, we will have nit(SpecS \ {mg}) = 0 and it will follow that S is a
regular local ring, hence S = k[[u,v]l.

To show that L/K is a finite Galois extension, assume that there is
an infinite ascending chain

KCLiCLyC - CL

of finite Galois extensions of K inside L. Let S; be the integral closure
of R in L;. Then we have a corresponding infinite ascending chain

RCS1CS:C--CS

of module-finite ring extensions. Each S; is a normal domain, so in
particular a reflexive R-module. By Exercise the S; are pairwise
non-isomorphic as R-modules, contradicting the assumption that R
has finite CM type. Thus L/K is finite, and it’s easy to see it is a Galois
extension. Let G be the Galois group of L over K. Then G acts on S
with fixed ring R, and the argument of Lemma [5.3|allows us to assume
the action is linear. 0

Theorem is false in positive characteristic. Artin [Art77] has
given counterexamples to Mumford’s characterization of smoothness
in characteristic p > 0; the simplest is the (A,_1) singularity x? +
yP + 22 = 0, which has trivial étale fundamental group. Even though
Ellx,y,zl/(x% + yP + 22) has finite CM type by Theorem it is not a
ring of invariants when % has characteristic p.
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Among other things, Auslander’s Theorem [7.19| implies that the
two-dimensional CM local rings of finite CM type with residue field
C have rational singularities (see Definition [6.32). This suggests the
following conjecture.

7.20. CONJECTURE. Let (R,m) be a CM local ring of dimension at
least two. Assume that R has finite CM type. Then R has rational
singularities.

The assumption dim(R) > 2 is necessary to allow for the existence
of non-normal, that is, non-regular, one-dimensional rings of finite CM
type.

To add some evidence for this conjecture, we recall that by results
of Mumford [Mum61] (in characteristic zero) and Lipman [Lip69] (in
characteristic p > 0), a normal surface singularity X = SpecR has a
rational singularity if and only if there are only finitely many rank
one MCM R-modules up to isomorphism.

Here is a weaker version of Conjecture This problem was first
raised in print by Eisenbud and Herzog [EHS88].

7.21. CONJECTURE. Let (R,m) be a CM local ring of dimension at
least two. If R has finite CM type, then R has minimal multiplicity, that
1S,

e(R) = pp(m)— dim(R) +1.

Recall that rational singularity implies minimal multiplicity, Corol-
lary We will prove Conjecture for hypersurfaces in Chap-
ter [9] and in fact Conjecture for the hypersurface case will
follow from the classification in Chapter [9

§4. Exercises

7.22. EXERCISE. Prove that the p — 1 inequivalent non-zero exten-
sions in Ext%(Z/ pZ,7Z/pZ) all have isomorphic middle terms. Find an
example of abelian groups A and B and two elements of Ext%(A,B)
with isomorphic middle terms but different annihilators. (See [Str05]
for one example, due to Caviglia.)

7.23. EXERCISE. Let N ¢ M be modules over a commutative ring
R. Prove that N is a pure submodule of M if and only if the following
condition is satisfied: Whenever x1,...,x; is a sequence of elements
in N, and x; = Zj.:lrijmj for some r;; € R and m; € M, there exist
Y1,...,¥s € N such that x; = Z;erijyj for i =1,...,¢t. Conclude that if
M/N is finitely presented and N < M is pure, then the inclusion of N
into M splits. (See also Exercise[13.37})
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7.24. EXERCISE. Let R be a commutative Artinian ring and let
M, N be two finitely generated R-modules. Prove that M = N if and
only if /(Hompg(M,X)) = ¢(Hompg(N,X)) for every finitely generated R-
module X. (Hint: It suffices by induction on /(Homg(/N,N)) to show
that M and N have a non-zero direct summand in common. To show
this, take generators f1,...,f» for Homg(M,N) to define a homomor-
phism F: M — N, and show that F splits.) See [Bon89].

7.25. EXERCISE. Prove that the following conditions are equivalent
for finitely generated modules M and N over a local ring (R, m).
(i) M=N;
(i1) /(Hompg(M,L)) = ¢(Hompg(N,L)) for every R-module L of finite
length;

(iii) /(M ®r L) = ¢(N ®g L) for every R-module L of finite length.
(Hint: Use Matlis duality for = ({ii1). Assuming (i), reduce mod-
ulo m" and conclude from Exercise that M/m"M = N/m"N for
every n, then use Corollary [1.14])

7.26. EXERCISE. Let (R, m) be local, and let M be a finitely gen-
erated R-module. Show that M has finite length if and only if for all
r e m and for all x € M, there exists an integer n such that r*x =0.

7.27. EXERCISE. Consider these conditions on a local ring R.
(i) The ring R has at most an isolated singularity.
(ii)) Every MCM R-module is locally free on the punctured spec-
trum.
(iii) For all MCM R-modules M and N, Z(Ext}e(M,N)) < oo.

Prove a slightly more general version of Lemma [7.9} We have () =
= (11, and (i) = (@) if R is CM.






CHAPTER 8

The Double Branched Cover

In this chapter we introduce two key tools in the representation
theory of hypersurface rings: matrix factorizations and the double
branched cover. We fix the following notation for the entire chapter.

8.1. CONVENTIONS. Let (S,n,k) be a regular local ring and let f
be a non-zero element of n2. Put R = S/(f) and m = n/(f). We let d =
dim(R) = dim(S) — 1.

§1. Matrix factorizations

With the notation of suppose M is a MCM R-module. Then M
has depth d when viewed as an R-module or as an S-module. By the
Auslander-Buchsbaum formula, M has projective dimension 1 over S.
Therefore the minimal free resolution of M as an S-module is of the
form

(8.1.1) 0 G2 F M 0,

where G and F are finitely generated free S-modules. Since f-M =0,
M is a torsion S-module, so rankg G =rankg F'.

For any x € I, the image of fx in M vanishes, so there is a unique
element y € G such that ¢(y) = fx. Since the element y is linearly
determined by x, we get a homomorphism v : F — G satisfying ¢y =
f 1r. It follows from the injectivity of the map ¢ that w¢ = f 1 too.
This construction motivates the following definition [Eis80].

8.2. DEFINITION. Let (S,n,k) be a regular local ring, and let f be
a non-zero element of n?. A matrix factorization of f is a pair (¢,) of
homomorphisms between free S-modules of the same rank, ¢: G — F
and v: F — @G, such that
yo=1g and @y=1f.
Equivalently (after choosing bases), ¢ and ¥ are square matrices of
the same size over S, say n x n, such that
yo=py=1I,.
121
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Let (¢, ) be a matrix factorization of f as in Definition[8.2] Since f
is a non-zerodivisor, it follows that ¢ and y are injective, and we have
short exact sequences

0 a2

F cokp —— 0

(8.2.1)

0o—sF-25G coky —— 0

of S-modules. As fF = @w(F) is contained in the image of ¢, the cok-
ernel of ¢ is annihilated by f. Similarly, f -coky = 0. Thus cok¢ and
coky are naturally finitely generated modules over R = S/(f).

8.3. PROPOSITION. Let (S,n) be a regular local ring and let f be a
non-zero element of n2.

(i) For every MCM R-module, there is a matrix factorization (¢,y)
of f with cokgp = M.

(i) If (p,vy) is a matrix factorization of f, then cok¢ and coky are
MCM R-modules.

PROOF. Only the second statement needs verification. The exact
sequences and the fact that f-cokg = 0 = f - coky imply that
the cokernels have projective dimension one over S. By the Auslander-
Buchsbaum formula, they have depth equal to dim(S)—1 = dim(R) and
therefore are MCM R-modules. 0

8.4. NOTATION. When we wish to emphasize the provenance of a
presentation matrix ¢ as half of a matrix factorization (¢, y), we write
cok(p, ) in place of cokgp. We also write (9: G — F, yv: F — G) to
include the free S-module G and F in the notation.

There are two distinguished ¢rivial matrix factorizations of any el-
ement f € S, namely (f,1) and (1,f). Note that cok(1,f) = 0, while
cok(f,1)=R.

8.5. DEFINITION. Consider a pair of matrix factorizations of f €S,
say(0:G—F,v:F—G)and (¢': G — F', v': F' — G'). A homo-
morphism of matrix factorizations between (¢, v) and (¢',y') is a pair
of S-module homomorphisms a: F — F' and : G — G’ rendering
the diagram

FLGLF

(8.5.1) al lﬁ la
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commutative. (In fact, commutativity of just one of the squares is suf-
ficient; see Exercise )

A homomorphism of matrix factorizations (a, f): (¢,w) — (¢',v')
induces a homomorphism of R-modules cok(¢p,w) — cok(¢’,v’), which
we denote cok(a, B):

0 G—L-F cok(p, ) — 0
B a cok(a,p)
0 G ——F' cok(¢', ') —— 0
¢

Conversely, every S-linear map from cok(¢, ) to cok(¢’,y’) lifts to give
a homomorphism of matrix factorizations.

Two matrix factorizations (¢, y) and (¢',y’) are equivalent if there
is a homomorphism of matrix factorizations (a, f): (¢, %) — (¢',v') in
which both a and g are isomorphisms.

Direct sums of matrix factorizations are defined in the natural way:

roon_ [P L4
(w,W)@(w,w)—(( (p,),( U/’))'

We say that a matrix factorization is reduced provided it is not equiv-
alent to a matrix factorizations having a trivial direct summand (f,1)
or (1,f). It’s straightforward to see that (¢,y) is reduced if and only
if all the entries of ¢ and v are in the maximal ideal of S. See Exer-
cise |8.35| In particular, ¢ has no unit entries if and only if cok(¢p,v)
has no non-zero R-free direct summands.

With overlines denoting reduction modulo f, a matrix factorization
(p: G—F, v: F — G) induces a complex

(8.5.2) .- G

F G F cok(p, ) — 0

in which G and F are finitely generated free modules over R = S/(f).
In fact (Exercise [8.36)), this complex is exact, hence is a free resolution
of cok(p,v). If (¢, ) is a reduced matrix factorization, then (8.5.2) is a
minimal R-free resolution of cok(¢g,y).

The reversed pair (¥, @) is also a matrix factorization of f, and the
resolution exhibits cok(y, @) as a first syzygy of cok(y,w) and
vice versa:

0 — cok(y, p) —— F —— cok(p, ) —— 0
(8.5.3) .
0 — cok(p, ) — G —— cok(y,p) —— 0
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are exact sequences of R-modules. This gives the first assertion of the
next result; we leave the rest, and the proof of the theorem following,
as exercises. Recall that an R-module M is stable provided it does not
have a direct summand isomorphic to R. We remark that a direct sum
of two stable modules is again stable, by Lemma (@ (or directly,
Exercise|8.37).

8.6. PROPOSITION. Keep the notation of[8.1]

(i) Let M be a MCM R-module. Then M has a free resolution which
is periodic of period at most two.

(it) Let M be a stable MCM R-module. Then the minimal free reso-
lution of M is periodic of period at most two.

(iit) Let M be a MCM R-module. Then sysz is a stable MCM R-
module. If M is indecomposable and not free, so is syzliB M.

(iv) Let M be a finitely generated R-module. Then the minimal free
resolution of M is eventually periodic of period at most two. In
particular the minimal free resolution of M is bounded.

(v) Let M and N be R-modules with M finitely generated. For each
i > dim(R) - depth M, we have Ext,,(M,N) = Ext:"%(M,N) and
Tor®(M,N) = Tor® ,(M,N). O

In the next chapter we will see a converse to (iv): If every minimal
free resolution over a local ring R is bounded, then (the completion of)
R is a hypersurface ring.

8.7. THEOREM (Eisenbud). Keep the notation of The associa-
tion

(¢, ) — cok(p,y)

induces an equivalence of categories between reduced matrix factoriza-
tions of [ up to equivalence and of stable MCM R-modules up to isomor-
phism. In particular, it gives a bijection between equivalence classes of
reduced matrix factorizations and isomorphism classes of stable MCM
modules. O

8.8. REMARK. Ifin addition f is a prime/irreducible element of S,
so that R is an integral domain, then from ¢y = f -I,, it follows that
both det¢ and dety are, up to units, powers of f. Specifically, we must
have detg = uf* and dety = u~1f"* for some unit u € S and 2 < n. In
this case the R-module cok(p, 1) has rank %, while cok(y, @) has rank
n—k. To see this, localize at the prime ideal (f). Then over the discrete
valuation ring S(y), ¢ is equivalent to f-1; ® 1,,_; and so cok ¢ has rank
k over the field Ry).
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Similar remarks hold when f is merely reduced, provided we con-
sider rank M as the tuple (rankg, M)) as p runs over the minimal
primes in R.

8.9. REMARK. Let
(0:G—F,y:F—G) and (¢:G —F ¢y :F —@G

be two matrix factorizations of f. Put M = cok(p,y), N = cok(y,p),
M’ = cok(¢',v'), and N’ = cok(y/,¢’). Then any homomorphism of ma-
trix factorizations (a,f): (v,p) — (¢',¥’) (note the order!) defines a
pushout diagram

0 N F M 0
8.9.1) l l H
0 M Q M 0

of R-modules, the bottom row of which is the image of cok(a, ) under
the surjective connecting homomorphism

Hompg(N,M') — Extp(M,M').

In particular, every extension of M’ by M arises in this way.

The middle module @ is of course MCM as well. Splicing to-
gether with the R-free resolutions of N and M’, we obtain a morphism
of exact sequences

(8.9.2) " F Y. 2.F M 0
S
G —— F' Q M 0
4 ¢

defined, after the first step, by @ and B. The mapping cone of (8.9.2)) is
thus the exact complex

[w B ] [W @

—FeF-——GeG ——F oF —QoM—M—0.

We may cancel the two occurrences of M (since the map between them
is the identity) and find that

/

Q Ecok((a —aw) (W —ﬁa)) '
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§2. The double branched cover

We continue with the notation and conventions established in [8.1]
and assume, in addition, that S is complete. Thus (S, n, k) is a complete
regular local ring of dimension d + 1, 0 # f e n?, and R = S/(f). We will
refer to a ring R of this form as a complete hypersurface singularity.

8.10. DEFINITION. The double branched cover of R is
R* = S[21/f +2%),
a complete hypersurface singularity of dimension d + 1.

8.11. WARNING. It is important to have a particular defining equa-
tion in mind, since different equations defining the same hypersur-
face R can lead to non-isomorphic rings R?. For example, we have
RIxD/(x?) = RIx/(—x?), yet Rllx,z1/(x? + 22) Z Rllx,2]/(-x2 + z2). (One
is a domain; the other is not.) Exercise shows that such oddities
cannot occur if & is algebraically closed and of characteristic different
from two.

We want to compare the MCM modules over R with those over
R. Observe that we have a surjection R — R, killing the class of z.
There is no homomorphism the other way in general. However, R is a
finitely generated free S-module, generated by the images of 1 and z;
cf. Exercise

8.12. DEFINITION. Let N be a MCM R?-module. Set
N’=N/zN,

a MCM R-module. Contrariwise, let M be a MCM R-module. View M
as an Rf-module via the surjection Rf — R, and set

R
Mﬁ:syz1 M.

Notice that there is no conflict of notation if we view R as an
R-module and sharp it: Since z is a non-zerodivisor of R¥ (cf. Exer-
cise|8.40), we have a short exact sequence

0 RI 2Rt R 0.

Thus R is indeed the first syzygy of R as an R-module.

8.13. NOTATION. Let ¢: G — F be a homomorphism of finitely
generated free S-modules, or equivalently a matrix with entries in S.
We use the same symbol ¢ for the induced homomorphism S[[z]] ®g
G — Sllz]l ®s F'; as matrices, they are identical. In particular we
abuse the notation 1x, using it also for the identity map S[[z]l®gs 1F.
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Furthermore let $: G — F denote the corresponding homomor-
phism over R!, obtained via the composition of the natural homomor-
phisms S — S[z] — S[IzI/f +2%) = R!. Finally, as in we let
©@: G — F denote the matrix over R = S/(f) obtained via the natural
map S — R. Thus F = F/zF.

8.14. LEMMA. Let (¢: G — F, y: F — G) be a matrix factor-
izatio_n of f, let M = cok(p,v), and let n: F — M be the composition
F—»F-—»M.

(i) There is an exact sequence

2l @

IA/} —Zlé]
~ ~ ~ ~[@pz1z]1 ~
FeQ GoF L2l mmar o

of R'-modules.
(ii) The matrices over S[z]l

v -zlg ¢ zlp
R I

form a matrix factorization of f + z2 over S[z]l.
(iii) We have

w3, ) (e )
zlp @ P \—2l¢ vy ||’

(iv) The R'-module M* is stable if and only if g M is stable, in which
case

syz® (M%) = M,

PROOF. The proof of (i) amounts to matrix multiplication, and
is an immediate consequence of (i), (i), and the matrix calculation

1 ¢ z1f 1)

1 -z1lg v J\1 N

over S[[z]l. Item follows from and Exercise [8.35] since the
entries of the matrix factorization for M! are those in the matrix fac-

torization for M, together with z. It thus suffices to prove (i). First
we note that z is a non-zerodivisor of R (Exercise [8.40). Therefore the

v -zlg
zlp ¢
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columns of the following commutative diagram are exact.

0 0 0

=0
=
o)
l\sz
el

=0
=
o)
l\sz
ol

S|
|

<
Ql

S|
|
<
S

0 0 0

The bottom row is also exact by (8.5.2), but the first two rows aren’t
even complexes. In fact,

(8.14.1) Py =-2%1p.
An easy diagram chase shows that kern =im@+zF =im[& z15]. Also,
f/7 —Z lé

ker[¢p zl1lz|2im

z1lz @
by (8:14.1). For the opposite inclusion, let [}] € ker[# z17], so that
$(x) = —zy. A diagram chase yields elements a € F and b € G such that

[v —215]1[%] =x. We need to show that [217z #][§]|=y. Using (8:14.9),
we obtain the equations

z(za+ @(b)) = —py(a) +zp(b) = —p(y(a)—zb) = —p(x) = zy.
Cancelling the non-zerodivisor z, we get the desired result. ]

This allows us already to prove one “natural” relation between
sharping and flatting.

8.15. PROPOSITION. Let M be a MCM R-module. Then
b ~ R
MP=Mesyi M.
PROOF. The R-module M¥ is presented by the matrix factorization

(Pep:R, Y®piR), where (D, V) is the matrix factorization for M ! given
in Lemma Killing z in that matrix factorization gives

wzeo[” ) (7))

as desired. O
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8.16. COROLLARY. Let M be an indecomposable stable MCM R-
module.

(i) M"is a direct sum of either one or two indecomposable R*-modules.

(it) M is a direct summand of N b for some indecomposable non-free
R-module N.

PROOF. If M! were a direct sum of three or more non-trivial R-
modules, then M* would be too. But by Proposition and Proposi-
tion , M is a direct sum of exactly two indecomposable mod-
ules.

For the second statement, we note that M & syz]f(M ) is stable by
of Proposition and Exercise Write M* = Ny @ ---® N;, where
the N; are indecomposable MCM R!-modules, none of the free by Pro-
postionm Then M & sszf(M) =M"=N,"e---oN,°. By KRS, M is
isomorphic to a direct summand of some N lb U

The question of whether M! is indecomposable or a direct sum
of two indecomposable modules will be answered in Proposition [8.30
Now we turn to the other “natural” relation. Recall that R is a free
S-module of rank 2; in particular any MCM Rf-module is a finitely
generated free S-module.

8.17. LEMMA. Let N be a MCM Rf-module. Let ¢: N — N be an
S-linear homomorphism representing multiplication by z on N.
(i) The pair (¢,—@) is a matrix factorization of f with cok(p,—¢) =
NP,
(it) If N is stable, then

N’ =syzB(N),

and hence N’ is stable too.
(iit) Consider z 1y ¢ as an endomorphism of Sl[zl®s N, a finitely
generated free Sl[z]l-module. Then

1ly—@, z1n+@)

is a matrix factorization of f + z2 with cok(z IN—@,z1ny+¢p) =
N. If N is stable, then (z1y—¢@, z1n+¢) is a reduced matrix
factorization.

PROOF. On the S-module N, —¢? corresponds to multiplication by
—2z2. But since N is an R'-module, the action of —z% on N agrees with
that of f. In other words, —¢? = f 1. Now ¢ and —¢ obviously have
isomorphic cokernels, each isomorphic to N/zN = N b, Items and
follow. We leave the first assertion of as Exercise For
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the final sentence, note that if z 15 —¢ contains a unit of S[[z]l, then
¢ contains a unit of S as an entry. But then z1y +¢ has a unit entry,
so that the trivial matrix factorization (f +22,1) is a direct summand
of (z1y —¢,z1y +¢) up to equivalence. This exhibits R as a direct
summand of N, contradicting the stability of N. O

8.18. PROPOSITION. Let N be a stable MCM RY-module. Assume
that chark # 2. Then
bt ~ RF
N*=Nasyzl' N.
PROOF. Let ¢: N — N be the homomorphism of free S-modules

representing multiplication by z as in Lemma [8.17, Then (¢,—¢) is a
matrix factorization of f with cok(p,—¢) = N° by the Lemma, so that

f
N = syzB' (N)
~ cok - -zly 0 z1ly
N z1 N () > l-z1 N —Q
by of Lemma Noting that % € R and hence that the matrix

1 1] is invertible over R, we pass to an equivalent matrix

zln—¢ 0 _11 1) - —zly|[1 1
0 zly+p| 2|-1 1]||z1ln ¢ -1 1|°
Then
N = cok(z 1y -, z1y+@)dcok(z1ly +¢, z1x —(p)ENeasyzan
by (i11) of Lemma [8.17 O

The proof of the next result is essentially identical to that of Corol-
lary

8.19. COROLLARY. Assume that the characteristic of k is different
from two. Let N be an indecomposable non-free MCM R¥-module.

(i) N is a direct sum of either one or two indecomposable R-modules.
(i) N is a direct summand of M! for some indecomposable non-free

R-module M. O

We now have all the machinery we need to verify that R has finite
CM type if and only if R* does. The same arguments take care of the
case of countable CM type (see Definition [14.1), so in anticipation of
Chapter |14/ we prove both statements simultaneously.

8.20. THEOREM (Knorrer). Let (S,n,k) be a complete regular local
ring, f a non-zero element of w2, and R = S/(f).

(i) If R! has finite (respectively countable) CM type, then so has R.
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(it) If R has finite (respectively countable) CM type and chark # 2,
then R! has finite CM type.

PROOF. We will prove (i), leaving the almost identical proof of
to the reader. Let {IV;};c7 be a representative list of the indecomposable
non-free MCM R*-modules, where I is a finite (respectively countable)
index set. Write N;” = M;1 o --- ® M;,,, where each M;; is an inde-
composable R-module. (We are ignoring the first assertion of Corol-
lary here, since we're allowing the residue field to have charac-
teristic two.) By Corollary every indecomposable non-free MCM
R-module is a direct summand of some N; and therefore, by KRS, must
occur on the finite (respectively countable) list {M; ;}. O

8.21. EXAMPLE. One cannot remove the assumption on the char-
acteristic in . For example, let R = k[[x1//(x2), and notice that R* has
infinite CM type in characteristic two by Proposition [4.15

8.22. COROLLARY (ADE Redux). Let (R, m,k) be an ADE (or simple)
plane curve singularity (cf. Chapter over an algebraically closed
field k of characteristic different from 2, 3 or 5. Then R has finite CM

type.

PROOF. The hypersurface R’ is a complete Kleinian singularity
and therefore has finite CM type by Theorem By Theorem [8.20]
R has finite CM type. 0

8.23. EXAMPLE. Assume & is a field with chark # 2, and let n and d
be integers with n > 1 and d > 0. Put R,, g = kllx,21,...,24 /(x"*? +z%+
oot zz). The ring R, o = EllxI/(x™*1) obviously has finite CM type (see
Theorem[3.3). By applying Theorem [8.20|repeatedly, we see that the d-
dimensional (A,)-singularity R, 4 has finite CM type for every d. If &
contains a square root of —1, the ring R = kllx1,...,x¢, y1,...,y: I/ (x1y1 +
---+x:y:) also has finite CM type: The change of variables x; = u; +
v—-1v;, y; =u; —vV—1v; shows that R =R124+2-

§3. Knorrer’s periodicity

The results of the previous section on the double branched cover
imply that if M and N are indecomposable non-free MCM modules
over R and R, respectively, then M® and N both decompose into
precisely two indecomposable MCM modules. However, we do not yet
know whether this splitting occurs on the way up or the way down. In
this section we clarify this point, and use the result to prove Knorrer’s
theorem that the MCM modules over R are in bijection with those over
the double double branched cover R¥.
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8.24. NOTATION. We keep all the notations of the last section, so
that (S,n,k) is a complete regular local ring, f is a non-zero element
of n?, and R = S/(f) is the corresponding complete hypersurface sin-
gularity. In addition, we assume throughout this section that % is an
algebraically closed field of characteristic different from 2.

We first prove a sort of converse to Lemma[8.17

8.25. LEMMA. Let M be a MCM R-module such that M = syzlf M.
Then M = cok(pg, @o) for a square matrix ¢q satisfying (p(z) =fI,.

PROOF. We may assume that M is indecomposable, and write M =
cok(p: G — F, v: F — ) by Theorem By assumption there is
an equivalence of matrix factorizations (a, f): (p,v) — (y,¢), ie. a
commutative diagram of free S-modules

FLGLF

|
G—F —G
® %
with a and B isomorphisms. Thus cok(Ba,af) is an automorphism
of M. Since M is indecomposable and R is complete, Endgr(M) is an
nc-local ring. Furthermore, Endr(M)/_#(Endgr(M)) = k since & is alge-
braically closed. Hence we may write

cok(Ba,ap)=cly +p,

where c € £* and p € _#(Endg(M)). By replacing a by ¢ e, we may
assume that ¢ = 1. Now, putting p; = fa— 1 and pg = aff — 1g, we
have

(Ba,ap)=1r,1g) +(p1,p2)

with cok(p1, p2) € _#£(Endr(M)). Then ap; = paa and Bpa = p1 6.
Represent the function (1 +x)~ Y2 by its Maclaurin series and set

a' =a(lp+p1) 2 =g +p2) V2a: F—G
B =Bg+p2) 2 =(1r+p1) V?p: G —F.

Then the homomorphism of matrix factorizations (a','): (p,v) —
(v, ) satisfies f'a’f = p and a'f'a = a. Therefore f'a’ =1p and o'’ =
1. Finally, set g = ¢a’: F — F. Then ¢ = 'y, and we have

95 = 9a' By =gy =fl,,
and cok(¢q,po) =M. O
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Let R! = SIz1/(f +22) be the double branched cover of the previous
section. Then R! carries an involution ¢, which fixes S and sends z
to —z. Denote by R[0] the skew group ring of the two-element group
generated by o (cf. Chapter , ie. Ri[cl=R!'®(R! o) as R'-modules,
with multiplication

(r+so)r' +s'o)=r' +sa(s)+(rs' +so(r))o.

The modules over R%[c] are precisely the Rf-modules N carrying a
compatible action of the involution o:

o(rx)=o(r)o(x)

for r € R? and x € N. (Note that R itself is naturally an R![o]-module.)
We will call an Rf[o]-module N maximal Cohen-Macaulay (MCM, as
usual) if it is MCM as an R*-module.

Let N be a finitely generated Rf[o]-module, and set

Nt ={xeM|o(x)=x}
N ={xeM|o(x)=—x}.
Then N = N* &N~ as Rf-modules. If N is a MCM R![o]-module, then
it follows that N* and N~ are MCM modules over (RY)* = S, i.e. free
S-modules of finite rank.
8.26. DEFINITION. Let R, R", and R[0] be as above.

(i) Let N be a MCM Rf[¢o]-module. Define a MCM R-module «Z(N)
as follows. Multiplication by z, respectively —z, defines an S-
linear map between finitely generated free S-modules

9: N'*—N7, resp. y:N — N~
which together constitute a matrix factorization of f. Set
A (N) = cok(p,).

(i) Let M be a MCM R-module, and define a MCM R‘-module
PB(M) with compatible o-action by the following recipe. Write
M =cok(p: G — F, y: F — G) with F' and G finitely gener-
ated free S-modules. Set

BM)=GeoF,
with multiplication by z defined via
z(x,y) = (—y(y), p(x))

and o-action
olx,y)=(x,—y).
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8.27. PROPOSITION. The mappings </(—) and %(-) induce mutu-
ally inverse bijections between the isomorphism classes of stable MCM
R-modules and the isomorphism classes of MCM R'[o]-modules hav-
ing no direct summand R'[o]-isomorphic to R".

PROOF. It is easy to verify that «Z(R¥) = cok(1, f) = 0, that B(R) =
R! and that o9 and %</ are naturally the identities otherwise. [

In fact o/ and 2 can be used to define equivalences of categories
between the MCM Rf[o]-modules and the matrix factorizations of f,
though we will not need this fact.

8.28. LEMMA. Let M be a MCM R-module. Then
M= BM)

as Rt-modules (we ignore the action of o on the right-hand side). Thus
M* acquires, via this isomorphism, the structure of an R[o]-module.

PROOF. Write M = cok(¢: G — F, v: F — @), so that B(M) =
G @ F as S-modules, with z(x,) = (~y(y),p(x)). Since M* = syz" (M),
we want to build an R¥isomorphism between %(M) and the kernel of
the map 7: F — M in Lemma . First we compute the kernel:
Given an element u € F , write u =a + bz, with a,b € F. In the notation
of 7 is the composition F — F — M, where F — F kills z and
F — M is the cokernel of p: G — F. Thus u e kern < a € ¢(G) +
fF.

Define ¢: (M) — F by é(x,y) = @(x)+ yz for x € G and y € F. One
checks that {(z(x,y) = z¢é(x,y), so ¢ is R!-linear. Clearly im¢ < ker.
For the reverse inclusion, let u = a + bz € kern, write a = @(x') + fy/,
with x' € G and y' € F, and check that é(x',b —y'z) = u. O

8.29. PROPOSITION. Let N be a stable MCM Rf-module. Then N is
in the image of (-)!, that is, N = M* for some MCM R-module M, if and
only if N = syzfﬁ N.

PROOF. If N = MY, then N = syz%' N by Lemma8.14{iv).

For the converse, it suffices to show that if N is an indecompos-
able MCM R*-module such that N = syzliEji N, then N has the structure
of an Rf[o]-module. Indeed, in that case N = B(#(N)) = L (N)! by
Proposition and Lemma so that N is in the image of (-)".

By assumption, there is an isomorphism of Rf-modules é: N —

syzlan . Now Lemma [8.17 implies that syzlfu(N ) has the same
underlying Abelian group as N, with R i_structure defined via o, i.e.
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r-x = o(r)x. Therefore we may consider ¢ as a function N — N satis-
fying é(rn) = o(r)é(n). As N is indecomposable, Rf is complete, and % is
algebraically closed we may assume, by shenanigans similar to those
in Lemma that ¢ satisfies ¢2 = 1. Therefore ¢ defines an action
of 0 on N, whence N has a structure of Rf[o]-module. ]

Now we can say exactly which modules decompose upon sharping
or flatting.

8.30. PROPOSITION. Keep all the notation of |8.24} In particular, k
is an algebraically closed field of characteristic not equal to 2.

(i) Let M be an indecomposable non-free MCM R-module. Then
M" is decomposable if and only if M = syzliB M. In this case

Mi=N @syzlfﬁ N for an indecomposable R¥-module N such that
N Z syzlfuN .

(ii) Let N be a non-free indecomposable MCM R*-module. Then N 4
is decomposable if, and only if, N = syzf’uN . In this case N’ =
Meo syzf’ M for an indecomposable R-module M such that M Z

Rym
syz; M.

PROOF. First let g M be indecomposable, MCM, and non-free. If
M= syzlf M, then M = cok(¢g, @) for some ¢ by Lemma , so that by

Lemma [8.14]
¢ zlf
-z 1F (1))

MnEcok(( @ _ZlF),
=cok(p+izlp, ¢—izlp)®cok(p—izlp, p+izlF),

zlp ¢

via a diagonalization similar to that in the proof of Proposition [8.18
(Here i is a square root of —1 in £.) Conversely, suppose M? = N; & Ny
for non-zero MCM R!-modules N; and Ns. Then

N{’eNy’ = M* = MesyfM

by Proposition Since M is indecomposable and R is complete,
by KRS we may interchange N; and Ny if necessary to assume that
N 1b =M and Ng" = syzliB M. Note that N is stable since M is not free.

Then syz?(N1”) = N1” by Lemma|8.17(ji, so
M = N1b = syzf(Nlb) = sysz,

as desired.
Next let N be a non-free indecomposable MCM Rf-module. By

Proposition |8.29, if N = syzlfli N then N = M! for some g M, whence
N> = MY = MesyEM
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is decomposable by Proposition [8.15, The converse is shown as above.
To complete the proof of , suppose M = syzf M, so that M* =

Nea syzlfﬁN for some p:N. Then MP=Me sysz is a direct sum of

exactly two indecomposable modules, so N” must be indecomposable.

Hence N # syzll‘s{n N by the part of (ii) we have already proved. The last
sentence of (i1) follows similarly. O

8.31. DEFINITION. In the notation of(8.24] set
R = Sllu,vI/f +uv).

(Since we assume £k is algebraically closed of characteristic not 2, this
is isomorphic to (R%)!.) For a MCM R-module M given by the matrix
factorization M = cok(p: G — F, y: F — G), we define a MCM R-

module M* by
v v ]-G
\-ulp @ |)°

M* :cok(( ¢ vl
ulg vy

Here we continue our convention (cf. [8.13) of using 17 and 15 for the

identity maps on the free S[[z,v]l-modules induced from F and G.

We leave verification of the next lemma as an exercise.

8.32. LEMMA. Keep the notation of the Definition.
() MH=M*e syzfm(Mx).

(i) (M*Y" =M & syzf M.

(iii) (syz MY* = syzB" (M%),

Now we can prove a more precise version of Theorem [8.20

8.33. THEOREM (Knérrer). The association M — M* defines a bijec-
tion between the isomorphism classes of indecomposable non-free MCM
modules over R and over R™.

PROOF. Let M be an indecomposable MCM R-module which is not
free. Then M™ splits into precisely two indecomposable summands by
Proposition [8.30ff), so that M* is indecomposable by Lemma [8.32fi).

If M’ is another indecomposable MCM R-module with (M'y* = M*,
then by Lemma we have either M' =M or M' = syzlie M. As-
sume M ZM' = syzlie M. Then by Proposition M* is indecompos-
able. Therefore the two indecomposable direct summands of M* are
non-isomorphic by Proposition [8.30, and it follows from Lemma [8.32]

parts (i) and (ii1) that
M* oz syl F) = sy = (MR,
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a contradiction.
Finally let N be an indecomposable non-free MCM R*-module. We
must show that N is a direct summand of M* for some M. From

Lemma [8.32(f) we find
(NP = (N @ syzR" (N )
= (N & syzB" (N”")}% .

On the other hand,
(NP = (( Nb)bﬁ)ti
= (Nb ® syzlfu(Nb))Ij
=N g syzlfu(Nw)
=N®g (syzlfﬁ NP,
Hence N is in the image of (—)*. O

We will not prove Knorrer’s stronger result than in fact M — M*
induces an equivalence between the stable categories of MCM mod-
ules; see [Kno87] for details.

§4. Exercises

8.34. EXERCISE. Prove that commutativity of one of the squares in
the diagram (8.5.1) implies commutativity of the other.

8.35. EXERCISE. Prove that a matrix factorization (¢, v) is reduced
if and only if all entries of ¢ and y are in the maximal ideal n of S.

8.36. EXERCISE. Verify exactness of the sequence (8.5.2).

8.37. EXERCISE. Let A be a ring, possibly non-commutative, hav-
ing exactly one maximal left ideal. Let M and N be left A-modules. If
M & N has a direct summand isomorphic to oA, then either M or N
has a direct summand isomorphic to p A. Is this still true if, instead, A
has exactly one maximal two-sided ideal?

8.38. EXERCISE. Fill in the details of the proofs of Proposition
and Theorem 8.7

8.39. EXERCISE. Let (S,n, %) be a complete local ring, let f € n?\{0},
and put g = uf, where u is a unit of R. If k is closed under square
roots and has characteristic different from 2, show that S[zII/(f +22) =
Slz1/(g + 22).
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8.40. EXERCISE. Prove that z is a non-zerodivisor of R = S[z1/f +
2
z°).

8.41. EXERCISE. Prove that the natural inclusion S[z]/(f +z%) —
S[IzI/(f +z2) is an isomorphism. In particular, R? is a free S-module
with basis {1,z}. Show by example that if S is not assumed to be com-
plete then SIz1/(f +22) need not be finitely generated as an S-module.

8.42. EXERCISE. With notation as in the proof of Lemma (1),
show that the sequence

I,—
S[[Z]](n) Zn—® S[[Z]](n) —N—0
is exact. (Hint: Use Exercise and choose bases.)

8.43. EXERCISE. In Exercise [8.21] we gave an example of a zero-
dimensional ring R with finite CM type such that R? has infinite CM
type. Find higher-dimensional examples of this behavior.

8.44. EXERCISE. Prove Lemma[8.32



CHAPTER 9

Hypersurfaces with Finite CM Type

In this chapter we will show that the complete, equicharacteristic
hypersurface singularities with finite CM type are exactly the ADE
singularities. In any characteristic but two, Theorem shows that
such a hypersurface of dimension d > 2 is the double branched cover of
one of dimension d — 1. In Theorem proved in 1987 by Buchweitz-
Greuel-Schreyer and Knorrer [Kno87, BGS87], we restrict to rings
having an algebraically closed coefficient field of characteristic differ-
ent from 2, 3, and 5, and show that finite CM type is equivalent to
simplicity (Definition [9.1), and to being an ADE singularity. We'll also
prove Herzog’s Theorem Gorenstein rings of finite CM type are
abstract hypersurfaces [Her78b]. In [§4) we derive matrix factoriza-
tions for the Kleinian singularities (two-dimensional ADE hypersur-
face singularities). At the end of the chapter we will discuss the situa-
tion in characteristics 2,3 and 5. Later, in Chapter 10| we will see how
to eliminate the assumption that R be complete, and also we’ll weaken
“algebraically closed” to “perfect”.

We will do a few things in slightly greater generality than strictly
needed in this chapter, so that they will apply also to the study of
countable CM type in Chapter[14]

§1. Simple singularities

9.1. DEFINITION. Let (S,n) be a regular local ring, and let R =
S/(f), where 0 # f € n?. We call R a simple (respectively countably
simple) singularity (relative to the presentation R = S/(f)) provided
there are only finitely (respectively countably) many ideals L of S such
that f € L.

9.2. THEOREM (Buchweitz-Greuel-Schreyer). Let R = S/(f), where
(S,n) is a regular local ring and 0 # f e n. If R has finite (respectively
countable) CM type, then R is a simple (respectively countably simple)
singularity.

PROOF. Let .4 be a complete set of representatives for the equiva-
lence classes of reduced matrix factorizations of f. By Theorem 8.7, .«

139
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is finite (respectively countable). For each (¢, v) € 4, let L(¢p,vy) be the
ideal of S generated by the entries of [¢ | y|. Let & be the set of ideals
that are ideal sums of finite subsets of {L(¢p,y) | (p,y) € #}. Then
& is finite (respectively countable), and we claim that every proper
ideal L for which f € L? belongs to .. To see this, let aq,...,a, gen-
erate L, and write f =agbo+---+a;b,, with b; e L. For 0 <s<r, let
fs =agbg+---+asbs. Put og =ag, 19 = by, and for 1 < s < r define,
inductively, a 2° x 2% matrix factorization of fs by

bSI2s—1 Os-1

To—1  —Qglgs1

aslzs—l Os5-1

©2.1) o= |Tr BT

and 71, =

Letting 0 = 0, and 7 = 1,,, we see that (o, 7) is a reduced matrix factor-
ization of f with L(o,7) = L. Then (0,1) is equivalent to ((pl,wl)(”l) ®
@((pt,u/t)(nt), where (¢;,v;) € 4 and n; > 0 for each j. Finally, we
have L = L(0,7) = j.zlL(goj,wj)ey. O

The following lemma, together with the Weierstrass Preparation
Theorem, will show that every simple singularity of dimension d > 2
is a double branched cover of a (d — 1)-dimensional simple singularity:

9.3. LEMMA. Let (S,n,k) be a regular local ring and R = S/(f) a
singularity with d = dim(R) > 1.
(i) Suppose R is a simple singularity and k is an infinite field.
Then:
(a) R is reduced, i.e. for each g € n we have ng f.
(b) e(R) < 3.
(c) If k is algebraically closed and d > 2, then e(R) = 2.
(it) Suppose R is a countably simple singularity and that k is an
uncountable field. Then:
(a) For each g €n we have g31{f.
(b) e(R) < 3.
(c) If k is algebraically closed and d > 2, then e(R) = 2.

PROOF. Suppose f has a repeated factor, so that we can write
f =g%h, where gen and h € S. Now dim(S/(g)) =d > 1, so S/(g) has
infinitely many ideals. Therefore S has infinitely many ideals that
contain g, and f is in the square of each, a contradiction.

Suppose f is divisible by the cube of some gen. Let AcR be
a complete set of coset representatives for £*. If S/(g) is not a DVR,
let {¢,n} be part of a minimal generating set for n/(g), and lift &,n to
x,y€n. For A€ A, put Ly =(x+Ay,g). We have L) # L, if 1 # p,
forif L=L) =L, and A # umodm, then L contains (1 — u)y, hence y,
and hence x; this means that L/(g) = ({,n) = ({ + An), contradicting the
choice of ¢ and 7. For each A € &, we have f € L3 gLi, a contradiction.
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Now assume that S/(g) is a DVR. Then dim(S) = 2 and g ¢ n?.
Write n = (g,h), and note that g and A are non-associate irreducible
elements of S. For A € A, put I, = (g + Ah?,gh). Suppose I :=1, = I,
with A # u. Then I =(g,h?). Writing

(9.3.1) g=(g+Ah®p+ghq,

with p,q € S, we see that g | Ah%p, whence g | p. Write p = gs, with
s € S, plug this into (9.3.1), and cancel g, getting the equation 1 =(g +
AR?)s + hq € n, a contradiction. Thus L #L u When A # u. Moreover,
we have

g° = g(g + Ah*)® - Ah(g + AR®)(gh) - Mgh)* € I}

for each A. Thus f el % for each A, again contradicting countable sim-
plicity.

and Suppose e(R) > 4. Then f € n* (cf. Exercise[9.29). If L
is any ideal such that n? C L C n, then f € L2. These ideals correspond
to non-zero proper subspaces of the k-vector space n/n?, so there are
infinitely (respectively uncountably) many of them, a contradiction.

and We know that e(R) is either 2 or 3, so we suppose
e(R) = 3, that is, f e n®\n?. Let f* be the coset of f in n3/n*. Then f*
is a cubic form in the associated graded ring G =k en/n?en?ne... =
klxo,...,xq], where (xg,...,xq) = n. The zero set Z of f* is an infinite
(respectively uncountable) subset of IPZ. Fix a point A=(Ag: Ay :---:
Ag)€ Z, and let {L1,...,L4} be a basis for the k-vector space of linear
forms vanishing at 1. These forms generate the ideal of G consisting
of polynomials vanishing at A, and it follows that

(9.3.2) f*e(Ly,...,Lqg)xo,...,xq)°G.

Lift each L; € n/n? to a element L; € n\n2, and put I, = (Lq,...,Lg)S +
n?. Pulling back to S and using the fact that f* = f + n*, we
get f € (L1,...,Lg)n2 +n*, whence f € Ii. Since Iy # I, if A and u
are distinct points of Z, we have contradicted simplicity (respectively
countable simplicity). O

The next lemma will be used to control the order of the higher-
degree terms in the defining equations of (countably) simple singular-
ities:

9.4. LEMMA. Let R = S/(f) be a hypersurface singularity of positive
dimension, where (S,n,k) is a regular local ring and 0 # f € n?. As-
sume either that k is infinite and R is a simple singularity, or that k is
uncountable and R is a countably simple singularity. Let a,f € n. Then

f & (a,p?)3.
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PROOF. Suppose f € (@, ?)3. Let A < S be a complete set of rep-
resentatives for the residue field %k, and for each A € A put I} = (a +
AB2,B%). One checks easily that (a, %)% < I % (Exercise . There-
fore it will suffice to show that I} # I, whenever A and y are distinct
elements of A.

Suppose A,pu€ A, A # p, and I =I,. Since A —p is a unit of S, we
see that B2 € I,. Writing 2 = s(a + A18%) +¢2, with s,¢ € S, we see that
B%(1-tP) € (@ + AB?). Therefore B2 € (a + AB2), and it follows that I =
(@ +AB>). Now [ €(a,p?)? = Ii = (a+ AB>)?, and this contradicts
or of Lemma 0

§2. Hypersurfaces in good characteristics

For this section % is an algebraically closed field and d is a positive
integer. Put S = kllxo,...,x4]l and n = (xg,...,x47). We will consider d-
dimensional hypersurface singularities: rings of the form S/(f), where
0#fen?

We refer to [Lan02, Chapter IV, Theorem 9.2] for the following
version of the Weierstrass Preparation Theorem:

9.5. THEOREM (WPT). Let (D,m) be a complete local ring, and let
g € DIllx]l. Suppose g =ag+aix+-:--+a.x®+higher degree terms, with
ag,a1,...,0.-1 € mand a, € D\m. Then there exist b1,...,b, e mand a
unit u € D[[x]l such that g = (x¢ +b1x¢ 1+ +b,)u. O

The conclusion is equivalent to asserting that D[[x]l/(g) is a free
D-module of rank e, with basis 1,x,...,x¢ 1.

9.6. COROLLARY. Let ¢ be an infinite field, and let g be a non-zero
power series in S = lllxg,...,x, 1, n > 1. Assume that the order e of g
is at least 2 and is not a multiple of char(¢). Then, after a change of
coordinates, we have g = (x;, + bzxfl'z +ng2'3 +oo+bo_1x,+be)u, where
bo,...,b, are non-units of D := lllx,...,xn—1]l and u is a unit of S.

PROOF. We make a linear change of variables, following Zariski
and Samuel [ZS75, p. 147], so that Theorem applies with respect
to the new variables. Write g = g, + g¢41 + -, where each g; is a
homogeneous polynomial of degree j and g, # 0. Then x,g. # 0, and,
since ¢ is infinite, there is a point (cg,c1,...,cn) € £7*! such that x,g,
does not vanish when evaluated at (cg,...,c,). Then ¢, # 0, and since
Xn 8. 1s homogeneous we can scale and assume that ¢, = 1. We change
variables as follows:

x;i+ecix, ifi<n
Q. x;— o
X, ifi=n.
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Now, ¢(g) = ¢(g.)+higher-order terms, and ¢(g.) contains the term
8el(co,c1,...,¢n-1,)x¢ = cxt, where c € £*. It follows that ¢(g) has the
form required in Theorem with x = x,,. Replacing g by ¢(g), we
now have g = (x¢ + b1x% 1 +--- + b,)u, where the b; are non-units of D

b1,.e-1

and u is a unit of S. Finally, we make the substitution x, — x, — Z-x,

to eliminate the coefficient b1. O

Here is the main theorem of this chapter, due to Buchweitz-Greuel-
Schreyer and Knorrer [Kno87, BGS87].

9.7. THEOREM. Let k be an algebraically closed field of charac-
teristic different from 2, and put S = kllxo,...,xqll, where d > 2. Let
R = S/f), where 0 # f € (xg,...,xq)>. Then R has finite CM type if
and only if there is a non-zero element g € (xo,x1)2kl[x,x11 such that
kllxg,x111/(g) has finite CM type and R = S/(g + x% + - +x§l).

PROOF. The “if” direction follows from Theorem and induc-
tion on d. For the converse, we assume that R has finite CM type.
Then R is a simple singularity (Theorem [9.2), and of Lemma [9.3
implies that e(R) = 2. Since char(k) # 2, we may assume, by Corol-
lary that f = xcz73 +b, with b € (xg,...,xq-1)2k[x0,x1,...,%4-1]. (The
unit z in the conclusion of the corollary does not affect the isomor-
phism class of R.) Note that b # 0, by of Lemma Then R = A*,
where A = k[[xo,xl,...,xd_l]]/(b). Now Theorem implies that A
has finite CM type. If d = 2 we set g = b, and we’re done. Other-
wise, after a change of coordinates we have b = (x?i_1 + c)u, where c €
(20, ---,2%q-2)2k[x0, ..., %4-2\{0} and u is a unit of kllxp,x1,...,%q-1].
Now f = (xflu_1 +x(21_1 +c)u. Since S is complete, it is in particular
Henselian by Hensel’s Lemma (Corollary1.9), and since char(k) # 2 the
classical definition of Henselianness (Corollary[A.31) provides a unit v
such that v? = u~1. After replacing x4 by x4v and discarding the unit
u, we now have R = S/(c +x§_1 +x3). Repeat! U

If the characteristic of % is different from 2, 3 and 5, we get a more
explicit version of the theorem.

9.8. THEOREM. Let k be an algebraically closed field of characteris-
tic different from 2, 3, or 5, let d > 1, and let R = kllx,y,x2,...,xq11/(f),
where 0 # f € (x,y,%s,...,xq)°. These are equivalent:

(i) R has finite CM type.

(it) R is a simple singularity.

(iti) R = kllx,y,x9,...,xq11/(g +x§ e +x62i), where g € klx,y] defines
a one-dimensional ADE singularity (cf. Chapter [} [§3). d
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A consequence of this theorem is that, in this context, simplicity of
R depends only on the isomorphism class of R, not on the presentation
R = S/(f). We know of no proof of this fact in general. The proof of the
theorem will occupy the rest of the section.

PROOF. () = (i1) by Theorem [9.2

—> (ii1): Suppose first that d > 2; then e(R) = 2 by of
Lemma By Corollary we may assume that f = xfl +0b, where
b is a non-zero non-unit of k[[xg,x1,...,xg—11. Then R = A* where A =
kllxo,x1,... ,xd_l]]/(b). Simplicity passes from R to A: If there were an
infinite number of ideals L; of kl[xg,x1,...,x4_1]l with b € L? for each i,
we would have xg +be(L;S +x4S)? for each i, where S = k[[xo,...,xq].
Since (L;S +x4S) N kllxg,x1,...,269-111 = L;, the extended ideals would
be distinct, contradicting simplicity of R. Thus we can continue the
process, dropping dimensions till we reach dimension one. It suffices,
therefore, to prove that = when d = 1.

Changing notation, we set S = k[[y,x]l and n = (y,x)S. (The silly
ordering of the variables stems from the choice of the normal forms for
the ADE singularities in Chapter [4], [§3]) We have a power series f €
n2\{0} which is contained in the squares of only finitely many ideals,
and we want to show that R = S/(f) is an ADE singularity. We will
follow Yoshino’s proof of [Yos90, Proposition 8.5] closely, adding a few
details and making a few necessary modifications (some of them to
accommodate non-zero characteristic p > 5).

Suppose first that e(R) = 2. By Corollary (9.6, we may assume that
f =x2+g, where g € yk[[yll. Then g #0 b of Lemma and
we write g = y'u, where u € E[[yll*. Then t > 2, else R would be a
discrete valuation ring. Replacing f by ©~'f, we now have f = u 1x? +
yt. Now we let v € E[[y]* be a square root of u ! using Hensel’s Lemma
(Corollaries and and make the change of variables x — vx.
Then f = x2 + y?, so R is an (A;_1)-singularity.

Before taking on the more challenging case e(R) = 3, we pause for
a primer on tangent directions of the branches of an analytic curve.
Given any non-zero, non-unit power series g € Kllx,yll, where K is
any algebraically closed field, let g, be the initial form of g. Thus
g 1s a non-zero homogeneous polynomial of degree e > 1 and g =
g + higher-degree forms. We can factor g, as a product of powers of
distinct linear forms:

8e= g;”l ..... "ﬂh ,
where each m; > 0 and the linear forms ¢; are not associates in K[x, y].
(To do this, dehomogenize, then factor, then homogenize.) The tangent
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lines to the curve g =0 are the lines ¢; =0, 1 <i < h. We will need the
“Tangent Lemma” (cf. [Abh90, p. 141]):

9.9. LEMMA. Let g be a non-zero non-unit in Kllx,yll, where K is
an algebraically closed field. If g is irreducible, then g has a unique
tangent line.

PROOF. Let e be the order of g. By the Weierstrass Preparation
Theoremwe may assume that g = ye+b1y* 14+ +b,_1y+b,, where
the b; € B := K[[x]l. Since x* | b; (else the order of g would be smaller
than e), we may write

g=v"+c1xy’ T+t com1x® Ly +cox,
with ¢; € B. Let us assume that the curve g = 0 has more than one
tangent line. Then we can factor the leading form
ge =y +c1(0)xy 4+ com1(0)x Ny + ¢ (0)x°

as a product of linear factors y —a;x with not all a¢; equal. Dehomoge-
nizing (setting x = 1), we have

¥ +c1(0)y° L+ 4 com1(0)y + co(0) = [[(y —a).
i=1

By grouping the factors intelligently, we can write
(9.9.1) e +c1(0)y T+t ce1(0)y +¢0(0) = pg,

where p and ¢ are relatively prime monic polynomials of positive de-
gree.
Put z = % Then z is transcendental over B, and we have

1

g=x%h, where h =2°+c¢12° " +---+ce_12 +c. € Blz].

By (9.9.1), the reduction of 2~ modulo xB factors as the product of
two relatively prime monic polynomials of positive degree. Since B
is Henselian (cf. Theorem and Corollary [1.9), we can write

h=E"+u1z™ T+ ug)E® +vi2" 4+ +vg).
with u;,v; € B and with both m and n positive. Then
=" +uixy™ T+ uox™(y +v1xy™ L+ +vga™)
is the desired factorization of g. 0

The lemma is exemplified by the nodal cubic g = y? —x2 —x3 = y2 -

x2(1+x), which, though irreducible in K[x, y], factors in K[[x, yIl as long
as char(K) # 2. It has two distinct tangent lines, x+y=0and x—y =0;
and indeed it factors: If A is a square root of 1+ x (obtained from the
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Taylor expansion of (1 + x)%, or via Hensel’s Lemma: Corollaries
and [A.31), then g = (y + xh)(y — xh).

Now assume e(R) = 3, and write f = x®+xa + b, where a,b € yk[y]l.
Since f has order 3, we have a € y2k[y]l and b € y3E[y].

9.10. CASE. f isirreducible.

Then b # 0. The initial form f3 of f is a power of a single linear form
by Lemma and it follows that f5 = x3. Therefore the order of a is
at least 3, and b has order n > 4. If a =0 we have f = x3 + uy”, where
u € k[[yll*. By extracting a cube root of u~! (using Corollary , we
may assume that f = x3 + y". Now Lemma implies that n» must be
4 or 5, and R is an (Eg) or (Eg) singularity. If a # 0 we can assume that
f=x+uxy™+y", where m >3 and u € k[[y]*. Suppose for a moment
that m =3 and n > 5. Then one can find a root ¢ € k[ y]]* of T3 +uT?+
y27=9 = 0 by lifting the simple root —u of T + wT? € k[T]. One checks
that then x = ¢~ 1y™3 is a root of f, contradicting irreducibility. Thus
either m >4 orn=4.

Suppose n =4, so f = x° +uxy™ + y*. After the transformation
A %uxy’"_‘g, f takes the form

3 %3+ bxy? + 4 (b € kllx,y) ifm>3
| vad +eaZy? + 42 (c € kllx,yll, vekllx,yI*) ifm=3.

If m = 3, we use the transformation x — v73x to eliminate the unit
v (modifying ¢ along the way). Thus in either case we have f = x° +
bx?y? + y*, and now the transformation x — x — %b y2 puts f into the
form f = x®+wy*, where w € k[[x, y]I*. Replacing y by w_%y, we obtain
the (Eg)-singularity.

Now assume that n # 4 (and, consequently, m > 4). Lemma im-
plies that n = 5. The transformation y — y — %uxym_4 (with a unit ad-
justment to x if m = 4) puts f in the form x3+bx2y3+y5. The change of
variable x — x—%by3 now transforms f to x3+wy®, where w € k[[x, yI*.

On replacing y with w'% y, we obtain the (Eg) singularity, finishing
this case.

9.11. CASE. f is reducible but has only one tangent line.

Changing notation, we may assume that f = x(x> +ax+b), where a
and b are non-units of k[[y]l. As before, x> must be the initial form of
f, so f = x(x?+ cxy? +dy3), where ¢,d € kl[yll. By Lemma d must
be a unit. After replacing y by d3 y, we can write f = x(x% +exy® +y?),
where e € k[[y]l. Next do the change of variable y — y— %ex to eliminate
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the y2 term. Now f = x(ux? + y%), where u € k[[x, yI*. Replacing x by
1
u~2x, we have, up to a unit multiple, an (E7) singularity.

9.12. CASE. f is reducible and has more than one tangent line.

Write f = ¢q, where ¢ is linear in x and q is quadratic. If the
tangent line of ¢ happens to be a tangent line of g, then, by Lemma|9.9]
q factors as a product of two linear polynomials with distinct tangent
lines. In any case, we can write f = (x — r)(x? + sx + t), where r,s,t €
yklyll, and where the tangent line to x — r is not a tangent line of
x2+sx+t. After the usual changes of variables and multiplication by a
unit, we may assume that f = (x—r)(x2+y"), where n > 2. If n = 2, then
f is a product of three distinct lines, and we get (D4). Assume now that
n > 3. Then x = 0 is the tangent line to x2 + y" and therefore cannot
be the tangent line to x —r. Hence r = uy for some unit u € k[[y]]*. We
make the coordinate change y — ? Now f = y(ax? +bxy™ L+ cy"),
where a and c are units of k[[x, y]l. Better, up to the unit multiple c,
we have f = y(ac a2+ be txy" 1 + y"). Replace x by (ac‘l)'%x; now
f = y(x®+dxy™ 1+ y"). After the change of coordinates x — x— %dy”_l,
we have f = y(x% - %alzyzn_2 +y™). Since 2n —2 > n, we can rewrite
this as f = y(x2 + ey™), where e € k[[x, y1I*. Finally, we factor out e and
replace x by e%x, bringing f into the form y(x? + y"), the equation for
the (D, +2) singularity.

To finish the cycle and complete the proof of Theorem we now
show that = (). If d =1 we invoke Corollary Assuming
inductively that k[lxo,...,x,.1/(g +z§ +-+-+22) has finite CM type for
some r > 1, we see, by of Theorem that Ellxo,...,x,+10/(g +

zg e +zf+1) has finite CM type as well. [

9.13. REMARK. Inspecting the proof, we see that the demonstration
of —= in the one-dimensional case of Theorem uses only
the following three properties of a simple singularity R = S/(f), where
(S,n) is a two-dimensional regular local ring:

(1) R is reduced,;
(i1) e(R) < 3; and
(iii) f ¢ (a,B?)? for every a, B en.

Since the one-dimensional ADE hypersurfaces obviously satisfy these
properties, it follows that f defines a simple singularity if and only if
these three conditions are satisfied.
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§3. Gorenstein rings of finite CM type

In this section we will prove Herzog’s theorem [Her78b] stating
that the rings of the title are abstract hypersurfaces, that is, the com-
pletion of such a ring is a hypersurface singularity. Before giving the
proof, we establish the following result (also from [Her78bl) of inde-
pendent interest. Recall that a MCM module M is stable provided it
has no non-zero free summands.

9.14. LEMMA. Let (R,m) be a CM local ring, let M be a stable MCM
R-module, and let N = syz]i2 (M).
(i) N is stable.
(it) Assume M is indecomposable, that Extlle(M ,R) =0, and that
Ry is Gorenstein for every prime ideal p of R with heightp < 1.
Then N is indecomposable.

PRrOOF. We have a short exact sequence
(9.14.1) 0 N F M 0,

where F is free and N € mF. Let (x) = (x1,...,%44) be a maximal R-
regular sequence in m. Since M is MCM, (x) is M-regular, and it fol-
lows that the map N/xN — F/xF is injective. We therefore have an
injection N/xN — mF/xF. Since (x) is a maximal N-regular sequence,
m € Ass(N/xN), so m € Ass(mF/xF) = Ass(m/(x)). It follows that m/x is
an unfaithful R/(x)-module and hence that N/xN is unfaithful too. But
then N/xN cannot have have R/(x) as a direct summand, and item
follows.

For the second statement, we note at the outset that both M and N
are reflexive R-modules, by Corollary We dualize (9.14.1), using
the vanishing of Ext}i,(M ,R), to get an exact sequence

(9.14.2) 0 M* F* N* 0.

Suppose N = N; & Ny, with both summands non-zero. By (i), neither
summand is free. Since N is reflexive, neither Ny nor N; is free, and
it follows from that M* decomposes non-trivially. As M is re-
flexive, this contradicts indecomposability of M. 0]

9.15. THEOREM (Herzog). Let (R,m,k) be a Gorenstein local ring
with a bound on the nlimber of generators required for indecomposable
MCM modules. Then R is a hypersurface ring.

PROOF. Let M = syzg(k), and write M = M1 & ---® M;, where each
M; is indecomposable and the summands are indexed so that M; =R
if and only if i > s. By Lemma [9.14] syzf(M ) is a direct sum of at
most s indecomposable modules for j > d. (The requisite vanishing of
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Ext follows from the Gorenstein hypothesis.) It follows that the Betti
numbers of £ are bounded. By a theorem of Tate and Gulliksen [Tat57,
Gul80] (see also [Eis80, Corollary 6.2] or [Avr98]) this forces R to be
a hypersurface ring. O

Combining Theorem with Theorem[9.8] we have characterized
finite CM type for complete Gorenstein algebras over an algebraically
closed field. See Corollary|10.19|for the final improvement.

9.16. THEOREM. Let k be an algebraically closed field of character-
istic different from 2, 3, and 5. Let (R,m,k) be a Gorenstein complete
local ring containing k as a coefficient field. If R has finite CM type,
then R is a complete ADE hypersurface singularity. O

The ADE classification of Theorem [9.16]allows us to verify Conjec-
tures and in this case.

9.17. COROLLARY. Let R be as in Theorem Then R has mini-
mal multiplicity. If char(k) =0, then R has a rational singularity. [

§4. Matrix factorizations for the Kleinian singularities

Theorem is the statement that the complete Kleinian singu-
larities k[lx,y,z]l/(f) have finite CM type, where f is one of the poly-
nomials listed in Table and % is an algebraically closed field of
characteristic not 2, 3, or 5. This was the key step in the classification
of Gorenstein rings of finite CM type in the previous section. Given
their central importance, it is worthwhile to have a complete listing of
the matrix factorizations for the indecomposable MCM modules over
these rings.

To describe the matrix factorizations, we return to the setup of Def-
inition [6.5; Let G be a finite subgroup of SL(2,C), that is, one of the
binary polyhedral groups of Theorem Let G act linearly on the
power series ring S = C[[u,v]], and set R = S¢. Then R is generated
over C by three invariants x(u,v), y(u,v), and z(u,v), which satisfy a
relation z2 + g(x, y) = 0 for some polynomial g depending on G, so that
R = Cllx, y,z1/(2% + g(x, y)).

Set A = Cllx(u,v),y(u,v)l c R. Then A is a power series ring, in
particular a regular local ring. Since z2 € A, we see that as in Chap-
ter (8, R is a free A-module of rank 2. Moreover, any MCM R-module
is A-free as well. It is known [ST54, [Coh76] that A is also a ring of
invariants of a finite group G’ < U(2), generated by complex reflections
of order 2 and containing G as a subgroup of index 2.

Let Vy,..., V4 be a full set of the non-isomorphic irreducible repre-
sentations of G; then we know from Corollary and Theorem
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that M; = (S ®c Vj)G, for j =0,...,d, are precisely the direct sum-
mands of S as R-module and are also precisely the indecomposable
MCM R-modules. To get a handle on the M, we can express them as
(S ®c Indg' VJ-)G/. Being free over A, each M; will have a basis of G'-

invariants. These, and the identities of the representations Indg/Vj,
are computed in [GSV81].

Now we show how to obtain the matrix factorization corresponding
to each M, following [GSV81]. The proof of the next proposition is a
straightforward verification, mimicking the proof (see Remark [B.6({)
that the kernel of the diagonal map u: B®4 B — B is generated by
all elements of the form b ® 1 -1® b. The essential observation is that
22 =—g(x,y) € A.

9.18. PROPOSITION. Define an R-module endomorphism o: S —
S by sending z to —z, and let °S be the R-module with underlying
abelian group S, but with R-module structure given by r-s = o(r)s.
Then we have two exact sequences of R-modules:

+

0— 8 —~>ReyS2—S—0
and
0——S—+Reos8 L2598 —0,
where 17 (s)=i"(s)=z®s—1®zs, j7(r®s)=rs, and j (r®s)=o(r)s.

From this proposition one deduces the following theorem. We omit
the detalils.

9.19. THEOREM. Let S = Cllu,v]l, G a finite subgroup of SL(2,C)
acting linearly on S, and R = SC. Let x, y, and z be generating invari-
ants for R satisfying the relation z2 + g(x,y) = 0, and let A = C[[x, y]l.
Then the R-free resolution of S has the form

T- T+ T- p*
o —— Re®pS——R®3S—— R®sS——S ——0,
where
T*(res)=zr®s+tr®zs.

Moreover, the R-free resolution of each indecomposable R-direct sum-
mand M of S is the direct summand of the above resolution of the form

T T* T pt
---—j>R®AMj—J>R®AMj—]>R®AM]'—J>M]'—>0.
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In terms of matrices, the resolution and corresponding matrix fac-
torization of the MCM R-module M; can be deduced from the theorem
as follows. Let ®: S — S denote the R-linear homomorphism given
by multiplication by z, and let ®;: M ; — M be the restriction to M.
Then each ®; is an A-linear map of free A-modules. Choose a basis
and represent ®; by an n x n matrix ¢; with entries in x and y. Then
(p? is equal to multiplication by 22 = —g(x,y)€ A on M 7, so that

(ZIn—(pj, ZIn+(pJ‘)

is a matrix factorization of 22 + g(x, y) with cokernel M Iz

Our task is thus reduced to computing the matrix representing
multiplication by z on each M;. As in Chapter @, we treat each case
separately.

9.20 (A,,). We have already computed the presentation matrices of
the MCM modules over Cllx,y,z]/(xz — y**1) in Example but we
illustrate Theorem[9.19]in this easy case before proceeding to the more
involved ones below. The cyclic group 6,1, generated by

€ _ (n+1 0
n+l — 0 C,—l-]':l )

n+1 n+1

has invariants x = «"*1 +v"*!, y = uv, and z = u"*! —v"*1, satisfying

22_(x2_4yn+1):0.

Set A = Cllx,yll € R = kllx,y,z]. Then A = Clu"*! +v"*! uv] is an
invariant ring of the group G’ generated by €,+1 and the additional
reflection s = (; 1).

Let V;, for j =0,...,n, be the irreducible representation of 6,1

with character y;(g) = ¢’ .. Then the MCM R-modules M i=(S ®CVJ~)G

n+1°
are generated over R by the monomials u%v? such that b—a = j modn+

1. Over A, each M; is freely generated by u’/ and v"*17/. Since
Zuj — (un+1 _ vn+1)uj — (un+1 + vn+1)uj _ 2(uv)jvn+1—j
and
Zvn+1—j — (un+1 _ vn+1)vn+1—j — z(uv)n+1—juj _ (un+1 + vn+1)vn+1—j
the matrix ¢; representing the action of z on M is
x 2yn+l—j
Yj= _2yj —x .
One checks that (p? =(x2—4y"*OI,, so (zI2— @j,zI2+ ;) is the matrix
factorization corresponding to M.
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Making a linear change of variables, we find that the indecompos-
able matrix factorizations of the (A,) singularity defined by x2+y" ™1+
z2=0are (zI - ¢j,zl2 +@j), where

- ix yn+1— J
(pJ - (_y'] _ lx 3
for j=0,...,n, and where i denotes a square root of —1.
9.21 (D,,). The dihedral group 2,9 is generated by

a:(fz(ré—z) (_10 ) and ﬁ:((i) (l))’
2(n—-2)
where again i denotes a square root of —1. The invariants of @ and S
are x = u2" 24 (=1)*v2"2 5 = 4202, and z = uv (2D - (-1)*v2"2),
which satisfy
22— y(x? —4(-1)"y" %) =0.

Again we set A = Cl[x, y]| = C[u?"2 + (-1)"v2"2 12y2]] and again A
is the ring of invariants of the group G’ generated by a, 8, and s = (; 1).

In the matrices below, we will implicitly make the linear changes
of variable necessary to put the defining equation of R into the form

22— (-y (x2 +y”_2)) =0.
Consider first the one-dimensional representation V7 given by a — 1
and f— —1. The MCM R-module M; =(S®¢ V1)@ has A-basis given by

(wv,u?"=2 —(—1)"v2"=?) and after the change of variable the matrix
@1 for multiplication by z is

_ 0 _xZ_yn—l
¥1 y 0 .

Next consider the two-dimensional irreducible representations V;, for
Jj=2,...,n—2, given by

g, 0 0o 1
c2(n—2)

For each j, the corresponding MCM R-module M; has A-basis

The matrix ¢; depends on the parity of j; for j even, it is

—xy _yn—l—j/Z
_yJ/2
Y; = x yn—l—j/2

yj/2 —xy

X
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while if j is odd we have

_xy _yn=1-G-12
(G+1)2

= - xy
Pj= x yn—2—( j-1)/2

Y12 x

Finally consider V,,_; and V), which are the irreducible compo-
nents of the two-dimensional reducible representation

-1 0 0 i
“H(o —1)’ 'BH(i 0)'
The MCM R-modules M,,_; and M, have bases over A given by
(uv(un—Z +(_1)n+1vn—2)’un—2 +(_1)nvn—2)

and
(uv(un—2 + (_1)nvn—2)’ un—2 + (_1)n+1vn—2) ,

respectively. Again the corresponding matrices ¢,_1 and ¢,, depend on
parity: for n odd we have

~ iy(n—l)/2 x nd ~ iy(n—l)/z —xy
Pn-1= xy _iy(n_n/z Pn = x _iy(n—l)/2 )
and for n even
B 0 —x— iy(n—2)/2 B 0 —x+ iy(n—2)/2
Pn-1= (xy_iyn/Z 0 and ¥n = xy+iyn/2 0

For the E-series examples, we suppress the details of the complex
reflection group G’ and the A-bases for the M;. The interested reader
should see [ST54] and [GSV81]].

9.22 (Eg). The defining equation of the (Eg) hypersurface singu-
larity is 22 — (=23 — y*) = 0. For each of the six non-trivial irreducible
representations Vi, Vg, V3, V', V4, and V//, one can choose A-bases for
M so that multiplication by z is given by the following matrices. The
matrix factorizations for the corresponding MCM R-modules are given
by (I, —@,z1, + ).

2 y3 X yz
2 y3 xy - 2 — y3
2 2
-y x -y Xy —X
¢Y1= 3 P2 = 2

<

ES
&
O R
< 8 O
K O
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iy? 0 -x* 0 —iy?
10 iy2 —xy —x2 v.| O
¥3 = x 0 _iy2 0 Y3 = x
-y X 0 —iy? -y

) 2 )

2 —X N 4

(p4_( x —iy2) (p4_( x

9. HYPERSURFACES WITH FINITE CM TYPE

2

0 - 0
—iy? —xy —x?
0 iy2 0

x 0 iy?
—x2
iy? )

9.23 (E7). The (E7) singularity is defined by 22 — (-x® — xy3) = 0.

There are 7 non-trivial irreducible representations

Vi, ..., V7, and the

matrices ¢; corresponding to multiplication by z are given below. The
matrix factorizations for the corresponding MCM R-modules are given

by (zIn —@,z1, + ).

—x® —xy? %2y
-2 —xy? xy —x2 —xy?
2 2
_ -y x _ -y xy —X
P17y xy? P27 1% 0 xy
y —x2 y x 0
0 y «x
0 0 —x2 —xy?
0 0 -xy x2
—x -y>2 0 xy
_ -y x @ —x 0
x 0 xy —x
x y2 0 0
y —=x O 0
xy —x2 —xy?
—y2 xy -« —xy —x?
2 2
_ X =Y xy —x Yy
P4=1p xy x2 ¥s y2 a2
x 0 «xy x —xy
y x 0
—x2  —xy?
(0 y3+x2 _ —-xy x2
(PG—(_x 0 P7=1 32
y —Xx
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9.24 (Eg). The defining equation of the hypersurface(Eg) singular-
ity is 22 — (—x2 — ¥°) = 0. Here are the matrices ¢ ; representing mul-
tiplication by z on the 8 non-trivial indecomposable MCM R-modules.

The matrix factorizations are given by (zI,, — ¢, zI,, + @).

k2t xyB
-x? -y xy, —x? —;vg
¥1= x y4 Y g Y2 = x 0 y3 Y w g
y —x2 y x O
0 vy «
xy -y —x2 0
-y3 0 0 —x
x? 0 0 —y?
0 x -y -y
93 = 0 yz —x 0
y2 xy 0 —x?
x 0 -y o
0 22 y3 0
-y3 2 0 0 0
0 ¥ —x? xy? —yt
0 -—xy —-y3 —x? xy?
32 0 xy —y3 —x2
B -x -y> 0 0 0
P4 = y2 0 0 0 x2
—x 0 0 0 3
0 x > 0 0
y 0 x 2 0
0 y 0 x y?
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0 0 0 —x2 xy2 -y
0 0 0 —y3 —x% «xy
0 0 0 xy -y3 —x
-X —y2 0 0 0 y3
0 —-x -—y> 92 0 0
_ -y 0 —x 0 y2 0
P5=10 o ¥ a2 —xy? yt
y2 0 0 y3 x2 _xyZ
0 y2 0 -xy 33 x?
x y2 0 0 0 0
0 x 2 0 0 0
y 0 «x 0 0 0
0 -y —x2 0
-2 0 xy —x2
—x _y2 0 y3
_ 0 -x y* 0
P6=1 o y3 a2 —xy?
¥y 0 0 «?
x 0 0 —y3
y x -y* 0
2 xy2 —y4
—y3 —x? -y? —x? xy?
2
QY7 = y2 _x2 * Y ¢ = x y2 0 w Y ¥
x oy 0 x y2
y 0 «x

9.25. REMARK. We observe that the forms above for the indecom-
posable matrix factorizations over the two-dimensional ADE singular-
ities make it easy to find the indecomposable matrix factorizations in
dimension one. When the matrix ¢ (involving only x and y) has the
distinctive anti-diagonal block shape, the pair of non-zero blocks con-
stitutes (up to a sign) an indecomposable matrix factorization for the
one-dimensional ADE polynomial in x and y. When the matrix ¢ does

not have block form, (¢, —¢) is an indecomposable matrix factorization.
See [§3]| of Chapter
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§5. Bad characteristics

Here we describe, without proofs, the classification of hypersur-
faces of finite CM type in characteristics 2, 3 and 5. If the character-
istic of % is different from 2, Theorem reduces the classification to
the case of dimension one. We quote the following two theorems due
to Greuel and Kroning [GK90] (cf. also the paper [KS85] by Kiyek and
Steinke):

9.26. THEOREM (Characteristic 3). Let k be an algebraically closed
field of characteristic 3, let d > 1, and let R = Ekllx,y,x9,...,x41/(f),
where 0 # f € (x,y,%2,...,43)%. Then R has finite CM type if and only
if R = kllx,y,x2,...,xq1/(g +x§ e +x§), where g € klx,y] is one of the
following:

(A,): xZ+ "t n>1

D,): 2y +yt 1, n>4

(Ed): x4+ yt

(Eg): &P +y*+x%y?

(Eg): x° +xy3

(E%): x° +xy3 +x2y2

(EY:  xP+)y°

(Eg): &P +y°+x%y?

(E%): x° + y5 + x2y2 O

9.27. THEOREM (Characteristic 5). Let k be an algebraically closed
field of characteristic 5, let d > 1, and let R = kllx,y,x9,...,x41/(f),
where 0 # f € (x,y,%2,...,%x3)%. Then R has finite CM type if and only
if R=Zkllx,y,x9,...,xq1/(g +x§ - +x62i), where g € k[x,y] is one of the
following:

(A)): x2 4+t n>1

Dy): 2y +y" L, n=4

(Ee):  «*+yt

(Er): x3 +xy3

(EY:  xP+)y°

(Eé): X3+ 5 +xyt O

In characteristics different from two, notice that STu,vI/(f + u? +
v2) = S[u, vIAf +uv), via the transformation u — ”'2“’ ,U— % Thus,
if one does not mind skipping a dimension, one can transfer finite
CM type up and down along the iterated double branched cover R =
Sllu,v]/(f +uv), where R = S/(f). Remarkably, this works in charac-

teristic two as well [Sol89, GK90].
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9.28. THEOREM (Solberg, Greuel-Kroning). Let k be an algebraic-
ally closed field of arbitrary characteristic, let d > 3, and define R =
Ellxo,...,xq0/f), where 0 # f € (xo,...,xq)>. Then R has finite CM type

if and only if there exists a non-zero non-unit g € kllxo,...,xq-2ll such
that kllxo,...,xq_2ll/(g) has finite CM type and R = kllx,...,xq11/(g +
Xd-1%q)- O

Solberg proved the “if” direction in his 1987 dissertation [Sol89].
He showed, in fact, that, for any non-zero non-unit g € kllxg,...,xq_21l,
the hypersurface ring kl[xo,...,xq-21/(g) has finite CM type if and only
if kllxo,...,xq]l/(g + x4-1x4) has finite CM type. The proof, which uses
the theory of AR sequences (cf. Chapter[13), is quite unlike the proofin
characteristics different from two, in that there seems to be no nice cor-
respondence between MCM R-modules and MCM R*-modules (such
as in Theorem [8.33). In 1988 Greuel and Kroning [GK90] used de-
formation theory to show that if R as in the theorem has finite CM
type, then R = Ek[lxg,...,xq1/(g + x4_1x4) for a suitable non-zero non-
unit element g € kl[xo,...,xg-2]l, thereby establishing the converse of
the theorem.

In order to finish the classification of complete hypersurface sin-
gularities of finite CM type in characteristic two, one needs to classify
those singularities in dimensions one and two. The normal forms are
listed in Section 5 of [S0l89] and in [GK90] and depend on earlier work
of Artin [Art77]], Artin-Verdier [AV85], and Kiyek and Steinke [KS85].

§6. Exercises

9.29. EXERCISE. Let (S,n) be a regular local ring, and f € n” \n"*1.
Show that the hypersurface ring S/(f) has multiplicity . (Hint: pass
to the associated graded ring and compute the Hilbert function of
S/(f). See Appendix[A]for an alternative approach.)

9.30. EXERCISE. Let S be a regular local ring and R = S/(f) a hy-
persurface singularity of dimension at least two. If R is simple, prove
that R is an integral domain.

9.31. EXERCISE. In the notation of Lemma prove that
(ag,azﬁz,(lﬁ4,ﬁ6) c (a + Aﬁ2,ﬁ3)2
for any A. (Hint: start with 8% and work backwards.)



CHAPTER 10

Ascent and Descent

We have seen in Chapter [9] that the hypersurface rings (R, m, %) of
finite Cohen-Macaulay type have a particularly nice description when
R is complete, & is algebraically closed and R contains a field of char-
acteristic different from 2, 3, and 5. In this section we will see to what
extent finite CM type ascends to and descends from faithfully flat ex-
tensions such as the completion or Henselization, and how it behaves
with respect to residue field extension. In 1987 Schreyer [Sch87] con-
jectured that a local ring (R, m, k) has finite CM type if and only if the
m-adic completion R has finite CM type. We have already seen that
Schreyer’s conjecture is true in dimension one (Corollary [4.17). We
shall see that the “if” direction holds in general, and the “only if” di-
rection holds when R is excellent and Cohen-Macaulay. For rings that
are neither excellent nor CM, there are counterexamples (see [10.12).
Schreyer also conjectured ascent and descent of finite CM type along
extensions of the residue field (see Theorem below). We shall
prove descent in general, and ascent in the separable case. Insepa-
rable extensions, however, can cause problems (see Example [10.17).
We will revisit some of these issues in Chapter [17, where we consider
ascent and descent of bounded CM type.

§1. Descent

Recall from Chapter[2)that for a finitely generated R-module M, we
denote by addg (M) the full subcategory of R-mod containing modules
that are isomorphic to direct summands of direct sums of copies of
M. When A — B is a faithfully flat ring extension and M and N
are finitely generated R-modules, we have M € addgr(N) if and only
if S®p M € adds(S ®r N) (Proposition [2.18). Furthermore, when R is
local and M is finitely generated, addr (M) contains only finitely many
isomorphism classes of indecomposable modules (Theorem [2.2).

Here is the main result of this section ([Wi1e98, Theorem 1.5]).

10.1. THEOREM. Let (R,m) — (S,n) be a flat local homomorphism
such that S/mS is Cohen-Macaulay. If S has finite CM type, then so
has R.

159
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PRrROOF. The hypothesis that the closed fiber S/mS is CM guaran-
tees that S®r M is a MCM S-module whenever M is a MCM R-module
(see Exercise [10.20). Let % be the class of MCM S-modules that occur
in direct-sum decompositions of extended MCM modules; thus Z € %
if and only if there is a MCM R-module X such that Z is isomorphic
to an S-direct-summand of S ®r X. Let Z1,...,Z; be a complete set of
representatives for isomorphism classes of indecomposable modules in
9% . Choose, for each i, a MCM R-module X; such that Z; | S®g X;, and
putY =X e ---0X;.

Suppose now that L is an indecomposable MCM R-module. Then
SerL = Z(1a1) ®-® Zgat) for suitable non-negative integers a;, and it
follows that S ®g L is isomorphic to a direct summand of S ®z Y@,
where a = max{ay,...,a;}. By Proposition[2.18] L is a direct summand
of a direct sum of copies of Y. Then, by Theorem there are only
finitely many possibilities for L, up to isomorphism. O

By the way, the class % in the proof of Theorem is not nec-
essarily the class of all MCM S-modules. For example, consider the
extension R = k[¢2] — E[[¢2,t3] = S; in this case, the only extended
MCM modules are the free ones. (Cf. also Exercise [14.29). The first
order of business in the next section will be to find situations where
this unfortunate behavior cannot occur, that is, where every MCM S-
module is a direct summand of an extended MCM module.

§2. Ascent to the completion

It’s a long way to the completion of a local ring, so we will make a
stop at the Henselization. In this section and the next, we will need to
understand the behavior of finite CM type under direct limits of étale
and, more generally, unramified extensions. We will recall the basic
definitions here and refer to Appendix [B| for details, in particular, for
reconciling our definitions with others in the literature.

10.2. DEFINITION. A local homomorphism (R,m,k) — (S,n,¢) of
local rings is unramified provided S is essentially of finite type over R
(that is, S is a localization of some finitely generated R-algebra) and
the following properties hold.

(1) mS =n, and

(i) S/mS is a finite separable field extension of R/m.

If, in addition, ¢ is flat, then we say ¢ is étale. (We say also that S
is an unramified, respectively, étale extension of R.) Finally, a pointed
étale neighborhood is an étale extension (R, m,k) — (S,n,¥) inducing
an isomorphism on residue fields.
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By Proposition properties (i) and (1) are equivalent to the sin-
gle requirement that the diagonal map u: S ®r S — R (taking s1 ® s
to s1s2) splits as S ® g S-modules (equivalently, ker(u) is generated by
an idempotent).

It turns out (see [Ive73] for details) that the isomorphism classes
of pointed étale neighborhoods of a local ring (R, m) form a direct sys-
tem. The remarkable fact that makes this work is that if R — S and
R — T are pointed étale neighborhoods then there is at most one ho-
momorphism S — T making the obvious diagram commute.

10.3. DEFINITION. The Henselization R® of R is the direct limit
of a set of representatives of the isomorphism classes of pointed étale
neighborhoods of R.

The Henselization is, conveniently, a Henselian ring (Chapter 1],
and Appendix [A] §3).

Suppose R — S is a flat local homomorphism. As in Chapter
we say that a finitely generated S-module M is weakly extended (from
R) provided there is a finitely generated R-module N such that M is
isomorphic to a direct summand of the S-module S ®g N. In this case
we also say that M is weakly extended from N.

Our immediate goal is to show, in Theorem [10.8] that if R has fi-
nite CM type then R" does too. We prove in Proposition [10.4] that it
will suffice to show that every MCM RP-module is weakly extended
from a MCM R-module. In Proposition we show, under certain
conditions, that it is enough to show that every finitely generated R"-
module is weakly extended. Then, in Proposition we verify that
these conditions are satisfied and that, indeed, every finitely gener-
ated RP-module is weakly extended from R [HW09, Theorem 5.2]. The
proof depends on the fact (Theorem that rings of finite CM type
have isolated singularities. Some results here include details that will
not be needed in this chapter but will be used in the study of bounded
and countable CM type.

10.4. PROPOSITION. Let (R,m) — (S,n) be a local homomorphism.
Assume that every MCM S-module is weakly extended from a MCM
R-module. If R has finite CM type, so has S.

PROOF. Let L1,...,L; be a complete list of representatives for the
isomorphism classes of indecomposable MCM R-modules. Let L=L1 &
---®L;, and put V=S ®g L. Given a MCM S-module M, we choose a
MCM R-module N such that M | S ®g N. Writing N =LV e-..e L\*
we see that N € addr(L) and hence that M € addg(V). Thus every
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MCM S-module is contained in addg(V); now Theorem completes
the proof. O

10.5. PROPOSITION. Let (R,m) — (S,n) be a flat local homomor-
phism of CM local rings. Assume that

(i) the closed fiber S/mS is Artinian;
(ii) S is Gorenstein for each prime ideal q #n; and
(iti) every finitely generated S-module is weakly extended from R.
Then every MCM S-module is weakly extended from a MCM R-module.
In particular, if R has finite CM type, so has S.

PRrROOF. Note that dim(R) = dim(S) by [BH93, (A.11)]; let d be the
common value. Let M be a MCM S-module. As S is Gorenstein on the
punctured spectrum, Corollary implies that M is a d'* syzygy of
some finitely generated S-module U. We choose a finitely generated
R-module V such that U |S®r V, say, Ue X =S ®r V. Let W be a d*h
syzygy of V. Then W is MCM by the Depth Lemma. Since R — S is
flat, S ®r W is a d syzygy of S®g V, as is M e L, where L is a d'"
syzygy of X. By Schanuel’s Lemma there are finitely generated
free S-modules G1 and G9 such that (S®rW)eGi =L oM)eGy. Of
course (1 is extended from a free R-module F. Putting N =W e F, we
see that M | S ®g N. This proves the first assertion, and the second
follows from Proposition |10.4] U

In dimension one we can get by with fewer hypotheses:

10.6. PROPOSITION. Let (R,m) — (S,n) be a local homomorphism
of one-dimensional CM rings, and let M be a MCM S-module. If M
is weakly extended from R, then M is weakly extended from a MCM
R-module.

PROOF. Recall that over a one-dimensional CM ring a non-zero
finitely generated module is MCM if and only if it is torsion-free. We
have

(10.6.1) MoeX=S®rN

for some finitely generated R-module N. Let T be the torsion submod-
ule of N. Then S ®r T is a torsion S-module, since it is killed by a
regular element. Moreover, (S ®gr N)/(S®r T) =S ®g (N/T), which is a
MCM S-module by Exercise It follows that S®g T is exactly the
torsion submodule of S ®z N. Killing the torsion in (10.6.1), we have
M o X/tors(X)=S ®gr (N/T). 0

Let’s pause for a moment to recall a few definitions. First, a Noe-
therian ring A is regular provided Ay, is a regular local ring for each
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maximal ideal m of A. A Noetherian ring A containing a field & is ge-
ometrically regular over k provided ¢ ®; A is a regular ring for every
finite algebraic extension ¢ of k. A homomorphism ¢: A — B of Noe-
therian rings is regular provided ¢ is flat, and for each p € Spec(A) the
fiber By/pBy is geometrically regular over the field Ay,/pA,. Finally, A
is excellent provided

(1) A is Noetherian,
(ii) Ay — (Ap)~ is a regular homomorphism for each prime ideal p
of A,
(iii) the non-singular locus of B is open in Spec(B) for every finitely
generated A-algebra B, and
(iv) A is universally catenary.

A local homomorphism (R,m) — (S,n) is absolutely flat [Fer72]
provided both R — S and the diagonal map S ®z S — S are flat ho-
momorphisms. Equivalently [Fer72, Theorem 4.1], R — S is flat, and
for each p € Spec(R) the fiber map Ry/pR, — S,/pS,, is absolutely flat.

10.7. PROPOSITION. Let (R,m) — (S,n) be a flat local homomor-
phism of CM local rings, and assume that S is the direct limit of a
system {(Sq,0a)}aca Of étale extensions of (R, m).

(i) Every finitely generated S-module is weakly extended from R.
(ii) If q is a prime ideal of S and p = qNR, then pSq =qSy. In
particular, mS =n.
(iit) If R is Gorenstein (respectively, regular) on the punctured spec-
trum, then so is S.
(iv) If R is excellent and reduced, so is S.
(v) dimR =dimS.

PROOF. Given an arbitrary finitely generated S-module, we choose
a matrix A whose cokernel is M. Since all of the entries of A live in
some étale extension 7' of R, we see that M =S ®7 N for some finitely
generated T-module N. Refreshing notation, we may assume that
¢: R — S is étale. We apply —®g M to the diagonal map u: S®p S —
S, getting a commutative diagram

uely
SerSOsM —— SeogM
(10.7.1) ;l l;
S®RM M

in which the horizontal maps are split surjections of S-modules. The
S-module structure on S ® z M comes from the S-action on S, not on
M. (The distinction is important; see Exercise (10.23|) Thus we have
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a split injection of S-modules j: M — S ®gr M. Now write g M as a
directed union of finitely generated R-modules N,. The flatness of ¢
implies that S®r M is the directed union of the modules S®z N,. Since
J(M) is a finitely generated S-module, there is an index @ such that
JM)< S ®r No,. We put N = N,,. Since j(M) is a direct summand of
S ®r M, it must be a direct summand of the smaller module S ®r N.
This proves ().

To prove (i), (i), and (v), let q be an arbitrary prime ideal of S.
Put g4 =qn S, for each @ and p = qNR. Each extension B, — (Sq)q,
is étale by Exercise and hence p(Sq)g, = 9a(Sq)q, for each a.
Item (i1) follows, and now [BH93, (A.11)] gives (v).

Suppose R is Gorenstein on the punctured spectrum, and assume
q #n. We see from (11) that p # m, so R is Gorenstein. Since the closed
fiber Sy/pS, is a field, [BH93, (3.3.15)] implies that S is Gorenstein.
If, on the other hand, R, is regular, we see that the maximal ideal
of Sy can be generated by dim(Ry) elements. Since by [BH93, (A.11)]
dim(S) = dim(Ry), we conclude that S is regular.

To prove (iv), we show first that S is reduced. Since S is CM, it is
enough, by Proposition to show that Sy is a field if q is a minimal
prime ideal of S. By the “going-down theorem” [BH93, Lemma A.9],
p:=gNR is a minimal prime ideal of R. Therefore Ry, is a field, and now
implies that S, is a field too. Next we observe that S®z S — S,
being a direct limit of split maps, is flat, that is, R — S is absolutely
flat. (One could also use [Fer72, Theorem 4.1], since each fiber is a
finite direct product of separable field extensions.) Finally, we apply
[Gre76., Theorem 5.3] to conclude that S is excellent. ]

10.8. THEOREM. Let (R,m) — (S,n) be a local homomorphism of
CM local rings such that S is the direct limit of a system {(Sq,nq)}aecn
of étale extensions of (R,m). Assume R has finite CM type. Then every
MCM S-module is weakly extended from a MCM R-module, so S too
has finite CM type. In particular, the Henselization R" has finite CM

type.

PROOF. By Theorem R has at most an isolated singularity
and therefore is Gorenstein on the punctured spectrum. By of
Proposition this property ascends to S. Now Propositions
and guarantee that every MCM S-module is weakly extended
from a MCM R-module. Proposition[10.4] completes the proof. O

Finally, we prove ascent of finite CM type to the completion for
excellent rings. Actually, we don’t need the full strength of excellence;
we just need R — R to be a regular homomorphism.
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We will need the following consequences of regularity of a ring ho-
momorphism. The first assertion is clear from the definition, while the
second follows from the first and from [Mat89, (32.2)].

10.9. PROPOSITION. Let A — B be a regular homomorphism, q €
Spec(B), and put p=qnA.

(i) The homomorphism A, — By is regular.

(ii) If Ay is a regular local ring, so is B. [

We'll also need the following remarkable theorem of Elkik [Elk73].

10.10. THEOREM (Elkik). Let (R, m) be a local ring and M a finitely
generated R-module. If My is a free Ry,-module for each non-maximal
prime ideal p of R, then M is extended from the Henselization R". O

10.11. COROLLARY. Let (R, m) be a CM local ring with m-adic com-
pletion R.
(i) If R has finite CM type, so has R.
(it) Suppose R has finite CM type and R — R is regular. Then ev-
ery MCM R-module is weakly extended from a MCM R-module,
and hence R has finite CM type.

In particular, if R is excellent, then R has finite CM type if and only if
R has finite CM type.

PROOF. The first assertion is a special case of Theorem [10.1]

Suppose now that R — R is regular and that R has finite CM
type. Then R has at most an isolated singularity by Theorem [7.12]
and it follows from Proposition that R too has at most an isolated
singularity.

Now let M be an arbitrary MCM R-module. Then M q is a free R-
module for each non-maximal prime ideal q of R. By Theorem
M is extended from the Henselization, that is, there is an RP-module
N such that M = N ®pn R : moreover, N is a MCM R"-module by Ex-
ercise By Theorem N is weakly extended from a MCM
R-module, and therefore the same is true for M. Proposition im-
plies that R has finite CM type. [

It is unknown whether or not Corollary would be true with-
out the hypothesis that R be CM, or without the hypothesis that R —
R be regular. The following example from [LW00] shows, however,
that we can’t omit both hypotheses:

10.12. EXAMPLE. Let T = kllx,y,z1/((x® - y7) n(y,2)), where & is
any field. We claim that T has infinite CM type. To see this, set
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R = kllx, yI/(x® — y7) = k[[£3,¢t"]. Then R has infinite CM type by The-
orem 4.10| since (DR2) fails for this ring. Further, R[[z]] has infinite
CM type: the map R — RI[z]] is flat with CM closed fiber, and Theo-
rem applies. Now R[[z] = T/(x® — y7). As T and T/(x® — y7) have
the same dimension, every MCM T/(x® — y7)-module is MCM over T.
Since T/(x® — y7) has infinite CM type, the claim follows.

It is easy to check that the image of x is a non-zerodivisor in 7.
By [Lec86, Theorem 1], T is the completion of some local integral do-
main A. Then A has finite CM type; in fact, it has no MCM modules
at all! For if A had a MCM module, then A would be universally cate-
nary [Hoc73, Section 1]. But this would imply, by [Mat89, Theorem
31.7], that A is formally equidimensional, that is, all minimal primes
of A (= T) have the same dimension. But the two minimal primes of T
obviously have dimensions two and one, contradiction.

Another example of this behavior, using a very different construc-
tion, can be found in [LWOQ].

§3. Ascent along separable field extensions

Let (R, m, k) be a local ring and ¢/k a field extension. We want to lift
the extension & — ¢ to a flat local homomorphism (R, m,k) — (S,n,?¢)
with certain nice properties. The type of ring extension we seek is
dubbed a gonflement by Bourbaki [Bou06, Appendice]. Translations
of the term range from the innocuous “inflation” to the provocative
“swelling” or “intumescence”. To avoid choosing one, we stick with the
French word.

10.13. DEFINITION. Let (R, m,%) be a local ring.

(1) An elementary gonflement of R is either
(a) a purely transcendental extension R — (R[x])ng[x] (Where
x is a single indeterminate), or
(b) an extension R — R[x]/(f), where f is a monic polynomial
whose reduction modulo m is irreducible in £[x].

(i) A gonflement is an extension (R, m,k) — S with the following
property: There is a well-ordered family {R4}o<q<2 of local ex-
tensions (R, m,k) — (R4, mg, k) such that

(a) Ro=R and R, =S,
(b) Rg=Uq<pRq if B is a limit ordinal, and
(¢) R4+1 is an elementary gonflement of R, if a # A.

Elementary gonflements of type are often used to pass to a local
ring with infinite residue field. (See Theorem for the reason why,
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and Proposition for an application.) In this section we will need
gonflements that are iterations of elementary gonflements of type (ib).

The following theorem ([Bou06, Appendice, §2]) summarizes the
basic properties of gonflements.

10.14. THEOREM. Let (R, m,k) be a local ring.
(i) Let (R,m,k) — S be a gonflement.
(a) S is local with maximal ideal n:=mS. In particular, S is
Noetherian.
(b) R — S is a flat local homomorphism.
(¢) dimR =dimS.
(d) With the notation as in the definition, if a < B < A, then
Ry — Rgis a gonflement.
(it) If k — ¢ is an arbitrary field extension, there is a gonflement

(R,m,k) — (S,n,0) lifting k — ¢. O

We will prove ascent of finite CM type along gonflements with sep-
arable residue field growth. The next result is annoyingly similar to
Proposition but it’s a bit different. (Notice, for example, that if
k — ¢ is an uncountably generated algebraic extension, then one can-
not represent ¢ as a well-ordered union of finite extensions.) The proof,
which we omit, is pretty much the same as that of Proposition [10.7|ex-
cept for the mechanical details of transfinite induction. The approach
is standard: We want to prove (in the notation of Definition[10.13) that
S = R) has a certain property. We fix f < 1, assume that R, has the
property for all a < §, then show, as in the proof of Proposition
that Rz has the property. Then we set =1 to complete the proof.

10.15. PROPOSITION. Let (R,m,k) — (S,n,¢) be a gonflement, and
assume that k — ¢ is a separable algebraic extension.

(i) Every finitely generated S-module is weakly extended from R.
(i1) If q is a prime ideal of S and p = qNR, then pS; = qS,.
(iti) If R is Gorenstein (respectively, regular) on the punctured spec-
trum, then so is S.
(iv) If R is excellent and reduced, so is S. ]

10.16. THEOREM. Let (R,m,k) — (S,n,?) be a gonflement. Assume
that R is CM and that k — ¢ is a separable algebraic extension.
(i) If R is Gorenstein on the punctured spectrum, then every MCM
S-module is weakly extended from a MCM R-module.
(it) R has finite CM type if and only if S has finite CM type.

PROOF. To prove item (i), we appeal to Propositions[10.15|and[10.5]
The “if” direction of item is a special case of Theorem [10.1, For
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the converse, suppose R has finite CM type. Then R is an isolated
singularity by Theorem and in particular is Gorenstein on the
punctured spectrum. By item (1)) and Proposition(10.4, S has finite CM
type. 0O

The separability condition in|10.16|cannot be omitted. Indeed, here
is an example of a local ring R with finite CM type and an elementary
gonflement R — S such that S has infinite CM type [W1e98, Example
3.4]

10.17. EXAMPLE. Let 2 be an imperfect field of characteristic 2,
and let a € £ — k2. Put R = kllx, yI/(x%2 + ay?). Then R is a CM local
domain of dimension one and multiplicity two, so by Theorem |4.18
R has finite CM type. However, by Proposition S=R®,k(\/a)=
E(/@)lx, yI/(x+/ay)? does not have finite Cohen-Macaulay type, since
it is Cohen-Macaulay but not reduced.

Recall that we did not give a self-contained proof of Theorem |4.10
Here we describe a proof, independent of the matrix decompositions
in [GR78], in an important special case.

10.18. THEOREM. Let (R,m,k) be an analytically unramified local
ring of dimension one. Assume R contains a field and that k is perfect
with chark # 2, 3 or 5. Then R has finite CM type if and only if R
satisfies the Drozd-Roiter conditions (DR1) and (DR2) of Chapter

PROOF. A complete proof of the “only if” direction is in Chapter
For the converse, we may assume, by Theorems|[10.14]and [10.16, that
k is algebraically closed. Corollary (whose proof did not depend
on Theorem [4.10]) allows us to assume that R is complete. Then
R =E[[t11 x -+ x k[[£]], where s < 3 and the ¢; are analytic indetermi-
nates. An elementary but tedious computation [Yos90, pages 72-73]
now shows that R is a finite birational extension of an ADE singular-
ity A. Since A has finite CM type (Corollary [8.22), Proposition [4.14
implies that R has finite CM type too. 0

§4. Equicharacteristic Gorenstein singularities

We now assemble the pieces and obtain a nice characterization of
the equicharacteristic Gorenstein singularities of finite CM type.

10.19. COROLLARY. Let (R, m,k) be an excellent, Gorenstein local
ring containing a field. Let K be an algebraic closure of k. Assume d :=
dim(R) > 1 and that k is perfect with char(k) # 2, 3 or 5. Then R has
finite CM type if and only if there is a non-zero non-unit f € kllxo,...xqll
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such that R = kllxg,...,xq/(f) and Kllxo,...,xq1/(f) is a complete ADE
hypersurface singularity (see Chapter [9).

PRrROOF. Using [Mat89, Theorem 22.5], we see that for any non-
unit f € kllxo,...,x41, the hypersurface singularity K[[x,...,xq1/(f) is
flat over kllxo,...,xqll/(f). The “if" direction now follows from Theo-
rem (10.1] and the fact (Theorem that simple singularities have
finite CM type.

For the converse, suppose R has finite CM type. Since R is CM
and excellent, the completion R has finite CM type by Corollary
Moreover, Theorem implies, since R is Gorenstein, that R is a
hypersurface, that is, R = k[[x,...,xq]l/(f) for a non-zero non-unit f.

The extension R — K ®;, R is a gonflement lifting the field exten-
sion k — K (cf. Exercise [10.25), and Theorem implies that
A := K ®; R has finite CM type. Moreover, A is excellent, by Propo-
sition Corollary implies that A has finite CM type. But
A= Kllxo,...,xq1/(f), and by Theorem K[[xo,...,xd]]/(f) is a com-
plete ADE hypersurface singularity. l

§5. Exercises

10.20. EXERCISE. Let (R,m,k) — (S,n,#) be a flat local homomor-
phism, and let M be a finitely generated R-module. Prove that S®r M
is a MCM S-module if and only if M is MCM and the closed fiber S/mS
is a CM ring. (See [BH93, (1.2.16) and (A.11)].)

10.21. EXERCISE. Let (R,m) — (S,n) be a local homomorphism.
Prove that the following two conditions are equivalent:

(i) The induced map R/m — S/mS is an isomorphism.

(i) The induced map R/m — S/n is an isomorphism and mS =n.

10.22. EXERCISE. Let ¢: (R,m) — (S,n) be a flat local homomor-
phism that is essentially of finite type (that is, S is a localization of a
finitely generated R-algebra).

(i) Prove that S/mS is Artinian.

(ii) Let q be a prime ideal of S, and put p = ¢ 1(q). IfR — S is

etale, prove that R, — S| is étale.

10.23. EXERCISE. Find an example of an étale homomorphism be-
tween local rings R — S and a finitely generated S-module M such
that the two S-actions on S ®g M (one via the action on S, the other
via the action on M) give non-isomorphic S-modules.

10.24. EXERCISE. Suppose (R,m,k) — (S,n, /) is a flat local homo-
morphism such that mS =n. Let M be a finitely generated R-module.
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Prove that er(M) = es(S ®r M). Show by example that this can fail
without assumption that mS =n.

10.25. EXERCISE. Let (R,m) be a local ring with a coefficient field
k, and let K/k be an algebraic field extension. Prove that K ®; R is
a gonflement of R and that K is a coefficient field for R. (First do
the case where £ — K is an elementary gonflement of type (ib) in

Definition [10.13})

10.26. EXERCISE. Let (R, m,k) be a one-dimensional local ring sat-
isfying the Drozd-Roiter conditions (DR1) and (DR2) of Chapter[4] and
let R — (S,n,?) be a gonflement. Prove, without reference to finite
CM type, that S satisfies (DR1) and (DR2).



CHAPTER 11

Auslander-Buchweitz Theory

We now turn to a celebrated tool in the study of CM representa-
tion types, and even more generally in the representation theory of
local rings, namely MCM approximations. The slogan here is that any
finitely generated module over a CM local ring with canonical mod-
ule can be approximated by a MCM module, in a precise sense due
originally to Auslander and Buchweitz [AB89]. The theory as origi-
nally constructed in [AB89] is quite abstract, and has since been fur-
ther generalized. In keeping with our general strategy, we adopt a
stubbornly concrete point of view. We deal exclusively with CM local
rings, finitely generated modules, and approximations by MCM mod-
ules. We also use the more limited terminology of MCM approxima-
tions and FID hulls, rather than the general notions of (pre)covers and
(pre)envelopes, though we touch on this technology in the next chapter.

In the first section we recall some basics on finitely generated mod-
ules of finite injective dimension, and particularly canonical modules,
which occupy the central spot in the theory. We then detail the the-
ory of MCM approximations and FID hulls, following Auslander and
Buchweitz’s original construction. Finally, we give some applications
in terms of Auslander’s §-invariant. Other applications will appear in
later chapters.

§1. Canonical modules

Here we give a quick primer on finitely generated modules of finite
injective dimension over local rings and the most distinguished of such
modules, the canonical module.

We point out first that over CM local rings, finitely generated mod-
ules of finite injective dimension exist.

11.1. PROPOSITION. Let (R,m,k) be a CM local ring. Then R ad-
mits a non-zero finitely generated module of finite injective dimension.

PROOF. Let x be a system of parameters for R and R the quotient
R/(x). The injective hull E = E¢(k) of the residue field of R has finite

length over R and hence over R. It follows that M = HomR(}_E JE) is
171
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finitely generated over R, and dualizing the Koszul resolution of R
into E displays injdim M < oo. U

As an aside, we take note here of the conjecture of Bass [Bas63]
that the converse holds as well: “It seems conceivable that, say for A
local, there exist finitely generated M # 0 with finite injective dimen-
sion only if A is a Cohen-Macaulay ring.” This conjecture was estab-
lished for local rings of prime characteristic or essentially of finite type
over a field of characteristic zero by Peskine and Szpiro [PS73] using
their Intersection Theorem. Since Roberts has proved the Intersection
Theorem for all local rings [Rob87], Bass’ Conjecture holds in general.

The first hint of a connection between modules of finite injective
dimension and MCM modules comes courtesy of the next result, due
to Ischebeck [Isc69], and its consequence below. We omit the proofs.

11.2. THEOREM. Let (R,m,k) be a local ring and M, N non-zero
finitely generated R-modules with injdimgp N < oco. Then

depth R — depth M = sup{ i ‘ Exth(M,N)#0}. [

11.3. PROPOSITION. Let (R,m,k) be a CM local ring and M, N non-
zero finitely generated R-modules. Then

(i) M is MCM if and only if Ext;é(M,Y) =0 for all i >0 and all

finitely generated R-modules Y of finite injective dimension, and

(it) N has finite injective dimension if and only if Extf?(X ,N)=0

for all i >0 and all MCM R-modules X. L]

Colloquially, we interpret Proposition [11.3| as the statement that
MCM modules and finitely generated modules of finite injective di-
mension are “orthogonal.” It will transpire that the intersection is
“spanned” by a single module, namely the canonical module, to which
we now turn. See [BH93, Chapter 3] for the details we omit.

11.4. DEFINITION. Let (R,m,k) be a CM local ring of dimension d.
A finitely generated R-module w is a canonical module for R if w is
MCM, has finite injective dimension, and satisfies dimy, Extﬁ,(k,w) =1.

The condition on Ext%(k,a)) is a sort of rank-one normalizing as-
sumption: taking into account the calculation of both depth and in-
jective dimension in terms of Ext%(k, —),we can write Definition m
compactly as

Ext;é(k,w) ~ {k ifi = dl.mR, and
0 otherwise.

We need a laundry list of properties of canonical modules. Define

the codepth of an R-module M to be depth R —depth M.
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11.5. THEOREM. Let (R,m,k) be a CM local ring and w a canonical
module for R. Then

(i) w is unique up to isomorphism, and R is Gorenstein if and only
ifow=R;
(ii) Endr(w)=R.
(iti) Let M be a CM R-module of codepth t, and set M" = Ext;%(M,w).
Then
(a) MY is also CM of codepth t;
(b) Extﬁe(M,w) =0fori#t;and
(¢) M"Y is naturally isomorphic to M.
(iv) The canonical module behaves well with respect to factoring out
a regular sequence, completion, and localization. 0

It is a result of Sharp, Foxby, and Reiten [Sha71, Fox72, Rei72]
that a CM local ring R has a canonical module if and only if R is a ho-
momorphic image of a Gorenstein local ring. In particular, by Cohen’s
Structure Theorems any complete local ring is a homomorphic image
of a regular local ring, so admits a canonical module.

The stipulation that Ext}i%imR (k,wgr) =k is, as we observed, a kind of
rank-one condition. Indeed, under a mild additional condition it forces
wgr to be isomorphic to an ideal of R. We say that R is generically
Gorenstein if Ry is Gorenstein for each minimal prime p of R.

11.6. PROPOSITION. Let R be a CM local ring and w a canonical
module for R. If R is generically Gorenstein, then w is isomorphic to an
ideal of R, and conversely. In this case, w has constant rank 1, w is an
ideal of pure height one (that is, every associated prime of w has height
one), and R/w is a Gorenstein ring of dimension dimR — 1.

PROOF. As Ry is Gorenstein for every minimal p, we conclude that
wy is free of rank one for those primes. In particular if we denote
by K the total quotient ring, obtained by inverting the complement
of the union of those minimal primes, then w ®g K is a rank-one pro-
jective module over the semilocal ring K. Thus w ®r K = K. Fixing
an isomorphism and composing with the natural map gives an R-
homomorphism w — K, which is injective as w is torsion-free. Multi-
plying the image by a carefully chosen non-zerodivisor clears the de-
nominators and knocks the image down into R, where it is an ideal.
Being locally free at the minimal primes, it has height at least one.

Since w is MCM, the Depth Lemma applied to the short exact se-
quence

0—w—R—R/v—0
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yields depth(R/w) > dimR — 1, and since heightw > 1 we have that
dimR/w < dimR —1. Thus R/w is a CM ring, in particular, unmixed, so
o has pure height one. Furthermore, R/w is a CM R-module of codepth
1. Applying Hompg(—,w) thus gives an exact sequence

Homp(R/w,w) — w — R — Exty(R/w,w) — 0

and Ext}a (R/w,w) = (R/w)" is the canonical module for R/w by the dis-
cussion after Theorem Since R/w is torsion and w is torsion-free,
the leftmost term in the exact sequence vanishes, whence (R/w)" is
isomorphic to R/w itself, so R/w is Gorenstein.

For the converse, assume that w is embedded into R as an ideal.
Then as before we see that heightw > 1, so w is not contained in any
minimal prime and R, is Gorenstein for every minimal p. O

We quickly observe, using this result, that there does indeed exist a
CM local ring which is not a homomorphic image of a Gorenstein local
ring, and hence does not admit a canonical module. This was first con-
structed by Ferrand and Raynaud [FR70]. Specifically, they construct
a one-dimensional local domain (R, m) such that the completion R is
not generically Gorenstein. If R were to have a canonical module wg,
it would be embeddable as an m-primary ideal of R. The completion
@r 1s then a canonical module for R , and is an ideal of R. But this
contradicts the criterion above.

We finish the section with the promised identification of the in-
tersection of the class of MCM modules with that of modules of finite
injective dimension.

11.7. PROPOSITION. Let R be a CM local ring with canonical mod-
ule w and let M be a finitely generated R-module. If M is both MCM
and of finite injective dimension, then M is isomorphic to a direct sum
of copies of w.

PROOF. Let F be a free module mapping onto the canonical dual
M"Y = Homg(M,w) with kernel K. Dualizing gives a short exact se-
quence

0—M-—F'—K'—0
where K' is MCM as K is. Proposition implies that the se-
quence splits as injdimz M < oo, making M a direct summand of F'.
Dualizing again displays M" as a direct summand of the free module
F =F" whence M" is free and M is a direct sum of copies of w. 0

If R is not assumed to have a canonical module, the MCM modules
of finite injective dimension are called Gorenstein modules. Should
any exist, there is one of minimal rank and all others are direct sums
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of copies of the minimal one. See Corollary for an application of
Gorenstein modules.

§2. MCM approximations and FID hulls

Throughout this section, (R,m,%) denotes a CM local ring with
canonical module w.

We continue to think of the MCM modules and modules of finite
injective dimension over R as orthogonal subspaces of the space of all
finitely generated modules, with intersection spanned by the canonical
module w. Guided by memories of basic linear algebra, we hope to be
able to project any R-module onto these subspaces.

11.8. DEFINITION. Let M be a finitely generated R-module. An
exact sequence of finitely generated R-modules

0—Y —X—M—0

is a MCM approximation of M if X is MCM and injdimg Y < oco. Dually,
an exact sequence

0—M—Y —X"—0

is a hull of finite injective dimension or FID hull if injdimY’ < co and
either X' is MCM or X' = 0.

We sometimes abuse language and refer to the modules X and Y’
as the MCM approximation and FID hull of M, rather than the whole
extensions.

The orthogonality relations between MCM modules and modules of
finite injective dimension translate into lifting properties for the MCM
approximations and FID hulls.

11.9. PROPOSITION. Let 0 — Y — X — M — 0 be a MCM ap-
proximation of M and let ¢: Z — M be a homomorphism with Z
MCM. Then ¢ factors through X. Any two liftings of ¢ are homotopic,
i.e. their difference factors through Y.

PROOF. Applying Hompg(Z,—) to the approximation gives the exact
sequence

0 — Homgr(Z,Y) — Hompg(Z,X) — Homg(Z,M) — Ext}B(Z,Y),

the rightmost term of which vanishes by Proposition [11.3|fii). Thus
¢ € Hompg(Z,M) lifts to an element of Hompg(Z,X). The final assertion
follows as well from exactness. O
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We leave it as an exercise for the reader to state and prove the dual
statement for FID hulls.

The lifting property of Proposition allows a Schanuel-type
result: if0 - Y — X1 —M —0and 0 — Yy — Xo — M — 0
are two MCM approximations of the same module M, then X; &Yy =
XooY;. We leave the details to the reader. (One can also proceed
directly, via the orthogonality relation Ext}B(X i,Yj) = 0; compare with
Lemma [A.10]) Just as for free resolutions, this motivates a notion of
minimality for MCM approximations.

11.10. DEFINITION. Let s: 0 — Y - X 2~ M — 0 be a MCM
approximation of a non-zero finitely generated R-module M. We say
that s is minimal provided Y and X have no non-zero direct summand
in common via i. In other words, for any direct-sum decomposition
X =Xoo X1 with Xg €imi, we must have X, =0.

Observe that any common direct summand of ¥ and X is both
MCM and of finite injective dimension, so by Proposition is a di-
rect sum of copies of the canonical module w.

While the definition of minimality above is quite natural, in prac-
tice a more technical notion is useful.

11.11. DEFINITION. Let A be a ring and f: P — @ a homomor-
phism of A-modules. We say that f is right minimal if whenever
¢: P — P is an endomorphism such that f¢ = f, in fact ¢ is an auto-

morphism. Ifs: 0 — N — P z, @ — 0 is a short exact sequence, we
say that s is right minimal if f is.

The equivalence of minimality and right minimality for an MCM
approximation is “well-known to experts”; the proof we give is due to
Hashimoto and Shida [HS97] (see also [Yos93]). It turns out that pass-
ing to the completion is essential to the argument.

11.12. LEMMA. Lets: 0 —Y -~ X 2o M — 0 be a MCM approx-

imation of a non-zero R-module M. Let s: 0 — Yy LX2M—o0
be the completion of s. Then s is a MCM approximation of M, and the
following are equivalent.
(i) sis right minimal;
(ii) s is right minimal;
(iii) s is minimal;
(iv) §is minimal.
PROOF. That § is a MCM approximation of M is trivial; the real
matter is the equivalence.
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= Assume that s is right minimal, and ¢ € Endg(X) sat-
isfies pp = p. Then pp = p, so ¢ is an automorphism by hypothesis,
whence ¢ is an automorphism as well.

= If X = X¢o X1 is a direct-sum decomposition of X
with Xo €imi, then the idempotent ¢: X — X;— X obtained from the
projection onto X; satisfies pp = p. Thus X # 0 implies that s is not
right minimal.

= Assume that § is not minimal, so that ¥ and X have a
common non-zero direct summand via i. We have already observed
that such a direct summand must be a direct sum of copies of the
canonical module @, so there exist homomorphisms o: X — @ and
7: ® — Y such that

oit:o—Y —X—a
is the identity on @. Write 0 =} ;a;0; and 7 = }.;, b;,T;, where 0; €
Hompg(X,w), 7, € Homg(w,Y), and a, b, € R. Then

Y a;br6;itr=1 € Ends@)=R.

7.k
Since R is local, at least one of the summands a jbro jffk is a unit of
R. Tt follows that 0;iTy is a unit of R, that is, 04i7,: w — w is an
isomorphism. Thus s is not minimal.

—> (i) We assume that R = R is complete. Let ¢: X — X be a
non-isomorphism satisfying pp = p. Let A € Endg(X) be the subring
generated by R and ¢, and observe that A is commutative and is a
finitely generated R-module.

As ¢ carries the kernel of p into itself, s is naturally a short exact
sequence of (finitely generated) A-modules. In particular, multiplica-
tion by ¢ € A is the identity on the non-zero module M, so by NAK ¢
is not contained in the radical of A. On the other hand, ¢ is not an
isomorphism on X, so is not a unit of A. Thus A is not an nc-local
ring. Since R is Henselian, it follows that A contains a non-trivial
idempotent e # 0, 1.

Now @ € R+(1-¢)A, so R+(1—¢)A = A. In particular, A :=
AN(1—-¢@)A is a quotient of R, so is a local ring. Replacing e by 1—e
if necessary, we may assume that e = 1 in A. Since ¢ acts as the iden-
tity on M, we see that M is naturally a A-module, and in particular e
also acts as the identity on M.

Set Xy =1im(1 —e) = ker(e) € X. Then X is a non-zero direct sum-
mand of X, and p(Xy) = 0 since e acts trivially on M. Thus s is not
minimal. [
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11.13. PROPOSITION. If a finitely generated module M admits a
MCM approximation, then there is a minimal one, which moreover is

unique up to isomorphism of exact sequences inducing the identity on
M.

PROOF. Removing any direct summands common to Y and X via
i in a given MCM approximation of M, we arrive at a minimal one.
For uniqueness, suppose we have two minimal approximations s: 0 —
Y X2 M—0ands:0—Y X 2. M — 0. The lifting
property delivers a commutative diagram with exact rows

0 y Y x-2.m 0
[
0 vy x 2y 0
oo
1 p
0 Y X M 0

in which, in particular, pfa = p. Since minimality implies right mini-
mality, fa is an isomorphism. A similar diagram shows that af is an
isomorphism as well, so that s and s’ are isomorphic exact sequences
via an isomorphism which is the identity on M. U

Here is yet a third notion of minimality for MCM approximations,
introduced by Hashimoto and Shida [HS97] and used to good effect
by Simon and Strooker [SS02]. Set d = dimR. It’s immediate from
the definition that a MCM approximation 0 — Y — X — M — 0
induces isomorphisms

Ext '(k,Y) for0<i<d-2and
Exth(k,X) fori>d+1,

and a 4-term exact sequence
0 — Ext® 1(k, M) — Ext%(k,Y) — Ext$(k,X) — Ext$(k, M) — 0.

We will call the approximation Ext-minimal if the induced map of k-
vector spaces Ext%(k,Y) — Ext;ie(k,X ) in the middle of this exact se-
quence is the zero map. Equivalently, one (and hence both) of the nat-
ural maps Ext$ '(k,M) — Ext&(k,Y) and Extf(k,X) — Ext%(k, M)
is an isomorphism. This means in particular that the Bass numbers of
M are completely determined by X and Y.

If in a MCM approximation of M there is a non-zero indecompos-
able direct summand of Y carried isomorphically to a summand of X,
then we’ve already seen that the summand must be isomorphic to w,

Extl (k, M) = {
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and so Ext%(k,Y) — Ext%(k,X ) has as a summand the identity map
onk= Extj'é(k,w). Thus Ext-minimality implies minimality as defined
above. In fact, all three notions of minimality are equivalent. As the
proof of this fact uses some local cohomology, we relegate it to the Ex-
ercises.

11.14. PROPOSITION. Let (R,m) be a CM local ring with canonical
module, and let M be a non-zero finitely generated R-module. For a
given MCM approximation of M, minimality, right minimality, and
Ext-minimality are equivalent. U

The considerations ab(_)ve are exactly paralleled on the FID hull

side. A FID hull 0 — M - Y %+ X — 0 is minimal if Y and X have
no non-zero direct summand in common via q, is left minimal if every
endomorphism € Endg(Y) such that vj = j is in fact an automor-
phism, and is Ext-minimal if the induced linear map Ext‘liz(k,Y) —
Ext%(k,X ) is zero. The three notions are equivalent by arguments ex-
actly similar to those above, and if a FID hull for M exists, then there
is a minimal one, which is unique up to an isomorphism of exact se-
quences which is the identity on M.

We turn now to existence. The construction of MCM approxima-
tions is most transparent when the approximated module is CM, so
we state that case separately. In particular, the construction below ap-
plies when M is an R-module of finite length, for example M = R/m"
for some n > 1. We will return to this example in

11.15. PROPOSITION. Let (R, m) be a CM local ring with canonical
module w, and let M be a CM R-module. Then M has a minimal MCM
approximation.

PROOF. Let ¢ = codepth M. By Theorem [11.5, M" = Ext,(M,w) is
again CM of codepth ¢. In a truncated minimal free resolution of M"

O—»syzf(MV)—»Ft_l — i F—Fyg—M'—0
the ¢ syzygy syzf (M) is MCM. Apply Hompg(—,w) to get a complex
0—Fy—F) — - —F) | —syzf(M")" —0

with homology Ext}é(M V. w), which is MYY = M for i =t and trivial
otherwise. Inserting the homology at the rightmost end, and defining
K to be the kernel, we get a short exact sequence

(11.15.1) 0 — K — syzf(M") — M — 0,
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in which the middle term is MCM. Since K has a finite resolution by
direct sums of copies of RY = w, it has finite injective dimension, so
that is a MCM approximation of M.

It is easy to see that our initial choice of a minimal resolution forces
the obtained approximation to be minimal as well. O

As an aside, we mention here that in the setup of Proposition|11.15]
if R is generically Gorenstein (so that wg has constant rank 1), then
the MCM approximation syszinrl (k)" of the residue field has constant
rank as well, computable as

dimR-1 . .
(11.15.2) rank (syzfy, p (")) = Y. (~DImEIEEG),
i=0

where ﬁ?(k) indicates the appropriate Betti number.

11.16. QUESTION (Buchweitz). Is the number defined in (11.15.2)
the minimal possible rank for a non-free MCM module which occurs as
the syzygy module of some R-module of finite length?

For the general case, we give an independent construction of a
MCM approximation of a finitely generated module, which simultane-
ously produces an FID hull as well. This argument is essentially that
of [AB89], though in a more concrete setting. There are two other con-
structions: the pitchfork construction, originally due also to Auslander
and Buchweitz (for which see Construction [12.11), and the gluing con-
struction of Herzog and Martsinkovsky [HM93].

11.17. THEOREM. Let (R,m,k) be a CM local ring with canonical
module w, and let M be a finitely generated R-module. Then M admits
a MCM approximation and a FID hull.

PROOF. We construct the approximation and hull by induction on
codepth M. When M is MCM itself, the MCM approximation is trivial.
For a FID hull, take a free module F' mapping onto the dual M’ =
Hompg(M,w) as in the proof of Proposition In the short exact
sequence

0 — syzf(M') — F — M" —0,

the syzygy module syzf(M V) is again MCM, so applying Hompg(—,w)
gives another exact sequence

v R VAV
0—M-—F'—syz;(M")" —0

in which F¥ = @™ has finite injective dimension and syzlf(M V)Y is
MCM.
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Suppose now that codepthM =t > 1. Taking a syzygy of M in a
minimal free resolution

0 — syzf(M) —F — M —0
we have by induction a FID hull of syzlf (M)
0 — syzf (M) —Y' — X' —0.

Construct the pushout diagram from these two sequences.

0 0
0 — syzE (M) F M 0
|
0 Y’ W M 0
X' X'
0 0

As X' is MCM and F is free, the exact middle column forces W to be
MCM, so that the middle row is a MCM approximation of M.
A FID hull for W exists by the base case of the induction:

0—W—Y"—X"—0

and constructing another pushout

0 0
Y —=Y'
0 w Y” X" 0
|
0 M Z X" 0
0 0

we see from the middle column that Z has finite injective dimension,
so the bottom row is a FID hull for M. O
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11.18. NOTATION. Having now established both the existence and
the uniqueness of minimal MCM approximations and FID hulls, we

introduce some notation for them. The minimal MCM approximation
of M is denoted by

0—Yy—Xy—M—0,
while the minimal FID hull of M is denoted
0—M—-YM __xM__0.

To show off the new notation, here is the final diagram of the proof
of Theorem [11.17

0 0
Yy —— Yy
(11.18.1) 0 Xu o™ xM 0
|
0 M YyM xM 0
0 0

Here n = ur(Xj,) as the middle row is an FID hull for X .

As in the last paragraph of the proof of Theorem the central
square in this diagram is a pushout. It therefore induces the exact
sequence

0—Xy—Moo™® —-Y" 0,

exhibiting the given module M, up to canonical summands, as an ex-
tension of a MCM module by a module of finite injective dimension.
This is the “Approximation Theorem” of Auslander [Aus67, Chapter
3, Prop. 8], [AB69, 4.27], as observed by Buchweitz [Buc86, (5.3.2)].
We also record a few curiosities that arose in the proof of Theo-

rem 11.17
11.19. PROPOSITION. Up to adding or deleting direct summands

isomorphic to w, we have

(i) Yy =YD,
(i) XM = XXM : and
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(iit) Xy is an extension of a free module by X syz; (M) , that is, there is
a short exact sequence 0 — F — Xy — XA M 0 with F
free.
In particular, if R is Gorenstein then we have as well

(iv) Xy = XA,
(v) Xu =syzB(XM); and
(vi) Yy = syzB (Y M). O

We see already that the case of a Gorenstein local ring is special.
In this case, finite injective dimension coincides with finite projective
dimension, making the theory more tractable. In particular, the min-
imal MCM approximation of a module of finite projective dimension
over a Gorenstein local ring is very simple to describe. We leave the
proof of this fact as an exercise.

11.20. PROPOSITION. Let R be a Gorenstein local ring and M a
finitely generated R-module of finite projective dimension. The the min-
imal MCM approximation of M is 0 — syzf(M ) —F — M — 0,
where F is a free module of minimal rank mapping onto M. U

We will see more advantages of the Gorenstein condition in [§4] and
in Chapter[12; see also Exercise[11.48
We also record here for later reference the case of codepth 1.

11.21. PROPOSITION. Let R be a CM local ring with canonical mod-
ule w and let M be an R-module of codepth 1. Let &1,...,¢; be a mini-
mal set of generators for the (nonzero) module Ext]}B (M,w), and let E be

the extension of M by w® corresponding to the element & = (¢1,...,&) €
Exty (M, 0") = Exth(M,0)?. Then E is a MCM module and

&E0—w —E—M—0

is the minimal MCM approximation of M. In particular, this con-
struction coincides with that of Proposition (11.15|if M is CM, i.e. if
Hompz(M,w) =0. ]

To close out this section, we have a few more words to say about
uniqueness. Since every MCM module is its own MCM approxima-
tion, the function M ~~ X is in general surjective, but not injective.
However, we may restrict to CM modules of a fixed codepth and ask
whether every MCM module X is a MCM approximation of a CM mod-
ule of codepth r. For r =1 and r = 2, these questions have essentially
been answered by Yoshino-Isogawa [YI00] and Kato [Kat07]. Here is
the criterion for r = 1.
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11.22. PROPOSITION. Let R be a CM local ring with canonical mod-
ule w, and assume that R is generically Gorenstein. Let X be a MCM
R-module. Then X is a MCM approximation of some CM module M of
codepth 1 if and only if X has constant rank.

PROOF. First assume that X has constant rank s. Then there is a
short exact sequence

0—R® -X—-N—0

in which N is a torsion module. In particular, N has dimension at
most dimR — 1. However, the Depth Lemma ensures that N has depth
at least dimR — 1, so N is CM of codepth 1. As R is generically Goren-
stein, the canonical module w embeds into R as an ideal of pure height
one (Proposition . We therefore have embeddings w'®—R®) and
R®< X fitting into a commutative diagram

0 w® X M 0
0 R® X N 0.

The Snake Lemma delivers an isomorphism from the kernel of M —
N onto (R/w)®, and hence an exact sequence

0 — (R/w)® — M — N — 0.

Therefore M is also CM of codepth 1, and the top row of the diagram
is a MCM approximation of M.

For the converse, suppose that M is CM of codepth 1 and that X is
a MCM approximation of M. Then X = Xy & o® for some ¢ > 0. In the
minimal MCM approximation

0—Yy—Xy—M—0,

we see that M is torsion, whence of rank zero, and Yj; is isomorphic
to a direct sum of copies of w. As R is generically Gorenstein, Y3 has
constant rank, and so X7 and X do as well. ]

It’s clear that a local ring R is a domain if and only if every finitely
generated R-module has constant rank. If in addition R is CM, then
it follows that R is a domain if and only if every MCM module has
constant rank. (Take a high syzygy of an arbitrary finitely generated
module M and compute the rank of M as an alternating sum.) These
observations prove the following corollary.
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11.23. COROLLARY. Let R be a CM local ring with a canonical mod-
ule and assume that R is generically Gorenstein. The following state-
ments are equivalent.

(i) For every MCM R-module X, there exists a CM module M of
codepth 1 such that X is MCM approximation of M.
(ii) R is a domain. U

The question of the injectivity of the function M ~~ X3 for modules
M of a fixed codepth is, as far as we can tell, still open. The corre-
sponding question for FID hulls, however, has a positive answer when
R is Gorenstein, due to Kato [Kat99].

§3. Numerical invariants

Since the minimal MCM approximation and minimal FID hull of a
module M are uniquely determined up to isomorphism by M, any nu-
merical information we derive from X7, Yar, X, and Y™ are invari-
ants of M. For example, if R is Henselian we might consider the num-
ber of indecomposable direct summands appearing in a direct-sum de-
composition of X7 or YM as a kind of measure of the complexity of M,
or if R is generically Gorenstein we might consider rank Y™, All these
possibilities were pointed out by Buchweitz [Buc86], but seem not to
have gotten much attention. In this section we introduce two other
numerical invariants of M, namely 6(M), first defined by Auslander;
and y(M), defined by Herzog and Martsinkovsky.

Throughout, (R, m) is still a CM local ring with canonical module
w. For an arbitrary finitely generated R-module Z, we define the free
rank of Z, denoted f-rank Z, to be the rank of a maximal free direct
summand of Z. In other words, Z = ZeR27k%) with Z stable, i.e. hav-
ing no non-trivial free direct summands. Dually, the canonical rank of
Z, w-rank Z, is the largest integer n such that »™ is a direct summand
of Z.

11.24. DEFINITION. Let M be a finitely generated R-module, and
let 0 — Yy — X3y — M — 0 be the minimal MCM approximation
for M. Then we define

O0(M) =f-rank Xy, and Y(M) = w-rank X .

For the rest of the section, we fix once and for all the minimal MCM
approximation

0—Yy——Xy2M—0
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of a chosen finitely generated R-module M. Note first that since we
chose our approximation to be (Ext-)minimal, we have

Ext%(k,Xy) = Ext$ (k, M),

where d = dimR. This, together with the fact (see Exercise [11.51)
that Ext%(k,Z ) # 0 for every non-zero finitely generated R-module Z,
immediately gives the following crude bounds.

11.25. PROPOSITION. Set s = dimy, Ext{(k, M). Then

(i) 6(M) - dimy, Ext}’é(k,R) < s, with equality if and only if Xy is
free. In particular, if dimy, Ext}ie(k,M ) < dimy, Ext%(k,R), then

o(M)=0.
(i) y(M) < s, with equality if and only if M has finite injective di-
mension. U

Note that the question of which modules M satisfy “Xjy is free” is
quite subtle. One situation in which it holds is when R is Gorenstein
and M has finite projective dimension; see Proposition[11.20] However,
it may hold in other cases as well, for example M = R/w, where w is
embedded as an ideal of height one as in Proposition(11.6

To obtain sharper bounds, as well as a better understanding of
what exactly each invariant measures, we consider them separately.
Of the two, 6(M) has received more attention, so we begin there.

11.26. LEMMA. Let M be a finitely generated R-module. Decompose
Xy =XeoF, where F is a free module of rank 6(M) and X is stable.
Then

M) =ur (M/p (X)) -

PRrROOF. The commutative diagram of short exact sequences

0 0 0
0 — ker(plx) Yu kerp 0
0 X Xum F 0
p p=plF
0 p(X) M M/p(X) — 0
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shows that 6(M) =rank F > ur(M/p(X)). If rank F' > ur(M/p(X)), then
kerp has a non-zero free direct summand. Since Y maps onto kerp,
Yy also has a free summand, which we easily see is a common direct
summand of Yy; and Xj;. As our approximation was chosen minimal,
this is a contradiction. U

The lemma allows us to characterize 6(M) without referring to the
MCM approximation of M.

11.27. PROPOSITION. Let M be a finitely generated R-module. The
delta-invariant 6(M) is the minimum free rank of all MCM modules Z
admitting a surjective homomorphism onto M.

PROOF. Denote the minimum by 6’ = §'(M), and set 6 = 6(M). Then
evidently 6’ < 8. For the other inequality, let ¢: Z — M be a surjec-
tion with Z MCM and f-rankZ = 6. Write Z = Z®R®) and Xy =
X ®R©®. The lifting property applied to ¢lz gives a homomorphism
a: Z— X e R fitting into a commutative diagram

ol
0 —— kerolz Z LM
|
0 Yu }_(eaR(5)p—>M—>O

As Z has no free direct summands, the image of the composition Z —
XoR® — R is contained in mR®). Thus & (Z) contributes no mini-
mal generators to M/p(X), and therefore

6 = g (M/p (X)) < ur (M/pa(2)) <6'. 0

In particular, Proposition implies that for a MCM module X,
we have 6(X) = f-rank X, and for M arbitrary, 6(M) = 0 if and only if
M is a homomorphic image of a stable MCM module. We also obtain
some basic properties of §.

11.28. COROLLARY. Let M and N be finitely generated R-modules.
(1) 6(MeN)=56(M)+56(N).

(it) 6(N) < O6(M) if there is a surjection M — N.

(iir) 6(M) < pr(M).

PROOF. Since minimality is equivalent to Ext-minimality, the di-
rect sum of minimal MCM approximations of M and N is again min-
imal. Thus Xyen = Xy ® Xn. The free rank of X © X is the sum
of those of X3s and Xy, since a direct sum has a free summand if and
only if one summand does. The second and third statements are clear
from the Proposition. O
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11.29. REMARK. Corollary is central to the early history of
the delta-invariant. Suppose that R is Gorenstein and that M is a
finitely generated R-module admitting a surjection M — N, where N
has finite projective dimension. Since the minimal MCM approxima-
tion of N is simply a free cover (Proposition [11.20), we have §(V) > 0,
and hence 6(M) > 0. It was at first conjectured that 6(M) > 0 if and
only if M has a non-zero quotient module of finite projective dimen-
sion, but a counterexample was given by Ding [Din94]. Ding proved a
formula for 6(R/I), where R is a one-dimensional Gorenstein local ring
and [ is an ideal of R containing a non-zerodivisor:

S(R/T)=1+¢(soc(R/I)—ug(I*).

He then took R = E[[#3,#*]], where % is a field, and I = (¢8 + ¢°,¢19).
He showed that 6(R/I) = 1 and that I is not contained in any proper
principal ideal of R, so R/I cannot map onto a non-zero module of finite
projective dimension.

We also mention here in passing a remarkable application of the
d-invariant, due to Martsinkovsky [Mar90, Mar91]. Let £ be an al-
gebraically closed field of characteristic zero and let S = kllx1,...,x,]l
be a power series ring over k. Let f € S be a polynomial such that
the hypersurface ring R = S/(f) is an isolated singularity. The Jaco-
bian ideal j(f), generated by the partial derivatives of f, and its image
j(f) in R, are thus primary to the respective maximal ideals. Then
Martsinkovsky shows that 6 (R/m) =0 if and only if f € j(f). In fact,
these are equivalent to f € (x1,...,x,)j(f), which by a foundational re-
sult of Saito [Sai71] occurs if and only if f is quasi-homogeneous, i.e.
there is an integral weighting of the variables x1,...,x, under which f
is homogeneous.

Turning attention now to y(M) = w-rank X s, we have an analog of
Lemma [11.26| the proof of which is similar enough that we skip it.

11.30. LEMMA. Let M be a finitely generated R-module, and write

Xy =X o 0"M) where X has no direct summand isomorphic to w.
Then

YD) pp(@) = ir (M/p(D).
O

As a consequence, we find an unexpected restriction on the R-
modules of finite injective dimension.

11.31. PROPOSITION. Let M be a finitely generated R-module of
finite injective dimension. Then y(M)- ur(w) = pr(M). In particular,
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ur(M) is an integer multiple of the Cohen-Macaulay type ur(w) of R.
O

There is obviously no direct analog of Proposition for y(M);
as long as R is not Gorenstein, every M is a homomorphic image of
a MCM module without w-summands, namely, a free module. Still,
we do retain additivity, and in certain cases the other assertions of

Corollary|(11.28

11.32. PROPOSITION. Let M and N be R-modules. Then y(M&N) =
y(M) +y(N). O

11.33. PROPOSITION. Let N € M be R-modules, both of finite injec-
tive dimension. Then y(M/N) < y(M) —y(N).

PROOF. Since each of M, N, and M/N has finite injective dimen-
sion, Proposition |11.25| allows us to compute y(—) as dimy, Ext}ie(k,—).
The long exact sequence of Ext ends with

Ext%(k,N) — Ext%(k, M) — Ext%(k, M/N) — 0,
and a k-dimension count gives the inequality. O

This result fails without the assumption of finite injective dimen-
sion. For example, consider a non-Gorenstein ring R and a free mod-
ule F mapping onto the canonical module w. We have y(F) = 0 and
Y(w)=1.

In case M has codepth 1, the explicit construction of MCM approx-
imations in Proposition allows us to compute y(M) directly. We
leave the proof as yet another exercise.

11.34. PROPOSITION. Let M be an R-module of codepth 1 (not nec-
essarily Cohen-Macaulay). Then we have y(M) = ,uR(Ext}Q(M ,W)). [

For CM modules, the 6- and y-invariants are dual. This follows
easily from the construction of MCM approximations in this case.

11.35. PROPOSITION. Let M be a CM R-module of codepth t, and
write M = Ext% (M,w) as usual. Then 6(M") = y(syzf(M)). U

In fact, one can show, using the gluing construction of Herzog and
Martsinkovsky [HM93], that 6 (syz;(M")) =y (syz,_;(M)) for i =0,...,¢.

When R is Gorenstein, 6 and y coincide, allowing us to combine all
the above results, and enabling new ones. Here is an example.

11.36. PROPOSITION. Assume that R is a Gorenstein ring, and let
M be a finitely generated R-module. Then

5(M) = ug (YM) - (XM)
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PRrROOF. Consider the diagram (11.18.1) following the construction
of MCM approximations and FID hulls. In the Gorenstein situation,
the ®™ in the center becomes a free module R™. Thus

O(M)=f-rankXy =n —IJR(XM).

The middle column implies n > ,uR(YM ), but in fact we have equality:
the image of the vertical arrow Yy — R is contained in mR"™ by
the minimality of the left-hand column. Combining these gives the
formula of the statement. 0

§4. The index and applications to finite CM type

Once again, in this section (R, m,%) is a CM local ring with canoni-
cal module w. As a warm-up exercise, here is a straightforward result
attributed to Auslander.

11.37. PROPOSITION. The following conditions are equivalent.

(i) R is a regular local ring.
(ii) O (sysz (k))>0 forall n >0, i.e. no syzygy of k is a homomorphic
image of a stable MCM module.
(i17) 6(k)=1.
(iv) y(syzf gy (k) > 0.

ProoOF. If R is a regular local ring, then every MCM module is
free, so 6(M) > 0 for every module M. In particular holds. State-
ment implies trivially. If R is non-regular, then there is at
least one MCM R-module M without free summands, and the non-
zero composition M — M/mM = E#eM) _, b shows 8(k) = 0. Thus the
first three statements are equivalent. Finally, the construction of min-
imal MCM approximations for CM modules in Proposition[11.15shows
that 6(k) = f-rank(syzgm(m(kv)v) = w-rank(syzfim(R)(k)), whence
— (). ]

For a moment, let us set §,, = 6(R/m™) for each n > 0. Then the
Proposition implies that if R is not regular, then 9 = 0. The surjection
R/m™! - R/m" gives 6,.1 > 6,, and every §, is at most 1 by Corol-
lary [11.28] Thus the sequence {§,} is non-decreasing, with

0=00<01< <6 <Ops1<---<1.

If ever §,, = 1, the sequence stabilizes there. Let us define the index of
R to be the point at which that stabilization occurs, that is,

index(R) =min{ n | 5 (Rm*) =1}
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and set index(R) = oo if §(R/m™) = 0 for every n. Equivalently, index(R)
is the least integer n such that any MCM R-module X mapping onto
R/m™ has a free direct summand. In these terms, the Proposition says
that R is regular if and only if index(R) = 1.

Next we point out that the index of R is finite if R is Gorenstein.
Let x be a system of parameters in the maximal ideal m. Then R/(x)
has finite projective dimension, so 6(R/(x)) > 0 since the MCM approx-
imation is just a free cover (Proposition [I1.20). The ideal generated
by x being m-primary, we have m” < (x) for some n, and the surjection
R/m™ — R/(x) gives §, = 0(R/(x)) > 0. Thus index(R) < n. In fact, we
see that the index of R is bounded above by the (generalized) Loewy
length of R, defined by

#(R)=1inf{ n | there exists a s.0.p. x with m" € (%)} .

11.38. CONJECTURE (Ding). Let R be a CM local ring with infinite
residue field. Then
index(R) = #(R).

This conjecture is known to fail for finite residue fields [HS97].
There are some partial results by Ding [Din92, Din93, Din94] and by
Herzog [Her94l], who proved it in case R is homogeneous over a field.

In this section we will give Ding’s proof that the index of R is finite
if and only if R is Gorenstein on the punctured spectrum; moreover,
in this case the index is bounded by the Loewy length. This will be
Theorem to which we come after some preliminaries. Recall
that we write M | N to indicate M is isomorphic to a direct summand
of N.

11.39. LEMMA. Let (R,m) be a CM local ring with canonical module
w and let x € m be a non-zerodivisor. Then 6(R/(x)) > 0 if and only if
| syzf(w/xw).

PRrROOF. The minimal MCM approximation of a module of codepth 1
is computed in Proposition [11.21} in the case of R/(x) we see that it is
obtained by dualizing a free resolution of

(R/(x))" = Exth(R/(x),0) = 0R/x) = 0/x0.
It therefore takes the form

0 — F" — syzf (w/xw)’ — R/(x) — 0
where F is a free module. Thus 6(R/(x)) = f-rank (syz? (w/xw)") is equal
to w-rank (syzf (w/xw)). O

11.40. LEMMA. Keep the notation of Lemma (11.39\ The following
are equivalent for a non-zerodivisor x € m:
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(i) w|syzf(w/xw);

(i) syzf (w/xw) = 0 @ syzF (w);
(iti) the multiplication map w = w factors through a free module.

PROOF. = Form the pullback of a free cover F — w/xw
and the surjection w — w/xw to obtain a diagram as below.

0 0
syzlf(w/xw) syzlf(w/xw)
0 ) P F 0
|
0 w w w/xw —— 0
0 0

The middle row splits, giving a short exact sequence
0— syz?(w/xw)—»Feaw —w—0

in the middle column. As Extll%(w,w) =0, any summand of syzlle(w/xw)
isomorphic to w must split out as an isomorphism w — w, leaving
syz} (w) behind.

— Letting F — w now be a free cover of w, another
pullback gives the diagram

0 0
syzli3 (w) syzliB (w)
00— syzlf(w/xw) F w/xw 0
0 w p w w/xw 0
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Applying Miyata’s Theorem (Theorem [7.1)), we find that the left-hand
column must split, so that w — w factors through F.
(111) = () If we have a factorization of the multiplication homo-
. X
morphism w — o through a free module, say v« — G — w, we may
pull back in two stages:

0 — syzf(w) Q w 0
0 — syzf(w) P G 0
0 — syzf(w) F w 0

The result is the same as if we had pulled back by w — w directly, by
the functoriality of Ext. Doing so in two stages, however, reveals that
the middle row splits as G is free, and so the top row splits as well.
This gives @ S w & syzlie (w) and the middle column thus presents @ as
the first syzygy of cok(w = 0) 2 wlho, giving even property and in
particular (i). O

Putting the lemmas together, we see that §(R/(x)) = 0 for a non-
zerodivisor x € m if and only if x is in the ideal of Endr(w) = R con-
sisting of those elements for which the corresponding multiplication
factors through a free module. Let us identify this ideal explicitly.

11.41. LEMMA. Let R be a CM local ring with canonical module w.
The following three ideals of R coincide.

(i) { x€R ‘ w - w factors through a free module};

(i) the trace 7,(R) of w in R, which is generated by homomorphic
images of w in R;
(iti) the image of the natural map

a: Homg(w,R)®r w — Endg(w) =R

defined by a(f ® a)(b) = f(b)-a. (Note that this is not the canon-
ical evaluation homomorphism ev(f ® a) = f(a).)

PROOF. We prove (i) 2 (i) = 2 ().

Let x € 7,(R), so that there is a linear functional f: w« — R and an
element a € w with f(a) = x. Defining g: R — w by g(1) = a, we have
a factorization x =gof: w — w.
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Now if x € im a, then there exist homomorphisms f;: « — R and
elements a; € w such that

a(Zfi@)a,;)(b):xb

for every b € w. Define homomorphisms g;: w — R by g;(b) = a(f; ® b)
for all b € w. Then ) ; g;(a;) = x, so that x is contained in the sum of
the images of the g;, hence in the trace ideal.

Finally, suppose we have a commutative diagram

X
Ww——w
Z& A‘ i
F
with F' a free module and ) f;, > g; the decompositions along an iso-
morphism F = R™. Then for a € w, we have

a(Y fiegiD)@ =) fila) gi1)
=Y gi(fi(a))

=xa
so that x € ima. O

We denote by the ideal of Lemma by 7,(R).

From either of the first two descriptions above, we see that 1 €
7,(R) if and only if R is Gorenstein. It follows that 7,(R) defines the
Gorenstein locus of R, that is, a localization R, is Gorenstein if and
only if 7,(R) € p. In particular, R is Gorenstein on the punctured spec-
trum if and only if 7,,(R) is m-primary.

11.42. THEOREM (Ding). The index of a CM local ring (R, m) with
canonical module w is finite if and only if R is Gorenstein on the punc-
tured spectrum.

PROOF. Assume first that R is Gorenstein on the punctured spec-
trum, so that 7, (R) is m-primary. Then there exists a regular sequence
X1,...,%q4 in T,(R), where d = dimR. We claim by induction on d that
O0(R/N(x1,...,x4)) #0. The case d = 1 is immediate from Lemmas [11.39
and [11.40

Suppose d > 1 and X is a MCM R-module with a surjection X —
R/(x1,...,xq). Tensor with R = R/(x1) to get a surjection X/x1X —
R/(%3,...,%q), where overlines indicate passage to R. Since X3,...,Xg
are in 175(R), the inductive hypothesis says that X/x;X has an R/(x1)-
free direct summand. But then there is a surjection X — X/x; X —
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R, so that f-rankX > 6(R) > 0, and X has a non-trivial R-free direct
summand, showing 6(R/(x1,...,x4)) > 0.

Now let us assume that 7,(R) is not m-primary. For any power m”
of the maximal ideal, we may find a non-zerodivisor z, € m"\7,(R). By
Lemmas|11.39)and [11.40} 6(R/(z,)) = O for every n, and the surjection
R/(z,) — R/m" gives 6(R/m™) =0 for all n, so that index(R)=0co0. [

As an application of Ding’s theorem, we prove that CM local rings
of finite CM type are Gorenstein on the punctured spectrum. Of course
this follows trivially from Theorem [7.12] since isolated singularities
are Gorenstein on the punctured spectrum. This proof is completely
independent, however, and may have other applications. It relies upon
Guralnick’s results in Section §3]of Chapter

11.43. THEOREM. Let (R,m) be a CM local ring of finite CM type.
Then R has finite index. If in particular R has a canonical module,
then R is Gorenstein on the punctured spectrum.

PROOF. Let {M;,...,M,} be a complete set of representatives for
the isomorphism classes of non-free indecomposable MCM R-modules.
By Corollary since R is not a direct summand of any M;, there
exist integers n;, i = 1,...,r, such that for s > n;, R/m® is not a di-
rect summand of M;/m*M;. Then for s > n;, there exists no surjection
M;/m°M; — R/m® by Lemma Set N = max{n;}. Let X be any
stable MCM R-module, and decompose X =M (lal) ®---& M) If there
were a surjection X — R/m%, then (since R is local) one of the sum-
mands M; would map onto R/m”, contradicting the choice of N. As X
was arbitrary, this shows that index(R) < oco. U

11.44. REMARK. The foundation of Ding’s theorem is identifying
the non-zerodivisors x such that 6(R/(x)) > 0. One might also ask about
O0(w/xw), as well as the corresponding values of the y-invariant. It’s
easy to see that the minimal MCM approximation of w/xw is the short
exact sequence 0 — w — w — w/xw — 0, which gives §(w/xw) = 0
and y(w/xw) = 1. However, y(R/(x)) is much more mysterious. We have
XRrix) = syzlf(w/xw)", so Y(R/(x)) > 0 if and only if syzlf(w/xw) has a
non-zero free direct summand. We know of no effective criterion for
this.

11.45. REMARK. As a final note, we observe that Auslander’s cri-
terion for regularity, Proposition[11.37, can be interpreted via the con-
struction of minimal MCM approximations for CM modules in Propo-
sition Assume that R is Gorenstein. Then condition can
be written 6(syzf;e (k)) > 0, and since syzg (k) is MCM, this says simply
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that R is regular if and only if syzg (k) has a non-trivial free direct sum-
mand. This is a special case of a result of Herzog [Her94l, which gener-
alizes a case of Levin’s solution in his thesis [Lev65] (see also [LV68])
of a conjecture of Kaplansky. Kaplansky’s conjecture was that if there
exists a finitely generated R-module M such that mM # 0 and mM
has finite projective dimension, then R is regular; in particular, if
syzg (R/m") is free for some n then R is regular. Yoshino has conjec-
tured [Yos98] that for any positive integers ¢ and n, 6 (syzﬁ2 (R/m™))>0
if and only if R is regular local, and has proven the conjecture when R
is Gorenstein and the associated graded ring gr,,(R) has depth at least
d-1.

§5. Exercises

11.46. EXERCISE. Prove that the canonical module of a CM local
ring is unique up to isomorphism, using the Artinian case and Corol-

lary

11.47. EXERCISE. Prove Proposition |[11.20f If R is Gorenstein and
M is an R-module of finite projective dimension, then the minimal
MCM approximation of M is just a minimal free cover.

11.48. EXERCISE. Let R be a CM local ring with canonical mod-
ule w, and let M be a finitely generated R-module of finite injective
dimension. Show that M has a finite resolution by copies of w

0— " — - — " — 0" —M—0.

11.49. EXERCISE. Let x € m be a non-zerodivisor. Prove that the
middle term X%/ % of the minimal MCM approximation of R/(x) satis-
fies XF/® = syzl2le (w/xw)".

11.50. EXERCISE. Let R be CM local and M a finitely generated R-
module. Define the stable MCM trace of M to be the submodule 7(M)
generated by all homomorphic images f(X), where X is a stable MCM
module and f € Homg(X,M). Show that 6(M) = ur(M/t(M)).

11.51. EXERCISE. Let (R, m) be a local ring. Denote by u!(p, M) the
number of copies of the injective hull of R/p appearing at the i*! step
of a minimal injective resolution of M. This integer is called the ;P

Bass number of M at p. It is equal to the vector-space dimension of
Exty(R/p, M), over the field (R/p),.

() If y'(p, M) > 0 and heightq/p = 1, prove that u**1(q, M) > 0.
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(ii) If M has infinite injective dimension, prove that p’(m, M) > 0 for
all i > dimM. (Hint: go by induction on dim M, the base case
being easy. For the inductive step, distinguish two cases: (a)
injdime(Mp) = oo for some prime p # m, or (b) injdime(Mp) <
oo for every p #m. In the first case, use the previous part of this
exercise; in the second, conclude that injdimp (M) < 00.)

In particular, Ext;lng(k,Z) # 0 for every finitely generated R-module
Z.

11.52. EXERCISE. This exercise gives a proof of the last remaining
implication in Proposition following [SS02]. Let (R,m,k) be a
CM complete local ring of dimension d with canonical module w.

(i) Let M be a MCM R-module with minimal injective resolution

I°. Prove that Ext%(k,M ) = socle(I9) is an essential submodule
of the local cohomology HZ(M) = H(I'(I*)).

(ii)) Let M and N be finitely generated R-modules with M MCM
and N having finite injective dimension. Let f: N — M be a
homomorphism. Prove that the w-rank of f (that is, the number
of direct summands isomorphic to ® common to N and M via f)
is equal to the £-dimension of the image of the homomorphism
Extj_é(k, f). (Hint: take a MCM approximation of N, and split
the middle term Xy = 0™ according to the image of Ext}i{,(k, ).
Apply the first part above to the composition Ext%(k,w(nl)) —
HZ (M), then use local duality.)

11.53. EXERCISE. Let R be a Gorenstein local ring (or, more gener-
ally, a CM local ring with canonical module w and satisfying 7,(R)2m)
with infinite residue field. Assume that R is not regular. Then

e(R) > ppr(m)—dimR — 1+ index(R).

In particular, if R has minimal multiplicity e(R) = uyg(m)—dimR + 1,
then index(R) = 2. (Compare with Corollary )






CHAPTER 12

Totally Reflexive Modules

Over Gorenstein local rings, MCM modules have a particularly ap-
pealing connection with (unbounded) acyclic complexes of finitely gen-
erated free modules. This connection is explored in detail in Buch-
weitz’s notes [Buc86]. In this chapter we introduce totally reflexive
modules, which play the same role over arbitrary local rings. The main
theorem, Theorem[12.14] which is due to Christensen, Piepmeyer, Stri-
uli, and Takahashi [CPSTO08], states that a local ring with at least one
non-free totally reflexive module, but only finite many indecomposable
ones, must be a hypersurface singularity of finite CM type. The proof
uses a four-term exact sequence (Proposition [12.5) associated to the
Auslander transpose Tr M, which we define in the first section.

§1. Stable Hom and Auslander transpose

In this section we introduce two technical tools which will be useful
in this chapter and the next. They arise in the context of “algebraic
duality,” that is, the duality (-)* = Homg(—,R) into the ring.

12.1. DEFINITION. Let M and N be finitely generated A-modules,
where A is a commutative (Noetherian, as always) ring. Denote by
B(M,N) the submodule of A-homomorphisms from M to N that factor
through a projective A-module, and put

Homy(M,N) = Homg(M,N)/B(M,N).

We call Homy(M,N) the stable Hom module. We also write End , (M)
for Hom , (M, M) and refer to it as the stable endomorphism ring.

Observe that P(M,M) is a two-sided ideal of Endy (M), so that
End, (M) really is a ring. In particular, it is a quotient of End4 (M), so
the stable endomorphism ring is nc-local if the usual endomorphism
ring is.

As with the usual Hom, the stable Hom module Hom ,(M,N) is
naturally a left End ,(N)-module and a right End, (M)-module. We
leave to the reader the straightforward check that these actions are
well-defined.

199
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12.2. REMARK. Note that ‘B(M,N) is the image of the natural ho-
momorphism
pY: M* 84 N — Hompg(M,N)
defined by p(f®y)(x) = f(x)y for fe M*, ye N, and x € M. In particular
M is projective if and only if p% is surjective.

The other main character of the section is just as easy to define,
though we need some more detailed properties from it.

12.3. DEFINITION. Let A be a Noetherian ring and M a finitely
generated A-module with projective presentation

(12.3.1) P, Py—M—0.
The Auslander transpose Tr M of M is defined by
TrM = cok(¢*: Py — P7),

where (—)* = Homa(—,A). In other words, Tr M is defined by the ex-
actness of the sequence

(12.3.2) 0—M*— P} X~ P; —TrM—0.

12.4. REMARKS. The Auslander transpose depends, up to projec-
tive direct summands, only on M. That is, if ¢': P| — P is another
projective presentation of M, then there are projective A-modules @
and @' such that cok(p*)® @ = cok((¢')*)®Q’. In particular TrM is
only well-defined up to “stable equivalence.” However, we will work
with Tr M as if it were well-defined, taking care only to apply in it in
situations where the ambiguity will not matter, such as the vanishing
of Extf;‘(TrM, —)or Tor?(TrM,—) for i > 1.

It is easy to check that TrP is projective if P is, and that Tr(M &
N)=TrM & TrN up to projective direct summands. Furthermore, in
@* is a projective presentation of TrM, and ¢** = ¢ canoni-
cally, so we have Tr(TrM) = M up to projective summands for every
finitely generated A-module M.

When A is a local (or graded) ring, we can give a more appar-
ently intrinsic definition of TrM by insisting that ¢ be a minimal
presentation, i.e. all the entries of a matrix representing ¢ lie in the
(homogeneous) maximal ideal. However, even then we will not have
Tr(Tr M) = M on the nose in general, since the Auslander transpose of
any free module will be zero.

Finally, one can check that Tr(—) commutes with arbitrary base
change. For example, it commutes (up to projective summands, as
always) with localization and passing to A/(x) for an arbitrary element
x€eA.
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The Auslander transpose is intimately related to the natural bi-
duality homomorphism o3;: M — M**, defined by

omx)f) = f(x)

for x € M and f € M*. More generally, we have the following proposi-
tion.

12.5. PROPOSITION. Let M and N be finitely generated A-modules.
Then in the exact sequence
N

0 — keral — Mo N —*L Homy(M*,N) — cokal; — 0,
in which U% is defined by 0%(x®y)(f) =f(x)y for xe M, y e N, and
feM*, we have

kera% = Ext}‘(TrM,N) and cokaﬂv,l = Exti(TrM,N).
Moreover . .
Ext, (TrM,N) = Ext,, 2(M*,N)
for all i > 3. In particular, taking N = A gives an exact sequence
0 — Ext} (TrM,A) — M 2% M** — Ext? (TrM,A) — 0
and isomorphisms
Ext,(TrM,R) = Exty 2(M*,R)
fori>3. 0

We leave the proof as an exercise. The proposition motivates the
following definition.

12.6. DEFINITION. A finitely generated A-module M is said to be
n-torsionless provided Extfq(TrM,A) =0fori=1,...,n.

In particular, M is 1-torsionless if and only if oy: M — M** is
injective, 2-torsionless if and only if M is reflexive, and n-torsionless
for some n > 3 if and only if M is reflexive and Extfq(M * R) =0 for
i=1,...,n-2.

12.7. PROPOSITION. Suppose that a finitely generated A-module M
is n-torsionless. Then M is an n'" syzygy. The converse holds if n = 1.

PROOF. For n =0 there is nothing to prove. Forn=1,let P — M~
be a surjection with P projective; then the composition of the injections
M — M** and M** — P* shows that M is a submodule of a projec-
tive, whence a first syzygy. Similarly for n > 2, let P,,_; — --- Py —
M* — 0 be a projective resolution of M*. Dualizing and using the
definition of n-torsionlessness, we see that

0—M—P; — .- — P,
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is exact, so M is an n' syzygy. The converse, when n =1, is left as an
exercise. O

The converse can fail when n = 2 (see Exercise[12.24). On the other
hand, we have the following:

12.8. PROPOSITION. Let R be a CM local ring of dimension d, and
let M be a finitely generated R-module. Assume that R is Gorenstein
on the punctured spectrum. Then the following are equivalent:

(i) M is MCM;

(i) M is a d* syzygy; _

(iti) M is d-torsionless, i.e., Ext%(TrM,R) =0fori=1,...,d.

PROOF. Items (i) and (ii) are equivalent by Corollary[A.15] since R
is Gorenstein on the punctured spectrum. The implication = (1)
follows from the previous proposition. We have only to prove (i) implies
(i11). So assume that M is MCM. The case d =0 is vacuous. For d =1,
the four-term exact sequence of Proposition [12.5] and the hypothesis
that R is Gorenstein on the punctured spectrum combine to show that
Exty(Tr M, R) has finite length. Since Exty(TrM,R) embeds in M by
Proposition and M is torsion-free, this implies Extll% (TrM,R)=0.

Now assume that d > 2. Let P; — Py — M — 0 be a free presen-
tation of M, so that

0— M* —P; — P} —TrM —0

is exact. Splice this together with a free resolution of M™* to get a
resolution of Tr M

Ga 28 qg % ... 2. gy — P; — P} — TrM — 0.

Dualize, obtaining a complex

* (p* (/7*+ .
0 — (TrM)* — Py — Py — G} = ... 2L g3 2L g

in which ker¢; = M since M is reflexive. The truncation of this com-
plex at M

(12.8.1) 0—M—@Gy2... 2gy L gr

is a complex of MCM R-modules, and since R is Gorenstein on the
punctured spectrum, the homology Ext;;Z(M * R) has finite length.
The Lemme d’Acyclicité (Exercise [12.22) therefore implies that the
complex (12.8.1) is exact, so that M is a d'P syzygy. O

Finally we see how the Auslander transpose and stable Hom inter-
act. Notice that for any A-module M, Tr M is naturally a module over
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End4 (M), since any endomorphism of M lifts to an endomorphism of
its projective presentation, thus inducing an endomorphism of Tr M.

12.9. PROPOSITION. Let A be a commutative ring and M, N two
finitely generated A-modules. Then

Hom ,(M,N) = Tor{(Tr M, N).

Furthermore, this isomorphism is natural in both M and N, and is
even an isomorphism of End ,(N)-End ,(M)-bimodules.

PROOF. Let P, 2, Py — M — 0 be our chosen projective presen-
tation of M. Then we have the exact sequence

0— M* —P; Y—~P; —TrM —0.
Tensoring with N yields the complex

M osAN—P o, N LY pr ey N—TrM o, N — 0.
The homology of this complex at P;® N is identified as Tor‘f(Tr M,N).
On the other hand, since the P; are projective A-modules, the natu-
ral homomorphisms pgl : P;‘ ®4 N — Homy (P;,N) are isomorphisms
(Exercise [12.25). It follows that ker(¢* ®4 1y) = Homg(M,N), so that
Tor‘{‘(TrM ,IN) is isomorphic to the quotient of Hom (M, N) by the im-
age of M* ® 4 N — Homu (Py,N), i.e. Torf(TrM,N) =Hom ,(M,N).
We leave the “Furthermore” to the reader. O

§2. Complete resolutions
This section contains two constructions over Gorenstein local rings.

12.10. CONSTRUCTION. Let R be a Gorenstein local ring, and let
M be a MCM R-module. Start with a minimal free resolution of M,
that is, an exact sequence

(12.10.1) vo—F,—..—F —F)y—M—0,

in which each F; is a free module of minimal rank. Next, we resolve
M* =Hompg(M,R) minimally:

(12.10.2) vo—Gp— - — G —Gy— M*"—0.

By Theorem|[11.5) Ext’(M,R) = 0 for i > 0 and M is reflexive. Therefore,
upon dualizing (12.10.2) and setting F; = (G_1_;)* for i <0, we get an
exact sequence

(12.10.3) 0O—M—F 1—Fg9g— - —F_, —--
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Now we splice (12.10.1) and (12.10.3) together, taking the composition
Fo— M — F_; for the map Fyp — F_1, and getting an acyclic com-
plex

(12.104)  F.: - —Fy—F —Fy—F_1—Fy— -,

in which M = cok(F; — F(). We call this complex the complete resolu-
tion of M. We note (see Exercise[12.27) that the dual F; of the complex
F. in (12.10.4) is acyclic and yields a complete resolution of the MCM
module M*.

We use these observations to motivate, in the next section, an anal-
ogous class of modules over local rings (R, m) that may not be Goren-
stein.

As a bonus application of complete resolutions, we describe the
pitchfork construction of Auslander and Buchweitz, which gives an in-
dependent proof of the existence of MCM approximations over Goren-
stein local rings. (Cf. Theorem [11.17])

12.11. CONSTRUCTION. Let R be a Gorenstein local ring of dimen-
sion d, and let M be a finitely generated R-module of codepth ¢. Let

P.: +—P,——P—Py—M—0

be a minimal free resolution of M. Set C = syzf (M), a MCM module.
By the construction above, C has a complete resolution

F,: '~'—>F2—>F1—>F0—>F_1—>F_2—>'-',

which we shift so that C = cok(F;.1 — F};). Truncating F. at degree
zero, we graft it together with P. to obtain a commutative pitchfork:

P4 Py M 0
-— Py \ Pi-1 ®o f
F 4 Fy X 0

We construct the vertical maps ¢; inductively, starting from the equal-
ity ¢;: syzf X=C= syzf M. Suppose at the i*! stage we have a comm-
utative diagram with exact rows:

0 — syzl, M —— P; — syz M —— 0

<Pi+1T

0 — syzl X — F; —— syzf X —— 0
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Since syzﬁlX is MCM (being an infinite syzygy), Ext}e(syzﬁlX ,R) =
0, whence the rows of the dualized diagram

00— (syz]fM)* — P! — (syzﬁlM)*
|

| 9i l(m)*
1
0— (syz?X)* —F — (syzﬁlX)* —0

are also exact. Therefore (¢;;1)" lifts to y: P} — F, and re-dualizing
®; =v; completes the induction.

We thus obtain a chain map ¢.: P, — F. inducing a homomor-
phism f: X — M. We may assume that ¢. is surjective in each de-
gree (by adding, if necessary, trivial complexes of free modules), hence

in fact split surjective. In particular we assume f is surjective as well.
Let Y =kerf, so that

(12.11.1) 0—Y —X—M—0

is exact. The long exact sequence of homology associated to the short
exact sequence of complexes

0—>ker(p.—>P.LF.—>0

shows that ker¢. is a complex of projectives with Y its only non-
vanishing homology, and that ker¢; =0 for i > ¢. It follows that ker¢.
is a finite projective resolution of Y, and that is a MCM ap-
proximation of M.

§3. Totally reflexive modules

12.12. DEFINITION. A doubly-infinite complex
F.: ---—>F2—>F1—>F()—>F_1—>F2—>---

over a local ring R is totally acyclic provided each F; is a finitely gen-
erated free module and both (F,) and (¥)) are exact. An R-module
M is totally reflexive [AMO2] provided M = cok(F; — F) for some to-
tally acyclic complex (F.). We say that R has finite totally reflexive
representation type (finite TR type for short) provided there are, up to
isomorphism, only finitely many indecomposable totally reflexive mod-
ules.

Over a Gorenstein local ring, the totally reflexive modules are ex-
actly the MCM modules, and finite TR type is the same as finite CM
type. For a local ring (R,m), we let 4(R) denote the class of totally
reflexive R-modules. (The letter “4” recognizes the fact that these
modules are sometimes called “modules of Gorenstein dimension zero”
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after [AB69].) We leave to the reader the proof of the following char-
acterization of totally reflexive modules:

12.13. PROPOSITION. Let R be a local ring and M a finitely gener-
ated R-module. Then M is totally reflexive if and only if the following
conditions hold:

(i) M is reflexive;

(i1) Ext]’:?(M,R) =0 for each i > 0; and

(iii) ExtL(M*,R)=0 for each i > 0. O

Our goal in this section is the following theorem, due to Chris-
tensen, Piepmeyer, Striuli and Takahashi [CPSTO0S]:

12.14. THEOREM. Let (R,m,k) be a local ring having at least one
non-free totally reflexive module. If R has finite TR type, then R is
Gorenstein (and hence has finite CM type).

This was proved by Takahashi [Tak05],[Tak04b] [Tak04al in case
R is Henselian and has depth at most two. We will give Takahashi’s
proof for rings of depth zero and then reduce to that case using the
approach in [CPSTO08]. We will omit some of the technical details, but
include the main ideas of the rather delicate proof. One question that
the theorem does not answer, and which is still rather mysterious, is
which non-Gorenstein local rings have the property that all of their
totally reflexive modules are free. Golod rings [AMO02, Examples 3.5]
and hence, by [Avr98, Example 5.2.8], CM local rings with minimal
multiplicity (see Conjecture have this property.

The key to the proof of Theorem is to show that the residue
field has an “approximation” by totally reflexive modules. In order to
pass to the completion, where we can invoke KRS, we will have to work
with more general versions of this concept, and with certain subclasses
of 4.

12.15. DEFINITION. Let R be a commutative ring and ¥ a class
of finitely generated R-modules with R € €. Let M be an arbitrary
finitely generated R-module, and

(12.15.1) st 0—L--c2M—o0
an exact sequence with C € 6.

(i) We say that s satisfies €-lifting for M provided every homomor-

phism B z, M, with B € €, lifts to a homomorphism B £.c
with pg = f; that is, the induced homomorphism

Hompg(B,C) — Homg(B,M)
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is a surjection for all B € 6.

(i) Say that s is a 6-cover for M provided it satisfies €-lifting for
M and p is right minimal (cf. Definition [11.11), that is, if ¢ €
Endgr(C) and p¢ = p, then ¢ is an automorphism.

(iii) Say that s is a €-approximation if Extﬁe(B,L) =0 for every B €
% and every i > 0.

Part (11) of the next lemma is known as Wakamatsu’s Lemma.

12.16. LEMMA. Let R be a commutative ring, € a class of finitely

generated R-modules with R € 6, and s:0 — L e M—0a
short exact sequence with C € 6.

(i) If s is a €-approximation, then it satisfies €-lifting for M.
(it) If € is closed under extensions and s is a 6-cover, then it is a
6 -approximation.
(iti) Assume that s satisfies €-lifting for M and that there exists
a €-cover for M. Then s is a 6-cover if and only if L and C
have no non-zero common direct summands under i (cf. Defini-

tion .

PROOF. We leave the proof of item (i) as an exercise. For a proof
of Wakamatsu’s Lemma, see [EJ00, Corollary 7.2.3] or [Xu96, 2.1.1].
The proof of is almost word-for-word the same as the proof of
Lemma[11.12|[CPST08, Lemma 1.6]. O

Given a class € of finitely generated R-modules, we let %6~ be the
class of finitely generated R-modules L such that Ext,(C,L) = 0 for all
Ce%¥ and all i >0.

12.17. DEFINITION. A full subcategory 4 of R-mod is a reflexive
subcategory provided
() Re€nEt,
(i) MoN€€6 < Me¥ and N € 6,
({iii)) Me€ — M* €€, and
(iv) Me€ = syzf(M)e 6.
We say that € is closed under extensions provided, for every short ex-
act sequence

0—C;i—X—Cy—0
with C; € €, we have X € 6.

It follows from Proposition [12.13| that %4(R) is reflexive and that
every reflexive category of modules is contained in 4(R).
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To get from the lifting property to approximations and covers, we
need the next lemma (cf. [CPSTO0S8, (2.2) (c) and (2.8)]). The Krull-
Remak-Schmidt (KRS) property (Chapter is a key point in the
proof of the main theorem and the reason for ascent to the completion.

12.18. LEMMA. Let (R, m,k) be a local ring whose finitely generated
modules satisfy KRS, and let € be a reflexive subcategory of R-mod
closed under extensions. These conditions on a finitely generated R-
module M are equivalent:

(i) There exists a short exact sequence s as in with the
€-lifting property.
(it) M has a 6€-cover.
(iti) M has a 6-approximation.

PROOF. Assume (i). By discarding direct summands, we may as-
sume that no non-zero direct summand of C is contained in i(L), that
is, s is minimal in the sense of Definition [11.10] The proof that @iv) =
in Lemma [11.12| now shows that s is right minimal, that is, s is a
%¢-cover of M.

The implications (i) = (ii1) and = (i) are items (i) and @) of
Lemma O

Here is a connection with finite representation type:

12.19. LEMMA. Let R be a Noetherian ring and let € be a class
of finitely generated R-modules containing R and closed under direct
summands and finite direct sums. Assume that € contains only finitely
many indecomposable modules up to isomorphism. For any finitely
generated R-module M, there exists a short exact sequence which satis-
fies €-lifting for M.

PROOF. Let {Cq,...,C,,} be a set of representatives for the isomor-
phism classes in 6. For each i, let fi1,..., fin be a set of generators for
Hompg(C;,M). The map p: CV &---& C\W — M, defined in the obvi-
ous way using the f;;, is surjective and yields a short exact sequence
satisfying the €¢-lifting property for M. 0

We now prove the main theorem for rings of depth zero.

12.20. PROPOSITION. Let (R,m,k) be a Henselian local ring with
depthR =0, and let € be a reflexive subcategory of R-modules closed
under extensions. If k has a €-approximation, then either R is Goren-
stein or 6 contains only free R-modules.
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PROOF. Lets:0— L LN C2kr—o0bea % -approximation of %,
and dualize into R, obtaining a four-term exact sequence

0—k* 2. c* L. L* — ExtL(k,R)—0
since Exté(C,R) =0. Let Z =imi*, so that

t: 0—k*2oc*Lz—0
is exact. Here we have written 0 for the map C* — Z, to keep it
distinct from i*.

We claim that ¢ satisfies €-lifting for Z. Assuming the claim for
the moment, here is the end of the proof. Since ¢ satisfies % -lifting,
either 6 is right minimal (so that ¢ is a ¥¢-cover) or not. If 6 is right
minimal, then by Wakamatsu’s Lemma (Lemma @) ¢ is a ¢6-
approximation. Hence Ext}é (B,k*)=0for all Be ¢ and all i > 0. But
since R has depth zero, 2* = Hompg(%,R) is a finite-dimensional vector
space, so this implies that every B € € satisfies Ext%(B,k) =0 for all
i > 0. Therefore every B € € is free. If on the other hand 6 is not right
minimal, then by Lemma[12.16](iii) and Lemma|[12.18] 2* and C* have
a non-zero common direct summand under p*. (Here is where we need
R to be Henselian.) The only direct summands of 2* are direct sums
of copies of &, so we find that £ | C*. In particular % is TR, whence R is
Gorenstein.

Now we prove the claim that ¢ satisfies €-lifting for Z. Let Be€ €
be an indecomposable module; the case B = R is trivial, so we assume
that B is non-free. It suffices to prove that

Homg(B,i*): Homg(B,C*) — Homg(B,L™)

is a split surjection. Equivalently, by Hom-® adjointness, we may show
that Homgp(1p®i*,R): (Ber C)* — (B®gr L)* is a split surjection. For
this it suffices to prove that
1B®i*:B®RL—>B®RC
is a split injection. This is what we will do.
We have a commutative diagram with exact rows

1p®i 1
B®RL;®L>B®RC;@>B®Rk—>O

L c k
UBl lUB l”B

0 —— Hompg(B*,L) T) Hompg(B*,C) — Hompg(B*,k)

in which the vertical maps are the natural homomorphisms
o.: M eg N — Hompg(M*,N)
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defined by o.(x ® y)(f) = f(x)y. Proposition identifies the kernel
and cokernel of O'AN4:
ker 05‘\]4 = Ext}i, (TrM,N), and cokaf‘vl = Extlze(TrM,N).

In particular, since € is closed under syzygies and duals we see that
TrB € 6, whence Ext%(TrB,L) =0 for all i > 0 as the original sequence
s is a €-approximation. This implies ag is an isomorphism. Further-
more, since B is indecomposable and non-free, the image of any homo-
morphism f € B* is contained in m, and therefore

okbea)f)=fb)a=0

for any be B, a €k, and f € B*. In other words, O'g =0.

Now, since pag = 0, there exists a homomorphism g: Ber C —
Hompg(B*,L) such that jg = og. But then go(1p®1i) = aé, an isomor-
phism, so that B ®1 is a split injection, as claimed. U

Given a full subcategory 2 of R-mod and a local homomorphism
(R,m,k) — (S,n,?), welet Sor B={S®r B |B € %AB}. As in [CPSTO08],
we let (S ®r %) denote the smallest class of S-modules that contains
S ®r % and is closed under direct summands and extensions.

PROOF OF THEOREM [I2.14] Put M = syz" (%), where d = depthR.
By Lemma [12.19| there is a short exact sequence

s: 0—L-Cc2M—0

with the ¢(R)-lifting property for M. We now pass to the completion
R and observe that the sequence

§: 0—L—CEZM—o0
has the R ®z 9(R )-lifting property for M. Letting 8 = add(R ®r 9(R)),
the class of modules that are direct summands of modules in R ® RrRY(R)
(cf. Definition D , we see that s has the %-lifting property for M.

Next we claim that B ® R %(R) is closed under extensions. To see

this, let

t: 0—G—V—H—0
be an exact sequence, with G, H € 4(R). Any R-module W fitting into
a short exact sequence 0 — G — W — H — 0 must be totally re-
flexive and must satisfy ur(H) < ugr(G) + ur(H). It follows that there
are only finitely many such modules W up to isomorphism. By Theo-
rem [7.11] Exty,(H,G) has finite length. It follows that Ext}(H,G) is an
R-module and that we have natural identifications

Exty,(H,G) = R o Extp(H,G) = ExtL(H,G).
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This means that ¢ = & for some exact sequence
u: 0—G—U—H—0

of R-modules. Then U =V, and the claim is proved. An easy argument
now shows that 28 is closed under extensions and hence that & is a
reflexive subcategory of R-mod.

Letx=x1,...,x4 be a regular sequence in mR, linearly 1ndependent
modulo m2R. Slnce M has depth d, x is a regular sequence on M as
well. Put S = R/(x), and let € = (S ®5 %8). One checks (see [CPSTO08,
Proposition 2.10]) that € is a reflexive subcategory of S-mod and that
S ®5 5 is exact and has the €¢-lifting property for S ®p M. (The key
issues here are that R/(x) has finite projective dimension over R and
that totally reflexive modules are infinite syzygies. See [CPSTO08] for
details.) Next, we need a technical lemma [CPSTO08, Lemma 3.5]:

12.21. LEMMA. Let (R,m,k) be a local ring, and let x =x1,...,x, be

a sequence of elements that are linearly independent modulo m2. Then
k| syzE(k)/xsyz (k). O

Since % is a direct summand of S®z M = S ®g syzg‘(k), one can
obtain from S ®5 s an exact sequence

0—X—CLr—o0

of S-modules with the €-lifting property for k. (Here C = S ®p C
and ¢ is the composition of 15 ® p with the projections on £.) (See
[CPSTO08, (1.4)].) By Lemma [12.18|there exists a €-approximation for
k. Using faithfully flat descent and NAK along the homomorphisms
R—R— S, we see that 4 contains at least one non-free module.
Since depth(S) = 0, Proposition implies that S is Gorenstein,
whence so is R. U

§4. Exercises

12.22. EXERCISE (Lemme d’Acyclicité, [PS73]). Let (A,m) be a lo-
cal ring and M.: 0 — My — --- — My — 0 a complex of finitely
generated A-modules. Assume that depthM; > i for each i, and that
every homology module H;(M.) either has finite length or is zero. Then
M. is exact.

12.23. EXERCISE. Prove Proposition [12.5]

12.24. EXERCISE. Let M be a finitely generated A-module. Prove
that A is 1-torsionless if and only if A is a first syzygy. Let R =
Elx,yl/(x%,xy,y?). Prove that the maximal ideal is a second syzygy
but is not 2-torsionless.
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12.25. EXERCISE. Prove Remark there is an exact sequence
M* &4 N 2~ Homy(M,N) — Hom ,(M,N) — 0,

where p sends f ® y to the homomorphism x — f(x)y. Prove that p
is an isomorphism if either M or N is projective. In the special case
M = N, prove that p is an isomorphism if and only if M is projective.

12.26. EXERCISE. Let R be a hypersurface and M, N two MCM
R-modules. Prove that Extlzzl (M,N)=Homg(M,N) for all i > 1.

12.27. EXERCISE. Let M be a MCM module over a Gorenstein local
ring, with complete resolution F, as in (12.10.4). Prove that (F;) is an
acyclic complex and that M* = cok(F*, — F*,).

12.28. EXERCISE. Prove Proposition(12.13
12.29. EXERCISE. Prove (i) of Lemma|[12.16



CHAPTER 13

Auslander-Reiten Theory

In this chapter we give an introduction to Auslander-Reiten (AR)
sequences, also known as almost split sequences, and the Auslander-
Reiten quiver. AR sequences are certain short exact sequences which
were first introduced in the representation theory of Artin algebras,
where they have played a central role. They have since been used fruit-
fully throughout representation theory. The information contained
within the AR sequences is conveniently arranged in the AR quiver,
which in some sense gives a picture of the whole category of MCM
modules. We illustrate with several examples in

§1. AR sequences

For this section, (R,m, k) will be a Henselian CM local ring with
canonical module w.
We begin with the definition.

13.1. DEFINITION. Let M and N be non-zero indecomposable MCM
R-modules, and let

(13.1.1) 0—N-“E2Z.M—0

be a short exact sequence of R-modules.

(i) We say that is an AR sequence ending in M if it is non-
split, but for every MCM module X and every homomorphism
f: X — M which is not a split surjection, f factors through p.

(i) We say that is an AR sequence starting from N if it is
non-split, but for every MCM module Y and every homomor-
phism g: N — Y which is not a split injection, g lifts through
i.

We will be concerned almost exclusively with AR sequences end-
ing in a module, and in fact will often call (13.1.1) an AR sequence for
M. In fact, the two halves of the definition are equivalent; see Exer-

cise[13.32l We will therefore even allow ourselves to call (13.1.1) an AR
sequence without further qualification if it satisfies either condition.

213
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Observe that if is an AR sequence, then in particular it is
non-split, so that M is not free and N is not isomorphic to the canonical
module w.

As with MCM approximations, we take care of the uniqueness of
AR sequences first, then consider existence.

13.2. PROPOSITION. Suppose that 0 — N -~ E 2~ M — 0 and

.y /
0— N' > E' -2~ M — 0 are two AR sequences for M. Then there is
a commutative diagram

0 N—>E M 0
0 N —E —M 0
i p

in which the first and second vertical maps are isomorphisms.

PROOF. Since both sequences are AR sequences for M, neither p
nor p’ is a split surjection. Therefore each factors through the other,
giving a commutative diagram

0 N——E M 0
T
0—N B 2 M—0
o]

0 N——E—M 0

with exact rows.

Consider vy € Endr(N). If 'y is a unit of this nc-local ring, then
¥’y is an isomorphism, so v is a split injection. As N and N’ are both
indecomposable, ¥ is an isomorphism, and ¢ is as well by the Snake
Lemma.

If 'y is not a unit of Endg(N), then o := 1y —y'y is. Define
7: E — N by 1(e) = e—¢'¢(e). This has image in N since p¢'¢(e) = p(e)
for all e by the commutativity of the diagram. Now 1(i(n)) = o(n) for
every n € N. Since o is a unit of Endgr(XN), this implies that i is a
split surjection, contradicting the assumption that the top row is an
AR sequence. O

For existence of AR sequences, we first observe that we will need
to impose an additional restriction on M or R.
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13.3. PROPOSITION. Assume that there exists an AR sequence for
M. Then M is locally free on the punctured spectrum of R. In particu-
lar, if every indecomposable MCM R-module has an AR sequence, then
R has at most an isolated singularity.

PROOF. Let a: 0 — N — E — M — 0 be an AR sequence for M.
Since a is non-split, M is not free. Let L = syzli3 (M), so that there is a
short exact sequence

0—L—F—M—0

with F' a finitely generated free module. Suppose that M, is not free
for some prime ideal p # m. Then

is still non-split, so in particular Extll%p(M poLip) = Ext}z(M ,L)p is non-
zero. Choose an indecomposable direct summand K of L such that
Ext}e(M ,K), is non-zero, and let § € Ext}e(M ,K) be such that ? #01in
Ext}z (M,K),. Then the annihilator of f§ is contained in p. Let r e m\ p.
Then for every n > 0, r"* ¢ p, so that r" # 0. In particular " is rep-
resented by a non-split short exact sequence for all n > 0. Choosing
a representative 0 — K — G — M — 0 for 8, and representatives
0 — K — G, — M — 0 for each r"* § as well, we obtain a commuta-
tive diagram

B: 0 K G M 0

r'p: 0 K Gn M 0
SR

a: 0 N E M 0

with exact rows. The top half of this diagram is the pushout repre-
senting r"*f as a multiple of 8, while the vertical arrows in the bot-
tom half are provided by the lifting property of AR sequences. Let
[ns: Ext}B(M ,K) — Extll%(M ,N) denote the homomorphism induced
by fn. Then a = f,. . (r"B) =r"f,.(B) € r’* Ext}e(M,N) for every n > 0,
and so a = 0 by Krull’s Intersection Theorem, a contradiction.

The last assertion follows from the first and Lemma [7.9 U

In fact, the converse of Proposition holds as well. The proof
uses the Auslander transpose Tr(-) introduced in Chapter

Write redsysz (M) for the reduced n'™ syzygy module, i.e. the mod-
ule obtained by deleting any non-trivial free direct summands from the
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n syzygy module sysz (M). In particular redsyzg (M) is gotten from
M by deleting any free direct summands.

13.4. PROPOSITION. Let R be a CM local ring of dimension d and
assume that R is Gorenstein on the punctured spectrum. Let M be an
indecomposable non-free MCM R-module which is locally free on the
punctured spectrum. Then redsyz?3 (Tr M) is indecomposable for every
Jj=0,...,d.

PROOF. Fix a free presentation P 2. Py— M — 0 of M, so that
Tr M appears in an exact sequence

0— M* —P; X~P; —TrM —0.

First consider the case j = 0. It suffices to prove that if Tr M = X &Y
for R-modules X and Y, then one of X or Y is free. If TrM =X oY,
then ¢* can be decomposed as the direct sum of two matrices, that
is, ¢* is equivalent to a matrix of the form [ g] with X = coka and
Y = cok . But then M = cok ¢ = cokp™** = cok(a™)®cok(B*). This forces
one of cok(a™) or cok(*) to be zero, which means that one of X = coka
or Y =cokf is free.

Next assume that j = 1, and let N be the image of ¢*: P — Py,
so that N = redsyzlf (TrM) e G for some finitely generated free module
(G. Again it suffices to prove that if N =X @Y, then one of X or Y is
free. Let F' be a finitely generated free module mapping onto M*, and
let f: F — P; be the composition so that we have an exact sequence

FLp; 2. pr —TeM—o0.
The dual of this sequence is exact since ExtllB (TrM,R) = 0 by Proposi-
tion[12.8| so we obtain the exact sequence

It follows that M = cok¢** =Zim f*. Now, if N = cok f decomposes as
N =X Y, then f can be put in block-diagonal form [ 4]. It follows
that M =ima™ @im *, so that one of ima* or im 8* is zero. This im-
plies that one of X =coka or Y = cok g is free.

Now assume that j > 2, and we will show by induction on j that
redsyzf(TrM ) is indecomposable. Note that since d > 2 and R is
Gorenstein in codimension one, M is reflexive by Corollary[A.13] Thus
the case j = 2 is clear: if redsyzlzLE (TrM) = redsyzg (M*) decomposes,
then so does M = M**.

Assume 2 < j < d, and that redsyzf_l(TrM ) is indecomposable.

Note that Corollary|A.13|again implies that both redsyzf_l(TrM ) and
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redsyzf’ (Tr M) are reflexive. We have an exact sequence
0— redsyzf (TrM)eG — F — redsyzf_l(TrM) —0,

with F' and G finitely generated free modules. By Proposition [12.8] we
have .
Ext}%(redsyzf_l(TrM),R) = Extf%(TrM,R) =0,
so that the dual sequence
0 — (redsyz; | (TrM))* — F* — (redsyz (TrM))*  G* — 0

is also exact. If redsyz§.e (TrM) decomposes as X @ Y with neither X
nor Y free, then syz]i3 (X*) and syzf(Y*) appear as direct summands of
(redsyzf_l(TrM ))*. We know that X* and Y* are non-zero since both
X and Y embed in a free module, and neither X* nor Y * is free by the
reflexivity of redsyzf(TrM ). Thus (redsyzf_l(TrM )* is decomposed

non-trivially, so that redsyzf_l(Tr M) is as well, a contradiction. U

Our last preparation before showing the existence of AR sequences
is a short sequence of technical lemmas. The first one has the appear-
ance of a spectral sequence, but can be proven by hand just as easily,
and we leave it to the reader. See [CE99, VI.5.1] if you get stuck.

13.5. LEMMA. Let A be a commutative ring and X, Y, and Z A-
modules. Then the Hom-tensor adjointness isomorphism

Homy (X,Homy (Y,Z)) — Homps (X ®4 Y ,2)
induces homomorphisms
Eth(X,HomA(Y,Z)) — HomA(Tor‘iA(X,Y),Z)
for every i > 0, which are isomorphisms if Z is injective. [
13.6. LEMMA. Let (R,m,k) be a CM local ring of dimension d with
canonical module w. Let E = Er(k) be the injective hull of the residue

field of R. For any two R-modules X and Y such that Y is MCM and
Tori.l3 (X,Y) has finite length for all i >0, we have

Ext}(X,Homg(Y,E)) = Ext (X, Homg (Y, w)).

PROOF. Let I*:0 — w — I® — ... — % — 0 be a (finite) injec-
tive resolution of w. Let x(p) denote the residue field of R, for a prime
ideal p of R. Since Ext}ep(K(p),w) =0 for i < heightp, and is isomorphic
to x(p) for i = heightp, we see first that I¢ = E, and second (by an easy

induction) that Homg(L,I’) = 0 for every j < d and every R-module L
of finite length.
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Apply Hompg(Y,—) to I°. Since Y is MCM, Ext;,(Y,w) =0fori>0,
so the result is an exact sequence
(13.6.1)

0 — Homp(Y,w) — Hompg(Y,I%) — --- — Hompg(Y,I%) — 0

Now from Lemma [13.5] we have
Ext}, (X, Homg(Y, 1)) = Homg (Tor?(X,Y), IY)

for every i,j > 0, For i > 1 and j < d, however, the right-hand side van-
ishes since Torf(X ,Y) has finite length. Thus applying Homg (X, -) to
(13.6.1), we may use the long exact sequence of Ext to find that

Exth(X,Homp(Y,I%)) = Exth (X, Homp(Y, 0)). 0

Recall that we write Homy(M,N) for the stable Hom module (see
Definition [12.1)).

13.7. PROPOSITION. Let (R,m,k) be a CM local ring of dimension d
with canonical module w. Let M and N be finitely generated R-modules
with M locally free on the punctured spectrum and N MCM. Then there
is an isomorphism

Hompg(Homy(M,N),ERg(k)) = Ext}e (N,(redsyzg (TrM))Y),
where —" as usual denotes Hompg(—,w). This isomorphism is natu-
ral in M and N, and is even an isomorphism of Endy(N)-Endy(M)-

bimodules.

PrOOF. Using Proposition , we substitute TorIf(TrM ,N) for
Hom,(M,N) on the left-hand side. Applying Lemma [13.5, we see
Hompg(Homy(M,N),Eg(k)) = Hompg(Tor? (Tr M, N)), Er (k)
= Ext}%(TrM,HomR(N,ER(k))).
By Lemma , this last is isomorphic to Extf;l(TrM ,Homp(N,w))
since ¢(To i (TrM,N)) < oo for all i > 1. Take a reduced d' syzygy of
TrM, as in Proposition to get Ext}e(redsyzélE (TrM),N"). Finally,
canonical duality for the MCM modules redsyzf;B TrM and NV shows

that this last module is isomorphic to Ext}i.(N ,(redsyzg TrM)Y).
Again we leave the assertion about naturality to the reader. l

For brevity, from now on we write
(M) = HomR(redsyzg‘ TrM,w)
and call it the Auslander-Reiten (AR) translate of M.
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13.8. THEOREM. Let (R,m,k) be a Henselian CM local ring of di-
mension d and let M be an indecomposable MCM R-module which is
locally free on the punctured spectrum. Then there exists an AR se-
quence for M

a:0—1tM)—E—M—0.

Precisely, the End,(M)-module Extll% (M,1(M)) has one-dimensional so-
cle, and any representative for a generator for that socle is an AR se-
quence for M.

PROOF. First observe that End,(M) is a quotient of the nc-local
endomorphism ring Endg(M), so is again nc-local. Thus the Matlis
dual of End (M), that is Homg(End, (M), Eg(k)), has one-dimensional
socle. By Proposition this Matlis dual of End, (M) is isomorphic
to Ext}e(M,T(M)). Let a: 0 — 1(M) — E — M — 0 be an extension
generating the socle of Extlle(M ,T(M)).

We know from Proposition that redsyzg TrM is indecompos-
able, so its canonical dual (M) is indecomposable as well. It therefore
suffices to check the lifting property. Let f: X — M be a homomor-
phism of MCM R-modules. Then pullback along f induces a homo-
morphism f*: Extll%(M ,T(M)) — Extllz(X ,T7(M)). If f does not factor
through E, then the image of a in Ext}?(X ,7(M)) is non-zero. Since «
generates the socle and a does not go to zero, we see that in fact f*
must be injective. By Proposition this injective homomorphism
is the same as the one

Hompg(End, (M), Er(k)) — Homg(Hom(X, M), Er(k))

induced by f: X — M. Since f* is injective, Matlis duality implies
that

Hom,(X,M) — End,(M)
is surjective. In particular, the map Homg(X,M) — Endgr (M) induced

by f is surjective. It follows that f is a split surjection, so we are
done. 0

13.9. COROLLARY. Let R be a Henselian CM local ring with canon-
ical module, and assume that R is an isolated singularity. Then every
indecomposable non-free MCM R-module has an AR sequence. O

§2. AR quivers

The Auslander-Reiten quiver is a convenient scheme for packaging
AR sequences. Up to first approximation, we could define it already:
The AR quiver of a Henselian CM local ring with isolated singularity is
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the directed graph having a vertex [M] for each indecomposable non-
free MCM module M, a dotted line joining [M] to [t(M)], and an arrow
[X]— [M] for each occurrence of X in a direct-sum decomposition of
the middle term of the AR sequence for M.

Unfortunately, this first approximation omits the indecomposable
free module R. It is also manifestly asymmetrical: it takes into ac-
count only the AR sequences ending in a module, and omits those
starting from a module. To remedy these defects, as well as for later
use (particularly in Chapter [15), we introduce now irreducible homo-
morphisms between MCM modules, and use them to define the AR
quiver. We then reconcile this definition with the naive one above, and
check to see what additional information we’ve gained.

In this section, (R, m, k) is a Henselian CM local ring with canonical
module w, and we assume that R has an isolated singularity.

13.10. DEFINITION. Let M and N be MCM R-modules. A homo-
morphism ¢: M — N is called irreducible if it is neither a split injec-
tion nor a split surjection, and in any factorization

M\‘—/>N

with X a MCM R-module, either g is a split injection or A is a split
surjection.

13.11. DEFINITION. Let M and N be MCM R-modules.

(1) Let rad(M,N) < Homr(M,N) be the submodule consisting of
those homomorphisms ¢: M — N such that, when we decom-
pose M =@;M; and N = P; N; into indecomposable modules,
and accordingly decompose ¢ = (¢;;: M; — N;);j, no ¢;; is an
isomorphism.

(i) Let rad*(M,N) < Homg(M,N) be the submodule of those homo-
morphisms ¢: M — N for which there is a factorization

M—r N

N

with X MCM, a € rad(M,X) and f € rad(X,N).

13.12. REMARK. Suppose that M and N are indecomposable. If
M and N are not isomorphic, then rad(M,N) is simply Homg(M,N).
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If, on the other hand, M = N, then rad(M,N) = _#(Endg(M)) is the
Jacobson radical of the nc-local ring Endg(M), whence the name. In
particular mEndg (M) S rad(M,M) by Lemma (1.7

For any M and N, not necessarily indecomposable, it’s clear that

the set of irreducible homomorphisms from M to N coincides with
rad(M,N)\rad®>(M,N). Furthermore we have

mrad(M,N) crad*(M,N)
(by Exercise [13.35), so that the following definition makes sense.
13.13. DEFINITION. Let M and N be MCM R-modules, and put
Irr(M,N) = rad(M,N)/rad2(M,N).
Denote by irr(M,N) the k-vector space dimension of Irr(M,N).

Now we are ready to define the AR quiver of R. We impose an
additional hypothesis on R, that the residue field £ be algebraically
closed.

13.14. DEFINITION. Let (R, m, %) be a Henselian CM local ring with
a canonical module. Assume that R has an isolated singularity and
that k& is algebraically closed. The Auslander-Reiten (AR) quiver for R
is the graph I" with

e vertices [M] for each indecomposable MCM R-module M;

e r arrows from [M] to [N] if irr(M,N)=r; and

* a dotted (undirected) line between [M] and its AR translate
[t(M)] for every M.

Without the assumption that & be algebraically closed, we would
need to define the AR quiver as a valued quiver, as follows. Suppose
[M] and [N] are vertices in I', and that there is an irreducible ho-
momorphism M — N. The abelian group Irr(M,N) is naturally a
Endgr(N)-Endgr (M) bimodule, with the left and right actions inherited
from those on Hompg(M,N). As such, it is annihilated by the radical of
each endomorphism ring (see again Exercise [13.35). Let m be the di-
mension of Irr(M,N) as a right vector space over Endg (M) / rad(M,M),
and symmetrically let n be the dimension of Irr(M,N) as a module over
Endgr(NN) / rad(/N,N). Then we would draw an arrow from [M] to [N]in
I', and decorate it with the ordered pair (m,n). In the special case of an
algebraically closed field &, Endg(M)/rad(M,M) is in fact isomorphic
to k& for every indecomposable M, so we always have m =n.

We now reconcile the definition of the AR quiver with our earlier
naive version.
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13.15. PROPOSITION. Let (R,m,k) be a Henselian CM local ring
with a canonical module, and assume that R has an isolated singular-

ity. Let 0 — N -~ E 2. M—0bean AR sequence. Then i and p are
irreducible homomorphisms.

PROOF. We prove only the assertion about p, since the other is
exactly dual. First we claim that p is right minimal, that is (see Defi-
nition[11.11)), that whenever ¢: E — E is an endomorphism such that
p@ = p, in fact ¢ is an automorphism. The proof of this is similar to
that of Proposition[13.2} the existence of ¢ € Endg(E) such that pp =p
defines a commutative diagram

0—sN—sE-L2sMm——0

.

0O—N—FE—M—0
14 p

of exact sequences, where v is the restriction of ¢ to N. To see that ¢
is an isomorphism, it suffices by the Snake Lemma to show that v is
an isomorphism. If not, then (since N is indecomposable and Endg (V)
is therefore nc-local) 1 —v is an isomorphism. Then (1 —¢): E — N
restricts to an isomorphism on N and therefore splits the AR sequence.
This contradiction proves the claim.

We now show p is irreducible. Assume that we have a factorization

E—2 M

N

in which g is not a split surjection. The lifting property of AR se-
quences delivers a homomorphism u: X — E such that g = pu. Thus
we obtain a larger commutative diagram

ELXLE

N

M.

Since p is right minimal by the claim, uf is an automorphism of E. In
particular, f is a split injection. 0

Recall that we write A | B to mean that A is isomorphic to a direct
summand of B.
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13.16. PROPOSITION. Let (R,m,k) be a Henselian CM local ring
with a canonical module, and assume that R has an isolated singular-
ity. Let 0— N — E L. M—0bean AR sequence.

(1) A homomorphism @: X — M is irreducible if and only if ¢ is

a direct summand of p. Explicitly, this means that X | E and ¢
factors through the inclusion j of X as a direct summand of E,
that is, ¢ = pj for a split injection j: X — E.

(ii) A homomorphism v: N — Y is irreducible if and only if v is
a direct summand of i. This means Y | E and v lifts over the
projection © of E onto Y, that is, v = mi for a split surjection
n:E—Y.

PROOF. Again we prove only the first part and leave the dual to
the reader.

Assume first that ¢: X — M is irreducible. The lifting property of
AR sequences gives a factorization ¢ = pj for some j: X — E. Since
@ is irreducible and p is not a split surjection, j is a split injection.

For the converse, assume that E = X & X', and write p =[a f]: X &
X' — M along this decomposition. We must show that a is irre-
ducible. First observe that neither a nor f is a split surjection, since p
is not. If, now, we have a factorization

X\—>/M

with Z MCM and A not a split surjection, then we obtain a diagram

XoX' Sl M
k‘ %ﬁ]
0 ]-X’ ZoX'.
As p =[a Bl is irreducible by Proposition|13.15} and [~ ] is not a split
surjection by Exercise(1.23, we find that g is a split injection. U

13.17. COROLLARY. Let 0 — N — E — M — 0 be an AR se-
quence. Then for any indecomposable MCM R-module X, irr(N,X) =
irr(X, M) is the multiplicity of X in the decomposition of E as a direct
sum of indecomposables. O

Now we deal with [R].

13.18. PROPOSITION. Let (R, m) be a Henselian CM local ring with
a canonical module, and assume that R has an isolated singularity.
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Let 0 —Y — X -1 m — 0 be the minimal MCM approximation of
the maximal ideal m. (If dimR < 1, we take X =mand Y =0.) Then a
homomorphism ¢: M — R with M MCM is irreducible if and only if
@ is a direct summand of q. In other words, ¢ is irreducible if and only
if M | X and ¢ factors through the inclusion of M as a direct summand
of X, that is, ¢ = qj for some split injection j: M — X.

PROOF. Assume that ¢: M — R is irreducible. Since ¢ is not a
split surjection, the image of ¢ is contained in m. We can therefore

lift ¢ to factor through ¢, obtaining a factorization M Lox Lom
This factorization composes with the inclusion of m into R to give a

factorization of ¢ : M <. X — R. Since ¢ is irreducible and X — R
is not surjective, j is a split injection. 0

13.19. REMARK. Putting Propositions(13.16/and|13.18|together, we
find in particular that the AR quiver is locally finite, i.e. each vertex
has only finitely many arrows incident to it. The local structure of the
quiver is

where N =17(M)and E = @le E; is the middle term of the AR sequence
ending in M.

§3. Examples

13.20. EXAMPLE. We can compute the AR quiver for a power series
ring R = kllx1,...,x4]l directly. It has a single vertex, [R], and the irre-
ducible homomorphisms R — R are by Propositions [13.18| and [11.20

the direct summands of R@ b, o Sal, R, the beginning of the Koszul
resolution of m =(x1,...,x4). Thus irr(R,R) =d and

[R]Q d

is the AR quiver. Note alternatively that m =rad(R,R) = _#(Endgr(R)),
while m? = rad?(R,R), and dimy,(m/m?)=d.
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13.21. EXAMPLE. We can also compute directly the AR quiver for
the two-dimensional (A;) singularity k[[x,y,z]/(xz — y?), though this
one is less trivial. By Example there is a single non-free inde-
composable MCM module, namely the ideal

y - Yy X
-z yl|’'|lz vy ) '

We compute Irr(Z,I) from the definition: we have Hompg(1,I) = R since
R is integrally closed, so that rad(Z/,I) = m, the maximal ideal (x,y,z).
Furthermore, for any element f € m, the endomorphism of I given by
multiplication by f factors through R®. Indeed, I is isomorphic to
the submodule of R® generated by the column vectors (2) and (3). If
f =ax+by+cz, then the diagram

b

I=(x,y)R= cok(

ax+by+cz

N A

R(2)

commutes, where ¢ is defined by ¢(e1) = (“%,°*) and ¢(eg) = ( axbfby )

I

Therefore rad®(I,I) = m =rad(I,I) and Irr(Z,I) = 0. (See Exercise
for another approach to this calculation.)
It follows that in the AR sequence ending in I,

0—1tll)—E—I1—0,

E has no direct summands isomorphic to I, so is necessarily free. Since
T(I)= (redsyzg (TrI))Y =(I*)" =1, the AR sequence is of the form

0—I—R?® —-1—0,

and is the beginning of the free resolution of I. We conclude that the
AR quiver of R is —_—

The direct approach of Example[13.21]is impractical in general, but
we can use the material of Chapters[5|and[6]to compute the AR quivers
of the complete Kleinian singularities (A,), (D,), (Eg), (E7), and (Eg)
of Table They are isomorphic to the McKay-Gabriel quivers of
the associated finite subgroups of SL(2,%).

Recall the setup and definition of the McKay-Gabriel quiver in di-
mension two. Let & be a field and V = ku + kv a two-dimensional k-
vector space. Let G € GL(V) = GL(2, k) be a finite group with order in-
vertible in £, and assume that G acts on V with no non-trivial pseudo-
reflections. In this situation the k-representations of GG, the projective
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modules over the skew group ring S#G, and the MCM R-modules are
equivalent as categories by Proposition Corollaries and
and Theorem Explicitly, the functor defined by W — S ®, W is
an equivalence between the finite-dimensional representations of G
and the finitely generated projective S#G-modules, while the functor
given by P — P gives an equivalence between the latter category and
addg(S), the R-direct summands of S. Since dimV = 2, these are all
the MCM R-modules by Theorem

Writing Vo = k,V71,...,V4 for a complete set of non-isomorphic irre-
ducible representations of G, we set

P;=Se,V; and M;=(S&, V)’

for j=0,...,d. Then Py =S, Py,...,P4 are the indecomposable finitely
generated projective S#G-modules, and My = R, M,...,M; are the
indecomposable MCM R-modules.

The McKay-Gabriel quiver I' for G (see Definitions [5.21] and [5.22]
and Theorem 5.23) has for vertices the indecomposable projective S#G-
modules Py,...,Pq. For each i and j, we draw m;; arrows P; — P; if
Vi appears with multiplicity m;; in the irreducible direct-sum decom-
position of V &, V;.

13.22. PROPOSITION. With notation as above, the McKay-Gabriel
quiver is isomorphic to the AR quiver of R = S¢. (We ignore the AR
translate t1.)

PROOF. First observe that R is a two-dimensional normal domain,
whence an isolated singularity, so that AR quiver of R is defined.
It follows from Corollaries and [6.4] and Theorem as in the
discussion above, that the equivalence of categories defined by
Pi=Se,V, — M,;=(Se,V,)°

induces a bijection between the vertices of the McKay-Gabriel quiver
and those of the AR quiver. It remains to determine the arrows.
Consider the Koszul complex over S
2
0—>S®k/\V—>S®kV—>S—>k—>0,

which is also an exact sequence of S#G-modules, and tensor with V; to
obtain

2
(13.22.1) 0 — S ®;, (/\V@ij) — S ® (V®ij) —>Pj —>Vj —0.

Since A2V 8, (A2V)* =k, we see that A2V ®; V; is an indecomposable
k[G]-module, so that S ®, (A\2V ®; V) is an indecomposable projective
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S#G-module. Take fixed points; since each V; is simple, we have VjG =
0 for all j # 0, and V¢ = £ = k. We obtain exact sequences of R-
modules
(13.22.2)

G
2
G Dj
0—»(S®k(/\V®ij)) — (Ser(VerV;))  —M;—0
for each j # 0, and
9 G
(13.22.3) 0—»(s®k/\v) — S eV 2R —k—0

for j=0.

We now claim that is the AR sequence ending in M for
all j=1,...,d, while the map pg in (13.22.3) is the minimal MCM ap-
proximation of the maximal ideal of R. It will then follow from Propo-
sitions(13.16/and [13.18 that the number of arrows [M;] — [M] in the
AR quiver is equal to the multiplicity of M; in a direct-sum decomposi-
tion of (S &, (V & Vj))G, which is equal to the multiplicity of V; in the
direct-sum decomposition of V ®; V.

First assume that j # 0. We observed already that S®; (A2V &, V)
is an indecomposable projective S#G-module, whence its submodule of

fixed points (S ®;, (A\2V &y Vj))G is an indecomposable MCM R-module.
Since the sequence is not split, p; is non-split as well. As-
sume that X is a MCM R-module and f: X — M is a homomorphism
that is not a split surjection. There then exists a homomorphism of
projective S#G-modules f : X —P i =8 ®,Vj, also not a split surjec-
tion, such that X& = X and f¢ = f. This fits into a diagram

X

f
S®k(V®ij)L>S®ij—>Vj—>O.
Since the image of f: X — M is contained in that of
G
pj: (Sexr(VerV;))” — M;,

the image of f is contained in that of p;. But X is projective, so there
exists §: X — S ®;, (V®,V,) such that f = p,&. Set g = g§¢; then
f = p,jg, proving the claim in this case.

For j = 0, the argument is essentially the same; if f: X — m is
any homomorphism from a MCM R-module X to the maximal ideal
of R, then the composition X — m — R lifts to a homomorphism
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f : X — S of projective S#G-modules. The image of f is Eontained in
the image of py: S®, V — S, so again there exists g: X — S®,V
making the obvious diagram commute, and f factors through pg. [

It follows from Proposition and [§3] of Chapter [6] that the AR
quivers for the Kleinian singularities (A,), (D,), (Eg), (E7), and (Eg)
are (after replacing pairs of opposing arrows by undirected edges) the
corresponding extended ADE diagrams listed in Table[6.24] Indeed, we
need not even worry about the Auslander-Reiten translate 7: since R
is Gorenstein of dimension two. 7(X) = (redsyz% (TrX))" = X for every
MCM X.

Glancing back at Example we can write down a few more AR
quivers. For instance, let R = k[[u®, u?v,uv?,v?]l, the fixed ring of the
cyclic group of order 5 generated by diag((s,( g). The AR quiver looks
like

[R]

AN
N/

Mg ———— M

where
My :R(u4,uv,v3)5(u5,u2v,uv3)
My =R@w3,v)= W5, u?v)
Ms :R(u2,uv2,v4)5(u5,u4v2,u3v4)
My :R(u,vz)E(u5,u4v2).

3

For another example, let R = k2[[u®, u3v,uv3,v8]l. The AR quiver is

[R] — M,
M7 M2
Mg M;
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where this time
My :R(u7,u2v,v3) = (us,u3v,uv3)
Mo :R(ue,uv,vs) = (u8,u3v,u2v6)
M3 =R@5%,v)= Wb u’v)
My :R(u4,u2v2,v4) = (u8, u6v2,u4v4)
Ms :R(u3,uv2,v7) = (u8,u6v2,u5v7)
Mg :R(uz,u5v,02) = (u206,u5v7,v8)
M7 =R(u,v°) = (uv®,v®).

Before leaving the case of dimension two, we briefly describe how
to compute the AR quiver for an arbitrary two-dimensional normal
domain which is not necessarily a ring of invariants. The short exact

sequence (13.22.3)
5 \G
0— (S@k/\V) — S e, V)¢ L% R—k—0

appearing in the proof of Proposition is called the fundamental
sequence for R, and contains within it all the information carried by
the entire AR quiver, as the proof of Proposition (13.22| shows. There
is an analog of this sequence for general two-dimensional normal do-
mains.

Assume that (R, m, %) is a complete local normal domain of dimen-
sion 2. Let w be the canonical module for R. Then we know that
Ext%(k,w) =k, so there is up to isomorphism a unique four-term exact
sequence of the form

0—w-“E2R—E—0

representing a non-zero element of Ext%e(k,w). This is known as the
fundamental sequence for R. The module E is easily seen to be MCM
of rank 2.

Let f: X — R be a homomorphism of MCM R-modules which is
not a split surjection. Then the image of f is contained in m = imb,
and since Ext}t, (X,w) =0, the pullback diagram

0 W Q X 0

| L)

) E R
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has split-exact top row. It follows that f factors through b: E — R, so
that b is a minimal MCM approximation of the maximal ideal m.

More is true. Recall from Exercise that for R-modules M and
N, the reflexive product M - N is defined by M -N = (M ®r N)"", where
—" denotes the canonical dual. See [Aus86b] for a proof of the follow-
ing result.

13.23. THEOREM (Auslander). Let (R,m,k) be a two-dimensional
complete local normal domain with canonical module w. Let

0O—w—E—R—FkF—0

be the fundamental sequence for R, and let M be an indecomposable
non-free MCM R-module. Then the induced sequence

(13.23.1) 0—o-M—E-M—M-—0

is exact. If (13.23.1) is non-split, then it is the AR sequence ending in
M. In particular, if rank M is a unit in R, then (13.23.1) is non-split, so
is an AR sequence. The converse is true if k is algebraically closed. []

Let us return to the ADE singularities. The AR quivers for the
one-dimensional ADE hypersurface singularities can also be obtained
from those in dimension two, together with the explicit matrix factor-
izations for the indecomposable MCM modules listed in [§4] of Chap-
ter

For example, consider the one-dimensional (Eg) singularity R =
Ellx, yI(x + y*), where % is a field of characteristic not 2, 3, or 5. Let
R* = kllx,y,z]/(x3 + y* + 22) be the double branched cover. The matrix
factorizations for the indecomposable MCM Rf-modules are all of the
form (zI, — ¢,z1, + @), where ¢ is one of the matrices @1, @2, @3, @3,
¢4, or @) of Flatting those matrix factorizations, i.e. killing z,
amounts to ignoring z entirely and focusing simply on the ¢ ;. When we
do this, certain of the matrix factorizations split into non-isomorphic
pairs (as indicated by the anti-diagonal block format of the matrices),
while certain other pairs of matrix factorizations collapse into a single
isomorphism class.

Specifically, we can see that ¢; splits into two non-equivalent ma-

trices

X y3
y —a?

x2 y3

y X

b
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forming a matrix factorization, and ¢ splits similarly into the matrix
factorization

x 0 32 X2 y3 —xy?
y x Of,[-xy «? y3 .
0 0 « y2  —xy %2
On the other hand, over R,
ivZ 0 -x2 0 -iy2 0 -x2 0
10 iy2 —xy —x2 v_| O —iy?2 —xy —x?
=1 o0 —-iy2 0 and @3 = x 0 iy? 0
-y X 0 —iy? -y x 0 iy?
have isomorphic cokernels, as do
;2 2 ) 2
iyt —x U R %
Pa=1 —iy? and ¢4 = x iy?

Therefore R has 6 non-isomorphic non-free indecomposable MCM mod-
ules, namely

3 2 .3
_ x Y _ Xy
M, =cok y _le, Mip = cok y x|’
x 0 2 X2y —xy?
Mo, =cok |y x O Moy =cok | —xy  x2 y3
0 0 «x y2  —xy %2

M3 = cok 3 = cok g

M4 =cokgy =coky.
Since each of these modules is self-dual and the AR translate 7 is
given by (redsyzf(—*))*, we have 1(M1,) = M1, 1(Msg,) = Mg, and

vice versa, while 7 fixes M3 and M4. One can compute the irreducible
homomorphisms among these modules and obtain the AR quiver

Mla _>M2a

RN
Nz

M1, — Moy

M3 = M,

where 7 is given by reflection across the horizontal axis.
For completeness, we draw the AR quivers for all the one-dimen-
sional ADE singularities below.

13.24. The extended Coxeter-Dynkin diagram (A,) has n+1 nodes.
The splitting/collapsing behavior of the matrix factorizations depends
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on the parity of n. When n =2m is even, we find

R . .:)

with m+1 vertices. The AR translate 7 is the identity. When n =2m+1
is odd, the quiver is

with m + 2 vertices. Here 1 is reflection across the horizontal axis.

13.25. The extended diagram (D,,) also has n + 1 nodes, and again
the quiver depends on the parity of n. When n = 2m is even, every
non-free MCM module splits, and the quiver looks like

OGO

with 4m + 1 vertices. The translate 7 is given by reflection in the hori-
zontal axis for those vertices not on the axis, swaps a and d, and swaps
b and c. When n =2m + 1 is odd, the two “legs” at the opposite end of
the (D,) diagram from the free module collapse into a single module,
giving the quiver

JINS AN
INYOND / avys

with 4m vertices. Again, 7 is reflection across the horizontal axis.

13.26. We saw above the the quiver for the one-dimensional (Eg)
singularity has the form

/\\
N7

e —> e

with 7 vertices and 7 given by reflection across the horizontal axis.
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13.27. In the (E7) case, every non-free indecomposable splits when
flatted, giving 15 vertices in the AR quiver for the one-dimensional
singularity.

The translate is reflection across the horizontal axis for every vertex
except a and b, which are interchanged by 7.

13.28. For the (Eg) singularity, once again every non-free indecom-
posable splits when flatted.

Here there are 17 vertices; the translate is reflection across the hori-
zontal axis and interchanges a and b.

13.29. EXAMPLE. Let A = E[[#3,t%,¢°]]. Then A is a finite birational
extension of the (Eg) singularity R = kllx, yI/(x3 + v*) = k3,411, so
has finite CM type by Theorem In fact, A is isomorphic to the
endomorphism ring of the maximal ideal of R. By Lemma every
indecomposable MCM R-module other than R itselfis actually a MCM
A-module, and Homgr(M,N) = Homy (M,N) for all non-free MCM R-
modules M and N. Thus the AR quiver for A is obtained from the
one for R by erasing [R] and all the arrows into and out of [R]. As
R-modules, A = (t4,¢%), so the quiver is the one below.

[A] — o
y\\\‘a;)b
7
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§4. Exercises

13.30. EXERCISE. Prove that a short exact sequence 0 — N —
E — M — 0 is split if and only if every homomorphism X — M fac-
tors through E, or equivalently the sequence has the lifting property
with respect to all modules.

13.31. EXERCISE. Let R = D/(t"), where (D,t) is a complete DVR.
Then the indecomposable finitely generated R-modules are

D/#), DI, ..., DIt")=R.

Compute the AR sequences for each of the indecomposables, directly
from the definition. (Hint: start with n =2.)

13.32. EXERCISE. Prove, mimicking the proof of Proposition |13.2]
that is an AR sequence ending in M if and only if it is an AR
sequence starting from N. (Hint: Given y: N — Y, it suffices to show
that the short exact sequence obtained from the pushout is split. If not,
use the lifting property to obtain an endomorphism a of N such that
either a is an isomorphism and splits ¥, or @ — 1y is an isomorphism

and splits (13.1.1)).)

13.33. EXERCISE. Assume that 0 — N -~ E 2~ M — 0 is a non-
split short exact sequence of MCM modules satisfying the lifting prop-
erty to be an AR sequence ending in M. Prove that M is indecompos-
able.

13.34. EXERCISE. This exercise shows that if R is an Artinian local
ring and M is an indecomposable R-module with an AR sequence

0—N—E—M—0,

then N =(TrM)".

(a) Let P — Py — X — 0 be an exact sequence with Py and P;
finitely generated projective, and let Z be an arbitrary finitely
generated R-module. Use the proof of Proposition to show
the existence of an exact sequence

0 — Hompg(X,Z) — Hompg(Py,Z) — Hompg(P1,Z) — TrXe®rZ — 0

and conclude that we have an equality of lengths

¢(Hompg(X,Z))— ¢(Hompg(Z,(TrX)"))
= {(Hompg(Py,Z)) - ¢{(Hompg(P1,Z)).
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(b) Leto: 00— A 1, B -£.C — 0 be an exact sequence of finitely
generated R-modules, and define the defects of 0 on an R-module
X by
0 +(X) = cok[Hompg(B,X) — Hompg(A,X)]
0" (X) = cok[Hompg(X,B) — Hompg (X, C)].

Show that ¢(0*(X)) = ¢(0.((TrX)")) for every X. Conclude that
the following two conditions are equivalent:

(i) every homomorphism X — C factors through g;

(i1) every homomorphism A — (TrX)" factors through f.

(c) Prove that if 0 — N — E — M — 0 is an AR sequence for M,
then N = (TrM)'. (Hint: let A: N — Y be given with Y inde-
composable and not isomorphic to (TrM)¥. Apply the previous
part to X =Tr(Y").)

13.35. EXERCISE. Prove that rad(M,N)/rad?(M,N) is annihilated
by the maximal ideal m, so is a finite-dimensional %-vector space. Your
proof will actually show that the quotient is annihilated by the radical
of Endg (M) (acting on the right) and the radical of Endr(N) (acting on
the left).

13.36. EXERCISE ([Eis95, A.3.22]). If0: A— B — C — 0 is an
exact sequence, prove that (there exists a choice of Tr M such that) the
sequence

0 —— Hompg(TrM,A) —— Hompg(TrM,B) —— Hompg(TrM,C) >

<—>M®RA—>M®RB—)M@;ng—)O

is exact. In other words, Tr can be thought of as measuring the non-
exactness of M ® — and, if we set N = TrM, of Homg (N, -).

13.37. EXERCISE. Recall that an inclusion of modules A c B is pure
if M®r A — M ®pg B is injective for all R-modules M. If ¢ is as in the
previous exercise with A — B pure, then prove that

0 — Hompg(N,A) — Hompg(N,B) — Hompg(N,C)— 0
is exact for every finitely presented module N. Conclude that if C

is finitely presented, then o splits. (See Exercise for a different
proof.)






CHAPTER 14

Countable Cohen-Macaulay Type

We shift directions now, and focus on a representation type men-
tioned in passing in earlier chapters: countable type.

14.1. DEFINITION. A Cohen-Macaulay local ring (R,m) is said to
have countable Cohen-Macaulay type if it admits only countably many
isomorphism classes of maximal Cohen-Macaulay modules.

(By Theorem it is equivalent to assume that there are only
countably many indecomposable MCM modules, up to isomorphism.)

The property of countable type has received less attention than
finite type, and correspondingly less is known about it. There is how-
ever an analogue of Auslander’s theorem (Theorem [14.3)), as well as
a complete classification (Theorem (14.16) of complete hypersurface
singularities over an uncountable field with countable CM type, due
to Buchweitz-Greuel-Schreyer [BGS87]. This has recently been re-
visited by Burban-Drozd [BD08, BD10]; we present here their ap-
proach, which echoes nicely the material in Chapter[d] They use a con-
struction similar to the conductor square to prove that the (A,) and
(Do) hypersurface singularities k[lx,y,z1/(xy) and kllx,y,21/(x%y -
z?) have countable type. The material of Chapters[8and[9]can then be
used to show that, in any dimension, the higher-dimensional (A,,) and
(D) singularities are the only hypersurfaces with countably infinite
CM type. Apart from these results, there are a few examples due to
Schreyer (see Section [§4), but much remains to be done.

§1. Structure

The main structural result on CM local rings of countable CM type
was conjectured by Schreyer in 1987 [Sch87, Section 7]. He predicted
that an analytic local ring R over the complex numbers having count-
able type has at most a one-dimensional singular locus, that is, Ry
is regular for all p € Spec(R) with dim(R/p) > 1. In this section we
prove Schreyer’s conjecture more generally for all CM local rings sat-
isfying a souped-up version of prime avoidance [Bur72, Lemma 3];
see also [SV85]. In particular, this property holds if either the ring is

237
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complete or the residue field is uncountable. Some assumption of un-
countability is necessary to avoid the degenerate case of a countable
ring, which has only countably many isomorphism classes of finitely
generated modules!

14.2. LEMMA (Countable Prime Avoidance). Let A be a Noetherian
ring satisfying either of these conditions.

(i) A is complete local, or
(i) there is an uncountable set of elements {uj}jen of A such that
uj—uy is a unit of A for every A # .
Let {p;};2, be a countable set of prime ideals of R, and I an ideal with
I <U32,pi. Then I Cp; for some i.

Notice that the second condition is satisfied if, for example, (A, m) is
local with A/m uncountable. In fact the proof will show that when
is verified the ideals p; need not even be prime.

We postpone the proof to the end of this section.

14.3. THEOREM. Let (R,m) be an excellent CM local ring of count-
able CM type. Assume that R satisfies countable prime avoidance. Then
the singular locus of R has dimension at most one.

PROOF. Set d = dimR, and assume that the singular locus of R
has dimension greater than one. Since R is excellent, SingR is a
closed subset of Spec(R), defined by an ideal / such that dim(R/J) > 2.
Consider the set Q consisting of prime ideals p # m such that p =
AnnR(Ext;é(M,N)) for some i > 1 and MCM R-modules M, N. Then
of course ( is a countable set, and each p € Q) contains J. Applying
countable prime avoidance, we find an element 7 € m \ Upcq p. Choose
a minimal prime q of J +(r); since dim(R/J) > 2 we have q # m, and
qéQ.

Set M = syzg(R/q) and N = syzg .1(B/q), and consider the ideal
a = Anng (Ext}(M,N)). Clearly q is contained in a, as Exts(M,N) =
Extf;l(R/q,N ). Since q contains the defining ideal J, the localization
R is not regular, so the residue field R4/qR has infinite projective di-
mension and Extlle(M ,N)q # 0. Therefore a < q, and we see that q € (,
a contradiction. O

14.4. REMARKS. With a suitable assumption of prime avoidance
for sets of cardinality X, the same proof shows that if R has at most
“Nm—1 CM type,” then the singular locus of R has dimension at most
m.

Theorem [14.3|implies that for an excellent CM local ring of count-
able CM type, satisfying countable prime avoidance, there are at most
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finitely many non-maximal prime ideals p1,...,p, such that Ry, isnot a
regular local ring. Each of these localizations has dimension d—1. Nat-
urally, one would like to know more about these R,,. Peeking ahead
at the examples later on in this chapter, we find that in each of them,
every Ry, has finite CM type! Whether or not this holds in general
is still an open question. The next result gives partial information:
at least each Ry, has countable type. It is a nice application of MCM
approximations (Chapter [11).

14.5. THEOREM. Let (R,m) be a CM local ring with a canonical
module. If R has countable CM type, then Ry, has countable CM type
for every p € Spec(R).

PROOF. Let p € Spec(R) and suppose that {M?} is an uncountable
family of finitely generated R-modules such that the localized modules
{Mgr } are non-isomorphic MCM R -modules. For each a there is by
Theorem a MCM approximation of M“

(14.5.1) x%: 0—Y*—X*—>M**—0

with X¢ MCM and injdimp Y% < co. Since there are only countably
many non-isomorphic MCM modules, there must be uncountably many
short exact sequences

(14.5.2) ¥ 0—YF—-X—MF—o0

where X is a fixed MCM module.
Localize at p; since M, f is MCM over R, and Ypﬁ has finite injective
dimension, ExtIlB(M P yh )p = Ext}ep(M b ,Ypﬁ ) =0 by Proposition|11.3| In

particular, the extension y? splits when localized at p. This implies

that M, | X, for uncountably many §, which cannot happen by Theo-
rem 0

The results above, together with the examples in Section sug-
gest a reasonable question:

14.6. QUESTION. Let R be a complete local Cohen-Macaulay ring of
dimension at least one, and assume that R has an isolated singularity.
If R has countable CM type, must it have finite CM type?

Here is the proof we omitted earlier. We follow [SV85] closely.

PROOF OF COUNTABLE PRIME AVOIDANCE. First we consider the
case of a complete local ring (A, m). Suppose that I £ p; for each i, but
that I < U;p;. Obviously I < m. Since A is Noetherian, all chains
in Spec(A) are finite, so we may replace each chain by its maximal
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element to assume that there are no inclusions among the p;. Note
that A is complete with respect to the I-adic topology [Mat89, Ex.
8.2].

Construct a Cauchy sequence in A as follows. Choose x1 € I \ p1,
and suppose inductively that we have chosen x1,...,x, to satisfy

(a) xj ¢p;, and
b) xi—xjeI‘mpi
forall i <j<r. If x, ¢pri1, put x,41 = x,. Otherwise, take y,,1 €

(I"'npin---Np;)\p,+1 (this is possible since there are no containments
among the p;) and set x,+1 = x, + ¥r+1. In either case, we have

(¢c) xpp1¢p; fori<r+1, and
(d) xps1— 2%, em”lr‘upln---ﬂpr, sothatifi<r+1then x; —x,.1 €
min Pi.
By condition (d), {x1,x2,...} is a Cauchy sequence, so converges to x € A.
Since x; —xs € p; for all i <s, and x; — x, we obtain x; —x € p; for all i,
since p; is closed in the I-adic topology [Mat89, Thm. 8.14]. Therefore
x ¢ p; for all i, but x € I, a contradiction.
Now let {u)}1ea be an uncountable family of elements of A as in (i1)

of Lemma Take generators ai,...,a; for the ideal I, and for each
A€ A set

21:a1+u,1a2+uia3+~-+uﬁ_1ak,

an element of 1. Since {p;} is countable, and I <J; p;, there exist some

J = 1 and uncountably many A € A such that z; € p;. In particular

there are distinct elements A1,...,A; such that z, ep; fori=1,...,k.
The k x k Vandermonde matrix

-1
P= (uﬂl )i,j
has determinant [];;(uy, —u AJ-), so is invertible. But
Plar - ap) =(21, = 2)
SO
(@1 - ap)' =P (22, - z1,)",
which implies I = (a1,...,ar) Sp;. [

§2. Burban-Drozd triples

Our goal in this section and the next is to classify the complete
equicharacteristic hypersurface singularities of countable CM type in
characteristic other than 2. They are the “natural limits” (A,,) and
(Do) of the (A,) and (D) singularities. This classification is originally
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due to Buchweitz-Greuel-Schreyer [BGS87]; they construct all the in-
decomposable MCM modules over the one-dimensional (A.,) and (D)
hypersurface singularities, and use the property of countable simplic-
ity (Definition to show that no other one-dimensional hypersur-
faces have countable type. They then use the double branched cover
construction of Chapter [§|to obtain the result in all dimensions.

We modify this approach by describing a special case of some re-
cent results of Burban and Drozd [BD10], which allow us to construct
all the indecomposable MCM modules over the surface singularities
rather than over the curves. In addition to its satisfying parallels with
our treatment of hypersurfaces of finite CM type in Chapters [6|and [9]
this method is also pleasantly akin to the “conductor square” construc-
tion in Chapter [4] It also allows us to write down, in a manner analo-
gous to [§4] of Chapter [9] a complete list of the indecomposable matrix
factorizations over the two-dimensional (A,,) and (D) hypersurfaces.

14.7. NOTATION. Throughout this section we consider a reduced,
CM, complete local ring (R,m) of dimension 2 which is not normal.
(The assumption that R is reduced is no imposition, thanks to The-
orem [14.3]) We will impose further assumptions later on, cf.
Since normality is equivalent to both (R1) and (S2) by Proposition
this means that R is not regular in codimension one. Let S be the in-
tegral closure of R in its total quotient ring. Since R is complete and
reduced, S is a finitely generated R-module (Theorem [4.6), and is a
direct product of complete local normal domains, each of which is CM.

Let ¢ = (R :g S) = Hompg(S,R) be the conductor ideal as in Chap-
ter |4, the largest common ideal of R and S. Set R = R/c and S = S«.

14.8. LEMMA. In the notation above, the following properties hold.

(i) The conductor ideal ¢ is a MCM module over both R and S.
(it) The quotients R and S are one-dimensional CM (possibly non-
reduced) rings with R < S.
(iit) The diagram

R—— S
R——S
is a pullback diagram of ring homomorphisms.

PROOF. Since ¢ = Homg(S,R), Exercise implies that ¢ has
depth 2 when considered as an R-module. Since R < S is a finite ex-
tension, ¢ is also MCM over S.



242 14. COUNTABLE COHEN-MACAULAY TYPE

The conductor ¢ defines the non-normal locus of SpecR. Since for a
height-one prime p of R, Ry is normal if and only if it is regular, and R
is not regular in codimension one, we see that ¢ has height at most one
in R. On the other hand, R is reduced, so its localizations at minimal
primes are fields, and it follows that ¢ has height exactly one in R.
Thus dimR = 1, and, since R—S is integral, S is one-dimensional as
well. Since ¢ has depth 2, the quotients R and S have depth 1 by the
Depth Lemma.

The third statement is easy to check. O

Recall from the exercises to Chapter[6|that the reflexive product N-
M=(NeorM)" oftwo R-modules M and N is a MCM R-module, where
—Y =Hompg(—,wg). In the special case N = S, the reflexive product S -
M inherits an S-module structure and so is a MCM S-module. Recall
also that for any (not necessarily reflexive) S-module X, there is an
exact sequence (Exercise [14.31)

(14.8.1) 0 —tor(X) — X — X" —L—0,

where tor(X) denotes the torsion submodule of X and L is an S-module
of finite length.

Let M be a MCM R-module. Set M = M/cM and S -M = (S - M)/c(S -
M), modules over R and §, respectively. By Exercise applied
to R and to Ry, respectively, we have M = M/tor(M) and (S-M p =
(Sp ®r, My)/tor(Sy ®R, My).

Finally, let A and B be the total quotient rings of R and S, respec-
tively. We are thus faced with a commutative diagram of ring homo-
morphisms

R——S

.

(14.8.2) R— S

A~——B

in which the top square is a pullback. Furthermore, the bottom row
is an Artinian pair in the sense of Chapter |3 and a MCM R-module
yields a module over the Artinian pair, as we now show.

14.9. LEMMA. Keep the notation established so far, and let M be a
MCM R-module.

(i) We have B=A®g S, that is, B = {non-zerodivisors}™'S. In par-
ticular B is a finitely generated A-module.
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(it) The natural homomorphism of B-modules
Opm:B®a(A®z M) — Beg(Ser M) — Bog(S-M)

is surjective.
(iit) The natural homomorphism of A-modules

Aoz M —Bey(AexM) 2L Bog(S-M)
is injective.

PROOF. For the first statement, set C = U™1S. Any b € B can be
written b = £ where ¢ € C and v is a non-zerodivisor of S. Since C is
Artinian, there is an integer n such that Cv" = Cv™*!, say v” = dv™*!.
Then v™(1 —dv) =0 so that dv =1 in B. This shows that b6 =dceC.

The exact sequence (14.8.1), with N =S ®g M, shows that the cok-
ernel of the natural homomorphism S ® g M — S - M has finite length.
Hence that cokernel vanishes when we tensor with B and 6j7 is sur-
jective.

To prove (iii), set N = (S ®g M)/tor(S ®g M). Then the natural map
M — N sending x € M to 1®x is injective. It follows that the restric-
tion cM — cN is also injective. In fact, it is also surjective: for any
a€c,seS,and x e M, we have

s(s®x)=as®x=1®asx

in the image of ¢cM, since as € c.
Since N is torsion-free, we have an exact sequence

0—N—N"—L—0

where the duals ()" are computed over S and L is an S-module of
finite length. It follows that the cokernel of the restriction cN—cNVY
also has finite length. Consider the composition g: M — N — NV
and the induced diagram

0 M M

M
1k
0 — NV — N — NV —— 0

with exact rows, where f is the restriction of g to ¢cM. Since g is injec-
tive and the cokernel of f has finite length, the Snake Lemma implies
that ker/ has finite length as well. Thus A®zh: A ®§M — Az NYY
is injective. Finally we observe that A ®z A is the natural homomor-
phism in , since (S-M), = (S, ®R, M)/ tor(S, ®r, My) for all primes
p minimal over c. O
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14.10. DEFINITION. Keeping all the notation introduced so far in
this section, consider the following category of Burban-Drozd triples
BD(R). The objects of BD(R) are triples (N,V,0), where

e N is a MCM S-module,

e V is a finitely generated A-module, and

e §: B®4V — B®g N is a surjective homomorphism between
B-modules such that the composition

V—Be,V>BegN
is injective.
The induced map of A-modules V — B ®g N is called a gluing map.
A morphism between two triples (NV,V,0) and (N',V',0') is a pair
(f,F) such that f: V — V' is a homomorphism of A-modules and

F: N — N'is a homomorphism of S-modules combining to make the
diagram

Bo,V—-BegN

1®fl ll@F

B ®A V’ T) B ®S N,
commutative.

The category of Burban-Drozd triples is finer than the category
of modules over the Artinian pair A—B, since the homomorphism F
above must be defined over S rather than just over B. In particular,
an isomorphism of pairs (f,F): (V,N) — (V',N’) includes as part of
its data an isomorphism of S-modules F': N — N’, of which there are
fewer than there are isomorphisms of B-modules Beg N — Bo®gN'.

14.11. THEOREM (Burban-Drozd). Let R be a reduced CM complete
local ring of dimension 2 which is not an isolated singularity. Let [ be
the functor from MCM R-modules to BD(R) defined on objects by

F(M)=(S-M,A®r M,0y).
Then [ is an equivalence of categories.
Lemma shows that the functor F is well-defined. The proof

that it is an equivalence is somewhat technical. For the applications
we have in mind, a more restricted version suffices.

14.12. ASSUMPTIONS. We continue to assume that R is a reduced,
CM, complete local ring of dimension two and that S # R is its integral
closure in the total quotient ring. Let ¢ be the conductor and R = R/c,
S = S/c. We impose two additional assumptions.
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(1) Assume that S is a regular ring. Since R is Henselian, this
is equivalent to S being a direct product of regular local rings.
Every MCM S-module is thus projective.

(ii) Assume that R = R/c is also a regular local ring, that is, a DVR.
It follows that S is a free R-module, and even more, that a
finitely generated S module is MCM if and only if it is free over
R. Also, the total quotient ring A of R is a field.

Under these simplifying assumptions, we define a category of mod-
ified Burban-Drozd triples BD'(R).

14.13. DEFINITION. Keep the assumptions established in|14.12} A
modified Burban-Drozd triple (N,X,0) consists of the following data:
e N is a finitely generated projective S-module;
. {( = }_E(n) is a free }_B_ module of finite rank; and
e §: X — N =N®gS is a split injection of R-modules such that
in the induced commutative square

A®§§ —_ J—
Ao X ——— Az N=(A®grS)®s N

| |

BezX BesN

the lower horizontal arrow is a split surjection. (The right-
hand vertical arrow comes from Lemma [14.9([).)
A morphism between modified triples (N, X,6) and (N, X’,0') is a pair
(f: X — X', F: N— N’) such that f: X — X' is a homomorphism
between free R-modules and F: N — N’ is a homomorphism of S-
modules fitting into a commutative diagram

B®§X—>B®SN

1®fl ll@F

Bez X' —— BegN'
where the horizontal arrows are induced by 6 and 6’, respectively.

Observe that jvf (N, X,0) is a modified Burban-Drozd triple, then
(N, AezX,B®g0) is a Burban-Drozd triple.

14.14. LEMMA. Assume the hypotheses of (14.12} and let M be a
MCM R-module. Then

F(M) = (S-M, m” 5M)
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is a modified Burban-Drozd triple, where Opr: M —S-M is the nat-
ural map.

PROOF. Since S is a regular ring of dimension 2, the reflexive S-
module S - M is in fact projective. Furthermore, the natural homomor-
phism of R-modules M — S - M is obtained by applying Homg(—, M)
to the short exact sequence 0 — ¢ — R — R — 0. In particular, we
have the short exact sequence

(14.14.1) 0—M—S-M—E—O0,

where E = Extll% (R,M). Since E is annihilated by ¢, it is naturally a

R-module, and has depth one over R by the Depth Lemma applied
to (14.14.1). Since R is a DVR by assumption, this implies that £ is a
free R-module. The induced exact sequence of R-modules

M—S-M—E—Q0,

where overlines indicate passage modulo ¢, is thus split exact on the
right.

The projective S-module S - M is torsion-free over R, so there is a
commutative diagram

H\ /MW

(M)vv

where as usual —" is the canoniczi dual overi%. Since M = M/ tor(M)
by Exercise|14.31, we have A @z M = A 7 (M)", so that

AegOy: A®EMVV —A®zS-M=BogS M

is injective by Lemma [14.9(iii). This shows that the kernel of 0y is
torsion, hence zero as M is torswn free. We therefore have the split-
exact sequence of R-modules

—vv Oy

0—M *.S.M—E—0.
In the induced commutative diagram

A®R9M

A

Acg S-M=BagN

N



§2. BURBAN-DROZD TRIPLES 247

the northeasterly arrow is surjective by Lemma (14.9(11), and is even
split surjective since B ®g N is projective over B. U

We now define a functor ¢ from BD'(R) to MCM R-modules which
is inverse to % on objects, still under the assumptions Let
(N,X,0) be an object of BD'(R). Let m: N — N = N/cN be the nat-
ural projection, and define M by the pullback diagram

M— N

(14.14.2) J l”

of R-modules. Since 6 is a split injection of torsion-free modules over
the DVR R, its cokernel is an R-module of depth 1. This cokernel is
isomorphic to the cokernel of M — N, and it follows that depthy M =
2, so that M is a MCM R-module. Define

G(N,X,0)=M.

14.15. THEOREM. The functors & and % are inverses on objects,
namely, for a MCM R-module M and a modified Burban-Drozd triple
(N,X,0), we have

GFM)=M
and
FY(N,X,0)=(N,X,0).

PROOF. For the first assertion, it suffices to show that
M—S'M
L

(M) T>S-M

is a pullback diagram. We have already seen that the homomorphisms
M— _S -M and (M)"Y — S - M have the same cokernel, identified as
Ext}2 (R,M). It follows from the Snake Lemma that

ker (M . (M)W) = ker (s M — W) .

From this it follows easily that M is the pullback of the diagram above.
For the converse, let (N, X,0) be an object of BD'(R) and let M be
defined by the pullback (14.14.2). Then cok(M — N) is isomorphic to
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cok (5 X — ZV), and is in particular an R-module. The Snake Lemma
applied to the diagram

0 M z\f M 0
0 cN N N 0

gives an exact sequence
0 — ker(M — N) — cok(cM — ¢N) — cok(M — N).

This shows that cok(cM — ¢N) is annihilated by ¢2, so in particular is
a torsion R-module. Now the commutative diagram

M M
M X
implies that Z\__/I — X is surjective with torsion kernel. Therefore X =
M/tor(M) = (M)"".

The inclusion M— N induces a homomorphism S-M — N of re-
flexive S-modules, so in particular of reflexive R-modules. It suffices
by Exercise [14.39|to prove that this is an isomorphism in codimension
1in R, that is, (S-M), — N, is an isomorphism for all height-one

primes p € SpecR. Over Ry, the localization of (14.14.2) is still a pull-
back diagram.

0 cM 0

0 cN 0

M, —>(S-M);,—>N;J

(), N,
Since (S - M), = (Sy 3R, M)/ tor(S, 3R, M,) and the bottom line is a
module over the Artinian pair A—B, we can use the machinery of
Chapter [4]to see that (S - M), = Nj,. d

§3. Hypersurfaces of countable CM type

We now apply Theorem to obtain the complete classification
of indecomposable MCM modules over the two-dimensional (A,,) and
(D) complete hypersurface singularities, and show in particular that
(As) and (D) have countably infinite CM type in all dimensions.
Then we will establish the following result of Knérrer and Buchweitz-
Greuel-Schreyer:
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14.16. THEOREM. Assume that k is an uncountable algebraically
closed field of characteristic different from 2, and let R be the hyper-
surface kllx,y,xo,...,xq1/(f), where 0 £ f € (x,y,%2,...,%3)%. These are
equivalent:

(1) R has countably infinite CM type;

(i1) R is a countably simple singularity which is not simple, i.e. there
is a countably infinite number of ideals L of kllx,y,xs,...,x4]]
such that f € L?; and

(iii)) R = k[[x,y,xg,...,xd]]/(g+x§ +---+xfl), where g € klx,ylis one of

the following:
(Aos) 8 =% or
(Doo) g =%%y.

Observe that the equations defining the (A.,) and (D) hypersur-
face singularities are natural limiting cases of the (A,) and (D) equa-
tions as n — oo, since high powers of the variables are small in the
m-adic topology. As we shall see, the same is true of the matrix factor-
izations over these singularities.

By Knorrer’s Theorem we may reduce the proof of the impli-
cation (i) = () of Theorem to the case of dimension d = 2.
Thus we prove in Propositions [14.17| and [14.19] that the hypersurface
singularities defined by x? + 22 and x?y + 22, respectively, have count-
ably infinite CM type.

14.17. PROPOSITION. Let R = kllx, y,z1/(x% + 22) be an (As,) hyper-
surface singularity with k an algebraically closed field of character-
istic other than 2. Let i € k be a square root of —1. Let M be an
indecomposable non-free MCM R-module. Then M is isomorphic to
cok(zI —@,zI + @), where @ is one of the following matrices over k[lx, yll:

. (Lx) or (—ix] ;or
—ix yl .
. >
( 0 ix) for some j > 1.
In particular R has countable CM type.

PROOF. For simplicity in the proof we replace x by ix to assume
that
R =Ellx,y,zI/(z% - x?).

The integral closure S of R is then
S =R/Nz—-x)xR/(z+x)

with the normalization homomorphism v: R — S = S x S9 given by
the diagonal embedding v(r) = (7,7). In particular, S is a regular ring.
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Put another way, S is the R-submodule of the total quotient ring
generated by the orthogonal idempotents
22+Zx € Sl and eg = ZZZx
which are the identity elements of S; and Sg respectively. In these
terms, v(r) =r(e1+eg) for re R.

The conductor of R in S is the ideal ¢ = (x,2)R = (x,2)S, so that

R =kllx,y,z1/(x,2) = kIyll

isa DVR, and S =R x R is a direct product of two copies of R. The in-
clusion v: R — S is again diagonal, v(7) = (7,7). Finally, the quotient
field A of R is k((y)), which embeds diagonally into B = £((y)) x E((¥)).
Thus all the assumptions of are verified, and we may apply The-
orem

Let (N, X,0) be an object of BD'(R), so that N = S(lp) @S(zq) for some

p,q =0, while X = I_E(n) for some n and 6: X — N is a split injection.
The gluing morphism 6: B®z X — B ®g N is thus a linear transfor-

mation of A-vector spaces B™ — B?) ¢ B9 More precisely, 0 defines
a pair of matrices

e1= €Sy,

(01,92) € Mpxn(A) X qun(A)

representing an embedding

o= (91) LA™ __, g ¢ B@
B2

such that 6 is injective (has full column rank) and both 6; and 02 are
surjective (full row rank). Thus in particular we have max(p,q) < n <

p+q.
Two pairs of matrices (01,02) and (0, ,9’2) define isomorphic modi-
fied Burban-Drozd triples if and only if there exist isomorphisms

Fr A LA™
Fy: S(lp) N S(1p)
Fp: 8 — 8\
such that as homomorphisms B — B® and B" — B? we have
0y =F;'01f
05 =Fy'0of .
See Exercise for a guided proof of the next lemma.
14.18. LEMMA. The indecomposable objects of BD'(R) are
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(i) (S1.R.((1),)) and (S5,R,(2,(1)
(i) (S1xS2,R, (1), (1)
(iii) (Sl xSy, R, ((1),(yj))) and (Sl xSo,R, ((yj),(l))) for some j > 1.

Now we derive the matrix factorizations corresponding to the mod-
ified Burban-Drozd triples listed above. The pullback diagram corre-

sponding to the triple (S LR, (), (25))

M—>Sl

1_% —_— §1
1
()

clearly gives M =S = cok(z — x,z + x), the first component of the inte-
gral closure. Similarly, the modified triple (Sg,ft’,(@,(l))) yields M =
So =cok(z +x,z — x).

The diagonal map ((1),(1)): R — §1 X §2 obviously defines the
free module R. By symmetry, it suffices now to consider the modified
Burban-Drozd triple (S x So,R ,((1),(yj ))). The pullback diagram

M—>Sle2

I_i’ T) §1 X §2
i
defines M as the module of ordered triples of polynomials

(f(y),81(x,y,%),82(x,y,—x)) ER x S1 x S2

such that f — g1 € ¢S7 and y/f — g9 € ¢Sy. This is equal to the R-
submodule of S generated by ¢ = (x,z) = (z+x,z—x) and e1+y/es, where
again e1 = (z +x)/2z and eg = (z —x)/2z are idempotent. Multiplying by
the non-zerodivisor (2z) = ((z — x) + (z + x))’ to knock the generators
down into R, we find

. . z2+x iz«
(x,2,e1+ 3y e9)S = (2z) (z +x,2—X, + v/ )
2z 2z

Z+x
2z

= ((z +xP L —xY L z+x)Y +(2 —x)jyj)

z

= ((z+x)j+1,(2—x)j+1,(22)j( )J +yj(22)j(

2—2x )J)

= ((z—x)j,(z+x)i+(z—x)jyj) .
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The matrix factorization
z+x  y/ z—x —y/
0 z—-x)’\ 0 z+x
provides a minimal free resolution of this ideal and finishes the proof.
0

As an aside, we note that the restriction on the characteristic of 2
could be removed by working instead with the hypersurface defined by
xz instead of x2 + z2. In characteristic not two, of course the hypersur-
face singularities are isomorphic, and k[[x,y,z]l/(xz) can be shown to
have countable type in all characteristics.

14.19. PROPOSITION. Let R = kllx, y,zl/(x%y + 22) be a (Do) hyper-
surface singularity, where k is a field of arbitrary characteristic. Let M
be an indecomposable non-free MCM R-module. Then M is isomorphic
to cok(zI — @, zI + ) for ¢ one of the following matrices over kllx, yll.

[ ] 0 _y
x2 0
. 0 —xy
x 0
—-xy 0
g+l
‘| o Y *y for some j>1;
y —x
—xy 0
]
1+ o yox for some j > 1.
¥ —xy

In particular R has countable CM type.

PROOF. In this case, the integral closure of R is obtained by adjoin-
ing the element ¢ = £ of the quotient field, so S = R [2]. The maximal
ideal of R is then (x,y,2)R = (x,¢2,tx)R and that of S is (x,#)S. In par-
ticular, S is a regular local ring. The conductor is now ¢ = (x,2)R =
(x,tx)S = xS, so that R = Rl(x,2) = Et?] and S = S/(x) = E[[¢]] are
both DVRs, with v: R — S the obvious inclusion. The Artinian pair
A = k((t?)) — B = k((t)) is thus a field extension of degree 2.

Let (N, X,0) be an object of BD'(R). The integral closure S being
regular local, N = S™ is a free S-module, while X = }_B(m) is a free R-
module. The gluing map 6: Be, V = B™ — B™ = Bgg N is thus
simply an n x m matrix over B with full row rank. The condition that
the composition A — B™ be injective amounts to writing 6 = 0 +
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t0; and requiring (z‘l’) : AM ., A@n) = B0 4 have full column rank

as a matrix over A. In particular we have n <m < 2n.
Two n xm matrices 0,6’ over B define isomorphic modified Burban-
Drozd triples if and only if there exist isomorphisms

f:A™ —A™  and  F:8™— 8™
such that, when considered as matrices over B, we have
0'=F1of.

In other words, we are allowed to perform row operations over S = k[[¢]]
and column operations over A = E((t?)).

14.20. LEMMA. The indecomposable objects of BD'(R) are
) (S.B,Q)

(i) (S,R. )

(i) (S, B, (1 1)

(iv) (8(2),1_3(2), (t}n (t))) for some m > 1.

We leave the proof of Lemma |14.20| as Exercise [14.38

The MCM R-module corresponding to (S,}_?,(l)) is given by the
pullback

M—-S

R——S
where the bottom line is the given inclusion of A = E((#?)) into B =
k((2)), so is clearly the free module R. In (S,R,(¢)), the natural in-
clusion is replaced by multiplication by ¢. The pullback M is the R-

submodule of S generated by ¢ = (x,2) and ¢ = Z£. Multiplying through
by the non-zerodivisor x, we find

M= (xz,xz,z)R
=(x%,2)R

=% 25 2)

The modified Burban-Drozd triple (S,I_B, (1 t)) is defined by the iso-

morphism 6: A an, B, so corresponds to the integral closure S, which
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has matrix factorization

z xy\| [z —xy
-x z)'\x =z '
Finally, let m > 1 and let M be the R-module defined by the pull-

back diagram

M— S2

L]

—(2) —(2)
R —8S .

(¢ 6)

Then M is the R-submodule of S® generated by ¢S® and the elements

o)

Substitute ¢ = £ to see that the generators are therefore

o) 5)-()£) (omten) - ame (5

Notice that the second generator is a multiple of the last. Multiplica-
tion by x on the first component and x™ on the second is injective on
S2 so M; is isomorphic to the module generated by

[6) ) o) (2] (3]
(o)==l ()

so we may replace the first generator by ( xgm ), getting

S (SARERREAN AN )

At this point we distinguish two cases. If m = 2j is even, then using
the relation xy? = —z2 in R,

Observe that

x2™ =x2¥ = xx¥ ) = g™ Ly)

up to sign, so the first generator is a multiple of the second. If m =2j+1
is odd, then

2j+1 m+1_j

xz™ =xz =xx? ylz ="y 2
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again up to sign, so that again the first generator is a multiple of the
second. In either case, M is generated by

([&)-fne) ) )

Now it’s easy to check that when m is odd, say m = 25+ 1 for some
J =0,

z -xy 0 z xy O
M = cok 2~y a 2 ¥
- X 0 z 1 —x 0 z
yj+1 —xy z _y]+1 Xy 2z
and in case m is even, say m = 2 for some j > 1,
z —-xy O z xy
M = cok 2~y xy 2 ¥t —xy
h 0 z - 0 =z
y o —x z -y x z
(after a permutation of the generators). 0

Together with Theorem Propositions [14.17] and [14.19| show
that the (Ay) and (D) hypersurface singularities have countable CM
type in all dimensions. To show that these are the only ones and com-
plete the proof of Theorem we need the following classification
of countably simple singularities (the proof of which is considerably

simpler than the corresponding classification for simple singularities
on pages |143H148).

14.21. THEOREM. Let k be an algebraically closed field of charac-
teristic different from 2, and let R = kllx, yll/(f) be a one-dimensional
complete hypersurface singularity over k. Assume k is uncountable.
If R is a countably simple but not simple singularity, then either R =
Rllx, yI/(x?) or R = kllx, yI/(x%y).

PROOF. By Lemma we see that e(R) < 3 and f ¢ (a, )2 for ev-
ery a,f € (x,y). If in addition R is reduced, then by Remark[9.13]it is a
simple singularity. Hence we may assume that in the irreducible fac-
torization f = uf;"---f;", with u a unit and the f; distinct irreducibles,
we have e; > 2 for at least one i. Say e; > 2. Since f is not divisible by
any cube (by Lemma [9.3|{iia)) we must have e; = 2. Since the multiplic-
ity of R is at most 3, we must have r < 2 and that each f; has non-zero
linear term. Make the linear change of variable sending /uf1 to x,

so that now f = x2f,? with e3 =0 or 1. Now if e3 = 0 we have f = x?,



256 14. COUNTABLE COHEN-MACAULAY TYPE

while if es = 1 we make the change of variables sending f2 to y, so that
f=x%y. U

Now we finish the proof of the main theorem.

PROOF OF THEOREM[14.16l IfR = E[lx,y,xs,...,xq41/(f) has count-
ably infinite CM type, then R is a countably simple singularity but not
simple by Theorem

To prove that countably simplicity implies one of the forms listed
in item (iii), we may, as in the proof of Theorem reduce to the case
of dimension one, where Theorem finishes.

Finally, Propositions|14.17 and [14.19|show that the (A.,) and (D)

singularities have countably infinite CM type, completing the proof.
0

We remarked above that the equations defining the (A,,) and (D)
hypersurface singularities, and even the matrix factorizations over
them, are “natural limits” of the cases (A,) and (D,). This suggests
the following question.

14.22. QUESTION. Must every CM local ring of countable CM type
be a “natural limit” of a “series of singularities” of finite CM type? For
those that are, are the indecomposable MCM modules “limits” of MCM
modules over singularities in the series?

To address the question, of course, the first order of business must
be to give meaning to the phrases in quotation marks. This is problem-
atic, as Arnold remarked [Arn81]: “Although the series undoubtedly
exist, it is not at all clear what a series of singularities is.”

§4. Other examples

Besides the hypersurface examples of the last section, very few
non-trivial examples of countable CM type are known. In this section
we present a few, taken from Schreyer’s survey article [Sch87].

In dimension one, we have the following example, which will return
triumphantly in Chapter

14.23. EXAMPLE. Let £ be an arbitrary field, and consider the one-
dimensional (D) hypersurface singularity R = k[[x, yI/(x%y) over k.
Set E = Endg(m), where m = (x, y) is the maximal ideal. Then we claim
that

E ZEkllx,y,z2yz, x> — xz,x2 — 2%)
= klla,b,cl(ab,ac,c?).
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In particular E is local, and it follows from Proposition that R has
countable CM type.

That the two alleged presentations of E are isomorphic is a simple
matter of a linear change of variables:

a=2z, b=y, c=x—2.

To show that in fact E is isomorphic to A = k[[x, v, z/(yz,x%—xz,xz—
22), note that the element x + y of R is a non-zerodivisor, and that the
fraction z := % is in Endg(m) but not in R. Now E = Homgp(m,R)
since m does not have a free direct summand, and it follows by duality
over the Gorenstein ring R that E/R = Ext}B(R/m,R ) = k. Therefore
E = R[z]. Since \ )

22 = XTI (x+5) =x?em
(x+)? ’

E is local. One verifies the relations yz =0 and 2 = xz = 22 in E. Thus
we have a surjective homomorphism of R-algebras A — E. Since R is
a subring of E, and the inclusion R—E factors through A, we see that
R is also a subring of A, and that the surjection A — FE fixes R.

The induced homomorphism A/R — E/R is still surjective, and in
fact is bijective since A/R is simple as well. It follows from the Five
Lemma that A — E is an isomorphism.

By Lemma the indecomposable MCM E-modules are precisely
the non-free indecomposable MCM R-modules. These turn out to be
exactly the cokernels of the following matrices over R = k[[x, yll/(x2y):

(y); &?); @); (xy)

S

for j > 1. To see this, note that, for each of the R*-modules M of Propo-
sition M" decomposes as a direct sum of two modules. These
are the cokernels of the matrices on the list above. One can argue di-
rectly that each of these modules is indecomposable. (In characteristic
different from two, indecomposability follows from Corollary[8.19]) By
Proposition the list is complete.

For two-dimensional examples, we note that Herzog’s result Propo-
sition[6.2]implies the following.

14.24. PROPOSITION. Let S be a two-dimensional CM complete lo-
cal ring which is Gorenstein in codimension one. (For example, S could
be one of the two-dimensional (As) and (D) hypersurface singulari-
ties.) Let G be a finite group with order invertible in S, acting by linear
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changes of variables on S. Set R = SC. If S has countable CM type,
then R has countable CM type. U

14.25. EXAMPLE. Fix an integer r > 2. R be the two-dimensional
(As) hypersurface R = k[lx,y,z]l/(xy), and let the cyclic group Z/rzZ
act on R, the generator sending (x,y,z) to (x,{,v,(,z), where (, is a
primitive r** root of unity. (Here & is an algebraically closed field
of characteristic prime to r.) The invariant subring is generated by
x,y",y " 1z,...,2" (see Exercise , and is thus isomorphic to the quo-
tient of kllto,%1,...,t,,x]l by the 2 x 2 minors of

to e tr—l 0
tl o tr X :

14.26. EXAMPLE. Fix an odd integer r = 2m + 1, and let R be the
two-dimensional (Do) hypersurface k[[x,y,z]/(x%y — z2), where k is a
field with characteristic prime to r. Let r = 2m + 1 be an odd posi-
tive integer, and let Z/rZ act on R by the action sending (x,y,z) —
(22,0 1y, (14 22).

The ring of invariants is complicated to describe in general; see
Exercise If m = 1, it is generated by x3,xy2,y3,2z and hence is
isomorphic to

a 22 b
klla,b,c,21 /I (22 A C) .

If m = 2, there are 7 generating invariants

5,3 3 2 5 .4
x ,x y’x Z’xy 7xy27y ’y 27

and 15 relations among them. When m =4, the greatest common divi-
sor of m +2 and 2m + 1 is no longer 1, and things get really weird.

14.27. REMARK. As Schreyer points out, the phenomenon observed
in Question repeats here. The one-dimensional example E is
obtained as a limit of the endomorphism rings of the maximal ideals
of the (D) hypersurface singularities:

Enan(m) = k[[xayrz]]/In’

where I,, is the ideal of 2 x 2 minors of ( xf . xy_nz g .

Similarly, for Example|14.25|we may take the limit of the quotients
of klltg,t1,...,t-+1]] by the 2 x 2 minors of

(to v ey t'rl)
t1 - Ly Iri1 ’
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and for Example[14.26|with m = 1, we take the quotient of k[[a,b,c,d]l
by the 2 x 2 minors of

b d?> al’
As assured by Theorem [7.19] both of these are invariant rings of a
finite group acting on power series, the first for a cyclic group action

6nr-n+1n, and the second by a binary dihedral 9.3, 242, (cf. [Sch87,
Rie81]).

(d2+an c b)

These examples add some strength to Question (14.22, We also
mention the related question, also first asked by Schreyer in [Sch87]:

14.28. QUESTION. Is every CM local ring of countable CM type a
quotient of one of the (Ax) or (Do) hypersurface singularities by a finite
group action?

Burban and Drozd have recently announced a negative answer to
this question [BD10]. Namely, set

Apn= k[[xl,xz,y1,yz,z]]/(xlyl,xlyz,xzyl,xzyz,xlz —X5,Y12 = Y5 ).

Then A,, , has countable CM type for every n,m > 0. For n = m this
ring is isomorphic to a ring of invariants of the (A.,) hypersurface, but
for m # n it is not.

§5. Exercises

14.29. EXERCISE. Let R = Q[x,y,z](x,y,z)/(xz). The completion R =
Qllx,y,21/ (x?) has a two-dimensional singular locus and therefore has
uncountable CM type. Show that only countably many indecompos-
able R-modules are used in direct-sum decompositions of modules of
the form R ®g M, for MCM R-modules M. Thus the set % in the
proof of Theorem is properly contained in the set of all MCM R-
modules.

14.30. EXERCISE. Let R be a one-dimensional CM local ring with
canonical module w, and let M be a finitely generated R-module. Prove
that M"Y = M/tor(M).

14.31. EXERCISE. Let R be a two-dimensional local ring which is
Gorenstein on the punctured spectrum. Let M be a finitely generated
R-module. Prove that there is an exact sequence

0 — tor(M) — M 2L M** — L — 0,
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where o)y is the biduality homomorphism, defined by o;,(m)(f) = f(m),
and L is a module of finite length. If R is CM with canonical module
w, prove that there is also an exact sequence

0 — tor(M) — M 2. M"Y — L' — 0,

where 1)/ is again the corresponding evaluation homomorphism and
L’ also has finite length.

14.32. EXERCISE. Let R be a reduced local ring satisfying Serre’s
condition (S9) and let M and N be two finitely generated R-modules.
Assume that N is reflexive. Prove that

Homp(M,N)=Homgr(M**,N).
If in addition R is CM with canonical module w, then
Homp(M,N)=Homgr(M""',N).
(Hint: first reduce to the torsion-free case.)

14.33. EXERCISE. Let R be a reduced CM two-dimensional local
ring with canonical module w. Assume that R is Gorenstein in codi-
mension one. Prove that there is a natural isomorphism M"Y — M**.

14.34. EXERCISE. Let R be a reduced Noetherian ring and assume
that the integral closure S is a finitely generated R-module. Let ¢ be
the conductor. Prove that S = Endg(c).

14.35. EXERCISE. Let R and S be as in and let N be a finitely
generated S-module. Prove that

Homg(Homg(N,S),S) = Homrp(Homg(N,R),R).

14.36. EXERCISE. Let R be a CM local ring and M a reflexive R-
module which is locally free in codimension one. Let N be an arbitrary
finitely generated R-module, and let M - N denote the reflexive prod-
uct of M and N (cf. Exercise [6.48). Show that M -N = Hompg(M*,N).
Conclude that S - N = Homg(c,N) in the setup of

14.37. EXERCISE. Prove Lemma|[14.18| that the modified Burban-
Drozd triples listed there constitute a full set of representatives for the
indecomposables of BD'(R), along the following lines.

e The listed forms are pairwise non-isomorphic and cannot be
further decomposed.

» Every object of BD'(R) splits into direct summands with either
n=p=qorn=p+q. (Consider the complement of (kerf) +
ker(fg) in A™).)
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e In the case n = p + g, the object further splits into direct sum-
mands with either n = p or n = q. Any triple with n = p or
n = q can be completely diagonalized, giving one of the factors
of the integral closure.

14.38. EXERCISE. Prove Lemma[14.20| that the modified Burban-
Drozd triples listed there form a full set of representatives for the in-
decomposables of BD'(R), along the following lines.

e The listed forms are pairwise non-isomorphic and cannot be
further decomposed.

e The m xn matrix 8 can be reduced (using the allowable moves:
row operations over S and column operations over A) to the

block form
t41Is, A1g - A1y A1y
tdZISQ A2,v A2,v+1
tdvlsv Av,v+1
where

- d1<d2<---<dv andd1:OOr 1.

- Eachentryof A; j hasorderin t atleast d;+1for 1<i<v
and 1< j<v+1.

- Each entry of A; ; has order in ¢ at most d; for 1 <i < v
and 1 < j<v.

e IfAyj=0forall j=2,...,v+1, then either (1) or () is a direct
summand of 8 and we are done by induction on the number of
rows.

e If A1 ; #0 for some j < v, write Ay ; = tdlBLj for some matrix
B1,; with entries in k[[Z]l. Show that we may assume B ; has
entries in k[#2]], and then diagonalize over k[#2] to assume

B, = (15’ g). If s’ = 0, return to the previous step, while if

s’ >0, split off one of

1 ¢ ¢t t?
0 i or 0 i

 Consider two cases for each of the above matrices: d; =1 ver-
sus d; # 1 in the first matrix, and d; = 2 versus d; # 2 in the
second. Split off one of the forms listed in Lemma in
each case.

e Finally,if A1 j=0forall j=2,...,vbut Ay,.1 #0, then one of
(1), (8), (1 t), or (¢ t2) ~ (1 ¢) is a direct summand of 6.
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14.39. EXERCISE. Generalize Lemma as follows. Let R be a
reduced ring satisfying Serre’s condition (S9), and let f: M — N be
a homomorphism of R-modules, each of which satisfies (S3). Then f
is an isomorphism if and only if f,: M, — N, is an isomorphism for
every height-one prime p of R.



CHAPTER 15

The Brauer-Thrall Conjectures

In a brief abstract published in the 1941 Bulletin of the AMS,
Brauer announced that he had found sufficient conditions for a finite-
dimensional algebra A over a field £ to have infinitely many non-
isomorphic indecomposable finitely generated modules [Bra41l]. Some
years later, Thrall claimed similar results [Thr47]: he wrote that
Brauer had in fact given three conditions, each sufficient to ensure
that A has indecomposable modules of arbitrarily high k-dimension,
and he gave a fourth sufficient condition. These were stated in terms
of the so-called “Cartan invariants” [ANT44, p. 106] of the rings A,
A/ #(A), A/ #(A)?, etc. Neither Brauer nor Thrall ever published the
details of their work, leaving it to Thrall’s student Jans to publish
them. Jans attributes the following conjectures [Jan57] to both Brauer
and Thrall. Say that a finite-dimensional k-algebra A has bounded
representation type if the k-dimensions of indecomposable finitely gen-
erated A-modules are bounded, and strongly unbounded representa-
tion type if A has infinitely many pairwise non-isomorphic modules of
k-dimension n for infinitely many n.

15.1. CONJECTURE (Brauer-Thrall Conjectures). Let A be a finite-
dimensional algebra over a field k.

1. If A has bounded representation type then A actually has finite
representation type.
II. Assume that k is infinite. If A has unbounded representation
type, then A has strongly unbounded representation type.

Under mild hypotheses, both of these conjectures are now theo-
rems. Brauer-Thrall I was proved by Roiter [Ro168], while Brauer-
Thrall IT for perfect fields % is due to Nazarova and Roiter [NR73].
See [Rin80] or [Gus82] for some history on these results. (It’s per-
haps interesting to note that Auslander gave a proof of Roiter’s theo-
rem for arbitrary Artinian rings [Aus74]—with length standing in for
k-dimension—and that this is where “almost split sequences” made
their first appearance.)

263
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We import the definition of bounded type to the context of MCM
modules almost verbatim. Recall that the multiplicity of a finitely gen-
erated module M over a local ring R is denoted e(M).

15.2. DEFINITION. We say that a CM local ring R has bounded CM
type provided there is a bound on the multiplicities of the indecompos-
able MCM R-modules.

If an R-module M has constant rank r, then it is known that e(M) =
re(R) (see Appendix [A] §2). Thus for modules with constant rank, a
bound on multiplicities is equivalent to a bound on ranks.

The first example showing that that bounded and finite type are
not equivalent in the context of MCM modules, that is, that Brauer-
Thrall I fails, was given by Dieterich in 1980 [Die81]: Let % be a field
of characteristic 2, let A = k[[x]], and let G be the two-element group.
Then the group algebra AG has bounded but infinite CM type. Indeed,
note that AG = Ellx, yI/(y?) (via the map sending the generator of the
group to y—1). Thus AG has multiplicity 2 but is not reduced, whence
AG has bounded but infinite CM type by Theorem In fact, as we
saw in Chapter Ellx, yI/(y?) has (countably) infinite CM type for
every field k.

Theorem [4.10| says, in part, that if an analytically unramified lo-
cal ring (R, m, k) of dimension one with infinite residue field & fails to
have finite CM type, then R has |k| indecomposable MCM modules
of every rank n. Thus, for these rings, finite CM type and bounded
CM type are equivalent, just as for finite-dimensional algebras, and
moreover Brauer-Thrall II even holds for these rings. In this chap-
ter we present the proof, due independently to Dieterich [Die87] and
Yoshino [Yos87], of Brauer-Thrall I for all complete, equicharacteris-
tic, CM isolated singularities over a perfect field (Theorem [15.20) and
show how to use the results of the previous chapters to weaken the hy-
pothesis of completeness to that of excellence. We also give a new proof
(independent of the one in Chapter [4) that Brauer-Thrall II holds for
complete one-dimensional reduced rings with algebraically closed re-
sidue field (Theorem [15.27). The latter result uses Smalg’s “inductive
step” (Theorem for building infinitely many indecomposables in
a higher rank from infinitely many in a lower one. As another appli-
cation of Smalg’s theorem we observe that Brauer-Thrall II holds for
rings of uncountable CM type.

§1. The Harada-Sai lemma

We will reduce the proof of the first Brauer-Thrall conjecture to
a statement about modules of finite length, namely the Harada-Sai
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Lemma In this section we give Eisenbud and de la Pefia’s 1998
proof [EdIP98] of Harada-Sai, and in the next section we show how to
extend it to MCM modules. The Lemma gives an upper bound on the
lengths of non-zero paths in the Auslander-Reiten quiver. To state it,
we make a definition.

15.3. DEFINITION. Let R be a commutative ring and let

(15.3.1) My, 2 ey

be a sequence of homomorphisms between R-modules. We say (15.3.1)
is a Harada-Sai sequence if

(1) each M; is indecomposable of finite length;
(i1) no f; is an isomorphism; and
(iii) the composition fs_1fs—2---f1 is non-zero.

Fitting’s Lemma (Exercise [1.25) implies that, in the special case
where M; = M and f; = f are constant for all i, the longest possible
Harada-Sai sequence has length ¢(M)—1, where as usual (M) denotes
the length of M. In general, the Harada-Sai Lemma gives a bound on
the length of a Harada-Sai sequence in terms of the lengths of the
modules.

15.4. LEMMA. Let (15.3.1) be a Harada-Sai sequence such that the
length of each M; is bounded above by b. Then s <2 —1.

In fact we will prove a more precise statement, which determines
exactly which sequences of lengths ¢(M;) are possible in a Harada-Sai
sequence.

15.5. DEFINITION. The length sequence of a sequence (15.3.1) of
modules of finite length is the integer sequence

A=W(My),0(My),...,0(Ms)).
We define special integer sequences as follows:
ﬂ(l) =(1)
A2 =(2,1,2)
A®=(3,2,3,1,3,2,3)

and, in general, A?) is obtained by inserting b at the beginning, the
end, and between every two entries of A~1. Alternatively,
210+D _ (/1(1)) +1, l,ﬂ(b) +1),

where 1 is the sequence of all 1s. Notice that A1) is a list of 20 — 1
integers.
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We say that one integer sequence A of length n embeds in another
integer sequence pu of length m if there is a strictly increasing function
o:{1,...,n} —{1,...,m} such that A; = s).-

Lemma [15.4] follows from the next result.

15.6. THEOREM. There is a Harada-Sai sequence with length se-
quence A if and only if A embeds in A?) for some b.

PRrROOF. First let

f1 fe fs-1

(15.6.1) M,

M, M,

be a Harada-Sai sequence with length sequence A = (14,...,45). Set
b = max{A;}. If b =1, then each M; is simple. As the composition is
non-zero and no f; is an isomorphism, the length of the sequence must
be 1. Thus A = (1) embeds in A = (1). Suppose then that b > 1.

If two consecutive entries of A are equal, say A; = 1;41, then we
may insert some indecomposable summand of im(f;) between M; and
M1, chosen so that the composition is still non-zero. This gives a new
Harada-Sai sequence, one step longer. Thus we may assume that no
two consecutive A; are equal.

Observe that no composition of two consecutive f; is an isomor-
phism; indeed, this would force both to split, contradicting the inde-
composability of M;.

Let A’ be the integer sequence gotten from A by deleting every oc-
currence of 5. Then A’ is the length sequence of the Harada-Sai se-
quence obtained by “collapsing” (15.6.1): for each M; having length
equal to b, delete M; and replace the pair of homomorphisms f; and
fi+1 by the composition fi.1f;: M;_1 — M;.1. By induction A’ embeds
into A®~D. Since every second element of A%) is b and the b’s in A
never repeat, this can be extended to an embedding A — A0,

To prove the other direction, it suffices by the same “collapsing”
argument to show that there is a Harada-Sai sequence with A®) for its
length sequence. For this we refer to [EdIP98], where Eisenbud and
de la Pefia construct such sequences over the ring k[x, y1/(xy). U

§2. Faithful systems of parameters

The goal of this section is to prove an analog of the Harada-Sai
Lemma for MCM modules. We will reduce to the case of finite
length modules by passing to the quotient by a particularly nice regu-
lar sequence: one that preserves indecomposability, non-isomorphism,
and even non-split short exact sequences of MCM modules.



§2. FAITHFUL SYSTEMS OF PARAMETERS 267

Throughout, (R,m,k) is a CM local ring of dimension d. We will
need to impose additional restrictions later on; see Theorem [15.19| for
the full list.

15.7. DEFINITION. Let x=x1,...,x4 be a system of parameters for
R. We say x is a faithful system of parameters if for every pair M, N
of finitely generated R-modules with M MCM, xExt}i, (M,N)=0.

In what follows, we write x? for the system of parameters x%, ... ,x?l.

Here is the basic property of faithful systems of parameters that makes
them well suited to our purposes. It’s interesting to observe the simi-
larity of this statement to that of Guralnick’s Lemma The state-
ment could even be given the same form: a commutative rectangle
consisting of two squares, the bottom of which also commutes, though
the top square might not.

15.8. PROPOSITION. Let x = x1,...xq be a faithful system of param-
eters, and let M and N be MCM R-modules. For every homomorphism
¢: M/x>M — N/x2N, there exists ¢ € Homg(M,N) such that ¢ and §
induce the same homomorphism M/xM — N/xN.

PROOF. Our goal is the case i = 0 of the following statement: there

exists a homomorphism
@it M/(x2,...x2)M — N/(x3,...,x2)N

such that ¢; ®g R/(x) = ¢ ® g R/(x). We prove this by descending induc-
tion on i, taking ¢4 = ¢ for the base case i =d.

Assume that ¢;;; has been constructed. Then it suffices to find
a homomorphism ¢;: M/(x%,...x?) M — N/(«%,...,x?) N with the fol-
lowing stronger property:

2 2 2 2
@i ®r R/ (x%,...,x7,xi+1) = @ ®g R/ (x7,...,%7,%i41)

for then of course killing x1,...,x;,%;+2,...,X¢4 We obtain ¢; ®g R/(xX) =
¢ ®r R/(x).

Sety; = x%,...,x? and z; = x%,...,x?,xiﬂ. Then we have a commu-
tative diagram with exact rows (as N is MCM and x;,1 is an R-regular
element)

x2

i+1

0—— N/y;N —— N/y;N —— N/y;;1N —— 0

S

Xi+1

0—— N/y,N — N/y;,N —— N/z;N —— 0.



268 15. THE BRAUER-THRALL CONJECTURES

Apply Hompg (M, —) to obtain a commutative exact diagram

Homg(M,N/y;N) — Homg(M,N/y;+1N) — Exth(M,N/y;N)

| | 5

Hompg (M ,N/y;N) —— Homg(M,N/z;N) —— Ext},(M,N/y;N).

By the definition of a faithful system of parameters, the right-hand
vertical map is zero. We have ¢;1 living in Homg(M,N/y;+1N) in the
middle of the top row, and an easy diagram chase delivers ¢; in the
top-left corner such that ¢; ®g R/(z;) = ¢;+1 ®r R/(z;). O

Here are the main consequences of Proposition The first and
third corollaries are sometimes called “Maranda’s Theorem,” having
first been proven by Maranda [Mar53] in the case of the group ring
of a finite group over the ring of p-adic integers, and extended by
Higman [Hig60] to arbitrary orders over complete discrete valuation
rings.

15.9. COROLLARY. Let x be a faithful system of parameters for R,
and let M and N be MCM R-modules. Suppose that ¢: M/x>M —
N/x2N is an isomorphism. Then there exists an isomorphism ¢: M —

N such that ¢ ®r R/(x) = ¢ g R/(x).

PROOF. Proposition[15.8gives us the homomorphism @; it remains
to see that @ is an isomorphism. Since ¢ is surjective modulo x?, it is
at least surjective by NAK. Simila/rlvy, applying the Proposition to ¢!,
we find that there is a surjection ¢~1: N — M. By Exercise the
surjections ¢~1p and @1 are both isomorphisms, so ¢ and ¢~ are
as well. O

15.10. COROLLARY. Let x be a faithful system of parameters for R,

and let s: 0 — N B2 M— 0 be a short exact sequence of MCM
modules. Then s is non-split if and only if s ®g R/(x?) is non-split.

PROOF. Sufficiency is clear: a splitting for s immediately gives a
splitting for s ®z R/(x%). For the other direction, suppose p = p ®r
R/(x?) is a split epimorphism. Then there exists p: M/x*M — E/x*E
such that pe is the identity on M/x2M. Let $: M — E be the lifting
guaranteed by Proposition Then (p@) ® R/(x) is the identity on
M/xM, so p@ is an isomorphism. Thus s is split. U

15.11. COROLLARY. Assume that R is Henselian. Let x be a faithful
system of parameters for R, and let M be a MCM R-module. Then M is

indecomposable if and only if M/x>M is indecomposable.
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PROOF. Again, we have only to prove one direction: if M decom-
poses non-trivially, then so must M/x?M by NAK. For the other direc-
tion, assume that M is indecomposable. Then Endg(M) is a nc-local
ring since R is Henselian (see Chapter [I). We have a commutative
diagram

Endgr(M) Endg(M/x*M)

\ /
Endr(M/xM)

where each map is the natural one induced by tensoring with R/(x)
or R/(x%). Let e € Endr(M/x2M) be an idempotent; we’ll show that e
is either 0 or 1, so that M/x2M is indecomposable. The image n(e) of
e in Endr(M/xM) is still idempotent, and is contained in 7(Endg(M))
by Proposition Since Endg (M) is nc-local, so is its homomorphic
image T(Endgr(M)), so n(e) is either O or 1.

If n(e) = 0, then e ®g R/(x) = 0, so that e(M/x*M) < x(M/x>M). But
e is idempotent, so that im(e) = im(e?) € im(x?) =0 and so e = 0. If
n(e) =1, then the same argument applies to 1 —e, giving e = 1. 0

To address the existence of faithful systems of parameters, con-
sider a couple of general lemmas. We leave the proof of the first as an
exercise. The second is an easy special case of [Wan94, Lemma 5.10].

15.12. LEMMA. Let T be a ring, I an ideal of ', and A =T/I. Then
Annr I annihilates Ext%(A,K ) for every I'-module K. 0

15.13. LEMMA. Let I be a ring, I an ideal of T', and A =T/I. Let
(15.13.1) LLum N
be an exact sequence of I'-modules. Then the homology H of the complex
(15.13.2) Homr(A, L) 2 Homr(A, M) e, Homr(A,N)
is annihilated by Annr 1.

PROOF. Let K =ker¢ and X =im¢, and let n: L — X be the sur-

jection induced by ¢. Then applying Homr(A, —), we see that the coho-
mology in the middle of (15.13.2) is equal to the cokernel of

Homr(A,n): Homr(A,L) — Homr(A,X).

This cokernel is also a submodule of Ext%(A,K ), so we are done by the
previous lemma. O

We will apply Lemma [15.13| to the homological different $Hr(R) of
a homomorphism 7' — R, where R is as above a CM local ring and T
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is a regular local ring. Recall (from e.g. Appendix [B) that if A — B
is a homomorphism of commutative rings, we let u: B®4 B — B be
the diagonal map defined by u(b ® b') = bb’, and we set _¢ = keru. The
homological different $4(B) is then defined to be

$Ha(B) = wW(Annge,B 7).

Notice that for any two B-modules M and N, Homy(M,N) is natu-
rally a B ® 4 B-module via the rule [¢(b ® b")I(m) = @(bm)b’ for any
¢ € Homa(M,N), m € M, and b,b’ € B. Since for any B ® 4 B-module
X, Homps,g(R,X) is the submodule of X annihilated by ¢, and _# is
generated by elements of the form 6 ® 1 -1® b, we see that

Hompgg, p(B,Homy (M,N)) = Homp(M,N)

for all M, N. This is in particular an isomorphism of B ® 4 B-modules,
where the action of B® 4 B on Homp(M,N) is via .

15.14. PROPOSITION. Let R be a CM local ring and assume T € R
is a regular local ring such that R is a finitely generated T-module.
Then $H7(R) annihilates Ext}{(M,N) for every MCM R-module M and
arbitrary R-module N.

PROOF. Let 0 — N — I — ' — J? — ... by an injective reso-
lution of N over R. Since M is MCM over R, it is finitely generated
and free over T, and the complex

Homp(M, 1% -2~ Homp(M, I') -2~ Homp(M, I2)

is exact. Apply Homgs,r(R,-); by the discussion above the result is

Homg (M, 1% -2 Homp (M, I') L Homg (M, I?).

The homology H of this complex is naturally Exté(M ,N), and is by
Lemma annihilated by Anngg,r_¢. Since the R ®7 R-module
structure on these Hom modules is via u, we see that the homological
different $7(R) = u(Annge,r #) annihilates Ext}B(M ,IN). L]

Put H(R) =Y 7 H7(R), where the sum is over all regular local sub-
rings T of R such that R is a finitely generated T-module. It follows
immediately from Proposition that $(R) annihilates Ext}Q(M ,IN)
whenever M is MCM.

Let us now introduce a more classical ideal, the Jacobian ideal. Let
T be a Noetherian ring and R a finitely generated T-algebra. Then
R has a presentation R = T'[x1,...,x,1/(f1,...,[m) for some n and m.
The Jacobian ideal of R over T is the ideal Jp(R) in R generated by
the maximal minors of the Jacobian matrix (0f;/0x;);;. We set J(R) =



§2. FAITHFUL SYSTEMS OF PARAMETERS 271

Y rJr(R), where again the sum is over all regular subrings T of R over
which R is module-finite.

One can see ((Wan94, Prop. 5.8] or Exercise that Jr(R) <
Hr(R) for every T, so that J(R) € H(R). Thus we have

15.15. COROLLARY. Let R be a CM local ring and let J(R) be the
Jacobian ideal of R. Then J annihilates Ext}z(M ,N) for every pair of
R-modules M, N with M MCM. O

There are two problems with this result. The first is the question
of whether any regular local subrings 7' as in the definition of J(R)
actually exist. Luckily, Cohen’s Structure Theorems assure us that
when R is complete and contains its residue field %, there exist plenty
of regular local rings T = k[[x1,...,x4]l over which R is module-finite.

The second problem is that J(R) may be trivial if the residue field
is not perfect.

15.16. REMARK. If R is a hypersurface R = kl[x1,...,x41/(f(x)), then
J(R) is the ideal of R generated by the partial derivatives 0f/0x; of
f. If k is not perfect, this ideal can be zero. For example, suppose
that k& is an imperfect field of characteristic p, and let a € £\ k”. Put
R =k[x,y]/(x? —ayP). Then J(R) = 0. Note that R is a one-dimensional
domain, so is an isolated singularity. Thus in particular J does not
define the singular locus of R.

To address this second problem, we appeal to Nagata’s Jacobian
criterion for smoothness of complete local rings [GD64, 22.7.2] (see
also [Wan94, Props. 4.4 and 4.5]).

15.17. THEOREM. Let (R,m,k) be an equidimensional complete lo-
cal ring containing its residue field k. Assume that k is perfect. Then
the Jacobian ideal J(R) of R defines the singular locus: for a prime
ideal p, Ry is a regular local ring if and only if J(R) € p. l

This immediately gives existence of faithful systems of parame-
ters, and our extension of the Harada-Sai Lemma to MCM modules.
We leave the details of the proof of existence as an exercise (Exer-

cise[15.35).

15.18. THEOREM (Yoshino). Let (R,m,k) be a complete CM local
ring containing its residue field k. Assume that k is perfect and that R
has an isolated singularity. Then R admits a faithful system of param-
eters. O

15.19. THEOREM (Harada-Sai for MCM modules). Let R be a com-
plete equicharacteristic CM local ring with perfect residue field and
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an isolated singularity. Let x be a faithful system of parameters for
R. Let My, My, ..., Man be indecomposable MCM R-modules, and
let fi: M; — M ;.1 be homomorphisms that are not isomorphisms. If
O(M/x2M;)<nforalli=0,...,2" then for_1-- fof1 ®r R/I(x?)=0.

PROOF. Set M; = M;/x2M; and f; = f; ® R/(x2). Then My <%

fon_1
. —_—

Mo is a sequence of indecomposable R/(x%)-modules, each of
length at most n, in which no f; is an isomorphism. It is too long to be
a Harada-Sai sequence, however, so we conclude for - - fof1 ®g R/(x?) =
0. O

§3. Proof of Brauer-Thrall 1

In this section we prove the following theorem, proved in the com-
plete case by Dieterich [Die87] and Yoshino [Yos87|] independently.
See also [PR90] and [Wan94]. Our proof follows [Yos90] closely.

15.20. THEOREM (Dieterich, Yoshino). Let (R,m,k) be an excellent
equicharacteristic CM local ring with perfect residue field k. Then R
has finite CM type if and only if R has bounded CM type and at most
an isolated singularity.

Of course one direction of the theorem follows immediately from
Auslander’s Theorem [7.12, and requires no hypotheses on R other
than Cohen-Macaulayness. The content of the theorem is that bounded
type and isolated singularity together imply finite type.

We begin by considering the case where R is complete and the re-
sidue field % is algebraically closed, and at the end of the section we
show how to relax these restrictions. When % is algebraically closed
and R is complete and has at most an isolated singularity, we have ac-
cess to the Auslander-Reiten quiver of R, as well as to faithful systems
of parameters. In this case, we will prove

15.21. THEOREM. Let (R,m,k) be a complete equicharacteristic CM
local ring with algebraically closed residue field k. Assume that R has
at most an isolated singularity. Let I' be the AR quiver of R and I'° a
non-empty connected component of I'. If I'° has bounded multiplicities,
that is, there exists an integer B such that e(M) < B for all [M] € I"°,
then I' =1° and I is finite. In particular R has finite CM type.

Let us be precise about what it means for I'° to be a connected com-
ponent. We take it to mean that I'° is closed under irreducible homo-
morphisms, meaning that if X — Y is an irreducible homomorphism
between indecomposable MCM modules, then [X] € I'° if and only if
[Y]eT®.
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Here is the strategy of the proof. Assume that I'° is a connected
component of I' with bounded multiplicities. We will show that for any
[M] and [N] in T, if either of [M] or [N] is in I'° then there is a path
from [M] to [N]in I', and furthermore that such a path can be chosen
to have bounded length. To do this, we assume no such path exists and
derive a contradiction to the Harada-Sai Lemma

We fix notation as in Theorem [15.21] so that (R, m, %) is a complete
equicharacteristic CM local ring with algebraically closed residue field
k and with an isolated singularity. Let I' be the AR quiver of R. By
Theorem there exists a faithful system of parameters x for R.
We say that a homomorphism ¢: M — N between R-modules is non-
trivial modulo x2 if ¢ ®p R/(x?) # 0. Abusing notation slightly, we also
say that a path in I' is non-trivial modulo x2 if the corresponding com-
position of irreducible maps is non-trivial modulo x2.

15.22. LEMMA. Fix a non-negative integer n. Let M and N be inde-
composable MCM R-modules and ¢: M — N a homomorphism which
is non-trivial modulo x2. Assume that there is no directed path in T
from [M]to [N]of length < n which is non-trivial modulo x2. Then the
following two statements hold.

(i) There is a sequence of homomorphisms
f1 fo

M =My M,y M, N

with each M; indecomposable, each f; irreducible, and the com-
position gfy - f1 non-trivial modulo x2.
(it) There is a sequence of homomorphisms

MLNn 8n Nn_l 8n-1 81 N():N

with each N; indecomposable, each g; irreducible, and the com-
position g1---gnh non-trivial modulo x2.

PROOF. We prove part (ii); the other half is similar.

If n =0, then we may simply take A = ¢: M — N. Assume there-
fore that n > 0, there is no directed path of length < n from [M] to
[N] which is non-trivial modulo x2, and that we have constructed a
sequence of homomorphisms

MlN, & BN, =N

with each N; indecomposable, each g; irreducible, and the composition
g1+ 8n—1h non-trivial modulo x2. We wish to insert an indecompos-
able module N, into the sequence, extending it by one step. There are
two cases, according to whether or not N,,_1 is free.
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If N,,_1 is not free, then there is an AR sequence 0 — 7(N,,_1) =
EX N,_1 — 0 ending in N,,_;. Since there is no path from [M] to
[N] of length n — 1, we see that A is not an isomorphism, so is not a
split surjection since M and N,_; are both indecomposable. Therefore

h factors through E, say as M —— E 2. N,_1. Write E as a direct sum
of indecomposable MCM modules E = _, E;, and decompose a and

q accordingly, M LLE2LN n—-1. Each p; is irreducible by Proposi-
tion(13.16, and there must exist at least one i such that g;---g,-1p;a;
is non-trivial modulo x2. Set N,, = E; and g, = pi, extending the se-
quence one step.

If N,,_1 is free, then N,,_1 = R, and the image of M is contained in
m since A is not an isomorphism. Let 0 — Y — X L. m—o0bea
minimal MCM approximation of m. (If dimR < 1, we take X =m and
Y =0.) The homomorphism A: M — m factors through X as M BN
X 2o, Decompose X = @;_; X; where each X; is indecomposable,
and write p =Y.!_; p;, where p;: X; — m. By Proposition each
composition X; 2L, m—R is an irreducible homomorphism, and again
we may choose i so that the composition g1---g,_1p;a; is non-trivial
modulo x2. U

15.23. LEMMA. Let I'° be a connected component of the AR quiver
T, and assume that ¢(M/x>M) < m for every [M]in T°. Let : M — N
be a homomorphism between indecomposable MCM R-modules which
is non-trivial modulo x2, and assume that either [M] or [N] is in T°.
Then there is a directed path of length < 2™ from [M]to [N]in I which
is non-trivial modulo x2. In particular, both [M] and [N] are in T° if
either one is.

PROOF. Set n = 2™, and assume that [N] is in I'°. If there is no
directed path of length < n from [M] to [N], then by Lemma [15.22
there is a sequence of homomorphisms

MLNn 8n Nn_]_ 8n-1 81 N():N

with each N; indecomposable, each g; irreducible, and the compo-
sition g1---g,h non-trivial modulo x?. Since I'° is connected, each
[N;] is in T°, so that ¢(N;/x2N;) < m for each i. By the Harada-Sai
Lemma|(15.19] g1--- g, is trivial modulo x2, a contradiction.

A symmetric argument using the other half of Lemma takes

care of the case where [M]is in I'°. O

We are now ready for the proof of Brauer-Thrall I in the complete
case. Keep notation as in the statement of Theorem [15.21
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PROOF OF THEOREM [15.21]. We have e(M) < B for every [M] in
I'°. Choose ¢ large enough that m’ < (x?), where x is the faithful system
of parameters guaranteed by Theorem[15.18 Then (see Theorem |A.21)
((M/x2M) < t3mEB for every [M]in I'°. Set m = tdimRE B

Let M be any indecomposable MCM module such that [M] is in
I'°. By NAK, there is an element z € M \sz Define ¢: R — M by
¢(1) = z; then ¢ is non-trivial modulo x2. By Lemma [15.23] m [R] is in
I'°, and is connected to [M] by a path of length <2™ inI"°.

Now let [N] be arbitrary in I'. The same argument shows that
there is a homomorphism 1: R — N which is non-trivial modulo x?,
whence [N] is in I'° as well, connected to [R] by a path of length < 2™.
Thus I' = I'°, and since I is a locally finite graph (Remark of
finite diameter, I is finite. ]

To complete the proof of Theorem we need to know that
for R an excellent isolated singularity with perfect residue field, the
hypotheses ascend along a gonflement making the residue field al-
gebraically closed, and thence to the completion, and the conclusion
descends back down to R. We have verified most of these details in
previous chapters, and all that remains is to assemble the pieces.

PROOF OF BRAUER-THRALL I (THEOREM [15.20). Let R be as in
the statement of the theorem, so that R is excellent and equicharac-
teristic, with perfect residue field. If R has finite CM type, then R has
at most an isolated singularity by Theorem [7.12, and of course R has
bounded CM type.

For the converse, we may assume that dim(R) > 0, since by Theo-
rem bounded and finite CM type are equivalent for Artinian rings.
Then R is reduced, by Proposition Let b bound the multiplic-
ities of the indecomposable MCM R-modules. Choose a gonflement
(R,m,k) — (S,n,K), where K is the algebraic closure of 2. Consider
the flat local homomorphisms

(15.23.1) R—S—S8h—3§,

By Propositions and [10.7, S* is excellent and has at most an
isolated smgularlty, and now Proposition implies that S has at
most an isolated singularity.

Let N be an arbitrary indecomposable MCM S-module. Using
Propositions [10.5, [10.7] and [10.15] and Corollary we see that
N is weakly extended from a MCM R-module M, say N X = §®R M.
Write M =V, o- éBVt, where the V; are 1ndecomposable Then NeX =
SepVi)e oS erV,). By KRS, N | S &g V; for some i and hence
es(N) < es(S®V;). But eg(S 8z V;) = er(V;) by Exercise [10.24 We
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have shown that & bounds the multiplicities of the indecomposable
MCM S-modules. Thus S has bounded CM type, and hence (Theo-
rem finite CM type. Finally, Theorem shows that R has
finite CM type. O

One cannot completely remove the hypothesis of excellence in The-
orem For example, let S be any one-dimensional analytically
ramified local domain. It is known [Mat73, pp. 138—-139] that there
is a one-dimensional local domain R between S and its quotient field
such that e(R) = 2 and R is not reduced. Then R has bounded but
infinite CM type by Theorem |4.18, and of course R has an isolated
singularity.

§4. Brauer-Thrall 11

Let (R,m,k) be a complete local ring with isolated singularity and
with algebraically closed residue field 2. The second Brauer-Thrall
conjecture, transplanted to the context of MCM modules, states that
if R has infinite CM type then there is an infinite sequence of positive
integers n1 <ng <ng<... with the following property: for each i there
are infinitely many non-isomorphic indecomposable MCM R-modules
of multiplicity n;.

Dieterich [Di1e87]] verified Brauer-Thrall II for hypersurface singu-
larities kllxo,...,xq1l/(f) where char(k) # 2. Popescu and Roczen gen-
eralized Dieterich’s results to excellent Henselian local rings [PR90]
and to characteristic two in [PR91].

In Chapter[4we proved a strong version of Brauer-Thrall II for one-
dimensional rings. Here we give a less computational proof (with mild
restrictions). This proof uses an inductive step, due to Smalg [Sma80],
for concluding, from the existence of infinitely many indecomposable
modules of a given multiplicity, infinitely many of a higher multiplicity.
This inductive step works in any dimension.

Smalg’s theorem also confirms Brauer-Thrall II for isolated singu-
larities of uncountable CM type, as we point out at the end of the sec-
tion. Smalg’s result is quite general, and we feel it deserves to be better
known.

We need two lemmas to control the growth of multiplicity as one
walks through an AR quiver. The first is a general fact about Betti
numbers [Avr98, Lemma 4.2.7].

15.24. LEMMA. Let (R,m,k) be a CM local ring of dimension d and
multiplicity e, and let M be a finitely generated R-module. Then

pr(syzl, (M) < (e - Dug(syzE (M)
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for all n >d —depth M.

PROOF. We may replace M by syzg_ depth y (M) to assume that M
is MCM. We may also assume that the residue field % is infinite, by
passing if necessary to an elementary gonflement R’ = R[¢]n[s, which
preserves the multiplicity of R and number of generators of syzygies
of M. In this case (see Appendix [A] §2), there exists an R-regular and
M -regular sequence X = x1,...,x4 such that e(R) = e(R/(x)) = ¢(R/(x)),
and we have uR(sysz M) = ,LLR/(X)(syzf/ M ®pr R/(x))). We are thus
reduced to the case where R is Artinian of length e.

In a minimal free resolution F', of M, we have syzfle (M) S mF,, so
that

(e — Dpgr(syzE (M) = ¢(mF )
> ((syz, (M)
> ug(syzk, (M),
for alln > 1. U

15.25. LEMMA. Let (R,m) be a complete CM local ring with alge-
braically closed residue field, and assume that R has an isolated sin-
gularity. Then there exists a constant ¢ = ¢(R) such that if X — Y is
an irreducible homomorphism of MCM R-modules, then e(X) < ce(Y)
and e(Y) < ce(X).

PROOF. Recall from Chapter 13| that the Auslander-Reiten trans-
late 7 is given by 7(M) = Homp (redsyzg TrM,w), where w is the canon-
ical module for R and d = dim(R). We first claim that

(15.25.1) e(t(M)) < e(e — )% e(M),

where e = e(R) is the multiplicity of R. To see this, it suffices to prove
the inequality for e(syzg (TrM)), since redsyz is a direct summand of
syz and dualizing into the canonical module preserves multiplicity. By
Lemma [15.24], we have only to prove that e(TrM) < e(e —1)e(M). Let
F{ — Fy— M — 0 be a minimal free presentation of M, so that
Fj; — F{ — TrM — 0 is a free presentation of Tr M. Then

e(Tr M) < e(F7) = e pr(syzy (M) < e(e - Dpr(M) < e(e — 1e(M),

finishing the claim.

Now to the proof of the lemma. We may assume that X and Y are
indecomposable. First suppose that Y is not free. Then there is an AR
sequence

0—17(Y)—E—Y —0
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ending in Y, and X is a direct summand of E by Proposition [13.16
Then

e(E)=e(t(Y))+e(Y)
<lee - +1]e(Y)

so e(X) <[e(e — 1)L +1]e(Y).

Now suppose that Y is free, so that Y = R. Then X is a direct sum-
mand of the minimal MCM approximation E of the maximal ideal m
by Proposition|13.16} so e(X) < e(E), and in particular e(X) is bounded
in terms of e(R).

The other inequality is similar. O

15.26. THEOREM (Smalg). Let (R,m) be a complete CM local ring
with algebraically closed residue field, and assume that R has an iso-
lated singularity. Assume that {M;|i € I} is an infinite family of pair-
wise non-isomorphic indecomposable MCM R-modules of multiplicity
b. Then there exists an integer b’ > b, a positive integer t, and a sub-
set J < I with |J| =|I| such that there is a family {Nj |j€ J} of pair-
wise non-isomorphic indecomposable MCM R-modules of multiplicity
b'. Furthermore there exist non-zero homomorphisms M; — N, each
of which is a composition of t irreducible homomorphisms.

PROOF. Set s = 2% — 1. First observe that since the AR quiver of R
is locally finite, there are at most finitely many M; such that there is
a chain of strictly fewer than s irreducible homomorphism starting at
M; and ending at the canonical module w. Deleting these indices i, we
obtain J' c 1.

Each M; is MCM, so Hompg(M;,w) is non-zero for each remaining
M;. By NAK, there exists ¢ € Hompg(M;,w) which is non-trivial modulo
x2. Hence by Lemma there is a sequence of homomorphisms

fi1 fi2 fis g
M;=N;po N; 1 N, 1 N, ¢ w

with each N; j indecomposable, each f; ; irreducible, and the composi-
tion g;f; s--- fi,1 non-trivial modulo x2.

By the Harada-Sai Lemma not all the N; ; can have mul-
tiplicity less than or equal to b. So there exists J” < J’, of the same
cardinality, and ¢ < s such that e(N; ;) > b for all i.

Applying Lemmal[15.25|to the irreducible homomorphisms connect-
ing M; to N; ;, we find that

b<elN;)<c'e(N;o)=c'b
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for some constant ¢ depending only on R. There are thus only finitely
many possibilities for e(N; ;) as i ranges over J”, and we take J"" < J"
such that e(N; ;) =b'>b for all i e J.

There may be some repetitions among the isomorphism classes of
the N; ;. However, for any indecomposable MCM module N, there are
only finitely many M with chains of irreducible homomorphisms of
length ¢ from M to N, so each isomorphism class of N;; occurs only
finitely many times. Pruning away these repetitions, we finally obtain
J =J"" <1 as desired. O

In Theorem[4.10|we proved a strong form of Brauer-Thrall II for the
case of a one-dimensional analytically unramified local ring (R, m,%).
Here we indicate how one can use Smalg’s theorem to give a much
less computational proof of strongly unbounded CM type when R is
complete and % is algebraically closed.

15.27. THEOREM. Let (R,m,k) be a complete reduced CM local ring
of dimension one with algebraically closed residue field k. Suppose
that R does not satisfy the Drozd-Roiter conditions (DR1) and (DR2)
of Chapter 4, Then, for infinitely many positive integers n, there exist
|k| pairwise non-isomorphic indecomposable MCM R-modules of mul-
tiplicity n.

PROOF. It will suffice to show that R has infinitely many non-
isomorphic faithful ideals, for then an easy argument like that in Ex-
ercise produces infinitely many non-isomorphic ideals that are
indecomposable as R-modules, and, consequently, infinitely many of
some fixed multiplicity. By Construction it will suffice to produce
an infinite family of pairwise non-isomorphic modules V; — R/c over
the Artinian pair (R/c — R/c). We follow the argument in the proof
of [Wie89, Proposition 4.2]. Using Lemmas and and Propo-
sition [3.12] we can pass to the Artinian pair A := (k¢ — D), where ei-
ther (i) dimz(D) > 4 or (ii) D = klx, y1/(x2,xy, y?). It is easy to see that
if U and V are distinct rings between 2 and D then the A-modules
U — D and V — D are non-isomorphic. Therefore we may assume
that there are only finitely many intermediate rings. The usual proof
of the primitive element theorem then provides an element a € D such
that D = k[a]. This rules out (ii), so we may assume that dimy(D) > 4.

For each ¢ € &, let I; be the k-subspace of D spanned by 1 and
a +ta?. By Exercise there are infinitely many non-isomorphic
A-modules I; — D as ¢t varies over k. [

In higher dimensions, one cannot hope to prove the base case of
Brauer-Thrall II by constructing an infinite family of MCM ideals. At
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least for hypersurfaces, there are lower bounds on the ranks of stable
MCM modules (Corollary (15.29| below). These bounds depend on the
following theorem of Bruns [Bru81, Corollary 2]:

15.28. THEOREM (Bruns). Let R be a commutative Noetherian ring
and M a finitely generated R-module which is free of constant rank r.
Let N be a second syzygy of M, and set s =rankN. If M is not free, then
the codimension of the non-free locus of M is <r+s+1. [

15.29. COROLLARY. Let (R,m) be a hypersurface ring, and suppose
that the singular locus of R is contained in a closed set of codimension
c. Let M be a non-zero stable MCM module of constant rank r. Then
r> %(c -1).

PROOF. Since R is a hypersurface and M is stable MCM, Proposi-
tion[8.6]says that the second syzygy of M is isomorphic to M. Moreover,
the non-free locus of M is contained in the singular locus of R by the
Auslander-Buchsbaum formula. Therefore c is less than or equal to
the codimension of the non-free locus of M. The inequality in Theo-
rem now gives the inequality ¢ < 2r+1. O

15.30. COROLLARY. Let (R,m) be a hypersurface ring, and assume
R is an isolated singularity of dimension d. Let M be a non-zero stable
MCM module of constant rank r. Then r > %(d —1). [

This bound is probably much too low. In fact, Buchweitz, Greuel
and Schreyer [BGS87] conjecture that » > 2972 for isolated hyper-
surface singularities. Still, the bound given in the corollary rules out
MCM ideals once the dimension exceeds three.

Suppose, for example, that R = C[[xo,xl,xg,xg,x4]]/(x§ + xi’ + x% +
xg +xi). This has uncountable CM type, by the results of Chapters @
and Every MCM ideal of R, however, is principal, by the Corollary
above. On the other hand, since R has uncountable CM type there
must be some positive integer r for which there are uncountably many
indecomposable MCM modules of rank r. Of course this works when-
ever we have uncountable CM type:

15.31. PROPOSITION. Let (R, m,k) be a CM local ring with uncount-
able CM type. Then Brauer-Thrall II holds for R. 0

Using the structure theorem for hypersurfaces of countable CM
type, we can recover Dieterich’s theorem [Die87], as long as the ground
field is uncountable:
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15.32. THEOREM (Dieterich). Let (R,m,k) be a complete hypersur-
face singularity which is an isolated singularity. Assume k is uncount-
able, algebraically closed, and of characteristic different from two. If R
has infinite CM type, then Brauer-Thrall II holds for R.

PROOF. Since R is an isolated singularity and does not have finite
CM type, Theorem [14.16/ensures that R has uncountable CM type. [

§5. Exercises

15.33. EXERCISE. Prove Lemma (15.12; For any ring I' and any
quotient ring A = I'/I, the annihilator Annr/ annihilates Ext%(A,K )
for every I'-module K.

15.34. EXERCISE. Let R be a Noetherian ring and T a subring over
which R is finitely generated as an algebra. Prove that J7(R) < $H7(R).

15.35. EXERCISE. Fill in the details of the proof of Theorem
show by induction on j that there exist regular local subrings T1,...,T)
and elements x; € J7,(R) such that x1,...,x; is part of a system of pa-
rameters. For the inductive step, use prime avoidance.

15.36. EXERCISE. Suppose that x = x1,...,x4 is a faithful system
of parameters in a local ring R. Prove that R has at most an isolated
singularity.

15.37. EXERCISE. Let k be an infinite field and D a k-algebra with
4 <d :=dimz(D) < co. Assume there is an element a € D such that D =
Elal. For te k,let I; = k+k(a+ta?), and consider the (¢ — D)-modules
I; — D. For fixed t € k, show that there are at most two elements u € &
for which I,, — D and I; — D are isomorphic as (¢ — D)-modules. (It
is helpful to treat the cases d =4 and d > 4 separately.)






CHAPTER 16

Finite CM Type in Higher Dimensions

The results of Chapters and [7] give clear descriptions of the
CM local rings of finite CM type in small dimension. For dimension
greater than two, much less is known. Gorenstein rings of finite CM
type are characterized by Theorem but there are only two non-
Gorenstein examples of dimension greater than two in the literature.
In this chapter we describe these examples, and also present the theo-
rem of Eisenbud and Herzog that these examples, together with those
of the previous chapters, encompass all the homogeneous CM rings of
finite CM type.

§1. Two examples

We give in this section the two known examples of non-Gorenstein
Cohen-Macaulay local rings of finite CM type in dimension at least 3.
They are taken from [AR89]. We also quote two theorems from [AR89]
to the effect that each example is the only one of its kind.

First we strengthen Brauer-Thrall I, Theorem slightly for
non-Gorenstein rings.

Let (R,m,k) be a complete equicharacteristic CM local ring with
algebraically closed residue field £, and assume that R has an isolated
singularity. It follows from Theorem that if € = {M4,...,M,} is
a finite set of indecomposable MCM R-modules which is closed un-
der irreducible homomorphisms (i.e. for an irreducible homomorphism
X — Y between indecomposable MCM modules, we have X € € if
and only if Y € €), then R has finite CM type and ¥ contains all
the indecomposables. When R is not Gorenstein, a slightly weaker
condition suffices. Say that a set € of indecomposable MCM mod-
ules is closed under AR sequences if for each indecomposable non-
free module M € ¥, and each indecomposable module N € ¥ not iso-
morphic to the canonical module w, all indecomposable summands
of the terms in the AR sequences 0 — (M) — E — M — 0 and
0—N—E —1(N)—0arein %.

16.1. PROPOSITION. Let (R,m,k) be a complete equicharacteristic
CM local ring with algebraically closed residue field k and with an

283
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isolated singularity. Assume that R is not Gorenstein. If € is a set of
indecomposable MCM R-modules which contains R and the canonical
module w, and is closed under AR sequences, then € is closed under
irreducible homomorphisms. If in addition € is finite, then R has finite
CM type.

PrOOF. The last sentence follows from the ones before by Theo-
rem [15.21]

Let f: X — Y be an irreducible homomorphism with X and Y in-
decomposable MCM R-modules. Assume that Y € €; the other case is
dual. We may assume that X Zw. If Y Z R, then there is an AR se-
quence endinginY: 0 — 1Y — E 2.y —o. By Proposition
f is a component of p, so in particular X | E. Since ¥ is closed under
AR sequences, X € €.

IfY 2R, thenY Z w. There is thus an AR sequence beginningin Y':
0—Y — E — 17'Y — 0. By Exercise f: X — Y induces an
irreducible homomorphism 771f: 771X — 771Y. Since 77Y Z R, the
first case implies that 771X € ¢, whence X € € and we are done. [

16.2. EXAMPLE. Let S = kllx,y,z,u,v]l and put R =S/(yv—zu,yu —
xv,xz — y2), where k is an algebraically closed field of characteristic
different from 2. Then R has finite CM type.

Define matrices over S

y=[yv-zu yu-xv xz—yz] and Q=

[N
< N

so that the entries of 1 are the 2x2 minors of ¢, and we have R = cok .
Then the S-free resolution of R is a Hilbert-Burch type resolution

4 v

0 S@ S®) S R 0.

In particular, R has depth 3. The regular sequence x, v, z—u is a
system of parameters, so R is CM. Since the characteristic of % is not
2, the Jacobian criterion (Theorem implies that R is an isolated
singularity, whence in particular a normal domain.

The canonical module w = EX'L%.(R ,S) is presented over R by the
transpose of the matrix ¢. This is easily checked to be isomorphic to
the ideal (u,v). (The natural map from w to (—v,u) is surjective and
has kernel of rank zero, so is an isomorphism.)

Set I = (x,y,u) and J = (x,y,z). Each is an ideal of height one in
R, with quotient a power series ring of dimension 2, so is a MCM R-
module. We also have I = redsyzt(w) and J = I' = Homg(I,0). By
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Exercise [16.10, we have I = w* as well. Therefore, in the class group
CI(R), we have [w] = —[I].
Let us compute the AR translates
(=) = redsyzZ (Tr(-))" = (redsyzf (-*))",
by (12.3.2). We have
(I)= redsyzlf(l"‘)V = redsyzlf(w)V =1'=4.
Similarly
(W) = redsyzjff(a)*)V = redsyzf(l)v .

Set M = 1redsyzli2 (I)Y, a MCM R-module of rank 2 which is indecompos-
able by Proposition [13.4] so that 7(w) = M. To finish the AR trans-
lates, note that J* is isomorphic to the ideal (x,u?) and that J =
redsyzZ ((x,u?)), whence 7(J) = J' ZI. Finally t(M) = (I*)" =R.

The syzygy module M" = redsyzjiB ((x,y,u)) is generated by the fol-
lowing six elements of R®: the Koszul relations

0 —u -y
z1=|-u|, z2=| 0|, z3=| x|,
y X 0

and the three additional relations

i) )

Define homomorphisms f: w — M"Y, g: o — M",and h: [ — M" by
fw=z1, [f)=24,
gw)=z2, g)=2zs,
h(x)=z3, h(y)=z6, h@w)=(-v u 0)°

One checks easily that f, g, and & are well-defined, and that the sum
(f,g,h): 0P eI — M is surjective. Letting H be the kernel, we have,
in the divisor class group CI(R),

[H]=2[w]eI-[M"]= —[I]—[redsyzf(I)] =-[I1+[1]1=0.

Moreover, [H] has rank 1 and therefore is isomorphic to R. Thus we
have a non-split short exact sequence

(16.2.1) 0—R—ow?el — M —0.
Dualizing gives another non-split short exact sequence

(16.2.2) 0—M—RPsJ — w— 0.
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To show that these are both AR sequences, it suffices to prove that
the stable endomorphism ring End,(w) is isomorphic to 2. Indeed, in
that case Proposition reads

Extg(w,7(w)) = Homg (Endg (0), Er (k) = &

so that any non-split extension in Ext}z(w,M ) represents the AR se-
quence.

Since wl' = (x,y,2,u,v) for I' = (3, i,l) I, Exercise implies
that multiplication by any r € (x,y,z,u,v) factors through a free mod-
ule. Thus Endg(w) = %, and both and are AR se-
quences.

For the AR sequence ending in </, note that we already have an
arrow M — oJ in the AR quiver. The AR sequence ending in J has
rank-one modules on both ends, so the middle term has rank two. The
middle term is thus isomorphic to M, and we have the AR sequence

0—I—M—J—0.

We also have an arrow I — M"Y, so we must have M = M". Finally, the
AR quiver is already known to contain arrows J — w and R — I, so
the AR sequence ending in [ is

0—J—Row—I1—0.
The set {R,w,I,J,M} is thus closed under AR sequences, so that R has

finite CM type by Proposition [16.1, and the AR quiver looks like the
one below.

w

The ring of Example is an example of a scroll. Let (m1,...,m;)
be positive integers with m1 > mg9 > --- > m,., and consider a matrix of
indeterminates

x = |*¥L0 v Xmp-1
X11 ot X1mg

Xr0 ° Xrm,-1
Xra1 - Xr,m,



§1. TWO EXAMPLES 287

over an infinite field 2. The quotient ring R = k[[x;;]l / I5(X) by the ideal
of 2 x 2 minors of X is called a (complete) scroll of type (m1,...,m;).
Replacing the power series ring kl[lx;;Il by the polynomial ring &[x;;]
gives the graded scrolls. In either case, R is a CM normal domain of
dimension r + 1 and has an isolated singularity.

If r =1, then the complete scroll R is isomorphic to the invariant
ring k[u™,u™ 1v,...,v™], so has finite CM type by Theorem IfR
has type (1,1), then R = k[lx,y,z, wll/(xy — zw) is a three-dimensional
(A1) hypersurface singularity, so again has finite CM type. The ring of
Example[16.2]is of type (2,1). These are the only examples with finite
CM type:

16.3. THEOREM (Auslander-Reiten). Let R be a complete or graded
scroll of type different from (m), (1,1), and (2,1). Then R has infinite
CM type. ]

Auslander and Reiten prove Theorem by constructing an infi-
nite family of rank-two graded MCM modules over the graded scrolls
klx;j1/I2(X). For example, assume that R is a graded scroll of type
(n,1), with n > 3. Then R is the quotient of the polynomial ring
klxo,...,xn,u,v] by the 2 x 2 minors of the matrix

X0 vt Xp-1 U
X1 Xn v

so is a three-dimensional normal domain. Set A = (xg,xoxl,...,xoxn)
and B = (x(z),xoxl, ey, X0Xn—1,%0u%). Then both A and B are indecompos-
able MCM R-modules of rank one. For 1 € &k, let M) be the submodule
of R® generated by the vectors a; = (x9x;-1,0) for 1 < j<n, aps1 =
(xou,0), a; =(0,x0xj_p—2) for n +2 < j < 2n, agp+1 = (xou,x0x,-1), and

) . B
Qon+o = (x1u + Axov,x9x,). Then we have a natural inclusion B — M
. . a
and a surjection M — A.

Auslander and Reiten show that for each A the sequence 0 —

B R M, 2, A—0is exact, so that M, is MCM. Furthermore an

isomorphism f: M) — M, induces an isomorphism between the cor-
responding extensions, which forces A = u. The modules {M}},¢; thus
form an infinite family of rank-two MCM modules.

The case of type (m1,mao,...,m,) with mg+---+m, > 2 is handled
similarly.

Here is the other example of this section.

16.4. EXAMPLE. Let R be the invariant ring of Example [5.24] so
that % is a field of characteristic different from 2, S = k[lx,y,z]l, G is
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the cyclic group of order 2 with the generator actingon V =kxekyokz
by negating each variable, and R = S¢ = k[[x2,xy,xz,y2,yz,2z2]l. Then
R has finite CM type.

Let £ denote the trivial representation of G, and k_ the other ir-
reducible representation. Note that V = £_®). The Koszul complex

3 2
0—>S®k/\V—>S®k/\V—>S®kV—>S—>k—>O

resolves & both over S and over the skew group ring S#G. Replacing
V by £_® and writing S_ =S & k_, we get

(16.4.1) 0—S —8®» -8 ® .5 1 —0.
Tensor with %_ to obtain an exact sequence
(16.4.2) 0—S8—8® -8g® .5 ~r —o0.

As in Example we find that the fixed submodule S_¢ is the R-
submodule of S generated by (x,y,z). In particular, we have S = SC¢e
S_% as R-modules. Since S is Gorenstein, we must have Homg(S,w) =
S, where w is the canonical module for R. In particular R 0S_C¢ =
w®(S_%)". As R is not Gorenstein, this implies that v =S_C.
Applying (-) to the resolution of k_ gives an exact sequence of
R-modules
(3)

0—R—ow® —R® —y—o.

Set M = redsyzf’ (w), the kernel in the middle of this sequence, so that
we have two short exact sequences

0—R—o® —M—o0,
0—M-—R® —w—0.

By the symmetry of the Koszul complex, the canonical dual of the first
sequence is isomorphic to the second, so that MY = M. Furthermore
the square of the fractional ideal w = (x,y,z)R is isomorphic to the
maximal ideal of R, so that w* = w. These allow us to compute the AR
translates

T(w) = (redsyzy (0* ) =M= M
and
(M) = (redsyzE (M*))' 20" =R.

As in the previous example, the fact that w? = (x2,xy,xz,y2, yz,22) is
the maximal ideal of R implies that End,(w) = &, so that Extll%(a),M ) is
one-dimensional and

0—M—R® —up—0
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is the AR sequence for w. Dualizing gives
0—R—0w®—M—0,

the AR sequence for M.

The set of MCM modules {R,w,M} is thus closed under AR se-
quences, so that R has finite CM type by Proposition and the
AR quiver is below.

R—=0w

\
\
|
/
/
/
M -

As with the earlier example, the ring of Example is the only
one of its kind with finite CM type. The proof is more involved than in
the earlier case; see [AR89].

16.5. THEOREM (Auslander-Reiten). Let S = kllx1,...,x, 1, where k
is an algebraically closed field and n > 3. Let G be a finite non-trivial
group acting faithfully on S, such that |G| is invertible in k. Then the
invariant ring R = 8% is of finite CM type if and only if n =3 and G is
the group of order two, where the generator sends each variable to its
negative. O

§2. Classification for homogeneous CM rings

Together with the results of previous chapters, the examples of the
previous section exhaust the known CM complete local rings of finite
CM type. There is no complete classification known. For homogeneous
CM rings, however, there is such a classification, due to Eisenbud and
Herzog [EH8S].

Let £ be an algebraically closed field of characteristic zero, and
let R = @), R, be a positively graded k-algebra, generated in degree
one and with Ry = k. We call such an R a homogeneous ring. We
further say that a CM homogeneous ring R has finite CM type if, up
to isomorphism and shifts of the grading, there are only finitely many
graded MCM R-modules.

16.6. THEOREM (Eisenbud-Herzog). Let R be a CM homogeneous
ring. Then R has finite CM type if and only if R is isomorphic to one of
the rings in the following list.

(i) klxg,...,x,] for some n > 0;



290 16. FINITE CM TYPE IN HIGHER DIMENSIONS

(i) k[xo,...,xn]/(x% +-- -x%) for some n > 0;
(iit) k[x]/(x™) for some m > 1;
(iv) klx,yl/(xy(x+y)), a graded (D4) hypersurface singularity,
() klx,y,z)(xy,yz,x2);
i) klxo,...,xm]1/I2 [ 7 %21, a graded scroll of type (m) for some
m>=1;
(vii) klx,y,z,u,vl/I2[3 % v |, @ graded scroll of type (2,1); and
(viii) k[x,y,z,u,v,w]/Ig(A), where A is the generic symmetric 3 x 3
matrix

A=

y z
u v
v w

N R

The rings in (vii) and are homogeneous versions of the rings
in Examples and In particular
klx,y,z,u, v,w]/Ig(A) = k[xz,xy,xz,y2,yz,22]

as non-homogeneous rings, though the ring on the right is not gener-
ated in degree one.

The classification follows from verifying Conjecture for CM
homogeneous domains:

16.7. THEOREM. Let R be a CM homogeneous domain of finite CM
type. Then for any maximal regular sequence x of elements of degree
1in R, the quotient R' = R/(x) satisfies dim; R), <1 for all n > 2. In
particular, if R is not Gorenstein then R has minimal multiplicity, i.e.

e(R)=pr(m)—dimR +1,
where m =7 | R, is the irrelevant maximal ideal of R.

Artinian homogeneous rings satisfying the condition dim; R), <1
for all n > 2 are called stretched [Sal79]. Equivalently, R,_; # 0, where
e = e(R) is the multiplicity and ¢ = dimj R is the embedding dimension
of R.

PROOF OF THEOREM [16.6], ASSUMING THEOREM [16.7,  Assume
R is not the polynomial ring. If R has dimension zero, then by Theo-
rem it is a principal ideal ring, so isomorphic to k[x]/(x™) for some
m > 1. If dimR = 1, then by the graded version of Theorem .13 R is
a finite birational extension of an ADE hypersurface singularity; the
only homogeneous rings among these are (ii) with n =1, (iv), and ().

Now assume that R has dimension at least 2. If R is Gorenstein,
then by Theorem it is an ADE hypersurface singularity of mul-
tiplicity 2. Since R is homogeneous, this implies that R is the (A1)
hypersurface of (ii). Thus we may assume that R is not Gorenstein.
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By Theorem R is an isolated singularity. In particular, by
Serre’s criterion (Proposition R is a normal domain and has mini-
mal multiplicity by Theorem [16.7, The homogeneous domains of min-
imal multiplicity are classified by the Del Pezzo-Bertini Theorem (see
for example [EH87]). The ones with isolated singularities are

(a) (A1) hypersurface rings k[x,... ,xn]/(xg +eeet x,zl);

(b) graded scrolls of arbitrary type (m1,...,m,); and

(¢) the ring of (vi1i).
Each ring in the first and third classes has finite CM type, while the
only graded scrolls of finite CM type are those of type (m), (1,1) (also
an (A1) hypersurface), and (2,1) by Theorem [16.3 U

We sketch the proof that CM homogeneous rings of finite CM type
are stretched. Let x =x1,...,x4 be a maximal regular sequence of ele-
ments of degree one in R, set R’ = R/(x), and assume that dim; R, >
2 for some ¢ > 2. For each u € R, let L, = R'/(u), and set M, =
redsyzfiE (Ly). Then each M, is a graded MCM R-module. Eisenbud
and Herzog show:

(a) there is an upper bound on the ranks of the M,;

(b) each M, has a unique (up to scalar multiple) generator f, of
degree d, and all other generators have degree > d; and

(c) if we denote by E the image of f,, in M,/xM,, then AnnR(E) =
AnnR (Ly).

See the Exercises for proofs of these assertions. Assuming them, we
can show that R is of infinite CM type. Indeed, if M, = M, for u,u’ €
R/, then M,/xM, = M, //xM,, via an isomorphism taking Rf,toRf,.
It follows that the annihilators of L, and L, are equal, and in particu-
lar (1) = (u') as ideals of R'. But since dimy R/, > 2, there are infinitely
many ideals of the form (u) for u € R,. The bound on the ranks of the
M, thus implies that R has infinite CM type.

§3. Exercises

16.8. EXERCISE. In the notation of Proposition[16.1} let 0 — N —
E — 1IN — 0 be an AR sequence and f: N — Z a homomorphism
between indecomposable MCM modules with Z Z w. Prove that there
is an induced homomorphism 77 1f: 1IN — 771Z, and that t71f is
irreducible if f is.

16.9. EXERCISE. Let R be a Noetherian domain and I an ideal of
R. Assume that there is a fractional ideal J of R such that IJ € R.
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Show that multiplication by an element r € I/, as a homomorphism
I — I, factors through a free R-module.

16.10. EXERCISE. Let L =(a,b) be a two-generated ideal of a ring
R. Assume L contains a non-zerodivisor, andlet L™ = {a € K | aL <R},
where K is the total quotient ring. Prove that there is a short exact

b
sequence 0 — L1 ] R® 198, 1 .0 sothat L~ is isomorphic
to syzlf(L). Prove that L™1 = L*.

16.11. EXERCISE. In the setup of the proof of Theorem [16.7] prove
item (a), that the ranks of the modules M,, are bounded, by showing
that the lengths of L, are bounded and that

rank(redsyzjﬁla (L)) < ((L)rank(redsyzf;2 (k)
for a module L of finite length.

16.12. EXERCISE. Prove (b) from the proof of Theorem [16.7 by con-
structing a comparison map between the R-free resolution F. of L,
and the Koszul complex K. on the regular sequence x. Show by induc-
tion on i that the induced maps K;/mgrK; — Fij/mgF; are all injective,
so that K. is a direct summand of F.. Finally, show that the minimal
generators of the quotient F;/K; are all in degrees > i.

16.13. EXERCISE. Continuing the notation of Exercise(16.12, prove
that the kernel of the map M,/xM, — F;_1/xF;_1 is isomorphic to
the d'* Koszul homology of x on L,, which is L,. Conclude that the
generator f, of K;/xK, has annihilator equal to that of L.



CHAPTER 17

Bounded CM Type

In this chapter we classify the complete equicharacteristic hyper-
surface rings of bounded CM type with residue field of characteristic
not equal to 2. It is an astounding coincidence that the answer turns
out to be precisely the same as in Chapter The hypersurface rings
of bounded but infinite type are the (A,,) and (D) hypersurface sin-
gularities in all positive dimensions. Note that the families of ideals
showing (countable) non-simplicity in Lemma for certain classes
of hypersurface rings do not give rise to indecomposable modules of
large rank; thus there does not seem to be a way to use the results of
Chapter|14|to demonstrate unbounded CM type directly.

We also classify the one-dimensional complete CM local rings con-
taining an infinite field and having bounded CM type. There is only
one additional isomorphism type, which we have seen already in Ex-
ample (14.23, The explicit classification, together with the results of
Chapter |2, allows us to show that bounded type descends from the
completion in dimension one.

§1. Hypersurface rings

To classify the complete hypersurface rings of bounded CM type,
we must use Knorrer’s results from Chapter |8 to reduce the problem
to the case of dimension one. Recall (Definition [15.2) that bounded CM
type was defined in terms of multiplicities of indecomposable MCM
modules. It will be more convenient in what follows to find bounds on
the minimal number of generators of MCM modules; luckily, this is the
same as bounding their multiplicity. We leave the proof of this fact as
an exercise (Exercise [17.12).

17.1. LEMMA. Let A be a CM local ring. Then R has bounded CM
type if and only if there is an integer b such that ur(M) < b for each
indecomposable MCM R-module M. [

17.2. PROPOSITION. Let R = S/(f) be a complete equicharacteristic

hypersurface singularity, where S = kllxg,...xq1l and f is a non-zero
non-unit of S. Set R* = S[z1/(f + z2), the double branched cover of R.

293
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(i) If R! has bounded CM type, then R has bounded CM type.

(it) If the characteristic of k is not 2, then the converse holds as well.
More precisely, if ur(M) < B for each indecomposable MCM R-
module, then up:(N) < 2B for each indecomposable MCM RI-
module N.

PROOF. Assume that R has bounded CM type, and let B bound
the minimal number of generators of MCM R®-modules. Let M be an
indecomposable non-free MCM R-module. Then by Proposition [8.15
MY = Me syzf(M ), so M is a direct summand of M®. Decompose
M*" into indecomposable MCM Rf-modules, M# = N; ®---® N;. Then
M?P = Nlb ®--- éBNtb, and by KRS M is a direct summand of some ij.
Since ,uR(NJ-b) = ug:(N;) for each j, we have ur(M) <B.

For the converse, assume that ur (M) < B for every indecomposable
MCM R-module M, and let N be an indecomposable non-free MCM
R'-module. By Proposition |8.18, N = N e syzlfu(N ). Decompose N°
into indecomposable MCM R-modules, N b=M,®---® M. Then N =
Mi'e---@ M. By KRS again, N is a direct summand of some Mjﬂ. It
will suffice to show that pg:(M jti) < 2B for each ;.

By (i) of Lemma [8.17, M is stable, and we have

ugs (M) = up(M ;) = g (M) + g (syz5 (M)

by Proposition But since M is a MCM R-module, all of its Betti
numbers are equal to ugr(M;) by Proposition Thus pur(M jﬁb) =
2up(M;) < 2B. If, on the other hand, M; = R, then M;* = R’ and
s0 upi(M;*) =1. O

Our next concern is to show that a hypersurface ring of bounded
CM type has multiplicity at most two, as long as the dimension is at
least two. This is a corollary of the following impressive theorem due
to Kawasaki [Kaw96, Theorem 4.1], proven originally in the graded
case by Herzog and Sanders [HS88]. (A similar result was obtained by
Dieterich [Di1e87]] using a theorem on the structure of the AR quiver of
a complete isolated hypersurface singularity.) Recall that an abstract
hypersurface ring is a Noetherian local ring (A, m) such that the m-adic
completion A is isomorphic to B/(f) for some regular local ring B and
non-unit f.

17.3. THEOREM. Let (A,m) be an abstract hypersurface ring of di-
mension d. Assume that the multiplicity e = e(A) is greater than 2.
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Then for each n > e, the module syz‘:} L1(A/m™) is indecomposable and

d+n—1)

HR (Syz‘3+1 (A/mn)) > ( d—1

O

We omit the proof. Putting Kawasaki’s theorem together with Her-
zog’s Theorem we have the following result.

17.4. PROPOSITION. Let (R,m,k) be a Gorenstein local ring of di-
mension at least two, and assume that R has bounded CM type. Then
R is an abstract hypersurface ring of multiplicity at most 2. ]

When the hypersurface ring in Proposition [17.4] is complete and
has an algebraically closed coefficient field of characteristic other then
2, we can show by the same arguments as in Chapter [9] that it is an
iterated double branched cover of a one-dimensional hypersurface ring
of bounded type.

17.5. THEOREM. Let k be an algebraically closed field of charac-
teristic not equal to 2, and let R = kllxo,...,xq/(f), where f is a non-
zero non-unit of the formal power series ring and d > 2. Then R has
bounded CM type if and only if R = kllx ...,xq1/(g + xg 4+ +x§) for
some non-zero g € kllxg,x1]l such that kllxg,x11/(g) has bounded CM
type. [

Notice that assumption that g be non-zero is essential, in view of
Proposition

§2. Dimension one

The results of the previous section reduce the problem of classify-
ing hypersurface rings of bounded CM type to dimension one. In this
section we will deal with those one-dimensional hypersurface rings, as
well as the case of non-hypersurface rings of dimension one.

Our problem breaks down according to the multiplicity of the ring.
Recall from Theorem that over a one-dimensional CM local ring
of multiplicity 2 or less, every MCM R-module is isomorphic to a direct
sum of ideals of R, whence R has bounded CM type. If on the other
hand R has multiplicity 4 or more, then by Proposition R has an
overring S with ur(S) > 4, and then we may apply Theorem to
obtain an indecomposable MCM module of constant rank n for every
n>1.

Now we address the troublesome case of multiplicity three for com-
plete equicharacteristic hypersurface rings. Let R = k[[x, y1l/(f), where
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k is a field and f € (x,y)® \ (x,y)*. If R is reduced, we know by Theo-
rem that R has bounded CM type if and only if R has finite CM
type, that is, if and only if R satisfies the condition

(DR2) @%R is cyclic as an R-module.

Hence we focus on the case where R is not reduced. Our strategy will
be to build finite birational extensions S of R satisfying the hypothesis
of Theorem that ug (25£) > 2, or equivalently pug (22) > 2.

17.6. THEOREM. Let R = kllx,ylI/(f), where k is a field and f is a
non-zero non-unit of the formal power series ring kllx, y]l. Assume that

(1) e(R)=3;
(i) R is not reduced; and
(iit) R Z kllx, yI/(x>y).

For each positive integer n, R has an indecomposable MCM module of
constant rank n.

PROOF. We know f has order 3 and that its factorization into ir-
reducibles has a repeated factor. Thus, up to a unit, we have either
f =g2 or f = g2h, where g and h are irreducible elements of £[[x, yIl of
order 1, and, in the second case, g and A are relatively prime. After a
k-linear change of variables we may assume that g = x.

In the second case, if the leading form of A is not a constant multi-
ple of x, then by another change of variable [ZS75,, Cor. 2, p. 137] we
may assume that A = y. This is the case we have ruled out in (iii).

Suppose now that the leading form of 4 is a constant multiple of
x. By Corollary to the Weierstrass Preparation Theorem, there
exist a unit © and a non-unit power series g € kl[yll such that A =
u(x+q). Moreover, q € y?k[y]l (since the leading form of % is a constant
multiple of x). In summary, there are two cases to consider:

(a) f=x2.
(®) f =x%(x + q) for some 0 # g € y2E[y].

Let m = (x,y) be the maximal ideal of R. We must show that R has
a finite birational extension S such that ugr(S) =3 and mS/m is not
cyclic as an R-module. We sketch the arguments, leaving the details
to the reader.

In case (@) we put S =R [%] =R +R% +R§—i. Clearly ugr(S) =3,

and one checks that mzlg‘i - is two-dimensional over R/m.

Assume now that we are in case (b). One can argue by descending
induction that it suffices to consider the case where q has order 2 in

2
kllyll. Put u = %, v = x;#, and S = R[u,v]. Once again this can be
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seen to satisfy the assumptions of Theorem and this finishes the
proof. U

The argument in the proof of Theorem does not apply to the
(Do) hypersurface singularity R = kllx, yI/x?y) = kllu, vI/(w?v — u?).
One adjoins the idempotent Z‘—; to obtain a ring isomorphic to k[[v]l x
Ellu,v]/(u?), whose integral closure is k]l x U2, R [%]. From this
information one can easily check that mS/m is a cyclic R-module for
every finite birational extension S of (R, m), so we cannot apply Theo-
rem However, the calculations in Chapter[14]do indeed verify that
the one-dimensional (A,,) and (D) hypersurface rings have bounded
type. Combining this with Theorem [17.6, we have a complete classi-
fication of the complete one-dimensional equicharacteristic hypersur-
face rings of bounded CM type.

17.7. THEOREM. Let k be an arbitrary field, and let R = kllx, yll/(f)
be a complete hypersurface ring of dimension one, where f is a non-zero
non-unit. Then R has bounded but infinite CM type if and only if R is
isomorphic either to the (As) singularity or to the (Do) singularity.

Further, if R has unbounded CM type, then R has, for each positive
integer r, an indecomposable MCM module of constant rank r. ]

Turning now to the non-hypersurface situation in multiplicity 3,
we have the following structural result for the relevant rings.

17.8. LEMMA. Let (R, m,k) be a one-dimensional local CM ring with
k infinite, and suppose e(R) = ur(m) =3. Let N be the nilradical of R.
Then:
(i) N2=0.
(i) pr(N) < 2.
(iit) If ur(N) = 2, then m is generated by three elements u, v, w such
that m? =mu and N = Rv + Rw.
(iv) If ur(N) =1, then m is generated by three elements u, v, w such
that m? =mu, N = Rw, and vw = w? =0.

PROOF. Since the residue field of R is infinite, we can find a mini-
mal reduction for m, that is, a non-zerodivisor u € m such that m**! =
um’ for all n > 0. Now, using the formula

(17.8.1) ur(J) <e(R)—e(R/J)

for an ideal J of height 0 in a one-dimensional CM local ring R (The-
orem [A.29({ii)), it is straightforward to show (i) and (ii). The other two
assertions are easy as well. U
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17.9. THEOREM. Let k be an infinite field. The following is a com-
plete list, up to k-isomorphism, of the complete, equicharacteristicc CM

local rings of dimension one with bounded but infinite CM type and
with residue field k:

(i) the (As) hypersurface singularity kllx, yl/(x?);
(ii) the (Do) hypersurface singularity kllx, yl/(x%y);
(iti) the endomorphism ring E of the maximal ideal of the (D) sin-
gularity, which satisfies

E= k[[x,y,z]]/(yz,x2 —Xz,x2 —2%= k[[a,b,c]]/(ab,ac,c2).

Moreover, if (R,m,k) is a one-dimensional, complete, equicharacteristic
CM local ring and R does not have bounded CM type, then R has,
for each positive integer r, |k| pairwise non-isomorphic indecomposable
MCM modules of constant rank r.

PRrROOF. The (Ay) and (D) hypersurface rings have bounded but
infinite CM type by the calculations in Chapter [14] In Example
we showed that E has the presentations asserted above, and that E
has countable CM type. More precisely, we used Lemma[4.9]to see that
the indecomposable MCM E-modules are precisely the non-free inde-
composable MCM modules over the (D) hypersurface ring, whence E
has bounded but infinite CM type as well.

To prove that the list is complete and to prove the “Moreover”
statement, assume now that (R, m,%) is a one-dimensional, complete,
equicharacteristic CM local ring with % infinite, and that R has infinite
CM type but does not have indecomposable MCM modules of arbitrar-
ily large constant rank. We will show that R is isomorphic to one of
the rings in the statement of the Theorem. As above, we proceed by
building finite birational extensions of R to which we may apply The-
orem [4.2]

If R is a hypersurface ring, Theorem tells us that R is iso-
morphic to either k[[x, yI/(x?) or kllx, yI/(x%y). Thus we assume that
pr(m) > 3. But e(R) < 3 by Theorem[4.2land we know by Exercise[I1.53
that e(R) > ugr(m) —dimR + 1. Therefore we may assume that e(R) =
ur(m) = 3. Thus we are in the situation of Lemma Moreover, we
may assume that R is not reduced, else we are done by Theorem
so R has non-trivial nilradical N.

If N requires two generators, then by Lemma [17.8[{i11), we can find
elements u, v, w in R such that m = Ru + Rv+ Rw, u is a minimal

reduction of m with m? = mu, and N = Rv+Rw. Put S =R|%,%].
It is easy to verify (by clearing denominators) that {1, %, %} is a min-
imal generating set for S as an R-module, and that the images of
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and 3 form a minimal generating set for m—nf Thus R has indecompos-
ables of arbitrarily large constant rank by Theorem and our basic
assumption is violated.

We may therefore assume that N is principal. This is the hard
case of the proof; we sketch the argument, and point to [LWO05] for the
details. Using Lemma [17.8|{iv), we once again find elements u, v, w in
R such that m = Ru + Rv + Rw, u is again a minimal reduction of m
with m? = mu, and N = Rw with vw =w? =0.

Since v? € mu < Ru, we see that R/Ru is a three-dimensional k-
algebra. Further, since N, (Ru") =0, it follows that R is finitely gener-
ated (and free) as a module over the discrete valuation ring D = k[[u]l.
One checks that R =D + Dv + Dw (and therefore {1,v,w} is a basis for
R as a D-module).

In order to understand the structure of R we must analyze the
equation that puts v2 into um. Thus we write v2 = u"(au + v + yw),
where r > 1 and «a, B, y € D. Since u is a non-zerodivisor and vw =
w? =0, we see immediately that a = 0. Thus we have

vi=u"(fv+yw),

with f and y in D. Moreover, at least one of f and y must be a unit of
D.

Ifr>2 putS= R[%, %]. This finite birational extension forces
R to have indecomposables of arbitrarily large constant rank by Theo-
rem 4.2, so we must have v? = u(fv+yw) with , y € D and at least one
of B, vy a unit of D. We will produce a hypersurface subring A = D[[g]l
of R such that R = End4(my). We will then show that A = k[[x, yI/(x2y)
and the proof will be complete.

In the case where y is not a unit, set A = D[v +w]. Then one can
show that A is a local ring with maximal ideal my = Au+A(v+w), and
that R is a finite birational extension of A. Since v(v+w) = (v+w)? and
w{+w) =0, we see that v and w are in Endg(my4). Since End(mg)/A
is simple (as A is Gorenstein), it follows that R = End(my).

If on the other hand y is a unit of D, we put A = D[v] < R. Then A is
a local ring with maximal ideal mgq = Au + Av. (The relevant equation
this time is v3 = uBv2.) We have uw =y 1v2 -y 1 fuv e my. As in the
first case, we conclude that R = End(mg).

By Lemma A has infinite CM type but does not have indecom-
posable MCM modules of arbitrarily large constant rank. Moreover,
A cannot have multiplicity 2, since it has a finite birational extension
of multiplicity greater than 2. By Theorem A = kllx, yIl/(x2y), as
desired. U
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§3. Descent in dimension one

In this section we use the classification theorem in the previous
section, together with the results on extended modules in Chapter
to show that bounded CM type passes to and from the completion of an
equicharacteristic one-dimensional CM local ring (R, m, k) with & infi-
nite. Contrary to the situation in Chapter we do not assume that
R is excellent with an isolated singularity; indeed, in dimension one
the latter assumption would make R reduced, in which case finite and
bounded CM type are equivalent by Theorem We do, however,
insist that £ be infinite, in order to use the crucial fact from [§2| that
failure of bounded CM type implies the existence of indecomposable
MCM modules of unbounded constant rank and also to use the explicit
matrices worked out in Proposition and Example for the
indecomposable MCM modules over £[[x, y1/(x2y).

17.10. THEOREM. Let (R, m,k) be a one-dimensional equicharacter-
istic CM local ring with completion R. Assume that k is infinite. Then
R has bounded CM type if and only if R has bounded CM type. If R has
unbounded CM type, then R has, for each r, an indecomposable MCM
module of constant rank r.

PROOF. Assume that R does not have bounded CM type. Fix a
positive integer r. By Theorem we know that R has an indecom-
posable MCM module M of constant rank r. By Corollary there is
a finitely generated R-module N, necessarily MCM and with constant
rank r, such that N = M. Obviously N too must be indecomposable.

Assume from now on that R has bounded CM type. If R has finite
CM type, the same holds for R by Theoremu 10.1] Therefore we assume
that R has infinite CM type. Then R is isomorphic to one of the three
rings of Theorem [17.9

If R = Ellx, yIl/(x?), then e(R) = e(R) = 2, and R has bounded CM
type by Theorem Suppose for the moment that we have verified
bounded CM type for any local ring S whose completion is isomorphic
to E = kllx,y,zl/(yz,x% — xz,xz — 22). If, now, R = Ellx, yI/(x%y), put
S = Endg(m). Then S = E, whence S has bounded CM type. Therefore
so has R, by Lemma Thus we assume that R = E.

Our plan is to examine each of the indecomposable non-free E-
modules and then use Corollary to determine exactly which MCM
E-modules are extended from R. As we saw in Example those
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indecomposable MCM modules are the cokernels of the following ma-
trices over T = kllx, yI/(x2y):

(y); &%); @); (xy);

I VR A U

where j is a positive integer. Let ¥ = (x) and Q = (y) be the two min-
imal prime ideals of T'. Note that Ty = E((y)[x)/(x%) and Tq = k((x)).
With the exception of U := cok(x) and V := cok(xy), each of the E-
modules listed above is locally free at both 3 and . The ranks are
given in the following table.

¢ | rankycok¢ | rankg cok ¢
(x%) 1 0
) 0 1

a 1 0

p 1 2

Y 1 1

0 1 1

Let M be a MCM R -module, and write

a b c d
(17.10.1) M= (@Ai) ® (@Bj) ot (@ ck) it (@DZ) e U eV,
i=1 j=1 k=1 =1
where the A;, B, Cp, D; are indecomposable generically free modules,
of ranks (1,0), (0,1), (1,1), (1,2) respectively, and again U = cok(x) and
V =cok(xy).

Suppose first that R is a domain. Then M is extended if and only if
a=b+d and e = f =0. Now the indecomposable MCM R-modules are
those whose completions have (a,b,c,d,e, f) minimal and non-trivial
with respect to these relations. (We are implicitly using Corollary[1.15|
here.) One checks that the possibilities are (0,0,1,0,0,0), (1,1,0,0,0,0),
and (1,0,0,1,0,0), and we conclude that the indecomposable MCM R-
modules have rank 1 or 2.

Next suppose that R is reduced but not a domain. Then R has
exactly two minimal prime ideals, and we see from Corollary that
every generically free R-module is extended from R; however, neither
U nor V can be a direct summand of an extended module. In this case,
the indecomposable MCM R-modules are generically free, with ranks
(1,0), (0,1), (1,1) and (1,2) at the minimal prime ideals.

Finally, we assume that R is not reduced. We must now consider
the two modules U and V that are not generically free. We will see
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that U = cok(x) is always extended and that V = cok(xy) is extended if
and only if R has two minimal prime ideals. Note that U = Txy = Exy
(the nilradical of E = R), while V = Tx = Ex.

The nilradical N of R is of course contained in the nilradical Exy
of R. Moreover, since Exy = E/(x,z) is a faithful module over E/(x,z) =
k[l yll, every non-zero submodule of Exy is isomorphic to Exy. In par-
ticular, NR = Exy. This shows that U is extended.

Next we deal with V. The kernel of the surjective map Ex —
Exy, given by multiplication by y, is Ex2. Thus we have a short exact
sequence

(17.10.2) 0—Ex>—V-21U—D0.

Observe that Ex? = Tx? = cok(y) is generically free of rank (0,1). Let
K be the common total quotient ring of 7' and R. Then K ®f Ex? is
a projective K-module, and as K is Gorenstein, (17.10.2) splits when
tensored up to K. In particular, this gives

KeopV=(KepEx?)e(KepU).

If, now, R has two minimal primes, then every generically free R-
module is extended, by Corollary In particular Ex? is extended,
and by Lemma so is V. Thus every indecomposable MCM R-
module is extended, and R has bounded CM type.

If, on the other hand, R has just one minimal prime ideal, then the
module M in (17.10.1) is extended if and only if a =b+d + f. The R-
modules corresponding to indecomposable MCM R-modules are there-
fore U, V @ W, where W is some generically free module of rank (0,1),
and the modules of constant rank 1 and 2 described above. U

What if % is finite? If R (as in Theorem has bounded but
infinite CM type, we can take an elementary gonflement (R, m,k) —
(S,n, ¢) with ¢ infinite. We get the homomorphisms R — S — S" —
S of (15.23.1). Using Proposition we see as before that S must
have bounded but infinite CM type and therefore be isomorphic to one
of the three rings listed in Theorem Conversely, if S has un-
bounded CM type, we know that S has, for each r > 1, an indecompos-
able MCM module of constant rank r. Unfortunately, we don’t know
whether or not these modules are extended from R, or even whether
or not R must have unbounded CM type.

Proving descent of bounded CM type in general seems quite dif-
ficult. Part of the difficulty lies in the fact that, in general, there is
no bound on the number of indecomposable MCM R-modules required
to decompose the completion of an indecomposable MCM R-module.
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Thus the argument of Theorem [10.1}, while sufficient for showing de-
scent of finite CM type, is not enough for bounded CM type.

Here is an example to illustrate. Recall that for a two-dimensional
normal domain, the divisor class group essentially controls which mod-
ules are extended to the completion. Precisely (Proposition [2.15), if R
and R are both normal domains, then a torsion-free R-module N is
extended from R if and only if cl(V) is in the image of the natural map
on divisor class groups CI(R) — CI(R).

17.11. EXAMPLE. Let R be a complete local two-dimensional nor-
mal domain containing a field, and assume that the divisor class group
CI(R) has an element a of infinite order. For example, one might take
the ring of Lemma [2.16

By Heitmann’s theorem [Hei93], there is a unique factorization do-
main A contained in R such that A = R. Choose, for each integer n,
a divisorial ideal I,, corresponding to na € CI(A). For each n > 1, let
M, =1, & N,, where N,, is the direct sum of n copies of I_;. Then M,
has trivial divisor class and therefore is extended from A by Proposi-
tion [2.15. However, no non-trivial proper direct summand of M, has
trivial divisor class, and it follows that M,, (a direct sum of n + 1 in-
decomposable A-modules) is extended from an indecomposable MCM
A-module.

It is important to note that the example above does not give a coun-
terexample to descent of bounded CM type, but merely points out one
difficulty in studying descent.

§4. Exercises

17.12. EXERCISE. Let A be a local ring. Prove that there is an up-
per bound on the multiplicities of the indecomposable MCM A-modules
if and only if there is a bound on their minimal numbers of generators.

(See Corollary[A.24])
17.13. EXERCISE. Complete the proof of Theorem [17.6

17.14. EXERCISE. Show that the argument of Theorem does
not apply to R = Ekllu, vI/(u?v —v?3), since mS/m is a cyclic R-module for
every finite birational extension S of R.

17.15. EXERCISE. Finish the proof of Lemma|17.8






APPENDIX A

Basics and Background

Here we collect some basic definitions and results that are neces-
sary but somewhat peripheral to the main themes of the book. Some
of the results are stated without proof; for these, one can find proofs
in [Mat89]. We refer to [Mat89] also for any unexplained terminology.

§1. Depth, syzygies, and Serre’s conditions
Throughout this section we let (R, m, k) be a local ring.

A.1. DEFINITION. Let M be a finitely generated R-module. The
depth of M is given by

depthp M =inf{n |Ext}(k, M) # 0}.

Note that depthyp 0 = inf(®) = co. Conversely, non-zero modules
have finite depth:

A.2. PROPOSITION. Let M be a finitely generated R-module. If M #
0, then

(1) depthyr M < co.
(i1) depthyr M =sup{n|3 M-regular sequence (x1,...,x,) cm}.
(iit) Every maximal M-regular sequence in m has length n.
(iv) depthyr M < dim(R/p) for every p € Ass M. In particular, we have
depthM < dimM < dimR.
(v) If (S,n) — (R, m) is a local homomorphism and R is finitely
generated as an S-module, then depthg M = depthyp M.
(vi) If p € SpecR, then deptth(Mp) =0 < peAssM. L]

When the base ring R is clear, or when, e.g. as in item (v) it is
irrelevant, we often omit the subscript and write “depth M”.
Depth is closely related to the absence of torsion.

A.3. DEFINITION. Let A be any commutative ring and M an A-
module. Say that M is torsion-free if every non-zerodivisor in A is a
non-zerodivisor on M. Equivalently, the natural map M — K ® 4 M,
where K is the total quotient ring, is injective. At the other extreme, a
module M is torsion provided each element of M is annihilated by some

305



306 A. BASICS AND BACKGROUND

non-zerodivisor of R. Equivalently, K ® 4 M = 0. The set of elements
that are annihilated by non-zerodivisors is called the torsion submod-
ule of M and is denoted by tors(M). Clearly M/tors(M) is torsion-free.

The next result is called the Depth Lemma. It follows easily from
the long exact sequence of Ext.

A4. LEMMA. Let 0 — U — V — W — 0 be a short exact se-
quence of finitely generated R-modules.
(i) If depthW < depthV, then depthU = depthW + 1.
(i1) depthU > min{depthV,depth W}.
(iit) depthV > min{depthU,depth W}. U

See [Mat89, Thm. 19.1] for a proof of the next result, called the
Auslander-Buchsbaum formula. We write pdz M for the projective di-
mension of an R-module M.

A.5. THEOREM (Auslander-Buchsbaum Formula). Let M be an R-
module of finite projective dimension. Then

depthM +pdr M =depthR.

We often use a simple consequence of the Auslander-Buchsbaum
formula: if M is a MCM module over a regular local ring, then M is
free.

A.6. DEFINITION. Let M be a finitely generated module over a lo-
cal ring (R,m), and let n be a non-negative integer. Then M Serre’s
condition (S;) provided

depthp (M) > min {n,dim(Ry)} for every p € SpecR.

A.7. WARNING. Our terminology differs from that of EGA [GD65,
Definition 5.7.2] and Bruns-Herzog [BH93|, Section 2.1]. Where we
have “dim(R,)” those authors have “dim(M;)”. Notice, for example,
that by the EGA definition every finite length module would satisfy
(S,) for all n, while this is certainly not the case with the definition we
use. Of course, the two conditions agree for the ring itself.

The (S;,) conditions allow characterizations of reducedness and nor-
mality.

A.8. PROPOSITION. The ring R is reduced if and only if the follow-
ing hold.

(i) R satisfies (S1), and

(it) Ry is a field for every minimal prime ideal p. U

A.9. PROPOSITION (Serre’s criterion). These are equivalent.
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(i) R is a normal domain.
(it) R satisfies (S2), and Ry is a regular local ring for each prime
ideal p of height at most one. 0

We will say that a finitely generated module M over a ring A is an
rth syzygy (of N), provided there is an exact sequence

(A.9.1) 0O—M—F,_1—-—Fyp—N—O0,

where N is a finitely generated module and each F; is a finitely gener-
ated projective A-module.

Syzygies are uniquely defined up to projective direct summands by
Schanuel’s Lemma:

A.10. LEMMA (Schanuel’s Lemma). Let M1 and My be r" syzygies
of a finitely generated N over a Noetherian ring A. Then there are
finitely generated projective A-modules G1 and G such that M1 & Go =
M 2@ Gl.

If R is local and each F; is chosen minimally, then the resolution
is essentially unique. In particular, the syzygies are unique up to iso-
morphism, and we let syzlr{ (N) denote the r*! syzygy with respect to a
minimal resolution. We define redsyz];le (N) to be the reduced r'* syzygy,
obtained from syzﬁ(N ) by deleting all non-zero free direct summands.

Serre’s conditions are closely related to the property of being an
ntt syzygy. We explain this now using the following result, which
is proved, but not quite stated correctly, in [EG85]. (Compare with
Proposition [12.7])

Recall that maximal Cohen-Macaulay modules over Gorenstein lo-
cal rings are reflexive (by, for example, Theorem [11.5).

A.11. THEOREM. Let M be a finitely generated R-module satisfying
Serre’s condition (S,), where n > 1. Assume

(i) R satisfies (S,,_1), and
(ii) Ry is Gorenstein for every prime p with dim(R,) <n - 1.
Then there is an exact sequence
(A.11.1) 0—M--—F—N—0,
in which F is a finitely generated free module and N satisfies (S, -1).
PROOF. We start with an exact sequence
(A.11.2) 0—K—G—M"—0,
where G is a finitely generated free module and M* = Homg(M,R).
Put F =G*, and dualize (A.11.2), getting an exact sequence

(A.11.3) 0—M* L F k" — ExtL(M* R)— 0.
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Let 0: M — M™* be the canonical map, let a = o, and put N = coka.

To verify exactness of (A.11.1), we just have to show that o is one-
to-one. Supposing, by way of contradiction, that L = ker(o) is non-zero,
we choose p € AssL. Then depthL, = 0. Given any minimal prime ¢,
we know R, is a zero-dimensional Gorenstein ring (since n > 1), and
M, is a MCM Rj-module, whence o is an isomorphism. Thus L, =0
for each minimal prime q. In particular, dim(Ry) > 1, so depth(M,) > 1.
But this contradicts the fact that depth(L,) = 0.

Let p be a prime of height 4. If A <n -1, we need to show that N,
is MCM. Since R, is Gorenstein and M, is MCM, the canonical map
Oy is an isomorphism. Also, M; is MCM, so EXt}gp(M*,Rp) = 0. The
upshot of all of this is that N, = K. Now shows that K|, is
MCM, and therefore so is its dual K; .

To complete the proof that N satisfies (S,,—1), we assume now that
h > n. We need to show that deptth(Np) > n—1. Suppose on the
contrary that deptth (Ny) <n—1. Since deptth(Fp) > n—1, the Depth
Lemma applied to (A.11.1)), shows that

depthg (Mp)=1+depthg (Np)<n,
a contradiction. U

A.12. COROLLARY. Let (R,m) be a local ring, M a finitely generated
R-module and n a positive integer. Assume R satisfies Serre’s condition
(Sn) and Ry, is Gorenstein for each prime p of height at most n—1. These
are equivalent.

(i) M is an n' syzygy.

(it) M satisfies (S,).

PROOF. = by the Depth Lemma, and — (i) by Theo-
rem O

A.13. COROLLARY. Let (R, m) be a local ring that satisfies (S2) and
is Gorenstein in codimension one. These are equivalent for a finitely
generated R-module M.

(i) M is reflexive.
(it) M satisfies (S2).
(iti) M is a second syzygy.
A.14. COROLLARY. Let R be a local normal domain and let M be

a finitely generated R-module. If M is MCM, then M is reflexive. The
converse holds if R has dimension two. O

A.15. COROLLARY. Let (R,m) be a CM local ring of dimension d,
and assume that Ry is Gorenstein for every prime ideal p # m. These
are equivalent, for a finitely generated R-module M.
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(i) M is MCM.
(i) M is a d?* syzygy. O

A.16. REMARK. The hypothesis that R be Gorenstein on the punc-
tured spectrum cannot be weakened, at least when R has a canonical
module (or, more generally, a Gorenstein module [Sha70], that is, a
finitely generated module whose completion is a direct sum of copies
of the canonical module wg). Let (R,m) be a d-dimensional CM lo-
cal ring having a canonical module w. If w is a d™ syzygy, then R is
Gorenstein on the punctured spectrum. To see this, we build an exact
sequence

(A.16.1) 0—w—F—M-—0,

where F is free and M is a (d — 1)** syzygy. Now let p be any non-
maximal prime ideal. Since M} is MCM and wy, is a canonical module
for Ry, splits when localized at p (apply Proposition [I1.3). But
then w, is free, and it follows that Ry is Gorenstein. (We thank Bernd
Ulrich for showing us this argument (cf. also [LWO00, Lemma 1.4]).)

§2. Multiplicity and rank

In this section we gather the definitions and basic results on mul-
tiplicity and rank that are used in the body of the text. See Chapter
14 of [Mat89] for proofs.

Throughout we let (R, m, k) be a local ring of dimension d, let I be
an m-primary ideal of R, and let M be a finitely generated R-module.

A.17. DEFINITION. The multiplicity of I on M is defined by
d!
er(I,M)= lim —dER(M/I”M),
n—oop

where /r(—) denotes length as an R-module. In particular we set
er(M) =egr(m,M) and call it the multiplicity of M. Finally, we denote
e(R) =eg(R) and call it the multiplicity of the ring R.

It is standard that the Hilbert function n — ¢ (M/I"*1 M) is even-
tually given by a polynomial in n of degree equal to dim(M). Thus
eR(I M) is the coefficient of n? in this Hilbert polynomial, and er(I, M) #
0 1f and only if dim(M) = d. In particular if d = 0 then eg(I,M) = ¢r(M)
for any I.

It follows immediately from the definition that if I € J are two
m-primary ideals, then eg(I,M) > er(J,M). One case where equality
holds is particularly useful.
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A.18. DEFINITION. Let I < J be ideals of R (not necessarily m-
primary). We say I is a reduction of J if

In+1 :JIn
for some n > 1. Equivalently, I"** = J*I" for all n > 0 and all %2 > 1.

The proof of the next result is a short calculation from the defini-
tions.

A.19. PROPOSITION. Let I < J be m-primary ideals of R such that
I is a reduction of J. Then eg(I,M) =er(J,M). ]

Reductions are often better-behaved ideals. In particular, under
a mild assumption there is a reduction which is generated by a sys-
tem of parameters. (Recall that a system of parameters consists of
d = dim(R) elements generating an m-primary ideal.) See [Mat89,
Theorem 14.14] for a proof.

A.20. THEOREM. Assume that the residue field k is infinite. Then
there exists a system of parameters x1,...,xq contained in I such that
(x1,...,%q) is a reduction of 1. Indeed, if I is generated by ai,...,as,
then the x; may be taken to be “sufficiently general” linear combinations
x; = Y. rija; (for rij € R avoiding the common zeros of a finite list of
polynomials). Such a reduction is called a minimal reduction. O

The restriction on the residue field is rarely an obstacle in prac-
tice. For many questions, the general case can be reduced to this
one by passing to a gonflement R’ = R[x]nr[x] (see Chapter .
Since R — R’ is faithfully flat, it is easy to check that the associ-
ation I — IR’ preserves containment, height, number of generators,
and colength if I is m-primary. It thus preserves multiplicities. Since
the residue field of R’ is R'/mR’ = (R[xl/mR[xDmR[x], the quotient field
of (R/m)[x], it is an infinite field.

Theorem reduces many computations of multiplicity to the
case of ideals generated by systems of parameters. The next results
relate multiplicities over R to multiplicities calculated modulo a sys-
tem of parameters.

A.21. THEOREM. Let X = x1,...,xq4 be a system of parameters con-
tained in I, and set R = R/(x), I =1/(x), and M = M/xM. If x; € I®i for
each i, then

(R(M) = e(I,M) > s1---sqer(I,M).

In particular, if x; € m® for all i, then (r(M) > s ep(M). ]
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A.22. COROLLARY. Let (S,n) be a regular local ring and f €S a
non-zero non-unit. Then the multiplicity of the hypersurface ring R =
S/(f) is the largest integer s such that f € n®. 0

The behavior of multiplicity for ideals generated by systems of
parameters is most satisfactory in the Cohen-Macaulay case. This
is [Mat89, Theorems 14.10 and 14.11].

A.23. THEOREM. Let x be a system of parameters for R. Then
CR(M/xM) > er((x), M),
and if X is a regular sequence on M then equality holds. U

Denote by ug(M) the minimal number of generators required for
M.

A.24. COROLLARY. Let (R,m,k) be a local ring and M a MCM R-
module. Then ur(M) < egr(M).

PROOF. We may assume, by passing to a gonflement, that % is in-
finite. Using Theorem we obtain a system of parameters x such
that (x) is a reduction of m. Then e(M) = e((x),M) = ¢r(M/xM) by
Proposition [A.19] and Theorem Finally, we have ¢r(M/xM) >
(r(M/mM) = up(M/mM) , and ugr(M/mM) = up(M) by NAK. 0

Maximal Cohen-Macaulay modules M for which ur(M) = er(M)
are said to be maximally generated [BHU87] and are known also as
Ulrich modules [HK87]. It is unknown whether or not every local CM
ring has an Ulrich module.

Here are a few more basic facts on multiplicity.

A.25. PROPOSITION. Let 0 — M' — M — M" — 0 be a short
exact sequence of finitely generated R-modules. Then

er(I,M)=er(I,M') +er(I,M").

A.26. PROPOSITION (“Associativity Formula”). We have
er(,M) =Y (g,(My)-er,(I,R/p),
p

where the sum is over all minimal primes p of R such that dim(R/p) =d,

and I denotes the image of I in R/p. If in particular R is a domain with
quotient field K, then eg(I,M) = dimg(K ®p M). O

The quantity dimg(K ®g M) in Proposition is known as the
rank of M. We extend this notion as follows.
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A.27. DEFINITION. Let A be a Noetherian ring and N a finitely
generated A-module. Denote by K the total quotient ring of A, ob-
tained by inverting the complement of the associated primes of A.
Say that N has constant rank provided K ® 4 N is a free K-module.
If Kos N = K (equivalently, Ny = Ag ) for every p € AssA), we say
that N has constant rank r.

The following useful fact follows directly from Proposition |A.26]

A.28. PROPOSITION. Let M be a finitely generated R-module with
constant rank r. Then eg(M)=e(R)-r. ]

In dimension one, the multiplicity of R carries a great deal of struc-
tural information. The second statement of the next result goes back
to Akizuki [Aki137].

A.29. THEOREM. Assume d = 1.

(i) The multiplicity of R is the minimal number of generators re-
quired for high powers of m.

(it) If R is Cohen-Macaulay, then e(R) is the sharp bound on ug(I)
as I runs over all ideals of R. Moreover, for every ideal I of R
we have the inequality

ur(l) <e(R)-e(R/I).

(iit) If R is Cohen-Macaulay, then e(R) is the sharp bound on ug(S)
for S a finite birational extension of R.

(iv) If R is reduced and the integral closure R is finitely generated
over R, then e(R) = ur (R).

PROOF. Since dim(R) = 1, we have ¢r(R/m** 1) =en—p for n > 0
and some p € Z. Since also /gr(R/m"*1) = ¢r(R/m") + ug(m™), part
follows.

For (i), it will suffice, by (@), to prove the inequality. Noting that
every non-zero ideal of R is an MCM R-module, we have, from Corol-
lary[&.24

pur(I) < er(I) =e(R)—er(R/I),
by additivity of multiplicity along exact sequences.

The bound in (i1 is sharp by (). Every finite birational extension of
R is isomorphic as an R-module to an ideal of R (clear denominators),
and is therefore generated by at most e(R) elements. Proposition 4.3
shows that the bound is sharp.

For we observe that R is a principal ideal ring, so there exists
a non-zerodivisor x € R such that mR = xR. Thus ug(R) = ¢r(R/mR) =
(r(R/xR). By Theorem and Proposition this is equal to
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er((x),R) = eg(m,R). Since R is a birational extension of R, it has
constant rank 1, so eg(m,R) = e(R) by Proposition U

§3. Henselian rings

We gather here a few equivalent conditions for a local ring to be
Henselian. Condition (v) is the definition used in Chapter [I condi-
tion (i) is one of the classical formulations.

A.30. THEOREM. Let (R,m,k) be a local ring. These are equivalent.

(i) For every monic polynomial [ in R[x] and every factorization
f = goho of its image in klx), where gy and ho are relatively
prime monic polynomials, there exist monic polynomials g,h €
R[x] such that g = gomodm, A =homodm, and f = gh.

(it) Every commutative module-finite R-algebra which is an inte-
gral domain is local.

(iti) Every commutative module-finite R-algebra is a direct product
of local rings.

(iv) Every module-finite R-algebra of the form Rlx1/(f), where f is a
monic polynomial, is a direct product of local rings.

(v) For every module-finite R-algebra A (not necessarily commuta-
tive) with Jacobson radical #(A), each idempotent of N/_g(A)
lifts to an idempotent of A.

PROOF. We prove () = = = ) = = (i).

=> (i1): Let D be a domain that is module-finite over R, and
suppose D is not local. Then there exist non-units @ and f of D such
that a + B =1. Set S = R[a] < D; then a and B are still non-units of
S. Since in particular they are not in mS by Lemma (1.7} it follows
that S/mS = k[a] is a non-local finite-dimensional k-algebra. Thus the
minimal polynomial p(x) € k[x] for a is not just a power of a single
irreducible polynomial. Let f € R[x] be a monic polynomial of least
degree with f(a) =0. Then p divides ? € k[x], so that the irreducible
factorization of f involves at least two distinct monic irreducible fac-
tors. Therefore we may write 7 = goho, where gog and Ay are monic
polynomials of positive degree satisfying ged(gg,ho) = 1. Lifting this
factorization to R[x], we have f = gh. By the minimality of degf, we
have g(a) #0 # h(a), but g(a)h(a) = f(a) =0 in D, a contradiction.

= (): Let S be a commutative, module-finite R-algebra.
Then S is semilocal, say with maximal ideals my,...,m;. Set X; =
{peSpecS |pcm;} for i =1,...,¢. By applying to each of the do-
mains S/p, as p runs over SpecS, we see that the sets X; are pairwise
disjoint. Moreover, letting p;;, j = 1,...,s;, be the minimal prime ideals
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contained in each m;, we see that X; = V(p;1)U---UV(p;s,), a closed set.
Thus SpecS is a disjoint union of open-and-closed sets, and follows.

= (v): Let A be a module-finite R-algebra, not necessarily
commutative, and let e € A/_#(A) satisfy e? = e. Let a € A be any lifting
of e, and set S = R[a]. One checks that _#(S) = Sn _#(A), so that
a’?—a e _#(S). As S is a direct product of local rings, the same is
true of S/_#(S). The idempotent a € S/_#(S) is therefore a sum of some
subset of the primitive idempotents of S/_#(S). Each of these primitive
idempotents clearly lifts to S, so a lifts to an idempotent of S, which
lifts e as well.

(v = (@v): Suppose S = R[x])/(f) with f a monic polynomial.
Then S/mS = k[x]/(?) is a direct product of local finite-dimensional %-
algebras. Since mS < _#(S) by Lemma |1.7, we have S/mS — S/_#(S),
so S/ #(S) =Ty x---xT, is also a direct product of local rings T;.
The primitive idempotents of this decomposition lift to idempotents
e1,...,e, of S, giving a decomposition S =T x---x T, with T; = ¢;S.
Since each T; = T,/ #(S)T; is local so is each T};.

= : Let f € R[x] be monic and let 7 = goho be a factor-
ization of the image 7 € k[x] into relatively prime monic polynomials.
Set S = R[x]/(f), a direct product S x--- x.S,, of local rings by assump-
tion. Then S/mS = k[x]/(?) = klx1/(go) x k[x])/(hg) by the Chinese Re-
mainder Theorem, and also S/mS = S{/mSy x--- xS,,/mS,,. After re-
ordering the factors S; if necessary, we may assume that k[x]/(g¢) =
S1/mS1x---xS;/mS; and k[x]/(hy) =S;1/mS;11%---xS,/mS,, for some
[withl<[l<n.SetA=81x---x8;, afree R-module of rank deg g(. Let
t € A denote the image of x € S, and let g € R[T] be the characteristic
polynomial of the R-linear operator A — A given by multiplication by
t. Note that g = g in k[x]. Now g(¢) = 0 by the Cayley-Hamilton The-
orem, so we have a surjective homomorphism R[x]/(g) — A, which is
in fact an isomorphism by NAK. The map R[x] — A factors through
S by construction, so we may write f = gh for some monic 2 € R[x]. [

A.31. COROLLARY. Let R be a Henselian local ring, let a € R be a
unit, and let n be a positive integer prime to char(k). If @ has an n'*
root in k, then a has an n' root in R.

PROOF. Let f = x™ —a € R[x], and let B be a root of x* —«a € k[x].
Write x” —a = (x — f)h(x). The hypotheses imply that x* — @ has n dis-
tinct roots, so x— f and h(x) are relatively prime. Since R is Henselian,
we get f€ R* and & € R[x] such that " —a = (x— f)h. Then f" =a. O

A.32. REMARK. For completeness we mention a few more equiva-
lent conditions. The proof of these equivalences is beyond our scope.
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Let (R, m, k) be a local ring. Recall (Definition[10.2)) that a pointed étale
neighborhood of R is a flat local R-algebra (S,n), essentially of finite
type, such that mS =n and S/n = k. There is a structure theory for
such extensions [Ive73) II1.2]: S is a pointed étale neighborhood of
R if and only if S = (R[xJ/(f)),, where f is a monic polynomial, p is a
maximal ideal of R[x)/(f) satisfying f' ¢ p, and S/pS = R/m.

The following conditions are then equivalent to the ones in Theo-

rem[A.30

(v) If R — S is a pointed étale neighborhood, then R = S.

(vi) For every monic polynomial f € Rlx] and every a € R such that
f(a) e mand f'(«) ¢ m, there exists r € R such that r = amodm
and f(r)=0.

(vii) For every system of polynomials f1,...,fn € Rlx1,...,x,] and ev-
ery (ay,...,a,) € R™ such that fi(ay,...,a,) € m and the Jaco-
bian determinant det %(al,...,an)] is a unit, there exist ring
elements r1,...,r, such that r; = a;modm and f;(r1,...,rn)=0
foralli=1,...,n.

Condition (“simple roots lift from % to R”) is also sometimes
used as the definition of Henselianness.






APPENDIX B

Ramification Theory

This appendix contains the basic results we need in the body of
the text on unramified and étale ring homomorphisms, as well as the
ramification behavior of prime ideals in integral extensions. We also
include proofs of the theorem on the purity of the branch locus (The-
orem [B.12) and results relating ramification to pseudo-reflections in
finite groups of linear ring automorphisms.

§1. Unramified homomorphisms

Recall that a ring homomorphism A — B is said to be of finite type
if B is a finitely generated A-algebra, that is, B = Alx1,...,x,)/I for
some polynomial variables x1,...,x, and an ideal I. We say A — B
is essentially of finite type if B is a localization (at an arbitrary multi-
plicatively closed set) of an A-algebra of finite type.

B.1. DEFINITION. Assume that (A,m,k) — (B,n,¥) is a local ho-
momorphism of local rings. We say that A — B is an unramified local
homomorphism provided

(1) mB=n,
(i1) B/mB is a finite separable field extension of A/m, and
(iii) B is essentially of finite type over A.

If in addition A — B is flat, we say it is étale.

B.2. REMARKS. Let A — B be a local homomorphism between lo-
cal rings. Let A and B be the m-adic and n-adic completions of A and B,
respectively. It is straightforward to check that A — B is unramified,
respectively étale, if and only if A — B is so.

If A — B is an unramified local homomorphism, then Bisa finitely
generated A-module. Indeed, it follows from the complete version of
NAK ([Mat89, Theorem 8.4] or [Eis95, Exercises 7.2 and 7.4]) that
any k = A/fi-vector space basis for ¢ = B/A lifts to a set of A-module
generators for B. If, in particular, there is no residue field growth (for
instance, if k& is separably or algebraically closed), then A — Bis sur-
jective.

317
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If A — B is étale, then B is a finitely generated flat A-module,
whence B = A™ for some n. If in this case k = ¢, then B=A.

It’s easy to check that if A — B is étale, then A and B share the
same Krull dimension and the same depth. Furthermore, A is regular
if and only if B is regular. For further permanence results along these
lines, we need to globalize the definition.

B.3. DEFINITION. Let A and B be Noetherian rings, and A — B
a homomorphism essentially of finite type. Let q € SpecB and set p =
A ngq. We say that A — B is unramified at q (or also q is unramified
over A) if and only if the induced map A, — B, is an unramified local
homomorphism of local rings. Similarly, A — B is étale at q if and
only if Ay — By is an étale local homomorphism. Finally, A — B is
unramified, respectively étale, if it is unramified, respectively étale, at
every prime ideal q € SpecB.

Here is an easy transitivity property of unramified primes.

B.4. LEMMA. Let A — B — C be homomorphisms, essentially of
finite type, of Noetherian rings. Let v € SpecC and set q=BnNt.

(1) If v is unramified over B and q is unramified over A, then t is
unramified over A.
(it) If v is unramified over A, then v is unramified over B.

It is clear that a local homomorphism (A,m) — (B,n) essentially
of finite type is an unramified local homomorphism if and only if n
is unramified over A. However, it’s not at all clear that an unrami-
fied local homomorphism is unramified in the sense of Definition
To reconcile these definitions, we must show that being unramified is
preserved under localization. The easiest way to do this is to give an
alternative description, following [AB59I.

B.5. DEFINITION. Let A — B be a homomorphism of Noetherian
rings. Define the diagonal map y: B&s B — B by u(b ® b') = bb’ for
all b,b' € B, and set _¢ = ker u. Thus we have a short exact sequence of
B ® 4 B-modules

(B.5.1) 0—— ¢§——BesB——B——0.

B.6. REMARKS.

(i) The ideal _# is generated by all elements of the form b®1-1®5,
where b € B. Indeed, if,u(Zjbjébb;.) =0, then Zjbjb;. =0, so
that

D bjebi=) (1eb)bjel-18b).

J J
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(i1) The ring B ® 4 B, also called the enveloping algebra of the A-
algebra B, has two A-module structures, one on each side. Thus
# also has two different B-structures. However, these two
module structures coincide modulo _¢2. The reason is that

1.9 =(B®aB)/ 7)8pe,B I

is a (B®4 B)/_#-module, and (B®s B)/ ¢ = B. In particular,
¢/ #2 has an unambiguous B-module structure.

(iii) The B-module _¢/ #? is also known as the module of (relative)
Kdihler differentials of B over A, denoted Qp/4 [Eis95, Chap-
ter 16]. It is the universal module of A-linear derivations on
B, in the sense that the map 6: B — _¢/ #2 sending b to b ®
1-1®b is an A-linear derivation (satisfies the Leibniz rule),
and given any A-linear derivation €: B — M, there exists a
unique B-linear homomorphism _¢/ #2 — M making the ob-
vious diagram commute. In particular we have Dery(B,M) =
Homp( ¢/ ¢ 2 M) for every B-module M. Though it is very im-
portant for a deeper study of unramified maps, will not need
this interpretation in this book.

(iv) If A — B is assumed to be essentially of finite type, ¢ is a
finitely generated B ® 4 B-module. To see this, first observe that
the question reduces at once to the case where B is of finite type
over A. In that case, if x1,...,x, are A-algebra generators for
B, one checks that the elements x; ®1-1®x;, for i =1,...,n,
generate ¢. It follows that if A — B is essentially of finite
type then ¢/ #2 is a finitely generated B-module.

(v) The term “diagonal map” comes from the geometry. If f: A—B
is an integral extension of integral domains which are finitely
generated algebras over an algebraically closed field %, then
there is a corresponding surjective map of irreducible varieties
f#:Y — X, where X is the maximal ideal spectrum of A and Y
is that of B. In this case, the maximal ideal spectrum of B®4 B
is the fiber product

Y xxY ={(yr,y2) €Y xY | fH(y1) = fH(y2)} .

The map u: B®4 B — B corresponds to the diagonal embed-
ding pu*: Y — Y xx Y taking y to (y,y). In these terms, S is
the ideal of functions on Y xx Y vanishing on the diagonal.

B.7. LEMMA. Let A — B be a homomorphism of Noetherian rings.
Then the following conditions are equivalent.

(i) B is a projective B ® 4 B-module.
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(1)) The exact sequence 0 — ¢ — B®,B £EB—0 splits as Bo A B-
modules.
(iii) ,u(AnnB®AB (j)) =B.
If #/ #? is a finitely generated B-module (for example, if A — B is
essentially of finite type), then these are equivalent to

(iv) _# is generated by an idempotent.
W) ¢/ ¢#2=0.

PROOF. — is clear.
< (ii1): The map p: B®s B — B splits over B®4 B if and
only if the induced homomorphism

HOHIB@AB(B, ‘U,) HOHIB@AB(B,B ®AB) - HOHlB@AB(B,B)

is surjective. However, the isomorphism B = (B®4 B)/_¢ shows that
we have Hompe,g(B,B ®4 B) = Annge,p(#), so that p splits if and
only if Hompe , (B, 1) is surjective, if and only if u (AnnB®AB (j)) =B.

The final two statements are always equivalent for a finitely gen-
erated ideal. Assume (iv), so that there exists z € ¢ with xz = x for
every x € _¢. Define q: B&®y B— _# by q(x) =xz. Then for x € _¢, we
have g(x) = x, so that the sequence splits. Conversely, any splitting q
of the map # — B ®4 B yields an idempotent z = ¢(1), so (i) and
are equivalent. L]

The prooiﬂ of the next result is too long for us to include here, even
though it is the foundation for the theory. See for example [Eis95,
Corollary 16.16].

B.8. PROPOSITION. Suppose that A is a field and B is an A-algebra
essentially of finite type. Then the equivalent conditions of Lemma [B.7]
hold if and only if B is a direct product of a finite number of fields, each
finite and separable over A.

The condition in the Proposition that B be a direct product of a fi-
nite number of fields, each finite and separable over A, is sometimes
called a “(classically) separable algebra” in the literature. Equiva-
lently, K ® 4 B is a reduced ring for every field extension K of A.

We now relate the equivalent conditions of Lemma to the defi-
nitions at the beginning of the Appendix.

1Sketch: In the special case where A and B are both fields, one can show that
if B is projective over B®, B then A — B is necessarily module-finite. Then a

separability idempotent z € _# is given as follows: let a € B be a primitive element,
with minimal polynomial f(x) = (x — a)Z?:_Ol b;x'. Then z = (1 ® ﬁ) Z;‘z_olai ®b; is
idempotent.
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B.9. PROPOSITION. Let A — B be a homomorphism, essentially of
finite type, of Noetherian rings. The following statements are equiva-
lent.

(i) The exact sequence 0 — ¢ — B®, B £.B—0 splits as B® 4
B-modules.
(it) B is unramified over A.
(iti) Every maximal ideal of B is unramified over A.

PROOF. = (il): Let q € SpecB, and let p = A N q be its contrac-
tion to A. It is enough to show that By/pB), is unramified over the field
Ap/pAy,i.e.is a finite direct product of finite separable field extensions.
By Proposition it suffices to show that By/pB,, is a projective mod-
ule over By/pBy, ®4,/pA, Bp/pBy. Let p: B— B ®4 B be a splitting for
U, so that up = 1p. Set y = p(1). Then u(y) =1 and ykeru = 0; in fact,
the existence of an element y satisfying these two conditions is easily
seen to be equivalent to the existence of a splitting of y. Consider the
diagram

B®yB——B,&a, By— = By/pBy®a, BylpB,

T

B B, B,/pB,

in which the horizontal arrows are the natural ones and the verti-
cal arrows are the respective diagonal maps. Put y” = gf(y). Then
1’(y")=1 and yker(y”) =0, so that u” splits. Since the top-right ring
is also By/pBy®4,/pa, By/pBy, this shows that Ap/pAy, — By/pBy is un-
ramified.

EES is obvious.

= (i): Since ¢ is a finitely generated B-module, it suffices
to assume that A — B is an unramified local homomorphism of local
rings and show that ¢ = _#2. Once again we reduce to the case where
A is afield and B is a separable A-algebra. In this case Proposition[B.§|
implies that ¢ = _#2. U

B.10. REMARKS. This proposition reconciles the two definitions of
unramifiedness given at the beginning of the Appendix, since it im-
plies that unramifiedness is preserved by localization. This has some
very satisfactory consequences. One can now use the characterizations
of reducedness and normality in terms of the conditions (R,) and (S,,)
to see that if A — B is étale, then A is reduced, respectively nor-
mal, if and only if B is so. Note that this fact would be false without
the hypothesis that A — B is essentially of finite type. Indeed, the
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natural completion homomorphism A — A satisfies (i) and (ii) of Def-
inition [B.1], and is of course flat, but there are examples of completion
not preserving reducedness or normality.

Proposition also allows us to expand our use of language, say-
ing that a prime ideal p € SpecA is unramified in B if the localization
Ay — By, is unramified, that is, every prime ideal of B lying over p is
unramified.

We now define the homological different of the A-algebra B. It is
the ideal of B

$H4aB) =pu(Anngs, 5 (7)),

where u: B®s B — B is again the diagonal map. The homological
different defines the branch locus of A — B, that is, the primes of B
which are ramified over A, as we now show.

B.11. THEOREM. Let A — B be a homomorphism, essentially of
finite type, of Noetherian rings. A prime ideal q € SpecB is unramified
over A if and only if q does not contain $a(B).

PROOF. This fact follows from Proposition [B.9)and condition (iii) of
Lemma together with the observation that formation of ¢ com-
mutes with localization at ¢ and A nq. Precisely, let q € SpecB and
set p=AnNgq. Let S be the multiplicatively closed set of simple tensors
u®v, where u and v range over B\ q. Then (B®sB)s =B;®4 By =
By®4,Bq and the kernel of the map pi: Bq®4,Bq — By coincides with
(kerp)g. O

§2. Purity of the branch locus

Turn now to the theorem on the purity of the branch locus. The
proof we give, following Auslander-Buchsbaum [AB59] and Auslan-
der [Aus62], is somewhat lengthy.

For the rest of this Appendix, we will be mainly concerned with
finite integral extensions A — B of Noetherian domains. In particular
they will be of finite type. Recall that for a finite integral extension,
we have the “lying over” and “going up” properties; if in addition A
is normal, then we also have “going down” [Mat89, Theorems 9.3 and
9.4]. In particular, in this case we have heightq = height(A nq) for
q € SpecB ([Mat89, 9.8, 9.9]).

Recall also that since a normal domain satisfies Serre’s condition
(S2), the associated primes of a principal ideal all have height one
(Proposition [A.9). In other words, principal ideals have pure height
one.
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B.12. THEOREM (Purity of the Branch Locus). Let A be a regular
ring and A—B a module-finite ring extension with B normal. Then
Ha(B) is an ideal of pure height one in B. In particular, if A — B is
unramified in codimension one, then A — B is unramified.

First we observe that the condition “unramified in codimension
one” can be interpreted in terms of the sequence (B.5.1).

Assume A — B is a module-finite extension of Noetherian normal
domains. We write B - B for the reflexive product (B®4 B)**, where
—* = Hompg(—,B). Since the B-module B is reflexive, and any homo-
morphism from B ®4 B to a reflexive B-module factors through B - B,

we see that u: Be, B — B factorsas By B— BB L. B.

B.13. PROPOSITION. A module-finite extension of Noetherian nor-
mal domains A — B is unramified in codimension one if and only if
u** is a split surjection of B ® 4 B-modules.

PROOF. If u** is a split surjection, then p;” is a split surjection for
all primes q of height one in B. For these primes, however, u;* = g
since By ®4, By = (B®a B), is a reflexive module over the DVR B,
where p = Anq. Thus p splits locally at every height-one prime of B,
so A — B is unramified in codimension one.

Now assume A — B is unramified in codimension one. Let K be
the quotient field of A and L the quotient field of B. Since A — B
is unramified at the zero ideal, K — L is unramified, equivalently,
a finite separable field extension. In particular, the diagonal map
n: L®g L — L is a split epimorphism of L ® g L-modules.

Since BB is B-reflexive, it is in particular torsion-free, and so B-B
is a submodule of L ® ¢ L. We therefore have a commutative diagram
of short exact sequences

0—>$—>L®KLL>L—>0

1]

0 4 B-B B 0

I

0—>j—>B®ABT>B—>O

in which the left-hand modules are by definition the kernels, and in
which the top row splits over L&k L since L/K is separable. Lete: L —
L ®g L be a splitting, and let { be the restriction of € to B. It will
suffice to show that {(B) < BB, for then { will be the splitting of u**
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we need. For a height-one prime ideal q of B, with p = Angq, we do
have {((By) = (B ®4, By)** = (B ®4 B)g, since A — B is unramified in
codimension one. But im({) = Nheightq=11imM(q) and B = Npeightq=1Bq as
B is normal, so the image of { is contained in B-B and ( is a splitting
for pu**. O

Following Auslander and Buchsbaum, we shall first prove Theo-
rem in the special case where B is a finitely generated projective
A-module. In this case the homological different coincides with the
Dedekind different from number theory, which we describe now.

Let A — B be a module-finite extension of normal domains. Let K
and L be the quotient fields of A and B, respectively. We assume that
K — L is a separable extension. (In the situation of Theorem
this follows from the hypothesis.) In this case the trace form (x,y) —
Trz/x(xy) is a non-degenerate pairing L ® x L — L, and since A — B
is integral and A is integrally closed in K we have Try;x(B) S A. Set

CaB)={xeL |Trpxk(xB) <A},

and call it the Dedekind complementary module for B/A.It is a frac-
tional ideal of B.

We set D 4(B) = (€4(B))"!, the inverse of the fractional ideal €4 (B).
This is the Dedekind different of B/A. Since B < €4(B), we have that
Da(B)< B and D4 (B) is an ideal of B. It is even a reflexive ideal since
it is the inverse of a fractional ideal.

The following theorem is attributed to Noether ([Noed0l, posthu-
mous) and Auslander-Buchsbaum.

B.14. THEOREM. Let A — B be a module-finite extension of Noe-
therian normal domains which induces a separable extension of quo-
tient fields. We have $H4(B) € Da(B), and if B is projective as an A-
module then $H4(B) =2 5(B).

PROOF. Let K and L be the respective quotient fields of A and B as
in the discussion above. Set L* = Homg(L,K) and B* = Homy4(B,A).
Define

or:Leg L — HOIIlL(L*,L)
by or(x ® y)(f) = xf(y). Then oy, restricts to a similarly defined map
op: B®s B — Hompg(B*,B). It’s straightforward to show that og is an
isomorphism if B is projective over A; in particular, oy, is an isomor-
phism. Its inverse is defined by (o) () = ¥; f(x})®x;, where {x;}

and {x}“} are dual bases for L and L* over K.
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Consider the diagram

Homp(B*,B) —2— Homs(B*,B) «2_ BeosB - B

| l |

Homy,(L*,L) — Homg(L",L) «+=— Log L —— L
i1, =

in which pyp and pz, are the respective diagonal maps, ip and iy are
inclusions, and the vertical arrows are all induced from the inclusion
of B into L. Now Trp/k(x) = ij;f(xxj), so if f € Homy(L*,L) then we
have f(Trrx) =Y jx;f (xj"f). Thus the composition of the entire bottom
row, left to right, is given by

pr o) in(f) = uL (Zf(x;) ®x) = Zf(x;)xj = f(Truk).
J J

It follows that the image of Hompg(B*,B) in L is © 4(B).

The module Hom4 (B*,B) is naturally a B ® 4 B-module via the rule
(6®b')(f))(g) = bf(gob’), where the b’ on the right represents the
map on B given by multiplication by that element. Thus op is a B® 4 B-
module homomorphism. An element Hom 4 (B*,B) is in the image of i
if and only if it is a B-module homomorphism, i.e. (b ® 1)(f) =(1® b)(f)
for every b € B. This is exactly saying that f annihilates ¢ = ker up.
Thus implies that o (Anngs,p(#)) < imip. It follows that $H4(B) =
uB (Anngs, g (£)) < Da(B).

Finally, if B is projective as an A-module then op is an isomor-
phism and o (Anngs, B (_#)) is equal to the image of ig. Thus $4(B) =
DaB). O

Next we show that ® 4 (B) has pure height one, so in case they are
equal $H4(B) does as well. We need a general fact about modules over
normal domains.

B.15. PROPOSITION. Let A be a Noetherian normal domain. Let
0O—M-—>N—T—0

be a short exact sequence of non-zero finitely generated A-modules in
which M is reflexive and T is torsion. Then Ann(T) is an ideal of pure
height one in A.

PROOF. This is similar to Lemma[5.11] Let p be a prime ideal min-
imal over the annihilator of 7. Then in particular p is an associated
prime of T, so that depth T}, = 0. Since M is reflexive, it satisfies (S2),
so that if p has height two or more then M, has depth at least two.
This contradicts the Depth Lemma.
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O

B.16. COROLLARY. Let A — B be a module-finite extension of nor-
mal domains. Assume that the induced extension of quotient fields is
separable. If D o(B) # B, then D A(B) is an ideal of pure height one in
B. Consequently, ® 4(B) = B if and only if A — B is unramified in
codimension one.

PROOF. For the first statement, take M = A and N = €4(B) in
Proposition |B.15] In the second statement, necessity follows from the
containment $)4(B) € D 4(B) and Theorem Conversely, suppose
D a(B)=B. Let q be a height-one prime of B and set p = Anq. Then A,
is a DVR and B, is a finitely generated torsion-free Ay-module, whence
free. Thus $H4,(Bp) =D4,(Bp) = (Da(B)), = By. By Theoreme is
unramified over Ay, so in particular q is unramified over p. U

B.17. COROLLARY. If, in the setup of Corollary B is projective
as an A-module, then A — B is unramified if and only if it is unrami-
fied in codimension one.

Now we turn to Auslander’s proof of the theorem on the purity of
the branch locus. The strategy is to reduce the general case to the
situation of Corollary by proving a purely module-theoretic state-
ment.

B.18. PROPOSITION. Let A — B be a module-finite extension of
normal domains which is unramified in codimension one. Assume that
A has the following property: If M is a finitely generated reflexive A-
module such that Homy (M, M) is isomorphic to a direct sum of copies
of M, then M is free. Then A — B is unramified.

PROOF. Let K — L be the extension of quotient fields induced by
A — B. Then L is a finite separable extension of K. By [Aus62, Prop.
1.1], we may assume in fact that K — L is a Galois extension. (The
proof of this result is somewhat technical, so we omit it.)

We are therefore in the situation of Theorem Thus End (B) is
isomorphic as a ring to the skew group ring B#G, where G = Gal(L/K).
As a B-module, and hence as an A-module, B#G is isomorphic to a
direct sum of copies of B. By hypothesis, then, B is a free A-module.
Corollary now says that A — B is unramified. O

Auslander’s argument that regular local rings satisfy the condition
of Proposition [B.18|seems to be unique in the field; we know of nothing
else quite like it. We being with three preliminary results.
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B.19. LEMMA. Let A be a Noetherian normal domain and let M be
a finitely generated torsion-free A-module. Then

Homs (M, M)* =Homa(M™*,M™).

PROOF. We have the natural map p: M* ®4 M — Homyu (M, M)
defined by p(f ® y)(x) = f(x)y, which is an isomorphism if and only if
M is free; see Exercise Dualizing yields p*: Homu (M, M)* —
(M*®4 M)* = Homs(M*,M*) by Hom-tensor adjointness. Now p* is
a homomorphism between reflexive A-modules, which is an isomor-
phism in codimension one since A is normal and M is torsion-free. By
Lemmal5.11] p* is an isomorphism. O

B.20. LEMMA. Let (A,m) be a local ring and f: M — N a homo-
morphism of finitely generated A-modules. Assume that fy: M, —
Ny is an isomorphism for every non-maximal prime p of A. Then
Extf‘l(f ,A): Eth(N ,A) — Eth(M ,A) is an isomorphism for each i =
0,...,depthA —2.

PROOF. The kernel and cokernel of f both have finite length, so
Ext!, (ker f,A) = Ext’,(cokf,A) = 0 for i = 0,...,depthA — 1 [Mat89,
Theorem 16.6]. The long exact sequence of Ext now gives the con-
clusion. O

B.21. PROPOSITION. Let (A,m) be a local ring of depth at least 3
and let M be a reflexive A-module such that
(1) M is locally free on the punctured spectrum of A; and
(ii)) pdy M < 1.
If M is not free, then
¢ (Ext} (Homa(M,M),A)) > (ranky M) ¢ (Ext} (M, A)).

PROOF. Assume that M is not free. We have the natural homomor-
phism ppr: M* ©4 M — Homy (M, M), defined by py(f @ x)(y) = f(y)x,
which is an isomorphism if and only if M is free; see Remark In
particular, pjy is locally an isomorphism on the punctured spectrum of

A, so by Lemma we have
Ext) (M* ®4 M,A) = Ext} (Homa (M, M),A).

Next we claim that there is an injection Extil(M ,M)— Extil(M *®4
M,A). Let

(B.21.1) 0—F,—Fy—M—0
be a free resolution. Dualizing gives an exact sequence
(B.21.2) 0— M* —F; — F; — Ext}(M,A) —0,
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so that Tor?* ,(M*, M) = Tor? (Ext} (M,A), M) =0 for all i > 3. In par-
ticular, applying M* ® 4 — to (B.21.1) results in an exact sequence
00— M"'®F1—M"@s,Fg— M "®, M —0.
Dualizing this yields an exact sequence
Homa(M* ®4 Fo,A) > Homu(M* ®4 F1,A) — Ext} (M* ®4 M,A).

But the homomorphism 7 is naturally isomorphic to the homomor-
phism Homa (Fo,M**) — Homu(F1,M**). Since M is reflexive, this
implies that the cokernel of 1 is isomorphic to Exti‘(M ,M), whence
Ext}, (M,M)—Ext}, (M* ®4 M,A), as claimed.

Next we claim that Ext} (M, M) = Ext}, (M,A)® M. This follows
immediately from the commutative exact diagram

F;oaM ———— F; ey M —— Ext;,(M,A)es M —— 0

Homy (Fo,M) —— Homy (F{,M) —— Ext}{(M,M) —0
in which the rows are the result of applying — ®4 M to and
Hom (—, M) to (B.21.1)), respectively, the two vertical arrows p%_ are
isomorphisms since each F; is free, and the third vertical arrow is in-

duced by the other two.
Putting the pieces together so far, we have

¢ (Homy (Exty (M, M),A)) = ¢ (Exty (M* ®4 M, A))
> ¢ (Exty (M, M))
= ¢ (Exty(M,A)®4 M)

Set T = Ext}A(M,A). Then T # 0, since T = 0 implies that M* is free
by (B.21.2), whence M is free as well, a contradiction. Then we have
an exact sequence

0 — Tort(T,M) — T®sF1 — T®pFo— T®s M — 0.

The rank of M is equal to ranky Fy —rank F'; by (B.21.1), so counting
lengths shows that

0(T ®5 M) = (ranky M) €(T) + ¢ (Tor{ (T, M)

But T is a non-zero module of finite length, so Tor‘f(T,M ) # 0, and the
proof is complete. l

The next proposition will serve as a road map for Auslander’s proof
of the theorem on the purity of the branch locus.
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B.22. PROPOSITION. Let 6 be a set of pairs (A,M) where A is a
local ring and M is a finitely generated reflexive A-module. Assume
that

(i) (A,M) € € implies (Ay,My) € € for every p € SpecA;

(it) (A,M)€ € and depth A < 3 imply that M is free; and

(iit) (A,M) € €, depthA > 3, and M locally free on the punctured

spectrum imply that there exists a non-zerodivisor x in the max-
imal ideal of A such that (A/(x),(M/xM)**)e €.

Then M is free over A for every (A,M) in 6.

PROOF. If the statement fails, choose a witness (A,M) € € with
M not A-free and dim A minimal. By (i), depthA > 3, so that by
we can find a non-zerodivisor x in the maximal ideal of A such that
(A, M )e €, where overlines denote passage modulo x and the duals
are taken over A. Since both dimA and dim Ay, for p anon- -maximal
prime, are less than dim A, minimality implies that M is A-free and
M, is Ay-free for every non-maximal p. In particular, ME is Zﬁ-free
for every non-maximal prime p of A. Thus the natural homomorphism
of A-modules M — M is locally an isomorphism on the punctured
spectrum of A. Lemma then implies

(B.22.1) Extix(ﬂ**,Z) = Ext' (M, A)

for i =0,...,depth A — 2. In particular, holdsfori=0andi=1
since depthA — 2 = depthA —3 > 0. In particular the case i = 1 says
Ext%(M,Z) =0 since M is free.

Now, since M is reflexive, the element x is also a non-zerodivisor
on M, so standard index-shifting ([Mat89, p. 140]) glves Ext A(M A)=
Ext_(M A) = 0. The short exact sequence 0 — ASA—A—0
1nduces the long exact sequence containing

Ext} (M,A) > Ext) (M,A) — Ext}(M,A)=0

so that Exti‘(M ,A) =0 by NAK. In particular Homs(M,A) = M* from
the rest of the long exact sequence. But Homy (M, A) = HomX(M,Z) as
well, so M* = (M)*. Since M is A-free, this shows that M* is free over
A, and since x is a non-zerodivisor on M* it follows that M* is A-free.
Thus M is A-free, which contradicts the choice of (A, M) and finishes
the proof. O

B.23. PROPOSITION. Let € be the set of all pairs (A,M) in which
(A,mp) is a regular local ring and M is a reflexive A-module with
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Homy (M, M) = M for some n. Then € satisfies the conditions of
Proposition Thus M is free over A for every such (A, M).

PROOF. The fact that € satisfies (i) follows from the isomorphism
HomRP(M p>Mp) = Homp (M, M), and the fact that regularity localizes.

For (ii), we note that reflexive modules over a regular local ring
of dimension < 2 are automatically free. Therefore M is locally free
on the punctured spectrum; also, we may assume that dimA = 3. Fi-
nally, the Auslander-Buchsbaum formula gives pdy M < 1; we want
to show pdy M = 0. Observe that n = ranks(M) (by passing to the
quotient field of A), so Ext} (Homy (M, M),A) = Ext}y (M*2nkad) A) =
Ext} (M,A)"ka ™ Thus by Proposition [B.21| M is free.

As for (i1, let (A, M) € € with dimA > 3 and M locally free on the
punctured spectrum. Let x € my \m?4 be a non-zerodivisor on A, hence
on M as well since M is reflexive. Applying Homy4 (M, —) to the short
exact sequence 0 — M IM—M—0 gives

0 — Homu (M, M) % Hom (M, M) — Homa (M, M) — Ext (M, M).

As Homy (M, M) = M™, the cokernel of the map on Homy (M, M) de-
fined by multiplication by x is M(n). This gives an exact sequence

0 — M — Homu (M, M) — Ext (M, M).

The middle term is isomorphic to HomZ(M,M), and the rightmost
term has finite length as M is locally free. Apply the i = 0 version

of Lemma to the A-homomorphism H(n) — Homu (M, M) to find
that

K

HomZ(M,M)* =~ (M*)(rankA M)

whence
_ —_xx\(ranky M)
Homz(M,M)"* = (M) .

Since A is regular and x ¢ mi, A is regular as well. In particular,
A is a normal domain, so HomK(M,M)** = Homz(ﬂ**,ﬁ**). Thus
A,M )es. O

B.24. REMARK. As Auslander observes, one can use the same strat-
egy to prove that if A is a regular local ring and M is a reflexive A-
module such that Hom 4 (M, M) is a free A-module, then M is free. This
is proved by other methods in [AG60], and has been extended to reflex-

ive modules of finite projective dimension over arbitrary local rings by
Braun [Bra04].
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§3. Galois extensions

Let us now investigate ramification in Galois ring extensions. We
will see that ramification in codimension one is attributable to the ex-
istence of pseudo-reflections in the Galois group, and prove the cel-
ebrated Chevalley-Shephard-Todd Theorem that finite groups gener-
ated by pseudo-reflections have polynomial rings of invariants. We
also prove a result due to Prill, which roughly says that for the pur-
poses of this book we may ignore the existence of pseudo-reflections.

B.25. DEFINITION. Let G be a group and V a finite-dimensional
faithful representation of G over a field k. Say that o € G is a pseudo-
reflection if o has finite order and the fixed subspace

Vi={wveV]|ov=uv}

has codimension one in V. This subspace is called the reflecting hyper-
plane of .
A reflection is a pseudo-reflection of order 2.

If the V-action of o € G is diagonalizable, then to say o is a pseudo-
reflection is the same as saying o ~ diag(l,...,1,1) where 1 #1 is a
root of unity. In any case, the characteristic polynomial of a pseudo-
reflection has 1 as a root of multiplicity at least dimV — 1, hence splits
into a product of linear factors (¢ —1)"~1(¢— 1) with A a root of unity. In
fact, one can show (Exercise that a pseudo-reflection with order
prime to char(k) is necessarily diagonalizable.

B.26. NOTATION. Here is the notation we will use for the rest of
the Appendix. In contrast to Chapter 5, where we consider the power
series case, we will work in the graded polynomial situation, since it
clarifies some of the arguments. We leave the translation between the
two to the reader. Let & be a field and V an n-dimensional faithful k-
representation of a finite group G, so that we may assume G € GL(V) =
GL(n,k). Set S = k[V]=Z klxq,...,x,], viewed as the ring of polynomial
functions on V. Then G acts on S by the rule (¢f)(v) = f(o~1v), and we
set R = 8%, the subring of polynomials fixed by this action. Then R —
S is a module-finite integral extension of Noetherian normal domains.
Let K and L be the quotient fields of R and S, respectively; then L/K is
a Galois extension with Galois group G, and S is the integral closure of
R in L. Finally, let m and n denote the obvious homogeneous maximal
ideals of R and S.

B.27. THEOREM (Chevalley-Shephard-Todd). Consider the follow-
ing conditions.
(i) R =SC is a polynomial ring.
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(it) S is free as an R-module.
(iii) Torf(S,k) =0.
(iv) G is generated by pseudo-reflections.
We have = = = (), and all four conditions are

equivalent if |G| is invertible in k.

PROOF. = (11): Note that S is always a MCM R-module, so if
R is a polynomial ring then S is R-free by the Auslander-Buchsbaum
formula.

(i) = @: If S is free over R, then in particular it is flat. For any
finitely generated R-module, then, we have

Torf (M, k) ®g S = Tor} (S ®r M,S/mS).

Since S is regular of dimension n and S/mS has finite length, the latter
Tor vanishes for i > n, whence the former does as well. It follows that
R is regular, hence a polynomial ring.

< (i): This is standard.

= (iv): Let H < G be the subgroup of G generated by the
pseudo-reflections. Then H is automatically normal. Localize the
problem, setting A = Ry,, a regular local ring by hypothesis, and B =
(RIVIH) p[VIHn- Then A — B is a module-finite extension of local nor-

mal domains, and A = B¢/H.

Consider as in Chapter 5 the skew group ring B#(G/H). There
is, as in that chapter, a natural ring homomorphism 6: B#(G/H) —
Homy (B, B), which considers an element bc € B#(G/H) as the A-linear
endomorphism &' — ba(b’) of B. We claim that § is an isomorphism.
Since source and target are reflexive over B, it suffices to check in
codimension one. Let q and p = A nq be height-one primes of B and
A respectively; then By is a finitely generated free Ay-module and so
0q: Bg#(G/H) — Hom Ap(B q»Bq) is an isomorphism. This shows that §
is an isomorphism, and in particular Hom4 (B, B) is isomorphic as an
A-module to a direct sum of copies of B. By Proposition B is free
over A.

Since B is A-free, we have $4(B) = D 4(B) by Theorem But
© A(B) = B since no non-identity element of G/H fixes a codimension-
one subspace of V, i.e. a height-one prime of B. This implies $H4(B) =B
so that the branch locus is empty. However, if G/H is non-trivial then
A — B is ramified at the maximal ideal of B. Thus G/H = 1.

Finally, we prove = under the assumption that |G| is
invertible in 2. For an arbitrary finitely generated R-module M, set
TM) = Torf (M k). We wish to show T'(S) = 0. Note that G acts natu-
rally on T'(S), which is a finitely generated graded S-module.
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Let 0 € G be a pseudo-reflection and set W =V, a linear subspace
of codimension one. Let f € S be a linear form vanishing on W. Then
(f) is a prime ideal of S of height one, and o acts trivially on the quo-
tient S/(f) = E[W]. For each g € S, then, there exists a unique element
h(g) € S such that o(g)—g = h(g)f. The function g — h(g) is an R-
linear endomorphism of S of degree —1, with 0 —1g = Af as functions
on S. Applying the functor T'(-) gives T'(o) — 17(s) = T'(R)fr(s) as func-
tions on T'(S). It follows that o(s) = xmodnT(S) for every x € T(S).
Since G is generated by pseudo-reflections, we conclude that o(x) =
xmodnT'(S) for every o € G and every x € T(S).

Next we claim that 7(S)¢ = 0. Define @ : S — S by

1
(f)=— ) o(f),
Q(f Gl 2, f
so that in particular Q(S)=R. Factor @ as @ =iQ': S — R — S, so
that T(Q) = T(i)T(Q'). Since T(R) = 0, T'(i) is the zero map, so T(Q) =0
as well. Hence
1
0=TQ)=— Z T(0),
[&] geG

as R-linear maps T'(S) — T'(S). But that R-linear map fixes the G-
invariant elements of 7'(S), so that T'(S)¢ = 0.

Finally, suppose T'(S) # 0. Then there exists a homogeneous ele-
ment x € T'(S) of minimal positive degree. Since o(x) = xmodnT(S) for
every o € G, x is an invariant of T(S). But then x = 0 as T(S)¢ = 0.
This completes the proof. O

It is implicit in the proof of Theorem that pseudo-reflections
are responsible for ramification. Let us now bring that out into the
open. Briefly, the situation is this: let W be a codimension-one sub-
space of V, and f € S a linear form vanishing on W. Then (f) is a
height-one prime of S, and (f) is ramified over R if and only if W is the
reflecting hyperplane of a pseudo-reflection.

Keep the notation established so far, so that R = k[V]% S = k[V]
is a module-finite extension of normal domains inducing a Galois ex-
tension of quotient fields K — L. Since R — S is integral, it follows
from “going up” and “going down” that a prime ideal q of S has height
equal to the height of R nq. Furthermore, for a fixed p € SpecR, the
primes q lying over p are all conjugate under the action of G. (If g and
q’' lying over p are not conjugate, then by “lying over” no conjugate of
q contains q'. Use prime avoidance to find an element s € g’ so that s
avoids all conjugates of q. Then [],¢g 0(s) is fixed by G, soin Rnq=1p,
but not in q'.)
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Assume now that p is a fixed prime of R of height one, and let
q < S lie over p. Then Ry, — S, is an extension of DVRs, so pS =q°Sy
for some integer e = e(p), the ramification index of q over p, which
is independent of q by the previous paragraph. Let f = f(p,q) be
the inertial degree of q over p, i.e. the degree of the field extension
Ry/pRy — S4/qSy. Then Sy/pS, is a free Rp/pRy-module of rank ef,
so S is a free Ry-module of rank ef.

Let q1,...,q, be the distinct primes of S lying over p, and set q = q;.
Let D(q) be the decomposition group of q over p,

D(q)={ceGlo(q)=q}.

By the orbit-stabilizer theorem, D(q) has index r in G. Furthermore,
S is an extension of R, of rank equal to D(q), which implies [D(q)| =
ef.

Notice that an element of D(q) induces an automorphism of S/q.
We let T'(q), the inertia group of q over p, be the subgroup inducing the
identity on S/q:

T(q)={ceGlao(f)—feqforall feS}.

Then the quotient D(q)/T(q) acts as Galois automorphisms of S4/qS|
fixing Ry/pRy. It follows that [D(q)/T(q)| divides the degree f of this
field extension. Combining this with |D(q)| = ef, we see that e divides
|T(q)l. In fact e =|T'(q)| as long as |G| is invertible in k&:

B.28. PROPOSITION. Let q be a height one prime of S, set p=R Ny,
and suppose that T(q) # 1. Then q = (f) for some linear form f € S. If
W <V is the hyperplane on which f vanishes, then T(q) is the point-
wise stabilizer of W, so every non-identity element of T'(q) is a pseudo-
reflection. Furthermore if |G| is invertible in k then e(p) =|T(q)I.

PROOF. Since g is a prime of height one in the UFD S, q = (f) for
some homogeneous element f € S. If f has degree 2 or more, then
every linear form of S survives in S,/qS|, so is acted upon trivially by
T(q). Since T'(q) is non-trivial, we must have degf =1, so f is linear.
The zero-set of f, W = SpecS/q, is the subspace fixed pointwise by 7'(q).

For any 0 € T'(q), o(f) vanishes on W, so o(f) = a,f for some scalar
ag € k. Define a linear character y: T(q) — k™ by x(0) = a,. The
image of y is finite, so is cyclic of order prime to the characteristic of k.
The kernel of y consists of the non-diagonalizable pseudo-reflections
in T'(q) (see the discussion following Definition [B.25). Since |G| is not
divisible by p, the kernel of y is trivial by Exercise|5.38, so that 7T'(q) is
cyclic.
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Let 0 € T(q) be a generator, and let 1 be the unique eigenvalue of o
different from 1. Then A is an s root of unity for some s > 1. We can
find a basis vy,...,v, for V such that vq,...,v,-1 span W, so are fixed
by o, and ov,, = Av,. It follows that £[V1T@ = k[, . .. ,Xn—-1,%; ], and so
p=(x$)and e(p) = s = [T(q). O

Recall that we say the group G is small if it contains no pseudo-
reflections.

B.29. THEOREM. Let G < GL(V) be a finite group of linear auto-
morphisms of a finite-dimensional vector space V over a field k. Set
S =k[V]and R =SC. Assume that |G| is invertible in k. Then a prime
ideal q of height one in S is ramified over R if and only if T(q) =1. In
particular, R — S is unramified in codimension one if and only if G is
small.

PROOF. Let e = e(p) be the ramification index of p = Rnq, and
f = f(p,q) the degree of the field extension Ry/pR, — S4/qS;. By the
discussion before the Proposition, ef = |D(q)|, where D(q) is the de-
composition group of q over p. Since the order of G is prime to the
characteristic, we see that f is as well, so the field extension is sepa-
rable. Therefore q is ramified over R if and only if e > 1, which occurs
if and only if T'(q) # 1. O

To close the Appendix, we record a result due to Prill [Pri67].

B.30. PROPOSITION. Let G be a finite subgroup of GL(V), where
V is an n-dimensional vector space over a field k. Set S = k[V] and
R = SG. Then there is an n-dimensional vector space V' and a small
finite subgroup G' < GL(V') such that R = k[V']E".

PROOF. Let H be the normal subgroup of G generated by pseudo-
reflections. By the Chevalley-Shephard-Todd Theorem SH =
klf1,...,fn]is a polynomial ring on algebraically independent elements
f1,...,fn. The quotient G/H acts naturally on SH  with (SH)H = §G
so it suffices to show that G/H acts on V' = span(f1,...,fn) without
pseudo-reflections. Fix 0 e G\ H and let 7 € H. Since o1 ¢ H, the sub-
space V77 fixed by o1 has codimension at least two. The fixed locus of
the action of the coset cH on V' is then the intersection of V?7 as 1
runs over H, so also has codimension at least two. Therefore o H is not
a pseudo-reflection. O

In fact the small subgroup G’ of the Proposition is unique up to
conjugacy in GL(n,k). We do not prove this; see [Pri67|] for a proof in
the complex-analytic situation, and [DR69] for a proof in an algebraic
context.
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d-invariant,
depth, B0B]
Depth Lemma,

43, 246, 506, B0, 525
derivation, [319]
derivative, 20} 58

partial, [89] [188] 277]

descent
from the completion,
of bounded CM type,
[302} [303]
of direct summands, [9]
of finite CM type,
[167} 275 276]
of finite representation type, 38|
of isomorphism, 9]
desingularization graph, [81] [97] [101]
[I0IHIO4
determinant,
diagonal map,
270} 318} [319H{325]
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diagonalizable,

diagonalization,

Dickson’s Lemma, [15] [16] [27] [47]

Dieterich, Ernst, [264] [272] [276] 280}
281} 294

Dieudonné, Jean,

Ding, Songging,

Diophantine monoid, see Krull
monoid

direct image,

direct limit,

direct-sum cancellation,

direct-sum decomposition, [1} [7] O}

[L3HI5}[19} 27, 73] [75} [105} [160,
[L76} [177} [185} [220} 226} 227] 259,
274,294} 302

discrete valuation ring, DVR,
(48156} [58} [T24} [140} [14T] [T44)
[245H247, [250} 252 [268, [299] [323]
3261334

divisor,

divisor class group CI(R),
99, 285} 303]

divisor homomorphism, 14} [14H16]
261 27)

divisorial ideal, [23H25] [303]

double branched cover,
(143} [144} [157] [158, [230} 241} 293

double sharp x,[136] [136H{137]
Drozd, Yuriy, [32] [37] [49} [50} 237} [240]
241} 244} 259
Drozd-Roiter conditions, 29}
[A1H44, (48451} 54, [56} [58} [59} [166)
(168, [170} 279} [296]
necessity of, [42H45|
sufficiency of, [45H50} [52]

Du Val singularity, see Kleinian
singularity

Du Val, Patrick,

dual, [219] [230]

duality, canonical, [I73] [218] [246} [257]

2°( (]

e(R),e(M),e(I,M),[309]
EGA, [306]
eigenvalue, [335]

Eisenbud, David, [118] 124} [265] |266]
283} 289} [297]

Elkik, Renée, [165]

embedding dimension, [I00]

Bnd,

endomorphism ring, [TH3} [5] [10} [32]
[44} 48 [55} [58} [59} [61} [65} [67H70}
[72} 83} [109} [173] [177} [192} 193]
(199} 203} 221} 233} [235| 256}, [258)
260} [298{300]

nc-local,

219} 221] 222} [234] [269]

enveloping algebra, [319]

equivalence of matrix factorizations,
(123} [124} [130} [132]

Esnault, Héléne,

essentially of finite type, [22] [66] [114]
[115} [160} [169} (172} 315} B17H322]

étale covering, [116]

étale fundamental group 75" (X),
[116H117]

étale homomorphism,
[163} [164} [169} 317H324]

Euclid,

Euclidean diagram, see extended
ADE Coxeter-Dynkin diagram

Euler characteristic,

evaluation homomorphism, [193|

Evans, E. Graham,

excellent ring, [98] [116] [159] [763] [163]
(165} [167H169} 238, 264} 272} [275]
276} [300]

exceptional fiber,[99H105]

expanded subsemigroup,
20

Ext-minimal FID hull,

Ext-minimal MCM approximation,

[L78} (79} 186} [187]

extended ADE Coxeter-Dynkin
diagram, 91197} 225} B31253
see also ADE Coxeter-Dynkin
diagram

extended module, 17} [18] 23] 24]
(43} [T60} [165}, [30TH303]

extension of modules, 109] [113]
(118} 125, [175} [183} 219} [286) [287]

exterior power AP, [65] [74] [226] [227]
288!



faithful flatness, [26]
0 10]

faithful ideal, [52] 55| 56} 279]
faithful module,
faithful system of parameters,[267]

[267H276} [281]
faithfully flat descent, [15] [24] [25] [217]

Ferrand, Daniel,
fiber product, [319]
FID hull, see hull of finite injective
dimension
field
algebraically closed,
O} 98, [10T} [1T6} [126} [13T} [132}
(L35} [136} [139} 140} [T42{145} [149]
[157H159} 168} 188 [221] [230} [249]
[255), 258, [264} 272} [273) R75H2T9]
[281] 283 [284] [289 [295] [317] [3T9]
characteristic p, see characteristic
characteristic zero,
coefficient,
finite, [37]
imperfect,
infinite, [32{34] [38| [43] 4]
[140HT42} 166} 191} [197] [263]
277, [281} [287} [293] [297] [298] [300}
o 10!
perfect, [52} [139] [263| [264} 271] 272}
uncountable,
280} [281]
field extension
algebraic, [163] [170]
Galois, 333
inseparable, [36] [49} [159] [168]
non-Galois,
separable, 56, [ 9 BT] 56, 118
[159} [160} [166H168] [317, [320H326]
finite birational extension, 2] [43] [44]
(49} 51} [62} [168, 233} 290}
29611299} [303] [312]
finite CM type, [29] [41] [45] [46} [4854]

355

— isolated singularity, (107} (112}
[114} [16T] 165} [195} 272]

ascent of|
finite field, [37]

finite injective dimension, [I71} [172]

(174} [189} [197] 217
finite length module, [10] [I7] 18} 24}
(45} 49} 55} (59} 99}, [106} [108,
[LIOHTT3] [1T9} [171} [T79} [180} [202]
217, 218} [242} 243] [260}
(272} 274} 275} 292} [306)
328,330} [332]
finite representation type, [29]
37, 38} (47, [49} [114} [208]
of Artinian pairs, 29]
TR modules,
finite TR type, 205]
finite-dimensional algebra,
813} 314
Fitting’s Lemma, [10} [265]
Five Lemma, [257]
flatness, [160] [317]
Ratting, 128, 128} 131 135, 230, 233
Flenner, Hubert,
formally equidimensional,
Foxby, Hans-Bjgrn, [173|
fractional ideal,
fractional linear transformations,
free monoid,
free rank f-rank,
free resolution, [202H204]
bounded, [124] [149]
periodic, [124]
free semigroup,
full subsemigroup,

fundamental divisor Zy, 100104
fundamental group n1,[T15HI16}
fundamental sequence,

Gabriel quiver, see also
McKay-Gabriel quiver

Galois field extension, [63] [116] [117]
326} 331} [333]

Galois ring extension, |331H335)

y-invariant, [I83} [I85}

general linear group GL(n, k),
[71}[79} [115} 331]

generating invariants, 90|

i

K

B2}

B
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generically Gorenstein,
(184} [185]

genus, [24]

geometric McKay correspondence,
9 H109

geometrically regular,

global dimension, 64} [79]

gluing construction,

gluing map,

going down, [17] [164] [322] [333]

going up, [322] 333

golden ratio,

Goldie dimension,

gonflement, %) 68 167} I7T0, 277

[302, [310} [311]
Gonzalez-Sprinberg, Gerardo,

Gorenstein

generically, [173] [174] [180] [184} [185]

in codimension one,
257, 259 [260} [308]

on the punctured spectrum, [82]
[L14} [162} [T91] [194] [195] [202] [216)
[257, 259}, [260} [308} [309]

Gorenstein dimension, [205
Gorenstein locus, [194]
Gorenstein module, [174]
great gross 1728,[89
Green, Edward,
Greuel, Gert-Martin, [42] [50H52] [139]
[T43, 157 158, 237, 24 25
Griffith, Phillip A.,[307
group
binary polyhedral, [86H90] 02H97]
149,259
étale fundamental,
fundamental, [fiq
Galois, [63} [117} B3]
general linear,
331

special linear, [81] [83] [86] [92] [149]

group algebra kG, [71]
Gulliksen, Tor,

Guralnick, Robert, [7} [195] [267]

Hr(R),
Harada-Sai Lemma,
273274 278

Harada-Sai sequence, [265] 266]
2°( 2

Hashimoto, Mitsuyasu,
Heitmann’s amazing theorem,
Heitmann, Raymond C., 25|
Heller, Alex, [31]

Hensel’s Lemma, [6] [143] [144} [146]

Henselian local ring, [6} [6} [7}
(113} [L16) [T61} [T77, (L85} 206} 208}
(213} 2T9H22T] 223 [245] [268 [269)
276} 313} [314]

classical definition, [6] [143]

complete local ring is, [6]

Krull-Remak-Schmidt holds for,
Henselization, [159} [160} [61}
Herzog, Jiirgen, [81] [82] [90]

[118] [139} [148] [180}

[196] [257, [283] 289,
Hessel, Johann F. C.,
Hessian,
higher direct image, 98|
Higman, Donald G., [31] [268|
Hilbert function, [101] [I58} [309]

Hilbert polynomial, [309]

Hilbert-Burch Theorem, [284]

Hom-tensor adjointness, [93] [217] [327]

homogeneous coordinate ring,

homogeneous ring, [191] [283]
290} [297]

homological different, [270] [270] [281]
[322H{326 [332]

homomorphism of matrix
factorizations, [722] [125] [132]
hosohedron, [84]
hull of finite injective dimension, [171]
[£75} [T75H190]
Ext-minimal,
left minimal,
minimal,
Huneke, Craig,

E
B

E@l
EEEE
=

hypersurface singularity, [83]
[101} [106} [118}
(1214139} [159} [188} 199} 212} 237
[240} 241} [2481258} 276} [280} [28T}
(2931295 2971299} B11]

7,186l

icosahedron, [84] [89]



ideal
divisorial,
faithful, 279
fractional, [10] 23] [288] [291] [324]
of pure height one, [173] [174} [184]
[322] [323] [325] [326]
reflexive, [324]
stable, 44 [55]
idempotent, [TH3} [9] [32] [70] [161]
250} [269] [297 [314] [320]
lifting, [5} (6} [72] [313} [314]
split, [T} 2} A4} [9} 32]
imperfect field, [168] [271]
index, [190} 197
inertia group, (334
inertial degree,
infinite CM type, 51]
(166} [168] [249] [256] [263] [264] 276]
[281] [287] [291} [297H300}, [302]
infinite field, 38| [43] [44]
(49151}, 1404142} [166] [191} [197,
[263] [264] [277, [28T} [287, [293] 297}
298} [300} [310]
infinite syzygy, [205|
injective hull of the residue field, [I71]
217
inner product, [84} [85]
inseparable field extension, [36] [49]
[159, [168]
integral closure, [41] [42] [45H58] [116]
[117] 241} [244} 252} [297, [312} [331]
integral extension, 52} [63} [98] [319]
322,324
integrally closed, see normal
intersection matrix, [T00} [107]
intersection multiplicity, [99]
Intersection Theorem,[172
intersection theory,
intumescence, (166
invariant ring,
[115} [117] [229] [258] 259 287
invariant theory,
inverse determinant representation,
74
Irr(M,N) and irr(M,N), [22]]
irreducible homomorphism, 220}
[220H225] 231} 2721274} 277H279]
283 284

5
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irreducible representation, [7IH73]
/B3 B, 9% 7 103 (179, 255

Ischebeck, Friedrich,

Isogawa, Satoru, [183

isolated singularity, 101]

F),B

Jacobian
criterion,
determinant,
ideal,
matrix, |270

Jacobinski, Heinz,

Jacobson radical _#(-),[3} [221} 313}
B14

Jans, James P.,

Jordan block, [28431]
Jordan, Camille,

Kahler differentials Q,

Kaplansky, Irving, [196]

Karoubian, see idempotent, split

Karr, Ryan,

Kato, Kiriko,

Kattchee, Karl,

Kawasaki, Takesi, [294]

Kiyek, Karl-Heinz,

Klein, Felix, [81] [87]

Kleinian singularity, [81]
[8397} 99} [102} [104] [131} [139}
[149H156] [225{228]

Knérrer’s periodicity,

Knorrer, Horst,
[137, [139} [T43] 248, [293]

Koszul complex,
292

Koszul relations, 285

Kronecker, Leopold,

Kroning, Heike,

KRS, see Krull-Remak-Schmidt
Theorem

Krull Intersection Theorem,
219

Krull monoid, [14} [75} [16 21H23]

Krull, Wolfgang,
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Krull-Remak-Schmidt Theorem,

[T0} (19} [27] [&7, (L2 [129) [135} 208,
208, 299
failure of; 3] [13} [19} 22|

for Artinian pairs, [58]

for skew group rings, [70} [72]

in an additive category, [4]

over Artinian pairs,

over Artinian rings,

over complete local rings, [7] 9]
[15, 8283

over Henselian local rings, [6]

(r(M),
left minimal FID hull,
Lemme d’Acyclicité,
length sequence, [265]
Leray spectral sequence,
Leuschke, Graham J.,
Levin, Gerson, (196
Levy, Lawrence S., [17]
lifting
Drozd-Roiter conditions, [43]
factorizations, [313]
field extensions, [166} [167]
homomorphisms,
idempotents, [5] [6]
modules from Artinian pairs,
simple roots,
lifting number, [7]
lifting property, [206]
134215} 219} 2221224, [234)
of FID hulls, [175] [176]
of MCM approximations, [I75] [176|
Lipman, Joseph, [118§]
Ur(M),
local cohomology,
local duality, [197]
local fundamental group, (115
local-global theorem,
locally finite, AR quiver is,
AL
locally free
in codimension one, [260]
on the punctured spectrum, [112]

[114} [1T9] [165| [215| 216} 218} 219}
327,329 [330]

locally free sheaf,

Loewy length,

INDEX

Luckas, Melissa,
lying over, [322]

Maclaurin series, [132
mapping cone, [125]
Maranda’s Theorem, [268]
Maranda, Jean-Marie, [268
Martsinkovsky, Alex,
Maschke’s Theorem, [79]
Matlis duality,
matrix decompositions,
168!
matrix factorization, [727] [12IHI39]
[149H156} 2301233} 241} 249, [251}
252} 2541256
maximally generated,
McKay correspondence,
BIH97, 225H229)
geometric, [97HI05|
McKay quiver, see also
McKay-Gabriel quiver
McKay, John,
McKay-Gabriel quiver, [71} [75] [76] [77}
[B1} 9TH97} [104} 225 [226]
MCM approximation,
[L75H197} [204} 239
Ext-minimal,
minimal, [T76} [176H{180} [182H185]
(187} [188} [191} [195}, [196} 227, [230}
274,278
right minimal,
MCM module, [29]
over the skew group ring, [133)]
mess, [34] [36]
minimal FID hull, [182] [185]
uniqueness, [179
minimal MCM approximation,

(176} [177} [179} [180} [[82HT85) [187]
(188} [191} [195] [196} 224} 227, [230}
274,278
uniqueness, |178

minimal multiplicity,
(149} [197} 290}, 291]

minimal polynomial, [30} [38]

minimal prime ideal, [20]
38} 45} (56} [57} 59} (125} [166} [173]
[174} [307] [302} [306}, 308} 311}, [3T3]



minimal reduction,
010

minimal resolution of singularities,
[104]

Miyata’s Theorem,
199!

Miyata, Takehiko, [107]

modified Burban-Drozd triples BD',
see Burban-Drozd triples BD

module

canonical, [TT4) [T71) [T78 180}

conormal /12,

extended, 26} [43]
[160} [T65} [301H303]

faithful,[302]

Gorenstein,

maximal Cohen-Macaulay,

MCM, 29

n-torsionless, 201} [202]

of covariants,

of finite length,
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simple, 73] [266
stable, [124] [127] [129} [130} [134} [13

(148} [185H187] [190}
torsion, [174] [184] [246] [248] [325
torsion-free, [14]
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E
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%@B
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EEE

323} [326] [327]
torsionless, [201] [202]
totally reflexive, [205]
trivial,

359

Ulrich,
weakly extended,
[161H163, [167]

weakly liftable, [43]

monoid, see semigroup

pr(M),

multiplicity, £ 4, 5458} [100} (0]
(106} [114} [115 [158| 264} 272

293} 295 297

303} 309} [310H312]

multiplicity two, 57 [69] [101]
(106} [140} (14T} [143} [T44} [264, [290}

294} [295, [299} [300]
Mumford, David, m_ml, m—m

n-torsionless module, 201}
Nagata, Masayoshi, [27]]
NAK, see Nakayama’s Lemma

Nakayama’s Lemma, [6] [9}

(7 [72} [I77, 211} [268, [269) [275]
278, 314} 317} [329]

Nazarova, Liudmila A.,[263)]
ne-local, [3]
endomorphism ring,
(199} 214} 219 221 222} 234} [269)

negative definite matrix,[100} [101]
115

nilpotent Jordan block,

nilpotent Jordan block,
B7

nilradical, [53} 297 [298] [302]

nodal cubic curve,

Noether, Emmy,

non-constant ranks,

non-derogatory matrix, [30]

non-free locus, [280]

non-normal locus,

non-singular ring,

norm, [7§]

normal bundle, [100} [107]

normal domain, [23H25] [63} [66} [67] [81],
82, [98 [100} [101} [104)} [106} [T}
[L17, 225 [226| [229} 230} 24T 242
(284, 287, [291} [303} [307} [308,
[321H327, [330} [332]

normal forms, [156H158|

normal scheme, (116
number of generators, 293

E
[op)
[0's)
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0,86

octahedron,

Odenthal, Charles,

wWR, m

one-one correspondence, [61} [70H73]
B3} 97 [104]

orbit-stabilizer theorem, [334]
orthonormal basis, [85]

overring, [295|
perfect field,
271 272, 275

periodic free resolution,

Peskine, Christian, [172

Picard group Pic, [24] [104]

Piepmeyer, Greg, [199]

pitchfork construction, 180} [204]

Platonic solids, [84]

point at infinity, [85]

pointed étale neighborhood,
o 19!

Popescu, Dorin, 276

poset, [27]
positive characteristic, 117]
118,144 172

positive normal affine semigroup, see
Krull monoid
Prill, David, 69} [331} [335]
prime avoidance,
countable,
primelike,
primitive element theorem, 38} [39]

29!

principal ideal domain, 4] [£2]

principal ideal ring, [29] 30} [38] [46} [55]
290, [312]

projective line, [85] [99} [102] [103]

projective module, [20} [32] [43] [44]
(7, [55} [6T} (64} [65} [70H73} [79)
(173} [225] [234} [245] [246), [302}
319} [321} [324H{326]

projective plane, [102]

projective space, [141]

pseudo-reflection, [69] [69] [70} [72} [79]
B3} [106} (225} [331]

pullback,
(192} (193] 219} 229 24T} 242} 247]
248, [251} 253} [254]

pure

46}
B3}
BO7,

INDEX

homomorphism, [108]
submodule, [108] 118
pure height one, [173] 322]
323} [325} [326]

pure local ring, (116

purely transcendental extension, [166

purity of the branch locus,

pushout,
215} 234

quasi-homogeneous polynomial,
[188|
quotient field, 116]

rad and rad?,

ramification,

ramification index,

vank [13, 20 20, 21 56 69} 128
[L72H174} [T80] [184} [186} 229} [230}
[245] [264} [291} [292} 301} 309} B11]
328,330

rational curve,[99]

rational double point, see Kleinian
singularity

rational singularity, 984101} [104]
[118}[149]

Raynaud, Michel, [I74]

real numbers R, [79] [126]

reduced matrix factorization, [123]
[124} 129} [139]

reduced ring, 38 [41] [42] [45] [63] [168]
241} 242} [244] [255) 260}, 264} [275]
296} 298 [301} [306}, 312} [320}, [321]

reduced semigroup,

reduced syzygy redsyz,
284} [288] [292] 507

reduction,

reflecting hyperplane,

reflection,

reflection group,

reflexive module, [14] 23] 25] [67} [B1]
82} 83 [104} [105} [117} [148
[201H203} 216 217} 242} [246] [248]
260} [307} [308, [323], 325330}, [332]

reflexive product,
323

reflexive subcategory, [207] [208] [211]
regular homomorphism,



regular in codimension one, L [242]
30/
regular local ring, 53} [69] [78} [79]

(158} [165] [190}

245 252} [270)

326}, [329 [330}
Reiner, Irving, .
Reiten, Idun, [9]]

Remak, Robert E.,
representation theory
of Artin algebras, 213]

of finite groups, [61} [71} [72] [81] 07}
149
of finite-dimensional algebras,
of lattices over orders,[50]
resolution of singularities, 104
retraction,
Reynolds operator,
Riemann-Roch Theorem, 101
right minimal homomorphism, (176}

207209} [222]

right minimal MCM approximation,

@EE

Roberts, Paul C.,
Roczen, Marko,

Roiter, Andrei V., [49

S#G,

(S1),[661 67, [306]

(S2), [66} 67, B2 241} 260 [262} [307
[308} 322 [325]

Saito, Kyoji,

Sally, Judith D.,

Sanders, Herbert, [294]

Schanuel’s Lemma,

Schmidt, Otto,

Schreyer, Frank-Olaf,
[237] [241] [248] [256) [258, [259} [280)

Schur’s Lemma, [93]

ccroll, 755, BT} P90, 29T

self-intersection, [100} [107]

semigroup, 13} [14]

cancellative,

finitely generated,

reduced,
seminormal,

seminormalization, 9]

separable algebra, (320}

INDEX
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separable field extension,
[49H51} (66} [116} [159} 160}
(1661168} [317} [320H326} [335]
series of singularities, [256] 258
Serre’s conditions
(Sl)’
(S2),[66} [67] [82} [24T] [260] [262} [307]
308} 322} [325]

(Sx),[305} 306

Serre’s criterion for normality, [241],
[291] [306}, [321]

Sharp, Rodney,

sharping

sheafification, [106]

shenanigans, [135]

Shida, Akira,[176} [I78]

Simon, Anne-Marie, [I78|

simple module,

simple singularity,
(143} [144} [147} 158, [T69} 249}, [255]

singular locus, [163} [237] [238] [259]
271} 280]

skew group ring S#G,[61} [64} [65] [67}
(78, [83} [133} 226, [288 [326]

Smalg, Sverre,

small subgroup, [69} [72] [335]

(Sn),

Snake Lemma, [107] [184] 214] 222]
(243} 247} [248]

socle, [101} [197} 219

Solberg, @yvind,

special linear group SL(n,k),[81} [83]

84 [86} 90} 92} [93} [104} [149} [150,

special orthogonal group SO(3),[84]
special unitary group SU(n), 84} [B5]
spectral sequence, [217]
splitting number spl(R), 22]
square root of —1,[86} [131]
249
stable
Hom module Hom, [T99H202}
category, [I37]
endomorphism ring End,
218, [219} [286]
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equivalence, |200
MCM trace, [196]

module, [124] [127} [T29] [130} [134]
[135} [748} [I85H187, [T90} [191}

stable ideal,
Steinitz, Ernst, [10]
Steinke, Giinther,
stereographic projection,
stretched ring, [290] 297
strict transform, [104]
strictly positive vector,
striped matrix, [29]

Striuli, Janet, [T08] [109] [199] [206]
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