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Preface

This is a widely revised version of lectures I gave at Tokyo Metropolitan University in
1987, originally written in Japanese [67).

Throughout the book our attention is directed to the point — how we can classify
CM modules over a given CM ring, or classify CM rings which have essentially a finite
number of CM modules? Being analogous to lattices over orders, this question seems
to have arnsed very naturally. The first approach to CM modules in this direction was,
perhaps, done by Herzog [35], and it turned out that there are, in themselves, two basic
aspects of this problem. The first 1s an algebraic or representation-theoretic side, in which
Auslander and Reiten made remarkable progress by the powerful use of AR sequences.
The second is a geometric side, more precisely, the spectra of CM local rings having
only a finite number of CM modules should be well-behaved singularities. Artin; Verdier,
Knorrer, Buchweitz, Eisenbud, Greuel and many others are concerned with this direction.

In this book I have tried to give a systematic treatment of the subject, as self-contained
as possible, but there is no intention to make this book an encyclopedia of CM modules.
Therefore, even in the case that more general treatments for definitions or proofs exist, I
have prefered to give direct expositions, which, I am afraid, the experienced reader might
feel unwise of me.

I conclude this preface with acknowledgements and thanks to all who supported the
preparation of the book. Especially I would like to express my great gratitude to Prof.
Maurice Auslander who gave me valuable comments on the first draft. I am also in-
debted to Eduardo Marcos, Akira Ooishi and Kazuhiko Kurano who read the manuscript
with great care and attention. Finally I wish to thank Mr. David Tranah, an editor of
Cambridge U.P., for his advice in correcting my English.

January, 1990 Yuji Yoshino






Chapter 1. Preliminaries

In this chapter we will review some basic facts without proofs and give some of the
basic notation that will be used throughout the book. For further results in commutative
algebra we refer the reader to the excellent textbooks of Matsumura [47], {48] and Nagata
[50]. For material such as local cohomologies and canonical modules, we recommend
Herzog and Kunz [37].

Throughout this chapter R is a commutative Noetherian local ring with maximal ideal
m and with residue field k = R/m. We always denote the Krull dimension of R by d. All
modules considered here will be finitely generated and unitary.

A. CM modules.

Let M be an R-module. Recall that a sequence {z1,23,...,2z,} of elements in m is
a regular sequence on M if z;}; is a non zero divisor on M/(z1,z3,...,z;)M for any
i (0 <7 < n). The depth of M is the maximum length of regular sequences on M.

In this book we shall be concerned exclusively with Cohen-Macaulay modules, which
are defined as follows:

(1.1) DEFINITION. An R-module M is called a maximal Cohen-Macaulay mod-
ule or simply a Cohen-Macaulay (abbr. CM ) module if the depth of M is equal to
d. The ring R is a CM ring if R is a CM module over R.

The reader may recall several equivalent definitions of CM modules.

(1.2) PROPOSITION. (Grothendieck {33] or Herzog-Kunz [37]) The following condi-
tions are equivaleni for an R-module M:
(1.2.0) M is a CM module over R;

(1.2.1)  Exth(k,M)=0 (i <d);
(1.2.2) HL(M)=0 (i #d),
where HY, denotes the i-1h local cohomology functor with support on {m}.
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In practice the conditions (1.2.1) and (1.2.2) will be very useful because of their homo-
logical nature. The next two propositions, for example, are proved by using them.

(1.3) PROPOSITION. Let 0 = L — M — N — 0 be an exact sequence of R-modules.
Then the following hold:

(1.3.1) IfL and N are CM, then so is M.

(1.3.2) IfM and N are CM, then so is L.

Warning and Ezercise: It is not necessarily true that if L and M are CM, then so1s N.
Give a counter-example to this.

(1.4) PROPOSITION. Let R be a CM local ring and let
0—M—F 41— Fy— - —Fh—F

be an exacl sequence of R-modules where each F; i3 finilely generaled free. If n > d, then

M is a CM module.
The following facts are rather well known and will be useful later.

(1.5) PROPOSITION.

(1.5.1) If R is a regular local ring, then any CM module over R i3 a free module.

(1.5.2) If R is a reduced local ring of dimension 1, then an R-module M ts CM only when
it is torsion free, that is, when the natural homomorphism M — Homp(Hompg(M, R), R)
is a« monomorphism. '

(1.5.3) If R is a normal local domain of dimension 2, then an R-module M is
CM only when it is reflexive, that is, when the nalural homomorphism M —
Hompg(Hompg(M, R), R) is an isomorphism.

(1.5.4) If R is a normal local domain of dimension > 3, then any CM modules over R
are reflexive. Il 13, however, nol necessarily true that reflexive modules are CM.

B. Multiphcities. _

We now summarize some of the basic results from the theory of multiplicities. For an
R-module M, it is known that the length of M/m"M is a polynomial in n if n is large
enough, and the polynomial is of the form

(e(M)/d*)n® + (terms of degree less than d),
where e(M) is the multiplicity of M. It is true that e(M) is always a nonnegative

integer and that e(M) = 0 if and only if the Krull dimension dim(M) is less than d.
Multiplicities have the property of additivity in the following sense.
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(1.6) PROPOSITION. (Nagata {50, Chapter 3])

(16.1) H0—-L— M — N —0 tsan exact sequence of R-modules, then the equality
e(M) =e(L) + e(N) holds.

(1.6.2) If R is an integral domain, then we have e(M) = e(R)-rank(M) for any R-module
M.

(1.7) PROPOSITION. (Nagata [50, Chapter 3]) Let M be ¢ CM module over a local
ring R. Then, for a sysitem of parameters {z1,z,,... ,24} for R, we have the inequality

e(M) < length(M/(z1,z3,... ,za)M) < n? - e(M),
where n 13 the least inleger with the property m™ C (z1,23,...,24)R.

C. Noetherian normalization.

Later in this book we will have occasion to encounter the case where the local ring R
is an algebra over another local ring T'. In such a case we have the invariance of the CM
property.

(1.8) PROPOSITION. (Grothendieck [33, Cor.5.7]) Suppose R is a finite T-algebra
where T is also a local ring with the same dimension d. Then an R-module M is CM
over R if and only of it 13 CM over T

In fact this proposition can be proved by using (1.2). Under the same assumption as in
(1.8), the natural ring homomorphism T — R is called a Noetherian normalization
of R when T is regular. It is a classical result that Noetherian normalizations of R exist
if R is a complete local domain (Matsumura [47, (28.P)]). Combining (1.8) with (1.5.1)
we have:

(1.9) PROPOSITION. Let T — R be a Noetherian normalization of R. Then an
R-module M is CM over R only when il is free regarded as a T-module.

D. Local duality and canontcal modules.
There is a powerful theorem called local duality for CM modules over CM rings. Before
stating it we recall the definition of canonical modules.

(1.10) DEFINITION. A module Kp over a CM ring R is a canonical module of R
if the following two conditions are satisfied:

(1.10.1) Kpgis a CM module, and

0 (i#4d),

(1.102) Extp(k, Kg) = { ko (i=d).
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It is known that this definition is equivalent to the following single equality (Herzog-
Kunz [37]).

(1.10.3) Hompg(H%(R), Er(k)) ~ Kg,

where E'g(k) is the injective envelope of an R-module k, and Kg denotes the completion
of Kp with respect to the m-adic topology.

In general a canonical module need not exist, but if it does, it is unique up to isomor-
phism. Fortunately we know that most rings possess canonical modules.

(1.11) PROPOSITION. (Herzog-Kunz [37]) Suppose ¢ CM local ring R has a Noethe-
rian normalization T — R. Then the R-module Kg = Homp(R, T) is a canonical module

of R.
We are now ready to state the theorem of local duality.

(1.12) PROPOSITION. (Grothendieck [33, Theorem 6.3]) Suppose a CM local ring R
has the canonical module Kg. Then, for any R-module M, there are natural isomorphisms

Exth(M, Kg)~ ~ Hompg(H& (M), Eg(k)),

for any i.

As an easy consequence of this we obtain the following:
(1.13) COROLLARY. Let M be a CM module over a CM ring R having the canonical
module Kp. Then Homp(M, Kg) is also a CM module and there is an isomorphism
M ~ Homp(Homp(M, Kg), Kg). Moreover each Ext’y(M, Kg) vanishes unless i = 0.

In particular Homp( |, Kg) is an ezact auto-functor on the category of CM modules over

R.
For later use we make the following remark which is also an easy corollary of (1.12).

(1.14) REMARK. Let R be the same as in (1.12) and let 0 — Kp —L - M — 0 be
an exact sequence of CM R-modules where Kp is the canonical module of R. Then the
sequence splits.

Actually this is the consequence of the fact that ExtL(M, Kg) = 0. In other words, the
canonical module is an injective object in the category of CM modules.

E. Syzygies.
(1.15) DEFINITION. Consider an exact sequence of R-modules;

0—N—F, ,—F,s— —F —Fp— M—0,
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where each F; is a free R-module. Then N is called an n-th syzygy of M. The reduced
n-th syzygy syz"(M) of M is the module obtained from N by avoiding all free direct
summands. Thus syz"(M) has no free direct summand and N ~ syz"(M) & F for some
free module F'. Notice that the reduced n-th syzygy of M is uniquely determined by M
and n up to isomorphism. Note that, by definition, if M is free, then syz" (M) = 0 (n > 0).
Note also that if M has projective dimension p, then syz" (M) = 0 for any n > p.

Proposition (1.4) can be put in the following form in terms of syzygies.

(1.16) PROPOSITION. Let R be a CM local ring of dimension d. Then for any R-
module M and for any integer n that is not less than d, syz™ (M) is either a CM module
or a null module.

This provides a possible way of constructing new CM modules by taking syzygies or
reduced syzygies.

F. Henselian rings.

(1.17) DEFINITION. A local ring R is a Henselian ring if the following condition is
satisfied.

(1.17.1) Any commutative R-algebra which is module-finite over R is a direct product
of local R-algebras.

Recall that an R-module is called indecomposable if it has no nontrivial direct sum-
mands. There is a crucial fact concerning indecomposability of modules over a Henselian
ring.

(1.18) PROPOSITION. Let R be a Henselian local ring and let M be an R-module.
Then M is indecomposable if and only if the endomorphism ring Endg(M) is a local
algebra, that is, sums of nonunits in Endg(M) are nonunits. This assures us that the
calegory of finitely generated R-modules admiis the Krull-Schmidt theorem. Namely, any
R-module is uniquely a finite direct sum of indecomposable R-modules.

A famous theorem of Hensel asserts that complete local rings are Henselian rings. More
generally, analytic algebras defined below are also Henselian.

(1.19) DEFINITION. Let k be a valued field. Thus there is a mapping v from k to the

set of nonnegative real numbers, which satisfies the conditions:

(1.19.1) v(z) =0 ifand onlyif z=0. And v(zy) = v(z) v(y), v(z+y) < v(z)+v(y)
for any z,y € k.

Then consider a formal power series f over k in n variables {z;,2s,...,2,} with the
following condition:
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(1.19.2) Write f as 2a,'1,'2..,.',m';la:;2 ...z (@iyiy..in € k). 'Ihen there are positive real
numbers r1,73,...,7, and N such that v(ai, i, )ri'ry2 ... rip < N for all iy, 4y,... ,in.

Call such series a convergent power series with respect to the valuation v. We denote

by k{z1,z2,...,zn} the set of all convergent power series, and call it a convergent
power series ring. Notice that if the valuation is trivial, i.e. v(z) = 1 for any z # 0,
then all formal power series are convergent ones, thus k{z1,s,... ,2,} is the formal

power series ring.

An analytic algebra over k is defined to be a finite algebra over a convergent power
series ring. Any complete local ring containing a field is an analytic algebra with trivial
valuation. It is known that a local analytic algebra is a Henselian ring (Nagata [50,
Chapter 7]). If k is a perfect field, then every local analytic algebra is a homomorphic
image of a convergent power series ring over k (Scheja-Storch [57]). This, however, is not
true unless k is perfect. It is also known by Scheja-Storch [57, (8.10)] that all analytic
algebras are excellent rings.

(1.20) DEFINITION AND PROPOSITION. (Scheja-Storch [57]) Let R be a local
analytic algebra over a valued field k. Then a system of parameters {z1, z2,... ,24} for R
is called separable if the total quotient ring of R is a separable algebra over the quotient
field of the convergent power series ring k{z1,zs,... ,z4}. If k is a perfect field, then
every reduced analytic algebra over k has a separable system of parameters.

G. Split morphisms.

We end this chapter by making several remarks about split morphisms. Recall first its
definition. A homomorphism f : M — N of R-modules is a split epimorphism if it
has a right inverse, that is, if there is a morphism g from N to M such that f-g = 1u.
Similarly f is a split monomorphism if f has a left inverse. Notice that if f is a split
epimorphism (resp. a split monomorphism), then N (resp. M ) is isomorphic to a direct
summand of M (resp. N).

For later use we remark the following:

(1.21) PROPOSITION. Let R be a Henselian local ring and let f : M — L and
g: N — L be homomorphisms of R-modules which are not split epimorphisms. Suppose
L is an indecomposable R-module. Then the homomorphism (f,g) : M ® N — L is not
a split epimorphism.

This 1s evident from (1.18). Actually, if (f,g) were a split epimorphism, then there
would be ¢ : L — M and b: L — N satisfying f-a+g-b = 1. Since Endg(L) is
local, this would imply that either f-a or g - b is an automorphism on L, which is a
contradiction.
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The following is also easy to see.

(1.22) PROPOSITION. Assume that f : N — M is a homomorphism of R-modules.
Let N = Y ; N; be a direct decomposilion of N inlo indecomposable modules and lel
M; = M/f(Liz;j Ni). Consider R-homomorphisms f; : Nj — M; for any j which are
induced naturally from f. If all of the f; are split monomorphisms, then so is f.



Chapter 2. AR sequences and irreducible morphisms

This chapter introduces some of the basic theory of AR sequences, which will play the
key role in later part of this book. Auslander and Reiten introduced this notion for their
theory of representations of Artinian algebras. They, and several others, developed the
theory to much wider classes of categories, including the category of CM modules, see [5)
for instance. In what follows, ‘AR’ always stands for ‘Auslander and Reiten’.

In this chapter R is always a Henselian CM local ring with maximal ideal m and with
residue field k. We always denote the Krull dimension of R by d. It is convenient now to
introduce the notation for categories of modules. The category of all finitely generated
R-modules and R-homomorphisms will be denoted by S(R). The full subcategory of
IM(R) consisting of all CM modules will be denoted by €(R). Notice that M € €(R) is
indecomposable if and only if Endg(M) is a local ring, cf. (1.18).

Before giving a precise definition of AR sequences it is necessary to introduce a further
notion.

(2.1) DEFINITION. For an indecomposable CM module M € €(R), we define a set of
short exact sequences S(M) as follows:

SM)={s:0—>N,—-E;, - M—0]|

s is a nonsplit exact sequence in €(R) with N, indecomposable}.

In particular, an element of S(M) gives a nontrivial element of Exth(M, N,).
The next is a direct consequence of the definition.

(2.2) LEMMA. If M is an indecomposable CM module over R which is not free, then
S(M) is nonempty.

PRrROOF: Let s be a nonsplit exact sequence 0 = N — E — M — 0 in €(R) which ends
in M. Since M is nonfree, there exists at least one such exact sequence. For example, it
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is enough to take E as a free cover of M. Decompose N into indecomposable modules
as N = ¥; N; and let Ej be E/ Yizj Ni. Consider new exact sequences s;j : 0 — N; —
E; — M — 0. Since s is nonsplit, one of the sequences s; is also nonsplit (1.22) and thus
it lies in S(M). 1

(2.3) DEFINITION. Let s and ¢ be two elements of S(M).

(2.3.1) We write s > 1 if there is an f € Hompg(N,, N;) such that Exth(M, f)(s) =¢t. In
this case we say that s is bigger than ¢ or ¢ is smeller than s. This is equivalent to the
existence of a commutative diagram:

0 N, E, M 0
1| l Il
0 N, E, M 0.

(2.3.2) We write s ~ ¢ if f is an isomorphism above in (2.3.1). We often identify s with
t when s ~ t.
(2.4) LEMMA. Let M be an indecomposable CM module and let s and t be in S(M).

Ifs >t and t > s, then we have s ~ 1. In particular S(M) is a well-defined partially
ordered sel.

Proor: There are, by definition, R-homomorphisms f : Ny — N; and g : Ny — N,
satisfying Exth(M, f)(s) =t and Exth(M,g)(1) = s. If we denote the composition g - f
by h, then we have ExtL(M, h)(s) = s. Since both N, and N; are indecomposable, it is
enough to show that & is an isomorphism. Thus the lemma follows from the following:

(2.5) LEMMA. Let s be an element of S(M) and let h be an endomorphism of N,. If
Exth(M, h)(s) = s, then h is an automorphism of N,.

Proor: Suppose h is not an isomorphism. Then h belongs to the Jacobson radical of
Endg(N;) and hence some power of k is in m Endg(N,). We may thus assume that & itself
is in m Endg(N,). Then, for any integer n, we have A" = ¥; a;,gin for some a;, € m™
and gi, € Endg(N,). Therefore s = ExtL(M,h")(s) = &;ain Exth(M, gin)(s) is in
m"™ Exth(M, N;) for any n. Thus we conclude that s = 0 as an element of Extk(M, N;)
which is clearly a contradiction, for s is nonsplit. i

The partially ordered set S(M) has the following property:
(2.6) LEMMA. Let M be an indecomposable CM module and let s : 0 — N, — E, &

M —0andt:0— N,— E 5 M — 0 be in S(M). Then there is an element u € S(M)
such that s > u and 1 > u.

Proor: Consider an exact sequence 0 - N — F RV g 0, where £ = E, & F,; and
N is the kernel of the homomorphism ¢ = (p,¢). Decompose N into indecomposable
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modules as N = 7°; N; and denote E; = E/ ¥;2; N;. Then we know from (1.22) that one
of the sequences u; : 0 = N; — E; — M — 0 is in S(M), say w1 € S(M). Then, from
the definition, it is easy to see that s > u; and ¢ > u;. §

(2.7) COROLLARY. Let M be an indecomposable CM module. If s is a minimal
element in S(M), then il is minimum in S(M).

We are now ready to define AR sequences.

(2.8) DEFINITION. Let M be an indecomposable CM module over R. A short exact
sequence s:0 — N, - E;, — M — 0 is an AR sequence ending in M if s is the
minimum element in S(M). An AR sequence ending in M is, if it exists, uniquely deter-
mined by M. In particular the modules N, and E, are also unique up to an isomorphism.
If s is the AR sequence ending in M, then we denote N, by (M) and call it the AR
translation of M.

This definition of AR sequences looks very theoretical. We shall rewrite it for practical
use.

(2.9) LEMMA. Let M be an indecomposable CM module and lel s : 0 — N, — E, &
M — 0 be in S(M). Then the following lwo condilions are equivalent:

(2.9.1) s is the AR sequence ending in M;

(2.9.2) For any R-homomorphism q: L — M in €(R) which is nol a split epimorphism,
there is an R-homomorphism f: L — E, such thatq=p- f.

PROOF: (2.9.2) = (2.9.1) Lett:0— N; — E; 5 M — 0 be a sequence in S(M) with
t < s. We want to show that s < t. Since ¢ is not a split epimorphism, we know from
(2.9.2) that there is an f : E; — E, satisfying ¢ = p- f. Denote by ¢ : N; — N, the
restriction of f on N;. Then it follows that Exth(M, g)(t) = s, that is, s < 1.

(2.9.1) = (2.9.2) Let ¢: L — M bea homomorphism which is not a split epimorphism.
We construct a new exact sequence

u:O—»Q—»E,EBLi»M—>0,

where ¢ denotes the homomorphism (p, ¢q) and @ is the kernel of ¢. Since both p and ¢
are nonsplit, the sequence u is also nonsplit by (1.21). Denoting by h the restriction of
the natural monomorphism E; — E, & L on N,, we see that h is a homomorphism from
N, into Q with the property Exth(M,h)(s) = u. Decompose @ into indecomposable
modules to write Q@ = ¥; Qi, hence Exth(M,Q) = T; Exth(M,Q;). Write u = ¥; u;
along this decomposition. Since u # 0 in ExtL(M, @), one of the u; is nonsplit. Denote it
by . It can be seen from the definition that ¢ is an element of S(M) and that s > t. Then
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from the assumption (2.9.1) we see that s ~ ¢. In particular there is a homomorphism
g : Q — N, which makes the following diagram commutative:

0— Q — E, 6L — M — 0

d 7] ||

0 — Ny — E, ——M——0

Denoting by f the composition of the homomorphism f’ appearing in the middle of the
diagram with the natural monomorphism L — E,@® L, we obtain ¢ = p- f. This completes
the proof. §

Auslander and Reiten, who initiated the theory of AR sequences, called an AR sequence
an ‘almost split’ sequence, which is apparently named after the property (2.9.2); see
Auslander-Reiten [9].

We next make a very important definition.

(2.10) DEFINITION. Let M and N be CM modules over R and let f : M — N be
an R-homomorphism. Call f an irreducible morphism if the following two conditions
are satisfied:

(2.10.1) f is neither a split epimorphism nor a split monomorphism.
(2.10.2) If a commutative diagram
M LN

g\ /h
X

in €(R) is given, then either g is a split monomorphism or h is a split epimorphism.

(2.11) LEMMA. Let M be an indecomposable CM module over R and let s : 0 — N —
E L M — 0 be an element of S(M). Suppose that s is the AR sequence ending in M.
Then p is an irreducible morphism.

ProorF: It suffices to check that the homomorphism p satisfies the condition (2.10.2). So
consider a commutative diagram
E L M
g \ / h
X

in €(R) and assume that h is not a split epimorphism. It is enough to see that g is a
split monomorphism. Let G = E @& X and let ¢ be a homomorphism (p,h) : G — M.
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Then we have the commutative diagram:

—
.
—

0 Q G M 0,

where @ is the kernel of ¢ and j = (3). Since both p and h are nonsplit, ¢ is also
nonsplit by (1.21). Decompose @ into indecomposables to write @ = ¥_; @; and denote
Gi: = G/ £j#i Qj. By (1.22), there is an i such that the sequence s,:0 — @; — G; —

M — 0 is nonsplit, hence s; € S(M). Notice that the following commutative diagram

exists:
0 Q ¢ 2 M 0
[ |l
0 Q:’ G:' M 0)

where k is the natural projection. Combining two commutative diagrams above, we
obtain s; < s. Since s is the minimal element in S(M), we see that s ~ s;. Then we
know from (2.5) that the composition k - j is an isomorphism. Writing k = (a, b) along
the decomposition G = E @ X, we conclude that b-g : E — G; is an isomorphism. In
particular we have {(b- g)~1b}-g = 1, and this shows that g is a split monomorphism. g

We immediately get:

(2.12) COROLLARY. Let M and L be indecomposable CM modules over R and assume
that there exists an AR sequence s:0 - N — E 2 M — 0 ending in M. Then the
following two conditions are equivalent:

(2.12.1) There is an irreducible morphism from L to M;

(2.12.2) L is isomorphic to a direct summand of E.

ProoF: (2.12.1) = (2.12.2) Let f: L — M be an irreducible morphism. Since f is
not a split epimorphism and since s is an AR sequence, we see from (2.9) that there is a
homomorphism g : L — E such that f = p-g. It follows that g is a split monomorphism,
for f is irreducible and p is not a split epimorphism.

(2.12.2) = (2.12.1) Assume the decomposition of E is given by E = L & Q. Denote
p = (f, g) along this decomposition. We show that f is actually an irreducible morphism
from L to M. For this, let

L LM
BN Sk
X
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be a commutative diagram in €(R) and suppose that k is not a split epimorphism. We
want to verify that k is a split monomorphism. Consider the commutative diagram

E=LoQ -

0N (k)
XeQ,
where § = (’(; (1)) Since p is irreducible (2.11) and since (k, g) is not a split epimorphism

(1.21), we see that 6 is a split monomorphism, and hence h itself is a split monomor-
phism. §

As a corollary of this proof we obtain the following:

(2.13) COROLLARY. Let M and L be indecomposable CM modules over R and assume
that there ezists an AR sequence s:0— N — E 5 M — 0 ending in M. Then any
irreducible morphism g from L to M is obtained in the following way: There is a split
monomorphism h from L to E such that g=p- h.

Recall that there is a duality in our category €(R) as was seen in (1.12) and (1.13).
We will, thus, have definitions and lemmas that are dual to the above. We will list them
below and leave proofs to the reader as exercises.

(2.1)) DEFINITION. For an indecomposable CM module N € €(R), we define a set of

short exact sequences S/'(N) as follows:

S (N)={s:0-N->G,—- M, -0}

s is a nonsplit exact sequence in €(R) with M, indecomposable}.

In particular, an element of S'(N) gives a nontrivial element of Exth(M,, N).

If the CM ring R has the canonical module Kp , and if we denote by ( )’ the canonical
dual (e.g. M’ = Hompg(M, Kg), s’ = Hompg(s, Kg) etc.), then a nonsplit short exact
sequence 5:0 — N — G — M — 0 belongs to S'(N) if and only if it is in S(M), which
is also equivalent to s’ € S(N'); see Corollary (1.13).

(2.2) LEMMA. If N is an indecomposable CM module over R which is not isomorphic
to the canonical module K, then S'(N) is nonempty.

(2.3)' DEFINITION. Let s and ¢ be two elements of S'(N).
(2.3.1)' We write s >' ¢ if there is an f € Homp(M;, M,) such that Exth(f, N)(s) = t.
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This is equivalent to the existence of a commutative diagram:

0 — N — G, M, 0
|| [
0 — N — Gg Mg 0.

(2.3.2)' We write s ~' ¢ if f, in (2.3.1)' above, is an isomorphism. We often identify s
with ¢ when s ~' 1.

If R has a canonical module and if ( )’ denotes the canonical dual, then note that
s >'t in S'(N) if and only if s' > ¢/ in S(N').
(2.4)) LEMMA. Let N be an indecomposable CM module and let s and t be in S'(N).
If s >' t and t >' s, then we have s ~' 1. In particular S'(N) 1s a well-defined partially
ordered set.

(2.5)) LEMMA. Let s be in S'(N) and let h be an endomorphism of M,. If
Exth(h, N)(s) = s, then h is an automorphism of M,.

(2.6)) LEMMA. Iet N be a CM module and let s and t be in S'(N). Then there is an
element u € S'(N) such that s >' u and t >' u.

(2.7) COROLLARY. Let N be an indecomposable CM module. If 5 is a minimal ele-
ment in S'(N), then il is minimum in S'(N).

(2.8) DEFINITION. Let N be an indecomposable CM module over R. A short exact
sequence 8 :0 - N - G, - M, — 0 is an AR sequence starting from N if
s is the minimum element in S'(N). An AR sequence starting from N is, if it exists,
uniquely determined by N. In particular the modules M, and G, are also unique up to
an isomorphism. If s is the AR sequence starting from N, then we often denote M, by
7-1(N).

(2.9 LEMMA. Let N be an indecomposable CM module and let 5:0 - N % G, —
M; — 0 be an element in S'(N). Then the following two conditions are equivalent:
(2.9.1)' s is the AR sequence starting from N;

(2.9.2)' For any R-homomorphism r : N — L in €(R) which is not a split monomor-
phism, there is an R-homomorphism f: Gy, — L such thatr = f - q.

(2.11)) LEMMA. Let N be an indecomposable CM module over R and let s:0 — N
G —= M — 0 be an element of S'(N). Suppose that s is the AR sequence starting from
N. Then q i3 an trreductble morphism.

(2.12) COROLLARY. Let N and L be indecomposable CM modules over R and assume

that there ezisis an AR sequence s:0 — N 5 G — M — 0 starting from N. Then the
following two conditions are equivalent:
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(2.12.1) There is an irreducible morphism from N inilo L;
(2.12.2) L is isomorphic 1o a direct summand of G.

(2.13) COROLLARY. Let N, L and s be the same as in (2.12)'. Then any irreducible
morphism g from N to L is obtained in the following way: There is a splil epimorphism
h from G to L such thatg="h-q.

We shall prove that two definitions of AR sequences that are dual to each other will be
the same in the following sense.

(2.14) LEMMA. Let s:0 >N —>E— M — 0 be a nonsplil short ezact sequence in
C(R). Assume that both N and M are indecomposable. Then the following are equivalent:
(2.14.1) s is the AR sequence ending in M;

(2.14.2) s is the AR sequence starling from N.

Proor: We only prove that (2.14.1) implies (2.14.2). The reverse implication is similar
and is left to the reader.

Let { be an element of S'(N) with { <’ s. We want to show that s ~' {. By definition,
there is a commutative diagram

0 N2 .M 0
I 1] g
0 N6 - M, 0.

Suppose g is not an isomorphism. Then it is not even a split epimorphism. Thus from
(2.9) there is § : M; — E such that p-8 = g. Then f — 8 - @ induces a homomorphism
¢ from G; to N satisfying ¢-¢ = f — 8 - a, because p- (f — 0 - a) = 0. Thus we have
g-¢-b=f-b—0-a-b=q, therefore ¢ -b is the identity mapping on N. This contradicts
the fact that { is nonsplit. Thus g must be an isomorphism, and hence s ~' 1. 1

We end this chapter by defining what will be one of main topics of the next chapter.

(2.15) DEFINITION. We say that the category €(R) admits AR sequences if, for
any indecomposable CM module M over R which is not free, there exists an AR sequence
ending in M. ‘

If the CM ring has the canonical module, then the canonical dual gives an exact anti-
equivalence of the category €(R) onto itself. Therefore that €(R) admits AR sequences
is equivalent to the existence of an AR sequence starting from N for any indecomposable
CM module N which is not isomorphic to the canonical module.
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Chapter 3. Isolated singularities

In this chapter we intend studying in detail the condition that the category €(R) admits
AR sequences. It will turn out that this is equivalent to the ring R having only an isolated
singularity. This result was first proved by Auslander [7].

In this chapter R is a Henselian CM local ring with maximal ideal m and with residue
field k = R/m. We always assume that R has the canonical module Kg. As before d
denotes the Krull dimension of R and €(R) is the category of all CM modules over R.

We begin with the definition of isolated singularities.

(3.1) DEFINITION. The ring R is an isolated singularity (or R has only an isolated
singularity) if the localizations Ry are regular local rings for prime ideals p of R which
are distinct from m.

For example, if d = 1, then R is an isolated singularity if and only if it is reduced (i.e.
having no nontrivial nilpotent elements). If d = 2, then it is equivalent to requiring R to
be a normal integral domain. The reader should prove this as an exercise.

The goal of this chapter is to prove the following theorem.

(3.2) THEOREM. (Auslander [7]) The following two conditions concerning R are
equivalent:

(3.2.1) R is an isolated singularily;
(3.2.2) The category €(R) admils AR sequences.

In order to prove this, several lemmas will be necessary.

(3.3) LEMMA. The following are equivalent:
(3.3.1) R is an isolated singularity;

(3.3.2) For any two CM modules M and N over R, Exth(M, N) is a module of finite
length.



Isolated singularities 17

(3.3.3) Any CM module over R is locally free on the punctured spectrum of R. (We say
that M is locally free on the punctured spectrum of R if My is Ry-free for any
prime p distinct from m.)

ProOF: (3.3.1) = (3.3.3): Let M be a CM module over R and let p be a prime ideal of
R with p # m. Then M, is a CM module over Ryp. Hence it follows from (1.5.1) that M,
is Rp-free, for Ry is regular.

(3.3.3) = (3.3.2): Let M and N be CM modules. For a prime ideal p # m, we have,
since My is free over Ry, Exth(M, N), = Ext}z’(Mp, Np) = 0. Because this holds for any
prime p other than m, Exth(M, N) is a module of finite length.

(3.3.2) = (3.3.1): Let p be a prime ideal of R which is different from m. Consider a
free resolution of R/p to obtain an exact sequence

0—*M—*Fd_1—*Fd_z—*'-'—*Fl—*R—*R/P—*O,

where each F; is a free module over R. Recall that M is a CM module over R; (1.4).
It will be sufficient to show that Mp is a free module over Ry. Actually if this is true,
then the residue field (R/p)p of Ry has finite projective dimension and hence Ry must
be regular as required.

We now prove that My is free. For this, consider the first syzygy of M and get an exact
sequence

*) 0— N — Fy— M —0,

where Fy is free over R. Recall again that N is a CM module over R. Therefore it
turns out from the assumption that Ext}z’(Mp, Nyp) = ExtL(M, N), = 0, which precisely
means that the localized sequence 0 — Ny — (Fy)p — My — 0 splits and so My is free
over Ry. 11

By this lemma Theorem (3.2) follows from the following more general one.

(3.4) THEOREM. For an indecomposable non-free CM module over R, the following
two conditions are equivalent:

(3.4.1) M is locally free on the punctured spectrum of R;

(3.4.2) There is an AR sequence ending in M.

ProOF OF (3.4.2) = (3.4.1): Suppose that M is not locally free on the punctured
spectrum of R, so that My is not Rp-free for some p # m. Consider the first syzygy
of M;0—>L— F.—- M — 0, where F is R-free and L is CM over R. Since this
is not split even when we take the localization at p, we see that Exth(M, L), # 0.
In particular, we have Exth(M, N); # 0 for some indecomposable summand N of L.
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Therefore we may find an element s € Exth(M,N) and r € m — p such that s # 0
for any n > 1. Remark that each r"s gives an element of S(M). From the assumption
there exists a sequence t : 0 — N; — E;, — M — 0 with the property ¢ < r®s for
all n. This means that, for each n, there is a homomorphism f, : N — N, such that
Exth(M, f,)(r"s) = t. Since Exth(M, f,) is an R-homomorphism of Exth(M, N) to
Exth(M, Ny), it follows that t € 7" Exth(M, N;) for all n. This implies that ¢ = 0,
because r € m and N, m" ExtL(M, N) = 0. This is absurd, since  is nonsplit. §

The other part of Theorem (3.4) is much harder to prove and we need several more
definitions and results.

(3.5) DEFINITION. Let M be a finitely generated module over R. Consider a fi-

nite presentation of M by free modules; F) EA Fy, - M — 0. Then put tr(M) =
Coker(Hompg(f, R)) and call it the Auslander transpose of M. Note that tr(M) de-

pends on the presentation of M. Actually another presentation F) £ Fl—-M—0
may give a distinct module. However, it can be easily seen that there are free modules
F and G such that Coker(Homg(f, R)) ® F =~ Coker(Hompg(f', R)) & G. (Prove this.)
Thus tr(M) is unique up to free summand. Later on in this book, we shall deal only
with properties that are independent of free summands of tr(M) and so the above ‘rough’
definition will be sufficient. The reader should note, for instance, that Tor?(tr(M), )
and Exti(tr(M), ) are uniquely determined if i > 1.

Concerning the Auslander transpose, the following result is basic. We do not prove it,
but refer the reader to Evans-Griffith [29] or Auslander-Bridger [8].

(3.6) PROPOSITION. Suppose a finitely generated R-module M is locally free on the
punctured spectrum of R. Then M is CM if and only if Extip(tr(M),R) =0 (1 <i<d).

(3.7) DEFINITION. Let M and N be finitely generated R-modules. Denote by
PB(M, N) the set of R-homomorphisms of M to N which pass through free modules.
That is, an R-homomorphism f: M — N lies in ‘B(M, N) if and only if it is factored as
M — F — N with F free. Note that ‘B(M, N) is an R-submodule of Homg(M, N). We
also denote

Homg(M, N) = Hompg(M, N)/%B(M, N)

and write Endg(M) instead of Homp(M, M). We remark that Endp(M) is a ring, for
PB(M, M) is a two-sided ideal of Endp(M). Consequently, if M is indecomposable, then
Endp(M) is a local ring, by (1.18). Notice also that Hompg(M, N) is a right Endp(M)-
module and a left Endp(/N)-module by the natural right (resp. left) action of Endg(M)
(resp. Endg(N) ) on Homg(M, N).

It is possible to characterize Hompg(M, N) in the following manner.
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(3.8) LEMMA. For finitely generated R-modules M and N, there is an ezact sequence
Homp(M, R) ®r N ~ Homp(M, N) — Homp(M, N) — 0,
where ¢ is defined by
W(f®=)(y) = f(y)r (z€ N,y€ M, feHomg(M,R)).

Proor: It suffices to show that the image of ¢ is exactly P(M, N). Defining i, : R —
N (z € N) by iy(r) = rz, we see that ¢(f ® ) = i, - f. Since this actually goes through
the free module R, we obtain ¢(f ® z) € P(M, N). Conversely, let h € P(M, N).
By definition, k is a composition of two homomorphisms a : R®® — N and b : M —
R™). Fixing a free basis {e;]i = 1,2,... ,n} of R™), we may write b as 3 b;( )e; (b; €
Homp(M, R)). Then it is easy to see that k = 3; ¢(b; ® a(e;)), therefore k lies inside the
image of q. §

(3.9) LEMMA. Let M and N be finilely generated R-modules. Then we have a natural
isomorphism of Endg(M) x Endg(N)-modules:

Homg(M, N) ~ Torf(tx(M), N).

ProorF: Before proceeding to the proof, let us comment on the action of Endg(M) x
Endg(N) on Torf(tr(M), N). Let f be an element of Endg(N). Then Torf(tr(M), f)
induces an endomorphism on Torf(tr(M), N). Since Torf(tr(M), f) = 0 for any f €
PB(N, N), this gives a left action of Endz(N). On the other hand, if g is an element of
Endg(M), then g will induce a homomorphism of the presentation of M, that is, there

is a commutative diagram

F Fy M 0
l Lol
F Fo M 0,

where each F; is a free module. Therefore g induces a mapping of tr(M) into itself. We
denote this by tr(g). We should remark that this notation has the same ambiguity as does
tr(M). Note, though, that Torf(tr(g), N) is determined definitely by g and N, because
Tor®(F, ) and Torf(h, ) will vanish when F is free and h is a homomorphism passing
through F. Therefore Torf(tr(g), N) gives an action of Endz(M) on Torf(tr(M), N).
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Now we prove the lemma. Consider a presentation of M by free modules; Fy EA F -
M — 0. Then, by definition, we have the following exact sequence:

0 —s Homp(M, R) < Homg(Fo, R) < Hompg(Fy, R) — tr(M) — 0.
Therefore, we get an isomorphism
Torf(tr(M), N) =~ Ker(f* ® N)/(j ® 1)(Hompg(M, R) ® N).

Here, remarking that there is an isomorphism & : Ker(f* ® N) =~ Ker(Hompg(f, N)) ~
Hompg(M, N), we see that the homomorphism ¢ in (3.8) is equal to j ® 1 through this
isomorphism. For it is evident from definition that A{(j ® 1}(m* ® n)}(z) = A(j(m*) ®
n)(z) = m*(2)n = ¢(m* @ n)(z) for z € M,n € N and m* € Homp(M, R). Thus we
conclude from (3.8) that Torf(tr(M), N} ~ Homp(M, N) as an R-module. Since this
isomorphism is natural, it is an isomorphism of Endg(M) x Endg(N)-modules. (The
reader should check this.) 1

(3.10) LEMMA. Let M and N be CM modules over R. Suppose M is locally free on
the punclured spectrum of R. Then pulting Ay = Endgp(L) for any CM module L over
R, we have the following isomorphism of Apy x Ay-modules:

Ext$(Homp(N, M), Kg) = Exth(M, (syz® tr(N))"),

where () denotes the canonical dual Hompg( , Kg).

PRrOOF: There are two spectral sequences converging to the same module H,;:
1ED? = Exth(tr(N), Exth(M, Kg)) = H,,

and
2qu = Ext’}’t(Torf(tr(N), M), Kg) = H,.

Here we know from the local duality theorem that Ext%(M,Kg) = 0if ¢ > 1. In
particular we see that 1 E}? = 0 for ¢ > 1. The first sequence ! E is then degenerate and
gives rise to an isomorphism

(3.10.1) H, =~ Ext}(tx(N), M').

On the other hand, from the assumption that each localized module M} is free over Ry
if p is a prime ideal of R with p # m, it follows that Torf(tr(N),M) is an R-module
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of finite length for ¢ > 1. Hence by the local duality theorem 2E5? = 0 if ¢ > 1 and if
p # d. In particular we see that Hgyy ~ Ext$(Torf(tr(N), M), Kg). Combining this
with (3.10.1) we have an isomorphism of R-modules:

Ext%(Torf(tr(N), M), Kg) ~ Ext& (tx(N), M').

Since this is a canonical isomorphism, it can easily be seen that it is actually an isomor-
phism of Ap x Ayx-modules. Furthermore from the definition of reduced syzygies we
obtain the following isomorphisms of Ay x Ay-modules:

Ext&t(tr(N), M') = Exté(syz! tr(N), M')
~ Ext§ (syz? tr(N), M')

=~ Exth(syz? tr(N), M"),

where the last module is isomorphic to Ext!(M, (syzétr(N))’) by local duality. Conse-
quently we have an isomorphism of R-modules

Exté(TorR(tr(N), M), Kg) = Exth(M, (syz¢ tx(N))),

which is natural on both variables M and N, and hence is an isomorphism of Endg(M) x
Endg(N)-modules. The lemma follows from this with (3.9). &

We are now ready to prove the second part of Theorem (3.4). More precisely we can
show the following

(3.11) PROPOSITION. Let M be an indecomposable CM module over R which is
locally free on the punctured specirum of R. If M is not free, then there always exisis an
AR sequence ending in M, and the AR iranslatson is given by

(M) = (syz? tr(M))'.

PROOF: Let A = Aps be Endp(M) as in (3.10) and let J be the Jacobson radical of A.
First we note that A is an Artinian ring which, of course, is local. In fact we know from
(3.8) that there is an exact sequence

Homp(M, R) ®r M - Endp(M) — A — 0.



22 Chapter 3

Since My is a free Ry-module for any prime ideal p £ m, we observe that (¢), is an
isomorphism for those p. We thus have Ay = 0 (p # m), which exactly means that A is
an Artinian module over R. Hence it is an Artinian ring,.

We have already shown that A is an Artinian local R-algebra, therefore the injective
envelope E5(A/J) of A/J as a right A-module is given by Ext%(A, Kpg). Thus we obtain
from (3.10) the following isomorphism of right A-modules:

(3.11.1) Ea(A]J) ~ Exth(M, (syz? tr(M))').

Let s be an element of the right hand side of (3.11.1) which corresponds to the socle
element of E4(A/J). If we put 7(M) = (syz?tr(M))', then we know from (1.16) that
7(M) i1s a CM module and s gives an exact sequence of the form 0 — 7(M) —» E —
M — 0. We shall prove below that s is an AR sequence.

First assume that (M) is indecomposable, which will be proved in the next lemma.
Then by definition s is an element of S'(7(M)). It suffices to show that s is minimal in
S'(r(M)). (See (2.8)".) To this end, let  : 0 — (M) — G — L — 0 be another element
of S'(7(M)) which satisfies ¢ <’ s. We want to show that ¢ ~' 5. Since ¢ <’ s, we have an
R-homomorphism f : L — M with Exth(f, 7(M))(s) = t. Here the homomorphism of
right A-module ExtL(f, 7(M)) : Exth(M,r(M)) — Exth(L, 7(M)) is a monomorphism,
for it sends the socle element s to a nontrivial element . This precisely means by (3.10)
that Ext‘}g(Hom r(M, f), Kg) is a monomorphism. This is equivalent by local duality to
Homp(M, f) : Homp(M, L) — Homg(M, M) being an epimorphism of right A-modules.
Thus by the definition of Hom, Hompg(M, f) : Homg(M,L) — Hompg(M, M) is also
an epimorphism. It then follows that f is a split morphism. Since both M and L are
indecomposable, this shows that f is an isomorphism, hence s ~' ¢.

It remains to prove that v(M) is indecomposable. It is sufficient by the local duality
theorem to show that syz® tr(M) is indecomposable. Thus the proposition follows from
the following lemma.

(3.12) LEMMA. Let M be an indecomposable CM module over R which is locally free
on the punctured spectrum of R. Then syzdtr(M) is also indecomposable.

Proor: We divide the proof into three cases.
Case 1. d = 0. By definition there is an exact sequence

(3.12.1) 0 — Hompg(M, R) — Hompg(Fy, R) 2 Hompg(Fi, R) —> tx(M) — 0.

where Fj EA Fy — M — 0 is a finite free presentation of M. Recall that syz° tr(M) is
the module obtained from tr(M) by avoiding free direct summand, see definition (1.15).
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Thus it is sufficient to show that tr(M) is indecomposable, if the presentation is minimal.
Suppose not. Then, after taking suitable free bases of Fy and Fj, the homomorphism
f* 1s expressed as a nontrivial direct sum of two matrices. Since the matrix of f is just
a transpose of that of f* this shows that f is also decomposed as a direct sum of two
homomorphisms. Therefore M is decomposed, which contradicts the assumption.

Case 2. d = 1. Write X for the image of f* in the sequence (3.12.1). By definition,
X is a direct sum of syz! tr(M) with a free module. Hence it is enough to show the
following: If X = X; & X, then either X; or X, is free. For this, taking the minimal
free cover G — Homp(M, R) — 0 of Hompg(M, R), we have from (3.12.1) the following
exact sequence:

(312.2) G —— Homp(Fp,R) — X — 0.

Then the matrix of g is in the form (8 g) according to the decomposition X = X; & X,.
Taking the R-dual of (3.12.2), we have the sequence

Fy ——f—> Fy —g—> Hompg(G, R),

which must be exact, because Exth(tr(M),R) = 0 by (3.6). Therefore we see that
M = Coker(f) = Im(g*) = Im(a*) & Im(b*), hence either a = 0 or b = 0 because of the
indecomposability of M. This shows that one of X, and X, is free.

Case 3. d > 2. This case is the hardest part of the proof. First of all we observe the
following:

(3.12.3) Ext(Hompg(syz? tr(M),R),R) =0 (1<n<d-2).
For the proof of this, take a free resolution of tr{(M) by d-th term:
0—N—>F;3 11— - —F — Fp—tr(M)—0,
where each F; is a free R-module and N is a direct sum of syz4 tr{ M) with a free module.
We know by (3.6) that the R-dual of this sequence Hompg(Fp, R) — Hompg(F;, R) —
- — Hompg(F4_1, R) — Hompg(N, R) — 0 is exact. Since this gives a part of the free

resolution of Hompg(N, R) and since the dual of this sequence is also exact, we see that
Exth(Hompg(N, R),R) =0 (1 < n < d —2). Thus (3.12.3) follows from this.
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Now return to the proof of the lemma. Suppose syz?tr(M) is decomposed as X @ Y
with X # 0,Y #£ 0. We want to have a contradiction from this. We first note
that both Hompg(X,R) and Hompg(Y, R) have projective dimension > (d — 1). In
fact, if Homp(X, R) is free, then X is also free, because X is reflexive. In this case,
syzd tr(M) contains a free summand and this contradicts the definition of reduced syzy-
gies. Thus Hompg(X, R) is nonfree, and likewise Hompg(Y, R) is. If one of them has
projective dimension < (d — 2), then, for some integer n (1 < n < d — 2), we have
Exth(Homp(X, R), R) # 0 or Ext}(Hompg(Y, R), R) # 0 and contrary to (3.12.3). There-
fore both Hompg( X, R) and Hompg(Y, R) have projective dimension > (d—1). In particular
we see that syz¢~?(Homp(X, R)) and syz¢~?(Homp(Y, R)) are neither null nor free.

Since we know from (3.6) that Extk(tr(M),R) = 0 (1 < n < d), Hompg(tr(M), R) is
isomorphic to the d-th syzygy of Homp(syz? tr(M), R) up to free summands. (Why?) On
the other hand, (3.12.1) shows that Hompg(tr(Af), R) is the second syzygy of M. (Notice
that Homp(Hompg(M, R), R) =~ M, for M is CM and locally free on the punctured spec-
trum of R.) Therefore M is isomorphic to the (d — 2)-th syzygy of Homp(syz? tr(M), R)
up to free summands. As a consequence, we obtain isomorphisms

M = syz%*(Homp(syz? tr(M), R))
= syz?~*(Homp(X, R)) @ syz"*(Homp(Y, R)),

where =~ stands for the isomorphism up to free summands. As remarked before, nei-
ther module in the last term is null, so we see that M is actually decomposed. This
contradiction proves the lemma. §

For later use we make the following remark which we have already shown in the proof

of (3.11).
(3.13) REMARK. Let M be a nonfree indecomposable CM module over R that is
locally free on the punctured spectrum of R, and let (M) = (syz?tr(M))' as in (3.11).

Then the AR sequence ending in M is a short exact sequence corresponding to the socle
element in Exth(M, r(M)).
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Chapter 4. Auslander categories

In this chapter we will introduce Auslander’s general theory by which he reached the
idea of AR sequences. We do this by considering Auslander categories. The proof of
Theorem (4.18) is one of our main purposes here. Theorem (4.22) is also a remarkable
result due to Auslander. The theorems can be stated without using Auslander categories,
but they are required in its proof.

We keep the notation of the previous chapter, so that R is a Henselian CM local ring
with maximal ideal m and with residue field k. The dimension of R is denoted by d.
Furthermore we always assume that R has the canonical module Kz. We denote by
€(R), or more simply €, the category of all CM modules over R and R-homomorphisms.
We also denote by (Ab) the category of all Abelian groups.

The idea is to move our attention from € into the category of functors on €.

(4.1) DEFINITION. Denote by Mod(€) the category of contravariant additive functors
from € to (Ab). Namely, objects in Mod(€) are the contravariant functors F : € — (Ab)
with F(M & N) = F(M)® F(N) for any M and N in € and, morphisms from F to G
are the natural transformations of functors from F to G.

For a morphism ¢ : F — G in Mod(€) we may define the kernel and the cokernel of ¢
as follows:

Ker(t)(M) = Ker(t(M)) and Coker(t)(M) = Coker(t(M))

for any object M in €. It is an easy exercise to show that Mod(€) is an Abelian category.

For simplicity we write { , M) instead of Hompg( , M) for any finitely generated
module M. Note that ( , M) is in Mod(€). Therefore we have a covariant functor
¢: € — Mod(€) by sending M to ( , M).

(4.2) REMARK. For any M € € and F € Mod(€), the Abelian group F(M) has the

structure of an R-module in a natural way. In fact, for an element a of R, if we denote
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by i, the multiplication map by a on M, then F(i,) gives an action of a on F(M). More
generally this shows that F(M) is a right End(M)-module. It is also easy to see that
Homypy,4(¢)(F, G) is an R-module for F, G € Mod(€).

The following is known as Yoneda’s lemma.

(4.3) LEMMA. The functor c: € — Mod(€) is fully fasthful.

ProoF: It suffices to show the following is an isomorphism:
P (M) N) _)HomMod(C)(( )M))( )N)))

where ¢ is given by ¢(f) = ( , f) forany f € (M, N). If o(f) = ¢(g), then weget f =g
by evaluating these natural transformations at R. This shows that ¢ is a monomorphism.
Next, let ¢t : ( ,M) — ( ,N) be any morphism in Mod(€). Then define g € (M, N)
by g = t(M)(la). It is, then, easy to see that ¢(g) = ¢t. (Why ?) Hence ¢ is an
epimorphism. §

(4.4) DEFINITION. An object F in Mod(€) is said to be finitely generated if there
is an epimorphism ( ,M) — F with M € €. And F is finitely presented if there is
an exact sequence in Mod(€) ; ( ,N)—( ,M)— F—0 with M and N in €.

To see the following is so easy that we leave its proof to the reader as an exercise.

(4.5) Ezercise. For finitely generated objects F' and G in Mod(€), Hompy,q(¢)(F, G) is a
finitely generated R-module.

(4.6) DEFINITION. We denote by mod(€) the full subcategory of Mod(€) consisting
of all finitely presented functors, and call it the Auslander category of €.

Note that the functor ¢ defined in (4.1) makes it possible to regard € as a subcategory
of Mod(€). Moreover (4.3) shows that € is a full subcategory of mod(€) .

As remarked before it can be easily seen that Mod(€) is an Abelian category. We will
show in this chapter that mod(€) is also an Abelian category. The most difficult part of
this is to show that the kernel of a morphism in mod(€) is a finitely presented functor,
while the following are rather easy to prove.

(4.7 LEMMA.

(4.7.1)  If we are given an ezact sequence F — G — H — 0 in Mod(€), and if F and
G are finitely presented, then so 1s H.

(4.7.2) If we are given an exact sequence 0 - F — G — H — 0 in Mod(€) with F and
H finitely presented, then G is also a finilely presented functor.

PROOF: We leave the details to the reader and only outline the proof here. For (4.7.1)
write finite presentations of F' and G as follows: ( ,N)—»( ,M)—>F—-0,( ,P)—
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( ,Q) — G — 0. Then H has the presentation of the form( ,M)®( ,P)—( ,Q)—
H — 0.

In (4.7.2) if the presentations of F' and H are given by ( ,N)—»( ,M)—F —>0
and ( ,5) — ( ,T7) — H — 0, then the following is exact: ( ,N)&( ,S) —
( ,M)ae( ,7)—>G—0.1

The next proposition gives some good reasons for considering Auslander categories.

(4.8) PROPOSITION. When we regard € as a subcategory of Mod(€) by the funcilor
c, any objects in € are projective in Mod(€). In particular, they are also projeclive in
mod(€).

PRrooOF: Consider a diagram in Mod(€) with an exact row:

F — G — 0

where M is in €. We will show that there is a morphism g from ( , M) to F so that
p-g=f. To do this, let E = Endg(M). Evaluating the above diagram at M, we have a
diagram of right E-modules with an exact row:

F(M) 2, G(M) — 0

ron]

E.
Since it is evident that E itself is a projective F-module, we will have an E-module homo-
morphism ¢ : E — F(M) with f(M) = p(M)-q. Now define a natural transformation of

functors g : { , M) — F by g(X)(¢) = F(¢)(g(1y)) for any X € € and any ¢ € (X, M).
Then it is immediate that g satisfies p- g = f, and the proposition follows. @

(4.9) REMARK. Let F be in mod(€). Then by definition we have an exact sequence
(4.9.1) ( ,N)-5H( ,M)— F—0.

Here we know from Yoneda’s lemma (4.3) that q is of the form ( , f) for some f € (N, M).
Denoting by L the kernel of f, we have an exact sequence of R-modules: 0 — L — N 4,
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M. Suppose here that F(R) = 0. Then f is an epimorphism and so L is also a CM
module over R; (1.3.2). As a consequence we have an exact sequence in mod(€) :

(4.9.2) 0—( ,L)—( ,N)—( ,M)— F —0.

We see by (4.8) that this gives a projective resolution of F' in mod(€). Therefore we have
proved that, if F(R) =0, then F has projective dimension ai most 2 in mod(C€).

(4.10) DEFINITION. An object S(# 0) in Mod(€) is called simple if it contains no
nontrivial subfunctors. That is, if T is a subobject of S in Mod(€), then we must have
either T=0o0or T =S.

(4.11) Ezample. Let M be an indecomposable module in €. Define the functor Sy €
Mod(€) as follows:

For an indecomposable module N in €, Sp(N) = Endg(N)/rad(Endg(N)) if N = M,
and Sy (N) = 0 otherwise.

We remark that the additive functor Sps is uniquely determined by this property.
Furthermore the functor is simple. For, if F is a nontrivial subfunctor of Sy, then
F(M) # 0 and F(N) = 0 if N is indecomposable and is not isomorphic to M. Since
F(M) is an Endg(M)-submodule of Sps(M) by (4.2), we see that F(M) = Sp(M). Thus
S 1s a simple functor.

We can see that the converse is also true.

(4.12) LEMMA. An object in mod(€) is simple as an object in Mod(€) if and only if
it is tsomorphic lo Sy for some indecomposable CM module M.

PRroOOF: Let S # 0 € mod(€) be a simple object in Mod(€). Taking an indecomposable
CM module M with S(M) 3 0, we can see that S(M) is a finitely generated End g( M)-
module, (4.2), so that it has Sy (M) as a quotient module. Then one can construct a
natural transformation 7 : S — Sy such that (M) is an epimorphism of an End p(M)-
module. Therefore, by the simplicity of S, S =~ Sps. 8

The following shows why we are interested in simple functors.
(4.13) PROPOSITION. Let M be an indecomposable CM module which is not free.
Then the following two conditions are equivalent:
(4.18.1) The funclor Sy ts finttely presented, i.e. Sy € mod(€);
(4.13.2) There exists an AR sequence ending in M.
ProoF: (4.13.1) = (4.13.2): Suppose that the finite presentation of Sy is given by

( ,E) (2) ( ,M) — Sy — 0. Letting N be the kernel of p, we have the exact sequence
in Mod(€) as in a similar way to (4.9): 0 - ( ,N)—>( ,E)—( ,M)— Sy —0.
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Since Spr(R) = 0, we have an exact sequence of CM modules 0 = N — E L M — 0,
which is not split, because Sp(M) # 0. We will see that this is the AR sequence. To
this end, let f : X — M be a morphism in € which is not a split epimorphism. We
want to show the existence of g: X — E with p- g = f. Note that we may assume X
is indecomposable. If X is not isomorphic to M, then (X, p) is an epimorphism, because
Sy (X) = 0. So we will have an element g in (X, E) with (X, p)(g) = f, which clearly
means p-g = f.

Next assume X = M. Since f is not a split epimorphism, f belongs to rad(Endz(M)),
equivalently, f goes to 0 by the natural map (M, M) — Sp(M). Since there is an exact
sequence (M, E) — (M, M) — Sy (M) — 0, this shows the existence of g € (M, E) with
pg=/f.

(4.13.2) = (4.13.1): Let 0 > N — E — M — 0 be an AR sequence. Define a functor
S by the exact sequence 0 — ( ,N) = ( ,E) - ( ,M) — S — 0. It suffices to
show that S is equivalent to the simple functor Sp;. For an indecomposable CM module
M, if X is not isomorphic to M, then S(X) = 0, since any homomorphism f : X — M
passes through £ — M. If X = M, then the image of (M, E) — (M, M) is equal to
rad(Endg(M)) by (2.9). We thus have S(M) = Sp(M). Since the simple functor Sy is

completely characterized by these conditions, we consequently have S = Sys. i
(4.14) DEFINITION. Denote by Mod(€) the full subcategory of Mod(€) whose objects

are the functors F' with the property F(R) = 0. In a similar way, we denote by mod(€)
the full subcategory of mod(€) consisting of functors F' with F(R) = 0.

Let 0 = F — G — H — 0 be an exact sequence in Mod(€). It is immediate from the
definition that if two of the objects F, G and H are in Mod(€), then they all belong to
Mod(€). The following are also easy to see by (4.7).

(4.14.1) If F and H are in mod(€), then so is G.
(4.14.2) If F and G are in mod(€), then so is H.

We give some examples of objects in Mod(€). If M is an R-module, then
Exti( ,M) (n > 1) are clearly objects in Mod(€). It is also clear that the functor
Homp( , M) defined in (3.7) is an object in Mod(€). We will see that this is actually
an object in mod(€) if M is in €.

(4.15) LEMMA. For any CM module M, the functor Homg( ,M) ts an object in
mod(€). That is, Homgp( ,M) is a finitely presented functor.

ProoF: Consider a free cover of M : F % M — 0. It is sufficient to show that the
cokernel of ( ,q) is the functor Homg( , M). To see this, it is enough to prove that
the image of ( ,gq) coincides with P( , M). (For the definition of P( , M) see (3.7).)

So the lemma follows from the following fact which is obvious from the definition.
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(4.15.1) For a homomorphism f € (X, M) with X € &, if f passes through a free module,
then it passes through F. (Prove this as an exercise.) §

(4.16) REMARK. Let F be an object in mod(€&€). By definition we have an exact
sequence ( ,E) — ( ,M) % F — 0. Here note that, for any CM module X and
for any f € P(X, M), o(X)(f) = 0in F(X). For, f is decomposed as X - Y — M
for some free module Y so that F(f) is a composition F(M) — F(Y) — F(X) where
F(Y) =0, hence F(f) =0. Since we have the commutative diagram of R-modules:

o, ) 22 Founy

.| |Fo
x, M) 22, px),

we may conclude that ¢(X)(f) = 0 as stated above. Note that this means the sequence
( ,M)— F — 0 induces an exact sequence Homg( ,M) — F — 0. In a same way,
we will have an exact sequence

Hompg( ,F) — Hompg( ,M)— F — 0.

Combining this with (4.15) we see the following:

(4.17) LEMMA. The category mod(€) is an Abelian category. In particular, ift: F —
G is a morphism in mod(€), then Ker(?) is an object in mod(<).

ProoF: If we know that Ker(t) € mod(€), then it will be easy and a good exercise to

verify the rest of other properties of an Abelian category. (See (4.14.1) and (4.14.2), and

remark that Mod(€) is an Abelian category.) Here we only prove Ker(t) € mod(€).
First we show the following as a special case of this.

(4.17.1) Let M and N bein € and let ¢ be a morphism of Homg( , M) to Hompg( , N).
Then Ker(?) is finitely presented.

In fact, by Yoneda’s lemma, ? is of the form Hompg( , f) for some f € (M, N). Since
Hompg( ,X) = 0 for a free module X, after adding a free summand to M, we may
assume that f is an eplmorphlsm of R-modules. Let L be the kernel of f and consider

the exact sequence 0 — L 5 M 4 N — 0. Note that L is a CM module. We will show
that the following is exact:

(4.17.2) Homp( ,L) - Hompg( ,M)—> Homg( ,N)
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If this is true, then Ker(?) is finitely generated, and similarly Ker(s) is shown to be finitely
generated. Hence Ker(t) is finitely presented. To see the exactness of (4.17.2), let X € €
and let g € (X, M) such that the image of g in Hompg(X, N) is 0. Then by definition we
have the following commutative diagram of CM modules:

0 L M N 0
q] i
x 2.y

where Y is a free module. Thus there is a homomorphism k : Y — M such that b = f-h.
Since g— h-a =ik for some k € (X, L) and since h-a is 0 in Homp(X, M), we see that
g is in the image of s(X). This shows that (4.17.2) is exact.

Next consider the general case, and so let ¢t : F — G be a morphism in mod(€). We
have, by (4.16), the commutative diagram with exact rows:

Homp( ,N) - Hompg( ,M) LN SN 0
«| d (|
d
Homp( ,P) — Homp( ,Q) — G — 0,

where N, M, P and @ are in €. Define then a new functor H as follows:

O_QHL,HomR( , M) @ Homp( ,P)(u)ﬂ%n( , Q).

It follows from (4.17.1) that H is finitely presented. We denote by ¢ the natural projection
from Homp( , M) ® Hompg( ,P) to Hompg( , M) and denote e = b-¢q- j. Then it is
clear by chasing the diagram that e actually defines a morphism from H onto Ker(t).
More precisely we have the following exact sequence:

Ker(c) ® Hompg( ,N) L) N Ker(t) — 0,

where f is a morphism induced from the natural embedding Ker(¢) C Hompg( ,P) C
Homp( ,M)® Homp( ,P) and g is a morphism induced from a & u. Since Ker(c) &
Hompg( , N) is finitely presented by (4.17.1) and (4.15), we see from (4.7.1) that Ker(?)
is also finitely presented, which is what we wanted to prove. §

We are now ready to prove the main result of this chapter.
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(4.18) THEOREM. (Auslander [7]) Let M be a finitely generated R-module (not nec-
essarily tn €) and lel n be a nonnegative integer. Then the funclor Exty( , M) is in
mod(€), that is, Exth( , M) is finitely presented.

ProOF: We prove the theorem by induction on ¢t = d — depth(M).

To begin with, consider the case when ¢ = 0. Since M is a CM module by definition,
( , M) is certainly finitely presented. Denote the canonical dual Homg( , Kg) by ()’
and consider a free cover of M' to obtain an exact sequence 0 = N — F — M' — 0,
where F is a free module and N is a CM module. From its dual sequence 0 — M —
F' — N' - 0, we obtain the exact sequence and isomorphisms of functors on €:

0_)( )M)_)( )FI)_)( )NI)_)EXt}l( , M) — 0,

Ext%( ,M)~Ext}( ,N') (n2>1).
(Here note that we used the fact that Ext}( , Kgr), n > 1, are trivial as functors on €;
see (1.13).) It follows from the sequence that Exth( , M) is finitely presented. Since
N' is a CM module, we see from the isomorphism that Ext%''( , M) is also finitely
presented, by using induction on n.

Next consider the case ¢ > 1. Take a free cover of M to have an exact sequence
0 —-L -G — M — 0, where G is a free module and L is a module of depth(L) =
depth(M) + 1. Note that we may apply the induction hypothesis to L and G. On the
other hand, we have a long exact sequence:

0—( ,L)B( ,G)=( ,M)—Exth( ,L)BExth( ,G)—Exth( ,M)—...
.=~ Exth( L) B Exth( ,G) = Exth( M) Exti( )"

Breaking this into short exact sequences, we have
0 — Coker(p,) — Ext}( ,M) — Ker(pst1) — 0 (n >0).

Thus to prove that Exty( , M), n > 0, are finitely presented, it is sufficient to show
that Coker(p,) and Ker(p,) are finitely presented; see (4.7.2). Since Ext}( ,L) and
Ext%( , G) are both finitely presented by the induction hypothesis, it is immediate from
(4.7.1) that Coker(py,) is also finitely presented. The problem is to show that Ker(p,),
n > 1, is finitely presented. Since Ext%( ,L) and Ext’( ,G) are in mod(€) (c.f.
(4.14)), we see from (4.17) that Ker(p,) is also in mod(€). In particular, Ker(p,) is
finitely presented. This completes the proof. § )

In a practical sense the case when n = 1 is of most importance in the theorem.
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(4.19) COROLLARY. The category mod(€) is an Abelian category. Consequently, for
any morphism t : F — G in mod(€), the kernel of t is finilely presented.

Proor: If we know that Ker(?) is in mod(€), then the other conditions for mod(€) to
be an Abelian category can easily be verified. We only prove here that Ker(t) is finitely
presented. As in the proof of (4.17) it is enough to show the following:

(4.19.1) If tis a morphismof ( ,M) to( ,N) where M and N are in €, then Ker(?)
is finitely presented.

We know from Yoneda’s lemma that ¢ can be written as ( , f) for some f € (M, N).
Letting L be the kernel of f, we have an exact sequence 0 — ( ,L) —» ( , M) L( ,N)
in Mod(€). Note that L is not necessarily a CM module. However we know from (4.18)
that Ker(t) = ( , L) is finitely presented. 1

(4.20) COROLLARY. Let N be any finitely generated module over R (not necessarily
in €). Then there ezists a CM module M and a homomorphism f € (M, N) which satisfy
the following condition:

(4.20.1) Any homomorphism from any CM module L into N i3 a composition of f with
some homomorphism from L to M.

Such a module M (or a homomorphism f) satisfying (4.20.1) is called a CM approx-
imation of N.
ProoF: The functor ( , N) on € is, by the theorem, finitely presented. In particular,
there is an epimorphism ( ,M)— ( , N) for some CM module M. This exactly means
(4.20.1). n

(4.21) COROLLARY. There are only a finite number of isomorphism classes of in-
decomposable CM modules L from which there is an irreducible morphism into the ring

R.

PrOOF: Apply (4.20) to the maximal ideal m to get a CM approximation f : M — m.
Let b : L — R be an irreducible morphism from an indecomposable CM module L into
R. Since h is not a split morphism, its image is in m. Thus b must be a composition
[4MIm C R for some g € (L, M). It then follows from the definition of irreducible
morphisms that g is a split monomorphism. That is, L is isomorphic to a direct summand
of M. Hence there are only a finite number of such L.

We close this chapter by noting the following significant result of Auslander.
(4.22) THEOREM. (Auslander [7]) If R has only a finite number of isomorphism

classes of indecomposable CM modules, then R is an isolated singularity.

Proor: It will be sufficient, from (3.2), to prove that €(R) admits AR sequences. To
see this, let M be an indecomposable CM module which is not free. We want to show
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that the simple functor Sy given by M is finitely presented; cf.(4.13). To do this, let
F be the kernel of the natural epimorphism ( ,M) — Sy and let {Ny, Ns,...,N,}
be a complete list of indecomposable CM modules. Note that each F(N;) is a finitely
generated R-module since it is a submodule of (N;, M). Let {fu, fi2,... , fiuiy} be a
set of generators of F(N;). Putting L = T; N}"(i)) and considering each f;; as an R-
homomorphism N; — M, we define a homomorphism of R-modules ¢ : L — M by
¢ = (fu, iz, .-+, fap(ny)- Note that L is a CM module and we can consider a sequence
in Mod(C):
( D) D  M)— sy —o.

This is actually an exact sequence. For, substituting any N; in this sequence, we see that
(Niy L) = (Niy M) — Sy(N;) — 0 is an exact sequence of R-modules. We have thus
shown that Sps is finitely presented.
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Chapter 5. AR quivers

Our purpose in this chapter is to give the definition of AR quivers and to discuss some
general properties from that. Our main result here is Theorem (5.9) which states that
if R is an isolated singularity, then the AR quiver of R is a locally finite graph. In the
second half of the chapter we will give some computations to draw an AR quiver for the
simplest case.

In this chapter R is a Henselian CM local ring with maximal ideal m and k = R/m is
assumed to be an algebraically closed field, unless otherwise specified. We always assume
that R has a canonical module. As before, € denotes the category of CM modules over
R and we write ( |, ) instead of Hompg( , ).

(5.1) DEFINITION. For a homomorphism g € (M, N) with M, N CM modules, con-
sider the following condition:

(5.1.1) Write the decompositions of M and N into indecomposable modules as M =
TiM; and N = T; N; and decompose g along this decomposition as g = (gi;) where
9ij € (M;, Nj). Then no g;; is an isomorphism.

We define a descending chain of R-submodules {(M, N),|n > 1} of (M, N) as follows:

(M,N),={f € (M,N)| thereare X; € € (0<i<n,Xo=M,X,=N)and
gi € (Xi—1, X;) which satisfy the condition (5.1.1) above such that
f=9n9n-1- 92 -4}

It is easy to see from the definition that (M,N) D (M,N); D (M,N); D ... D
(M,N), 2 (M,N)p41 D ... is a sequence of R-submodules and that if M and N are
indecomposable, then (M, N); is the set of all nonsplit homomorphisms of M into N. In
particular (M, M); = rad Endg(M) if M is indecomposable. Furthermore it is clear that
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f € (M, N) is irreducible if and only if f belongs to (M, N); but not to (M, N)y; see
(2.10). So it will be meaningful to define:

(5.1.2) Ire(M, N) = (M, N), /(M, N),

We may say that Irr(M, N) is the R-module of all irreducible morphisms of M to N.
Actually we see that Irr(M, N) is a vector space over ¥ = R/m. In fact, if f € (M,N);
and 7 € m, then r- f is a composition of f with the multiplication map M — M by r,
so that r- f € (M, N);. We define irr(M, N) as the dimension of Irr(M, N) as a k-vector
space.

(5.1.3) irr(M, N) = dimy Irr (M, N)

Note that irr(M, N) is always finite, for (M, N); is a finitely generated R-module.
Now we will define AR quivers.

(5.2) DEFINITION. The AR quiver I of R (more precisely, the AR quiver of €) is a
graph consisting of vertices, arrows and dotted lines, where vertices are the isomorphism
classes of indecomposable CM modules and we draw n arrows from [M] to [N] if and only
ifirr(M, N) = n > 1. Furthermore if there is an AR sequence 0 — 7(M) - F - M — 0,
then the vertex [M] in T is connected by [r(M)] with a dotted line.

(5.3) REMARK. This definition of AR quivers applies only when k¥ = R/m is alge-
braically closed. In general cases, the way to draw arrows in I should be changed as
indicated now.

As remarked above Irr(M, N) is a vector space over k. It is precisely a right kps-module
and a left ky-module, where ky = Endg(M)/rad(Endg(M)). Since M is indecompos-
able, kps is a skew field which is an extension of k. Denote by rp & (resp. Iy n ) the
dimension of Irr(M, N) as a right kps-(resp. left ky-) space. Then arrows in T should be
drawn from [M] to [N] with a pair of integers, (rpm n,Im N), attached if Irr(M, N) # 0.

If k£ is an algebraically closed field, then there will be no difference between two defini-
tions above, because k = kpr = ky.

(5.4) Ezample. Let R be a regular local ring of dimension d. Then we know from (1.5.1)
that the free module R is the unique indecomposable CM module over R. It is obvious
that (R, R) is isomorphic to R and under this isomorphism we easily see that (R, R); >~ m
and that (R, R); ~ m?. In particular we have Irr(R, R) ~ m/m? and irr(R, R) = d. Since
there are no AR sequences in this case (for there are no indecomposable CM modules
which are not free), the AR quiver of R consequently looks like:

o]
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where d means that there are d distinct arrows.

Other than the above, there are no examples where we can draw the AR quiver directly
from the definition. It is necessary to inquire more closely into general properties of AR
quivers.

(5.5) LEMMA. Let M and N be indecomposable CM modules over R and assume that
there is an AR sequence ending tn M:

Let n be the number of copies of N in direct summands of E. Then the following equality
holds:
irr(N, M) = n.

Proor: With the notation in (5.1), we denote S(N,E) = (N,E)/(N,E);,. It is easy
to see that S(N, E) is a vector space over k. We may regard this as a space of split
monomorphisms of N into F, since N is indecomposable. If X is an indecomposable CM
module which is not isomorphic to N, then clearly S(N,X) = 0. On the other hand,
S(N,N) = Endg(N)/rad(Endg(N)) ~ k, since k is algebraically closed. It thus follows
that S(N, E) is a vector space of dimension n. Hence it is enough to see that S(N, E)
is isomorphic to Irr(N, M) as a k-vector space. For this, define a map ¢ : S(N, E) —
Irr(N, M) by ¢(h) = p- h. We know from (2.9) that ¢ is a well-defined epimorphism.
We want to prove it is also a monomorphism. Let & be an element of (N, E) such that
p-h € (N, M),. Then by definition, there are X € € and nonsplit morphismsa: N — X
and b: X — M with the commutative diagram:

E—LM

dJ 0 4]

N 2. X

From the property (2.9) of AR sequences, we see that there is a homomorphism¢: X — F
such that & = p-c. In other words, h — ¢ - a has its image in 7(M), that is, there is
g: N — 7(M) with h —c-a = q-g. Here we claim that both ¢-a and ¢ - g are not
split. Actually if ¢- g were split, then g would be an isomorphism hence ¢ would be split.
If ¢ - a were split, then so would a, both of which are absurd. Thus we have seen that
h=c-a+ q-g belongs to (N, E),, proving that ¢ is a monomorphism. §

As the dual of this we have the following lemma, which can be proved in the same way

as (5.5) using (2.9)".
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(5.6) LEMMA. Let M and N be indecomposable CM modules and assume that there is
an AR sequence starting from N :

0— N — E— 7Y (N) —0.

Let n' be the number of indecomposable CM modules isomorphic to M which appear in
direct summands of E. Then the following equality holds:

irr(N, M) = n'.

Combining (5.5) with (5.6) we have a very useful result.

(6.7 LEMMA. Let 0 > N - E —- M — 0 be an AR sequence and let L be an
indecomposable CM module. Then we have

irr(L, M) = irx(N, L).

(5.8) REMARK. Let 0 > N - E — M — 0 be an AR sequence and suppose that
E is decomposed as a direct sum of indecomposable modules ¥; Lsni), where L; # L; if
i #£ j. Then the AR quiver of R is locally in the following form:

(Z4]

ny /‘ \ ny
M - M)
Ny \1 /‘ Ny
L]

where each n; indicates there are n; arrows in the same direction. This is indeed a direct
consequence of (5.5), (5.6) and (5.7). In particular, this shows that if there is an AR
sequence ending in M, then there are only a finite number of arrows in the AR quiver
ending in [M]. Analogously if there is an AR sequence starting from N, then there are
only a finite number of arrows from [N].

From this remark together with previous results we have an important result concerning
AR quivers.

(5.9) THEOREM. Let R be an isolated singularily. Then the AR quiver I of R is a
locally finite graph. That is, each vertex in T has only a finite number of arrows ending
in il or starting from .

PRroOOF: Let [M] be any vertex in I' where M is an indecomposable CM module. If
M # R, then by (3.2) there is an AR sequence ending in M. It thus follows from the
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above remark that there are only a finite number of arrows ending in [M]. Similarly if
M is not isomorphic to the canonical module K, then there are only finite arrows from
[M]. The problem is to show that the number of arrows into [R] or from [Kg] is finite.
By the duality theorem, it is sufficient to consider the vertex [R]. But we proved this
result in (4.21). &

(5.10) DEFINITION. Let n(R) be the number of vertices in the AR quiver of R. In
other words, n(R) is the number of isomorphism classes of indecomposable CM modules
over R. We say that R (or €) is of finite representation type (or representation-
finite) if n(R) is finite.

Note that a CM ring of finite representation type has only an isolated singularity;
(4.22). Thus in many cases when we consider the representation type of R, we will adopt
the assumption that R is an isolated singularity.

In the rest of this chapter we shall try to draw the AR quiver of a certain ring.
Let k be an algebraically closed field and let n be a positive odd integer. Consider the
ring
R=k{z,y}/(y’ + "),

which is called a simple curve singularity of type (A,_1); see (8.5). Since n is odd, R
is isomorphic to a subring k{t?,¢"} of the power series ring k{t}. In particular, R is an
integral domain. (Note that if n is even, then R is not an integral domain.) We want to
draw the AR quiver of R below. To do this, we start by determining the isomorphism
classes of indecomposable CM modules over R.

First consider a subring T = k{z} of R that is obviously a Noetherian normalization
of R. Let M(# 0) be a CM module over R. Then, by (1.9), we know that M is free as
a T-module. Let p be the maximum integer with the property yM C z*M. We can see
that g < n. In fact, if 4 > n, then yM C 2" M = y>M, hence M = 0. Take an element o
in M with yo € 2* M — 2**' M and write ya = 2#8 for some 8 € M. Note that neither
a nor Bisin M. Actually, if 3 € M, then yo would be in %! a contradiction. If
a € zM, then z#8 € 2yM C z#t'M, hence B € zM, which is also a contradiction by
the above. Notice also that 2”~#M C yM C z*M. In fact, from yM C z*M, we have
"M = y’M C yz*M, hence 2" "#M C yM. From the inclusion 2" #M C 2*M, we see
that n — u > p, hence the following inequality:

(i) 0<p<(n—1)/2

The T-submodule N of M generated by « and 8 is actually an R-submodule where the
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action of y is defined by

(i) ya=2ztp, yB=—2""Fa.

Secondly we show that N is a direct summand of M as a T-module. To see this, we shall
prove that « and 3 are part of a T-free base of M. It is, thus, enough to show that # does
not belong to #M + T'a. Suppose that § = zy+ta (y € M,1 € T). Then we see from (ii)
that —2" #a = yf = zyy + tya = zyy + tz”B. Hence 2B = —z" " #a — zyy € "7 M,
since yy € z*M and n— g > p. Since z is a nonzero divisor on M, we see from this that
i1B € M. Thust € 2T, for otherwise § € M. Consequently we have f§ = zy+ta € z M,
which is a contradiction, and so the above claim is proved.

Thirdly we prove that N is actually a direct summand of M as an R-module. To prove
this, let {a, 8, m1,72,..., 7} be a T-free base of M. Such a base exists by the previous
argument. Since yM C z*M, we have

!
(iii) yyi = (aia+ 68+ Y ajy) (1<i<)),
J=1

for some a;, b; and ¢;; € T. Then, letting v} = +v; — b;r, we see that {a, 8,7, 73,... , 71}
is also a T-free base of M, and that

i

i
yvi = =*{(ai + 3 ciibj)a+ 3 ciivi}
j=1 j=1

Therefore, we may assume that b; = 0 (1 < i <) in (iii). Then, we have —2"y; = y?v; =
zh(asya + T; ci;(y7;)), hence

i
—z%a;f — 2"y = 2* 3 cij(ym)
i=t

i i
=z Z c,'j(aja + Z Cjk’)’k)
j=1 k=1
i l§
= (z* Y cjaj)a+z* Y cijcipvk-
j=1 k=1

Since {e, B, m,72,.-. ,m} is a free base over T, looking at the coefficient of 3 in the
above, we get a; = 0 for 1 < i < !l. Thus we have shown that the T-free submodule N’
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generated by {1, 72,..., v} is closed under the action of y, hence it is an R-submodule
of M. Therefore, M = N @& N' as an R-module.

To sum up, we have shown that any indecomposable CM R-module is isomorphic to
the R-module generated by o and-f3 with the R-action defined by (ii). Note that such
a module N is realized as an ideal of R generated by {y,z*}, where o = z# and B = y.
We thus have proved the following:

(5.11) PROPOSITION. Let R = k{z,y}/(y* + z") where k is an algebraically closed
field and n is an odd integer. We denote by I, the ideal of R generated by y and 2*, where
In=R. Then the set { I, | 0<p < (n-—1)/2} isa complete list of nonisomorphic
indecomposable CM R-modules. In particular, the ring R is of finile representation {ype
and n(R) = (n+1)/2.

Note that in the proposition, when we regard R as k{t?,"}, each module I, is isomor-
phic to a fractional ideal (1,#"~2#)R.

We next try to compute the AR translation. The set of non-free indecomposable CM
modules is {I;|1 < g < (n—1)/2} and the free resolution of such module is given by the

following;:

P2 1 20

R(®) R(® I, 0

where

_(y & (v = -
p2_(zn—y _y)) Pl—(z,,_“ _y), po—(y z“).

From this sequence we easily see that
(iv) tr(l,) ~1,, syz'I,~I, and I =~I,

Since R is a Gorenstein ring of dimension 1, the AR translation 7 is given by (M) =
(syz! tr(M))*; see (3.11). Hence we have

(v) Tl =1, (1<p<(n-1)/2).
In other words, the AR sequences are of the form:
0—I,—F-—1I,—0,

for 1 < p < (n~1)/2. Since the rank of E is two, it turns out from (5.5) and (5.6)
that in the AR quiver, there are exactly two arrows starting from or ending in each I,.
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Consequently when 1 < u < (n —1)/2, we have

(n=1)/2 (n=1)/2
(vi) S iy, = Y, im(Iu, 1) =2
j=0 J=0

In the rest of this chapter we identify R with k{t?,¢"} and each I, with the fractional
ideal (1,t"~2#*)R. Clearly,

IO=RC11CIZC...Cl(n_l)/zzs,

where S is the normalization k{t} of R. Note that for each 0 < i,5 < (n —1)/2, any R-
homomorphism of I; into I; is of the form u - f - v where u (resp. v) is an automorphism
of I; (resp. I ) and f is the multiplication map of ¢¢ for some nonnegative integer e
satisfying ¢°I; C I;. Note also that the set of such multiplication maps forms a semigroup
given by

{t°| e is even with e > maz{2(i — j), 0}, or e is odd with e > n — 2j5}.

If i # j, then (I;,I;)1 = (I3 I;), since I; is not isomorphic to I;. Furthermore, if
Jj — 1 2> 2, then any homomorphism from I; into I; is a composition of two nonsplit
homomorphisms I; C Ii4; and I;4; — I; by the above remarks. Hence (I;, I;)2 = (I;, I})
when j—1 > 2. Similarly we see that this is true in the case when i — j > 2. Consequently
we have proved

(vil) (I, ;) =0 if |i—j|>2.

How about the case of j =i+ 1 ? If ¢ > 0, then the multiplication map by ¢° from I;
into I is a composition of the natural inclusion I; C Ij4; and the multiplication map
by t¢ from I;4; into itself. This implies that the unique candidate for the irreducible
morphism from I; to I;;; is the natural inclusion I; C Ii41 up to automorphisms of I;
and I;. Hence we have irr(l,I;11) < 1. Analogously we see that irr(l;, [;_1) < 1. To
sum up,

(viii) ier(Z3, ;) <1 if |i—j]=1

Next consider the case ¢ = j. In this case the semigroup of multiplication by ¢° is given

by

{t°| e is even with ¢ > 0 or e is odd with e > n — 2i}
={t’|e=0,246,...,n—2—-1,n—2in-2%+1n—2+2...}.
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If n —2i # 1, then it can be easily seen from this description of semigroup that any
multiplication map by ¢ (e > 0) is a composition of nonsplit morphisms, and hence
irr(I;, I;) = 0. On the other hand, if n — 2i = 1, then there is a unique candidate for the
irreducible morphism, namely, multiplication by ¢. We thus have shown that

(ix) il 1) <1 if i=(n=1)/2,
(L, L)=0 if i#(n-1)/2.

Taking (vi) into consideration, we easily see that all the inequalities in (vii) (viii) and
(ix) must be equalities. Therefore we are able to draw the AR quiver of R:

(5.12) The AR quiver of R 1s:

B2 (1] 2= 0] 2 . 2=yl )
Yo \ ‘/ \
/o \ /’

/

t
\
~o - N -

(5.13) Ezercise. For an even integer n, draw the AR quiver of R = k{z,y}/(2? + y")
where k is an algebraically closed field with odd characteristic. (See (9.9) for the answer.)
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Chapter 6. The Brauer-Thrall theorem

In this chapter we shall prove one of the fundamental results concerning AR quiv-
ers, (6.2), by which we get a result analogous to the first Brauer-Thrall theorem in the
representation theory of Artinian algebras.

Let k be a perfect valued field and let R be a local analytic k-algebra with maximal
ideal m, which is assumed to be CM as before. For the definition of analytic algebras see
(1.19). We denote by 9% the category of all finitely generated R-modules and by € the
category of CM modules. Note that all the previous results can be applied to R, since it
is a Henselian ring.

Let T denote the AR quiver for the category €. Then I' has a numerical function on
the set of vertices, called the multiplicity function:

e : {vertices of T} — N ; [M] — e(M)

where ¢(M) is the multiplicity of M; see (1.6). We always regard the AR quiver as a
graph with such a function.

(6.1) DEFINITION. A subgraph I'* of T is called of bounded multiplicity type if
there is an upper bound for the multiplicity function on the vertices in I'°. That is, there
is an integer n such that e(M) < n for any vertex [M] in T°.

Note that, if R is an integral domain, then this is the case only when there is a bound
for the ranks of such modules, (1.6.2). Also note that, for a system of parameters x =
{z1,22,...,24}, T° is of bounded multiplicity type if and only if there is a bound for
lengths of M/xM for M belonging to I'*. It is obvious that any finite subgraph of T is of
bounded multiplicity type. We say that I'° is connected if the underlying non-oriented
graph of I'° is connected in the usual sense.

We are now ready to state the main theorem of this chapter.
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(6.2) THEOREM. (Yoshino [66], Dieterich [21]) Let T® be a connected component of
I'. Assume that R has only an isolated singularily and that I'° is of bounded multsplicity
type. Then T =T° and T is a finite graph. In particular, R is of finite representation
type.

If we apply this theorem to the case when I'® is finite, then we obtain the following:

(6.3) COROLLARY. Let R be an isolated singularity. If ' has a finite connected
component T'°, then T' =T° and hence R is of finite representation type.

This shows that if € is of finite representation type, then the AR quiver is a connected
graph. We may apply the theorem to the infinite quiver to get:

(6.4)COROLLARY. Let R be an isolated singularity as above. If there is a bound for
multiplicities of indecomposable CM modules over R, then R is of finile representation
type.

The result corresponding to (6.4) for (noncommutative) Artinian algebras is known as
the first Brauer-Thrall conjecture or Roiter- Auslander theorem, cf. Auslander [4], Ringel
[55] and Roiter [56].

Our theorem is not valid unless R is an isolated singularity. We give an example now
which makes Corollary (6.4) fail.

(6.5) Ezample. (Buchweitz-Greuel-Schreyer [19]) Let R = k{z, y}/(z?), let I, be an ideal
of R generated by {z,y"} for any integer n > 0 and set [y = R and I, = zR. Then
{In] 0 £ n < oo} is the complete list of non-isomorphic indecomposable CM modules
over R. In particular € is not of finite representation type. On the other hand, e(/,) = 2
for any n (0 < n < 00) and e(Is) = 1.

Proor: Let T' = k{y}. Then R is a finite T-algebra and any CM module is free over
T. Thus giving a CM module M over R is equivalent to giving a T-algebra map fps
from R into a matrix algebra over T and this is also equivalent to giving a square matrix
Ap with entries in T and with A3, = 0 (by taking far(z) = Aa). It can be seen that
two CM modules M and N are R-isomorphic if and only if Apy = PAyP-! for some
invertible matrix P with entries in 7. Thus the classification of all CM modules over R
is the same as the classification of square-zero matrices over T up to equivalence. Since
T is a discrete valuation ring, it is easily seen that any square-zero matrix is equivalent
to a direct sum of matrices of the following forms:

(0),(2 (1))’ or (g g ) for some integer n > 0.

These matrices correspond to I, Iy and I, respectively. §
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The rest of this chapter is devoted to the proof of Theorem (6.2). We need some
preliminaries.

As before R is a local analytic CM algebra over a perfect field k. Taking a system
of parameters x = {z1,22,...,2z4} for R, we can form a convergent power series ring
T = k{z1,z2,...,24} where d is the dimension of R. Note that R is always module-
finite over T and hence it is T-free, because R is CM.

(6.6) DEFINITION. Let R®* = R ®r R and call it the enveloping algebra of R over T.
Let p : R® — R be the multiplication mapping. The Noetherian different N7 of R
over T is defined as follows:

NF = u(Ann e (Ker(p))).

If R is reduced (and CM) then NF is known to coincides with the Dedekind different
D# which is given by

D = {f(trace) € R | f € Homp(Homy(R,T), R)},

where trace denotes the trace map of the total quotient ring Q(R) of R over the quotient
field Q(T) of T. This also equals the inverse ideal of CF = {z € Q(R)| trace(zR) C T}.
For more details see Scheja-Storch [57].

Recall that a system of parameters x is separable if the extension Q(R)/Q(T) is sepa-
rable; see (1.20). I this is the case, then it is known that D is an ideal of pure height 1
(purity of branch locus). Thus we have:

(6.7) LEMMA. If R is a local analytic CM k-algebra which is reduced and if x =
{z1,22,... ,24} is a separable system of parameters for R, then NF is an ideal of pure
height one where T = k{z1,z2,... ,24}.

We also note here that there always exists a separable system of parameters for a
reduced analytic algebra R, since k is perfect; see (1.20).
The following is one of the most important properties of Noetherian differents.

(6.8) LEMMA. Let R be a T-algebra as above and let M be any R®-module, i.e. an
R-bimodule with T acting centrally. Then NF annihilates the i-th Hochschild cohomology
HL(R, M) for i > 0. (For the Hochschild cohomology see Hochschild [39] or Pierce [51].)

Since it is known that H5(R, ) =0 (¢ > 1) only when R is a separable algebra over
T, as a special case of the lemma, we have:
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(6.9) COROLLARY. The Noetherian different N defines the ramification locus of
Spec(R) over Spec(T). That is, for a prime ideal B of R, Ry is ramified over Tipnr if
and only if P contains N

From these observations we have the following:

(6.10) LEMMA. Let {B1,B2,..., Bn} be a set of prime ideals of R with the property
that each Ry, (1 =1,2,...,n) is a reqular local ring of the same dimension t. Then there
is a system of parameters {zy,2s,... ,z4} for R such that N}

kfz1,02,... )} 18 not conilained
inany P; (i=1,2,...,n).

ProoF: Let S denote the set R — U;P; which is multiplicatively closed in R. Note that
S~1R is a semi-local ring with maximal ideals PB;(S'R) (1 < i < n). Since Ry, =
(S'IR)%( s-1p) is a regular local ring of dimension ¢, one can choose a set of elements

{z1,22,... ,2:} in R which forms a regular system of parameters for each Ry, (1 < i < n).
Thus (21,232,... ,2:)Ryp, = PiRgy, for any i. Since R/\/(21,z3,... ,2¢)R is a reduced
analytic algebra over k and since k is perfect, we can take {41, %¢42,... ,24} from R
which forms a separable system of parameters for R/\/(z1,z3,... ,z¢)R; (1.20). Then,
since {z1,Z2,... ,z4} is a system of parameters for R, we can consider the power series

ring T = k{z1,z2,... ,24} on which R is module-finite. Note that, for any i (1 < ¢ < n),
PB:NT = (x1,z3,...,2:)T which we denote by p. Then it is easy to see that each

Ry, (1 < i < n) is unramified over Ty, for Ry, /pRy, = (R/\[(z1,22,... ,2:)R)sp, is

separable over Tp/pT,. We thus conclude from (6.9) that B; does not contain NF. §
Now we define an ideal of R which seems to be a good invariant of an analytic algebra

R.

(6.11) DEFINITION.
NR = ZNﬁzly32r" 134}

where {z1,z2,...,74} ranges through all systems of parameters for R.
As a corollary of (6.10) we see that A% has the following property.

(6.12) LEMMA. The ideal N'® defines the singular locus of Spec(R), that is, for a
prime ideal P of R, Ry is regular if and only if P does not contain N'F.

ProoF: If P does not contain NE, then it does not contain N}i for some T =
k{z1,22,... ,24}. Thus Re is unramified over Tipnr by (6.9), which implies that Ry
is regular. On the other hand, assume that R is regular. Then by (6.10) B does not
contain N}i for some T = k{z1,23,..., 24}, in particular, it does not contain N'F. g

(6.13) REMARK. If R = T[z}/(f(z)), then it is known that V¥ is an ideal generated by
the derivative f/(z). Thus in the case when R is a hypersurface k{z1,22,... ,z441}/(f),
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N is generated by derivatives 8f/0z; (1 < i < d+1). By this fact we are able to see
that the assumption that k is a perfect field is indispensable in (6.12). For example, if
there is an element a in k& which is not in k?, where p is the characteristic of k, then
consider a k-algebra R = k{z, y}/(2? + ay?). In this example, R is an integral domain of
dimension 1, hence an isolated singularity, though A'E = 0.

(6.14) LEMMA. If R has only an isolated singularity, then one can choose a system of
parameters X = {xy,x3,... ,24} for R which satisfies the condition:

(6.14.1) for any i (1 < i < d) there is a regular subring T; of R on which R is finite and
x; belongs to the Noetherian different Nﬁ.

We call such an x an efficient system of parameters for R.

Proor: By induction on j (1 € j < d), one can choose a part {1, 2,...,2;} of the
system of parameters for R, such that z; belongs to N}? for some T; (1 < i < j). This
is obvious if j = 1, since N is an ideal of pure height 1 for any regular subring T of R.
For 2 < j < d, assume that {zy,z2,... ,2j_} are already chosen. Then by (6.10) there
is some T; with the property that N}j is not contained in any minimal prime ideals of
(21,22,... ,xj—1)R. Thus there is an element z; in N}j such that {z,,2,,...,2;} forms
a subsystem of parameters for R. i

Efficient systems of parameters will play a central role in the rest of this chapter.
The following proposition will be a key for using these parameters. In fact, it leads
Propositions (6.16) to (6.18), which, we should mention, are generalizations of Marranda’s
theorem about finite group rings over complete discrete valuation rings.

(6.15) PROPOSITION. Let x = {zy,23,...,24} be an efficient system of parameters
for R and let M, N be CM modules over R. We denote by x(®) the ideal of R generated
by {z?,23,...,2%}. Then for any R-homomorphism ¢ from M/xPDM to N/x®N, there
exists an R-homomorphism ¢ from M to N such thet ¢ ® R/xR =1 ® R/xR.

Proor: By induction on d — i (0 < i < d) we prove the following:

(6.15.1) There is an R-homomorphism ¢; from M/(z},... ,2})M to N/(2},... ,2})N
such that ¢; ® R/xR = ¢ ® R/xR.

There is nothing to prove for i = d, for ¢4 =  is given. Assume that ;4 is already con-
structed (0 < ¢ < d—1). It is enough to show the existence of ¢; from M/(2?,...  2?)M
to N/(z},... ,z})N satisfying ¢; ® R/(z3,... ,2},2i31)R = piz1 @ R/(22,... 2}, zi11).
For simplicity we denote the ideal generated by {z?,...,z?} (resp. {2},... 2%, 2,11} )
by yi (resp. 2; ). Since N is a CM module over R, we have the commutative diagram
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with exact rows:

2

Tit1
0 — N/y;N — N/y;N —— N/yipatN —— 0

ol | 1

0 —— N/yiN -2, N/yiN —— NJ/ziN — 0.

Applying the functor Homr,,, (M, ) to this diagram where T;y being as in (6.14.1), we
obtain the following commutative diagram:

0 — Homg, , (M, N/y;N) — Homr,,,(M, N/y;N) — Homg, ,(M,N/y;N) — 0

Lo I !
0 — Homg, (M, N/y;N) — Homr,, (M, N/y;N) — Homr, (M, N/z;N) — 0,

where the rows are exact, since M is a free T;;1-module. Note that these rows are also
exact sequences of R-bimodules. (The left (resp. right) action of R on Hom(M, N’)
is given by the one induced from the action on N’ (resp. M ).) Noting that
H}., (R,Homr,,, (M, N')) = Homp(M, N') for any R-modules M and N', we now get
the commutative diagram with exact rows by taking the Hochschild cohomology functor:
Homp(M, N/y;N) — Hompg(M,N/y;}1N) — Hilw',“(R, Homr, (M, N/y;N))
” l l:c.'+1
Hompg(M,N/y;N) — Hompg(M,N/z;N) — H}n'_“(R, Homr,,, (M, N/y:N).

By (6.8) and by our choice of ;31 and Ty in (6.14.1) we know that z;;, on the right
vertical arrow induces the trivial map. Therefore some easy diagram chasing shows that
for any ;1 in Hompg(M, N/yi;1N), there is ¢; in Homgp(M, N/y;N) with ;@ R/z;R =
¢i+1 @ R/z;R. This completes the proof of the proposition. §

As a direct consequence of (6.15) we obtain the following:

(6.16) PROPOSITION. Lel x = {z1,z2,...,24} be an efficient sysiem of parameters
for R and let M be a CM module over R. Then M is an indecomposable R-module if and
only if M/x®)M is indecomposable.

ProoF: If M is decomposable, then it is obviously true that M/x(z)M i1s also de-
composable. Conversely assume that M is indecomposable. Take an idempotent e in
Endg(M/x(?)M). We want to prove that either e = 1 or 0. We have a commutative
diagram of natural ring homomorphisms:

(2)
Endp(M) ®F5R Endp(M/x®) M)

a=®R/xR N  p=0R/xR
Endgp(M/xM)
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Now we denote by A the image of o which is also local, for it is a homomorphic image
of the local algebra Endpg(M). It then follows from (6.15) that 3(e) belongs to A. Since
e? = e, B(e) is also an idempotent of A, hence either S(e) = 1 or 0. If f(e) = 0, then
e(M/xP M) c x(M/x®) M) hence e = 0, because e = e. If B(e) = 1, then f(1 —€) =0
hence by the above e = 1. 3

We also obtain from (6.15) the following:

(6.17) PROPOSITION. Let x = {z1,%3,...,2q} be an efficient system of parameters
andlets:0 > N 5 E 5 M — 0 be an ezact sequence in the category €. Denote by 3
the sequence obiained from s by tensoring R/x()R :

i:0— NXON L E/XOE 2 Mx®M — 0

(Note that 3 is also ezact, since x®) is a regular sequence on M.) If 5 is split, then so is
s.

PROOF: Assume 3 is split, that is, there is an f in Homg(M/x() M, E/x())E) such that
P - f is the identity on M/x()M. Then (6.15) shows that there is a ¢ in Homg(M, E)
such that ¢ ® R/xR = f @ R/xR. Thus (p-g) ® R/xR = (p® R/xR) - (¢ ® R/xR) is
the identity mapping on M/xM. In particular we see by Nakayama’s lemma that p - g
1s an epimorphism, and so it must be an automorphism on M. This shows s is a split
sequence. |

The next proposition will be useful later.

(6.18) PROPOSITION. Let x = {z1,23,...,24} be an efficient system of parameters
and let M, N be indecomposable CM modules over R. If M/xDM is isomorphic 1o
N/xPN, then M is isomorphic to N.

PROOF: Let f be an isomorphism from M/xYM onto N/x(®N. Then by (6.15) we
have a homomorphism f from M to N such that f® R/xR = f® R/xR. In particular f
is epimorphic by Nakayama’s lemma. Thus we obtain an exact sequence 0 — Ker(f) —

MLy 0, where it is easily seen that Ker(f) is also a CM module. Tensoring R/xR
with this sequence we have an exact sequence:

0 — Ker(f) ® R/xR — M ® R/xR"2* N © R/xR — 0.

Since f ® R/xR is an isomorphism, we see that Ker(f) ® R/xR = 0, hence Ker(f) =0
again by Nakayama’s lemma. Thus f gives an isomorphism between M and N. &
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(6.19) REMARK. The above proof also gives the following:
If f is an R-homomorphism between CM modules M and N, and if f ® R/x(*)R gives
an isomorphism, then f is also an isomorphism.

For the proof of Theorem (6.2) we need the following lemma.

(6.20) LEMMA. (Harada-Sai lemma for CM modules) Let M; (0 < i < 2™) be in-
decomposable CM modules over R and let x = {21,22,...,z4} be an efficient system
of parameters. Let f; : M;_1 — M; (1 < i < 2") be non-isomorphic homomorphisms.
Assume that Ien_qth(M,‘/x(z)]W,‘) <n for0<i< 2" Then we have

(fo - f2- f1) @ RIXPDR = 0.

ProOF: We denote M/xPM, f ® R/x(PR respectively by M, f. Then by (6.16) and
(6.19), the R-modules M; and R-homomorphisms f; satisfy the following conditions:

(a) M; (0 < i < 2") are indecomposable,

(b) length(M;) < n for all i, and

(c) fi (1 < i < 2) are all non-isomorphic.

Then Harada-Sai lemma ([51, Proposition 7.2] or [34]) shows that the composition
for .. fo- fiis trivial. §

In the case when we are given a sequence of irreducible morphisms:
(*) Mo 2oy oMy — o M,

with all M; indecomposable CM modules, then we will call this a chain of irreducible
morphisms of length n. A chain (*) of irreducible morphisms is said to be nontriv-
ial with respect to a system of parameters x = {z;,z3,...,z4} provided that
(fn - fa-1---f1) ® R/xR is a nontrivial homomorphism. The following is the result cor-
responding to [55, Lemma 2.1].

(6.21) LEMMA. Let R be an isolated singularity and let x = {z1,23,... ,24} be an
efficient system of parameters for R. Let M, N be indecomposable CM modules over R.
Assume that there is a morphism h from M into N satisfying h ® R/x(z)R # 0, and
that there exisis no chain of srreducible morphisms from M 1o N of length < n which is
nontrivial with respect 1o x(2). Then

(a) there exists a chain of irreducible morphisms:

M=MyLmy My — o — My L,

and a morphism g: My — N with (g fo - fae1---f1) @ R/XPDR #0; and
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(b) there ezists a chain of irreducible morphisms:
Ny 25 Nyt 3 Npoy —r — N 2L No=N

and a morphism f: M — N, with (g1-g2---gn - f) @ R/x(IR # 0.

ProoFr: We only prove (b), for (a) can be obtained by a dual argument. The proof
proceeds by induction on n. For n = 0, there is nothing to prove. Assume n > 0. Then
by the induction hypothesis we have irreducible morphisms g; : N; — N;—; (1 <i<n—1)
with No = N and a morphism f: M — N,_; such that (g1-92-- - gn—1 -f)®R/x(2)R #0.
Our assumption implies that f can never be an isomorphism. We consider two cases:
First let N,_; be isomorphic to R. In this case by (4.20) we have a CM module L and a
morphism A from L to N,_; such that f can be factored through h:

M L N =R

BN\ /b
L

We decompose L into a direct sum of indecomposable CM modules L;, and also decompose
h into a direct sum of h;, and k' into a sum of h!. Therefore f = 3" h; - hi. Note that,
if we take ( ,L) — ( ,m) to be minimal, then the h; are irreducible. Now, since
(9192 gn-1- ) ® R/xDR # 0, it follows that (g1-g2-- gn-1- hi - b)) ® R/xDR #0
for some i. Letting N, = L; and g, = h;, the lemma follows in this case.

In the second case assume that N,_; is not isomorphic to R. Thus there exists an
AR sequence 0 — 7(N,-1) — L A Naoy — 0; see (3.2). Let L = ¥; L; with L;
indecomposable, and let A = (h;). Again the h; are irreducible. By the property of AR
sequences one can lift f to L, thus f will be factored again in the form f = " h;- A} In
the same way as above, one obtains (g; - - gn—1 - hi - h}) ® R/x(DR # 0 for some i, and
the proof is completed. §

Now we proceed to the proof of Theorem (6.2). Let R be an isolated singularity as
in the theorem and let I'” be a connected component of the AR quiver I'. Assume that
all indecomposable CM modules in I'° are of multiplicity < a. Let x = {z1,z2,...,24}
be an efficient system of parameters for R. Note that for a module in I'° we have
length(M/x®M) < m where m = a - b% with b being the least integer satisfying m® C
x®OR; (1.7).

Let M, N be two indecomposable CM modules with the property that there is a
morphism f from M to N such that f ® R/x(Z)R # 0. Assume that M belongs to I'°.
We want to prove that there is a chain of irreducible morphisms from M to N of length
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< 2™ which is nontrivial with respect to x(?), and thus that N is also in I'°. For otherwise,
by (6.21) there is a chain of irreducible morphisms:

M=M Loy 2oty — o — M B,

and a morphism g : M, — N with (¢ fa -~ f2- f1) ® R/xX®)R # 0, where n = 2™. Here
we note that M; are all in T'°, for M; being connected with M in I'. In particular, we have
length(M/x®)M) < m by the assumption. Then (6.20) shows that (fn - fa—1--- fi) ®
R/x(z)R = 0, which is a contradiction.

Summarizing the above, we have obtained the following:

(6.22.1) Let M and N be indecomposable CM modules with the property that there is
a homomorphism f from M to N satisfying f ® R/x(z)R # 0. If M belongs to I'°, then
there is a chain of irreducible morphisms from M to N of length < n(= 2™). In particular
N also belongs to T'°.

The dual argument gives the dual statement of the above:

(6.22.2) Let M and N be as in (6.22.1). If N belongs to T'°, then there is a chain of
irreducible morphisms from M to N of length < n. In particular M also belongs to T'°.

Now let M be any indecomposable CM module over R. Then thereisamap f : R — M
with f®@ R/x(M R # 0. (It is enough to take an element z in M which is not in x(®» M and
to define f(r) = r - z.) Taking M from the vertices in I'°, one can show by (6.22.2) that
R belongs to I'°. It then follows from (6.22.1) that any M from T belongs to I'°. Thus we
have proved that I' = T'°, and at the same time, that any vertex in T’ is connected with
R by a directed path of length at most n. On the other hand we know from (5.9) that
the graph T is locally finite. Hence T’ must be a finite graph and the proof is finished. &
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Chapter 7. Matrix factorizations

In this chapter we shall make a brief presentation of Eisenbud’s matrix factorization
theorem, (7.4). This will play a key role when we treat CM modules over a hypersurface
singularity.

Suppose that aring R is a homomorphic image of a regular local ring S, that is, R = S/T
for some ideal I of S. When I can be chosen as a principal ideal (f), we call R a local
ring of hypersurface (or simply a hypersurface) defined by f in S. Throughout this
chapter R is always a hypersurface and is always given by R = S/(f), which is assumed
to be Henselian. Notice that R is a CM ring. We are concerned with the category €(R)
of CM modules over R. For this we only consider the case when f # 0, for otherwise, R
will be a regular local ring on which all CM modules are free.

Let us begin by analyzing free resolutions of CM modules. For any CM module M
over R, regarding it as an S-module, we have, by the Auslander-Buchsbaum formula, the
following equality:

proj. dimg(M) = depth(S) — depthg(M) = 1.
Equivalently M has the following free resolution as an S-module:
(7.1.1) 0— 5™ £, 500, p—s0.

(The middle and the left term have the same rank n, because M has rank 0 as an S-
module.) Since M is an R-module, it follows that fM = 0. In particular, we see from
(7.1.1) that £S5 c »(S™), thus for any z in S there is a unique element y € S
with f -2 = ¢(y). Putting y = ¥(z), clearly ¥ is a linear mapping from S into itself
and satisfies

(7.1.2) o b=f L.
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Multiplying by ¢ from the right on both sides of (7.1.2), we have, since ¢ is a monomor-
phism,

(7.1.3) Yoo =Ff lgm:-

We regard ¢, 3 as square matrices on S by fixing a base of S(®).

(7.1) DEFINITION. A pair of square matrices (¢, %) with entries in S satisfying the
conditions (7.1.2) and (7.1.3) is called a matrix factorization of f. A morphism
between matrix factorizations (y1,%1) and (2, ¥2) is a pair of matrices (o, 8) with a-¢ =

p2-Pfand B -1 =9y -

gtm) P, gm) _#L, gm)
(7.1.4) | | |
Sin2) vz Sin2) ¥z S(n2)

In this case, we write (¢, 3) : (¢1,%1) — (p2,%2). Note that the commutativity of
the right square in (7.1.4) implies the commutativity of the left. In fact, multiplying
a1 = @3- B by 1, Y2, we will have fopy-a=t2-a @1 ¢y =92-92-8-91 = fB8- 91,
hence ¥2 - @ = B - 1. For practical use, the equalily o - o1 = @3 - B i3 enough for (o, B)
to be @ morphism. We denote by MFg(f) the category of matrix factorizations of f and
morphisms between them. It is trivial that MFg(f) is an additive category, by defining
the direct sum as follows:

e =5 0 ). (3 5 )

Naturally two matrix factorizations (1, ¥1) and (@32, ¢2) are called equivalent if o, 3 are
isomorphisms in (7.1.4). We often identify equivalent matrix factorizations. A matrix
factorization (¢,%) of f is called reduced if the entries of ¢, ¥ are nonunits. This
is equivalent to saying that any matrix factorization equivalent to (y,%) have nonunit
entries. Note that (1, f) and (f, 1) are matrix factorizations of f which are not reduced.

WARNING. Do not confuse (¢, %) with (¥, ¢). In general, they are not equivalent to each
other; see (7.7).

If (¢,¥) € MFg(f), then ¢ and 9 must each be a monomorphism as a mapping on
S(). In fact, if () = 0, then fz = ¥(p(z)) = 0 hence z = 0 , because f is a nonzero
divisor on S().
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Let (¢, ¥) be a matrix factorization of f. Denoting by @, ¥ the matrices ¢, ¥ modulo
(f), we have a chain complex of R-modules:

(1.2.1) ---— R®™ P, g™ ¥, pt) P, pm) ¥, pm) P, pm) ¥, pim) _,

This is actually a chain complex by (7.1.2) and (7.1.3). In fact,
(7.2.2) the complex (7.2.1) is exact.

Indeed, if 7 € R(™) (z € $(™) satisfies B(Z) = 0, then p(z) € fS™ = ¢ %(S™), hence
z € %(S™), for ¢ is a monomorphism. It thus follows that Z € Im(¥).
Thus one can obtain the R-free resolution of M by (7.1.1) together with (7.2.2):

(7.23) - — R 2, g $, pm) B, pim) ¥, pin) B, ) _, pr .

One observes here a curious phenomenon on the R-free resolutions of CM modules, which
can be stated as follows:

(7.2) PROPOSITION. A CM module over a hypersurface has a periodic free resolution
with periodicity 2.

We showed that if we are given a nontrivial CM module over a hypersurface R = S/(f),
then we have a matrix factorization (¢, ¥) of f and an R-free resolution as in (7.2.3).
Conversely a matrix factorization (¢,¥) will give a short exact sequence of S-modules
as in (7.1.1) with M a CM module over R. In fact, because fS(® C ¢(S(")), we have
fM = 0, hence M is an R-module and M is equal to Coker(¢) which has an R-free
resolution (7.2.3). By the periodicity of (7.2.3) M is the 2i-th syzygy of M itself for any
i, thus it must be a CM module by (1.16). We write Coker(y, ¥) for M. Likewise, if
(o, B) : (¢1,%1) — (2,%2) is a morphism in MFg(f), then it induces a chain map:

C M pen P, g P, R T

R™) — Coker(¢1,%;) —— 0
5| al 7l |

2, Rin) 22, p(n) ve R 22, pow) Coker(pz,92) —— 0

Hence there is a homomorphism of CM modules Coker(¢1, ¥1) — Coker(p3,¥2) which we
will denote by Coker(a, ). Thus we have defined an additive functor Coker : MFs(f) —
€(R). Clearly Coker(1, f) = 0 and Coker(f,1) = R

Before stating our result, we need some more preparation.
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(7.3) DEFINITION. Let 2 be a category whose Hom-sets are Abelian groups, and let
B be a set of objects in A. In general, we define A/P to be the category whose objects
are the same as 2, and morphisms from A to B in A/P are the elements of

HOIIIQ[(A, B)/m(Aa B)a

where P(A, B) is a subgroup generated by all morphisms from A to B which pass through
direct sums of objects in . Notice that any objects in B are the zero object in %/P
and that 2/P is the largest quotient of A with this property.

Using this notation, we define the categories:

(7.3.1)  MEs(f) =MFs(H/{Q, N},
(7.3.3) &(R) = ¢(R)/{R}.

Note that €(R) is the category having Hompg(A, B) as the set of morphisms from A to
B, . (3.7).

We can now state the theorem.

(7.4) THEOREM. (Eisenbud’s matrix factorization theorem [25]) If R = S/(f) is a

hypersurface, then Coker induces an equivalence of the catlegories:

MEs(f) =~ €(R).

Moreover this induces an equivalence:

RMFs(f) ~ &(R).

ProoF: Since Coker(l, f) = 0, Coker certainly induces the functor MEs(f) — €(R),
which we also denote by Coker. Define the functor T : €(R) — MF¢(f) as follows: For
a nontrivial CM module M we may have a free resolution of M as in (7.1.1), and then
obtain matrices (¢, %) as in (7.1.2) and (7.1.3). We set T(M) = (¢, %). Note that this is
determined uniquely as an object in MFs(f). In fact, if we choose ¢ so that the resolution
(7.1.1) is minimal and if (¢1,%1) is another matrix factorization obtained from M, then
there are invertible matrices & and § such that the following diagram is commutative:

(£9)

0 — Stm) > §m) M 0

dl ‘| ||

0 —— S(m) e S(m) M » 0
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Hence (o, ) is a morphism from ((‘g (1’) , ('g ﬁl )) to (1, ¥1) which gives an equivalence.
Since we may neglect (1, f) in MF¢(f), T(M) € MFg(f) is uniquely determined.
Next we consider morphisms. Given a morphism g : My — M, in €(R), there is a

commutative diagram:

1

0 — g Sm) M 0
(7.4.1) 5| | |
0 — Sta) 2, gn) M, 0.

Hence (a, 8) gives a morphism YT(M;) — Y(M3) which we denote by T(g). If (¢/, 5')
is another pair of matrices which makes (7.4.1) commutative, then there is g : S®1) —
S(2) such that @ — o/ = ¢y - g and § — B’ = p - ¢y, therefore the morphism (o, 8) —
(!, B") is a composition of (g, 4 - 1) : (¢1,%1) — (lay, f « 1n,) with (p2,1) @ (1n,, f -
1n,) — (2, ¥2). Hence (o, ) = (¢/, B') as a morphism in MFg¢(f). Consequently T(g)
is uniquely determined. We thus have defined the functor T : €(R) — MFEg(f). Then by
the definitions of Coker and 7T it is fairly easy to see that T -Coker = 1 and Coker-T = 1.
We therefore obtain an equivalence MFg(f) ~ @(R) The second equlvalence in the
theorem is obvious from the first, since Coker(f,1) = R. §

(7.5) REMARK. Let (¢, %) be an object in MFg(f). Notice first that
(7.5.1) if (¢, ¥) is a reduced matrix factorization, then Coker(¢, ¢) has no free summand.

In fact if M has a summand R, then in (7.1.1) ¢ may be taken as ¢’ @ f for some ¢/,
hence (g, ¥) is equivalent to (¢',¥') & (f,1) for some ¥', which is a contradiction.

If the matrix ¢ has a unit entry, then it is easy to see that (yp,¥) has (1,f) as a
summand. Likewise, if 4 contains a unit, then (¢, %) has (f,1) as a summand. As a
result, an arbitrary matrix factorization (¢, %) can be written as

(7.5.2) (2, %) = (po, ¥0) ® (£,1)P & (1, /)9,

with (o, ¥o) reduced and with p, ¢ nonnegative integers. We claim that this decomposi-
tion is unique up to equivalence. To show this, let (¢, %) = (¢}, ¥h) & (£, 1)) & (1, £)(¢)
be another one. Putting M = Coker(y, ¥), My = Coker(<po, ¥o) and M} = Coker(}, ¥}),
we see from (7.4) that M ~ My @ R(?) ~ M} & R®"). Since, by (7.5.1), My and M} have
no free summands, we have p = p’ and My ~ M/ by the uniqueness of direct decom-
positions in €(R). From My ~ M{, one sees that (o, o) is equivalent to (¢f, ¥f); see
the construction of T in the proof of (7.4). Finally, comparing the sizes of matrices, one
obtains ¢ = ¢’ and the uniqueness of (7.5.2) follows.
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By this remark we see that under the equivalence in (7.4), the reduced matrix factor-
1zations correspond precisely to CM modules with no free summand. Thus we have:

(7.6) COROLLARY. The functor Coker yields a bijective correspondence between the
set of equivalence classes of reduced matriz factorizations of f and the set of isomorphism
classes of CM modules over R which have no free summands.

Obviously an indecomposable matrix factorization corresponds to an indecomposable
CM module.

(7.7) PROPOSITION. Let M be an indecomposable nonfree CM module over R =
S/(f) given by M = Coker(p,v) with (p,v) a reduced matriz factorization of f. Then
syzh M is also indecomposable and nonfree, and syzl, M ~ Coker(¢, ¢).

ProoF: Recall, (1.15), that syz}; M denotes the reduced first syzygy of M. It is obvious
that (¢, ) is also in MFg(f). Furthermore it is indecomposable, for otherwise, (¥, ¢)
would be equivalent to a nontrivial sum (11, 1) @ (2, ¢2), and then (p,¥) would be
equivalent to (1, ¥1) @ (¢2,%2), a contradiction. Note that (¥, ¢) is reduced and hence
Coker(%, ¢) is nonfree. From the exact sequence (7.2.1) and from the definition of Coker
it follows that there is an exact sequence:

0 — Coker(, ) — R™ — Coker(p, %) — 0.

Since Coker (4, ) is indecomposable nonfree, we have syz}, M ~ Coker(9, ¢) as desired. §

(7.8) REMARK. Let M be the same as in (7.7) and let N be another CM module
over R given by N = Coker(¢',9') for a matrix factorization (¢',9'). If h : N —
syzh M is an R-homomorphism, then by (7.4) there is a morphism (e, 8) : (¢',¢') —
(¥,¢) in MFg(f) such that Coker(a,8) = h. By the definition of morphisms, it is

easy to see that ((g s ) , (¢ —a)) is also a matrix factorization of f. Letting

¢ ) \0 ¢
L = Coker( (? Z,) , (3 ;a) ), we have an exact sequence:

0—M-—>L—N—0,

whose class in ExtL(N, M) is the image of h under the natural mapping p
Hompg(N,syzk M) — Exth(N, M). Since p is surjective, any extension of M by N is
obtained in this way.
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Chapter 8. Simple singularities

In this chapter we shall define simple singularities in the sense of commutative algebra
and show that any Gorenstein ring of finite representation type has a simple singularity;
see Theorem (8.10) and Corollary (8.16). The converse is also true. However we postpone
its proof to the next chapter, for it requires a more complicated argument. Almost all
arguments below are taken from the papers Buchweitz-Greuel-Schreyer [19] and Herzog
[35].

Throughout this chapter (R, m, k) is a Henselian CM local ring. We always assume
that R is a hypersurface defined by f in a regular local ring S:

R=S5/(f)

The maximal ideal of S is always denoted by n.

(8.1) DEFINITION. For a hypersurface R = S/(f) consider the following set of ideals
in S:

o(f) = { I| I is a proper ideal of S with f € I*}.
Call R a local ring of simple singularity (or a simple hypersurface singularity)
if the set c(f) is finite.

We first show how this definition regulates the form of f.

(8.2) LEMMA. Let R = S/(f) be a local ring of simple singularily and assume that k
i3 algebrascally closed. Then the following hold:

(8.2.1) Ifdim(R) =1, then e(R) < 3.

(8.2.2) Ifdim(R) > 2, then e(R) < 2,

where e(R) denotes the mulliplicily of R, thatl is, e(R) is the mazimal inleger e wilh
f €nc.

PROOF: Let 7 : n — n/n? be the natural projection and let {zg, z1,. .. ,24} be a set of
elements in n with {7(20), 7(z1),... ,7(z4)} a k-base of n/n?, where d = dim(R).
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First suppose e¢(R) > 4. Then letting Jy = 7~!()) for any subspace A of n/n?, we
deduce that Jy # Jx when A # X and that f € J} for any A, since f € n*. If d > 1, then
there are infinitely many subspaces in n/n?, hence R is not a simple singularity. This
proves (8.2.1).

Next suppose ¢(R) > 3 and d > 2. Then f can be written as an infinite sum:

=X fi

i>3

where each f; is a homogeneous polynomial of degree i in {zq,#1,...,24}. Let V be a
hypersurface in P,‘: defined by the equation fz3 = 0. Note that V has dimension at least
1, since d > 2. Hence it is an infinite set. For any point A = (ag : a1 :...:aq) In V,
we define an ideal Iy as {a;z; — ajz;] 0 < i,j < d}S + n?. It is obvious that I # I
if A # X, because the homogeneous equations in I/n? exactly define the point A in Pi.
Thus the lemma will follow if we prove f € I (A € V). To see this we may assume
A=(1:0:...:0) after a change of basis. Then Iy = (23, 21,...,%4)S, so we have
I} = {zizj,zdzi,z¢| 1 < i,j < d}S. It hence follows that f3 = azd (mod I}) with
a € k. Since A is a point in V, we see that o = f3(1,0,...,0) = 0, which shows f3 € I3.
Therefore f € I} + n* = 1}. 1

(8.3) LEMMA. Let R = S/(f) be a simple singularity of positive dimension. Then R
s reduced.

ProoF: Suppose R contains a nilpotent element. Then we have a decomposition f = g-h?
for some g,h € S. It is then obvious that f € I? for any ideal I of S containing k. Since
S/(k) has dimension at least one, there are infinitely many such I. This shows the
lemma. @1

(8.4) LEMMA. Let R = S/(f) be a simple singularity of dimension 1. Assume that S
coniains an infinite field F. Then for any two elemenis =, y in n we have:

(8.4.1) f ¢ (=2 2%y 2yt o).

PROOF: Assume the contrary. Then f € (23, 22y?, zy?, y®) for some z,y € n. Consider-
ing the set of ideals in S:

Li=(z+XM"9%) (AeF),
we can show that Iy # Iy if A # X. In fact, if I = I, = Iy for some A # X, then
(A = X)y? € I, hence I contains y? and z. Thus I = (x,y?). Considering the image of
(z,9?) (resp. (z + Ay, %%)) in S/(z + Ay?)S, it is generated by y? (resp. y*). Therefore
v’ —ay® = y*(1 — ay) € (z + Ay?)S for some a € S, thus y?> € (z + Ay?)S and hence
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z € (z + Ay?)S. Then by the assumption, f € (z3,z%y% zy*,y®) = I3 C (= + Ay?)3S,
contradicting (8.3). We have thus shown that there are infinitely many I). If we see that
f € I}, then the proof will be finished. This is, however, trivial, since (v8, zy*, 2%y%, 23) C
Za

(8.5) PROPOSITION. Let S = k{z,y} where k is an algebraically closed field of char-
acteristic 0. If R = S/(f) is a simple singularity, then after a change of variables f is
equal to one of the following polynomials:

(An) 2’ +y"t! (n21),
(Dn) dy+y"t (n24),
(Es) 2+,

(E7) 2% + zy°,

(Es) 22+ 0.

Before the proof of the proposition we need a lemma.

(8.6) LEMMA. Let S be a convergent power series ring k{zo,21,... ,24} over an alge-
braically closed field k of characteristic 0. Then for any unit element u in S and for any
posilive integer n, there is a power series v in S such that v® = u. In particular, there
is a k-algebra automorphism of S which sends 2§ to uel and sends each z; to itself for
i>1.

ProoF: Considering the algebraic equation X® — u = 0 mod (2o, 21,...,24)S, we see
that it has n distinct solutions in k = S/(zg, 21, ... ,24)S. Since S is a Henselian ring, it
follows that the equation X™ — u = 0 has a solution in S, showing the existence of v. The
last statement of the lemma follows from the inverse function theorem. In fact, defining
the k-algebra map ¢ : S — S by ¢(2¢) = vzo and ¢(z;) = z; (i > 1), we can see that ¢
is an automorphism. i

Before the proof of Proposition (8.5) we note the following fact:
For the ring R as in (8.5), a general element y in m — m? satisfies ym” = m"+! for some
integer n. Such an element is called a minimal reduction of m and it satisfies;

(8.6.1) R is module-finite over a subalgebra T' = k{y} and there is an isomorphism of
T-algebras R ~ T[X]/(g(X)) with deg(g(X)) = e(R). (Matsumura [48].)

PRroOF OF (8.5): We divide the proof into several cases.
(1) The case e(R) = 2: Take a minimal reduction y of the maximal ideal m of R.
Then we may describe as R = T{z]/(z? + a) for some a € T. Thus we may assume that
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f = 22 +a. Write a as uy™*! with « a unit in T. Then by (8.6), after applying a suitable
automorphism on S, we can take f = z? + y"*!. This is the case (4,).

(it) The case e(R) =3 with {f = 0} has two or three different tangent directions:

In this case f is decomposed as the product g-h (g, h € S) where {g = 0} and {h = 0} have
distinct tangents. Since e(R) = e(S/(g)) + e(S/(h)), we may assume that e(S/(g)) = 2
and e(S/(h)) = 1. We can take y € R whose images in S/(g) and in S/(k) are minimal
reductions of their maximal ideals. As in the first case we may have S/(g) ~ T[X]/(X% +
y") where T = k{y}. Then R =~ T[X]/((X — t)(X? + y™)) (¢ € T), therefore we may
assume that f = (z — t)(z? + y™) (n > 2). Suppose n > 3. Since {f = 0} has different
tangent directions, we see that ¢ = uy with » a unit in 7. Replacing y by = — uy
we can change f into the form y(az? + bzy"~! + cy™) (a,b, ¢ units in S). Then putting
E=atz+ ;-a‘%by"‘l and 5 = y(c— %a‘lbzy"‘z)%, we have f = n(£% +7") up to a unit;
this is the case (Dp42) (n > 3). We leave the reader the proof for the case n = 2. In this
case f could be chosen as y(z? + y?) that is the equation of (Dy).

(iit) The case e(R) =3 with f =0 has a unique tangent direction:
We further divide this into two cases.

(iti — 1) The case when f is reducible: Taking y as a minimal reduction and putting
T = k{y}, we may assume that f = z(22+az+b) (a,b € T). Since z° should be the initial
form of f, we may write f = z(x? + czy? + dy®) (¢,d € T), where d must be a unit in T
because of (8.4). Then using (8.6), f can be put into the form z(x? +exy? +y*) (e € T).
We replace y by y — %ez to get

f=a(2? + y® + szly + 12%),

for some s, € S. Changing z(1 + sy +tz)% to z, we finally get f = z(z? + 3%), the
equation of (E7), up to a unit.

(#ii—2) The case when f is irreducible: We may write R = k{y}[X]/(X3+aX+b) (a,b €
T = k{y}), hence we may assume that f = 23 + az + b. Since R is an integral domain,
we can see that b # 0. If @ = 0 then, by (8.6), f can be put into the form z* 4+ y™, where
m =4 or 5 by (8.4). These are the cases (Es) and (E3). So we assume that a # 0. Then
we may write

(*) f=2+uzy” +y",
where u € T is a unit element. Since z* must be the initial form of f, we see that n > 3
and m > 4. We claim here that either n > 4 or m = 4. Suppose not. Then we could find
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a solution £ € T to the equation; £3 + u£2 + y(2™~9) = (. In fact, modulo y, the equation
has a simple root —u, and it can be lifted to a solution in T, since T is a Henselian ring.
Furthermore £ is a unit in T as well as u. Then it would follow that f(¢-1y™ 3%, y) =0
in (*). (Use n = 3 here.) Hence f would be divisible by z — £~'y™~3, which contradicts
that f is irreducible. Hence we have shown that either n > 4 or m = 4.

If m =4 in (*), then replacing y by y — i—uzy""s and using (8.6) we have f = 2% +
wy?z? + y* for some w € S, and a further change of variables z +s z + }.;wy2 takes f into
the form z3 + ey* (e is a unit). Therefore by (8.6) we may have f = 3 4 y*, which is the
case (Fs).

If n > 4 and m # 4, then by (8.4) we see that m = 5. Replacing y by y + %ua: and
using (8.6) we have f = z® + wy3z? + y® for some w € S, and then by a further change
of variables z +— z + %wy"’, f can be put into the form z® + ey® (e is a unit). Finally, by
(8.6), we have f = 23 + 4, which is the case (E3). This completes the proof. §

(8.7) Ezercise. Prove the converse of the proposition. Namely, if f is one of the polyno-
mials in (8.5), then the ring R = S/(f) is a simple singularity. In this case describe the
set ¢ f) for each polynomial.

(8.8) THEOREM. Let S = k{z,y, 22,23,..., 24} and assume that k is an algebraically

closed field of characteristic 0. If R = S/(f) is a simple singularily, then afier a sustable
change of variables, f is equal {0 one of the following polynomials:

(4An) 2yt bl 42 (n>1),
(D) y+y" 2422442 (n24),
(Es) B4yt 42
(E7) D TP G S R e B
(Es) R L R 7 )

Proor: Note that d is the dimension of the ring R. If d = 1, then the theorem is nothing
but the previous proposition. So we may assume d > 2. In this case we know by (8.2)
that e(R) = 2. In other words f € n?—n3. Then by the Weierstrass preparation theorem,
after changing variables, one can write

f(zy Y,22,23,... ,Zd) = g(-’t, Y,22,23,..., zd—l) + 23,
where g isin S’ = k{z,y, 22,23,... ,z4-1}. Here it can be seen that 5’'/(g) is also a simple
singularity. In fact it is an easy exercise to show that the following mapping is injective:
clg) — of)

I — (I,z).
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Hence the theorem is proved by induction on d. g

(8.9) Ezercise. Prove the converse of the theorem. (Hint: If f is one of the polynomials
in (8.8) and if f € I%, then 2z = 8f/8z; € I. Thus the exercise follows from (8.7).)

It is our main purpose here to prove the following theorem.

(8.10) THEOREM. (Buchweitz-Greuel-Schreyer [19]) If a hypersurface R = S/(f) is

of finile representation type, then R 13 a simple singularity.
To prove this we need some more preliminaries.

(8.11) DEFINITION. Let ¢ : S — S be a homomorphism of free S-modules.
Then define & : S™ ®5(S™)* = S to be B(f R g) = g((f)) (f € S™, g € (5)*) and
denote the image of ® by I(p). Note that if we write ¢ as a square matrix of size n by
fixing a base of S(®), then I(¢p) is an ideal of S generated by all the entries in the matrix.

Let M be a CM module over R without free summands and let (g, ) be a reduced
matrix factorization of f corresponding to M, i.e. M = Coker(yp, %) with the notation in

(7.4). Then define an ideal I(M) of S as

I(M) =I(p) + I(¥).

Note that I(M) is independent of the choice of (¢, ¥). In fact, if (¢’, ¥') is another reduced
matrix factorization of f with M = Coker(y', ¥'), then it must be equivalent to (p, ¥)
by (7.6). Then by the definition of equivalence, we have I(yp) = I(¢’) and I(¢¥) = I(¢').
Also note that I(M & N) = I(M) + I(N) for any CM modules M, N. It thus follows
that if {M)]| A € A} is a complete set of indecomposable CM modules over R, then the
set {I(M)| M is a CM module over R} equals {3 yca I(M))| A is a finite subset of A}.
In particular, if R has only a finite number of isomorphism classes of indecomposable CM
modules, then this set is finite.
We evidently have the following lemma.

(8.12) LEMMA. Let M be a CM module over a hypersurface R = S/(f). Then f €
I(M)?, that is, I(M) € c(f).
ProoF: Let (¢, %) be a matrix factorization of f. Since ¢ - % = f - 15w), we see that
fel(p)(¥) CI(M) . n

We can prove the following:
(8.13) LEMMA. For a hypersurface R = S/(f), consider I as a mapping from the set

of classes of CM modules over R without free summands into c(f). Then the mapping is
surjective.
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Theorem (8.10) will be a straightforward consequence of this lemma. In fact if R has
only a finite number of indecomposable CM modules, then the image of I is finite, hence
c(f) is a finite set by the lemma and R is a simple singularity.

We introduce some notation for the proof of Lemma (8.13).
Let R = S/(f) be a hypersurface as above, where f belongs to n’>. Then f can be

written as
r
(8.14.1) =Y i (zi,yi€n).
i=1

Then we define linear maps on an exterior algebra A S(").
(8.14.2) When {ey,e3,...,€,} is a basis of s,

t
S_(eiy Nei A ANeyy) = z:l (—1)1_13:,'1‘(8,'l A AEG NN,
J:

b4(w) = (Zr: yjei) Aw.
=1

There is thus no difficulty in showing that 6, and 6. are differential maps on A S(*) of
degree respectively +1 and —1. (63 = 62 = 0 and 64 sends an exterior product of degree
i to that of degree i + 1.) Setting § = 64 + 6_, we see that

Actually, since 6_2,_ =62 =0, we have 6> = 6,6_ + 6_6; and an easy computation shows
(646- +6-64)(eiy A...Nei,)=f ey A...A¢€;,. (Check this.)

By (8.14.2) and (8.14.3) we have shown:

(8.14) LEMMA. With the above notation, (8,8) gives a matriz factorization of f and
I(8) = (21,22, ,Zr, 30, ¥2,--- ,¥)S.

Now we prove Lemma (8.13).

Let I be an element of ¢(f). We want to construct a CM module M over R with
I(M) = I. Let I be generated by {z1,z3,...,2,}. Then f can be written as f =
Tio12iyi (i € I), for f € I?. Constructing § as in (8.14.2), we have a reduced matrix
factorization (8, 6) of f with the property 1(§) = I. It is sufficient to take the CM module
Coker(8, 6) as M. This finishes the proof of (8.13) and hence (8.10). §

In Theorem (8.10) the assumption that R is a hypersurface is superfluous. Actually it
is enough to assume R is a Gorenstein ring.
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(8.15) THEOREM. (Herzog [35]) Let R be a ring of the form S/a where S is a regular
local ring with mazimal ideal n and a is an ideal of S with a C n2. Assume that R is a
Gorenslein ring of finile represeniation iype. Then a is a principal ideal, hence R is a
hypersurface.

By this theorem, (8.10) can be strengthened to:
(8.16) COROLLARY. Assume that R is a Gorenstein ring and is a homomorphic

image of a regular local ring. If R 13 of finile representation lype, then R is a simple
singularily.

In order to prove (8.15) we need two lemmas.

(8.17) LEMMA. Let R be a Gorenstein local ring and let

be an ezxact sequence of CM R-modules, where F is a free R-module and p® R/m is an
isomorphism. Then if M is indecomposable, so is N.
PROOF: Suppose N is decomposable, so that N = Ny & N, (N; # 0, N, # 0) and let
q be (q1, ¢2) along this decomposition. Take the dual of the sequence by the canonical
module to obtain an exact sequence:
(%)
'

0— M — F 25 NioN,—0.

Note that, since R is Gorenstein, F” is a free module, hence it is a free cover of N'y @ N'5.
First suppose that neither Ny nor Nj are free. In this case M’ contains syz! N’ ®syz! N/,
as a direct summand. Since M" =~ M, this contradicts that M is indecomposable.
Secondly consider the case when N is free. Then ¢/, must be a split epimorphism and
hence ¢; is a split monomorphism. In particular, ¢ ® R/m is a monomorphism. Since
P - q1 = 0, this contradicts that p ® R/m is an isomorphism. These contradictions show
that N is indecomposable. §

Next we remark that the converse of (7.2) is true for Gorenstein rings.

(8.18) LEMMA. Let R be S/a as in (8.15). (S is a regular local ring and a C n2.) If
a free resolution of every CM module M over R is periodic except for a finile part, then
a i3 a principal ideal.

Here we say that a free resolution

“‘_"Gn+l&*Gn—*“‘—*Gzﬂ*Glﬂ*GO—*M—*O
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is periodic except for a finite part if there are positive integers n and h with g 4, =
wpyu for any p > n.

PROOF: Recall first the following: Suppose we are given a minimal free resolution of an
R-module M:

— Fp—FhR,— . — F —F— M —0.

We denote the rank of each Fj, by 8,(M) and call it the n-th Betti number of M. Tate
[63] showed that a is a principal ideal if and only if there is an upper bound for the set
{Ba(k)] 1 < n < oo}

In the following we want to show that under the assumption of the lemma, there is a
bound for the Betti numbers of k. To do this, consider the free resolution of k to get an
exact sequence

0—-M—Fj_, —---—F —>F —>FR=R—k—0,

where d denotes the dimension of R. Note from (1.4) that M is a CM module over R.
Decompose M into indecomposable modules as M = 3°; M;. Since the free resolutions
of the M; are periodic except for a finite part, there are bounds for the Betti numbers
for the M;. It, thus, follows that the set of Betti numbers of k also has a bound. §

Now we proceed to the proof of Theorem (8.15).

Let R be the same as in (8.15). It is, from (8.18), sufficient to show that any CM
module M over R has a free resolution with periodicity except for a finite part. Clearly
we may assume M is an indecomposable CM module. Consider the minimal free cover
of M to have an exact sequence:

0—>N—F -5 M—0.

Note that p ® R/m is an isomorphism. We then know from (8.17) that N is also an
indecomposable CM module. Write ®(M ) instead of N. Then ® gives a mapping from the
set of classes of indecomposable CM modules over R into itself. Since this is a finite set, it
can easily be seen that there are positive integers n and h such that ®#+4(M) = ®#(M)
if g > n. This implies that the free resolution of M is periodic except for a finite part. g
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Chapter 9. One-dimensional local rings of finite representation type

We have shown in the last chapter that Gorenstein rings of finite representation type
are simple singularities. This chapter aims at showing that the converse is true for one-
dimensional local rings. More generally we are able to provide a necessary and sufficient
condition for one dimensional local rings to be of finite representation type; see Theorem
{9.2). Furthermore we can draw the AR quivers for simple singularities of dimension one.

Throughout the chapter (R, m, k) is a one-dimensional analytic local algebra over k,
where k is an algebraically closed field of characteristic 0. Since we are interested in the
finiteness of representation type, we always assume R has only an isolated singularity,
or equivalently R is reduced; see (3.1) and (4.22). As before let €(R) be the category of
CM modules over R. Recall that the objects in €(R) are exactly the modules without
torsion, (1.5.2).

(9.1) DEFINITION. Let R* be the integral closure of R in its total quotient ring. Note
that R* is also a one-dimensional (not necessarily local) ring which is finite over R. A
local ring S is said to birationally dominate Rif RC S C R*.

One of the aims of this chapter is to prove

(9.2) THEOREM. (Greuel-Knorrer [32]) The following two conditions are equivalent:
(9.2.1) R is of finite represeniation type;
(9.2.2) R birationally dominates a simple curve singularity.

In particular we have:

(9.3) COROLLARY. A local ring of simple singularily of dimension one is of finite
representation type.

For example the subring k{t3,1* 13} of k{t} birationally dominates k{t3,1*}, (Es), and
k{t3,1°}, (E3), hence it is of finite representation type.

We start by remarking that finiteness of representation type will be inherited by bira-
tional dominance. More precisely,
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(9.4) LEMMA. Assume S birationally dominates R. If €(R) is of finile representation
type, then so is €(S).

Proor: Let M be a CM module over S. Since R C S, M can be regarded as a module
over R. It is then clear that M is torsion-free as an R-module, hence M € €(R). Let N
be another CM module over S. Note that

(9.4.1) Homp(M, N) = Homg(M, N).

Indeed, Homg(M, N) is naturally considered as a subset of Homg(M, N). Here one
can see that any element f in Homp(M,N) is an S-homomorphism as follows: Let
s € S and let # € M. Since there is a nonzero divisor r in R with rs € R, we have
rf(sz) = f(rsz) = rsf(z). Hence f(sz) = sf(z), because r is a nonzero divisor on N.
This shows that f is an S-homomorphism.

Now let M be an indecomposable CM module over S. Then it is also an indecompos-
able CM module as an R-module. In fact, Endg(M) = Ends(M) by (9.4.1), and this is
a (noncommutative) local ring. It also follows from (9.4.1) that if M and N are noniso-
morphic indecomposable CM modules over S, then they are not isomorphic to each other
when regarded as R-modules. Therefore the set of isomorphism classes of indecomposable
CM modules over S is a subset of that over R. §

The following lemma is the key in the proof of one implication in the theorem.

(9.5) LEMMA. (Green-Reiner [31], Jacobinski [41]) Let R be as above and suppose
that R is of finite representation type. Then the following inequalities hold:

(9.5.1) lengthg(R*/mR*) < 3, and

(9.5.2) lengthp(mR* + R/m’R* + R) < 1.

ProofF: (9.5.1): Write T = R*/mR* | = lengthp(T) and denote by X the Grassmann
space consisting of all two-dimensional k-subspaces of T. Note that X is an algebraic
variety over k of dimension 2(! — 2). Since R* is a semi-local principal ideal ring, we see
that T has only a finite number of ideals. Therefore we may find a (Zariski-)open set
Y of X so that any elements in Y generate the same ideal in T. Let G be the group of
units in 7', which is an algebraic group of dimension at most /. It is easily seen that G
acts on Y by multiplication of elements in T. Furthermore by this action the subgroup
k* consisting of all nonzero elements in k acts trivially, therefore the group G/k* acts on
Y.

For any element 5 in Y we denote by L(7) the inverse image of 7 in R*. Note that
L(n) (n € Y) are fractional R-ideals in R*, hence they are CM modules over R, and that
L(mR* = L(n)R* (n,n' €Y). Suppose L(n) =~ L(1') as R-modules for ,7' € Y. Then,
since L(n)R* = L(n')R*, the isomorphism is realized as a multiplication mapping by a
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unit element in R*. Hence there is an element g in G such that g(n) = 5. This shows
that there is a surjective mapping from the set of isomorphism classes of L(n) (n € Y)
onto the orbit space of G/k* in Y. Since R is of finite representation type, we conclude
that the number of orbits is finite, therefore dim(Y) < dim(G) — 1, or 2(I —2) <1 -1.
This exactly means | < 3.

Before commencing the proof of (9.5.2) we note the following:

(9.5.3) I there is an infinite set {S4| @ € A} of R-subalgebras of R* with S, # Sp for
«a # f, then R is not of finite representation type.

To see this, first note that each S, is a CM module when regarded as an R-module,
since it is a submodule of R* hence torsion-free. Next note that

(*) Endg(Ss) =~ Sa as an R-algebra.

In fact, as in (9.4.1) we have Endg(Ss) = Endg,(Ss) and the latter is isomorphic to S,.
This proves (*). Now we show that {S,| o € A} are all nonisomorphic R-modules. In
fact, if Sy = Sp as an R-module, then by (*) we see that Sy =~ Sg as an R-algebra. Since
S« and Sg have the common total quotient ring, the last isomorphism gives the equality
Sa = Sg, hence a = f as required. Hf the total quotient ring of R is the product of n fields,
then clearly each S, is decomposed as a direct sum of at most n R-modules. Therefore

there are infinitely many nonisomorphic indecomposable R-summands of S, (o € A).
Thus we have shown (9.5.3).

Now we prove (9.5.2). Assume the contrary. Then we can choose f and g in mR* so
that their images in mR* + R/m?R* + R are linearly independent over k. For any « in k,
we put Sy = R[f + ag] which is an R-subalgebra of R*. Note that the Jacobson radical
Jo of Sy is (m, f + ag)Ss. We claim that

(**) Sa#Sp if a#p.

To see this, let J, denote the R-module Jo/(m?R* + R) N J, which is a submodule
of mR* + R/m?R* + R. Since m(f + ag) C m?R* + R, it is easy to see that J, is a
k-vector space generated by a single element f + ag. i So = Sg, then it is obvious that
Jo = Jg hence that Jo= Jg. This exactly means that f + ag and f + Bg generate the
same subspace in mR* + R/m?R* + R, which forces @ = B, since f and g are linearly
independent. This proves (**). Thus (9.5.2) follows by applying (9.5.3) to {Ss| @ € k}. 2

(9.6) REMARK. It is known that the conditions (9.5.1) and (9.5.2) are necessary and
sufficient for R to be of finite representation type. See Green-Reiner [31] for the details.
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Recall that the conductor ¢ of R is an ideal of both R and R*, which is defined
to be {x € R*| zR* C R}. Since R* ~ k{t} x k{t} x --- x k{t} (a product of m
local rings for some m), we may consider the valuation v; on the i-th component k{t}
and define v = v; X vg X -+ X v, : R* — NS,:,") where Noo = N U {oo}. Then v(R) is a
subsemigroup of NS,:,"). Define the partial order on NS,:,") as follows: @ = (a1,42,... ,am,) <
b=(b1,bs,...,bm) if and only if a; < §; for all ;. We note that a k-subalgebra S of R*
is birational with R* if and only if the set NS,’O") — v(S5) is finite. In particular the set
C = {a € v(R)| b € v(R) for all b = (by,b3,...,bm) with ¢ < b} is nonempty. Define
¢=(c1,¢2,... ,¢m) to be the (unique) minimal element in C. Then it is easy to see that
the conductor ideal of R is generated by the element (¢°,1°2,... ,#°*) as an ideal of R*.
We call ¢ the conductor of the semigroup v(R).

Alsov(R)N{a € NS;O")| 2 2(0,0,...,0)} has a unique minimal element (e, €3, ... , em);
it is not hard to see that e = 112, e; is the multiplicity of R along m.

The implication (9.2.1) = (9.2.2) follows from the next lemma together with (9.5).

(9.7) LEMMA. Suppose R satisfies the conditions (9.5.1) and (9.5.2). Then R birationally
dominates a simple curve singularity.

PRrROOF: First of all recall that lengthp(R*/mR*) is equal to the multiplicity e of the ring
R along m. Therefore the condition (9.5.1) forces R to have m irreducible components
with m < 3.

Suppose first that m = 1, and hence R is an integral domain and R* = k{t}.

If ¢ = 2, then R contains an element z with v(z) = 2. Then applying (8.6) to R* we
may assume ¢ € R. Let n be the conductor of the semigroup v(R). Notice that n is an
even integer and that ¢"*! € R. Hence R birationally dominates a ring k{t?, **!} that
is a simple curve singularity of type (A4,).

If e = 3, then by (8.6) we may assume that t> € R. Note that mR*/m?R* has a k-basis
{t3, @, B} with v(a) = 4 and v(B) = 5. Thus one sees from (9.5.2) that R contains v with
v(y) =4 or 5.

If v(y) = 4, then the conductor of v(R) is at most 6, since {3,4} C v(R). Hence
we have t* + at® € R for some a € k. In this case R birationally dominates the ring
E{t3,t* + at’} ~ k{y,2}/(f) where f = 23 — 3azy® — y*(1 + a®y). Then by (iii — 2)
from the proof of (8.5), f can be changed into the form 23 + y* after applying a suitable
automorphism of k{y, z}. Therefore R birationally dominates the simple singularity of
type (Es).

If v(y) = 5, then the conductor of v(R) is at most 8, since {3,5} C v(R). Hence we
have 5 + at” € R for some a € k. Then R conatins the ring k{t3,t* + at"} ~ k{y, 2}/(f)
where f = 23 — 3azy* — 4°(1 + a3y?). Here applying again (iii — 2) from the proof of
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(8.5), we can change f into the form z°+y°, whence R birationally dominates the simple
singularity of type (Es).

Now suppose that m = 2 and that R* = k{t} x k{t}.

If e = 2, then by (8.6) we may assume that (f,?) belongs to R. Let (¢1,cz) be the
conductor of v(R) and take an integer n with n > maz{c1,c2}. Then from the definition
of conductors we see that (t",—t") € R, therefore R birationally dominates the ring
k{(t,t), (t*, —t")} ~ k{z,y}/(y? — =?) that is the simple singularity of type (Azn_1).

If e = 3, then we may assume that (1,2) € v(R). Consider the semigroup H = {h €
Noo| (00, k) € v(R)}. First we claim that {2,3} N H # 0. Indeed, if not, there would
be no element in R with the value (oo, x) for 4 = 2,3. Since v(mR*) = [1, 00] x [2, o0},
this would imply that the module mR* + R/m?R* + R has linearly independent elements
z and ¥ whose inverse images in R* have values v(z) = (00,2), v(y) = (00,3). This
contradicts the condition (9.5.2), therefore either 2 or 3 belongs to H.

If 2 € H, then there is an element (0, ) with v2(o) = 2, thus making use of (8.6) we
may assume that £ = (0,12) € R. Denoting by n the conductor of the semigoup H, we
have n = (1,2 + ct™ + cm1t™ + ...+ cpo1t® ) € Rforsomecj €k (m < j < n—1)
with ¢y, # 0, because (1,2) € v(R). Note that n is an even integer and that m can be
taken as an odd integer. Subtracting a multiple of £ from 5 and using the fact that any
(0,#") (I > n) is in R, we may assume that (¢,t™) € R. Thus R birationally dominates
the ring k{(¢,t™), (0,%%)} =~ k{z,y}/(y(z? — y™)), the simple singularity of type (D 42).

Suppose 3 € H. We may assume that (,t2) € R. Letting (0, ) be an element with
v2(a) = 3, we see that R contains (0, at?), (0, ?) and (0, at?) whose values are (oo, 5),
(00,6) and (c0,7), hence H has conductor at most 5. Thus (0,3 + at?) € R for some
a € k. Then R birationally dominates the ring k{(t,12), (0,#* + at*)} ~ k{y, 2} /(z(z* —
2azy® — y° + a’y*)) which is the ring of simple singularity of type (E;) by (iii — 1) from
the proof of (8.5).

Finally consider the case when m = 3 and hence R* = k{t} x k{t} x k{t}.

In this case we have e = 3 and (1,1,1) € v(R). We claim that one of (1,1, c0), (1, 00,1)
and (00, 1,1) belongs to v(R). Indeed, if none of them were in v(R), then the elements
a and § in R* with v(a) = (1,1, 00), v(8) = (1,00,1) would give linearly independent
elements in mR* + R/m?R* + R, which would be against the condition (9.5.2). Thus
we may assume that (1,1,00) € v(R), and hence using (8.6) we may also assume that
y = (t,¢,0) € R. Since there is an element z with »(z) = (1,1,1), applying (8.6) to
the third component and subtracting a suitable power series of y from z, we can take
z = (t+ p(t),t,t) € R for some p(t) with v;(p(t)) > 2. Then R birationally dominates
the ring S = k{z,y} with the relation f = y(z — y)(z — y — p(y)). Since {f = 0} has
two or three different tangent directions and S has multiplicity 3, we see by (i) from the
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proof of (8.5) that S is a simple curve singularity of D-type. 8

Proof of (9.2.2) = (9.2.1): We provide below two different proofs of this.

For the first, we assume some results to be proved in later chapters. (Since they will
be proved independently of this chapter, there is no fear of a logical cycle.)

Let R be a local ring which birationally dominates a simple singularity S. By (9.4) it
suffices to show that €(S) is of finite representation type. Let S = k{z,y}/(f) with f
one of the polynomials in (8.5). Define then a simple singularity S! of dimension two as
follows:

SV =k{z,y,2}/(f + )
In the next chapter we will see that simple singularities of dimension two are always of
finite representation type; see (10.14) and (10.15). On the other hand, it will be seen
in Chapter 12 that the finiteness of representation type of S is equivalent to that of St
(Theorem (12.5)). From these results we obtain that €(S) is of finite representation type
and the proof is completed.

The second proof of this is more direct but also more complicated. As above it is
sufficient to show that simple singularities are of finite representation type. Therefore
if we have a complete description of AR quivers for simple singularities and if we know
they are finite, the proof will be completed. We shall describe the AR quivers for simple
curve singularities below to check their finiteness.

First notice the following fact.

(9.8) LEMMA. Let R be an analytic reduced local ring that is a hypersurface of dimension
ne. Then the AR translation 7 ts given by

(9.8.1) (M) =syzpM (M € E(R)),

and 7 satisfies 72 = 1. Furthermore, if m = Y; M; is a decomposition of m into indecom-
posable modules, then the natural inclusions M; — R are the all of irreducible morphisms
ending in R. Likewise, there are irreducible morphisms R — 7(M;) starting from R.

ProoF: Let --- — F; — Fg = M — 0 be a free resolution of M. Then by definition
we have an exact sequence 0 — M* — F§ — F¥ — tr(M) — 0, and hence 0 — M* —
F} — (r(M))* — 0 by (3.11). Since R is a Gorenstein ring, using (1.13) we have an
exact sequence 0 — 7(M) — Fg — M — 0, and (9.8.1) follows from this.

Since any CM module over R has a periodic free resolution with per10d1c1ty 2 (c.£.(7.2)),
we see that syz? M ~ M for any M € €(R), in particular, 73(M) =

Let X — R be an irreducible morphism. Then the image lies 1n51de the maximal ideal,
and hence the map is decomposed as X — m C R. Therefore by definition of irreducible
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morphisms, X =~ M; for some i and the morphism is a natural inclusion. This proves
the second statement. Furthermore by the duality theorem, R — M} are irreducible
morphims starting from R. Since R is an isolated singularity, there is an AR sequence
starting from M; that must be of the form:

0—>M—>RoM-— M!—)0,

for some M € €(R). Therefore 7(M?) = M;, and as a consequence 7(M;) = 72(M}) =
M.

Let us start drawing the AR quivers.

The singularities of type (A,) with n even were done in (5.12). So we begin with rings
of type (A,) for odd n.

(9.9) Let f = 2z + y™*! and let R = k{z,y}/(f) where n is an odd integer. Since
f= (y(""'l)/2 + i:c)(g,/(""'l)/2 —iz) with i = /<1, the modules Ny := R/(y(""'l)/2 + iz)
are CM modules over R. Ny (resp. N_) is given by the matrix factorization (y(""'l)/ 24
iz, y"HV/2 _ig) (resp. (y("+1)/2 — iz, y(n+1)/2 4 iz)). Consider the square matrices

z ] .
oi=(pis L) @sisa+y

-z

on k{z,y}. It is clear that each (p;,y;) gives a matrix factorization of f. Let M; =
Coker(pj, ¢;). It is obvious that Mo =~ R, M; =~ Mny1-; and M(py1), = Ny © N_.

First of all we show that N3 and M; (0 < j < (n — 1)/2) are all indecomposable.
For N4 and Mj this is clear because they are generated by single elements. It is true
as well that any CM module generated by one element is isomorphic to one of them. If
M; (1 <j < (n—1)/2) were decomposed, say M; ~ A@® B, then A and B would be
generated by one element and nonfree, and so isomorphic to Nx. Since I(¢;) = (z, 3)
is not equal to any of I(N4), I(N_) and I(N3) + I(N-), this is a contradiction. (See
(8.11) for the definition of I.)

Next it follows from (9.8) and (7.7) that

T(M;j)=M;, 7(Ny)=N_ and +(N_)=Ny.

Since we have an exact sequence 0 - N_ — R — N} — 0, we obtain an epimorphism
Endg(N4) — Exth(N4, N_) and it is easy to see that the endomorphism given by
multiplication by y("~1)/2 on N, is sent to the socle element of Exth(N4, N_). Thus
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the exact sequence corresponding to the socle of Exth(N4, N.) is given by the extension

y(n+1)/2 — iz y(n-—l)/Z
0 y R i )

Hence the AR sequence ending in Ny is
0— N_~—~L— N}y —0

see (3.13) and (7.8), where one can easily see that L is isomorphic to M(_1y/;. Similarly
we can obtain the AR sequence ending N_:

00— N+ — M(n—l)/2 ~ N_ —0.
In the same way as this the extensions
2] - _( 0 ¥y
( 0 soj) = (—y""' 0
give the AR sequences
0~ Mj ~— M;—1® Mj41 — M; — 0,

for all j (1 < j < (n—1)/2). Consequently we obtain a part of the AR quiver for R:

% :
.R:ﬂ’.{]e_ﬂ{g(__""k—jn{{\(n—l)/2 \ i
:/ \; .:’ \: :‘ \: \ ]

\\ /, . ’/; . ,,’ N+

Figure (9.9.1). (Ay) for odd n
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We show that this graph is a connected component of the AR quiver. For this it is
sufficient to show that if n > 3 (resp. n = 1), then there is no CM module other than M;
(resp. N4 and N_) that is connected to R by arrows. It is, however, a direct consequence
of (9.8), since My ~mifn >3 and Ny & N_ ~ m if n = 1. Thus the graph (9.9.1) is
the connected component of the AR quiver of R, and Theorem (6.2) implies that this is
the whole quiver.

(9.10) Ezercise. Prove (5.11) again by using the same argument as above.

(9.11) Next consider the simple singularities of type (D,) where n is an odd integer.
Let R = k{z,y}/(f) where f = 2%y + y"~! with n odd. Then (a,8) = (y, 2% + y" %)
and (B, a) = (£? + y"~2, y) are matrix factorizations of f. We denote Coker(a, ) (resp.
Coker(8, a)) by A (resp. B).

We take the 2 x 2 matrices:

j j4+1
(9.11.1) ¢j=(yn_”‘j_2 i) ¢j=(yn’f§!_l -”_me)
o2 =5 %) w=(0 %),

for j with 0 < j < n—3. It can be easily seen that (¢j,¥;) and (§;,7;) are matrix
factorizations of f. Putting

(9.11.3) M; = Coker(gj, ¥;), N; = Coker(;, ¢;),
X; = Coker(¢j,7;), Yj = Coker(n;, ;),

we see that
(9.11.4) My~B, No~A®R, Xo=~R, Yo=~R,

and that
X(n-1)/2 = ¥(n-1)/2-
Furthermore,

(9.11.5) Mj>~M,_; 2, Nj>=Np_j 9, X;>=Y, ;-1 and Y;=X,_j,,

for 1 < j < n— 3. The modules in (9.11.3) are indecomposable CM modules whenever
j = 1. Notice that M; (resp. Y;) is isomorphic to the ideal generated by (zy, y’*1) (resp.
(z, ¥))
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The AR sequences are given by the following extensions:

(a z) :00A—> X, - B0,

(ﬂ z) :0->B—->Y) > A0,
0 o
(W 6") 10> M; > X;®Yjy — Nj >0,
0 9
b €
:0—> N; - X; Y, - M; -0,
(0 o; 0 i +1 @Y j
(£j 6]—1) 0—>X —>M] 1€BN—>Y‘—’0
0 nj
(v 8) co-v-mema—x—0
0 ¢
J
where ¢; = _ ”0_]._2 !’6 ) Therefore one of the connected components of the AR

quiver of R is obtained:

A
: Y, —’M:‘_’Y ____)”_)-[u-(n—-i) s2

B ; , (n-1) .2 3

X, _’N —X,— __)N(n-'?)/z

Figure (9.11.5). (Dy) for oddn

Using (9.8) and (6.2) we may claim that this graph is the whole quiver and that the
ring R must be of finite representation type.

(9.12) Now consider the simple curve singularity of type (D,) with n even. Let R =
k{z,y}/(f) where f = z?y+y™~! with n even. In this case the AR quiver will be obtained

by a subtle change of (9.11).
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Let A = Coker(y, 2%+ y™?), B = Coker(z?+y" 2, y) asin (9.11) and define matrices
and modules as in (9.11.1), (9.11.2) and (9.11.3). Furthermore define modules as follows:

Cy = Coker(y(z + iy("~I/?), z — iy(n=-2/2),
D, = Coker(z — iy™=D/2 y(z + iy("=D/2)),
C_ = Coker(y(z — iy®~I?), z 4 iy=-2/?),
D_ = Coker(z + iy™=D/2, y(z - iy"=2/?)),

The equalities in (9.11.4) and (9.11.5) are still valid and
M(n—2)/2 =~ D+ @ D_, N(n—2)/2 jad C+ & C_.

The AR sequences are obtained by the same extensions as in (9.11) and the AR quiver
is:

N A

Y —>M,—>) 2T Y ey 0l [

T

AX’ _->Nl ./ )_—')"_"X’

(n-2) .2

Figure (9.12.1). (D) for even n

(9.13) Now let us consider the case (Eg) and so let R = k{z,y}/(f) with f = z3 + y*.
Take the matrices

2
z Y z Y
<P1==(y:<; _zz), "/’lz(ys _z),
2 2 2
z Y z Y
‘P2=(y2 _zz), "/)2=(y2 _z),

Q

Il

S
8 8§ @
oW W
(.

H‘QHN
@

| § 8
‘Quw‘QN
SN ——
o

I

P N
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each pair of which gives a matrix factorization of f. We define the CM modules as follows:

M; = Coker(yp;, ¥;), N; = Coker (¥, ;) (i=1,2),
A = Coker(c, ), B = Coker(8, a).

It is easy to see that there are isomorphisms
Nl =m, Ml = (zz)y)R) N2 = M2 = (zz)yz)R) B~ (zz)zy) yz)R)
so that they are ideals, and A has rank two. Furthermore,

(M) =Ny, 7(NM)=M;, 7(M)=M, 7(A)=B and 7(B)=A.

<<P1 61) (1/)1 52)
0 91/’ 0 ¢)’

where £; = (—::)yz (1)) and €2 = (_(;2 z), give the AR sequences

The extensions

0— M — A— Ny — 0,

00— Ny, —B®R— M; — 0.
On the other hand, the matrices

(2 €3 _ (V2 &
£—<0 1/}2)) 7’_<0 ‘PZ),

with e3 = (_‘iy g) and €4 = “0-'/

tion (£,7), and letting X = Coker(§, 5) =~ Coker(7, £), we have the AR sequence

, give a new indecomposable matrix factoriza-

00— M, — X — M, —0.
The AR quiver is shown in Figure (9.13.1).

(9-14) Let R = k{z,y}/(f) with f = z3 + zy3, and so R is a simple singularity of type
(E7). In this case the following pairs of matrices give (non-isomorphic) indecomposable
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M, =X
PR N :
Y \A —N,

!
]
’

g

AN
R
~eo - /

Figure (9.13.1). (Es)

matrix-factorizations of f:

a = (z), B=(z*+¢),

=z ¥ NER

7_z(y’ —z)’ 6“(!/’ —z)’

2

(= ¥ (2 oy
S"l—(zyz _zz)a ¢1—(zy2 —z)’

2 2 2

R y _{® y
‘Pz—(zy —z’)’ 'ﬁz—(zy _z),
zy? -2 -z y 0 =
b=|=zy y -2*|, m=|-z zy 0
2 2y zy? 0 -2z vy

22—yt -2y z 0

€z=(zy z —y’), m=(—zy z?
zy? zy 2P 0 —zy

and finally,
{7 ¢ (6 —¢
N
withe= (¥ ©). Now letti
={o o) Nowletting

A = Coker(e, 8),
M; = Coker(yp;, ¥;),

B = Coker(8, a),
N; = Coker(v;, ¢:),

C = Coker(~, 6),
Xi = Coker(&;, ),

D = Coker(8, v),
Yi = Coker(n;, &),

81
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2

e

I3

1
1
'
'
]

o

—X,; —X ,—N,

Figure (9.14.1). (E7)

for i = 1,2, we obtain the AR quiver as shown in Figure (9.14.1).

(9.15) Let R be a simple curve singularity of type (Es), so R = k{=z,y}/(f) with
f = 23+ y°. Then the indecomposable matrix-factorizations of f are one of the following

pairs of matrices:

8

A
[
I
TN TN
‘Q.h

T
2 =
(4 ya
y
x] = 0
T
y
oy = 0
T
[y
T
l=
7 -y
0
T
3
e
Y2 = 0
0

) ,

0 ¥
_y3 0
—z? 0
—zy —z?
0 y
zy? 0
22 y?
¥ -z

B2 =

8 =

by =
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4

vt 2yt 22 0 0 =2y y—z 0 O 0 —=z
22 ¢ zy—z 0 O 0y? -2z zy 0 O
—zy? —2?y® 0 —zy O z 0 > 0 zy O
8= 0 0 0y =z 0 '™ |00 0 g zy? a2 |’
0 0 0 0 y? —=z 00 -z P 2y
0 0 0 = 0 00 0 —zy?—2? 43
vt 22 0 —zy? 0 y —z 0 0 0
-2 zy 0 -4 0 z 0 0 ¢ 0
=] 0 =2 -z 0 ¥ |, m=|-y* 0 220 -4
—zy2 ¥ 0 22 0 0 -y2 0 = O
-y 0 -y zy —z? 0 0 y* y -z
Defining the CM modules by
M; = Coker(yi, ¥i), N; = Coker(¢;, 9i),
A; = Coker(a, ), Bi-= Coker(f;, o),
C; = Coker(yi, &), D; = Coker(8;, ),
Xi= COker(&a'h’): Y= COkeT('h',Ei) (2 =1, 2):

we can describe the AR quiver:

Figure (9.15.1). (E3)

(9.16) REMARK. Once we know the AR quivers of simple curve singularities, it is easy
to describe AR quivers for rings that birationally dominate simple singularities. For
example, Figures (9.16.1) and (9.16.2) show the AR quivers of rings k{t3,¢%,¢°} and
k{z,y, z}/(zy, yz, zz) respectively.
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SN ° —>[fR

Figure (9.16.2)
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Chapter 10. McKay graphs

We introduce below the McKay graph of a finite subgroup G in GL(2,%) and show
that it is exactly the same as the AR quiver for the invariant subring of k{z,y} by the
natural action of G; see Theorem (10.14). All the materials in this chapter are taken
from Auslander [6].

Let us begin with remarking on invariants by a finite group. In what follows, k is an
algebraically closed field of characteristic 0 and G is a finite subgroup of GL(2,k). We
denote by V a two dimensional k vector space with basis {z,y} on which G naturally
acts. Then the action of G can be extended to the ring S = k{z,y}, ie.,, ¢ € G sends
f(z,y) € S to f(o(z),a(y)). We now consider the invariant subring:

R=5%={z2€8|o(z)=zforallo € G}.

Denote the skew group ring by S * G, ie., S+« G = L{So| ¢ € G} as an S-module and
the product is defined by

(10.1.1) (3101)(8202) = s101(s82)0102 (35 € 5,05 €G).

An S * G-module M is exactly an S-module with G-action such that o(sm) =
a(s)a(m) (s € S,m € M,s € G). Note that f : M — N is an S * G-homomorphism if
and only if f is a G-homomorphism as well as an S-homomorphism. When M and N are
S * G-modules, Homg(M, N) has the structure of .S * G-module with G-action defined by

(ef)(m) =af(c™'m) (¢ € G,m e M, f € Homg(M, N)).

Note that an element in Homg(M,N) is G-invariant only when it is an S * G-
homomorphism. Hence,

Homg,(M, N) = Homg(M, N)C¢.
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Since taking G-invariants is an exact functor, the derived functors of Homg,g( , ) are
obtained as follows:

Exts,g(M, N) = Ext5(M, N)¢ (i > 0).

It easily follows from this that an S*G-module M is projective if and only if it is projective
as an S-module.

Let kG be the group ring in usual sense and denote by MM(kG) the category of finitely
generated left kG-modules. Denoting as well the category of finitely generated left S *G-
modules by IM(S * G), we define the functor F from M(kG) to M(S * G) as follows:

(10.1.2) F(W)=S®; W, F(f)=15s®% f,
for a kG-module W and a kG-homomorphism f. Here the action of S * G is given by
(50)t®w) =s0(t)®o(w), (s0)(1sQf)=sR0a(f) (5,t€S5,0€CGweW).

We also denote by p(.S * G) the full subcategory of (S * G) consisting of all projective
modules. We now have an elementary relation among these categories.

(10.1) LEMMA. The functor F gives rise 1o a functor from M(kG) into p(S * G)
which has the left adjoint funcior F' = S/n®s where n is the mazimal ideal (z,y)S
of S. Furthermore the functlor gives a one-lo-one correspondence between the sets of
tsomorpshtm classes of objects in these two categories.

PROOF: Let W be a kG-module. Clearly F(W) is a free modules when regarded as
S-module, therefore F(W) is projective as an S * G-module. Hence F defines a functor
from M(kG) to p(S * G) which we also denote by the same letter F.

It is clear from the definition that F'- F is the identity on 9M(kG). We show that the
composition F - F' gives the identity mapping on the objects in p(S * G). To do this,
let M be an arbitrary projective S * G-module. Recall that F - F'(M) = S ®; (M/nM)
and that M is free when regarded as an S-module. Note that the natural mapping
7 : M — M/nM gives the minimal projective cover as an .S * G-module. In other words,

™ for any proper submodule N of M, we have 7(N) # M/aM.

In fact, if #(N) = M/nM then M = N + nM, hence M = N by Nakayama’s lemma.
Now consider a natural mapping S®; (M/nM) — M/nM. Since this is also a projective
cover as an S * G-module, there is an S * G-homomorphism which makes the following
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diagram commutative:

S (M/naM) — M/aM —— 0

gt ||

M —— M/aM —— 0

We know from (*) that f must be surjective. Since M is projective, this shows that M is
a summand of S ®; (M/nM). Comparing the ranks as free S-modules, we consequently
have M ~ S ® (M/nM). n

(10.2) REMARK. Note that F' is never an equivalence of categories. Actually Hom-sets
in M(kG) are k-vector spaces, but not so in M(S * G). However note that we obtained
a very useful correspondence from (10.1):

There is a one-to-one correspondence between the set of irreducible representations of
G over k and the set of indecompasadle projective S * G-modules.

(10.3) DEFINITION. As before let V be a vector space of dimension two and let G be a
finite subgroup of GL(2, k) acting on V in natural way. Suppose {Vo, V4, ... ,Vy} is the set
of all classes of non-isomorphic irreducible representations of G. For any representation
W of G over k, we denote by mult;(W) the dimension of Homg(V;, W) as a k-vector
space. The McKay graph Mc(V,G) is defined to be an oriented graph whose vertices
are V; (0 < i < d) and there are g arrows from V; to V; when g = mult;(V ®; V;) # 0.

Let {Py, Py, ..., Pi} be the set of classes of indecomposable projective S * G-modules
such that F(V;) = P; (0 < ¢ < d) with the notation in (10.1). For any projective S * G-
module P we define an integer v;(P) (0 < i < d) to be the number of copies of F;
appearing in the direct decomposition of P. We can prove:

(10.4) LEMMA. mult;(V ®; V;) = »(F(V & V;)) (0<i,j < d).

ProoF: By definition V®;V; = ¥ Vi(#i) where p; = mult;(V ®;V;). Therefore it follows
that F(V @, V;) = &y P*). g

Keeping the above notation, let us now study the subring R = S€ of invariants. As in
the previous chapter denote by €(R) the category of CM modules over R. Recall that an
R-module is an object in €(R) only when it is reflexive, because R is a normal domain
of dimension two, (1.5.3). In our case we have a very useful result to study the category.

(10.5) PROPOSITION. Let addg(S) be the full subcategory of M(R) whose objects are
isomorphic to R-summands of free S-modules. Then, as a subcategary of M(R), addp(S)
is equal 10 €(R). In particular, we can identify the set of indecomposable CM modules
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over R and the set of indecomposable R-summands of S. Consequently R is of finite
representation type.

PRrROOF: Since S is reflexive as an R-module, it is clear that addg(S) C €(R). To see the
equality let M be a CM module over R. Note that the natural embedding of R into S is
a split monomorphism as an R-module, since the R-homomorphism ¢ : S — R defined
by ¢(s) = ]%[Z:{a(s)hr € G} gives a retraction. Applying Homg(M*, ) to this, we
have a split monomorphism Hompg(M*, R) — Hompg(M*, S), where M* = Hompg(M, R).
Since M is a reflexive R-module, we have Homp(M*, R) ~ M. On the other hand, since
Homp(M?*,S) is reflexive as an S-module and since S is regular, we see that Hompg(M*, S)
is a free S-module. We thus conclude that M is an R-summand of a free S-module, hence
addr(S) = €(R). Moreover if M is indecomposable, then M must be a summand of the
R-module S by Krull-Schmidt theorem, and the second statement of the lemma follows. 8

Next we investigate the relation between €(R) and 9M(S » G). Before this, we make
several remarks on pseudo-reflections in GL(2, k).

(10.6) DEFINITION. An element ¢ in GL(2, k) is said to be a pseudo-reflection if
rank(c - 1) < 1.

As to pseudo-reflections the following facts are basic.

(10.7) LEMMA. Let G be a finite subgroup of GL(2, k). Suppose that G acts naturally
on S = k{z,y} and that the invariant subring is R. Then,

(10.7.1) R is regular if and only if G is generated by pseudo-reflections.

(10.7.2) The ring extension R C S is unramified in codimension one if and only if G
has no pseudo-reflection ezcept the identity. (By definition, R C S is unramified in
codimension one if, for any prime ideal B of S with height < 1, (BN R)Sp = PSgp.)

PROOF: We omit the proof of (10.7.1); see Bourbaki [17, §5, no. 5] for example.
To prove (10.7.2) let

Ty = {0 € G| 0(a) — a € B for any a € S}

for a prime P of S with height < 1, and call it the inertia group at ‘B. By Serre [59, I,
Proposition 20] it is known that

{Tp = length_s;,n(S‘,B/(S;3 N R)Sg).

Therefore S is unramified in codimension one over R only when Tig = {1} for any B of
height one. It is, thus, enough to show that ¢ € G is a pseudo-reflection if and only if
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o € Ty for some B of height one. If o € G is a pseudo-reflection then V' has a basis
{z,y} with o(z) = Cz, o(y) = y (( € k). Then ¢ acts trivially on S/zS, and hence
o € Tp with B = 2S. Conversely, assume ¢ € Tig for some P of height one. Since S is
a unique factorization domain, we can find z € S with P = z5. If z € n?, where n is the
maximal ideal of S, then o acts trivially on S/n? and hence does so on V. Thus o = 1.
If z ¢ n?) then, since the action of ¢ — 1 on n/zS + n? is null, we see that the rank of
(¢ — 1) on V is not more than one, and hence ¢ is a pseudo-reflection. §

Furthermore we have the following lemma.

(10.8) LEMMA. Keeping the above notation, let § : S * G — Endg(S) be an R-algebra
mapping defined by
§(so)(t) = sa(t) (0 €G and s,t €5)

If the extension R C S 1s unremified in codimension one, then 6 is an isomorphism.

Proor: (i) Firstly we show that & is an isomorphism in the case when R =SS C Sis a
separable extension.

By definition the extension R C S is separable if there is an element ¢ = }; z; ® y; in
S ®p S so that

(*) Y ziygi=1 and (1®a-a®1)e=0 foranya€S.
H

Note that the assumption of the lemma means that the extension Ry C Sy is separable
for each prime p of R of height < 1. In the separable case it can be seen that

v [l (e=1€0),
(%) ;zgd(y:)—{o (@ #1€a).

In fact, from (*) we have ¥; z;a ® y; = ¥_; z; ® ay; for any a € S. Applying the automor-
phism 1® ¢ to this, we obtain Y_; z;a Q@ (y;) = X; zi®0c(a)o(y;). Letting e, = ¥; zio(y;)
we thus have ae, = o(a)e, for any a € S. Hence e, =0if o # 1.

Now let h be an arbitrary element in Endg(S). Setting z = Y, 3, h(zi)o(yi)o € S*G,
we obtain the equalities for any a € S:

(62)(a) = Zh z;)o(yi)o(a) = Zh z;)( Zo:a(ay.'))
s (% olaw))) = ME(E zio(w)o(a)

3

= h(a).
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(We used (**) for the last equality.) We have thus shown 8(z) = h. Therefore it follows
that § is an epimorphism. Comparing the ranks of Endg(S) and S * G as R-modules, we
conclude that § must be an isomorphism in this particular case.

(i1) Now we prove the lemma. Let K, L be the field of quotients of R, S respectively.
Note that K C L is a Galois extension with Galois group G, in particular, it is separable.
Hence by (i) we know that the natural mapping § g K : L x G — Endg(L) is an
isomorphism. Since we have the commutative diagram

sx¢ - Endg(S5)
n

"R Endg(L),

n
LxG
it follows that 6 is a monomorphism. To see the lemma, it is thus enough to show that
8 ®r Rp is an isomorphism for each prime p in R of height one, since both S * G' and
Endpg(S) are reflexive R-modules. However this is just what we have shown in (i), because
Rp C Sy is a separable extension. &

We now have a striking relation between CM modules over R and S * G-modules.

(10.9) PROPOSITION. (Auslander [6]) Keeping the above notation, assume G has no
pseudo-reflection but the identity. For an SxG-module M and for an SxG-homomorphism
f: M — N, let HM) = M® and H(f) = flyc. Then the functor H yields the
equivalence of calegories:

p(S * G) ~ €(R).

ProoF: (i) First we have to verify that MG is actually a CM module over R when M is
a projective S * G-module.

It is clear that M€ is a direct summand of M as an R-module. Since M is projective
over S x G, it is also a projective S-module, hence it is S-free. Therefore MY belongs to
addg(S) and our contention follows from (10.5).

(ii) Note that G acts on S * G as follows:

U(Z airy) =Y _o(a;)or; (a; € S,0,7 € G).

i
Then it 1s easy to see that the invariant part under this action is

(S*G)® {Z (s)a|s € S}.

We denote the R-submodule (S *G)€ of S *G by S;. Note that S; ~ S as an R-module.
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(iii) We show that a restriction mapping o : Endg.g(S * G) — Endpg(S;) defined by
a(f) = fls, (f € Endg+g(S * G)) gives an isomorphism of R-algebras.
To see this, define a sequence of algebra mappings:

5«6 —o (5+6)7 —Lo Endsuo(S%6) —— Endr(s),

by equalities:

BE&)m) =n-¢ (&n€S5+G),
¥(sa) = a7 1(s)o™! (s €S,a0€q).

It is an easy exercise to see that 8 and v are bijective and that the composition a- 3.7 is
equal to 6 defined in (10.8), where we identify S; with S as in (ii). It then follows from
(10.7.2) and from (10.8) that 8, hence a, is an isomorphism.

(iv) In general, let A C B be an extension of (noncommutative) rings where B is finite
as a left A-module. We denote by add 4(B) the category of left A-modules which are
A-summands of free B-modules. Then each object P in add4(B) has an exact sequence
of A-modules:

f=(£i;) A
BW) L Bv) _—, p__ 0,
where f;; € End4(B) and the restriction of f onto Ker(k) = Im(f) is the identity map-
ping. Define a category P(End4(B)), whose objects are square matrices f on End4(B)
with the property f?> = f, and the morphisms between f and f' are pairs (c, ) of
A-homomorphisms with the commutative diagram

g» L, pw

] !

W) L, ),

modulo the set {(f'-7,7-f)| ¥ € Hom4(B®), B("I))}. Under these circumstances it is easy
to see that the category add4(B) is equivalent to P(End4(B)). (Exercise: Prove this.
Note that the equivalence is given by @ : P(End 4(B)) — add4(B); Q(f) = Coker(f).)

(v) With the notation in (iv) we note that adds,g(S * G) = p(S * G). On the other
hand we know from (10.5) that €(R) = addg(S). Hence we have

9(S * G) ~ P(Endg.q(S * G)),
¢(R) = P(Endg(9)).
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Since Endg,g(S * G) ~ Endg(S) as an R-algebra by (iil), we obtain the equivalence of
categories €(R) ~ p(S*G) as required. We leave the reader to check that the equivalence
is actually given by the functor H in the lemma. g

Combining this with (10.2) we have the following

(10.10) COROLLARY. The composition H - F of funclors yields a one-to-one corre-
spondence between the set of classes of irreducible representations of G and the sel of
classes of indecomposable CM modules over R.

Making use of this correspondence we will show that the AR quiver is the same as the
McKay graph. We arrange the notation first.

(10.11) NOTATION. In the rest of this chapter G C GL(2, k) is supposed to have no
pseudo-reflections but the identity. Let {Vp, ¥}, ..., V;} be the set of nonisomorphic sim-
ple kG-modules, where 1} is the trivial kG-module k. Also we denote by {P, Py, ..., P;}
the set of indecomposable projective S * G-modules with P; = F(V]) (0 < i < d). We
define the permutations on these sets as follows:

V)= AV &V
r(P)=F((V})) (0<i<d)

Note that 7(V;) @ 7(V}) <= 7(P) = 1(F) < i=].

Let {Lo,L1,...,L4} be the set of CM modules over R where L; = H(P;) with the
notation in (10.9). Note that Ly = R. We also denote by 7 the permutation on this set
induced from 7 on the P,. In other words,

(L) = H(r(P)) (0<i<d).

(10.12) REMARK. With the above notation, 7(Lg) is isomorphic to the canonical
module of R. In fact 7(Lo) can be described as (S ®; A2 V)€ where the action of G on
(S®k A V) is given by 0(s® (vAw)) = o(s)®det(s)(vAw) (o € G,5 € S and v, w € V).
Therefore 7(Lg) = {s € S| ¢(s) = (1/det(0))s for any o € G}, and this is isomorphic to
the canonical module by Watanabe [64].

Writing the Koszul complex over S as

2
(10.13.1) 0SS AV =SV —-5—-k—0,
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we easily see that this is also an exact sequence of S * G-modules. Applying the functor
®:V; to this, we obtain

2
(10.13.2) 0 SU(ANVRV) > S (VRrV) = S Vi = Vi — 0,

which gives the minimal projective resolution of the S * G-module V;. Using the notation
of (10.11), we hence have an exact sequence:

0> 7(P)—=F(Very V)= P—-V,—0 (0<i<d).
Now take the G-invariants of this sequence to get
(10.13.3) 0—7(L;)—»H-F(VerV;) » Li = VE = 0.

Note here that V;¢ = k if i = 0 and V;¥ = 0 otherwise, because each V; is a simple
kG-module. Consequently the sequences (10.13.3) become

(10.13.4) 0 — 7(Lo) — Ep Po, Lo—k—0 (i=0),
0——>T(L;)——>E,'—P—‘>L,'——>0 (i #0),

where E; = H - F(V @ V;).
(10.13) PROPOSITION. For any i (0 < ¢ < d), the sequences (10.13.4) satisfy the
following condition:

If L is a CM module over R and if f : L — L; is an R-homomorphism which is not a
split epimorphism, then there ezists an R-homomorphism g: L — E; with f =p; - g.

In particular, if i # 0 then the sequence (10.13.4) is the AR sequence ending in L;.
PROOF: Recall the equivalence between p(S * G) and €(R) is given by the functor H in
(10.9). For a given f : L — L; consider the corresponding diagram in p(S * G):

H™Y(p)
FVerVi) —— P

B
H-K(I)

Since f is not a split epimorphism, we have Im(f) C Im(p;), hence it follows that
Im(H~(f)) C Im(H"!(pi)). By this together with the fact that H=!(L) is a projective
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S *G-module, we show there is an S * G-homomorphism ¢’ from H~!(L) into F(V ®; Vi)
so that H~'(f) = H™'(p;) - ¢'. Letting g = H(g') we have f = p; - g as required.

Now recall the definition of the AR quiver I for R. Vertices in I' are the indecomposable
CM modules over R and hence they are L; (0 < ¢ < d). By the above lemma, if
i # 0, then irr(Lj, L;) is equal to the number of copies of L; appearing in the direct
decomposition of E;; see (5.5). Even in the case when ¢ = 0, the sequence (10.13.4)
has the same property as AR sequences, therefore we can verify the same equality as
above. By using the equivalence between (S * G) and €(R), we thus have shown that
irr(Lj, L;) = v;(F(V ® V;)), which is equal to mult;(V ®; V;) by (10.4). This shows
that the map T' — Mc(V, G) sending [L;] to [V;] yields an isomorphism of graphs. We
therefore have proved:

(10.14) THEOREM. (Auslander [6]) If G C GL(2, k) has no pseudo-reflection but the
identily, then the invariant subring R = SC is always of finite representation type, and
the AR quiver T of R coincides with the McKay graph Mc(V, G).

We end this chapter by giving several examples of AR quivers.

(10.15) Important Ezamples.

Let {; be the primitive n-th root of unity in an algebraically closed field k of charac-
teristic 0. It is a‘classical result that any finite subgroup of SL(2, k) is conjugate to one
of the following groups (called Klein groups):

(A,) Cyclic group of order n + 1;

<n+1 0 )
Cp =< _ >.
" ( 0 Cn}:l

(Dn) Binary dihedral group of order 4(n — 2);

0 G

Dn =< (C4 0

) ’ CZn—S >.

(Fs) Binary tetrahedral group of order 24;

1 (& &
T_<\/§(Cs G

(E7) Binary octahedral group of order 48;

__(& o
O_<(0 Cé‘)’ T>.

), Dy > .
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(E3) Binary icosahedral group of order 120;

I=<L<C§‘Cs Csz—C?) _1_(C52—Cg C§—1)>.
VBE\G -G G-¢)'Vs\1-G G-G

It was also proved by Klein that the invariant subrings by these groups are simple hyper-
surface singularities, i.e., S¢ ~ k{z,y, 2} /(f) where f is one of the following polynomials
respectively in each case:

(An) 2 +y"t 422 (n21),
(Dy) Sy+y" T+ (n24),
(Es) @+t + 27

(E7) 2% + zy® + 22,

(Es) 2 +y° + 22

The AR quivers for these rings are computed as McKay graphs of the above group.
We exhibit them now. Each number attached to a vertex indicates the rank of the
corresponding CM module. When we regard them as McKay graphs, the numbers are
the degrees of irreducible representations.

(40) _— [R]\

l=l==l==... &=1l=1—1
[R]\ 1
- ’4
(Dn) 1{/12:2222... <—:>2<—_>2§1
[1?
(Es) 2

I=2=3 =221

(E7)

2
[Rl==2==3 =4 =3==2=1
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(Es)

]
Rl==2 =3 =4 =5==6==4==2

(10.16) Ezamples of snveriant subrings by cyclic groups.
Let G be a cyclic subgroup of GL(2,k). Then the McKay graph Mc(V, G) is easily
computed, therefore the AR quiver will be obtained.

Let R; be a Veronese subring k{z", z" 1y, 2"~2y?

y*,...,y"} of degree n which is an
invariant part of k{z,y} by action of a cyclic group of order n. The AR quiver for R; is

shown in Figure (10.16.1), where K denotes the class of the canonical module of R.

Figure (10.16.1)

Figures (10.16.2) and (10.16.3) show the AR quivers for the ring R, =
k{z®,23y,zy?, y°} and R3 = k{z'%,27y, z*y?, 233, y'°} respectively.

______

Figure (10.16.2)



McKay graphs

Figure (10.16.3)
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Chapter 11. Two-dimensional CM rings of finite representation type

In the last chapter we showed that the AR quiver of an invariant subring of dimension
two is the same thing as the McKay graph of a finite group. One of the main purposes
here is to show that any CM ring of dimension two of finite representation type is a ring
of invariants by a finite group; see Theorem (11.4). Therefore all the finite AR quivers
for CM rings of dimension two are obtained as McKay graphs.

Throughout this chapter (R, m, k) is an analytic normal local domain of dimension two
(so that it is CM) with & an elgebraically closed field of characteristic 0 (or k = C ),
and we denote by Q the field of quotients of R. Let L be a finite Galois extension of Q
with Galois group GG and let S be the integral closure of R in L. Then S is a local ring
which is module-finite over R. Denoting by n the maximal ideal of S, we note S/n~k,
since k is algebraically closed. As before €(R) denotes the category of CM modules over
R and addpg(S) is the category consisting of R-summands of free S-modules. Note that
all modules belonging to €(R) are reflexive and conversely any reflexive modules are in
€(R). Furthermore one can easily see that addg(S) is a (full) subcategory of €(R). Also
denote by p(S * G) (resp. M(kG)) the category of projective left S * G-modules (resp.
left kG-modules). The proofs of Lemma (10.1) and (10.9) can be easily imitated to yield
the following two lemmas. (The difference here is that S might not be regular. However
we did not use this in the proof of (10.1) and (10.9).)

(11.1) LEMMA. Tke functor F : M(kG) — p(S*G) defined by F(W) =W ®; S (W €
M(kG)) gives a one-to-one correspondence between the sels of classes of objects in these

two calegories.

(11.2) LEMMA. Suppose that the ring extension R C S is unramified in codimension
one. Then the funcior H : p(S* G) — addg(S) ; HM) = M% (M € p(S * G)) is an

equivalence of calegories.

Ezercise. Give complete proofs of these lemmas.



Two-dimensional CM rings of finite representation type 99

The following lemma due to Mumford will be necessary in the proof of our theorem.

(11.3) LEMMA. Keeping the notation as above, we assume R satisfies the following
condition:

(11.3.1) For any finite Galois extension L of Q, if the iniegral closure S of R in L
ts unramified in codimension one over R, then S = R. Thal is, R has no nonirivial
exiensions unramified in codimension one.

Then R is regular, i.e. R~ k{z,y} for some z and y.

For the proof we refer the reader to Mumford [49].
We are now able to prove the theorem. We should mention that the following algebraic
proof is due to Auslander [6], and there is another, more geometric, proof given by Esnault

[27].

(11.4) THEOREM. Witk the above notation, suppose R is of finile representation type.
Then there ezisis a finile Galois extension Q of Q with Galois group G so that the integral
closure S of R in  is isomorphic to k{z,y} on which G acts linearly, and R = SC.

PRrooF: Consider the following set of field extensions of @ in some fixed algebraic closure

of Q:

A ={L| L is a finite extension of the field @ such that the integral closure Sz of

R in L is unramified in codimension one over R}.
Setting @ = U{L € A}, the smallest field containing all L in A, we can easily check that
2 is a Galois extension of Q). We will show that
(11.4.1) Q is a finite extension of Q.

For, if [(2 : Q] = oo, then there is a series of finite Galois extensions of Q:
QcLicLlyc...CL,CLp1C...CQ.

Let G, be the Galois group of the extension @ C L, and let S, be the integral closure
of Rin L. Since Sy is a direct summand of S,41 as an S,-module, we have a sequence
of full subcategories of €:

addgp(S1) C addg(S2) C ... C addp(S,) C ... C €(R)
The assumption that €(R) has only a finite number of indecomposable objects implies

that, for n large enough, addg(S,) and addg(Ss+1) have the same number of indecom-
posable modules. It then turns out from (11.1) and (11.2) that the number of simple
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kGp,-modules is equal to that of simple kG 41-modules. In particular G, and Gy4q have
the same number of conjugacy classes. On the other hand, since L, is an intermediate
field of @ C Lyny1, we have a normal subgroup H of Guyy with G, ~ G,41/H. Com-
paring the number of conjugacy classes of G, and Gn41, we conclude that G, = Gu4,
hence L, = L,41. This contradicts the choice of Ly, and (11.4.1) follows.

Now let S be the integral closure of R in 2 and G the Galois group of Q@ C Q. By
(11.4.1) G is a finite group and R = S®. Note that by definition S has no ring extension
unramified in codimension one over S. It thus follows from (11.3) that § = k{z, y} for
some z and y. It is well-known, and easy to see, that the action of G on S can be
linearized, that is, after changing variables, G may act on the vector space kz & ky. This
completes the proof of the theorem. &§

By this theorem we see that two-dimensional CM rings of finite representation type are
the ones discussed in the previous chapter.

Next we shall briefly explain how to construct the AR quivers for general normal do-
mains of dimension two.

(11.5) DEFINITION. Let (R, m, k) be an analytic normal local domain of dimension
two. By (1.11) there exists a canonical module Ky over R. By definition Kg is a module
with the property Ext%(k, KR) ~ k, or equivalently Exth(m, Kg) =~ k. This means that
there is a unique nonsplit exact sequence:

(11.5.1) 0— Kp—FE—m—0.

We call this the fundamental sequence of R. Here the module E appearing in the

middle term is also unique up to isomorphism, which is called the fundamental module
of R.

(11.6) LEMMA. The fundamenial module E is a reflexive module of rank 2, whick
is generaled by al most 1(R) + emb(R) elements, where r(R) is the Cohen-Macaulay
type of R and emb(R) denotes the embedding dimension of R. Furthermore there is an
isomorphism of R-modules:

2
(\E)* ~ Kg.

PROOF: Applying the functor Homp( ,Kpg) to the fundamental sequence, we get the
exact sequence:

— Homp(Kp, Kg) = Exth(m, Kg) — Exth(E,Kr) — Exth(Kg, Kg)
— Exty(m,Kgp) — Exth(E,Kpg) — Exth(Kgp,Kg) — ---
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where o« is surjective by definition and ExtL(Kg,Kgp) = Ext%(m, Kgp) =
Ext%(Kgr, Kr) = 0 by the local duality theorem. Hence we obtain Exth(E, Kg) =
Ext%(E, Kg) = 0 and this implies that depth(E) = 2 and that E lies in €(R).

Taking the divisor classes in the sense of Bourbaki (or the first Chern classes) attached
to the modules in the fundamental sequence, we obtain the equality c(E) = ¢(KEg) in
the divisor class group of R. (See Bourbaki [16,§7).) Then by definition it follows that
c(A? E) = c(KR); cf. [16, Exercise 12 of §4]. This gives the isomorphism in the lemma.

By noting that r(R) = dim(Kr ®r k) and emb(R) = dimg(m ® k), the remaining
part of the lemma follows from the fundamental sequence (11.5.1).

(11.7) COROLLARY. Assume that R is Gorenstein. Then R is a regular local ring if

and only if the fundamental module E has a free direct summand.

ProoF: If R is regular, then the fundamental sequence is given by
0— R— R —m—0.

In particular, E =~ R?. Conversely assume that E ~ R & a for some ideal a. Since R is
Gorenstein so that Kp =~ R, it then follows from (11.6) that R ~ (A2E)** ~ a** ~ a,
hence E ~ R?. This together with the exact sequence 0 — R — E — m — 0 shows that
R is regular. &

(11.8) Ezample. Let V be a k-vector space of dimension two with basis {z,y} and let
G be a finite subgroup of GL(V). Then we have a natural action of G on the regular
local ring S = k{z, y}. The fundamental module of the invariant subring R = S¢ will be
obtained as follows: Define the action of G on the free module S ®; V of rank 2 by

o(s®v)=0a(s)®0c(v) (r€G,s€S,veV).
Denote by E the invariant part of this action:
E=(S®;V)S.

Then E is the fundamental module of R. Indeed, we know from (10.12) and (10.13) that
the sequence (10.13.4), when ¢ = 0, is the fundamental sequence of R.

(11.9) Ezercise. Prove that if R is a hypersurface, then the fundamental module E is
isomorphic to the third syzygy of k. See Yoshino-Kawamoto [68] for more details.

Considering m C R in the fundamental sequence we rewrite (11.5.1) as follows:

0:0 — Kp L E-L. R
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Then the sequence has the property of an AR sequence:

(11.10) LEMMA.

(11.10.1) Let f : M — R be an R-homomorphism of a CM module M into R which is
not a split epimorphism, then there is an R-homomorphism g: M — E with f =p-g.
(11.10.2) If M is a CM module over R that is not free, then the following is ezact:

Hom(M* Hom(M*
- -

o(M): 0 — Homp(M", Kg) ) Homp(M*, E) 2 M —0.
PRroOF: (11.10.1): The mapping f yields Extk(f, Kgr) : Exth(m, Kg) — Exth(M, Kg).

Denoting 7 = Extk(f, Kg)(c), we have a commutative diagram

7:0 — Kp —— MXxgpb ——s M —— 0

ll l 4

0:0 — Kp — E ——+ R

with exact rows, where the right square is a pull-back diagram. Since Extkh(M, Kg) =0
by the local duality theorem, it follows that 7 = 0, hence the sequence 7 splits, which
just means that thereis g: M — E with f =p.g.

(11.10.2): We may assume that M is indecomposable. Clearly it suffices to show that
Hompg(M*, p) is an epimorphism. To do this, let f be an element of Homg(M*, R) ~ M.
Note that f is not a split epimorphism. For otherwise, M* would contain R as a direct
summand, thus M ~ R, a contradiction. Therefore by (11.10.1) there is an element g in
Hompg(M*, E) with f = Hom(M*, p)(g), giving the required result. §

(11.11) THEOREM. (Auslander [6]) If M is an indecomposable CM module over R
which is not free, then the sequence o(M) in (11.10.2) is the AR sequence ending in M.

Proor: We divide the proof into several steps.

(i) Since M is a torsion free module, we can define the trace of an element f in
Endgr(M). More precisely, trace(f) is defined to be the trace of a linear mapping
f ®rQ € Endg(M ®p Q) where Q is the field of quotients of R. It is easily seen
that trace(f) is an element of @ that is integral over R, for M is finitely generated.
Because R is integrally closed, we have trace(f) € R. We thus obtain a mapping:

trace : Endg(M) — R

Note that trace(lps) = rank(M), in particular, the trace map is onto. Also note that
if trace(f) is a unit in R, then f is an automorphism on M. To see this, let L be a



Two-dimensional CM rings of finite representation type 103

sufficiently large finite field extension of @ so that L contains the all eigenvalues o; (1 <
t < n) of the linear mapping f ®p L and let v; (1 < i < n) be eigenvectors with eigenvalue
a;. We may take each v; from M ®pg S where S is the integral closure of R in L. Note
that the a; are in S, since they are integral over R. Also note that S is a local ring. Let
n be the maximal ideal of S; then because v; # 0, one can take a sufficiently large integer
m such that each v; is not contained in n™(M ®pg S). Suppose f is not an isomorphism.
Then, since M is indecomposable, f is in the radical of Endg(M). Thus f"(M) C mM
for some integer », hence (f @ S)"(M ®gr S) C (M ®g S). It follows from this that
af™vi = (f @ S)"™(v;) € n™(M @ S), therefore each o; must be a nonunit in S, and so
is ¥; o;. Hence we have trace(f) = £; o € n N R = m, a contradiction.
(ii) There is a natural isomorphism of functors on €(R):

Homp(Homp(M,N), )=~ Hompg(N,Hompg(M*, )).
In fact, it is known that there are natural homomorphims
Homp(Homp(M,N), )%+ Homp(N ®g M*, ) -2+ Homp(N,Homg(M®*, )),

where $ is always an isomorphism. To see that « is an isomorphism, it is sufficient to
show that the localized mapping «p are isomorphisms for all primes p of height one, since
both modules are reflexive. However this is trivial since Hompg(M, N)g ~ (N Qg M*)y.

(iii)) We shall show that (M) is a nonsplit sequence in the theorem. Suppose not. Then -
Homp(M, Homp(M?*, p)) would be an epimorphism, hence so would Homg(Endg(M), p) :
Homp(Endg(M), E) — Homp(Endg(M), R) by (i1). However the trace mapping cannot
be lifted to an element in Homp(Endg(M), E), because trace € Hompg(Endg(M), R) is
a surjective mapping. This shows that o(M) is not split.

(iv) Suppose we are given a CM module X and a homomorphism f : X — M which
is not a split epimorphism. We want to show that there is a homomorphism g : X —
Homp(M*, E) such that Homg(M*,p) - ¢ = f. If this is true for any X and for any f,
then o(M) is an AR sequence by (2.9). As in (ii) there is a commutative diagram:

Hom{X,Hom(M* p))
Homp(X, Homp(M*, E)) Homp(X, Homp(M™, R))

I dl

Hom(Hom(M,X),p)
HomR(HomR(M,X),E) HomR(HomR(M,X),R)

We denote by f' the element in Homp(Homp(M, X), R) with v(f') = f. We claim that f'
is not a split epimorphism. For otherwise, there would be an element ¢ in Homp(M, X)
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such that f'(g) = 1, which exactly says that trace(f-g) = 1. Then by (i), f-g would be an
automorphism on M. This contradicts f not being a split epimorphism, and so f' is not
a split epimorphism. Then by (11.10.1) there is an element g’ in Homgp(Homp(M, X), E)
with Homp(Hompg(M, X),p)(¢') = f'. Denoting by g the element corresponding to g’ in
Hompg(X, Homg(M*, E)), we have Homgp(M*,p) - g = f as required. i

As an application of (11.11) we consider the indecomposability of fundamental modules.

Let G, S and R be as in (11.8). The fundamerntal module E of R is given in (11.8).
Furthermore assume G is a cyclic group. Then the action of G on V is diagonalized after
a suitable choice of basis of V. So we have E = (5S2)¢ @ (Sy)®. Thus the fundamental
module is decomposable in this case. We can prove the converse is true as well by using
Theorem (11.11).

(11.12) THEOREM. (Yoshino-Kawamoto [68]) Let R be an analytic normal local do-
main of dimenston two with residue field k of characteristic 0. Then the following two
conditions are equsvalent:

(11.12.1) The fundamental module E of R 1s decomposable.

(11.12.2) R s an invariant subring of a regular local ring S by a cyclic group G (that is,
R is a cyclic quotient singularity).

ProOF: It suffices to prove (11.12.1) = (11.12.2). So let E ~ a@® b be a decomposition
of the fundamental module of R and let I'® be the connected component of the AR quiver
I’ that contains the class of R. First of all we prove the following claim:

(11.12.3) Under the assumption in (11.12.1) any class of module in T'° has rank 1.

For this, let M be in T'°. By definition there is a chain of edges in T : R = My — M, —
My;—...— M, = M, where each edge ”—” indicates either ”—” or ”«” in . We prove by
induction on the length n of this chain that M has rank 1. If n = 0, then there is nothing
to prove, for M =~ R. Assume n > 0. There might be two possibilities (1) Mp_; «— M,
and (2) M-y — M, in T. In the first case, M, is a direct summand of Homg(M,_,, E),
hence is isomorphic to either Hompg(M,;_,,a) or Hompg(M,_,, b), both of which are of
rank 1 by the induction hypothesis. In the second case, M,_; is isomorphic to one of
Homp(M},a) and Homg(M;;,b). Since rank(M,_1) = 1 by the induction hypothesis,
M, has also rank 1, so proving (11.12.3).

By virtue of (11.12.3) and Theorem (6.2) one sees that €(R) is of finite representation
type. Then it is concluded from (11.4) that R is a quotient singularity, that is, there
are S = k{z,y} and a finite subgroup G of GL(2,k) such that R = S®. Here, by
usual argument using (10.7.1), we may assume that G contains no pseudo-reflections. It
remains to prove that G is a cyclic group. Letting F be the S * G-module Sz @ Sy,
we showed in (11.8) that the fundamental module E of R is given by FE. Note from
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(11.2) that there is a natural isomorphism of algebras Endg.q(F) ~ Endg(FE). Since
E is decomposable, there is a nontrivial idempotent e in Endg(F). Considering e as an
idempotent in Endg,c(F) by the above isomorphism, F' is decomposed into the nontrivial
sum e(F) & (1 — ¢)(F) as an S * G-module, both summands of which must be free of
rank one over S. Thus there is A = (:g) in GL(2, k) such that e(F) = S(az + By) and
(1—e)(F) = S(yz+8y). After changing variables by the linear transformation A, we may
assume that ¢(F) = Sz and (1 — €)(F) = Sy. Therefore the action of G is diagonalized.
Let x be the character of G given by x(g) = a for g = (82) € G. Since G contains no
pseudo-reflections, this x gives an injective homomorphism from G into k*. Thus G is a
subgroup of k*, hence it is cyclic and the proof of the theorem is completed. 8

(11.13) REMARK. The above proof shows how to describe the AR quiver for a cyclic
quotient singularity. Actually it follows from (11.12.3) and (6.2) that any indecomposable
CM module has rank one, so there is a one-to-one correspondence between the elements
in the class group CI(R) of R and the vertices in the AR quiver I' for R. Suppose the
fundamental module E is decomposed as the sum of ideals a and b, and denote by a, b
the class of a, b in CI(R). Then the AR quiver T' is figured as follows:

I i
/ T
(11.13.1)  2a+267Z—— a+b Il T SN
——— 42 -__/ - e - ~ 9a — b
a3 —— - ™9 —a+b”———\—2a/———

where na +mb denotes the ideal class of ((a®b™)~1)~1 in CI(R). Since this diagram must
be finite by (11.12), some vertices in (11.13.1) should be identified. For example, if a has
order n in Cl(R), then 0 = na = 2na = ... so on. The AR quiver for R is thus obtained
from the graph (11.13.1) by dividing it by the relations in the divisor class group.
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Chapter 12. Knorrer’s periodicity

In Chapter 8 we showed that a local ring of hypersurface is a simple singularity when
it is of finite representation type. Conversely simple singularities of dimension 1 and
2 are of finite representation type as we have shown in Chapter 9 and 10 respectively.
One of our aims here is to show that the latter is true as well in arbitrary dimension,
so that, for hypersurfaces, the notion of simple singularity is equivalent to that of finite
representation type.

Throughout this chapter k is an algebraically closed field of characteristic 0 and S is
the power series ring over k in d + 1 variables:

S = k{z,y, 22, 23,..., 24}

Set R = S/(f) where f is one of the following polynomials:

(An) B +y"tl 242+ 2] (n>1),
(Dr) y+y" i+ d+ 2+ 42 (n>4),
(Es A YL e R
(E7) D+ A+ 3+ + 4
(Fs) A TP e S T

Recall that these are equations of simple singularities; (8.8). We want to show below that
R is of finite representation type. Since we have already shown this for the cases when
d =1 and 2, the main idea here is to reduce the problem to one in lower dimension. For
this purpose, consider new rings as follows:

(12.1.1) St = S{u} = k{z,y,22,23,... 24, u},
RV = SY(f +?),
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with % a new variable. Note that, if R has one of the types (4), (D) and (E), then R! has
the same type as R. Also note that the dimension R! is (d + 1) while R has dimension
d. Clearly we have R = RV/(u), so that any R-module can be regarded as an R!-module.
As before we shall denote by €(R) and €(R!) the categories of CM modules over R and
R! respectively.

(12.1) DEFINITION. Let N be in €(R'). We define an R-module Z(N) by putting
Z(N) = N/uN. Since depth(N/uN) = depth(N) — 1 = dim(R), we have E(N) € €(R).
Similarly for a morphism ¢ in €(R') we put Z(p) = ¢ ® R'/(u). Thus we have defined
the functor Z from €(R!) to €(R).

Note that, by (12.1.1), S is a subring of R! on which R! is generated by 1 and u, i.e.
S c R!is a Noetherian normalization. Hence an R'-module N is CM if and only if it is
free as an S-module, (1.9). In other words, CM R!-modules are the free S-modules with
R'-module structure, or equivalently, the free S-modules on which u acts. Notice that
the action of u must satisfy u> = —f. Therefore there is a one-to-one correspondence
between the set of CM modules over R! and the set of square matrices ¢ with entries in S
and with the property ¢? = —f.I. Clearly isomorphic modules correspond to equivalent
matrices, where we say that matrices ¢ and ¢ are equivalent if apa~! = 4 for some
invertible matrix a.

First of all we remark:

(12.2) LEMMA. Let N be a CM module over R' and let ¢ be an (n x n)-matriz over
S given by the action of u on N. Then (ul, — ¢, ul, + ) lies in MFgy(f + u?) with
Coker(ul, — o, ul, + ) = N. Similarly (¢, —¢) is in MFg(f) such that Coker(p, —¢p) =
Z(N).

PRrOOF: It is easy to check that ¢ - (—¢) =(~¢) - ¢ =f I, and (ul, — ¢) - (ul, +¢) =
(uIn+ @) (uI; — @) = (f +u?)- I;. Hence they give matrix factorizations of f and f + u?
respectively. To prove the lemma we have to show that N ~ Coker(R!(") hling RI())
and E(N) ~ Coker(R(™) % R(®). For the first equality, let N’ be the module of the right
hand side and let {e;,e2,...,e,} be a free base of RY™). Then note that, as an S-module,
RM®) has a free base {e1,€2,... ,en,uer,ues, ... ,ue,}. Since (ul — p)(e;) = —p(e;) +ue;
and (ul — ¢)(ue;) = fei — up(e;), we have

N'~ Coker((_so fI) . 50n) _, g(%n))
I ¢

as an S-module, so that N' is an S-free module having the image of {e1,¢e3,... ,e,} as a
base, on which u acts as the matrix ¢. Hence by the choice of ¢, N’ is isomorphic to N
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as an Rl-module. This proves the first equality. The second equality is immediate from
the first. In fact,

Z(N) = N ®ps R ~ Coker(RI™ ?= RI)) @ ., R ~ Coker(R™ % R(™). g

Recall that, for a module M in €(R), syzpy(M) is the reduced first syzygy of M as an
Rt-module, i.e. there is an exact sequence

0—syzy(M)®F — G — M — 0,
where F and G are free over R, cf. (1.15). From this we have
depth(syz}y(M)) = depth(M) + 1 = dim(R) + 1 = dim(R?),

in particular, syz}iu(M ) is a CM module over R!. We can prove the following:

(12.3) LEMMA. Let M be in €(R) and let (p, ) be the matriz factorization of f with
M = Coker(p,v). Suppose that M has no free summands and that (p,v) is chosen to

be reduced. Then ((ff _:I , (—i] Q;I)) is an element in MF gy (f + u?) such that

Coker((fI _:I) , (—ZI 1;1)) =syz}”(M).

PROOF: Since R = R'/(u), we have a commutative diagram:

0 0 0
| | |
R Y rm 2, R® M — 0
(12.3.1) I I |
R Y, i %, Riw)
| | d|
BRI Y, i) _*, gl

where the columns and the top row are exact, while the second and the third rows are
not even complexes. However, by chasing the diagram, we get a free presentation of M
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as an Ri-module:

(12.3.2) (:} _:I)

plemy 25 7 pieny D by

M 0.

In fact, it is easy from (12.3.1) to see that there is an exact sequence RI(?) (e:40) RI™

M — 0. Assume that (Z) is in (R“(n))(z) with ¢(a) + uf = 0. Then p(a mod (u)) =
¢(a) mod (u) = 0, hence by (12.3.1) there are y and § in R'™ such that o = P(7y) — ub.
From this we have uf = —p¥(y) + p(ud) = uly + up(8), since p = fI = —u?l.

Thus 8 = uy + ¢(6), so that (Z) = (:)I —:I) (Z) This proves the exactness of

(12.3.2). We therefore have syz}, (M) =~ Coker ( ¢I —ul up to free summands. On
the other hand, as the pair of matrices (( —uI) (—uI " )) is a reduced matrix

factorization of f +u?, this matrix factorization must correspond to syz}, (M) by (7.7). n

The above lemmas amount to showing the following:

(12.4) PROPOSITION. Let M € €(R) and let N € €(RY). Suppose M has no free

summands. Then

(12.4.1) E(syzpu (M) = M & syzp(M),
(12.4.2) syzpu(E(N)) = N @ syzky (N).

ProoF: (12.4.1): Let (p,%) be a reduced matrix factorization in MFg(f) with
Coker(p,9) = M. Then we know from the previous lemma that syz}u(M)

Coker( ( :)I _:I) , (_i 7 1;}]) ). Hence we have isomorphisms

E(syziy(M)) ~ Coker(( v ‘:I ) ® R'/(u))

~ Coker(R™ % R(™) @ Coker(R(™ % R(™)
~ M & syzh( M).

(12.4.2): Let ¢ be the matrix on S defined as in (12.2). Then (p, —¢) is in MFg(f)
with Coker(p, —p) = E(N) by (12.2). Hence it follows from (12.3) that syzL,(E(M)) =
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Coker(( —? —:I) , ( ZI u;)) Here note that
u - -

1/1 1 - —ul} (1 1Y) 0 ul —p
2\1 -1/ \ul o 1 =1/ \—ul-p 0 '
Hence the above becomes

syzp(E(N)) =~ Coker(ul — ¢, ul + ¢) @ Coker(ul + ¢, ul — ¢) = N @ syzpy(N)

by (12.2). &
Now we are ready to prove the main result of this chapter.

(12.5) THEOREM. (Knorrer [44]) R! is of finite representation type if and only if R
i3.

Taking into account (9.3) and (10.15) together with this theorem, we have a striking
result due to Knorrer.

(12.6) COROLLARY. Simple singularities of any dimension are of finite representation
type. .

PROOF OF THE THEOREM: Let R be of finite representation type, and suppose that
{My,M,,... , Mz} is the complete set of nonisomorphic indecomposable CM modules
over R. i N is an object in €(R!), then Z(N) lies in €(R) by (12.1), hence we may write
E(N) = T M{™). Then by (12.4.2), T syzky (M:)™) = syzly (E(N)) = N @syzy(N) as
an R:-module. If N is indecomposable, then this implies that N is isomorphic to a direct
summand of some syz}in(M;), hence such classes of N are finite.

Conversely suppose that R is of finite representation type and that {N1, No,..., Nu}
is the complete set of nonisomorphic indecomposable CM modules over R!. Given an
indecomposable CM module M over R, we know that syz}i, (M) isin €(R'), hence we may
write syzp, (M) = T; N,-(m"). K M is not free, then by (12.4.1) we see that 3; Z(N;)(™) ~
E(syzy(M)) =M & syzk(M). Therefore M is a summand of some Z(N;). Hence the
classes of nonfree indecomposable CM modules over R are finite. §

(12.7) REMARK. By this proof we get a simple way to construct CM modules over
R! from those on R. Let the ring R and all indecomposable CM modules {M;} over R
be given. Then one obtains all indecomposable, non-free modules over R! as summands
of syz}ﬂ(Mg). Here note that each syz}ﬂ(M,') is decomposed into at most two modules,
since E(syz}i,(M,-)) has only two direct summands by (12.4).

However it is often difficult to perform the actual computation along this line. The
situation will be better if we take the §-operation twice.
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(12.8) DEFINITION. According to (12.1.1) we define:
R = S{u,o}/(f + 1 +92),

where u and v are variables on S. Let (¢, %) be in MFg(f). Then define a pair of matrices
over S{u,v} by

(1238.1) o =((* 5).(2 L)

where £ = v+ v/—1v and 9 = u — v/=1v. It is immediate that Q(y, ) is a matrix
factorization of f + u? + v?, and thus

Q(‘P) 11’) € MFS{u,u}(f + u? + v2)‘

For a morphism (o, 8) : (¢, ¥) — (¢',¥') in MFs(f), we define Q(a, 8) to be a morphism

[+

(5 5)(5 2):awwm —aww

in MFgg, 3(f + u? +v?). It is quite elementary to show that Q(a, 8) is well-defined and
that we have a functor Q : MFs(f) — MFgy, o3 (f + u? +v?).

If (¢,9) is a reduced matrix factorization, then Q(p,¥) is also reduced. Similarly,
Q(f,1) and Q(1, f) are direct sums of (f +u? +v%,1) and (1, f +u? + v%). Hence we can
define a functor:

M—S(f) - Ms{u,u}(f + u? + v2)’
which we also denote by Q, cf. (7.3). Thus, by virtue of (7.4), we have a functor

&(R) — &(RM),

which is also denoted by Q.
Note that, for a reduced matrix factorization (¢, ¥) in RMFg(f),

QCoker(p, ) = Coker(Qy, ¥)),

in €(RM). Moreover, by (7.7) and (12.8.1), we have

Coker(Q(, ¢)) = syzpu(Coker(Qg, ¥)))-

We note the following:
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(12.9)

LEMMA. Let ((é [B)),(éi gi)) be a morphism from ((;/; ¢ ),(1/) ¢ ))

- 7 -
to ( oL ¢oL ) in MF (f + u? + v?). Assume that all the entries in
_1/)1 ’ 7 __(pl S5{u,v} .

A" are in the ideal (€,9)S{u, v}, then the following extension splits:
1/)[ £ AI BI
n “<P’ CI DI
e &I
7 —¢
cf. (7.8).
PROOF: Since we can write A' = A{£ + Abn, applying an elementary transformation
of matrices, we may assume that A’ = 0. By the definition of morphisms of matrix

factorizations, we have:
A B)fe¢ ¢
C D)\n —¢

(% (e 2)
o 2)(5 %) =(0 5) (& )

In particular,

() nB' =y A+¢£C
(i) ¢C' = Ap + B
(4id) @'B'+¢D' =¢A— By

Multiplying (i) by ¢' from the left and using ¢'¢’ = fI, we get n¢'B' = fA + £¢'C.
Since {f,£€,n} is a regular sequence on S{u, v} , we may write

(iv) A=¢P+10Q,

for some matrices P, Q on S{u,v}. Substitute (iv) into (i) to get
EW'P+C)=9(B'-¢'Q),

and thus there is a matrix P’ such that

B —y/Q=¢P, P+C=nqP.
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Similarly we subsitute (iv) into (#4) and deduce the existence of a matrix @' on S{u,v}
with
C'-Pp=1Q, Qp+B=¢Q"

Then we have the equality of matrices:

1 P € 0 B 1 -Q v € 0 E
1-P-@Q n —¢ C'" D 1 -P'| _|n —¢ F G
1 v 1 v €|
1 n -y 1 n —vy
where

E=B,_¢IQ_EPI=01 F=CI_P(P_QI17=01
and

G=D'-P+QY—nQ+¢'P =D -A+ Q¢+ P

Since
EG=(D'—€EA+ By +¢'B' =0 by (i)
and since £ is a nonzero divisor on S{u, v}, we see that G = 0 and thus the extension is

equivalent to the split one. 1

(12.10) THEOREM. (Knorrer [44]) The functor Q defined in (12.8) gives the equiva-
lence of categories:

€(R) = &(RM).

Proor: First of all we show that  is fully faithful. To do this, take any objects (¢, ¥),

(¢',¢") in RMFg(f). Putting M = Coker(p,v) and M' = Coker(¢',v'), we consider a
homomorphism of Abelian groups induced by €:

p : Homp(M, M') — Hompu(QUM),Q(M")).

We have to show that p is bijective.
Considering the exact sequence 0 — syzh(M') — F — M' — 0 with F a free
R-module, we see that the sequence

Homp(M, F) — Hompg(M, M') — ExtL(M,syzR M') — 0
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is exact because ExtL(M, R) = 0. Then it is clear from the definition of Hom in (3.7)
that there is an R-isomorphism

p: Homp(M, M') — ExtL(M,syzh M').

The mapping u is realized as follows: For any h € Homp(M, M') it can be written as
Coker(a, B) for some morphism (a, 8) : (¢, %) = (¢',¥'). Then p(hk) corresponds to the
'

extension of M by syzh M’ which is given by the matrix i), see (7.8). Likewise,

0

we have an RM-isomorphism
v : Hompu (M), Q(M')) — Extly (M), Qsyzp, M"))

and we see that, for any h = Coker(a, 8) in Homg(M, M'), vp(h) corresponds to the
extension

& B0

|l =¥ 0 «

(12.10.1) E= o ¢
n —¥

Now we prove that p is bijective. Let h = Coker(a, 8) be in Homp(M, M') and suppose
that p(h) = 0. Then the extension E in (12.10.1) is split, or equivalently, there are
matrices A, B on S{u, v} with

vo& 0 0
(1 A)E(l B)_ 7 — 0 0
0o 1)%\o 1 0 0 o ¢
0 0 »n —9¢

0 0 —9
i) is also split. Thus p(k) =0

' !
Substituting u = v = 0, we see that this equation becomes (¢ ﬂ) & ( g o ) ~
P

!

(¥") @ (") & (¢) @ (¥), hence that the extension (ﬁ

and hence h = 0. This shows the injectivity of p.
To prove the surjectivity, take any element h = Coker( 4 B) (A’ B’)) in
’ ¢ DJ'\C" D
Hompn (M), QM')). Letting Ay = Aly=v=0 and A) = A'ly=y—0, we see from

. (A B\(¢ ¢ o £ \[(A B
the equation (C D) ('7 _¢) = ('7 v l\lo » that Agpy = ¢'A}j and
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so that (Ag, Ap) is a morphism of matrix factorizations (p,?¥) — (¢',¥'). Let a =
Coker(Ag, Af) € Homp(M, M'). Tt is then immediately clear that

A—-A B A — Al B
pesw=caber( (A7 20 (5% L)

and that v(h — p(a)) is the extension

PooE A -4 B
7 _‘PI c' D' — A
® £
i -9

Since any entries in A'— Aj, are in (£, 1) S{u, v}, we conclude from (12.9) that v(h—p(a)) =
0. Therefore h = p(a), proving that p is surjective. Thus we have shown that the functor
Q is fully faithful.

It remains to be shown that Q gives a surjective mapping onto the set of objects
of &(RM). To do this, it is sufficient to prove that any indecomposable object N in
€(RM) has the form Q(M) for some M € &(R). Note that N is a direct sumimand of
syz}m(syz}“( M)) for some indecomposable nonfree CM module M over R. (Use Remark
(12.7) twice.) If (¢, ) is the matrix factorization of f corresponding to M, then we
see by using (12.3) twice that the matrix factorization of f + u? + v? corresponding to

sYZ Ly (syzpu (M) is given by

¢ ul —vl 0 v —ul ol 0
—ul 0 —of ul ¢ 0 ol
( ol 0 ¢ —ul|’|=ol 0 ¢ ul )
0 ol ul ¢ 0 —vl —ul 9

An easy computation shows that this is equvalent to the following matrix factorization:

v &€ 0 0 e &€ 0 0
0 0 ¢ €10 0 v €& |”
0 0 g —9 0 0 »n -9

Hence we have an isomorphism of R¥-modules:

sYZn (sY2js (M) = M) @ Qsyzp M).
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Therefore N is a direct summand of this module, hence of (M) or Q(syzy, M). In either
case N is in the image of 2, and the proof is finished. §

By the equivalence in Theorem (12.10) we can deduce various properties of CM modules
on R from those on R. For example we have:

(12.11) COROLLARY. Let M and N be non-free indecomposable CM modules over R
and let g be an R-homomorphism from M to N. Then;

(12.11.1) Q(M) is an indecomposable RM-module.

(12.11.2) g is a split monomorphism (resp. a split epimorphism) if and only if Q(g) is a
split monomorphism (resp. a split epimorphism).

(12.11.3) g is an irreducible morphism from M to N if and only if Q(g) is an irreducible
morphism from Q(M) to Q(N).

PRrROOF: (12.11.1) : By the equivalence of categories in (12.10), (M) is indecompos-
able as an object in €(RM). Therefore if (M) is decomposable as an RM"-module, the
only possibility is that Q(M) has a free summand. However this is not the case, since
the matrix factorization (¢, ¥) is reduced if (¢, ¥) is the reduced matrix factorization
corresponding to M; cf. (7.5.1).
(12.11.2): We prove this only for the case of split monomorphisms. .

If g is a split monomorphism, then it is obvious that Q(g) is also a split monomor-
phism. Suppose 2(g) is a split monomorphism. Then there is a homomorphism
7 € Hompy(QUN), Q(M)) with 7 - Q(g) = 1g(py). It follows from (12.10) that there
is an b € Homg(N, M) such that the image of Q(k) — 7 in Homzy ((N), Q(M)) is triv-
ial. It then turns out that Q(h-g — 1) has a trivial image in Endpu(Q2(M)), and hence
h-g=1p as an element of Endg(M). Since Endg(M) is local and since Endg(M) is a
homomorphic image of Endg(M), we see that h - g is an automorphism of M and-hence

g is a split monomorphism.

(12.11.3): Suppose g is irreducible and that we are given a commutative diagram in
€(RM):

QM) 29 o
PRV
Q

Then by (12.10) we have a CM module L over R and h € Homg(M, L), k € Hompg(L, N)
with g = Q(h) in Homepu(Q(M), Q) and v = Q(k) in Hompegn(Q, QUN)). Sinceg— k- h
is trivial as an element of Homp(M, N), there are a free R-module F, a € Hompg(M, F)
and b € Hompg(F, N) such that g =k - h 4+ b- a as an element of Homg(M, N). Because

g is irreducible, this shows that either (:) is a split monomorphism or (k, ) is a split

epimorphism. Note that neither a nor b are split morphisms, since M and N are non-free
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and indecomposable. Thus by (1.21) and by its dual statement we see that either A is
a split monomorphism or k is a split epimorphism. Hence, by (12.11.2), either z is a
split monomorphism or v is a split epimorphism. This shows that £2(g) is irreducible; cf.
(2.10).

The converse is proved in a similar way and we leave it to the reader. I

Let T(R) (resp. T'(RM)) be the AR quiver of R (resp. RM) and define L(R) (resp.
L(RM)) to be the graph obtained from I'(R) (resp. T'(RM)) by deleting the vertex of
indecomposable free module and any arrows connecting with this vertex. I'(R) is called
the stable AR quiver of R. Then (12.11.3) implies the following:

(12.12) COROLLARY.
L(R) = L(RW)

(12.13) REMARK. It is known that the number of arrows ending in (or starting from)
the vertex of free module is doubled when passing from I'(R) to T'(RW). See Knérrer [44]
or Solberg [60] for further discussion.
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Chapter 13. Grothendieck groups

We show in this chapter that the Grothendieck group of the category of CM modules
can be computed from the AR quiver if it is finite. This generalizes a theorem of Butler
[20] in the theory of representations of Artinian algebras.

In this chapter (R, m, k) is a Henselian CM local ring and we denote by 9% (resp. €) the
category of finitely generated modules (resp. CM modules) over R. We start by recalling
the definition of Grothendieck groups.

(13.1) DEFINITION. Let 2 be an additive subcategory of an Abelian category, which
is skeletally small and closed under extensions. We consider an Abelian group:

G(2) = o1 - X,

where X runs through all isomorphism classes of objects in 2. Denote by Ex(2) the
subgroup of G(2) generated by

{X — X' — X"| there is an exact sequence 0 —» X' - X — X" — 0 in 2}.
The Grothendieck group of 2 is defined by
Ko(2) = G(2)/ Ex(2).
We denote the class of an object X in G(2) by the same letter X, while the class in
Ko(2) will be denoted by [X].
We are particularly concerned with the Grothendieck groups Ko(9) and Kq(€). By

the natural embedding i : € — 9, one has a homomorphism of groups Ko(i) : Ko(€) —
Ko(9N). We remark that this is actually an isomorphism.
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(13.2) LEMMA. As a group, Ko(€) is isomorphic to Ko(IM) via Ko(d).

PROOF: Let d be the dimension of R. For any module X in 9, take a free resolution to
have an exact sequence:

0-Y—oFy 1o F4 g—-.->F —Fp—X—-),

where each Fj is free and Y is a CM module, (1.4). Then, by definition, one obtains
[X] = T3 (1)) [F)] + (=1)%Y] in Ko(9M). Thus one can define a homomorphism of
groups ¢ : G(9M) — Ko(€) by sending X to T (—1)[F)] + (=1)4[Y]. It is an easy
exercise to see that ¢(M) is independent of the choice of free resolutions and hence it
induces the group homomorphism & : Ko(9M) — Kgo(€). (Check this.) Then it obviously
holds that ® - Ko(z) =1 and Kq(¢) - ® = 1, hence Kg(¢) is an isomorphism. &

By virtue of this lemma, we usually identify the two groups Ko(M) and Ko(€). Note
that, for normal domains of dimension 2, Ko(€) is more approachable than it is for other
cases.

(13.3) LEMMA. Let R be a normal local domain of dimension 2, and suppose the class
[k] of the residue field is zero in Ko(9M). Then Ko(€) is isomorphic to T & CI(R), where
Cl(R) denotes the divisor class group of R.

PROOF: Recall that all modules in € are reflexive, and one sees that the rank function
M + rank(M) induces a group homomorphism rk : Ko(€) — Z, which is surjective, since
rk([R]) = 1.

For any module X in M, it is known (see Matsumura [47]) that there is a finite chain
of submodules:

(13.3.1) 0=XoCX1C..CXpo1 C X=X, Xi/Xis1=R/pi,

where each p; is a prime ideal of R (1 < i < n). In particular, the class [X] in Ko(9) is
equal to 3;[R/pi] = Z;([R] — [pi]). Here we may assume that all p; are of height at most
one, because [R/m] = 0 and because R has dimension two. Consequently any element w
in Ko(9M) can be written as

(13.3.2) w=a[R]+ Y _ by[p],
14

where p runs through all primes of height one and a, bp are integers with by = 0 for
almost all p, so that the summation is finite. Notice that with the notation of (13.3.2),

(13.3.3) tk(w) =a+ Y bp.
14
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Now define a homomorphism ¢ : Ko(9M) — CI(R) as follows: For an element w written
as in (13.3.2), set p(w) = Ty bp - cl(p), where cl(p) denotes the divisor class of p in CI(R).
It is easy to see that ¢ is independent of the description of w in (13.3.2) and it actually
defines a homomorphism of Ko(M) to CI(R). (Prove this as an exercise.) Since CI(R) is
generated by the classes of primes of height one, ¢ is surjective. Therefore we can define
a surjective homomorphism ¥ : Ko(M) — Z & CI(R) by ¥(w) = (rk(w), ¢(w)).

Now we prove that 9 is injective. For this purpose, let w be as in (13.3.2) and assume
¥(w) = 0. Since a + Xp bp = 0, such an w has a description

(13.3.4) w= ) c[R/pi] - 3_d;[R/q;],
t J

where p;, q; are distinct primes of height one and c;, d; are positive integers. Here we must
have Tj¢; - cl(p;) = X;d; - cl(q;), since p(w) = 0. Setting I = n; p£°‘) and J =nN; quj)
(symbolic powers), we see from the definition of divisor class groups that I is isomorphic
to J as an R-module. In particular, in the group Ko(9R), we have [R/I] = [R/J]. Note
that, in general, for ideals A and B, [R/AN B] = [R/A] + [R/B] — [R/A + B] in Ko(IM),
so that, if A + B is m-primary, we have [R/A N B] = [R/A] + [R/B] by the assumption.
Applying this successively to the above, we obtain E;[R/pEC‘)] = ¥;[R/ quj)] in Ko(M).
Hence 3; ¢i[R/pi] = £ dj[R/q;], and w in (13.3.4) must be zero as an element of Ko(9M).
This proves the injectivity of ¥ and the lemma follows. §

Note that the assumption in the above lemma will be satisfied for most cases. More
precisely,

(13.4) LEMMA. With the above notation, assume that R is an excellent ring of positive
dimension and the residue field k is algebraically closed. Then [k] = 0 in Ko(9M).

ProoF: Take a prime ideal p of R such that R/p is of dimension one. Let S be the
integral closure of R/p in its quotient field. Since R is excellent, S is a finite module over
R. Furthermore it is a discrete valuation ring, since R, hence R/p, is a Henselian ring.
Let ¢ be a prime element of S. Then there is an exact sequence of S-modules:

0 s 1.5 S/tS ——s 0,

where S/tS = k, since it is a finite extension field of k and since k is algebraically closed.
When regarding this as a sequence of R-modules, we have [k] = [S] — [S] = 0 in Ko(90)
as required. §
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(13.5) REMARK. The assumption for k in (13.4) is indispensable. Actually in the next
chapter we will have an example in which [k] # 0 in Ko(9R); see (14.12).

Now let us compute the group Kg(€). For this we make the following:
(13.6) DEFINITION. Define the group AR(€) as the subgroup of G(€) generated by

{X — X' — X"| there is an AR sequence 0 —» X' — X — X" — 0 in €}.

Clearly we see that AR(€) C Ex(€) C G(€), while we can prove the following result.
(13.7) THEOREM. (Auslander-Reiten [10]) If R is of finite representation type, then
Ex(€) = AR(€).

PROOF: Recall that there is an embedding of category ¢ : € — mod(€); see (4.6). From
this, we can define a homomorphism

7: G(€) — Ko(mod(€)),

by v(M) =[( ,M)] for M € G(€), where we use the same notation as in Chapter 4, so
that ( ,M) = Homg( ,M). First we show that v is injective. To do this, let M and
Nbein €with [ ,M)]=[( ,N)]in Ko(mod(€)). Then there are exact sequences in
mod(€):

(13.7.1) 0= Fi—Gi—H;—0 (1<j<n),
with the equality ( M)+ T; F;+;Hi=( ,N)+Z;G;in G(mod(C)). Substituting
R into this equality, we have M + T; F;(R) + &; H;(R) = N + T; Gi(R) in G(C). Here
note that the sequences of R-modules 0 — F;(R) — G;(R) — H;(R) — 0 are split.
(Prove this.) Hence, ¥; F;(R) + T; H;(R) = Z; Gi(R) in G(€). Therefore M = N in
G(€), and so v is injective.

What are the subgroups v(Ex(€)) and v(AR(€)) in Ko(mod(€)) ? To see this, let
(13.7.2) 0-M MM >0
be an exact sequence in €. We can define a functor F on € by the exact sequence:

(13.7.3) 0-( ,MY=( M—>( M')SF->0

It is evident that F is in mod(€) and F(R) = 0. On the other hand, we have shown
in (4.9) that any object F' in mod(€) with the property F(R) = 0 is obtained in this
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way. Therefore we see that y(Ex(€)) is the subgroup of K¢(mod(Z)) generated by {F €
mod(€)| F(R) = 0}. In the proof of (4.13) we proved that the sequence (13.7.2) is an
AR sequence if and only if the functor F in (13.7.3) is a simple object in Mod(€). This
precisely means that y(AR(€)) is a subgroup of Ko(mod(€)) generated by

{S € mod(€)| S is a simple functor with S(R) = 0}.

Since 7 is injective, to show the theorem, it is enough to prove y(Ex(€)) = y(AR(€)),
hence it is sufficient to show the following:

(13.7.4) For any F € mod(€) with F(R) = 0 there is a finite series of subfunctors in
mod(€): 0C F C F, C...C F_y C F, = F such that each F;/F;_; (1<i<n)isa
simple object in Mod(C).

To prove this, consider the module L = @ N where N runs through all the isomorphism
classes of indecomposable CM modules over R. Since R is of finite representation type, L
is a finitely generated module, hence it is CM. Notice that for an arbitrary F € mod(€)
with F(R) = 0, F(L) is a module of finite length. In fact, if F' has the presentation as
in (13.7.3), then F is a subfunctor of Extk( , M’) and thus F(L) C Exth(L, M'). Since
Exth(L, M') is a module of finite length by (3.3), so is F(L).

We shall prove (13.7.4) by induction on the length of F(L). If F is a simple funcior,
then there is nothing to prove. So assume that F' is not simple.

Take indecomposable M € € with F(M) # 0. Then as in the proof of (4.12), one can
construct an epimorphism 7 : F — Sy in Mod(€). Since R is of finite representation
type, € admits AR sequences; see the proof of (4.22). Hence, by (4.13), we have S)y €
mod(€). Letting G = Ker(w), we thus see that the subfunctor G of F is in mod(€),
(4.19). Since the length of F(L) is the sum of those of G(L) and Sps(L), the induction
hypothesis can be applied to G, thus (13.7.4) is true for G. Hence it is true as well for
F, and the proof is completed. §

(13.8) REMARK. It has been conjectured by Auslander that the converse of the theo-
rem is true, i.e., if Ex(€) = AR(C), then € is of finite representation type. This was proved
affirmatively for Artinian algebras by Auslander, and for complete one-dimensional do-
mains by Auslander and Reiten [10].

By the theorem, if the AR quiver I of R is finite, then we can compute the Grothendieck
group Ko(€) only from the information involved in T

(13.9) Ezample. Let R = C{z,y,2}/(z3+y*+ 2%). Then the AR quiver for R is figured
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as follows, cf.(10.15).

(Es)

From this graph, there are only six AR quivers in €, namely

0—»a—b—a—0, 0—=b—a®c—b—0,
0—e—d—e—0, 0—-d—e®dc—d—0,
0—=c—bdd®f—c—0, 0= f—-r®c— f—0.

Hence by Theorem (13.7), K¢(€) is the group generated by {a,b,¢,d, ¢, f,r} with the
relations 2a = b, 2 = a+c¢,2¢e =d, 2d =e+c,2c=b+d+ fand 2f =r+ec
Consequently, we have Ko(€) ~Z & Z/3Z, and CI(R) ~ Z/3Z by (13.3).

Since we already know the AR sequences for simple singularities; cf. (12.12), we can
easily compute the Grothendieck groups Ko(&) for these rings. We end this chapter by
exhibiting them below.

(13.10) PROPOSITION. Ko(€) for simple singularities are shown in the following.

The Type Odd Dimension Even Dimension
Ay (n :even) y 4 Io1/(n+1)1
Ayp (n :0dd) y i I0Z/(n+1)Z
Dy, (n :even) yAQ 1®(Z2/20)?)
D,, (n :0dd) 7 1o1/41

Es 4 191/31
Eq 7% 101/21
Es 4 z
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Chapter 14. CM modules on quadrics

In the case when R is a hypersurface defined by a quadratic form, CM R-modules are
rather easy to handle. In fact, we shall show in this chapter that they correspond to
Clifford modules. All ideas below are taken from Buchweitz-Eisenbud-Herzog [18].

Throughout the chapter k denotes an arbitrary field of characteristic unequal 10 2 and
(V, Q) is a quadratic space over k, i.e., V is a k-vector space of finite dimension and Q is
a mapping V — k with the properties: '

(14.1.1) Q(az) = a’Q(z) (a €k,z € V), and
(14.1.2) (z,y)g = 3{Q(z +y) — Q(z) — Q(y)} is a symmetric bilinear form on V.

Note that if V has a basis {ej,€3,..., €} and if it has the dual basis {z1,z2,...,z,},
then @ is a symmetric form:

n
Z aijziz;  (aij € k, aij = aj; for any i, j).
i,j=1

Hence after a change of basis, we may write @ as
n

(14.1.3) S (o; €F).
1=1

We are interested in the rings defined by quadratic forms.

(14.1) DEFINITION. Let (V,Q) and {z;,22,...,2,} be as above. Then we define:
(14.1.4) S =k[[z1,22,... ,24]] (the formal power series ring),

(14.1.5) Rg=S5/QS.
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As before we denote the category of CM modules over Rg by €(Rg). We are concerned
with the representation type of this category. So, first of all, we need the condition for
Rg to be an isolated singularity; cf. (4.22).

(14.2) LEMMA. Rg has only an isolated singularily if and only if the bilinear form
(, )g i3 nondegenerate.

PRrROOF: Let Q have the description as in (14.1.3). Then Rg is an isolated singularity
if and only if the ideal of Rg generated by {8Q/dzi| 1 < i < n} = {20zi| 1 < i < n}
1s primary belonging to the maximal ideal. This is equivalent to «; # 0 for all i, which
occurs only when ( , )g is nondegenerate.

Recall that CM modules over Ry without free summands are obtained by reduced
matrix factorizations of ), see (7.6). We show below that these matrix factorizations can
be chosen, up to equivalence, so that all their entries are linear forms. For example, let
S =k[[z,y]] and Q = z? + y°. Then a pair of matrices

((z+zy —y—zzy)’(z—zy y+z2y))

Y T—zTY -y T+ 2y

is certainly a matrix factorization of Q. However this is equivalent to
z —y Ty
(2.2 )
which has linear entries.

(14.3) PROPOSITION. (Buchweitz-Eisenbud-Herzog [18]) With the notation in
(14.1), suppose that Ry is an isolated singularily. Then every reduced mairiz factor-
ization of Q@ i3 equivalent {o one with linear entries.

Before proving the proposition, we remark that CM modules with ‘linear matrix fac-
torization’ have a specific property. For this, let us denote by Gg the associated graded
ring of Rg along the maximal ideal, so that Gg = k[z1,z3,... ,2,]/(Q). Note that Rg
is an isolated singularity if and only if Gg is.

(14.4) LEMMA. Let (p,9), (¢',¢') be reduced matriz factorizations of Q whose en-
tries are linear forms and let M, M' be the CM modules corresponding to them:
M = Coker(p,9), M' = Coker(y',¥'). Consider the graded modules

N = Coker(Gg(-1)™ £ G,
N' = Coker(Go(-1)™) £ G3),



126 Chapter 14

over the graded ring Gg. Then:
(14.4.1) M is isomorphic to the completion N of N wsth respect to the irrelevant mazimal
tdeal, and ' ‘
Extg, (N, N')y =~ Ext}zQ(M,M')
for any i.
(14.4.2) If Rg is an isolated singularity, then Ext};Q(N, N') is an Artinian Gg-module
for any i > 0.
(14.4.3) There is a graded Gg-free resolution of N of the form:

o G(—3)™ £, Go(—2)™ L Go(-1)™ £, G(Q") — N —0.
14.4.4) There is an isomorphism of graded Gg-modules:
( ) ™ g Q
Extgy (N, N') = Extg2(N, N')(-2),

Jor eachi >0

ProorF: For simplicity write G instead of Gg. Since G = k[zy,z3,... ,2,}/(Q), we have
G = Rq. Hence (14.4.1) is evident from this.

In Exti(N, N')~~ Ext}'gQ (M, M'), the latter module is of finite length if i > 0, since
Rgq is an isolated singularity; see (3.3). In general, a graded G-module is Artinian if and
only if its completion is Artinian. Hence (14.4.2) follows.

We leave the proof of (14.4.3) to the reader, since it is proved by the completely same
argument as’in (7.2).

By (14.4.3) we have an exact sequence of graded G-modules:

0— N(-2) — G(-1)™ £, " . N —0.

Hence it follows that Exth(N(—2), N') ~ Extg"z(N, N') for any i > 0, which shows
(14.4.4).

(14.5) LEMMA. Let N, N' be as in (14.4).
(14.5.1) If Extgo (N, N’) (i > 0) are Artinian Gg-modules, then, for any i > 0,

Ext’;;Q(N, N');j =0 whenever i+j>0.

(14.5.2) If Rqg is an isolated singularity, then HomGQ(N, N"); =0 for j > 0. (See (3.7)
for the definition of Hom.)

PROOF: (14.5.1) : We use induction on n. If n = 1, then Q = ez} () € k), hence
every matrix factorization of @ is a direct sum of matrix factorizations of the form
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(Bz1,v21) (B, 7y €k, a1 =B-7). Loy =0, then N, N’ are free modules and the claim is
obvious. So suppose a; # 0, and thus we may assume that N = N/ = G/21G. Then it
is easy to see that Ext4(N, N') = k(i) (the module k shifted degree by i), which proves
(14.5.1) forn =1.

Assume n > 2. Note form (14.4.4) that it is sufficient to prove (14.5.1) for ¢ > 2. One
can choose a linear form z in G that is a nonzero divisor on G, hence on N and N'.
(Why?) Set G = G/2G, N = N/zN and N’ = N'/zN’. From the short exact sequence
of graded G-modules:

z

0 —— N(-1) N N 0,

we have a long one:
(*) - — ExtTY(N, N')(1) - Ext5(N, N') — Exth(N, N') 5 Exty(N, N)(1) — - .
Here an easy computation shows that

(**) ExtL(N,N') ~ Extgl(ﬁ, N')(1) for any i > 0.
(Use the fact that Extjc(@, N')~N'(1) (j =1) and =0 (otherwise) to the spectral
sequence: '

ExtZ(N,Ext{(G, N') = ExtZH(N,N').)
Since Ext4(N, N') (i > 0) are Artinian modules, we see from (*) and from (**) that
Extlc—(ﬁ, N7) (i > 0) are also Artinian. Thus we may apply the induction hypothesis to
the G-modules N and N7 to get:

ExtiG-(W, N7); =0 whenever i +j > 0 and i > 0.
Therefore, letting K* = Ker(Ext5 (N, N') 5 Exth(N, N')(1)), we see from (*) that
(K); =0 if i+j>0andi>?2.

Let £ be an arbitrary element in Ext(N, N'); with i + 7 > 0 and with ¢ > 2. Since
Extic(N, N') is an Artinian G-module, a power of z kills £, i.e. 2/¢ = 0 for some | > 0.
Then, since z'"1¢ € (Ki)j+1_1, we have z/~1¢ = 0 by the above. Continueing this, we can
show that £ = 0, hence (14.5.1) is proved.
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(14.5.2) : Let L' = Coker(G(—l)("l) LA G("')). Then, by (14.4.3), we have the exact
sequence of graded G-modules:

0 —— L'(-1) G N' 0,
therefore the following is also exact:
Homg(N,G(™)) —— Homg(N, N') —— ExtL(N, L')(-1).

Then it follows from (4.15.1) that Homg(N, N') is a submodule of ExtL(N, L')(—1).
Thus to prove (14.5.2) it is enough to show that

Extg(N,L')(-1); =0 if j>0.

However this is a direct consequence of (14.4.2) and (14.5.1). 1
We are now ready to prove the proposition.
PrOOF OF ProPOSITION (14.3): Let (¢, %) be a reduced matrix factorization of @ of

size n. Write
[o o] [o o]
o= i, P=
=1 =1

where @;, ¥; are matrices of forms of degree i. Taking the homogeneous part of the
equation ¢ - P = ¢ - p = QI , we see that

P11 =191 =QI,

so that (p1,9¥1) is also a matrix factorization of Q. Let M be the CM module
Coker(p1,%1) and set N = Coker(Gg(~1)™ L2 G(Q")) as in (14.4). Notice that by
(14.4.3), there is an exact sequences of Gg-modules:

P1

®) P Go(e2)® L (-1 el N 0.

We will show that (¢, ) is equivalent to (1, 1)

Looking at the degree 3 part in ¢ - 9% =9 - ¢ = QI, we have ¢; - ¥ + 93 - ¥1 = 0 and
¥1 - 2 + ¥2 - 1 = 0 which means the pair of matrices (p2, —12) gives a chain map from
the complex (*) to itself:

¥ G (n) _# (n) ¥ (n) _# (n)
c > G(=3)" —— Go(-2)'"Y —— Go(-1)™ — Gy
v’zl —npzl 'le

(21 ¥ (n ] n
- Go(-1)m = G(Q) = Go(1)™.
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Therefore it gives an element of degree 2 in ExtbQ (N, N), which must be zero by (14.5.1);
equivalently the chain map is homotopically zero. Thus there are square matrices o3, B2
consisting of forms in S such that the following equations hold as matrices on Gg:

pr=0az-p1— 1 B2, —tp2 = —f2 - + 1 - 2.

Then these hold true as matrices on Rg, because Gg = Rg. Nowset ¢(2) = (1—a3)p(1—
B2)~' and ¥ = (1 — B2)¥(1 — az)~!. They are well-defined matrices on S. In fact,
1— o2, 1— B have inverses £ o, T2, B4 respectively as matrices on S. (S is complete
) Note that (¢(?), () is again a matrix factorization of @ without homogeneous part
of degree 2, so that the matrices are written:

o] o0
D=+ YoM, =g+ Y 9,

1=3 =3

where yagz), 11:,(2) are matrices of forms of degree i.

This procedure can be continued inductively to get:

(14.3.1) For any j > 1, there is a matrix factorization (), 19)) of Q (with (1), (V) =
(¢,%) ) which has the description:

j ) j = ()
?’(J)=Y’l+ Z V’iJ , ¢(J)=¢l+ Z ¢iJ ,
i=j+1 =541
where gpgj ), ¢§j ) are matrices consisting of forms of degree . Furthermore there is a pair of

matrices (a;, §;) with o) = (l—aj)y:(f'l)(l—ﬂj)'l and 90 = (1_ﬂj)¢(j—1)(1_aj)—1.
(Give a proof of this .)

Since S 1s complete, we can take

n n
A=lim [[0-0a;), B=lim [[Q1-45)
=2 j=2
Then they are invertible matrices on S and satisfy

ApB' = lim o) =¢; and BypA' = lim ¢0) =4

Therefore the matrix factorization (g, v) is equivalent to (¢1, %) as required. 4
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Assume that Rg has only an isolated singularity and suppose we are given a CM module
M over Rg with no free summands. Then the corresponding matrix factorization (p, 1)
can be chosen to be reduced. By virtue of (14.3) we may assume that the entries ¢;j, ¥;;
are all linear forms, hence are elements in the dual space V* of V. Let m be the size
of the matrices ¢, 1 and prepare the k-vector space U of dimension m with some fixed
basis. Then the above says that ¢, ¥ give linear maps:

(14.6.1) V — Endi(U) 5 v = 9(v) = (9ij(v), ¥(v) = (¥i5(v)).

Let k{V) denote the free k-algebra on V', let Wy, W} be copies of U and set W = Wy @W;.
We define a k(V)-module structure on W as follows:

(14.6.2) An element v in V acts on Wy by ¢(v) : Wy — W; and acts on Wi by ¥(v) :
W1 b d Wo.

Notice that ¥(v)e(v) = Q(v)1lw, and ¢(v)¥(v) = Q(v)lw, for any v in V. Hence,
(14.6.3) v? — @Q(v) acts trivially on W for any v € V.

In other words, W is a module over the ring
(14.6.4) EV)/(v* - Q(v)| v e V).

(14.6) DEFINITION. The k-algebra defined by (14.6.4) is called the Clifford algebra
over the quadratic space (V,Q), and is denoted by C(V, Q) or C(Q). Define the degree
of an element vijvy---v, € C(Q) (vi € V, 1 < i < n) as n (mod 2), which is well-
defined by (14.6.4). Write Co(Q) (resp. C1(Q) ) as the subspace of C(Q) generated by
all homogeneous elements in C(Q) of degree 0 (resp. 1). It is easily seen that Co(Q) is a
subalgebra of C(Q) and that Ci(Q) is a Co(Q)-module. Furthermore C(Q) = Co(Q) &
Ci(Q) is a Z/2Z-graded algebra over k.

We denote by A(g,¢) the C(Q)-module W defined by (14.6.2). It is clear from
the definition that A(y, ) is a Z/2Z-graded C(Q)-module by defining graded pieces:
A(p,¥)o = Wo, A(p, ¥)1 = W1

Next let (e, B) : (¢, %) — (¢',¢') be a morphism between reduced matrix factorizations

with linear entries:
¢ [

smy _~ , gm) _~_, g(m)

gt dt gt

gomy Y, gty _*, gim)
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Let ao, By be the constant terms of the matrices «, B respectively, (that is, ag is the
matrix obtained from « by substituting 0 in all variables 2; in «). Then define a k-
linear map A(a, B) : A(p, %) — A(¢',9') by A(er, B)(wo) = Bo(wo) € A(¢',¥')o (wo €
A(p,$)o) and A(a, f)(w1) = ao(w1) € A(¢', ¥')1 (w1 € A(p,$)1). Since ap - p(v) =
©'(v) - Bo and Bg - ¥(v) = ¢'(v) - & for any v € V, we easily see that A(a, 8)(vw) =
vA(a, B)(w) (v € V,w € A(p,¥)), hence A(e, 8) is a C(Q)-homomorphism which is
obviously Z/2Z-graded.

Let gtOM(C(Q)) denotes the category of finitely generated Z/2Z-graded modules and
degree-preserving homomorphisms over C(Q). Recall that RMF ¢(Q) is the category of
reduced matrix factorizations; see (7.3.2). Notice that we showed in (7.4) that RMF¢(Q)
is equivalent to the category €(R). Under the assumption that Rg is an isolated singu-
larity, we have defined above the functor from RMF5(Q) into gtdR(C(Q)):

(14.7.1) A : RMFg(Q) — gt (C(Q))-

(14.7) THEOREM. (Buchweitz-Eisenbud-Herzog [18]) Suppose Rq is an isolaled sin-
gularity. Then the above funclor gives rise {0 an equivalence of categories.

ProoF: We construct a functor in the reverse direction. Let W = Wy @ W be an object
in geIM(C(Q)). Since it is graded, any v in V determines k-linear maps ¢(v) : Wo — W,
and ¥ (v) : W3 — Wy. By the definition of C(Q), one sees that ¢(v) - ¥(v), ¥(v) - ¢(v)
are the multiplication maps by Q(v) on Wy, Wy respectively. Taking v € V as Q(v) #£ 0,
we see that Wy and W; are isomorphic as k-vector spaces and we may identify them:
U = Wy = W;. Since ¢(v), ¥(v) are linear in v, fixing a base of U, we may write
@ = (pi;), ¥ = (¥i;), where p;;, ;; are all linear functions on V, hence are linear forms
in S. Thus (g, %) gives a reduced matrix factorization of Q with linear entries. We will
denote this by O(W).

For a graded C(Q)-homomorphism f : W = Wy & W; — W' = W) & W] we define a
morphism O(f) : O(W) — O(W') as follows: Since f preserves degree, it gives k-linear
maps fo : Wo — W{ and f; : Wi — W|. They satisfy fi(vwp) = vfo(wo), fo(vwr) =
vhi(w) (v €V, wp € Wy, wy € W)), since f is C(Q)-linear. Therefore f,-p(v) = ¢'(v)- fo,
Jo-¥(v) = ¥'(v)- fi as mappings on Wy, W, respectively. Regarding fo, f1 as matrices with
constant entries in S, we see from this that (fo, f1) is a morphism of matrix factorizations.
Wirite this as ©(f). Thus we have defined a functor © : gr9(C(Q)) — RMF¢(Q).

By the construction it is easy to see that A(O(W)) = W and A(O(f)) = f for a
graded C(Q)-module W and a graded C(Q)-homomorphism f, so that A - © is the
identity functor on gtfM(C(Q)). It is also obvious that OA((p, %)) = (¢, ¢) for a matrix
factorization (¢, %) with linear entries. Hence, to prove the theorem, it remains to show
that ©A((e,B)) = (a,B) for a morphism (o, ) : (p,¥) — (¢',¢') of linear matrix
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factorizations. Let ag, By be the constant terms of @, B as in the definition of A. Then
by the construction of ©, it can be seen that OA((a, 8)) = (a0, fo). We have to show the
equality («, 8) = (@0, f0) as a morphism in RMFs(Q). For this, let M = Coker(p, ¥),
M' = Coker(v', ¢') and let

N= Coker(G’q(—l)(") 4 Gg)),
N' = Coker(G’q(—l)("') L G(g ))

as in (14.4). Recall that the functor Coker : RMF¢(Q) — €(Rq) is an equivalence of
categories, (7.4). Hence it is sufficient to show that Coker(a, ) = Coker(ag, fo) as an
element in HomRQ(M, M'). Let us write a, B as

o0 o0
a=Y o B=3 A

=0 i=0
where o;, §; are matrices consisting of forms of degree i. Looking at the degree ¢ +1 part
ma-p=¢' B, -9 =19 -, wesee that (a;, 5;) is a morphism of matrix factorizations
for any i. It is thus easy to see that (a;, f5;) gives an element in HomGQ(N, N') of
degree i, and through the completion map HomGQ(N, N') — ﬂ_cmRQ(M, M') it goes to
Coker(ai, ;). However we know from (14.5.2) that Homg, (N, N"); =0 (i > 0), hence
Coker(ai, 3;) = 0 (i > 0). Therefore we conclude that Coker(e, 8) = Coker(ag, fo) as
desired. B

Recall that if (, )g is nondegenerate, then the Clifford algebra C(Q) is a graded central

simple algebra over k, so that the objects in ge9M(C(Q)) are completely reducible and
gtIM(C(Q)) has only a finite number of simple objects; see Lam [46]. Hence we see from
the theorem and from (14.2) that the CM ring Rq s of finile representation lype if and
only if the bilinear form (, )g is nondegenerate.

In the rest of this chapter we assume that all quadratic forms have nondegenerate
bilinear forms. If the quadratic form (V, Q) is isomorphic to the direct sum of (V', Q')
with the hyperbolic space H, then the Clifford algebra C(Q) is known to be isomorphic
to C(Q')®,C(H) as a graded k-algebra, where ® denotes the graded tensor of graded
algebras; see Lam [46]. Here C(H) is the total matrix algebra, hence the category
gtM(C(Q)) is Morita equivalent to gtIM(C(Q')). Recalling that the Witt ring W (k) of
k is defined to be the set of all isomorphism classes of quadratic spaces over £ modulo
the hyperbolic spaces, we have shown:

(14.8) PROPOSITION. Suppose that quadratic forms (V,Q) and (V',Q’) define the
same cless in the Witt ring W (k). Then the categories RMEg(Q) and RMFE4(Q') are

equivalent.
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(14.9) REMARK. By the proposition W (k) classifies the categories of nonfree CM
modules over the rings defined by quadratic forms. However one can show that they
can be classified by a smaller group than W (k). To see this, recall that the Brauer-
Wall group BW (k) is the group consisting of all classes of graded central simple algebras
over k£ modulo graded Morita equivalence. Note that, by definition, there is a natural
epimorphism of groups W (k) — BW (k) which sends the class of (V,Q) to the class of
C(Q). For example, W (k) ~ BW (k) ~ Z/2Z when k is an algebraically closed field, and
W(R) ~ Z, BW(R) ~ Z/8Z; see Lam [46]. If the Clifford algebras C(Q) and C(Q’) have
the same class in BW(k), then it is obvious by (14.7) that RMFg(Q) is equivalent to
RMF«(Q").

Recall that n(R) denotes the number of classes of indecomposable CM modules over
R. For the rings defined by quadratic forms we can easily evaluate these numbers.

(14.10) PROPOSITION. Suppose the ring Rq has only an isolated singularity. Con-
sider the condition:

(%) either dimg(V) is odd, or dimy(V) is even with (—1)3™(V)/2 det(Q) ¢ (k*)?
Then n(Rg) = 2 under the condition (x), bul otherwise n(Rg) = 3.

ProoF: Note from (14.7) that n(Rg) is bigger than the number of classes of simple
objects in gtIM(C(Q)), by just one. Since C(Q) is a graded Azumaya algebra, there is
only one class of simple module over C(Q) up to degree shifting. Therefore gtIMM(C(Q))
has at most two simple objects. More precisely, if W = Wy @ W is a simple object
in gtOM(C(Q)), then shifting the degree, the module W = W; @ W, is also simple in
gtIM(C(Q)). Hence W, W are all of the simple modules. If W ~ W as a C(Q)-module
then n(Rg) = 2, and otherwise n(Rq) = 3.

It is known from the theory of quadratic forms [46] that the even Clifford algebra
Co(Q) is an Azumaya k-algebra when (*) is satisfied, otherwise Cp(Q) is a product of
two Azumaya algebras. Thus, assuming the condition (*), we see that Wy ~ Wj as a
Co(Q)-module, hence W =~ Wj ®¢,(q) C(Q) = W and consequently n(Rg) = 2. When
(*) does not hold, if C5(Q) =~ €' x C" with C', C" Azumaya algebras over k, then there
are nonisomorphic Cy(Q)-modules W', W”, hence W' ®¢, () C(Q) and W" ®¢,(q) C(Q)
are nonisomorphic simple objects. Therefore n(Rg) = 3. 1

(14.11) Ezample. If k is an algebraically closed field, then every quadratic form is equiv-
alent to 7, z? € k[z1,22,... ,2n] (m < n). Thusif Rq is an isolated singularity, then
Rg = k[[z1,22,... ,zn)]/(z} +2}+...+22). By the above proposition we have n(Rq) = 2
if n is odd, and n(Rgq) = 3 if n is even. This is a special case of the Knorrer’s periodicity

(12.10).
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(14.12) Ezample. Consider the case when k is the field of real numbers R. Then each
quadratic form is equivalent to

—_ 2 2 2 2 2 2
Q=z{+zi+...+2, — 21— Zppp— ... — ZTpy, ER[21, 22, ..., 24].

Note that Rg is an isolated singularity if and only if n = p+¢. By (14.10) one can verify
that n(Rg) = 3 if p — ¢ is a multiple of 4, otherwise n(Rg) = 2.

Furthermore one can easily describe the AR quivers for several rings of this type. For
example, if p = 2 and ¢ = 0 so that R = Rg = R[[z,y]]/(2? + y?), then the AR quiver
of R is shown in (14.12.1), where m is the maximal ideal of R. It is easy to see that
Endg(m)/rad(Endg(m)) =~ C. The indices in the diagram are attached as defined in
(5.3). Because it follows from this diagram that 0 — m — R?> — m — 0 is the unique
AR sequence in €(R), we can compute the Grothendieck group of €(R) by the method
developed in (13.7). Actually Ko(€(R)) is an Abelian group generated by [R] and [m]
with relation 2[R] = 2[m]. It, then, follows that the class of the residue field of R is
nonzero in Ko(€(R)), since [R/m] = [R] — [m] 3 0. This gives the example announced in
(13.5).

(2, 1) TN
——— Y
o m !
1., 2) RS

(14.12.1)



135

Chapter 15. Graded CM modules on graded CM rings

We are concerned in this chapter with graded CM modules over a graded CM ring
and study their relationship with completed CM modules. If a graded ring is of finite
representation type, then we can show that every complete CM module comes from

graded one; see (15.14).

Let R = Y2, R; be an arbitrary N-graded CM ring with Ry = k a field. Setting
m = Y ;50 Ri, we denote by R the completion of R in m-adic topology. As before,
let €(R) be the category of CM R-modules and R-homomorphisms, and let gt€(R)
denote the category of graded CM modules over R and graded homomorphisms preserving
degree. Likewise MM(R) (resp. gt9M(R)) is the category of finitely generated R-modules
(resp. finitely generated graded R-modules) and R-homomorphisms (resp. graded R-
homomorphisms preserving degree). In addition, for M € gt9M(R) and n € Z, M(n) €
gtIM(R) is defined by M(n); = M,yi. Graded modules M, N € gt9M(R) (resp. €
gt&(R)) are said to be isomorphic up to degree shifting if M(n) ~ N in gcIN(R)
(resp. in gt€(R)) for some integer n. Notice that, for M, N € gtIM(R) (resp. € gr€(R)),
Hompg(M, N) is a graded module of all graded R-homomorphisms from M to N and that
Homgegnry(M, N) (resp. Homgrg(r)(M, N)) is the degree 0 part of Homg(M, N).

For the convenience we say that the category gt€(R) is of finite representation type
if there are only a finite number of isomorphism classes of indecomposable graded CM
modules up to degree shifting. We note that any arguments in previous chapters have
their graded versions, so that the statements concerning €(R) in preceeding chapters are,
after a slight modification, all valid for the category gt€(R). For example the graded
version of Theorem (4.22) can be stated as follows: If gt€(R) is of finite representation
type, then R is a graded isolated singularity, by which we understand that each graded
localization Ry = {z/a| z € R, a € R — p is homogeneous} is regular if p is a graded
prime ideal with p # m.

We would like to prove the following
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(15.1) PROPOSITION. gt&(R) is of finite representation type if €(R) is.

For any M € gr€(R) we denote its m-adic completion by M. Likewise f is the com-
pletion of a graded homomorphism f between graded modules. Thus we can define the
functor from gt&(R) into €(R) by taking completion.

Proposition (15.1) now follows from the following

(15.2) LEMMA.

(15.2.1) If M is an indecomposable graded R-module in gtOM(R), then M is also inde-
composable as an R-module.

(15.2.2) Let M and N be indecomposable objects in gtOR(R). If M =~ N in M(R), then
M 1s 1somorphic to N up to degree shifling.

Proor: (15.2.1): Write £ = T;cz E; = Endp(M) and M = T,.0 E;. Note that 9
is a nilpotent graded ideal of E. Since idempotents are split in the category gtM(R),
Ey = Endgem(g)(M) is a local ring. Note also that Endﬁ(fl) ~ E. Let e(# 0) be
an idempotent in E. We have to show that e = 1. Denote by & the class of e in
E/ME. Since there is an isomorphism E/ME =~ (E/NE)~ = [IX, Ei, we can write
e=er+erg1+erqat... (r>0, e, #0) where each ¢; is in E;. Comparing the terms of
minimal degree in &% = &, we see that e2 = e,, hence we obtain » =0 and eg = 1, as Ey
is a local ring. Since ¥;5q€; € rad E, this implies that € is a unit in E/ME. Therefore e
is a unit in E and thus e = 1 as required.

(15.2.2): Let Hy = Hompg(M,N) and Hy = Hompg(N, M). Since M and N are finitely
generated R-modules, we see that

—

Hi®r R~ Homﬁ(M,ﬁ), H, ®BR:Hom§(7V\,1Tl).

By the assumption there are f € Homﬁ(fl, N)andg€ Homﬁ(ﬁ, J’l\l) with f-g =15 and
g-f = 1. Then, by the above isomorphisms, we have homogeneous elements h;; € H;
and a;; € R fori = 1,2 such that F=ZLjhj®a; and g =T; hy; ®as;. Thus f-g = lﬁ
implies ¥ hijho ® aijasr = 1g5. Since Endp(N)®r R ~ Endﬁ(ﬁ) is a local ring by
(15.2.1), we see that, for some j and k, hyjha; ® a1jazk is a unit in this ring. Then aijaq
is a unit in R and hijhy; is a graded automorphism on N. Thus N is isomorphic to a
direct summand of M up to degree shifting. Since both M and N are indecomposable,
this shows (15.2.2).

This lemma shows that the set of classes of indecomposable graded CM modules over
R under isomorphisms up to degree shifting is a subset of the set of isomorphism classes
of indecomposable CM modules over R. Therefore the proposition follows.

We can prove that the converse of Proposition (15.1) is true as well. To do this we need
several auxiliary results.
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(15.3) DEFINITION. We say that a finitely generated module M over R is gradable
if there is a finitely generated graded module X over R such that M =~ X. Similarly
an R-homomorphism f : N — M of gradable modules is said to be a gradable homo-
morphism if there is a graded homomorphism of graded modules ¢ : ¥ — X with a
commutative diagram in €(R):

~

N —

Ll

M= X
(15.4) REMARK. Let Kg be the graded canonical module of the graded CM ring R.
(For the definition of Kg, we understand (1.10) in the graded sense.) Then it is known
and can be easily seen that the canonical module K of R is isomorphic to K, whence
it is gradable. For a finitely generated graded R-module X, denote the graded canonical
dual Homp(X, Kg) by X'. And for an R-module M we also write M' = Hompg(M, Kg).
Then by the above if M = Y, then M’ = X'. As a result, the canonical dual of a
gradable module over R is also gradable. Similarly, for a gradeable R-module M, the
R-dual M* = Homg(M, R) of M is also a gradable module.

Let X be a graded CM module over R and let M = X. Consider a syzygy of X as a

graded R-module:

=y

0-—-+Y-—-+F,,_1{'—-3F,._2—->----—-+F1 lL*Fo—-’X'—*O,
where all F; (0 < ¢ < n) are free R-modules and f; (1 < ¢ < n) are graded R-
homomorphisms. Then by the exactness of completion, it follows that ¥ is a syzygy
of M as an R-module. This implies that a syzygy module of a gradable module is also
gradable. A similar argument to this shows that tr(M) is also gradable whenever M is
gradable.
Recalling from (3.11) that AR translation is given by

(M) = (syz* tr(M))',

we conclude that 7(M) is gradable if M is. More precisely, if M ~ X for a gradable
CM module X, then, denoting 74 (X) = (syz? tr(M))' where syz and tr are taken in the
graded sense, we have the equality:

—

(15.4.1) (M) = 750(X).

Furthermore we notice that eny direct summand of a gradable module is gradable. In
fact, if M = X with X a graded module, then, decomposing X into a sum of graded
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indecomposable modules: X = ¥; X;, we see from (15.2.1) that M = Z;)?; is a direct
decomposition of M into indecomposable modules, hence that any summand of M is a
sum of several X;’s by the Krull- Schmidt theorem.

Recall that R is a graded isolated singularity if each graded localization R(y) is
regular for any graded prime p(# m). H this is the case, the graded version of (3.3)
shows that any graded CM module over R is locally free, that is, for any graded prime
ideal p(# m), My is Ry)-free.

(15.5) LEMMA. Assume that R is a graded isolaled singularity. Then, for any X,Y €
gt€(R) and for any positive inleger n, there is a natural isomorphism:

Ext}(X,Y) = Ext}(X, Y).

PROOF: Since the completion is faithfully flat, there is a natural isomorphism of R-
modules: ExtR(X,Y)" ~ Ext%(?,?). Since the graded CM module X is locally free,
Ext(X,Y) is an Artinian module for n > 0, in particular it is a complete module, i.e.,
Ext}(X,Y) ~ Ext}(X,Y). 8

(15.6) LEMMA. Assume that R is a graded isolated singularity and let M be an inde-
composable gradable CM module over R.
(15.6.1) If M is not free, then there is an AR sequence ending in M:

0 M) —— E L2 M 0,

where (M), E are gradable modules and p, g are gradable homomorphisms.
(15.6.2) If M is not isomorphic to the canonical module Ky, then there is an AR sequence
starting from M :

0 M1 ¢ 2o i) — 0,

where G, T~1(M) are gradable modules and p, q are gradable homomorphisms.

Proor: By duality it is sufficient to prove (15.6.1). Note first that R is an isolated
singularity, since the defining ideal of singular locus of R is gradable and it is W-primary
by the assumption. Let X be a graded CM module over R such that X ~ M. We
showed (cf. (3.13)) that the AR sequence ¢ ending in M corresponds to the unique socle
element in Ext}i(M, 7(M)). Since Ext}i(M, 7(M)) ~ Extp(X, 7-(X)) by (15.4.1) and
(15.5), its socle is in part of maximal degree in this graded module. Hence we can take
a socle element as a homogeneous element in Extk(X,74-(X)). Let p: 0 — 74(X) —



Graded CM modules on graded CM rings 139

Y — X — 0 be a short exact sequence of graded CM modules corresponding to the
homogeneous socle. Then the AR sequence ending in M is given by the completion of
p. Hence all the modules and all the homomorphisms appearing in the AR sequence are

gradable.

(15.7) PROPOSITION. Suppose that R is a graded isolated singularity. Let M and N
be indecomposable CM modules over R and assume that there is an irreducible morphism
M — N in €(R).

(15.7.1) If N is nonfree and gradable, then M is gradable.

(15.7.1) If M is not isomorphic to Kg and if M is gradable, then N is gradable.
(15.7.2) If M is nonfree and gradable, then N is gradable.

(15.7.2)' If N is not isomorphic to Kg and if N 1s gradable, then M s gradable.

ProoF: (15.7.1) : Since N is nonfree and gradable, it follows from (15.6.1) that there is
an AR sequence

0 7(N) E N 0,

where all modules are gradable. Then by (2.12), M is a direct summand of F, hence it
1s also gradable.

(15.7.2) : If N =~ R, then there is nothing to prove. So we assume that N is nonfree.
Then there is an AR sequence of the form:

0 — 7(N) — EFE®M — N — (),

since there is an irreducble morphism from M to N. Thus, by (2.12), there is an irre-
ducible morphism from 7(N) to M. Since M is nonfree and gradable, we can construct
an AR sequence

0 (M) L M 0,

consisting of gradable modules; see (15.6.1). Then 7(N) is a direct summand of L, hence
it is gradable. Since 7(N) # K, (15.6.2) shows that N = 771(7(N)) is also gradable.
(15.7.1) and (15.7.2)' follow from (15.6) by a similar argument to the above. §

As a special case of this proposition we obtain:
(15.8) COROLLARY. Suppose that R is a graded isolated singularily and that R is not
Gorenstein. Lel M and N be indecomposable CM modules over R and assume that there

is an irreducible morphism M — N in €(R). If one of M and N is gradable, then both
are gradable.

PRroOF: Since Kg # R by the assumption, we can apply (15.7) to get the corollary. n
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(15.9) NOTATION. We denote by T the AR quiver of the category €(R). Moreover
Tyr denotes the subgraph of T' consisting of all vertices of indecomposable gradable CM
modules and all arrows connecting them.

With this notation, (15.8) can be stated as follows:

(15.10) COROLLARY. Suppose that R is a graded isolated singularity and that R is
not Gorenstein. Then Tyr is a sum of several connecled components of T

As we naturally expect, this corollary is true also in the case that R is Gorenstein. To
show this we need the following proposition.

(15.11) PROPOSITION. Suppose that R is a Gorenstein ring. Let M be a gradable
R-module that is not necessarily CM and let n be a nonnegative integer. Then there is a
gradable CM module L over R and there is an epimorphism

Homg( ,L) — Extj( , M)

in the Auslander category mod(€(R)).

PrOOF: Take a graded R-module X with X =~ M. As in (4.18) we prove the proposition
by induction on ¢ = dim(R) — depth(X), where dim(R) (resp. depth(X)) is the graded
Krull dimension of R (resp. the graded depth of X). Note that dim(R) = dim(R) and
depth(X) = depth(M).

Suppose t = 0. Then X is a graded CM module. So, if n = 0, then it is enough to put
L = M. Taking a graded free cover of the graded canonical dual X' of X, we have an
exact sequence of graded modules: 0 - Y — F — X' — 0, where F is free and Y is a
graded CM module over R. Clearly its dual sequence is also exact:

0 X » F' > Y 0.

We take the completion of this sequence to get the exact sequence of R-modules:

0 » M F 2% » 0,

where we note that Y7 is also a gradable CM module over R. Then we obtain an exact
sequence and isomorphisms in mod(&(R)):

0 — Homp( , M) — Hompg( ,f”)—*Homﬁ( ,?’)—*Ext}{( , M) — 0,

n ~ n-1 i
Ext( ,M)_Extﬁ ( ,Y) (n>1).
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The first sequence shows the proposition in the case n = 1. For n > 1, the above
isomorphism shows that the proof is reduced to the case n — 1. Hence the proposition is
proved by induction on n.

Next suppose t > 1. Let 0 = Z — G — X — 0 be an exact sequence of graded
R-modules where G is free and Z is a graded module with depth(Z) = depth(X) + 1.
Letting N = Z and P = G, we have a short exact sequence 0 > N - P - M — 0 and
we may apply the induction hypothesis to N. Note that Ext%( ,PY=10(i>0) as an
object of mod(€(R)), since R is a Gorenstein ring and since P is a free R-module. Thus
we have isomorphisms of functors:

Ext}( ,M):Ext”ﬁ"'l( ,N) (n2>1).

This shows that, by the induction hypothesis, the proposition is true when n > 1. Tt
remains to show in the case n = 0. From the above exact sequence, we have an exact
sequence:

Homg( ,P) — Homg( ,M) — Ext}z( ,N) — 0.
By the induction hypothesis there is a gradable CM module @ such that an epimorphism
Homg( ,Q) — Ext}z( , N) exists in mgd(@(fl)). Since Homg( ,Q) is a projective
object in the Auslander category mod(€(R)) (see (4.8)), the above epimorphism can be
lifted to a morphism Homg( ,Q) — Homg( ,M). Then putting L = P ® @, we can
construct an epimorphism Homg( ,L) — Homg( ,M). 8

As a corollary of Proposition (15.11) we can show that a CM approximation of a

gradable module over R can be taken as a gradable CM module. More precisely we show:

(15.12) COROLLARY. Suppose that R is a Gorenstein ring. LetAIW be a gradable
module in grON(R). Then there exisi a gradable CM module L over R and a gradable
homomorphism f € Homg(L, M) that satisfy:
(15.12.1) Any homomorphism from any CM R-module N 1o M is a composilion of f with
some homomorphism from N o L.
ProoF: Apply (15.11) to the case n = 0. &

Using this corollary we can show that (15.10) is true in general.

(15.13) PROPOSITION. Let R be a graded isolated singularity. Then Ty, is a sum of
several connected components of T.

PRroOF: By (15.10) we may assume that R is a Gorenstein ring. Let [M] be any vertex
of T'y,. We have shown in (15.7) that if M is nonfree, then any vertex connected with
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[M] by an arrow in T belongs to T'y,. We have to show the same when M ~ R. Since
the maximal ideal M of R is a gradable module, it follows from (15.12) that there are
a gradable CM module L and a gradable homomorphism f : L — ® with the property
(15.12.1).

Let N be an indecomposable CM module over R. If there is an irreducible morphism
g : N — R, then the image of g is in T, thus g is decomposed as N — L L@ckh
Then by the definition of irreducible morphisms, N is isomorphic to a direct summand
of L, and hence N is also gradable.

If there is an irreducible morphism R ~+ N, then the dual N’ — R’ = R is also an
irreducible morphism and the above shows that N’ is gradable, hence N is also gradable
by (15.4). Thus the proposition is proved. i

Now we can prove the converse of (15.1).

(15.14) THEOREM. (Auslander-Reiten [15]) Suppose that Ry = k is a perfect field. If
gt€(R) is of finite representation lype, then so is €(R). And if this is the case, all CM
modules on R are gradable.

PrOOF: Since gt€(R) is of finite representation type, the graded version of Theorem
(4.22) shows that R is a graded isolated singularity. Hence by (15.13), Ty, is a sum of
connected components of I'. On the other hand, note that 'y, is a finite graph by the
assumtion. Then Theorem (6.2) implies that T' =Ty,. 1
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Chapter 16. CM modules on toric singularities

In this chapter we are interested in the representation type of toric singularities, and
we shall give some examples of CM rings of dimension three, which are non-Gorenstein
and of finite representation type.

In what follows k will denote an algebraically closed field of characteristic 0 and k*
denotes the multiplicative group of all non-zero elements in k.

Recall that an algebraic torus T of dimension m is a direct product (k*)™. Suppose
that the torus T acts rationally on a vector space V of dimension n. Then it can be
seen by complete reducibility of torus-action that there exist a basis {z1,z2,... , 25} of
V and integers a;; (1 < i < n, 1 £ j < m) such that the action is given by ¢ - z; =
112 thme; (1 < i < m) for t = (41,12,... ,4,) € T. In particular, the action is
completely determined by the integer matrix A = (a;;). This action can be extended to
the symmetric algebra S = S(V) = k[z1,z2,...,2,] of V and we denote the invariant

subring of S by R(A), i.e.
RA)={feS| fit-z1,t - z2,... ,t-2,) = f(z1,22,... ,2,) for any t € T'}.

This ring may be written in the following manner:

If H is the sub-semigroup of N(®) consisting of & = (0, 19,... , ) With Ty oa; =0 (1 <
j < m), then R(A) is the semigroup ring k[z®| o € H], where z* denotes z{'z5? - -
We can make the ring R(A) a Z-graded ring by defining degree as follows:

an
[

(16.1.1) deg(z*) = ia;.
=1

Writing Ry (A) for the maximal ideal generated by all homogeneous elements of positive
degree, we define R(A) to be the R4(A)-adic completion of R(A) and call it a toric
singularity. Note that R(A) = k[[z%| a € H]] with the above notation.

Of most importance is the following fact proved by Hochster [40]:
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(16.1) PROPOSITION. R(A) and R(A) are both CM rings.

By this fact it is natural to ask when R(A) is of finite representation type. By virtue of
(15.1) and (15.14) the problem can be reduced to asking about the categroy gt€(R(A))
of graded CM modules over R(A). For convenience we make the following

(16.2) DEFINITION. An integer matrix A is said to be of finite type if the toric
singularity R(A) is of finite representation type, otherwise it is of infinite type.

For example A = (1,1, ~1, —1) is of finite type, since
R(A) = k[[z123, 2124, 2223, T224]] = K[z, y, 2, w]]/(zw — y2)
is a ring of simple singularity of type (A1), while B = (2,1, -2, —1) is not, because
R(B) = kl[z1235, m125, 2323, z224]] = K[z, y, 2, w])/(zw? — y2).

(16.3) REMARK.

(16.3.1) Let A be an integer matrix and let B be a matrix obtained from A by successively
permuting rows, making elementary transformation on columns and multiplying by a
nonzero integer. Then R(A) is isomorphic to R(B) as a k-algebra, hence A is of finite
type if and only if B is.

(16.3.2) Let A be an integer matrix, one of whose rows is null, and let B be a matrix
obtained from A by deleting a null row. Then A is of finite type if and only if R(B)is a
polynomial ring over k. .

Actually, note that under the assumption, R(A) ~ R(B)[z] (a polynomial ring over
R(B)). Therefore the claim is immediate from the fact that a ring of finite representation
type has only an isolated singularity, (4.22).

(16.3.3) Let A be an integer matrix of size n x 1. If n < 3, then A is of finite type.

This is just a restatement of the fact that a quotient singularity of dimension 2 is of finite
representation type, (10.14). In fact, by (16.3.1), we may assume that A = *(—a, b, ¢) with
a, b and c positive integers. Then consider a cyclic group (o) of order a and define the
action of & on the formal power series ring S; = k[[y1, %2]] by o(n1) = w1, (1) = (s,
where ¢ is a primitive a-th root of unity. It is easy to see that R(A) is isomorphic to the
ring of invariants Sga).

Adding to the above we show:

(16.4) PROPOSITION. Let A be an inleger matriz of any size and let B be a matriz
oblained from A by deleting one of t1s rows. Then B is of finile type if A is.

PROOF: Assume that A = (ag;) is an (n X m)-matrix. We may assume by (16.3.1) that
one gets B by deleting the first row of A. First we claim the following:
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(16.4.1) There is a natural embedding of k-algebras: R(B) — R(A), which has an algebra-
retraction.

To prove this, let H(4) = {a € N®| a4 = 0} and H(B) = {8 € N*-1)| gB =
0}. We may consider H(B) as a sub-semigroup of H(A) by regarding each 3 as (0, )
in N(®, By this we have an embedding of R(B) into R(A). For example, if A =
t(1,2,—1,—-1) and B = {(2,—1,—1), then R(B) = k[[zsz}, 227324, 2232]] C R(A) =
k[[z123, 2124, 2223, 222324, 2223]]. In this example, if a is an ideal of the ring R(A)
generated by all monomials containing the variable z;, then R(B) ~ R(A)/a thus the
ring extension has a retraction. This works in general setting. Actually, we define a
k-algebra mapping 7 : R(A) — R(B) by sending a monomial z* = z{'z3? ... 22" to
z3223% - -22 if oy = 0, and otherwise 0. It can easily be seen that = is well-defined and
it gives a retraction of the algebra extension R(B) C R(A). Taking the completion of

this, we show (16.4.1).

Secondly we notice that the dimension of R(A) is equal to the dimension of the @-vector
space U(A) spanned by all integral vectors in H(A) ; see [40].

Note that U(B) = U(A) N {a; = 0}, hence either U(A) = U(B) or dim(R(A)) =
dim(R(B)) + 1. In the first case, there is nothing to prove, because R(A) = R(B). We
thus may assume the equality dim(R(A4)) = dim(R(B)) + 1.

By the claim (16.4.1), the proposition is a direct consequence of the following more
general result:

(16.5) THEOREM. Let R C R’ be a ring extension of normal analytic local CM do-
mains. Suppose that the extension has a ring retraction and that dim(R') = dim(R) + 1.
Then R is of finile representation type if R’ is.

Proor: If dim(R) < 1, the theorem is obviously true, since then, R is a regular local
ring. So we assume that dim(R) > 2. Note that R’ is an isolated singularity, because
it is of finite representation type. Since the extension R C R’ has a ring retraction, we
may write R = R'/B, where P is a prime ideal of R' of height one. Letting P! = {z €
Q(R)| =B C R'}, we consider the exact sequence of R'-modules:

(*) 0 R p-1 U 0,
where U = P~!/R'. It follows from the definition that PU = 0, hence U is a module

over R = R'/B. We notice the following;
(16.5.1) For any £ € Spec(R’) that is distinct from the maximal ideal of R/, ‘B‘lR;) is

a free module over R;).
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(16.5.2) For any q € Spec(R) that is distinct from the maximal ideal of R, * Qg Rq is
an isomorphism of Rg-modules.

In fact, R’Q is a regular local ring, hence a UFD in (16.5.1). Thus ‘BR’D is a principal
ideal, and so ‘JJ‘IR’Q = (‘J.?R’Q)‘l is also principal, from which (16.5.1) follows. To show
(16.5.2), let Q be the prime ideal of R’ with 2/ = q. Then ‘B‘B'IR;) = R’Q by the
above argument, hence 7 @ Ry : ‘B'IR'Q/ ‘B‘B—IR;) - ‘B_IR'Q / R’Q is an isomorphism.

From (16.5.1) and (16.5.2) we can show:
(16.5.3) For any finitely generatated R-module M, there is an isomorphism of R-modules:

M?* ~ Tot? (U, M)*,

where ( )* indicates the dual by R.

Indeed, regarding M as an R'-module via R' — R, we have an exact sequence of
R-modules from (*):

0 = Tot® (P=1, M) » TR (U,M) S M > Bl op M ¥ U op M > 0.

From (16.5.1) we see that Torf'(m'l, M) is an R-module of finite length. Moreover the
kernel of the map 7 ®p M = (7 ®p R) ®r M 1is also of finite length by (16.5.2). Thus ¢
in the sequence is an isomorphism when localized at any prime ideal of R that is different
from the maximal ideal. Since R is a normal domain of dimension > 2, this implies that
¢* is an isomorphism, hence (16.5.3).

We finally claim the following:

(16.5.4) For any indecomposable CM modules M over R, there is an indecomposable CM
module P over R' such that rankg(P ®p U) > rankg(M) holds.

If this is true, then we are through. For, if R were not of finite representation type,
then, by (6.4), the set {rankg(M)| M is an indecomposable CM module over R}, hence
{rankg(P ®p U)| P is an indecomposable CM module over R'}, would have no bound
and R' would be of infinite representation type.

To prove (16.5.4) let M be an indecomposable CM module over R. We consider the
first syzygy L of M as an R'-module:

0—-»L—->R’(")L->M—->0,

where depthp/(L) = depthp(M) + 1 = dim(R'), so L is a CM module over R'. Letting
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p=p' ®p R and N = Ker(p), we now have the commutative diagram with exact rows:

0 — L — R™ 2 M —— 0

g 1| I

0——->N——->R(")—l—->M——->0,

where f is a natural projection and g = f|r. If i is a natural inclusion of R(™ into R'("™),
and if j is its restriction on N, then the image of j lies in L and we have g-j = 15. This
shows that g®p U : LU — N®p U = N ®RrU is a split epimorphism of R-modules.
Note from the above diagram that the kernel of ¢ ® g U is isomorphic to Tor{zl(M ,O).
Consequently Tor{z' (M,U) is a direct summand of L ®g U as an R-module. Therefore
M* ~ Tor{#(M, U)* is also a direct summand of (L ®p U)*. Notice that, since M is
reflexive, M* is an indecomposable module as well as M. Thus, by the Krull-Schmidt
theorem, there is an indecomposable R’-summand P of L such that M* is an R-summand
of (P ®p U)*, in particular,

rank (M) = rankg(M*) < rankg((P Qg U)*) = rankg(P Qg U).

This proves (16.5.4), hence the theorem. 1

In the rest of this chapter we restrict ourselves to situation involving only one-
dimensional tori, i.e. m = 1 with the notation in the beginning of this chapter. In
this case, the corresponding integer matrices are of size n x 1 for some n.

(16.6) NOTATION. Suppose we are given an integer matrix A = ‘(aj, as,...,a,).
Without loss of generality, we may assume that the greatest common divisor d of
{a1,a3,... ,an}is 1. (If d > 1, then, considering the matrix B = *(a,/d, a;/d, ... ,a,/d),
we clearly have R(4) = R(B).) Then we can make the polynomial ring S =
k[zy, 23,... ,2y] into a Z-graded ring by the rule:

deg(z;)=a; (1<i<n).

For ¢ € Z, denote by S, the degree ¢ part in S. Clearly, S = T.cz Sc and So = R(A). For
a graded S-module M = ¥ ,,.7 M, and for an integer c, we denote the shifted module by
M(c), that is, M(c)er = Mo for any ¢’ € Z.

Let L be the quotient field of R(A) and let @ be the total graded ring of quotients of
S. Since {ay,ay,...,a,} generates (1) as an ideal of Z, we can find an element ¢ € @ of
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degree 1. Then it is easy to see that Q@ = L[t,t™!]. For any ¢ € Z, since Sit™° C L, S.
is a (finitely generated) R(A)-module of rank one, hence S, is isomorphic to a fractional

ideal of R(A).

For any finitely generated Z-graded S-modules M, N and for any integers a, b, we note
that there is a natural mapping of R-modules:

(16.7.1) p: Homs(M, N)a—p — Homp4)(Mj, Na),

defined by restricting any homomorphism in Homg(M, N)s—p on M;. Unfortunately p
may not be bijective in general. However, we can show the following:

(16.7) LEMMA. Let a, b be integers. Suppose that S generates an ideal of S of height
> 2, i.e. ht(SpS) > 2. Then the map p: Homg(S,S)a-p(= Sas) — Homp(4)(Ss, Sa) is
an isomorphism.

PROOF: Let g be an element of Homg(S, S)4-p and suppose that g(S;) = 0. Then taking
a nonzero element z in Sy, we show that zg(1) = g(z) = 0 and that g(1) = 0, since S is
an integral domain. Thus g(w) = wg(1) = 0 for any w € S, showing the injectivity of p.

To show that p is surjective, let f : S, — S, be an R(A)-homomorphism. Since
S, C Lt* and'Sy C Ltb, f ®ray L : Lt® — Lt% is a multiplication map by 2¢*~* for some
z € L, hence f is also a multiplication by 2£%~%. We have to show that z1%=% € S,_;. For
this, consider the S-homomorphism:

(f ®r(a) )™ : (Sb ®p(a) S)™ — (Ss ®r(a) 5™,

where ( )* denotes the dual by S. Note here that (S; ®p(4) S)** =~ (S.5)** C S and
(Ss®R(4)S)** = (5S)** = S, because ht(S5pS) > 2. By these isomorphisms, (f®p(4)S)**
is also a multiplication by z¢%~® and is an element in Homg((S5S)**, (S59)**) =~ (SaS)** C
S. Hence zt%~% € SN Lt*~% = S,_; as desired. &

We quote a fact from Stanley’s theory which enables us to know the CM property for
ideals S..

(16.8) PROPOSITION. (Stanley [62,Chap.1, 7.8]) Let
A="%ay,a,...,ap,b1,by,...,bg)

where a; > 0 (1 <i<p), bj<0(1<j<q)andp+q>3. Ifcisa positive (resp.
negative) integer, then S 1s a graded CM module over R(A) if and only if there are no
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(ay,ap,...,0p,P1,P2,...,08) € 2Pt with o; > 0 (resp. @; <0),1<i<p, B <0
(resp. B; >0),1<j<gq, and T, aia; + T, Bibj =c.

For example, if 4 = *(2,—1,-~1,-1), then S, is a CM R(A)-module if and only if
¢ = -1,0,1,2. We shall show that this matrix is of finite type; see (16.10). Before this
we note the following, which is useful for determining AR quivers.

(16.9) LEMMA. Let T be an analytic CM local ring with perfect residue field and let
T° be a finite subgraph of the AR quiver of €(T) which is closed under AR sequences and
which contains the classes of the free module and of the canonical module. Suppose that
T is an isolated singularity and non-Gorensiein. Then I'° is the whole quiver, and hence
T is of finile representation lype.

Here we say that I'° is closed under AR sequences provided that all the classes of
indecomposable modules appearing in an AR sequence 0 - N — E — M — 0 belong
to I'° if one of the classes of M and N does.

PRroOOF: Denote by K the canonical module of T. By virtue of (6.2), it is enough to show
that I'° is a connected component of the AR quiver of T. Since I'* is already closed under
AR sequences, it suffices to show that there are no irreducible morphisms X — T or
K — X with [X] ¢ T'°. We show below that if there is an irreducible morphism X — T
(resp. K — X), then [X] € T°.

If X ~ K (resp. = T, there is nothing to prove, since the class of K (resp. T) isin I'°.
Assume that X is not isomorphic to K (resp. T'). Then, since T is an isolated singularity,
there is an AR sequence: 0 = X — E — 771(X) — 0 (resp. 0 — 7(X) — E — X — 0);
cf. (3.2). Therefore we see from (2.12) and (2.12)' that T (resp. K) is a direct summand
of E and that there is an irreducible morphism from 7' to 7=!(X) (resp. from 7(X) to
K). Since T is not isomorphic to K, we consequently have the AR sequence of the form:
0T — 7 Y(X)®G — 7=Y(T) — 0 (resp. 0 — 7(K) — 7(X)®G — K — 0). Therefore
771(X) (resp. 7(X)), hence X, lies in T°, since T° is closed under AR sequences. §

(16.10) PROPOSITION. (Auslander-Reiten [14])
The integer matriz A = *(2,—1,—1,—1) is of finite type.

Note that
R(Y(2,-1,-1,-1)) = k[[z12}, 212223, 2123, 212324, 2123, T12224]),
which is isomorphic to the subring k[[X?, XY,Y2, Y Z, 22, ZX]] of k[[X, Y, Z]].

ProoF: For simplicity, write R (resp. R) instead of R(A) (resp. R(A)). Note that R is
an isolated singularity of dimension 3 and is non-Gorenstein.
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As remarked after (16.8), S_1, So, S1 and Sy are graded CM modules over R. Notice
that

S_1 =(23,23,24)R, So=R, 851 =(z122,2123,7124)R and S;=(z1)R.

Hence .5/'_\1 ~ 5'\1 and .§B ~ 5’; as R—moiiules. Furthermore it is easy to see that .57_\1 is
isomorphic to the canonical module of R.

First of all, we compute the AR translation of S_;. Recall that r = (syzsﬁ tr( ))’, (3.11),
and that the right hand side is isomorphic to (syz}i( )*)’ where ( )* means the R-dual,
since ( )* =~ syz% tr( ). Note that (S_;)* = Homp(S_1,R)"=~ 5 ~ §_; by (16.7). To

compute the first syzygy of 5_1 we take the Koszul complex over S:

T3 T4 0
-z 0 =4
0 -z -z
—_—

Taking the degree —1 part in this sequence, we obtain an exact sequence of graded R-

(16.10.1) (‘;;3)
0 — 5(3) — 5(2)®

) (T2 73 ®4)

5(1)@

modules:
T4
(16.10.2) (‘“) (-”32 - )
e 0 . 52 r2 Sis) 0 -2y -z R(s) (72 3 24) S_l 0.
We define a CM R-module M by the exact sequence:
(16.10.3) 0 — M — R® 22 o~ 0.

It is easy to see that M is an indecomposable module of rank 2. From (16.10.2) we have
an exact sequence:

- M 0.

T4
(16.10.4) (‘;; ) ®
0 — 5 5

By taking the canonical dual of this, we see that the following is also exact:

1 (3) (4 23 72)
0 — M’ —— Homp(S;”,S5-1) ——— Hompg(S,, 5-1)"
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Figure (16.10.5).

Comparing this with (16.10.3), we have M' =~ M, since Homp(S;,S_1)" =
Hompg(S_1,5_1)" =~ R and Hompg(Ss,S_1)" =~ Homg(R, S_1)~ ~ 5.1 by (16.7). As a
result, 7(S_;) = (syzlﬁ(S_l))' ~ M ~M.
On the other hand, from (16.10.4), the following sequence is exact:
—(3) (Ta2322) ___
0 — M* — 5.1 —— S,

since (53)* ~ R* ~ R~ 5, and (57)* =~ (5_1)* =~ 5] ~ §_; by (16.7). Hence, taking the
degree —2 part in (16.10.1) and completing it, we see that the sequence

T4
-z3
— z2

0 S R®) M* 0.

is also exact. Therefore (M) ~ (syzlﬁ(M‘))’ ~(5)) ~(51) ~R.
Applying the functor Homﬁ(ﬁ, ) to (16.10.3), we have an exact sequence

—~(3) (z2z324)

S R ExtL(51, M),

and one can show that 1 € R is sent to the socle element of Extlﬁ(S:, M) by the second
mapping in the sequence. We, thus, conclude from (3.13) that the sequence (16.10.3)
is the AR sequence ending in 5. Taking the canonical dual, we also show that the
following is the AR sequence ending in M:

z2
2)
R4 550

— M — 0.

0 —
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Thus we have shown that Figure (16.10.5) is part of the AR quiver of €(R) which is
closed under AR sequences. Hence Lemma (16.9) implies that it is the whole quiver. &

(16.11) REMARK. Auslander and Reiten showed that the ring in (16.10) is the unique
CM ring of finite representation type that is an invariant subring by a finite group and
has dimension > 3. See [14] for further discussion.

In terms of toric singularities, their result shows that an integer matrix A =
f(a,=by,=bs,...,=b:) (a > 0,b; > 0,1 < i < r) is of finite type if and only if it satisfies
one of the following conditions:

(i) there exists an integer j (1 < j < r) such that b; = 0 (mod a) for any ¢ but j;
(1) r<2;
(iit) r = 3, a is even and b; = a/2 (mod a) for any i.
In fact, the same argument as in (16.3.3) shows that R(A) is a cyclic quotient singularity

and each condition above corresponds respectively to the case (i) R(A) being regular,
(¢4) R(A) having dimension < 2 and (i) R(A) being the ring given in (16.10).

We give another example of a non-Gorenstein CM ring of dimension 3 that is of finite
representation type.

(16.12) PROPOSITION. (Auslander-Reiten [14])
The integer matriz A =%(2,1,—1,—1) is of finite type.

Here in this case,

fi(‘(2, 1,-1,-1)) = k[[zlzg, 212324, zlzz, Zox3, T2 4]
~k[[X,Y,Z,U V)| /(XZ-Y% XV -YU,YV - ZU).

PRoOOF: Denote R = R(A) and R = R(A). Notice that R is an isolated singularity of
dimension 3 and is non-Gorenstein.
By (16.8) the ideals S_j, S_1, Sp and S; are graded CM modules over R. Note that

S_2 = (z%,zaz.;,zZ)R, S_1=(23,2z4)R, So=R and Si=(z123,2124,22)R.

One can easily see that these are all non-isomorphic and that S: is the canonical module
of R. Taking the degree —1 part in the Koszul complex

(—a:s) @ (%3 x4)

0 S5(2) S(1) S —— S/(z3,24)S — 0,
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we have an exact sequence of R-modules:

—_ (_3;3) (T3 %4)

0 S R(?) 53 0.

Hence, by (16.7), 7(51) = (sy25(31"))' = (sy2h(30)) = (i)' = 5.

Likewise we obtain an exact sequence 0 — 5"_\2 — RO o 5’; — 0 from

(—zél) (‘”l ‘”%)

0 — S(—4) — S(-2)®) ——— § —— §/(21,23)S — 0,

since Sy = (21, 23)R. Therefore 1'(5":\2) o~ (syz}i(s':_\z‘))' o~ (syz}i(:g;))' o~ (5"?2)' ~ 5.

To compute T(S"-_\l) we take an exact sequence of graded S-modules:

2
_z T4 Tz 0
4 —T3 0 T2
T3 0 —-z)T3 —T)74

0 — S(-1) —— S&5(-2)®
Let M be the reduced first syzygy of the R-module 5. Taking the degree 1 part in the
above sequence, we have the exact sequences:

s BRnmm) g

) (z173 7174 T2)

T2
(16.12.2) (;’3‘) _ @
0 R S5, — M — 0.

Taking the canonical dual of (16.12.2), we obtain the exact sequence by (16.7):

(16.12.3)

@) (22 —v4 73)

0 — M — S_,0R 5., 0.

On the other hand, there is an exact sequence of S-modules:

(16.12.4)
( z,: ) z3 z4 O
—%3 (—1:2 0 =4 )
T2 0 -z —z3

0 — S(1) —— SV g 32 ———— S(-1)@S(1)C

) (22 23 z4)
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/?
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Figure (16.12.6).
This, together with (16.12.3), gives the exact sequence:

z4
~ \=2/ (3 ,
0— R —— 5,985 — M — 0.

Comparing this with (16.12.2) we show that M ~ M’. Thus 7(5_;) ~ (syz (8)) =~
M' ~ M. We have shown:

(16.12.5) 7(851)=85, 7(83)=%, 7(S1)~M and M ~M.

Applying the functor Homﬁ(S":l, ) to (16.12.3) and noting that M ~ M’, we have
an exact sequence

(Z22423)

Te5% Ext}(551, M),

where one can see that 1 € R goes to the socle of Ext}i(S/'_\l, M) by the last map. Hence
(16.12.3) is an AR sequence. Dually, the sequence (16.12.2) is also an AR sequence. It
follows from this that 7(M) ~ R

From the Koszul complex over S:

('21) (71 22)

0 — S(-3) —— S(-2)®S(-1) —— § —— S/(=1,23)S — 0,

we have an exact sequence:

0— 5, — S,0R — § — 0.
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In the same manner as above we can show that this sequence is actually an AR sequence.
Finally, since (16.12.2) and (16.12.3) are AR sequences, we have irreducible maps 5 - M
and M — 5"_\2, hence the AR sequence ending in 5"_\2 must be of the form: 0 — §; —
M- 5"_\2 — 0. i

Thus we have shown that Figure (16.12.6) gives a subgraph of the AR quiver of R that
is closed under AR sequences. Hence by (16.9) it is the whole quiver.

(16.13) DEFINITION. Let a; > a3 > ... > ar > 0 be given integers and let {X;;| 0 <
Jj < a;,1 <i<'r} bea set of variables over k. Then, take the ideal I of the polynomial
ring S1 = k[X;;| 0 < j < @i,1 < i < r] generated by all the 2 x 2-minors of the matrix:

(XIO X Xig-1 | X200 Xogp-1 || Xeo Xo1 o+ Xra,—l)
X1 X X | Xooo Xoey | | Xr1 Xr2 -+ Xra,

We define the graded ring Ry to be Sy /I with deg(Xj;) = 1 for all 4, j, and call R; the

scroll of type (@1,4as,...,a,). It is known that R; is an integral domain of dimension
r+1.
We can show that the scroll R, is isomorphic to R(*(ay, as,...,ar,—1,—1)) as a (non-

graded) k-algebra. In fact, since
R(*(ay,as,... ,ar,—1,-1)) = k[z;z:fi,_ljz{+2| 0<j<a;1<i<],
we can define a mapping f : Ry — R('(a1,a2,...,ar,,—1,—1)) by
f(Xyg) = mizfial, (0<i<a,1<i<n),

which can be seen to be a well-defined epimorphism of k-algebras. Comparing the Krull
dimensions and noting that they are both integral domains, we see that f is an isomor-
phism.

In particular, the completions of these two graded rings are the same. Hence we can
deduce from (15.1) and from (15.14) that:

(16.13.1) The scroll of type (a1, @3, ... ,a,) is of finite representation type if and only if
the integer matrix (a1, as, ... ,a,,—1,—1) is of finite type.

Note that we have shown in (16.12) that the scroll of type (2,1) is of finite representation
type.

Next we shall give a certain sufficient condition for integer matrices to be of infinite
type, (16.15). For this purpose, we settle the notation first.
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(16.14) NOTATION. Let A be the same as in (16.6). We can give the structure of a
2%-graded ring on S = k[zy, 2,,...,2,) by

deg(z;) = (ai,1) for 1<i<n.

Denote the part of degree (c,d) € Z? in S by S(c,d)- Note that, with the notation in
(16.6),
Se = z S(c,d) (cel).
del

In particular, R(A) = L4z S(0,4), Which gives the natural grading on R(A) that was
already given in (16.1.1).

For any Z’-graded S-module M = Y(cd)er? M(c,4), we can regard it as a Z-graded S-
module by defining the part of degree ¢ € Z to be M, = ¥ 4¢z M(,4)- Note that each M,
is a graded R(A)-module. We denote by M(c, d) the shifted Z*-graded module by (¢, d),
that is, M(c, d)(F:,d:) = M 4¢,d4a)- Notice that, for any Z%-graded S-module M and N,
the module Ext%(M, N) is also Z2-graded, and that

Ext{(M(c,d), N(c',d')) ~ Ext{ (M, N)(c' — ¢, d' — d).

(16.15) LEMMA. Given an integer matriz A = Y(ay,ay,...,a,), suppose that there
ezist inlegers a, b and ¢ such that

(16.15.1) dimg Ext3(SaS, S)(—atbc) > 2,

(16.15.2) S, and S are CM modules over R(A),

(16.15.3) ht(SsS) > 2, ht(SpS) > 2, and

(16.15.4) S(4_p,—c) = 0.

Then A 1s of infinite type.

PRrOOF: Write R instead of R(A). We first claim that

(16.15.5) dim;, Exth(S,s(~c), Sp)o > 2.

For this, let I be a Z2-graded ideal of S generated by S,, i.e. I = S,S. Note that I, = S,.
Take a free cover of I to obtain an exact sequence of S-modules:

(16.15.6) 0— L — S(—a)(d) _ ] —— 0.
Thus we have the exact sequence:

(16.15.7) S(a + b)Y —— Homg(L, S(b)) —— Exti(I, S(b)) —— 0.
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On the other hand, taking the degree a part of (16.15.6) we see that 0 — L, — R(Y) —
I, = S; — 0 1s an exact sequence of R-modules. Taking the dual by S} of this sequence
and comparing it with (16.15.7), we have a commutative diagram of graded R-modules
with exact rows:

Homp(RY, S}) —— Homp(Ls, S;) —— Exth(Ss,S;)) —— 0

nl ) )

59— Homs(L,5())-a — Ext}(I,5(})-a — 0,

where p; and p, are the maps defined in (16.7.1) and p3 is the map induced by p;. Since
p1 1s an isomorphism, we see that p3 is injective, hence

dimy, Ext}g(Sa, Sp)e > dimy Exté([, S)(—a+b,c) >2.

This proves (16.15.5).

For any element r € Exth(Sa(—c), S;)o, we write the corresponding extension of R-
modules as

0 —— S M, Sa(—c) —— 0.

Hence, by (16.15.2), M, is a CM module over R and has rank 2. Secondly we claim the
following:
(16.15.8) For 1, 7 € Exth(Ss(—c), Sp)o, if My, =~ M, up to degree shifting as graded
R-modules, then 7 and 73 are linealy dependent over k.

If this is true, then by (16.15.5), we will have an infinite number of nonisomorphic
graded CM modules over R of rank 2, hence gt&€(R) is of infinite representation type.
Consequently €(R) is of infinite representation type by (15.1).

To prove (16.15.8), suppose that there is an isomorphism f : M, — M;, of graded
R-modules:

0 — Sp —— M, — S4(—=c) —— 0

1
x2

0 —— S —— My, ——s Sy(—c) — 0,
where one can see that f must be of degree 0 as an R-homomorphism by comparing the
minimal degree in M;, and My,. Hence 73 - f - 4 is in Homp(Ss, Sa(—¢))o = S(a-b,—0),
and this is zero by (16.15.4). Therefore f induces the mapping ¢ : Sy — Sy and A :
Sa(—c) — Sa(—c), both of which are R-homomorphisms of degree 0. Since Endg(Ss)o ~
Ends(S)(0,0) = k by (16.7), g is a multiplication map by an element of k. Likewise A is
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also a multiplication by an element of k. Hence we have 1 = - 7 for some a € k. This
proves (16.15.8), hence the lemma. §
This lemma may be applied to various examples of integer matrices. For example, we

can show:

(16.16) PROPOSITION. (Auslander-Reiten {14]) The integer matriz
=t(alya21"'1ar1—11—1) (alZGZZ---Zar>O:"Z2)

is of finile type if and only if A is either *(1,1,—1,—1) or ¥(2,1,-1,—1). In particular,
the scroll of type (a1, ay, ... ,a,) (r > 2) is of finite representation type only when ils type
1s either (2,1) or (1,1).

PRroOF: We have shown in (16.12) and after (16.2) that the matrices *(2,1, —1,—1) and
(1,1, —1,—1) are of finite type. To show the converse, suppose that the integer matrix
A is of finite type. First we notice from (16.8) that

(16.16.1) S;is a CM R(A)-module if — 3 7_;a; << 1.

Next notice that, for any negative integer I, S; generates the ideal (2,41, 2,42)~'S in S,
since any monomials of degree ! in S must contain the variables z,4, and z,;2 at least
—I[ times. Therefore the ideal S;S has height two and has the following free resolution as

a Z2-graded S-module:
0 — S(-I+1,1-1)) — S, D=1 — 58 —— 0.

Hence the following sequence is exact:
(16.16.2) S, -G —— s -1, -1+ 1)) —— Exty($5,8) — 0.

We claim that
(16.16.3) a, =1
To show this, suppose that a, > 2, and let s = §{i| 1 < i < r,a; = a,}. We consider two
cases and show the contradiction in each case.

The case of 8 > 2. In this case, set a = —a, — 1, b =1 and ¢ = —1. We take the

(ar + 2, —1)-part in (16.16.2) with I = —a, — 1 to get the exact sequence of k-vector
spaces:

(ar+2)
S(lra')

(ar+1)

(0,ar +1)

—— Ext}(545, 5)(a, 42,-1) — 0.
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Since dimy, S(y,4,) = sa, and since dimg S(g 4, 41) = 8(ar + 1), the above sequence implies
dimy Exty(I, S)(ar+2,-1) = s(ar + 1)? - sar(ar +2) =5 > 2.

Hence the condition (16.15.1) is verified. Secondly, S_,4, -1 and S; are CM modules over
R(A) by (16.16.1). Thus the condition (16.15.2) is satisfied. Thirdly, ht(S_,,-15) = 2
as shown in the above, and ht(S51S) > 2, since S; contains zlz:_"__ll and zgz:?'_zl. This
shows that (16.15.3) holds. Finally, S(_,,_2,) = 0, showing that (16.15.4) is satisfied.
Therefore Lemma (16.15) implies that A is of infinite type, a contradiction.

The case of s = 1. In this case, take a = —a, — 2, b =1 and ¢ = —2. Then the same
argument as above shows that the conditions in (16.15) are all satisfied. (Prove this.)
This contradicts the assumption that A is of finite type.

Since we get a contradiction in either case, we have shown that a, = 1.

Next we prove that

,
(16.16.4) 3 e <3
i=1

Suppose not. Note, then, that S_3 and S; are CM modules by (16.16.1). Thus, setting
a=-3,b=1 and ¢ = -2, one can verify all the conditions in (16.15), thus A is of
infinite type, a contradiction.

We conclude from (16.16.3) and from (16.16.4) that the possible types of A are
4(1,1,-1,-1), %2,1,-1,-1) and ¥(1,1,1, -1, —1). We have to show that the last one is
excluded. However, this can be done by completely the same argument as above, if we
set a=—2, b =1 and ¢ = —1. We omit the proof of this, leaving it to the reader. §

(16.17) Ezample. By a similar argument to the proof of (16.16), the following matrices
are shown to be of infinite type by setting a, b and ¢ as indicated below.

Integer Matrix a b c
£(3,2,-2,-1) —4 4 -3
t(3,2,—2,-2) —6 2 -2
£(3,3,-2,—-1) -2 5 -2

(16.18) Ezample. Consider an integer matrix A = *(a, b, —1, —1, —1). Then A is of finite
type if and only if one of the following conditions holds:

(!) a=1andb<0;



160 Chapter 16

(i) b=1and a <0;
(iti) a < 0and b < 0.

In fact, if A is of finite type, then, by (16.4), it is necessary that the matri-
ces Y(a,—1,-1,-1), *(b,—1,—1,—1) and ¥(a,b,—1,—1) are of finite type. The con-
ditions for these matrices being of finite type are known from (16.11) and (16.16),
which require either A satisfies one of the above conditions, A = *(1,1,-1,-1,-1)
or A = {2,1,-1,-1,-1). ¥ A = ¥1,1,~1,—1,-1), then, by (16.3.1), R(A) =
R(*(1,1,1,—1, 1)) which is a scroll of type (1,1,1) and is not of finite representation
type; see (16.16). Moreover (2,1,—1,—1,—1) is also excluded, because

R(}(2,1,-1,-1,-1)) = k[[z123, 212324, 2125, 212425, T12L, 212573, 2223, 2224, T225]]

is a Gorenstein ring but not a hypersurface and can never be of finite representation type;
see (8.15). Conversely if A satisfies one of the above conditions, then R(A) is regular,
hence of finite representation type.

We do not know if, aside from ¥(2, -1, —1,~1), ¥(2,1, -1, —1), }(1,1,—1, —1) and other
trivial ones like (16.18), there are integer matrices of size n x 1 (n > 4) of finite type or
not.
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Chapter 17. Homogeneous CM rings of finite representation type

In this chapter we will give a complete classification of homogeneous CM rings of finite
representation type according to Eisenbud-Herzog [26]. We shall show that the list is
exhausted by the examples we have shown in the previous chapters.

In the rest k will denote an algebraically closed field of characteristic 0. Let R be an N-
graded CM k-algebra which is generated in degree one and call such R a homogeneous
CM ring over k. By definition it is described as:

R=§:R;=R0[R1] with Ry =k.

=0

Let m be the irrelevant maximal ideal of R, i.e. m = %2, R; and let R be the m-
adic completion of R. Naturally we are interested in the complete local ring R of finite
representation type. However, we showed in Chapter 15 that R is of finite representation
type if and only if ge€(R) is, where ge€(R) denotes the category of graded CM modules
over R and degree-preserving homomorphisms. Thus we mostly think of homogeneous
rings themselves other than completions.

We shall be able to give a classification of homogeneous CM rings with ge€(R) of finite
representation type.

First we recall some numerical aspects of homogeneous CM rings.

(17.1) DEFINITION. Let R be a homogeneous CM ring over k of dimension d and
let M = 52, M; be an N-graded module over R with depthp(M) = dim(M) =t. The
power series in a variable A:
0 .
Hpy(X) = Y (dimg M)A

=0

is called the Hilbert series of M.
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It can be seen that

P())

(17.1.1) Hy(A) = A=

for some polynomial P(A) with integral coefficients. To show this very quickly, let
{z1,22,... ,%:} be a regular sequence on M where each z; is an element of degree one
in R and set ;M = M/(z1,22,...,2;)M (0 < i < t) and M = ;M. From the exact
sequences:

0 — GuM(-1) — M — M — 0 (1<i<),

we see that
H‘—ﬁ(/\) =(1- A)Hi—lH(A) (1<i<i).

Subsequent use of this gives
Hzp(A) = (1 = M) Hp ().

Since M is an Artinian module, H3H{(A) is a polynomial in A, so that, putting P(A) =
H3p(A), (17.1.1) follows. Note from this that H3r(}) is independent of the choice of a
regular sequence {z1,z2,...,2:}.

Writing ,

POA)Y=Y kX (ki €, hy #0),
i=0

we call the sequence of integers (ho, ky,...,h;) the h-vector of M and denote it by
h(M). Notice that each h; is nonnegative, because it is the dimension of the degree i
part in M.

A homogeneous CM ring R is said to be stretched (in the sense of Sally) if A(R) is of
the form (1,n,1,1,...,1).

First we remark the following fact:

(17.2) LEMMA. (Eisenbud-Stanley) Lel R be a homogeneous CM ring that is an inte-
gral domain with h(R) = (ho, h1,... , hs). Then there are inequalities:

ho+hi+...+hi<hg+hsr+...+hei for 0<i< [%].
PROOF: Let Kp be the graded canonical module of R and let a be an integer satisfying

(KRr)a # 0 and (Kg); = 0 (i < a). Shifting the degree of Kp by a, we obtain an N-
graded module M with M; = (Kg)a4i for any i. It is known by Stanley (cf. [62]) that
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the Hilbert series of M can be written:

By + hooy A+ -+ hoX*

(17.2.1) Hy(\) = T

(Prove this as follows: Reducing modulo a system of parameters, we see that M is the
canonical module of R. Then, since R is an Artinian local, M is the unique indecom-
posable injective module over R, hence there is a perfect pairing R x M — k. Hence
dimg (R;) = dimg(M,_;) (0 € i < s), which shows (17.2.1).)

Taking an element z(# 0) in My, define a degree-preserving homomorphism ¢ : R — M
by ¢(r) = rz (r € R). Furthermore denote the cokernel of ¢ by N. Since R is an integral
domain and since M is torsion free, we see that ¢ is a monomorphism, so that the
following sequence is exact:

(17.2.2) 0 RS2 M N 0.

Therefore we have

(17.2.3)
Hn(X) = Hy(A) — Hr(})
_hsthe i A4+ hoX ho+ A4+ RGN’
N 1-x¢ - (1-x¢
_ Tio{(hs+heoy+ -+ hoi) = (ho+ hy+ - + h)IX
- (1 _ /\)d—l '

(Check the last equality !) On the other hand, we see from (17.2.2) that N is an N-graded
module with depth(N) = dim(N) = d — 1, therefore the h-vector of N is nonnegative as
remarked before. Hence all the coefficients in the numerator of (17.2.3) are nonnegative. i

Applying the lemma to stretched CM rings we have:

(17.3) COROLLARY. Let R be a stretched homogeneous CM domain. Then the h-
vector h(R) of R is one of the following:

(1,1,...,1), (1,n) and (L,n,1) with n>2.

(17.4) REMARK. Stanley (cf. [62]) showed that the h-vector determines completely
the Gorensteinness of a homogeneous CM domain. To be precise, a homogeneous CM
domain R is Gorenstein if and only if the h-vector (ho, hy,... ,hs) of R ts symmeiric,
that is, hi = hy_; for any i (0 < i< s).

We shall give a proof of this for convenience of the reader. As in the proof of (17.2),
let M be the canonical module of R shifted degree, so that it is N-graded and M, # 0.
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Then M has h-vector (hy, hs—1,...,hg) by (17.2.1). If R is Gorenstein, then M ~ R
therefore h; = h,_;. Conversely suppose h(R) is symmetric. Taking an exact sequence
as in (17.2.2) one sees from (17.2.3) that the module N has null Hilbert series, therefore
N =0 and R ~ M, which means R is Gorenstein.

Combining this remark with (17.3) we proved:

(17.5) COROLLARY. Let R be a stretched homogeneous CM domain which is not
Gorenstein. Then the h-vector of R ts (1,n) for some n > 2.

(17.6) Ezamples.
(17.6.1) Let I be the ideal of S = k[U,V,W, XY, Z] generated by all the 2 x 2-minors of

the symmetric matrix:
v v w
V XY ) .

W'Y Z
We define the homogeneous CM ring R to be S/I, where all variables have degree
one. Then the h-vector is (1,3), hence R is stretched. Note that R is isomorphic to
R(*(2,-1,-1,-1)) as a non-graded k-algebra; see (16.10). In particular, R is of finite
representation type.
(17.6.2) Let R be the scroll of type (2,1) ; see (16.13). Then A(R) = (1,2) and R is
stretched, too. Note that this is also of finite representation type.

As we expect from the above, there is an intimate relation between finiteness of repre-
sentation type and stretchedness.

(17.7) THEOREM. (Eisenbud-Herzog [26]) Homogencous CM rings of finite represen-
iatson type are sirelched.

PROOF: Suppose that a homogeneous CM ring R is not stretched. We shall construct
an infinite number of nonisomorphic indecomposable CM modules over R. To this end,
let {z1,22,...,24} be a system of parameters of R with deg(z;) == 1 for any i, and let us
write R = R/(z1,23...,24)R as in (17.1). Since R is not stretched, there is an integer
1 with { > 2 and dim; R; > 2. Take 7 € R;. Let L* be a minimal free resolution of the
R-module ¥R and let K* be the Koszul complex of the regular sequence {z1, z3, ... , z4}
that is a free resolution of R as an R-module. Since there is a natural embedding 7R C R,
we have a morphism ¢ : L* — K* of complexes:

Ld+l Ld Ld—l . Il Lo 0

lp‘l tp“‘l lp‘l w°l

0 K Kd-1 .. K K° 0.
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d
Note that K* = (——i)(i). Furthermore, since 7 has degree | > 2, L% = R(-I) and
Li= ®; R(—aij) where a;; > i+ 1> i+ 2. In particular, note that:

(17.7.1) (L Y= LYm=0 if m<d

Let C* be the mapping cone of ¢ : L* — K*. Since there is an exact sequence of complexes:

0 . K - —— L[-1] —— 0,

taking homologies of the complexes in this sequence, we can easily see that C* is a free
resolution of the R-module R/FR. By the definition of mapping cones, C* is described
as follows:

(17.7.2)
4 84! d-1 _8* (d) g 7d—2 o &
= LS R(-dyo L — R(—d+1)Y®L"* ... > R(-1)®L" — R—0.

Now let M (%) be the cokernel of §%t! in this sequence. Since C* is acyclic, M (%) is a d-th
syzygy, hence it is a CM module over R, (1.16). Taking the degree d part in the exact
sequence:

L¢ - R(—d) ® L' — M(3) — 0,

we obtain from (17.7.1) dimp M (3)g = 1 and M (¥)m = 0if m < d. Thus there is a unique
indecomposable summand N(g) of M(¥) such that M(¥)q = N(¥)4. We shall prove:

(17.7.3) For 3,7 € R;, if N(§) ~ N(7'), then FR =7R.

Hf this is true, then, since dimg R; > 2, there are an infinite number of nonisomorphic
N(%)’s, hence the proof will be finished.

To prove (17.7.3) let e(y) be a generator of N(¥)4 as a k-vector space and let €(y) be
the natural image of e(3) in N(§) = N(7)/(z1,22,... ,24)N(F). Notice that e(7) is an
element in N (7) of minimal degree and that it is unique up to multiplication by a nonzero
element of k. We can show:

(17.7.4) The annihilator Anng(2(7)) is equal to the ideal (z;,23,...,24,y), where y is a
representative of ¥ in R.

Note that (17.7.3) is immediate from this, because, if N(y) ~ N(¥7'), then e(7) is sent
to e(7') (up to multiplication by a nonzero element in k) by this isomorphism, hence

Annp(e(y)) = Anng(e(7)).
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For the proof of (17.7.4), we compute Tor¥(R/yR, R) using the free resolution (17.7.2)
of R/¥R, and get the following exact seqeunce:

_ [ —_ —_
0 — Torf(R/FR,R) — M(3) @R —— C*'®xR.

Here, clearly, Tor¥(R/¥R, R) ~ (R/YR)(—d), and the k-subspace (R/JR)(—d)4 in this
module is exactly mapped onto M ()4 by . It, hence, follows that the R-submodule
of M(7) generated by &(7) is isomorphic to R/FR up to degree shifting, therefore its
annihilator is (21, 23,... ,24,¥). 8

Combining this theorem with (17.5) we show:

(17.8) COROLLARY. Suppose that a homogeneous CM ring R is of finile represen-
tation type. If R is not Gorenstein and if it is an inlegral domain, then ils h-veclor is
(1,n) for some n > 2.

Homogeneous CM domains with h-vector of the form (1, n) were classified by Bertini.
They are:

({) hypersurfaces k[X1, X3, ..., X,]/(Q) for some quadratic polynomial Q,
(#4) the ring defined in (17.6.1), and
(ii7) the scrolls defined in (16.13).

Since we already know which, among the above, are of finite representation type, we
derive from (17.8):

(17.9) COROLLARY. Let R be a homogeneous CM domain of finile representation
type. If R 13 not Gorenstein, then R is either the ring defined in (17.6.1) or the scroll of
type (2,1) or type (m) for some m.

Now we come to the complete classification of homogeneous CM rings of finite repre-
sentation type which is due to Eisenbud and Herzog.

Let R be a homogeneous CM ring of finite representation type.

First consider the case of dim(R) = 0. Observe that R is a homomorphic image of the
polynomial ring in one variable, for otherwise, R would contain infinite distinct ideals
I, (n € N) and R/I, would be all nonisomorphic modules. (Notice that all modules over
a ring of dimension 0 are CM.) It then follows that R ~ k[X]/(f) for some polynomial
f, but f = X™ for some m > 0, because it must be a homogeneous polynomial.

Next consider the case of dim(R) > 1. If R is a Gorenstein ring, then by (8.15) it is a
hypersurface: R = k[X1,Xs,... ,Xn]/(f). Since n > 2, f must be the one listed in (8.8).
Among them, homogeneous ones are X?+X?+...+ X2 and X?X,+X3. Suppose R is not
Gorenstein. If dim(R) = 1, then, by virtue of the graded version of (9.2), R birationally
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dominates a simple hypersurface singularity that is homogeneous. Such a non-Gorenstein
ring is easily seen to be isomorphic to the ring k[X,Y, Z]/(XY,Y Z,ZW), cf. (9.16). If
dim(R) > 2, then R is an integral domain, because it is an isolated singularity, (4.22).
In this case, we have already done by the above corollary.

Summing up the above, we have shown:

(17.10) THEOREM. (Eisenbud-Herzog [26]) A komogeneous CM ring of finite repre-
senlation lype is isomorphic 1o one of the following rings:

(1) k[Xy, X2, ... ;Xa),

(i)  k[X}/(X™) for some m >1,

(15d) k[Xa, Xoy-.. , XQ) /(X2 + X3 + ...+ X2),
(iv) kX, X2/ (X X2 + X3),

() K[X1, X2, X3]/(X1 X2, X2 X3, X3X1),

(vi) the scroll of type (m) for some m,

(vii) the scroll of type (2,1), and

(viti) the ring defined in (17.6.1).
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Addenda

(A.1) We were not able to discuss geometric aspect of CM modules.

To give a brief explanation on this, let R be a complete two-dimensional normal local
domain over an algebraically closed field of characteristic 0. One can construct a minimal
desingularization 7 : Y — X = Spec(R). Let E be the closed fiber of = and decompose
it as E = |J; E; where each E; is an irreducible component of E. Suppose that R is a
simple hypersurface singularity. Then it is known that all the E; are rational curves. For
a CM module M over R, we define

M = 7* M/m-torsion,

which is known to be a vector bundle on Y. If M is indecomposable and nonfree, then
there is a unique ¢ such that
(a(M)- E;) =1,

where ¢, (M ) is the first Chern class of M. Artin and Verdier [3] showed that this corre-
spondence M — E; gives rise to a bijection between the set of classes of indecomposable,
nonfree CM modules over R and the set {E;}. This explains how the Dynkin diagrams
appear as AR quivers of R. See also Esnault [27], Esnault-Knérrer {28] and Kahn [42]
for further discussion in this direction.

(A.2) There is a noncommutative analogy of CM modules.

Let A be an order in an Azumaya algebra over a field and let R be its center. A left
A-module is said to be CM if it is a CM module as an R-module. The problem is to
classify orders which have only a finite number of isomorphism classes of indecomposable
CM modules. In [1], Artin succeeded in doing this in the case that R is a complete
regular local ring of dimension 2 of equicharacteristic 0 and that A is a maximal R-order.
For two-dimensional maximal orders with arbitrary centers of characteristic 0, it was also
done by Artin [2]. See also Reiten-Van den Bergh [54] for non-maximal orders.
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(A.3) A module M over a local ring R is said to be a Buchsbaum module if, for any
system of parameters {z1,z2,... ,24} of M,

(z1,22,... ,2)M 2341 = (21,22,... , ;)M :m (0<i<d-1),

where m is the maximal ideal of R. Furthermore, M is a maximal Buchsbaum mod-
ule if it is a Buchsbaum module with dim(M) = dim(R). Clearly, CM modules are
maximal Buchsbaum. Goto proved that a regular local ring has only a finite number of
1somorphism classes of indecomposable maximal Buchsbaum modules. Again a question
arises: When does R have only a finite number of classes of indecomposable maximal
Buchsbaum modules ?

In [30], Goto and Nishida showed that, if R is a complete CM local ring of dimension
> 2 and if R/m is an algebraically closed field of characteristic unequal to 2, then such
finiteness leads to the regulanty of R.



170

10.

11.

12.

13.

14.

15.

16.

References

. M.Artin, Mazimal orders of global dimension and Krull dsmension lwo, Invent. Math.

84 (1986), 195-222; Correction, Invent. Math. 90 (1987), p. 217.

. M.Artin, Two dimenstonal orders of finile representation type, Manuscripta Math.

58 (1987), 445-471.

. M.Artin and J.-L.Verdier, Reflezive modules over rational double poinis, Math. Ann.

270 (1985), 79-82.

. M.Auslander, Representation theory of artin algebras I, Comm. Alg. 1 (1974),

177-268; II, Comm. Alg. 2 (1974), 269-310.

. M.Auslander, Functors and morphisms delermined by objects, Proc. Conf. Represen-

tation Theory, Philadelphia 1976, Marcel Dekker (1978), 1-224.

. M.Auslander, Rational singularities and almost split sequences, Trans. Amer. Math.

Soc. 293 (1986), 511-531.

. M.Auslander, Isolated singularities and ezistence of almost split sequences, Proc.

ICRA IV, Springer Lecture Notes in Math. 1178 (1986), 194-241.

. M.Auslander and M. Bridger, “Stable module theory,” Mem. Amer. Math. Soc. vol.

94, 1969.

. M.Auslander and LReiten, Representation theory of artin algebras III, Comm. Alg.

3 (1975), 239-294; IV, Comm. Alg. 5 (1977), 443-518.

M.Auslander and I.Reiten, Grothendieck groups of algebras and orders, J. Pure Appl.
Algebra 39 (1986), 1-51.

M.Auslander and I.Reiten, McKay quivers and ezlended Dynkin diagrams, Trans.
Amer. Math. Soc. 293 (1986), 293-301.

M.Auslander and I.Reiten, Almost split sequences for Z-graded rings, Singularities,
representation of algebras and vector bundles (Lambrecht,1985), Springer Lecture
Notes in Math. 1273 (1987), 232-243.

M.Auslander and I.Reiten, Almost splhit sequences in dimension two, Adv. in Math.
66 (1987), 88-118.

M.Auslander and I.Reiten, The Cohen-Macaulay type of Coken-Macaulay rings, Adv.
in Math. 73 (1989), 1-23.

M.Auslander and LReiten, Cohken-Macaulay modules for graded Cohken-Macaulay
rings and their completions, Commutative Algebra, Proceedings of a Micro Program
(Berkeley, 1987), Springer Lecture Notes in Math. (1989), 21-31.

N.Bourbaki, “Algébre Commutative, Chapter 7,” Hermann, Paris, 1968.



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

References 171

N.Bourbaki, “Groupe et Algébre de Lie, Chapter 5,” Hermann, Paris, 1968.
R.-O.Buchweitz, D.Eisenbud and J.Herzog, Cohen-Macaulay modules on quadrics,
Singularities, representation of algebras and vector bundles (Lambrecht,1985),
Springer Lecture Notes in Math. 1273 (1987), 58-116.

R.-O.Buchweitz, G.M.Greuel and F.-O.Schreyer, Cohen- Macaulay modules on hyper-
surface singularities II, Invent. Math. 88 (1987), 165-182.

M.C.R.Butler, Grothendieck groups and almost split sequences, Springer Lecture Note
in Math. 882 (1981), 357-368.

E.Dieterich, Reduction of isolated singularities, Comment. Math. Helv. 62 (1987),
654-676.

E.Dieterich, Auslander-Reiten quiver of an isolated singularity, Singularities, repre-
sentation of algebras and vector bundles (Lambrecht,1985), Springer Lecture Notes
in Math. 1273 (1987), 244-264.

E.Dieterich and A.Wiedemann, Auslander-Reilen quiver of a simple curve singularity,
Trans. Amer. Math. Soc. 294 (1986), 455-475.

J.A.Drozd and A.V.Roiter, Commutative rings with a finite number of indecomposable
integral representations, Math. USSR Izv. 6 (1967), 757-772.

D.Eisenbud, Homological algebra on a complete intersection, with an application to
group representations, Trans. Amer. Math. Soc. 260 (1980), 35-64.

D.Eisenbud and J.Herzog, The classification of homogeneous Cohen-Macaulay rings
of finite representation type, Math. Ann. 280 (1988), 347-352.

H.Esnault, Reflezive modules on quotient singularities, J. Reine Angew. Math. 362
(1985), 63-71. ’

H.Esnault and H.Knérrer, Reflezive modules over rational double points, Math. Ann.
272 (1985), 545-548.

E.G.Evans and P.Griffith, “Syzygies,” London Math. Soc., Lecture Note Series vol.
106, Cambridge U. P., 1985.

S.Goto and K.Nishida, Rings with only a finite number of isomorphism classes of in-
decomposable mazimal Buchsbaum modules, J. Math. Soc. Japan 40 (1988), 501-518.
E.L.Green and L.Reiner, Integral representations and diagrams, Michigan Math. J.
25 (1978), 53-84.

G.M.Greuel and H.Knérrer, Einfache Kurvensingularititen und torsionsfreie Moduln,
Math. Ann. 270 (1985), 417-425.

A.Grothendieck, “Local Cohomology,” Lecture Notes in Math. vol. 41, Springer
Verlag, 1967.

M.Harada and Y.Sai, On categories of indecomposable modules I, Osaka J. Math. 8
(1971), 309-321.



172 References

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.
48.

49.

50.
51.

52.

53.

J.Herzog, Ringe mit nur endlich vielen Isomorphieklassen von mazimalen unzerleg-
baren Cohen-Macaulay-Moduln, Math. Ann. 233 (1978), 21-34.

J.Herzog, Linear Cohen-Macaulay modules on integral quadrics, Séminaire d’algebre
P.Dubreil et M.-P.Malliavin, Springer Lecture Notes in Math. 1296 (1987), 214-227.
J.Herzog and E.Kunz, “Der kanonische Modul eines Cohen-Macaulay-Rings,” Lecture
Notes in Math. vol. 238, Springer Verlag, 1971.

J.Herzog and H.Sanders, Indecomposable syzygy-modules of high rank over hypersur-
face rings, J. Pure Appl. Algebra 51 (1988), 161-168.

G.Hochschild, Cokomology groups of an associative algebra, Ann. Math. 46 (1945),
58-617.

M.Hochster, Rings of invarianis of lori, Cohen-Macaulay rings generaled by mono-
mzaels, Ann. Math. 96 (1972), 318-337.

H.Jacobinski, Sur les ordres commutalifs avec un nombre fini de réseauz indecompos-
ables, Acta Math. 118 (1976), 1-31.

C.Kahn, Reflexive Moduln auf einfach-elliplischen Flickensingularitiien, Brandeis
Univ. (1987).

K. Kiyek and G.Steinke, Einfache Kurvensingularititen in beliebiger Charakteristik,
Arch. Math. 45 (1985), 565-573.

H.Knérrer, Cohen-Macaulay modules on hypersurface singularities I, Invent. Math.
88 (1987), 153-164.

H.Knérrer, Coken-Macaulay modules on hypersurface singularities, Representation of
algebras, London Math. Soc. 116 (1985), 147-164.

T.Y.Lam, “The Algebraic Theory of Quadratic Forms,” Mathematics Lecture Note
Series, W.A.Benjamin, 1973.

H.Matsumura, “Commutative Algebra,” Benjamin, 2nd edition, Mass., 1980.
H.Matsumura, “Commutative Ring Theory,” Cambridge Studies in Advanced Math.
vol. 8, Cambridge U.P., 1989.

D.Mumford, The topology of normal singularities of an algebraic surface and a crite-
rion for simplicity, Publ. Math. IHES 9 (1961), 5-22.

M.Nagata, “Local Rings,” Krieger, Huntington, 1975.

R.S.Pierce, “Associative Algebras,” Graduate Texts in Math. vol. 88, Springer Ver-
lag, 1982.

D.Popescu, Indecomposable Coken-Macaulay modules and their mulliplicities, Trans.
Amer. Math. Soc. (to appear).

I.Reiten, Finile-dimensional algebras and singularities, Singularities, representation
of algebras and vector bundles (Lambrecht,1985), Springer Lecture Notes in Math.
1273 (1987), 35-57.



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

References 173

I.Reiten and M.Van den Bergh, Two-dimensional tame orders and mazimal orders of
fintte representation type, The University of Trondheim (1987).

C.M.Ringel, Report on the Brauer-Thrall conjectures, Proc. ICRA I, Ottawa,
Springer Lecture Notes in Math. 831 (1980), 104-136.

A.V.Roiter, Unbounded dimensionality of indecomposable representations of an alge-
bra with an infinite number of indecomposable representations, Math. USSR Izv. 2
(1968), 1223-1230.

G.Scheja and U.Storch, “Lokale Verzweigungstheorie,” Schriftenreihe des Math. Inst.
der Univ. Freiburg, 1974.

F.-O.Schreyer, Finite and couniable CM representation {ype, Singularities, represen-
tation of algebras and vector bundles (Lambrecht,1985), Springer Lecture Notes in
Math. 1273 (1987), 9-34.

J.-P.Serre, “Local Fields,” Graduate Texts in Math. vol. 67, Springer Verlag, 1979.
@.Solberg, Hypersurface singularities of finite Cohen-Macaulay type, Proc. London
Math. Soc. 58 (1989), 258-280.

O.Solberg, A graded ring of finite Céhen-Macaulay type, Comm. Alg. 16 (1988),
2121-2124.

R.P.Stanley, “Combinatorics and Commutative Algebra,” Progress in Math. vol. 41,
Birkhauser, 1983.

J.Tate, Homology of Noethertan rings and local rings, Illinois J. Math. 1 (1957),
14-25.

K.Watanabe, Certain invariant subrings are Gorenstein, I, Osaka J. Math. 11 (1974),
1-8; 11, 379-388.

J.Wunram, Reflezive modules on cyclic quotlient surface singularities, Singularities,
representation of algebras and vector bundles {(Lambrecht, 1985), Springer Lecture
Notes in Math. 1273 (1987), 221-231.

Y.Yoshino, Brauer-Thrall type theorem for mazimal Cohen-Macaulay modules, J.
Math. Soc. Japan 39 (1987), 719-739.

Y.Yoshino, “CM modules over Hensel CM rings (in Japanese),” Lecture Notes Series
of Math., Tokyo Metropolitan Univ., 1987.

Y.Yoshino and T.Kawamoto, The fundamental modules of a normal local domain of
dimension 2, Trans. Amer. Math. Soc. 309 (1988), 425-431.



174

Index

admitting AR sequences, 15
algebraic torus, 143

analytic algebra, 6

AR quiver, 36

AR sequence, 10, 14

AR translation, 10

Auslander category, 26

Auslander transpose, 18

Betti number, 68

birationally dominate, 69
bounded multiplicity type, 44
Brauer-Thrall theorem, 45
Buchsbaum module, 169
canonical module, 3

chain of irreducible morphisms, 51
Clifford algebra, 130

closed under AR sequences, 149
CM approximation, 33
Cohen-Macaulay module (CM module), 1
conductor, 72

convergent power series, 6
Dedekind different, 46

efficient system of parameters, 48
equivalence of matrix factorization, 55
finitely generated functor, 26
finitely presented functor, 26
finite representation type, 39, 135
fundamental module, 100
fundamental sequence, 100
gradable module (homomorphism), 137
graded isolated singularity, 138
Grothendieck group, 118
Harada-Sai lemma, 51

Henselian ring, 5
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Hilbert series, 161

homogeneous CM ring, 161

h-vector, 162

hypersurface, 54

indecomposable, 5

integer matrix of (in)finite type, 144
irreducible morphism, 11

isolated singularity, 16

isomorphism up to degree shifting, 135
Klein group, 94

local cohomology, 1

local duality, 4

locally free on punctured spectrum, 17
matrix factorization, 55

McKay graph, 87

minimal reduction, 62

morphism of matrix factorizations, 55
multiplicity, 2

Noetherian different, 46

Noetherian normalization, 3

periodic resolution, 56

periodicity except for a finite part, 68
pseudo-reflection, 88

quadratic space, 124

reduced matrix factorization, 55
reduced syzygy, 5

representation finite, 39

scroll, 155

separable system of parameters, 6, 46
simple object, 28

simple (hypersurface) singularity, 60
split morphism, 6

stable AR quiver, 117

stretched ring, 162

syzygy, 5

toric singularity, 143

Yoneda’s lemma, 26
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Index of Symbols

dimgr M, the Krull dimension of an R-module M.

depthy M, the depth of an R-module M.

lengthr(M), the length of an Artinian R-module M.

Hi (M), i-th local cohomology of M with support in {m}; (1.2).
e(M), the multiplicity of M; (1.6).

KRg, the canonical module of R; (1.10).

syz"™(M), the reduced n-th syzygy of M; (1.15).

k{21, 23,...,2,}, convergent power series ring over a valued field k; (1.19).
M(R), the category of finitely generated R-modules.

€(R), the category of CM modules over R.

S(M) (resp. S'(N)); (2.1) (resp. (2.1)").

7(M), the AR translation of M; (2.8).

~1(M); (2.8)".

tr(M), the Auslander transpose of M; (3.5).

Homg(M, N); (3.7).

Mod(€), the category of contravariant additive functors from € to (Ab); (4.1).
mod(€), the Auslander category of €; (4.6).

(M, N), = Hompg(M, N) in Chapters 4 and 5.

Su, the simple functor associated to M; (4.11).

Mod(©); (4.14).

mod(€); (4.14).

(M, N)n; (5.1).

Irr(M, N), the space of irreducible morphisms from M to N; (5.1).
irrf(M, N) , the dimension of Irr(M, N); (5.1).

n(R), the number of isomorphism classes of indecomposable CM modules over R; (5.10).
NE, the Noetherian different of R over T;; (6.6).

DE, the Dedekind different of R over T; (6.6).

H%(R, M), i-th Hochschild cohomology of an R-module M; (6.8).
NE; (6.11).

MFs(f), the category of matrix factorizations of f; (7.1).
Coker(y,¥); (7.2), (7.4).

MFg(f); (7.3).

RMF(f); (7.3).

& (7.3).



Index of Symbols

¢(f), the set of ideals I with f € I%; (8.1).
I(M); (8.11).

Bn(M), n-th Betti number of M; (8.18).

S * G, the skew group ring of G over S; (10.1.1).
#(S * G), the category of projective modules over S * G; (10.1).
Mc(V, G), the McKay graph of G on V; (10.3).
mult;(W); (10.3).

vi(P); (10.3).

RY; (12.1.1).

RM; (12.8).

IT'(R), the stable AR quiver of R; (12.12).
Ko(2), the Grothendieck group of %; (13.1).
AR(€); (13.6).

Ry, the local ring of hypersurface defined by a quadratic form @; (14.1).

G, the associated graded ring of Ro; (14.4).

C(Q), the Clifford algebra of Q; (14.6).

gtM(C(Q)), the category of graded C(Q)-modules; (14.7).

gr€(R), the category of graded CM modules over R; (15.1).

Tqr, graded AR translation; (15.4.1).

L'4,, the subgraph of I' consisting of gradable modules; (15.9).

R(A), the semigroup ring defined by an integer matrix A; (16.1).
R(A), the toric singularity associated with an integer matrix A; (16.1).
Hpg(A), the Hilbert series of M; (17.1).

h(M), the h-vector of M; (17.1).
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