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Introduction

The study of Cohen-Macaulay modules is one of the active subjects in commu-
tative algebra and representation theory. This thesis deals with a particularly
useful case: the maximal Cohen-Macaulay modules over a ring of simple hyper-
surface singularity. As is remarked in [Yoshino| [1990], the classification problem
of Cohen-Macaulay modules over a given Cohen-Macaulay ring has two aspects:
the first is the algebraic or representation-theoretic side, in which the theory de-
veloped by Maurice Auslander and Idun Reiten serves as a powerful tool; the
second is a geometric side, where many have made great contribution, including
Horst Knorrer, Ragnar-Olaf Buchweitz, David Eisenbud, etc. This thesis focuses
on the algebraic aspect, to give a clear presentation of the stable category of max-
imal Cohen-Macaulay modules over a simple singularity using Auslander-Reiten
sequences.

The first chapter starts from the basics of commutative algebra and introduces
the concept of maximal Cohen-Macaulay modules over Cohen-Macaulay rings in
Section[I.1} In Section the focus is on maximal Cohen-Macauly modules over
a ring of hypersurface, where a very important tool, matrix factorisation, is im-
ported from [Eisenbud [1980], and we show the correspondence between maximal
Cohen-Macaulay modules and matrix factorisations, known as Eisenbud’s ma-
trix factorisation theorem, see (L.6). This equivalence of categories is extensively
and sometimes even implicitly used throughout the thesis when we consider some
maximal Cohen-Macaulay module or some matrix factorisation.

The second chapter is devoted to the introduction to Auslander-Reiten theory,
which aims to represent a certain category by a quiver carrying the data of some
generators and relations. In Section 2.1, we give a detailed explanation of the
properties of Auslander-Reiten sequences, or almost split sequences, in partic-
ular the relation with irreducible morphisms. We also mention the existence of
Auslander-Reiten sequences in the category of maximal Cohen-Macaulay modules
over an isolated singularity, a famous result from |Auslander and Unger| [2006]. In
Section 2.2] we discuss the data in the Auslander-Reiten quiver of the category of
maximal Cohen-Macaulay modules over some Henselian Cohen-Macaulay local
ring. In particular, we show that the number of arrows between two vertices in
the quiver can be determined by inspecting certain Auslander-Reiten sequences.
In addition, we mention the local finiteness of the Auslander-Reiten quiver of an
isolated singularity, as well as a version of Brauer-Thrall theorem for the category
maximal Cohen-Macaulay modules, known as Dieterich-Yoshino’s theorem from
Dieterich [1987] and |Yoshino| [1987].

The third chapter brings the context to our main focus: the simple singularities.
In Section [3.1] we follow the method of Buchweitz et al| [1987] to give a proof of
the claim that if an analytic hypersurface admits only finitely many isomorphism
classes of indecomposable maximal Cohen-Macaulay modules, then it is a simple
singularity. We also present a proof from Herzog [1978] that looses the hypersur-
face assumption, to show that it suffices to assume that the ring is Gorenstein.
In Section [3.2] we introduce Knorrer’s periodicity and give a thorough proof of
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it, see (3.14). This famous result from Knorrer| [1987] allows us to reduce the
dimension of the ring by two when proving that it admits only a finite number of
isomorphism classes of indecomposable maximal Cohen-Macaulay modules. Once
we finish the discussion of 1-dimensional and 2-dimensional cases later, we shall
be able to conclude that any hypersurface is MCM-finite, if and only if it is a
simple singularity, or equivalently if it is classified by the Dynkin types A, for
n>1, D, for n > 4, FEg, E; and Ex.

The last chapter aims to give a concrete presentation of the (stable) category of
maximal Cohen-Macaulay modules over a simple singularity. In other words, we
determine the (stable) Auslander-Reiten quiver of the category. By Knorrer’s pe-
riodicity , it suffices to look into the 1-dimensional and 2-dimensional cases.
In Section [4.1], we consider the 2-dimensional case, where we use the isomorphism
between the Auslander-Reiten quiver and the McKay graph of Klein groups to re-
duce the problem to a classical result from Klein| [1893]. This isomorphism is often
referred to as the algebraic McKay correspondence, discovered in|Auslander| [1986]
and [Auslander and Reiten| [1987]. In Section 4.2 we consider the 1-dimensional
case, and we apply the techniques of matrix factorisations and Auslander-Reiten
sequences to determine the vertices and arrows in the Auslander-Reiten quiver,
as is so in |Yoshino| [1990]. Finally, we adopt the notation of orbit quivers used
in Iyamal [2018] to present the result in a simpler form, and we illustrate how
the quotients of the extended quivers by some automorphisms correspond to the
Auslander-Reiten determined before.

Although this thesis mainly uses the technique from commutative algebra, it is
worth mentioning that in recent years the theory is put into the context of modern
representation theory in the language of homological algebra, see for example the
triangulated equivalences in Kajiura et al.| [2007], and this point of view also plays
a major role in the survey lyama/ [201§].



1. Cohen-Macaulay modules

1.1 Cohen-Macaulay rings and modules

Throughout the thesis any ring R is assumed to be commutative and unital. Any
module M over a ring R is assumed to be unital and finitely generated.

We denote by mod(R) the category of finitely generated R-modules, considered
as a subcategory of Mod(R), the category of all R-modules that are possibly not
finitely-generated.

A ring R is local, if it admits a unique maximal ideal mz. Recall that:

Any projective module over a local ring is free.

See [Matsumura; [1989], Thm. 2.5. O

For a ring R, its (Krull) dimension is denoted by dim(R). For an R-module M,
its dimension is defined as dim(M) := dim(R/Ann(M)), where

Ann(M) :={re R|rm=0,Ym e M}

is the annihilator of M, considered as an ideal of R.

Let R be a local noetherian ring with maximal ideal mgz. We denote by kg :=
R/mp the residue field of R. Then mp/m% is a kgr-vector space. R is regular, if
dlm(R) = [mR/m%i . RR].

Jean-Pierre Serre has shown that:

A notherian local ring R is regular, if and only if R is of finite global
dimension, i.e.

gl.dim(R) := sup{proj.dim(M) | M € Mod(R)} < oc.

Moreover, in this case, dim(R) = gl.dim(R) < oo.

See [Matsumura, [1989], Thm. 19.2. O

We also know that:

Every regular local ring is a unique factorisation domain.

See |Auslander and Buchsbaum)| [1959). O

Let R be a ring, I an ideal of R, and M € mod(R), such that IM C M. The
I-depth of M is defined as

depth; (M) := min{i : Extz(R/I, M) # 0}.
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If R is moreover local, then the mg-depth of M is simply called the depth of M.
In other words,

depth(M) := min{i : Extyy(kg, M) # 0}.

According to David Rees, we can reformulate the definition in a more elementary
way. Let M be a finitely generated R-module for a local ring R, then x € mpg
is M-reqular, if M % M is injective; otherwise x is a zero divisor of M. A
sequence {z1,---,x,} of elements in mg is a regular sequenc«ﬂ of M, if x;4q is
M/(xq,- - ,x;)M-regular, for any i = 0,--- ,n — 1. Then:

The depth of M equals the maximum length of regular sequences of M in
mpeg.

See Bruns and Herzog| [1998], Thm. 1.2.5. O

The most basic property of depth is the following:

Let M be a nonzero finitely generated module over a noetherian local ring
R, then

depth(M) < dim(M). (1.1)

See Bruns and Herzog| [1998], Thm 1.2.12. O

Let R be a noetherian local ring, and 0 - M — N — P — 0 be a short
exact sequence of nonzero R-modules. Then

o depth(N) > min{depth(A/), depth(P)};

o depth(P) > min{depth(V),depth(M) — 1};

o depth(M) > min{depth(V), depth(P) + 1}.

The statements are proven immediately once we consider the long exact sequence
by applying the functor Homg(kg, —). O

Auslander-Buchsbaum formula. The Auslander-Buchsbaum formula allows
to calculate the projective dimension of a module by its depth:

Let R be a noetherian local ring with maximal ideal mg, and M be a finitely
generated R-module. If proj.dimg(M) < 400, then

proj.dimp (M) + depth(M) = depth(R). (1.2)

See |Auslander and Buchsbaum| [1957]. O

'For an arbitrary ring R, the definition of an M-regular sequence also requires
M/(x1,-+ ,2,)M # 0. Thanks to Nakayama lemma this amounts to M # 0 when R is
local, though.



Let R be an integral domain. The rank of an R-module M, denoted by rankg (M),
is the maximal number of elements of M that are linearly independent over
R. Here a subset T' of M is R-linearly independent, if the natural morphism
R — M is injective.

Let K be the field of fractions of R. Then rankg(M) = dimg(M @ K).
Suppose M is a free R-module, then M ~ R™ and rankg(M) = n.

Let 0 — M; — My — M3 — 0 be an exact sequence of R-modules, then

rankg (M) + rankg(Ms) = rankg(Ms).

In fact, since the field of fractions K is flat, we can apply — ®r K to the original
exact sequence, and the result follows from the rank-nullity theorem in linear
algebra. O]

Let M be a module over some ring R. Given a chain of its R-submodules of the

form
MOngg"'gMn—lgMn:M7

we say this chain has length n.

The length of M, denoted by I(M), is defined as the largest length of any chain
of R-submodules of M, or +o0, if no such largest length exists.

We have the following results:

e [f N is an R-submodule of M,
I(M)=1I(N)+I(M/N).

o If0 > My — My — --- — M, — 0is an exact sequence of R-modules
of finite length, then

See [Matsumura [1989], p.12. O

A local ring R is Henselian, if any commutative R-algebra which is finitely gen-
erated as an R-module is a direct product of local R-algebras.

For any Henselian local ring R and M € mod(R), M is indecomposable if
and only if Endg(M) is a local algebra. This imples that mod(R) is Krull-
Schmidt, i.e. any R-module can be written uniquely as a finite direct sum
of indecomposable R-modules.

See [Yoshino| [1990], (1.18). O

An important example is given by an analytic algebra over a valued field K, i.e.
a finite algebra over a convergent power series ring K{xy,---,z,}. Recall that
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K is equipped with a valuation v : K — [0, +00) C R satisfying
o v(z)=0& 12 =0
o v(zy) =v(x)v(y), v(z +y) < v(z) +v(y), Yo,y € K.

Also recall that a formal power series f =3 . @i, 27 -+ -zl over K in vari-

ables {x1, - ,x,} is convergent, if Iry,---  r,, N € (0,+00) such that
U(a’il“'in)ril ”'T'fzn < Nv Vily"' ain-
Any local analytic algebra over a valued field K is a Henselian ring. ]
See [Nagatal [1962], Thm. 45.5. O

Maximal Cohen-Macaulay module. Let R be a noetherian local ring. A
finitely generated R-module M is mazimal Cohen-Macaulay (MCMP] if

depth(M) = dim(R).
The ring R is a Cohen-Macaulay ring, if it is a MCM module over itself, i.e. if
depth(R) = dim(R).

The category of MCM R-modules is denoted by MCM(R), which is naturally a
subcategory of mod(R).

We clearly have:

Any regular local ring is a CM ring. ]

In fact, for a regular local ring R, we can pick a minimal set {z1,---,2z,} of
generators for mg, where n = dim(R). Recall that R is a UFD, and then it is
easy to show that xi,---,x, is a regular sequence of R, and hence depthR =
dim(R). O

The following homological characterisation of MCM modules are useful:

For a finitely generated R-module M, the followings are equivalent:
e M is an MCM R-module;
o Exty(kgr, M) =0 for any i < dim(R).

Given M € MCM(R), we know by definition dim(R) = depth(M). By definition
of depth, we know that for any i < depth(M) = dim(R), Exty(kg, M) = 0.
Conversely, we know from that depth(M) < dim(M) = dim(R/Ann(M)) <
dim(R). Meanwhile, depth(M) = min{i : Exth(kgr, M) # 0} > dim(R). Hence
depth(R) = dim(R). O

An easy corollary is:

2There are also Cohen-Macaulay modules that are not maximal, which are out of topic in
the thesis.



For any short exact sequence 0 —- L — M — N — 0 of R-modules, if L
and N are MCM, then so is M; if M and N are MCM, then so is L.

In fact, just consider the long exact sequence
oo — Extb(kpg, L) — Exth(kg, M) — Extly(kg, N) — - -

where i < dim(R). O

For a CM local ring R, given an exact sequence of R-modules

Qn—1

0-M2F, | 2B F, o— - = F 2 F

where each Fj is free and n > dim(R), then M is a MCM R-module.

First notice that for free modules Fj, proj.dim(F;) = 0, and thus by (1.2)) we get
depth(F;) = depth(R) = dim(R), Vi. Now consider the short exact sequence

0— M =% F, ; — Coker(a,,) — 0,

from which we get depth(M) > min{dim(R), depth(Coker(cv,)) + 1}. Similarly
consider

0 — Coker(a,,) — F,,_o — Coker(a,_1) — 0,

to get depth(Coker(cv,)) > min{dim(R), depth(Coker(c,_1)) + 1}. Combining
them, we get

depth(M) > min{dim(R), depth(Coker(c,)) + 1}
> min{dim(R), min{dim(R), depth(Coker(a,_1)) + 1} + 1}
(R)
(R)

> min{dim(R), min{dim(R) + 1, depth(Coker(c,—1)) + 2}}
= min{dim(R), depth(Coker(c,—1)) + 2}.

Then it is not hard to continue until we get

depth(M) > min{dim(R), depth(Coker(a)) + n}
> min{dim(R), depth(Coker(c;)) + dim(R)}
= dim(R).

]

In other words, for any R-module M of finite type and any n > dim(R), the n-th
syzygy of M is a MCM R-module. We dismiss any free direct summand in it
and denote by syzj (M) the reduced n-th syzygy of M, and then syz},(M) is also
MCM.

The following results are well-known and useful:
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o If R is a regular local ring, then all MCM R-modules are free.

e If Ris a I-dimensional reducedlocal ring, then an R-module is MCM
if and only if it is torsion-free, i.e. the natural homomorphism M —
Hompg(Hompg(M, R), R) is a monomorphism.

e If R is a 2-dimensional normal local domainﬂ then an R-module M
is MCM if and only if it is reflezive, i.e. the natural homomorphism
M — Hompg(Homg(M, R), R) is an isomorphism.

%.e. having no nonzero nilpotent elements.
YA ring is normal if its localisations at prime ideals are integrally closed domains.

See [Yoshino| [1990], (1.5). O

A noetherian local ring R is Gorenstein, if
inj.dim(Rp) < oo.

A noetherian ring R is Gorenstein, if R, is a Gorenstein local ring for any p €

Spec(R).

For a noetherian local ring R of dimension n, the followings are equivalent:
e R is Gorenstein, i.e. inj.dim(Rg) < 00;
e inj.dim(Rg) = n;

; KR, ©="n;

o Extl(kgr, R) = ;
s ) 0, i#mn;

e Extly(kg, R) = 0 for some i > n;
i KR, 1= n;

e Ext(kg, R) =
rlm ) {0, i <n.

See [Matsumura; [1989], Thm 18.1. O

It follows directly that:

e Every regular local ring is Gorenstein.

e Every Gorenstein ring is Cohen-Macaulay.

e Every Gorenstein ring R admits a canonical module wg that is iso-
morphic to R itself.

Given a regular local ring R, we know that
gl.dim(R) = sup{inj.dim(M) | M € Mod(R)} < oc.

In particular, inj.dim(Rg) < oo, i.e. R is Gorenstein. The other statements are
rather obvious. We remark that for any CM ring R, wr € mod(R) is a canonical
module of R if wp € MCM(R) and

,- kr if i = dim(R);
EXtR(/‘ingR) = {0 otherwise
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]

For an arbitrary CM ring, if a canonical module exists, then it is unique up to
isomorphism. Moreover we have:

Let R be a CM ring with canonical module wg, and M € MCM(R). Then
Homg(M,wr) € MCM(R) as well and M ~ Hompg(Hompg(M,wr),wr).
Moreover, Ext%(M,wgr) = 0 for i > 1. In particular, Homg(—,wg) is an
exact auto-functor on MCM(R).

See [Yoshino| [1990], (1.13). O

1.2 MCM modules over a hypersurface

In this section we are interested in the MCM modules over a hypersurface sin-
gularity R. In other words, R = S/(f) is a fixed CM local ring, where S is a
regular local ring, and f € mg. If f = 0, we know that all MCM R-modules are
actually free. So from now on we assume f # 0. In this thesis, we are particularly
interested in an analytic hypersurface, which is a hypersurface R = S/(f) where
S is a regular analytic algebra over certain field K. We shall simply call it a
hypersurface if no confusion is caused.

Given M € MCM(R), and it has a structure of S-module naturally. By Auslander-
Buchsbaum formula (1.2)), proj.dimg(M) = depth(S) — depth(M) = dim(S) —
dim(R) = 1. Thus M has a free S-resolution of the form

0 — 50 L gm) Ty pp s,
Moreover, rankg(M) = 0. In fact, suppose S — M is an S-linear morphism, then

0 # (f) C Ker(¢), hence ¢ cannot be injective. Applying the additivity of rank,
we get n; = ngy =: n. So M has a free S-resolution of the form

0— S 2 g I Ar 0. (1.3)
Consider the submodule fS™ < S™_  Since fM = 0, we get fS™ C Ker(r) =

Im(¢) = ¢(S™). Thus Vz € S™, 3y € S™, such that fr = ¢(y). We then
define ¢ : S™ — S by ¢)(z) = y. Clearly 1 is a linear endomorphism, and

ot = flgm.

So popop = flgm o = ¢o flgm, which implies, since ¢ is monomorphic,
that

Yog=flgm.

By fixing a base for S, the maps ¢, can be regarded as matrices, i.e. ¢, €
San.

11



Matrix factorisation. A pair of matrices (¢,7¢) € S™" x S™" satisfying
poth =1od= flgm is called a matriz factorisation of f, where n € N.

A morphism of matrix factorisations (¢1,11) — (¢2,12) is a pair of matrices
(a, B) € Sm2Xm x §m2xm guch that o ¢ = ¢ 0 3, i.e. the following diagram
comimutes:

Gm) 2, g(m)

I
Gn2) 92, g(na)

Note that in this case, we can show that o, = 1Yy0a holds as well. In fact,

JBoy =1yo0py0Bor
=100 oY
= fi o0

In other words, actually the following bigger diagram commutes as well:

Gm) Y1 gm) 91, g(m)

L
Gna) Y2 glna) %2, g(n2)

It is easy to check that, (a, ) is an isomorphism if and only if o and  are both
isomorphisms. We often identify isomorphic matrix factorisations.

We denote by MFg(f) the category of matrix factorisations of f. It is clearly
additive, because there is a natural direct sum defined by (¢1,11) @ (¢2, 1) :=

(D1 D P2, 11 B Pa).

A matrix factorisation (¢,1) of f is reduced, if ¢, € (S\ S*)"*". The trivial
factorisations (1, f) and (f, 1) are clearly not reduced.

Let (¢,1) € MFg(f), then ¢, : S®™ — S are obviously monomorphic. For
example, if 1(x) = 0 for some 2 € S™ then fr = ¢(¢)(z)) = 0 as well. Notice
that S is a regular local ring, hence a UFD, so f # 0 is not a zero divisor, and
therefore z = 0.

Up to now we have mainly been considering any M € MCM(R) as an S-module.
We now show a famous result regarding the free R-resolutions of M, discovered
by David Eisenbud:

Every MCM module M over a hypersurface R has a 2-periodic free R-
resolution.

Let (¢,9) € MFg(f). Denote by ¢,7 € R™™ the matrices ¢, modulo (f),
respectively. We now claim that there is an exact sequence of R-modules of the
following form:

.= RM & R 2 ) 2 pn) _y .. (1.4)



and this gives an R-free resolution of M:
(p,p) 1 - — R L R L R & g Iy hp 0, (1.5)

where 7 denotes the map 7 : S™ — M modulo (f).

In fact, (1.4) is a complex by definition of (¢,v) € MFg(f). Suppose z € R™
such that ¢(7) = 0, then ¢(x) € fS™ = ¢(x»(S™)). Since ¢ is monomorphic,
z € P(S™), ie. z € Im(y)). Then it is clear that is exact. Now is
exact simply by combining and . O

For (¢,1) € MFg(f), we put Coker(¢, ) := Coker(¢), considered as an R-module.

For (a, ) : (¢,%) — (¢',¢'), f induces a morphism Coker(¢, 1)) — Coker(¢’, ),
denoted by Coker(a, ). Then it is clear that Coker : MFg(f) — mod(R) is an

additive exact functor.

Moreover, by the periodicity of for M := Coker(¢, 1), we can cut the long
exact sequence short:

R™ 2, . % R E, Coker(¢, 1) — 0

0 ----» Coker(¢,v) — 0

In other words, Coker(¢, ) is the 2i-th syzygy of itself, Vi > 1. Hence Coker(¢, 1))
is an MCM R-module. Thus we have shown that Coker : MFg(f) - MCM(R) is
an additive exact functor.

We let Z be the ideal of MFg(f) generated by the morphisms factoring through
direct sums of (1, f), and J be the ideal generated by the morphisms factor-
ing through direct sums of (1, f) and (f,1). Notice that Coker(1, f) = 0 and
Coker(f,1) = R.

Now we are ready to state and prove the main theorem by David Eisenbud on
matrix factorisations:

Eisenbud’s matrix factorisation theorem. If R = S/(f) is a hyper-
surface, then Coker induces an equivalence of categories:

MFs(f)/Z ~ MCM(R), (1.6)
which induces another equivalence
MFs(f)/J ~ MCM(R), (1.7)

where MCM(R) := MCM(R)/F is the stable category of MCM(R), and F
denotes the ideal of MCM(R) generated by the morphisms factoring through
free R-modules.

As we have already shown, the cokernel induces a functor again denoted by
Coker : MFs(f)/Z — MCM(R). Conversely, we define a functor F' : MCM(R) —
MFs(f)/Z as follows: given M € MCM(R), we have shown that we can get

13



a matrix factorisation F(M) = (¢,v). This will be a well-defined object in
MFs(f)/Z, if we take such a ¢ that the resolution is minimal, see [Yoshino
[1990], (7.4). Given a morphism g : M; — M, in MCM(R), by projectivity we
have o, 5 : S™) — S2) making the following diagram commute:

0 gn) 91, g(m) M, 0
8 o lg
0 — S(n2) & S(n2) M, 0

Then (a, §) gives a morphism, denoted by F(g) : F(M;) — F(Ms). To show
that this is well-defined, assume (¢, 3’) is another pair of matrices making the
same diagram commute, then ¢y 0 (3 — 8') = (a —a') 0 ¢1. So I : S — §r2)
such that « — o’ = ¢oop and §— ' = po ¢;. Thus

(Oé,ﬁ) - (alaﬁl) = (gb% 1) o (M7/~LO qbl) : (¢1,¢1) — <¢2a¢2)’

where (,ualu o (bl) . (¢1,¢1) — (1n2>f © 1n2) and (¢27 1) : (1n2>f © 1n2) — (¢2,¢2)-
Therefore, («, 3) — (¢, ') = 0 € MFg(f)/Z, and hence F(g) is uniquely defined.
It is then easy to check that F': MCM(R) — MFg(f)/Z is a functor. In addition,
it is straightforward to check that F' is a quasi-inverse to Coker : MFg(f)/Z —
MCM(R). So and consequently hold. O]

Given any (¢,1) € MFg(f). According to [Yoshino [1990], p. 58, if the matrix
¢ has a unit entry, then up to isomorphism, (¢,1) will have (1, f) as a direct
summand; likewise if ¢ has a unit entry, then up to isomorphism, (¢, ¢) will have
(f,1) as a direct summand. This implies that any (¢,1) can be written as

(6,9) = (¢0,%0) @ (f, P @ (1, /)@, (1.8)

where p,q € N and (¢, 1) is reduced.

An easy observation is:

If (¢,¢) € MFg(f) is reduced, then Coker(¢, ) has no free direct summand. ]

In fact, if M := Coker(¢,1)) has a direct summand R, then in (1.3)), 3¢’ such
that ¢ = ¢’ @ f, hence (¢,v) is isomorphic to (¢',v¢’) & (f,1) for some 7', a
contradiction! O

We can further show that the decomposition is unique up to isomorphism.
To do so, suppose (¢,1) = (¢}, ¥h) @ (f, 1)) @ (1, £)\@) is another such decom-
position. Letting M := Coker(¢, ), My := Coker(¢o,10g), M/ = Coker(¢g, 1),
by we get M ~ My @ RP ~ M} @ R®). As we have just shown, neither
My nor M/ has any free direct summand, so p = p’ and My ~ M. By comparing
the size of matrices, we get ¢ = ¢/ as well. That (¢o, ¥o) =~ (¢5, 1) follows from
My ~ M} and the proof of (L.6).

Another important resul‘rE| is:

3From (1.9) we also get that in general the matrix factorisations (¢,v) and (v, ¢) are not
isomorphic.
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Let M = Coker(¢, 1) be an indecomposable MCM R-module which is not
free, where (¢,1) € MFg(f) is reduced. Then its first reduced syzygy
syzL M is also indecomposable and not free, moreover,

syz, M ~ Coker(¢, ¢). (1.9)

Since M is indecomposable, clearly (¢,v) is also indecomposable. Now it is
obvious to see that (1, ¢) is another indecomposable reduced matrix factorisation
of f, and hence Coker(1, ¢) is indecomposable and not free. Now we can extract
from a short exact sequence as follows:

0 — Coker(¢), ) — R™ — Coker(¢,9) — 0,

from which we have syzLM ~ Coker(¢, ¢) since Coker(1), ¢) is shown to be inde-
composable and not free. n

Given another MCM R-module N = Coker(¢', 1) for some matrix factorisation
(¢, 1), if there exists g € Homp (N, syzk(M)), by Eisenbud’s matrix factorisation
theorem, there is a morphism of matrix factorisations («, 5) : (¢',¢") — (¢, ¢),
such that Coker(a, 5) = g. By definition this implies 5 o ¢’ = ¢ o a. Notice

that
<¢ 5) <¢ —a>:<¢w —¢a+ﬁ¢'>:f1
0 ¢/ O w/ 0 ¢/w/ )

%(<g £>,<g ;?))eNWSU)aSWdLIknﬁebyL::Comd<g g)%and

we have a short exact sequence

0>MLLY N0,

where j = Coker((é) : (é)) and g = Coker((O 1) : (0 1))

Any extension in Ext(N, M) can be obtained this way, since the middle element
in such a short exact sequence is also an MCM R-module as we have shown
before.
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2. Auslander-Reiten theory

2.1 Almost split sequences and irreducible mor-
phisms

Fix a Henselian CM local ring (R, mg) with residue field kg for the whole sec-

tion. We continue to denote by MCM(R) the category of all finitely generated

MCM R-modules, a full subcategory of mod(R). Recall that M € MCM(R) is
indecomposable if and only if Endg(M) is a local ring.

For any indecomposable M € MCM(R), we define G(M) to be the set of all
non-split exact sequences s in MCM(R) of the form

s:0—>N,—FE, - M —0,

where N is indecomposable. By definition any s € &(M) gives a non-trivial
element in Exty (M, Ny).

First we observe that:

If the indecomposable M € MCM(R) is not free, then &(M) # .

In fact, since M is not free, there exists a non-split epimorphism E — M for
some free R-module E. Let N = Ker(E — M), we get a non-split short exact
sequence of the form

s:0—>N—F—M-—0.

Now we decompose N into indecomposable direct summands N = @, N;, and let

E; = ﬁ Then for any i,
$;:0 =N, - E;,—- M —=0
is a short exact sequence, since F;/N; ~ @LN = % ~ M. Now we claim that,
i

since s is not split, 97 such that s; is not split eithexﬂ

In fact, if each s; splits, then for each ¢, the inclusion ¢; : N; < FE; in s; admits
a left inverse r; : E; — N;. Then we have amapr : E — F; = N; < N by
composing r; with the quotient map E — E; and the inclusion N; — N. Denote
by ¢ : N — FE the inclusion in s, and we can easily see that

roo=N3SE—FE;, 2 N,— N=1yu.

This can be checked by looking at each NV;. Therefore, s splits as well, a contra-
diction! m

Now we would like to inspect the ordering structure on &(M). For any s,t €
&(M), where M € MCM(R) is indecomposable, we write s > ¢ if there exists
f € Hompg(N,, Ny) such that Extp(M, f)(s) = t. By definition this means there
exists a commutative diagram in the following form:

!This indeed follows from [Yoshino| [1990], (1.22).
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0 N E; M 0

L

0 Ny E, M 0

Moreover if such an f is an isomorphism, we write s ~ t.

Notice that > is clearly reflexive and transitive on &(M ), and hence so is ~. Also,
~ is clearly symmetric on &(M ), thus ~ is an equivalence relation on G(M). We
shall prove that:

[ For any indecomposable M € MCM(R), > is a partial order on &(M)/ =~. ]

It suffices to show that > is anti-symmetric on &(M) modulo ~. Suppose s,t €
S(M) satisfy s > t and t > s. Then there exist R-linear map f : N, — N,
and g : N, — N, such that Extp(M, f)(s) = t and Exts(M,g)(t) = s. Letting
h:=gof: N, — N, we see that Ext,(M, h)(s) = s. We claim that h € Endg(N,)
is an isomorphism.

To prove that, consider the R-subalgebra
R[h] :={ap +a1h+ - -+ a,h" | n € N,ag,--- ,a, € R}

of Endg(N). Since R is noetherian, Hilbert’s basis theorem implies that R[h] is
finitely generated as an R-module. Since R is Henselian, R|[h| is a direct product
of local R-algebras. If R[h] is not local, then it contains non-trivial idempotentﬂ
including e := (1,0,--- ,0). Then e(1—e) = e—e* = 0 implies that both e and 1—e
are zero divisor in R[h| and hence in Endg(/N). Thus neither e nor 1—e is a unit in
Endr(N), so e,1 —e € radEndz(N), which implies 1 = e+ (1 —¢€) € radEnd(N),
a contradiction! Therefore, R[h] is local.

Observe that there is a natural map ¢ : Endr(N) — Extp(M, N), given by
o — Exti(M,a)(s). We still denote by ¢ its restriction on R[h]. Since s does
not split, ¢(1) = Extp(M,1)(s) = s # 0, i.e. 1 ¢ Ker(¢). On the other hand,
(1 — h) = Extp(M,1)(s) — Extyp(M,h)(s) = s —s =0, s0 1 — h € Ker(¢). Thus
Ker(¢) is a proper ideal of R[h|, hence Ker(¢) C rad(R[h]|). This implies that
1 — h is not a unit, and thus h is a unit for R[h] is local, which completes the
proof. O]

Now we prove another important property of &(M):

Let M € MCM(R) be indecomposable and let s : 0 — N, < E, = M — 0
and t: 0 — Ny &% E; ™5 M — 0 be any two elements in &(M). Then
there is an element v € S(M) with s > w and t > u.

Consider the following short exact sequence:

(7r577rt)

0 — Ker(ms, m) — Es ® By —— M — 0.

%i.e. idempotents that are not equal to 0 or 1.
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Recall that since neither 74 nor m; is a split epimorphism, the sequence is not
split. Actually, if (7, ;) were split, there would be some o : M — E and some
B M — E; satisfying w50 a+m 0 8 = 1y, Since Endg(M) is local, either 750«
or m; o 3 would be an automorphism of M, which means either s or ¢ splits.

For simplicity we let N := Ker(ws,m), E := E; @ E;, and ¢ := (w5, m). De-
compose N into indecomposable direct summands N = ; N; and denote by
E; = E/@®;4; N;, we get short exact sequences of the form

u;: 0= N, = E;, = M — 0.
And we know from [Yoshino| |1990], (1.22) that there exists some i such that

u; € S(M). Denote by u this non-split short exact sequence, and we claim that
s > wu and t > u. In fact, consider the following diagram:

S 0 N, —“ s B, - M 0

H
o «— o +—

where p : Ny — N is given by z — (15(2),0). Then it is easy to check that the
diagram commutes and hence s > u. Similarly we can show ¢t > u. O]

An easy corollary is that any minimal element in &(M) is also minimum.

In fact, if s € 6(M) is minimal, then for any t € &(M), we have s % t. Now by
what we have just proved, Ju € &(M) with s > w and t > u. But s > u forces
s~wu. Thust > s. ]

Auslander-Reiten sequence. From now on, we say s € &(M) is an almost
split sequence, or an Auslander-Reiten sequence ending in M if s is the minimum
element in G(M). Clearly, the Auslander-Reiten sequence ending in any inde-
composable M € MCM(R) is unique up to =~ if it exists. In this case, we denote
by 7(M) := Ny, called the Auslander-Reiten translation of M.

The following equivalent definition shows why an Auslander-Reiten sequence is
"almost split”.

Let M € MCM(R) be indecomposable and let s : 0 — N, = E, = M — 0
be in &(M). Then s is the Auslander-Reiten sequence ending in M if and
only if for any L € MCM(R) and any p € Homg(L, M) that is not a split
epimorphism, there exists f € Homg(L, Fy) such that p = w40 f.

For the "if" part, we need only show that s is minimal. Let ¢t : 0 — N, = E, =%
M — 0 be an element of G(M) with s > t. Since 7, is not a split epimorphism,
3f : B, — E, such that 7, = m,0 f. Then clearly Ext(M, f|n,)(t) = s, i.e. t > s.
So s ~ t, and hence s is minimal.
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For the "only if" part, let p : L — M be a R-homomorphism that is not a split
epimorphism, and then the exact sequence

u:O%Ker(wS,p)%ESEBLMM%O

does not split. Since t4(N,) C Ker(7s, p), the following diagram commutes:

s 0 N, . E, ——— M 0
J{Ls j ll
u: 0 —— Ker(mg,p) —— E;® L SN Vi 0

In other words, Exty(M,,)(s) = u. Now we decompose Q := Ker(m,,p) into
indecomposable direct summands ) = @, Q;, and let E; := @ES@%_, so that Vi,
j#i

u; 0 = Q; — E; — M — 0 is a short exact sequence. We have seen that
there exists some i such that t := u; does not split. So ¢t € &(M) and s > t,
since Extp(M, Q) = ¥, Extp(M,Q;). Meanwhile, s being the Auslander-Reiten
sequence ending in M it is minimal in &(M), so s ~ ¢. In particular, there exist
g € Homg(Q, N,) and ' € Homg(E; & L, E,) such that the following diagram
comimutes:

0 0 E.oL % p 0
J ool
0 N, —= s F, —" & M 0

Now we denote by f the composition L — E, & L EN E, of f’ with the natural
inclusion. Then it is clear that p = 740 f. O]

Irreducible morphism. Let M, N € MCM(R) and f € Homg(M,N). f is an
irreducible morphism if

e f is neither a split monomorphism nor a split epimorphism; and

e whenever f = ho g is a factorisation in MCM(R), then either g is a split
monomorphism or A is a split epimorphism.

Let M € MCM(R) be indecomposable and s : 0 = N — E & M — 0
be the Auslander-Reiten sequence ending in M. Then p is an irreducible
morphism.

Clearly, p is a non-split epimorphism. Assume that p = (E % X Lo M ) for some
X € MCM(R), where h is not a split epimorphism, then we have a commutative
diagram with exact rows:

0 N E-"+ M 0
JﬂN J ll
(p,h)
0 Q G M 0
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where G := E® X, Q := Ker(p,h) and j = (2) Since p and h are non-split, we

know that (p, h) is non-split as well. Decompose @) = @, @; into indecomposable
direct summands, and denote by G; := G/ @, Q;. We know from [Yoshino
[1990], (1.22) that there exists ¢ such that s; : 0 - Q; - G; > M — 0 is a
non-split short exact sequence, hence s; € &(M). Combining the diagram above
with the one below:

0 0 G Py m 0
fio [ ]
0 Q; G M 0

where ¢ is the natural projection, we obtain s > s;. This implies s ~ s; for s is
minimal. Then ¢ o j is an isomorphism. Writing ¢ = (¢1,¢2) : E® X — G, we

see that (g1, ¢2) (2) = (@09 : E — G, is an isomorphism. In particular,

lp=(209) (©209) =(@z09) " oq] oy,
which implies ¢ is a split monomorphism. O

As a corollary, we get:

Let M, L € MCM(R) be indecomposable and assume there exists an
Auslander-Reiten sequence s : 0 — N — E 2 M — 0 ending in M.
Then the following are equivalent:

e there is an irreducible morphism L — M;

e [ is isomorphic to a direct summand of F.

First let f : L — M be an irreducible morphism. In particular, f is not a split
epimorphism, and then there exists g : L. — E such that f = pog, for s is almost
split. Since p is not a split epimorphism, we get ¢ is a split monomorphism, i.e.
L is isomorphic to a direct summand of E.

Conversely, suppose that £ ~ L @ L' and let p = (o, ) : L& L — M. We
claim that a : L — M is an irreducible morphism. If « is an isomorphism, then
p is isomorphic to the canonical retraction L & L' — L, a contradiction! So « is
a non-isomorphism between indecomposable modules, hence « is neither a split
monomorphism nor a split epimorphism. Now assume that o = (L LN ‘G V' )
for some X € MCM(R), where k is not a split epimorphism. Then the following
diagram clearly commutes:

La Ll

P M
hEm /kﬁ)

Xl
since (k B) (g ?) = (k: oh B) = (a 5) = p. If (k, B) is a split epimorphism,
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there exists y: M — X and v : M — L’ such that
my _
(k: 6) <V> =kou+pfov=1y.

Given that M is indecomposable, Endg(M) is local, and that k is not a split
epimorphism, we get k o u € radEndg(M), and thus 5 o v is an isomorphism. So
po 2 = [ o v is also an isomorphism, and thus p is a split epimorphism as
B, a contradiction! Therefore, (k,3) can not be a split epimorphism, and thus

h® 1y is a split monomorphism for p is an irreducible morphism. In other words,

3 <>\H )\12>  X@L — Le L such that

Ao Ag2
A1 A\ (R 0) (1 0
)\21 )\22 0 1/ \o 1)’
which gives A\j; o h =1, i.e. h is a split monomorphism. O

In other words, any irreducible morphism ¢ : L. — M is obtained by g = po h for
some split monomorphism h : L — F.

Recall that MCM(R) admits a duality, and thus we define dually the follow-
ing.

For any indecomposable N € MCM(R), let &'(N) denote the set of all non-split
exact sequences s in MCM(R) of the form

s:0—>N— P, — M, — 0,

where Mj is indecomposable. By definition any s € &'(N) gives a non-trivial
element in Extj,(M,, N).

If R has the canonical module wg, we denote by (—)* := Hompg(—,wg) the canon-
ical exact auto-functor on MCM(R), and then for any non-split short exact se-
quence s : 0 - N — E - M — 0 in MCM(R), s € &'(N) if and only if
s € 6(M), if and only if s* € &(N*).

We list below the dual version of the statements regarding &(M) we have proved
in the section.

Fix an indecomposable N € MCM(R).

o If N % wg, then &'(N) # .

e For any s,t € &'(N), write s >’ t if there exists f € Hompg(M;, M)
such that Extp(f, N)(s) = t; write s ~' ¢ if such an f is an isomor-
phism. Then >’ is a partial order on &'(N) modulo ~'.

e For any s,t € &'(N), there exists u € &'(N) such that s >" v and
t >" u. Therefore, any minimal element in &'(N) is minimum.

. J

We call s € &'(N) an almost split sequence, or an Auslander-Reiten sequence
starting from N if s is the minimum element in &'(N). Clearly, the Auslander-
Reiten sequence starting from any indecomposable N € MCM(R) is unique up to
~" if it exists. In this case, we denote by 77}(NV) := M.

22



The following are the dual to the statements concerning the Auslander-Reiten
sequence ending in some indecomposable M € MCM(R) proven before.

Fix an indecomposable N € MCM(R).

e Any s: 0 — N =% P, 2y M, - 0 in G'(N) is the Auslander-Reiten
sequence starting from N, if and only if for any L € MCM(R) and
any r € Homg (N, L) that is not a split monomorphism, there exists
f € Homg(P;, L) such that r = f o a.

elfs:0— N = P, LN M, — 0 is the Auslander-Reiten sequence
starting from NN, then a4 is an irreducible morphism.

e Let L € MCM(R) be indecomposable, and s : 0 — N =% P, LN
M, — 0 is the Auslander-Reiten sequence starting from N. Then
there exists an irreducible morphism N — L, if and only if L is
isomorphic to a direct summand of P;. In other words, any irreducible
morphism g : N — L is obtained by ¢ = h o ay for some split
epimorphism h : P; — L.

The mutually dual definitions of Auslander-Reiten sequences are coherent in the
following sense:

Let s :0 - N - E — M — 0 be a non-split short exact sequence in
MCM(R), where N, M are indecomposable. Then s is the Auslander-Reiten
sequence ending in M, if and only if it is the Auslander-Reiten sequence
starting from V.

Suppose s is the Auslander-Reiten sequence ending in M, and we would like to
show that s is minimal with respect to >'. Let ¢t € &'(N) with s >' t. By
definition, there exists f : M; — M such that Exty(f, N)(s) = t. In other words,
there exists a commutative diagram of the form

5 0 Nt F "M 0
1
t: 0 N ‘5 P, s M, 0

Assume that f is not an isomorphism, then it is not even a split epimorphism for
M and M; are both indecomposable. Since s is the almost split sequence ending
in M, there exists 6 : M; — E such that w0 = f. Notice that mo (g — 6o f3,),
in other words, Im(g — 6 o 8;) C Ker(w) = Im(¢), which implies that 3¢ : P, - N
such that to¢p = g—0o0f;. Then togpoay = (g—0of)oay =goay =4,
so ¢ oy = 1y for ¢ is a monomorphism. This contradicts the fact that ¢ does
not split! Thus, f must be an isomorphism, hence s ~' t. Therefore, we have
shown that s is also the Auslander-Reiten sequence starting from N. The other
direction is analogous. [

The category MCM(R) is said to admit Auslander-Reiten sequences, if for any
indecomposable M € MCM(R) which is not free, there exists an Auslander-Reiten
sequence ending in M.
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Recall that if R has the canonical module wg, then the canonical dual is an
exact anti-equivalence of MCM(R), i.e. an equivalence MCM(R) — MCM(R).
Thus in this case, MCM(R) admits Auslander-Reiten sequences if and only if for
any indecomposable N € MCM(R) that is not isomorphic to wg, there exists an
Auslander-Reiten sequence starting from N.

Isolated singularity. Given any Henselian CM local ring R with canonical
module wg, we say that R is an isolated singularity, if for any prime ideal p of R
which is not maximal, the localisation R, is a regular local ring. The following
results are well-known:

e If dim(R) = 1, R is an isolated singularity if and only if it is reduced.
o If dim(R) = 2, R is an isolated singularity if and only if it is a normal
integral domain.

See [Yoshino| [1990], p. 16. O

Auslander transpose. As before let R be a Henselian CM local ring with
canonical module wg. Given any M € mod(R), there is a free presentation of the
form

LR - Mo

We denote by Tr(M) = Coker(Hompg(Fp, R) =, Homg(F1, R)), called the Aus-
lander transpose of M, which depends on the choice of the free presentation.
Nevertheless, by horseshoe lemma it is easy to see that Tr(M) is unique up to
free direct summand.

The following well-known theorem by M. Auslander gives an equivalent condition
for MCM(R) to admit Auslander-Reiten sequences.

As before let R be a Henselian CM local ring with canonical module wg.
Then MCM(R) admits Auslander-Reiten sequences, if and only if R is an
isolated singularity.

See |Auslander and Unger| [2006], p. 200. O

Moreover, in the case of an isolated singularity, the Auslander-Reiten translation
can be given by the Auslander transpose:

If R is an isolated singularity and M € MCM(R) is not free, we have

7(M) = Homp(syza™ O Te (M), wr), (2.1)

See [Yoshino| [1990], (3.11). O

2.2 Auslander-Reiten quivers

Fix a Henselian CM local ring R with maximal ideal mp, and we assume that
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e the residual field kp := R/mp is algebraically closed; and

e R has a canonical module wg.

Radical morphism. Given M, N € MCM(R), we consider the radical mor-
phismﬁ between them, defined by

radg(M, N) := {f € Homgr(M,N) | Vg € Homg(N, M),1 — gf is invertible}.
For n > 2, we also define
radjp(M, N) :={f € Homg(M,N)} | f = fu--- f1, [i are radical morphisms}.

And for coherence, we set rady(M,N) := Hompz(M,N) and rady(M,N) :=
radg(M, N).

Above all, we would like to show that:

rad, is a 2-sided ideal of the category MCM(R) for any n € N. In other
words,
o VM € MCM(R), 0y € rady (M, M);
o VM, N € MCM(R), if f,g € radj(M,N), A\, u € kg, then A\f + pg €
radj(M, N);
o if f € rady(M,N), ¢ € Homgr(N,N'), v» € Homg(M', M) for
M,N,M',N" € MCM(R), then ¢ o f € rad’,(M,N’) and f ot €
rad,(M', N).

Clearly when n = 0, rad), = Homp, is a 2-sided ideal of MCM(R).

Now consider the case n = 1. Then 0y € radg(M, M), VM € MCM(R). Let
feradr(M,N), ¢ € Homg(N,N’), and g € Homp(N', M), then 1 —go¢o f is
invertible by definition, so ¢ o f € radg(M, N'). If moreover ¢» € Homg(M', M)
and g’ € Homg(N, M’), then by definition 3h € Endg(M) such that (1 —¢og o
floh=1=ho(1—1og of). Now

(1+g'ofohot)o(l—gofou)
=l—g'ofov+gofohoty—gofohovpogofor
=l—g'ofot+gofohoth—gofo(h—1)o¢
=l—g'ofoi+gofohotp—gofohorp+gofor
=1,

and similarly (1—g¢'o foy)o(14+g' ofohot)=1,s0 foy € radg(M’', N).

Notice that radg (M, N) is clearly closed under scalar multiplication, so it remains
to show that given f,g € radg(M,N), f — g € radgr(M, N) as well. Given any
h € Homg(N, M), by definition there exists a € Endg(M) such that ao (1 —ho
f)=1=(1—ho f)oa. Then by definition there exists § € Endr(M) as well,

3In fact, the radical can be defined as a 2-sided ideal of any preadditive category.
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such that fo (1 —(—aoh)og)=1=(1—(—aoh)og)o. Now

foao(l—ho(f—g))=pFoao(l—hof+hog)
=poao(l—hof)+foaohog
=f+Boaochog
=fo(l4+aohog)
=1.

On the other hand, we have shown that g o a € radg(M, N), so Iy € Endg(M)
such that (1 — (=h)o(goa))oy=1=v0(1—(—h)o(goa)). Then

(1—ho(f—g)oaoy
=(1—hof)oaoy+hogoaory
=y+hogoaor
—(1+hogoa)oy
=1.

Therefore, 1 — h o (f — g) is invertible, and hence f — g € radg(M, N). So radg
is a 2-sided ideal of MCM(R).

For n > 1, if f € radp™ (M, N), we have a decomposition f = f,410---0 fi,
where f; € radg(X;_1,X;), Xo = M, X,,;1 = N. Since radp is an ideal, f; o
fi € radg(Xo, X2), and thus f = f,y10---0(fa0 f1) € radj(M,N). Hence
radz (M, N) D radst' (M, N), Vn € N. By induction, we can show that rad’; is a
2-sided ideal of MCM(R) for n > 2. O

If we decompose M, N into indecomposable direct summands M = @; M, and
N = @; N;, then any morphism f : M — N is also decomposed as f = (fi;),
where f;; = 7r§v o fouM: M; — Nj, m; denotes the canonical projection onto the
j-th direct summand, and ¢; denotes the natural embedding from the ¢-th direct
summand. Since radp is a 2-sided ideal, we get:

f - radR(M, N) = fij - radR(Mi,Nj),W,j.

The = direction directly follows from the definition, and so does the <= direction
when we write f = 3,3, () o fij om}. O

When M, N are both indecomposable, clearly radg(M, N) consists of all non-
isomorphisms from M to N. Therefore, given any M, N € MCM(R), f €
radg(M, N) if and only if f;; is not an isomorphism for any ¢,j. In particu-
lar, when M = N is indecomposable, radr(M, M) = radEndgr(M) is just the
Jacobson radical of the endomorphism ring.

Given 2 indecomposable modules M, N € MCM(R), we now show that:

Any morphism f € Homg(M,N) is irreducible, if and only if f €
radr(M, N) \ rad%(M, N).
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First assume f is irreducible, then f € radgr(M, N) by definition. Suppose that
f € rad%(M,N), then f = o «, where o € radg(M, M’) and B € radg(M’, N).
We decompose M’ = @, M; into indecomposable direct summands, and then
a= (M 2% M) and 3 = (M; LR N) are also decomposed. Now « is a split
monomorphism or f3 is a split epimorphism. Assume that there exists ¢ = (M; LN
M) such that ¢ o v = 1, then 1 = 3, ¢; o ;. We have shown that every «; is a
radical morphism, so ¢;o0q; € radg(M, M) = radEndg(M) for each ¢, and thus 1 €
radEndg (M), a contradiction! So « is not a split monomorphism. Similarly we can
show that /3 is not a split epimorphism. Thus f € radr(M, N)\rad%(M, N).

Conversely, assume f € radg(M, N) \ rad%(M, N). By definition f is not an iso-
morphism. Now that M, N are indecomposable, we easily get f is neither a split
monomorphism nor a split epimorphism. If f = g o h, where h € Hompg(M, X)
and g € Hom(X, N), we decompose X = @, X; into indecomposable direct sum-

mands, then h = (M LN X;) and g = (X; 25 N) are decomposed as well, such
that f = Y, g; 0 hy. Since f ¢ rad%(M, N), there exists 4 such that either g; or h;
is invertible. Therefore, h is a split monomorphism or g is a split epimorphism,
and thus f is irreducible. m

For indecomposable modules M, N € MCM(R), we now define the R-module of
irreducible morphisms from M to N as

lrr(M, N) := radg(M, N)/rad®(M, N).

Given f € radg(M,N) and r € mg, clearly fo (M > M) € rad%(M,N).
Therefore, Irr(M, N) is a kgr-vector space. It is always finite-dimensional, since
radr(M, N) is finitely generated over R. For brevity, we denote by

i(M,N) :=dimg,lrr(M,N).

Auslander-Reiten quiver. The Auslander-Reiten quiver of MCM(R) is de-
fined as follows. Its vertices are the isomorphism classes of indecomposable MCM
modules, and the number of arrows from [M] to [V] equals i(M, N). In addition,
if there is an Auslander-Reiten sequence 0 — 7(M) — E — M — 0, we usually
connect [M] and [7(M)] by a dotted line. When it does not cause ambiguity, we
refer to the Auslander-Reiten quiver of MCM(R) simply by the Auslander-Reiten
quiver of R, and it is usually denoted by I'(R).

By definition we can determine the Auslander-Reiten quiver of a regular local
ring R. In this case, the only indecomposable MCM R-module is R itself up to
isomorphism. By Homg(R, R) ~ R, we get radg(R, R) ~ mp and rad%(R, R) ~
m%. Therefore, Irr(R, R) ~ myr/m%, and i(R, R) = dim,,mg/m% = dim(R). Since
Extp(R, R) = 0, there are no Auslander-Reiten sequences in this case. Therefore,
the Auslander-Reiten quiver of R consists of d loops at a single vertex [R], as
shown below, where d := dim(R).

K
[R] @
~

27



The following results help to determine the number of arrows between two vertices
in an Auslander-Reiten quiver.

Let M, N € MCM(R) be indecomposable modules.
e Given an Auslander-Reiten sequence ending in M as follows:

0—>7(M)=>ES M—0,

then i(N, M) equals the number of copies of N appeared, up to iso-
morphism, in the decomposition of E into indecomposable direct sum-
mands.
e Dually, given an Auslander-Reiten sequence starting from N as fol-
lows:
0—+N—=P—7N)—0,

then i(N, M) equals the number of copies of M appeared, up to iso-
morphism, in the decomposition of P into indecomposable direct sum-
mands.

By the duality established in the last section, we need only prove the first state-
ment. Consider the R-module Homg(N, E)/radg(N, E). Given f € Homg(N, E)
and r € mg, clearly the composition map fo(N =+ N) € radg(N, E). This shows
that Homg(N, E)/radr(N, E) is a kg-vector space. Since N is indecomposable,
we may also view it as the space of split monomorphisms from N into E. No-
tice that, since N is finitely generated over R, if we decompose F = @, F; into
indecomposable direct summands, then

Homg(N, E) D Homg(N, E;)
radg(N,E) Y radg(N,E;)

For any i, if E; is not isomorphic to N, clearly Homg(N, E;)/radg(N, E;) = 0.
On the other hand, Homg(N, N)/radr(N, N) = Endg(N)/radEndg (V). Since N
is indecomposable, Endgr(N)/radEndg (V) is a division ring containing the alge-
braically closed field kg in the centre, which is meanwhile finite-dimensional over
kg. If Jo € % \ kg, then the commutative ring rgl[a] = B2, kra® is an
intermediate integral domain that is finite-dimensional over the field kg, which
implies that kr[a] 2 kg is a field, a contradiction! Hence
Hompg(N, N) Endg (V)

— ~

= >~ KR.

radg(N, N) radEndgr(N)

Therefore, if there are n copies of N appeared, up to isomorphism, in the decom-
position of E into indecomposable direct summands, then
Hompg (N, E)

dim,, —OMELY, )
Mrer radg(N, E) "

% and Irr(N, M), two vector

spaces over kr. So consider the map ¢ : Homg(N, E)/radr(N, E) == Irr(N, M).
Since the Auslander-Reiten sequence is almost split, ¢ is a well-defined epimor-
phism. To show that ¢ is also a monomorphism, let h € Homg(N, E) be a

We want to establish an isomorphism between

28



morphism with 7 o h € rad®(N, M). By definition, there exists a € radz(N, X)
and § € radr(X, M) such that roh = Soa. Since f3 is not a split epimorphism, it
factors through E. In other words, 3y € Homg(X, E) such that 5 = 7w o~. Thus
we get mo (h — 7 oa) =0, which means Im(h —yoa) C Ker(r) = 7(M) = Im(¢).
In other words, 3g € Hompg(N,7(M)) such that h —yoa = vt o g. Since « is
not a split monomorphism, nor is v o «, so yo a € radg(N,E). If 1o g had a
left inverse, then so did g, but g : N — 7(M) is a morphism of indecomposable
modules, so g would be an isomorphism, which would mean that ¢ were a split
monomorphism, a contradiction! Hence ¢ o g € radg(N, E) as well. Therefore,
h=~oa+to0g € radg(N, E), and we can conclude that ¢ is also a monomor-
phism. O

We then get the following straightforward corollaries.

Let 0 - N — E — M — 0 be an Auslander-Reiten sequence in MCM(R).
e For any indecomposable L € MCM(R), i(L, M) = i(N, L).
o If we decompose F = @;_; £ into mutually non-isomorphic inde-
composable direct summands F;’s, then the Auslander-Reiten quiver
of R is locally in the following form:

[E4]

In particular, we have shown that if there is an Auslander-Reiten sequence end-
ing in (resp. starting from) M, then there are only finitely many arrows in
['(R) ending in (resp. starting from) [M]. This gives an important property of
Auslander-Reiten quivers as follows.

If R is an isolated singularity, then its Auslander-Reiten quiver I'(R) is a
locally finite graph, i.e. each vertex in I'(R) has only finitely many adjacent
arTows.

Let [M] be a vertex in I'(R). If M is neither isomorphic to R nor isomorphic to
the canonical module wg, we have shown that there exists an Auslander-Reiten
sequence ending in M, as well as one starting from it. Hence [M] only has finitely
many adjacent arrows. It is left to show that the number of arrows ending in [R]
and the number of arrows starting from [wg] are also finite, which follows from
Yoshino| [1990], p. 33, (4.21). O

Dieterich-Yoshino’s theorem. Let K be a perfect valued field, R a local
analytic K-algebra with maximal ideal mpg, which assumed to be a CM ring.
Denote by I' := I'(R) the Auslander-Reiten quiver for the category of MCM R-
modules. An important result by Dieterich [1987] and Yoshino| [1987] provides a
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version of Brauer-Thrall theorem for MCM modules:

Let I'° be a finite connected component of I'. Assume that R has only an
isolated singularity, then I' = I'° is a finite graph. In particular, R only has
finitely many isomorphism classes of indecomposable MCM modules.

See [Yoshino| [1990], p.45, (6.2). O
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3. Simple singularities

3.1 MCM-finite hypersurfaces

Simple singularity. Let R = S/(f) be a hypersurface, and denote by

o(f)={Is <Ss| fel’.
If ¢(f) is finite, R is a simple singularity.
Notice that by definition I € ¢(f) entails I C mg.

In this section, we would like to show that for any analytic hypersurface R =
S/(f), if R admits only finitely many isomorphism classes of indecomposable
MCM modules, or in short if R is MCM-finite, then it is a simple hypersurface
singularity. See Buchweitz et al| [1987] for a brief version of the proof.

We fix an analytic hypersurface R = S/(f), where S ~ K{z,--- ,2,} is a regular
analytic algebra over an algebraically closed field K of characteristic 0, and let M
be an MCM R-module without free direct summands, (¢, 1) be a reduced matrix
factorisation of f corresponding to M, i.e. M = Coker(¢,v), where ¢, : S —
S, Then we get an induced map Ay : S ®g S0 g, given by

As(f ® g) = g((f)), Vf € SW,vg e S0,

Clearly, J(¢) := Im(Ay) is an ideal of S. If we fix an S-basis e;,- - ,e, of S,
then there is a natural dual basis on S0’ = Homg (S, S), denoted by ¢/, - - - , €’

r
satisfying e}(e;) = d;;, V1 <4,j <r. In this case, ¢ is represented by an (r x r)-
matrix over S, say ¢ = (¢ij)1<i j<r, and we observe that

I(9) = (Aplei€)) [1<i,j<r)=(¢;i |1 <i,j <) (3.1)
Since (¢, 1)) is reduced, Im(¢) C mgS"™. In other words,
<(¢1i7 e 7¢7’i>T | 1 S { S T> - mSS(T)v

from which we can deduce J(¢) C mg.

Similarly one can define another ideal J(¢) := Im(Ay) of S, and we denote by
J(M) :=T(p) + I(¢)) the ideal of S associated to M.

We first claim that J(M) does not depend on the choice of the matrix fac-
torisation. In other words, J(M) only depends on the isomorphism class of
M = Coker(¢, 1) as an R-module. This is immediate once we write

I(M) =73() +3(¥) = (Pjisbyi | 1 < 4,5 <), (3.2)

since any two matrix factorisations corresponding to M are isomorphic. In fact,
if M = Coker(, ) = Coker(¢/, '), by (B.2) we get 3(6) = I(¢/) and () =
I(W).
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Another instant observation is
JM @& N)=3(M)+3I(N).

Indeed, if M = Coker(¢, 1), N = Coker(¢’, '), then by Eisenbud’s matrix fac-
torisation theorem we get

M&N = Coker((¢, ?ﬁ) D <¢Ia wl))
= Coker(¢p @ ¢, ® ') = Coker((? (2) ; <Qg 3)%

and the observation follows from ([3.2]).

As a result, if R is MCM-finite, then the set {J(M) | M € MCM(R)} is fi-

nite.

For any MCM R-module M, we can take a corresponding matrix factorisation
(¢,7) of f, satisfying ¢ o) = flgwm. In other words, f € T(¢)I(¢) C T(M)?,

and hence

s )

J(M) € c(f).

Therefore, J can be considered as a map from the set of isomorphism classes
of MCM R-modules without free direct summands to ¢(f). We claim that
the map J is surjective.

Given any I € c(f), by definition we have f € I?. Take a generating set
{1, -+ ,x.} of I, then f has the following expression:

=Y wy, yiel
=1

We define two linear maps on the exterior algebra A®*S(). First, we fix a basis
e1,--- e, for the free S-module S, and then we define the maps on the following
natural basis of AL S) for 1 <t < r:

e, N Neg,, 1<y <<y <.

The maps, denoted by d_ and d,, are defined by

t
(5_(61‘1 VANRIERIVAN eit) = Z(—l)ﬂ_lxij (61‘1 VANRERIVA éi]— JANKIERIVAN eit)a
j=1

r
5—1—(61'1 VAR 6it) = Zyj(ej A € VANCREIVAY €it).
j=1
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We claim that 0_ and &, are both differential maps on A®* S, with degree —1
and +1 respectively. In fact, Vw € A® S, we have

5 (w) = 5+(§T: yilej Aw)) = i y;o4(ej Aw)

j=1 j=1

=> i > yiley Nej Aw)
=1 =1

=Dy D yilej Ney Aw) = =03 (w),
y=1 =l
so 07 = 0. Meanwhile,

t
5%(61'1 VANCEIVAN e,-t) = Z(—l)j_lxij(S_(eil VANRRIVAY éij VANEIVAY eit)

7j=1
= Z(—l)jilxij Z <—1>J 711‘1]_,(6@'1 FANKIEIRIVAN éij/ FANCIEIIVAN éij FANCIEIRIVAN eiz)
j=1 1<)/ <j<t
=+ Z(—l)j_lxij Z (—1)j/$ij,(€i1 A A éij VANKIEIAN éij/ VANKIIAN €Z't)
7=1 J<j'<t

and thus 62 = 0.

Now let § := d, + d_, then %2 = 6, 0o 6_ + 6_ o 6. We then apply the right side
to an arbitrary element in the basis:

j=1
t T
=D (=1 ay, Y ypley Ney A AN, Ao Aey,)
j=1 §'=1
t
= Z(_DJ 1xij[(_1)] lyl] (611 A A elt)
j=1
+ Z yj/(ej//\eil /\"'/\éij /\"'/\Git)]
j/ejl
= zyilen Ao Ae)
JjET
t
+ Z Z (—1)]_11‘1‘].2%'1(6]'/ AN €i VANRIERIVA éi]. VARERWAN eit),
j=lj'eJd’
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and meanwhile
0_odi(ey N+ Ney,) Z yio_(e; Neiy N Nej,)

Z y] 6] A 611 A eit)
JjeJ’

= Z yj[:cj(eil A A eit) — 6]' A &(eil VANIIRIVAN eit)]
JjeJ’

= > xyilen Ao Ney,)
jeT!

_ZZ j/ xz/yj(ej/\eu/\”'/\éij//\”'/\eit)’
jeT j'=1

where J = {iy, -+ ,4} and J" ={1,--- ,r} \ J. Therefore,
(e, Ao New) =D agylen Ao Aeiy),

and hence
52 — f 1/\.5(7‘)'

In other words, (0,9) gives a matrix factorisation of f, and moreover by (3.1]) we
get

j(5>: <‘T17”' y Ly Y1, 00 7y7"> =1

Since I € ¢(f), I C mg, and hence Im(§) C mg A*S™, so (4,0) is reduced and
corresponds to an MCM R-module M = Coker(d,d) without free direct summands
according to Eisenbud’s matrix factorisation theorem. Obviously, J(M) = J(9) =
I. So we have proven that Im(J) = ¢(f). O

An easy corollary of the surjectivity of J is:

If a hypersurface R = S/(f) is MCM-finite, then it is a simple singularity.

In fact, if R is MCM-finite, then there are only finitely many isomorphism classes
of MCM R-modules without free direct summands, so the image of J should also
be a finite set, i.e. ¢(f) is finite. O

Herzog’s theorem. In the remaining part of the section, we would like to
demonstrate that the hypersurface assumption is superfluous. We shall see that,
according to Herzog| [1978], it suffices to assume that R is a Gorenstein ring.

We begin by showing a "quasi-converse' of Eisenbud’s 2-periodicity:

Let R = S/I be a Gorenstein ring, where S is a regular local ring and
I C m% is an ideal of S. If any M € MCM(R) admits an almost periodic
free resolution, then I is a principal ideal.
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As a remark, a free resolution of M of the form

e S s s B R M0

is almost periodic, if In, h > 1, such that ¢, 1n = ¢, Y > n.

According [Tate| [1957], Thm. 6, to show that [ is a principal ideal, it suffices
to prove that there is an upper bound for the Betti numbers of k. Recall that
given a minimal free resolution of kg of the form

=g —=F, == F =2F=R—=krkr—0,

the n-th Betti number of kg is B,(kr) = rank(F},).

If we let M := Ker(F;_1 — F;_3), where d = dim(R), then such a free resolution
can be cut short:

0—-+M—-F;1—Fyo—- - —=F=R—krkr—0.

Then M € MCM(R). By our assumption, every indecomposable direct summands
of M admits an almost periodic free resolution, so the Betti numbers of every
indecomposable direct summand of M have an upper bound, hence it follows that
{Bn(kr) | 1 <n < oo} has an upper bound as well. O

We can now prove the following result from Herzog| [1978], Satz 1.2:

Let R = S/I be a Gorenstein ring, where S is a regular local ring and
I C m% is an ideal of S. If R is MCM-finite, then I is principal, hence R is
a hypersurface.

We need only show that any M € MCM(R) admits a free resolution that is almost
periodic. Without loss of generality we assume that M is indecomposable. The
minimal free cover of M gives an exact sequence

O—>F1L>F01>M—>0,

and by definition (Eisenbud| [1995], p. 472), ¢t ® 1 : F} ® kg — Fy ® kg is the
0O map,som®1: Fy ® kg — M ® kg is an isomorphism. We then claim that
Fy € MCM(R) is also indecomposable.

Suppose to the contrary that F; = N @& N’ for N, N’ # 0, and let ¢ = (11,t9) :
N @& N’ — Fy. Since R is Gorenstein, we can take the dual of the sequence by
the canonical module wr ~ R, and we obtain another exact sequence:

0 M* — Fp U Neg N,

where (—)* := Hompg(—,wgr). Since R is Gorenstein, F{ becomes a free cover of
N* @ N'™. If neither N nor N’ is free, then M* contains syz! N* @ syz! N'* as a
direct summand. But M** ~ M, so M can not be indecomposable. So assume
without loss of generality that N is free, then ¢j must be a split epimorphism and
hence ¢; is a split monomorphism. In particular, t1; ® 1 : N ® kg — Fy ® kg is
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a monomorphism. Since mo1; =0, 1® 1 : Fy ® kg =& M ® kg cannot be an
isomorphism. We have thus proven that N is indecomposable.

Now define an endomorphism § on the finite set of isomorphism classes of inde-
composable MCM R-modules, by setting §(M) = F;. The finiteness of the do-
main of § implies that there are positive integers n, h such that (M) = §*(M)
whenever ;1 > n. In other words, the free resolutions of M are almost periodic.
This proves Herzog’s theorem. O]

As an easy corollary, we get:

Let R = S/I be a Gorenstein ring, where S is a regular local ring and
I C m% an ideal of S. If R is MCM-finite, then it is a simple singularity.

3.2 Knorrer’s periodicity

We intend to show the converse of Buchweitz-Gruel-Schreyer’s theorem in Section
3.1, i.e. any simple singularity is MCM-finite. The key step is the periodicity
statement proved in Knorrer| [1987].

Let K be an algebraically closed valued field of characteristic 0, and S a regular
analytic K-algebra. As all of the following statements and demonstrations work
for any such S, without loss of generality we may assume S := K{zo, -, 2,}
to be the power series ring over K in n + 1 Variableﬂ Any simple singularity
R = 5/(f) can be classified into the following types:

Let S = K{zy, -, 2.}, where K is an algebraically closed valued field of
characteristic 0. If R = S/(f) is a simple singularity, then after a suitable
change of variables, f is equal to one of the following polynomials:

Al s = g8 dh g A con dl 28 Tk S s
Dp:f=2r vo2 422+ +22, k>4
EBe:f=2+2{+22+-+ 22
Er:f=z+a5+25+ - +2;
Ey:f=2+2+2+ -+ 22

See [Yoshino| [1990], (8.8). O

We then define S; := S{y} and R; := S1/(f+y?), where y is a new variable. Note
that Ry has the same type (A, D, E) as R, and dim(R;) = dim(R)+1 = n+1. Also
notice that R = R1/(y), so any R-module can be regarded as an R;-module.

A famous result regarding MCM-finite CM local rings is:

If a Henselian CM local ring R is MCM-finite, then it is an isolated singu-
larity.

'Recall that when the valuation on K is taken trivial, S = K{[z0, - , 2]].
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See |Auslander and Unger| [2006], p. 234. O

Since we are only interested in the MCM-finiteness of the ring R, we adopt the
assumption that R is an isolated singularity.

First we need a lemma from [Knorrer| [1987], (1.3):

X :=(p:5 =8 :9) € MFg(f) and TX ~ X, then X ~ (g, pg) €
MFs(f) for some ¢y : S — S”. Here T': MFg(f) — MFg(f) denotes the
involutive transformation (¢, 1) — (¢, ¢).

We introduce the idea of proof from Knoérrer [1987], which will be useful later.
Without loss of generality we assume that X is indecomposable, and let (o, () :
(¢,%) — (¥, ®) be an isomorphism of matrix factorisations. Then (5 o o, o ()
is an automorphism of X. As X is indecomposable, according to Swan| |[1968§]
(2.19) and Eisenbud’s matrix factorisation theorem, we have

End(X)/rad(End(X)) ~ K.

So we may assume that (5o a,a o 3) = (1,1) + (p1,p2), where (p1,p2) €
rad(End(X)). Since foa =1+ p; and ao =1+ py, we get

a+ppoa=aofoa=a+aop,
i.e. @op; = pyoa. Similarly we get S o py = p; 0 f.
Now we choose a (convergent) power series P(z) for (1 + z)2 and let

/

o =ao(l+p)”
Bli=po(l+p)”

It is easy to check that (o, f’) is also a morphism from X to T'X in MFg(f), and
we have

= (1+p2)”
=(1+p)"

= N|=

oaofo(l+p)?
o(L+p2)o(1+p2)”

o' of =(1+py)”
=1 +p2)”

= N
[N

=1,

and similarly ' oo’ = 1. So (a/, ') is an isomorphism since r = rank(a/ o f’) <
min{rank(c’), rank(3’)}. Thus 3y € Auts(S") with 42 = /. See for example
Gantmacher| [1989], XI. Thm. 3. For any such ~, we let ¢y := 701 ov. Now
that

1

vooy=q"tod opoy=7"togof o oy =7 ogonTH

we can show that ¢g is the demanded morphism. In fact,
¢y =ro0poyoytogoyt=f-1,

and (7y,7~!) gives an isomorphism from X = (¢,) to (¢g, @o). O

_1
2

?For example, near z = 0 the binomial series P(z) = Y2 (72)a' =1 — o+ 222 — Sa3 +

.-~ = (14 )2 has a radius of convergence 1.
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The group Z /27 acts on Ry by o : (z,y) — (z,—y), and we let Ry[o] := Ri® Ry -0
be the twisted group ring, where the multiplication is given by:

(ri+ra-0) (ry +1y-0) =mr) +190(ry) + (riry +1r20(r7)) - 0.

An Ry[o]-module M is an R;-module with an action of the involution o, such
that

o(rm) = o(r)o(m), Vr € Ry,Ym € M.

This simply follows from the axiom

(ri4+re-0)(ri+ry-0)]-m=(ri+ry-0)[(r] +75-0)-mj.

We denote by MCM,(R;) the category of Ri[o]-modules that are MCM R;-

modules.

Actually, Ry itself admits 2 actions of o: ¢ +— ¢o and ¢ — —¢po, and we denote
by Rf and Ry the corresponding R;[c]-modules, respectively. In other words,
R = R-% C Ri[0], and Ry = Ry-%5% C Ry[o]. Then clearly Ry[o] = Rf &Ry
as Ry [o]-module. Moreover, R{ and Ry are the only 2 indecomposable projective
MCM R;[o]-modules.

For M € MCM,(R;), we denote by M? (resp. M?) the set of o-invariant (resp.
o-antiinvariant) elements of M. Clearly M? and M? are both MCM modules
over Rf.

Meanwhile, take any ¢ € RJ. By definition this means ¢(z, y)—é(z, —y) € (f(2)+

y?), s0 ¢ = ¢(z,y%), and thus Ry ~ S{y*}/(f +v°) = S{—f} = K{z, - f(2)} ~
K{z} = S. Therefore, M? and M? are free S-modules of equal rank.

Based on these discussions, we can define a functor 20 : MCM,(R;) — MFg(f).
Given M € MCM,(R;), we can define two S-linear maps

¢ ML Mo, M5 MO

Notice that ¢ o) = o ¢ = —y*1 = f1, so (¢,%) € MFg(f) is a matrix
factorisation of f, which we shall denote by 2((M). The construction is clearly
functorial. Moreover, we claim that:

2A: MCM,(R;) — MFg(f) is an equivalence of categories. ]

We show that by explicitly constructing a quasi-inverse to 2. Let (¢ : M; —
My, v © My — M) be a matrix factorisation of f, and M := M; & M, be
considered as S-module. Then M has a structure of an R;[o]-module, given
by

y(m1,m2) = (_¢(m2)a¢(m1))7

U(ml,mg) = (ml, —m2>, V(ml,mg) c Ml &) MQ.
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As before, to check that this indeed defines an R;[o]-module structure, it suffices
to check

o(y) - o(mi,ma) = o(y(mi, ms)).

Moreover, since M is free over S, proj.dimg(M) = 0. By Auslander-Buchsbaum
formula, depth(M) = depth(R;) = dim(R;), and hence M is an MCM R;-module,
and M; € MCM,(R;). This clearly defines a functor MFg(f) — MCM,(R;).

We now show that it is a quasi-inverse to A. Take M € MCM, (R;). A(M) gives a
matrix factorisation M? = M?, and then M? @M ~ M. Conversely take matrix
factorisation My = My of f. This functor gives M := M; & My € MCM,(R;),
and then M? ~ M, M? ~ M, by the multiplication rule given above. So after
applying 2L, the matrix factorisation is isomorphic to the original one. From now
on we shall denote by 2! this quasi-inverse functor. O]

We make some remarks on the property of 2 that will be useful soon. First we
have 2A(R{) = (1, f), and YM € MCM,(R;), 2A(M ®g Ry) =~ T o A(M), where
T : MFs(f) — MFg(f) is the involutive transformation (¢,1) — (¥, ¢). In fact,
this follows from (M ®g Ry)? ~ M? and (M ®g Ry ) ~ M°.

Moreover, we take a closer look at the composition Coker o 2l : MCM,(R;) —
MCM(R). Given M € MCM,(R,),
Coker o (M) = Coker(¢ : M7 — M?7) = M? /yM°
M & M°

~ = T~ M/RM.
yMe @ Mo /T

As a result, for any M € MCM,(R;), since M ~ M ® R{, we have
Coker o (M) & Coker o A(M ® Ry) ~ M? /yM? & M? JyM° ~ M/yM, (3.3)

where the 2nd isomorphism is given by ([m~], [m™]) — [m™ +m™].

Note that according to |Auslander and Unger| [2006] p. 200, cf. Section [2.1], since
R is an isolated singularity, MCM(R) and MCM,(R;) both admit almost split
sequences. As a result, the Auslander-Reiten quiver of MCM(R) is isomorphic
to the full subquiver of the Auslander-Reiten quiver of MCM, (R;) obtained by
deleting the vertex corresponding to Ry .

Now we wish to compare the modules in MCM,(R;) and MCM(R;). Denote by
U MCM,(Ry) = MCM(R;) the forgetful functor, and we claim that 4 admits a
left adjoint

¢ : MCM(R;) — MCM,(R;),
M — M®R1 Rl[O'].

In other words, we would like to show that there is a natural isomorphism
Homp, (o] (M ®r, Ri[o], N) ~ Hompg, (M, N),

on M € MCM(R;) and N € MCM,(R;), which is obvious, since M ®g, Ri[o] is
characterised by the universal property of a pushout, as shown below:
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Given any M € MCM(R;), notice that depth(M/yM) = depth(M) — 1, so
M/yM € MCM(R). Thus we can also define a restriction functor t : MCM(R;) —
MCM(R) by M > M/yM.

On the other hand, we define similar functors on the level of matrix factorisations.
Given any (¢ : F; 2 Fy : ¥) € MFg,(f + 3?), we have morphisms ¢ : Fy /yF; =
Fy/yF, : ¢ induced by ® and W. It is easy to see that this gives a restriction
functor R : MF(f + y?) — MF(f).

Conversely, for any (¢ : Fy &2 Fy : ¢) € MFg(f), we let &(¢,v) = (P, D),

where

-1
o = <y¢ _;/} 1) : (F1 EBFQ) Rg Sl — <F1 D FQ) Xg Sl-

Since ®* = (y> + f) - 1, &(h, %) € MFs, (f + 9?). In the mean time, we associate
&(a,p) = ((g 2, , g 2,)) to any morphism («,3) € MFg(f). We check
that

a 0 a 0
(6 5)e=2(0 %)
and this defines a functor & : MFg(f) = MFg, (f + v?).

To sum up, we have the following diagram:

MFs(f) n MFs, (f +°)

R

Coker MCMU(Rl) Coker

MCM(R) MCM(R;)

To study the relations between these functors, first observe that

t o Coker ~ Coker o R : MFg, (f +y*) — MCM(R). (3.4)

Then we claim that

Cokero o & ~tv: MCM(R;) - MCM(R). (3.5)
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In fact, by (3.3), VM € MCM(R;),

Coker o 2l o (M) ~ Coker o A(M @, Ri[o])
~ Coker o A(M ®p, R]) @ Coker o A(M ®gr, Ry)
~ M/yM ~+(M). O

Another relation we are interested in is between Coker o & and 4 o 2~ from
MFs(f) to MCM(Ry). Let (¢ : S™ &= S™ : ¢) € MFg(f), then the S-module
Yo AP, 7)) = S"@ S™ is equipped with a structure of R;-module given by

y(mi, ma) = (=p(ma), d(m1)), V(mi,mg) € S"® 5"

¢ —y-l
Since S1 ~ S@yS, Im(P) is generated by 4 kinds of elements ®(s-e;5), i,7 = 1,2,
where e;; is the standard matrix with a single entry 1 at the position (,j) and s
traverses S”. Simple calculation gives

On the other hand, Cokero®(¢, ) = (S7®S7)/Im(®), where & = <y 1Y )

Cokero & (¢, ) ~S" @ S" @ S"® S"/I,
I'=((0,s,0(s),0),(—f5,0,0,0(5)),(¢(s), 0,0, =), (0,%(s), f5,0) | s € S").

We similarly define the Rj-module structure on the R-module Coker o &(¢,1))
by

y(s1, S2,83,84) = (—fS2,81, —fS4,83), V(s1,82,83,84) €S "B &S " ®S".

Now we claim that

Cokero & ~ Lo A" : MFg(f) — MCM(R,). (3.6)
This is yielded by the R;-isomorphism « : Coker o &(¢, ) — Yo A~1(p, ) given
by (1, 82, S3,84) —> (83 — ¥(82), 81 + ¢(s4)). We can simply check

Oé(y(81782,83784)) C ya(81a82783;84)' D

The involution o acts on MFg, (f +?) by (¢,%) — (¢ o0, 00), and clearly for
all (¢,v) € MFg, (f + y*) we have o*(Coker(¢,1)) o o ~ Coker o (¢, 1)), where
o* : MCM(R;) — MCM(R;) denotes the pullback by o, characterised by the

commutative diagram:

MFs, (f +y*) —"—— MFg,(f + %)

lCoker lCoker

MCM(R;) o MCM(R;)

Given M = Coker(¢,1) € MCM(R,), o*(M) = Coker(¢o, o) = M ®g, Rio.
Also notice that T" acts on MFg(f) and MFg, (f 4+ 5?) as well, and ToR = RoT.
Moreover we have

GoT ~To®=0&:MFs(f) = MFs(f+y?).
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In fact, for any (¢, 1) € MFg(f), an isomorphism between &oT'(¢, 1) and &(¢, 1))

is given by
0 ¢ 0 —i
(&) o) e

In fact, the adjunction (&, 4l) worths a closer look. We claim that:
Coll 16 (— @ RY): MCM, (Ri) — MCM,(R.);  (3.7)
YoColmo: MCM(R,) — MCM(Ry).  (3.8)
To show (3.7)), first notice that as R;-module, for any M € MCM,(R;),

€ o (M) =M @g, Ri[o]
’1M®R1R1 P M@RlRl'O'
~ M@ o" (M),

and the action of o is given by (my,mg) — (Mg, my). Then the map
Mo&(M®Ry)— Moo (M)
(z,y) = (z +y,0(x) —o(y))
defines an R;[o]-isomorphism. The construction is clearly functorial.
For (3.8), it is even simpler. Just notice that

o€ =1tlo(—®r Rilo])
~$ol @& Uo(—Qpg, Ry -0)
~1®oc". O

Similarly, on the level of matrix factorisations, we have

Ro®~ 16T : MFs(f) — MFs(f). (3.9)

¢ 0 ¢ 0
isomorphism to (¢, 1) @ (¥, ¢) is given by (1, <(1) é)) O

Indeed, for any (¢,1) € MFg(f), R o &(¢p,v) = ((O w) , (0 w)), and an

Moreover, for any non-trivial indecomposable (®, ¥) € MFg, (f + y?),
B o R(D, V) ~ (B, V) & (P, V). (3.10)

In fact, by Eisenbud’s matrix factorisation theorem, it suffices to check
Coker o & o R(P, V) ~ Coker(P, V) & Coker(a(P, V)).

On one hand, Coker o & o R(P, V) ~ Yo A~ o R(P,¥) by (3.6); on the other
hand,

Coker(®, V) & Coker(a(®, V)) ~ Coker(o (P, ¥)) & o*(Coker(P, V))
~ (1@ o*) o Coker(®, V)
~ $lo & o Coker(®, V)
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by (3.8]). Now it suffices to show that
20 o & o Coker(P, V) ~ R(P, V),
and by Eisenbud’s matrix factorisation theorem again it suffices to check

Coker o 20 o € o Coker(®, ¥) ~ Coker o R(P, V).

But we know from ({3.5)) and (3.4)) that

Coker o 2 o & o Coker(®, ¥) ~ v o Coker(P, ¥)
~ Coker o R(P, V),

which completes the proof. O]

Let YV := (®,¥) € MFg, (f + y?). We have:
o 3X € MFg(f) with Y ~ &(X), if and only if o(Y) ~ Y;
e if Y is non-trivial and indecomposable, then TY ~ o(Y').

For the first point, clearly o(&(X)) ~ &(X) for any X € MFg(f). Indeed,
(0,1) : &(X) — oo &(X) is an isomorphism. Conversely suppose o(Y) =~
Y. Without loss of generality we may assume that Y is indecomposable. By
Eisenbud’s matrix factorisation theorem, it suffices to show that 3X € MFg(f),
Coker(Y") = Coker o &(X). Now by (3.6), it suffices to show that 3X € MFg(f),
Coker(Y) = o A71(X). Since 2 is an equivalence, it suffices to show that
Coker(Y) = U(M) for some M € MCM,(R;), or in other words, that M :=
Coker(Y) admits a structure of R;[o]-module.

Given an Rj-isomorphism a : M = o*(M), we consider its pullback o* :
o*(M) = M. Since M is indecomposable, according to [Swan| [1968|, (2.19),
we can assume again that o oa = 1 + p for some p € rad(End(M)). Now we
choose again a convergent power series P(z) = (1 +2)~2 and let

N

o =ao(l+p) 2,
which induces again o’* = (1 + p)~2 o o, and we have
o/*oo/:ao(l—i—p)_% o(l—f-p)_%oa* =1.

So o' defines an R;[o]-module structure on M.

For the second point, let M := Coker(Y') be free of rank r over S. By fixing an
S-basis on M, the multiplication by y is given by some A € GL(r,S), such that
A% = —f - 1. It is not hard to see that (y-1+ A,y-1— A) € MFg(f) is also
a matrix factorisation for M. By Eisenbud’s matrix factorisation theorem, this
implies that Y and (y-1+ A, y-1— A) are isomorphic up to trivial summands, so
without loss of generality we may assume Y = (y-1+ A,y -1 — A) is non-trivial
and indecomposable. Then the claim follows instantly:

TY)=@wy-1-Ay-1+4A)~A—-y-1,-A—y-1)=0(). O
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o If X € MFg(f) is non-trivial and indecomposable, then &(X) is inde-
composable if and only if X 2 TX. If X ~TX, then &(X) ~ YOTY
for some indecomposable Y € MFg1 (f + y?) such that Y £ TY.

e Similarly, if Y € MFg:(f + y?) is indecomposable, then R(Y) is inde-
composable if and only if Y 2 TY. If Y ~TY ie. Y € Im(&), then
R(Y) ~ X & TX for some indecomposable X € MFg(f) such that
X £ TX.

In fact, as we have shown before, if X ~ TX, then we may assume that X =
(¢bo, Po) with @2 = f - 1. Then &(X) = ( y-1 % , y-1 % ) is isomorphic
b0 -y b0 —y

to
(o +iy-1,¢0 —iy-1) @ (po —iy-1,¢0 +iy - 1),

with an isomorphim given by ( 1 900 1 ).

v 1 1 4
Conversely if &(X) ~ Y & Y’ where Y’ is a non-trivial indecomposable direct
summand, then Ro&(X) ~ R(Y)BR(Y’). But by (3.9), Ro®(X) ~ X&TX, so
R(Y) ~ X or R(Y) ~TX. According to what we have just shown above,

ToR(Y)=R(TY) ~R(cY) ~RY),

hence we get X ~TX.

To proceed with the proof we claim that, for a non-trivial indecomposable Y €
MFg, (f +3?), R(Y) is indecomposable if and only if Y £ TY.

In fact, if Y ~ TY ~ o(Y), then we have already shown that Y is in the image
of &, so R(Y) decomposes as suggests. Conversely let R(Y) ~ X ¢ X'
for X non-trivial and indecomposable, and we have & o R(Y) ~ &(X) ¢ &(X').
Meanwhile 8o R(Y) =Y ®o(Y) =Y @ TY by (3.10), and we get &(X) ~Y or
S(X)~TY. But To®(X) =&(X),s0Y ~TY. This proves the claim.

Now let X € MFg(f) be a non-trivial indecomposable matrix factorisation such
that X ~ TX. We decompose &(X) ~ Y @& TY as above, where Y := (¢g +
iy - 1,00 —iy-1). Now Ro &(X) ~ X & TX has only 2 indecomposable sum-
mands by , which forces Y to be indecomposable. In fact, if Y decomposes
into more than 2 indecomposable summands, then &(X) would have at least 4
indecomposable summands, and so does SR o (X ). Suppose that Y ~ TY'| then
as we have just shown, R(Y) and R(TY") would both decompose, and R o &(X)
would have at least 4 indecomposable summands. Hence Y %2 TY'.

For the second point, we can determine the number of indecomposable summands
in & o R(Y), and the proof is similar to the first point. ]

As we have previously mentioned, the number of indecomposable objects in
MCM(R) and MCM,(R;) only differs by 1. Meanwhile, (3.7) and (3.8) implyf]
that MCM,,(R;) has only finitely many pairwise non-isomorphic indecomposable

30ne also needs to apply Krull-Schmidt theorem.

44



objects, if and only if so does MCM(R;). Therefore, we get the following corol-
lary:

R is MCM-finite, if and only if R; is MCM-finite.

Regarding the morphisms, we observe that

Let a : M — N be a morphism in MCM(R;), such that t(«) : t(M) — t(N)
factors through a projective MCM R-module, then « factors through a
projective MCM R;-module.

In fact, by (3.5)), Coker o 2 o () factors through a projective object, and by
Eisenbud’s matrix factorisation theorem so does 2o &(«) and consequently &(a).

Now by (3.8]), the morphism
a @ ocoaoog: Mdo*(M)— N@o"(N)

factors through a projective object as well, which implies that « factors through
a projective MCM R;-module. m

According to Reiten and Riedtmann| [1985] Thm. 3.8, (3.7) and (3.8) actually
imply that:

If0 - M — E— M — 0 is an almost split sequence in MCM, (R;) (resp.
MCM(Ry)), then the induced sequence 0 — (M) — U(E) — U(M') — 0
(resp. 0 = E(M) — &(FE) — &(M') — 0) is a direct sum of almost split
sequences in MCM(R;) (resp. MCM,(Ry)).

These results allow us to approach Knoérrer’'s periodicity. Let Sy := Si{z} =
S{x,y} and Ry := So/(f + 2* + y?), and we want to compare the MCM’s over
R and over R,. For simplicity we change the variables: u := x + iy, v := x — 1y,
and define a functor $) : MFg(f) — MFg,(f + uv) by

w,w:((; jﬁ)),(j; _‘{)), H(a.8) = (@@ B,a e f),

on objects and morphisms, respectively.

By Eisenbud’s matrix factorisation theorem, §) induces a functor from MCM(R)
to MCM(R) as well. In the rest of the section we focus on this functor.

To avoid confusion, from now on we denote by &; : MFg(f) = MFg, (f+v?%) : R,
and B, : MFg, (f + %) = MFg,(f + * + 2?) : Ry. These functors are all defined
before in the notation of & and fA.

We now claim that:

Byo0®, ~HBT o : MFg(f) = MFg, (f + %+ 2?), (3.11)
RioRyoH~18T: MFg(f) — MFg(f), (3.12)
To$~HoT:MFs(f) = MFg,(f +y* + 2?). (3.13)
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All of the 3 isomorphisms are proven by straightforward calculations. We only

check (13 et Given (.)€ MFs(1). Buo%on(0.0) = (0 4).(§ )
is isomorphic to (¢, 1) & T(¢, ) by the isomorphism (1, G é)) O]

We can then show the following result:

$) induces a bijection between the isomorphism classes of non-trivial inde-
composable matrix factorisations of f and f + y? + 2.

Let X € MFg(f) be non-trivial and indecomposable, then we have shown before
that &5 o B; decomposes into precisely 2 non-isomorphic indecomposable sum-
mands, and thus $(X) is indecomposable by (3.11)). Now suppose X’ % X is
another matrix factorisation of f such that $(X) ~ $H(X’). Then implies
X'~ TX. So &(X) is indecomposable and consequently 5 o G1(X) decom-
poses into 2 non-isomorphic summands. So by , we get H(X) 2T oHN(X).
However by (3.13), ToH(X) ~ HoT(X) ~ H(X') ~ H(X), a contradiction!

To complete the proof, take any non-trivial indecomposable Y € MFg, (f+y*+z?),
and we need to show that Y is a direct summand of $(X) for some X € MFg(f).

But this is a immediate consequence of (3.11)), (3.13]) and (3.10):

HoRoR(Y)DHoToR 0Ry(Y) 2 HoR 0NR(Y) BT 0$HoMRy o Ry (Y)
~ By 0B 0 Ry 0 Ry(Y)
~ By 0 R (Y) B By 00 0R(Y)
~Y ®o(Y)DByo000R(Y). O

We now state the Knorrer’s periodicity result that we are to prove in this sec-
tion:

Knorrer’s periodicity. $ : MFg(f) — MFg,(f 4+ uv) induces an equiv-
alence

MCM(R) ~ MCM(R,). (3.14)

For the proof, we still have to show that for any 2 matrix factorisations X = (¢ :
Fra2F ), X' = (¢ F] 2 F) ) € MFg(f), $ induces an isomorphism
Hom(X, X’) — Hom($(X),$H(X’)). By (3.12), this map is clearly injective. So
we are left to show the surjectivity.

Let (a, B) : H(X) — H(X’) be a morphism in MFg:(f + uv), then

R 0 Ra(a, B) =: (a,B) : Ry oRy0 H(X) — Ry oRy0 H(X')
is a morphism in MFg(f), where :’; 0 Ry 0 H(X) = ((S5 15) : (2 15)) and
oo i) = (3 ). (o )
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Then we claim that

e the morphisms (a1, B5) : X — TX' and (a9, By;) : TX — X' factor
through projectives;

e the morphisms (@11, Bg), (811, @22) : X — X’ only differ by a mor-
phism that factors through projectives.

These are proven by direct calculation. Since («, 5) is a morphism of matrix
factorisations, we have

Pu P\ (u ¢\ _(u ¢ fan o
<521 ﬁm) <¢ —v) - <¢/ —v) <a21 a22> ; (3.15)
from which we get

@' o any — vagy = ufa + Pag 0 P;
uoz + ' 0 gy = P11 0 — vfa.

Notice that aqi, 511, a9, B22 are all dependent on wu, v, so we can compare the
coefficients of u, v on both sides of the equations and get

Bia =Y 01z + G120,
Bo1 = ¢ 0421 + 021 0 @,

where 719, V21, 012, 021 are certain maps. Clearly v’ o 15 induces
Coker(X) = Coker(¢ : Fy — Fy) 2 Coker(T'X") = Coker(¢' : F — FY).

On the other hand Yo ¢ = f-1 = 0 over R = S/(f), so d12 0 ¢ : Coker(¢p) —
Coker(¢)") factors through the free R-module R ®p F;. This shows that the map
Coker(X) — Coker(TX") induced by f3,, factors through projectives. Similarly
one can show that the one induced by f3,, factors through projectives as well.
Thus the first point follows.

For the second point, we again observe from that
¢ 0 iy — Ve = Pa1 0 1) — V.
Then we similarly get
iy — Pay = ¢ 0922 + 02 00,

where 72 and 09 are certain maps. We then show that the morphism induced by
Qo — (49 factors through projectives as in the proof of the first point. [

Therefore, any morphism from (a, 8) : H(X) — $H(X’) can be altered by some
morphism in $(Hom(X, X’)) such that R, o Rs(a, B) factors through projectives.
Now the Knorrer’s periodicity (3.14)) follows easily. O

An immediate corollary of Knorrer’s periodicity (3.14]) is that:
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The stable Auslander-Reiten quiver of MCM(R) and MCM(R;) are isomor-
phic, i.e.

[(R) ~ L(Ry).

Recall that the stable Auslander-Reiten quiver is obtained by deleting the vertex
of indecomposable free module and all arrows adjacent in the original Auslander-
Reiten quiver.

Moreover, to relate the Auslander-Reiten quiver of MCM(R) and MCM(R;), we
have:

The number of arrows ending in (or starting from) the vertex of free module
is doubled when passing from MCM(R) to MCM(Rx).

See |Solberg) [1989], Prop. 4.6. O

In conclusion, with Knorrer’s periodicity, we can claim that simple singularities
are MCM-finite, provided that we show it in 1-dimensional and 2-dimensional
cases, which are well-known to be true and will be discussed in the next chapter.
Combining that with Buchweitz-Greul-Schreyer’s result, we get:

Any hypersurface is MCM-finite if and only if it is a simple singularity. ]
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4. Auslander-Reiten quiver of
simple singularities

4.1 Even-dimensional simple singularities

In this chapter we decide the (stable) Auslander-Reiten quiver of the category
of MCM modules over any simple singularity. We refer to it for brevity as the
(stable) Auslander-Reiten quiver of the simple singularity as long as no confusion
is caused.

For even-dimensional simple singularities, the stable Auslander-Reiten quivers are
rather easy to decide. We now briefly develop the isomorphism of the Auslander-
Reiten quiver with the McKay graph in this case, discovered in |Auslander| [1986]
and |Auslander and Reiten| [1987].

Let K be an algebraically closed field of characteristic 0 and G < GLy(K) be a
finite subgroup. Given a 2-dimensional K-vector space V', we can pick a K-basis
{z,y}, on which G naturally acts:

g1 g2 gt G2\ (T g + g2y
v g e G!7 . R —= —= .
g (921 922) 9-(@:y) (921 922> (Z/) (92156 + 922y>
Then we can extend the action of G to the ring S := K{z,y}:
Vf(z,y) € S,Vg € G, g.f(z,y) = f(g.(z,9)).

Now let R :={s € S| g.s = 5,Vg € G} be the invariant subring of S, and denote
by S[G] := X e Sg the skew group ring, considered as an S-module with the
multiplication

S191 - S22 i= S1 g1-52 g1g2, S € 5,9; € G.
An S[GJ-module M is exactly an S-module acted by G such that
gsm=gsgm, se€SmebMged.

In addition, f: M — N is an S[G]-homomorphism if and only if it is simultane-
ously an S-homomorphism and a G-homomorphism, i.e. it satisfies

f(g.sm) =g.f(sm) = g.sf(m), ge€G,scS,me M.

When M, N € mod(S[G]), Homg(M, N) is also an S[G]-module, with the G-
action

(9.f)(m) =g.f(g'm), g€ G ,mée M, f e Homg(M,N).

Moreover, any f € Homg(M, N) is G-invariant if and only if it is an S[G]-
homomorphism. In fact, if f is an S[G]-homomorphism, Vg € G, Vm € M,

g-f(m) = g.f(g~"-m) = f(gg~".m) = f(m),
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i.e. f is G-invariant. Conversely, if f is G-invariant, Vg € G, Vs € S,

f(g.sm) =g.f(g " g.sm) = g.f(sm) = g.sf(m),
thus f is an S[G]-homomorphism.

So we get
Homgq(M, N) = Homg(M, N)€,

where Homg(M, N)¢ = {f € Homg(M,N) | g.f = f,Vg € G} denotes the

G-invariant submodule as before.

Now we claim that:

(=) : mod(S[G]) — mod(R) is an exact functor.

In general, taking G-invariant is a left exact functor. Given any short exact
sequence in mod(S[G]) of the form

0—-MZ NP0,

there are induced maps M¢ — N¢ and N — P¢, denoted by (“ and 7€,
respectively. Clearly, Ker(:“) C Ker(t) = 0. For any m € MY, 7% 0.%(m) =
moulm) =0, so Im(¢) C Ker(m). Now let n € N¢ and suppose 7(n) = 0, then
n € Ker(m) = Im(¢), so n = «(m') for some m' € M. Vg € G, n = g.n=g.u(m') =
t(g.m'), so m’ = g.m/. Therefore, taking G-invariant is left exact.

Now we would like to show that 7¢ : N — P% is an epimorphism, for which
we need to use the assumption that G is a finite group. In this case, it is an
elementary result from group theory that

NY = Im(n — ’é| > g.n).

geG

Denote by ¢gn : N — N the surjective map n + |Tl;| > gec 9-n, and we get

%0 ¢pan = dg.pom. Since ¢pan, ¢c.p and 7 are all surjective, so is 7¢. Thus
we have shown that (—)¢ is an exact functor. O

On the level of derived functors, we have

Extle (M, N) = Extg(M, N)%, i >0.

See [Yoshino| [1990], p. 86. O
Therefore, an S[G]-module is projective if and only if it is projective over S.

Let K G be the group ring in the usual sense. The assignment W +— S ®@x W and
[+ 1s ®k f defines a functor F' : mod(KG) — mod(S[G]), where the action of
S|G] is given by

(s9)t@w) =sgt®@gw, (sg9)(ls®f)=s®g.f, s,teS geGweW.
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Consider the full subcategory of mod(S[G]) consisting of all projectives, denoted
by proj.S[G]. Given any KG-module W, F(W) = S ®@x W is clearly free over S,
and hence projective over S[G]. Therefore F' gives rise to a functor mod(KG) —
proj.S[G], also denoted by F'. Moreover we have:

The functor F' : mod(KG) — proj.S|G] admits a left adjoint F' = kg®g— :
proj.S[G] — mod(KG). Moreover, F' gives a one-to-one correspondence
between the isomorphism classes of objects.

Here kg = S/mg denotes the residue field as before, where mg = (z,4)S is the
unique maximal ideal of S. It is clear that " o F' = 1oq(kc). We now consider
F o F" on the objects. Let M € proj.S[G], then M is free over S, and we get
FoF'(M)=S®gk (M/mgM). We claim that 7 : M — M/mgM is the minimal
projective cover of M/mgM € mod(S[G])!

In fact, take any proper submodule N C M, we need to show that 7w(N) #
M/mgM. Suppose the opposite, i.e. 7(N) = M/mgM, and then M = N +
mgM. Then one of the variants of Nakayama’s lemma implies that M = N, a
contradiction! So 7 is the minimal projective cover.

Meanwhile, the natural map S ®x M/mgM — M/mgM is also a projective cover
of M/mgM € mod(S[G]), so it must factor through M, i.e. there must be a
surjective map S ®x M/mgM — M. Since M is projective, this surjective map
splits, i.e. M is a direct summand of S ®x M/mgM. Since rank(M/mgM) =
rank(M) — 1, we consequently get M ~ S ®x M/mgM. The rest of the proof is
straightforward. O

Therefore, in another word, there is a one-to-one correspondence between the
irreducible representations of G over K and the indecomposable projective S[G]-
modules.

McKay graph. Let Vg, -+, V; be the isomorphism classes of irreducible rep-
resentations of G. The McKay graph Mc(V,G) is an oriented graph of vertices
Vo, -+, Vi, where, for any 0 < 7,5 < d, there are mult;(V ®x V;) arrows. Here
mult;(—) := dimgHom g (V;, —).

Let Py,---, P; be the isomorphism classes of indecomposable projective S[G]-
modules with F(V;) = S®k V; = P;, 0 <i < d. For any projective S[G]-module
P, let v;(P) be the number of copies of P; appearing in the direct decomposition
of P, 0 <i < d. Then these integers can be used to calculate the multiplicities
in the McKay graph:

mult;(V @k V;) = vi(F(V ok V;)), 0<i,j<d.

In fact, V @x V; = &, ymutt (Ve V;) by definition. It follows that F(V @k V) =
j i j
@' P.(multi(V®KVj)). D

Denote by addg(S) the full subcategory of mod(R) consisting of R-modules that
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are isomorphic to direct R-summands of free S-modules. We now show a famous
result by Auslander:

As subcategories of mod(R),
addr(S) = MCM(R).

In particular, indecomposable MCM R-modules are identified with the in-
decomposable R-summands of S. Hence R is MCM-finite.

. J

First notice that R = S is a 2-dimensional normal domain, hence MCM(R)
consists of reflexive R-modules. Since S is reflexive over R, clearly addgr(S) C
MCM(R). Now let M € MCM(R). The inclusion map R — S is a split R-
monomorphism, with a retraction given by

1

¢:S— R, sn—>—Zg.s.
|G’g€G

Applying Homg(Homg(M, R), —), we get a split monomorphism
M ~ Hompg(Homg(M, R), R) — Homg(Homg(M, R), S).

Now that Homg(Hompg(M, R), S) is reflexive as an S-module, it is even free over S!
This famous result by Serre follows from the fact that S is a 2-dimensional regular
local ring. Instead of citing the original proof, we can prove it even faster: since S
is regular, gl.dim(S) = 2. For brevity we denote by M* := Homg(M, R). Now we
take a free presentation of Homg(Hompg(M*,S),S) of the following form:

Fy — Fy — Homg(Hompg(M*, S),S) — 0,
and dualise it to get an exact sequence
0 — Homg(M™,S) — Homg(Fy, S) 2, Homg(F}, S) — Coker(¢) — 0.

Now that proj.dim(Coker(¢)) < 2 and the dual of Fy and Fj are both free, we
get that Hompg(M*,S) is free. Therefore, M is a direct summand of a free S-
module, i.e. M € addg(S). This shows that addg(S) = MCM(R). The rest of
the statement simply follows from Krull-Schmidt theorem. O

An element o € GLy(K) is a pseudo-reflection if rank(c — 1) < 1. M. Auslander
discovered the following striking relation between MCM R-modules and S[G]-
modules:

Assume that GG has no non-trivial pseudo-reflection, then there is an equiv-
alence of categories

H : proj.S[G] = MCM(R), M — MY f— fluc.

First notice that given M € proj.S[G], M is a direct summand of M as an
R-module. Since M is also projective over S, it is a free S-module, hence M¢ €
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addg(.S), and it is easy to see that the functor H is well-defined. See |Auslander
[1986], p. 515 for the proof of the result. O]

Combining the results above, we get that:

The composition H o F' gives a one-to-one correspondence between the iso-
morphism classes of irreducible representations of G and the isomorphism
classes of MCM R-modules.

Now we would like to construct Auslander-Reiten sequences. Let Vy = K be the
trivial simple K G-module. We denote by

2
(Vi) = \V ®x Vi ,0<i<d,

and also 7(P;)) = F(7(V;)). Let Lg,---, L4 be the indecomposable MCM R-
modules, where L; = H(P;). So Ly = H o F(V) = R. We denote by 7(L;) =
H(r(P;)) for 0 < i < d. Then it is clear that 7(V;) ~ 7(V}), if and only if
7(P;) ~ 7(P;), if and only if 7(L;) ~ 7(L;), if and only if ¢ = j. Moreover, we
have

7(Lo) ~ wg.

See [Yoshino| [1990], p.92. O

Consider the Koszul complex associated to S — K:

2
0SSk A\V—=5S0xkV —=S—K=0,

and this is also exact as S[G]|-modules. Tensoring V;, we obtain

0—>S®K(/2\V®KV¢)—>S®K(V®KV;)%S®KVE—>V;%07
which gives the minimal projective S[G]-resolution of V; which we rewrite as:
0=7(5) > F(Vex V) =P —=V,—0.
Now we apply H to get
0—>T(Li)—>HOF(V®KW)—>L1‘—>‘/¢G—>07

Where ‘/;G _ K, le = 0,
0,  otherwise.

For brevity we denote by E; := H o F(V ®k V;), and we get the sequences

This is because each V; is a simple K G-module.

0— 7(Ly) = Ey = Ly — K — 0, (4.1)

0—7(L) =B L —0, 0<i<d.
We now show that:
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e Given L € MCM(R) and f € Homg(L, L;) which is not a split epi-
morphism, then there exists g € Homg(L, F;) with f = m; o g, where

0<:i<d.
e In particular, for i # 0, (4.2) is the Auslander-Reiten sequence ending
in Lz

Since f is not a split epimorphism, we have Im(f) C Im(m;), and hence we get
Im(H=Y(f)) C Im(H Y(m;)), where H (m;) : F(V @k Vi) — P, and H(f) :
H~Y(L) — P;. Sothereis ¢’ € Homgg)(H (L), F(V®kV;)), such that H=*(f) =
H=Y(m;)og, for H~'(L) is projective over S[G]. Now we let g = H(¢') : L — E;,
and we get f =m;0g. [

Finally we can decide the Auslander-Reiten quiver of R:

As before assume that G < GLy(K') has no non-trivial pseudo-reflection,
then R = S¢ is MCM-finite, and its Auslander-Reiten quiver I'( R) coincides
with the McKay graph Mc(V, G), where V = (x,y), S = K{z,y}.

Clearly the vertices of I'(R) are Lo, -+ ,Lq. If i # 0, i(L;, L;) is the number
of copies of L; appearing in the direct decomposition of E;. When i = 0, the
previous statement still applies, though the sequence is longer. So the same
property holds. Therefore, i(L;, L;) = v;(F(V ®k Vi)) = mult;(V ®k Vi). So
there is an isomorphism I'(r) — Mc(V, G) given by [L;] — [Vi]. O

Klein groups. Now the Auslander-Reiten quiver of any 2-dimensional simple
singularity is reduced to some classic result in [Klein| [1893]. Let (i be the k-th
primitive root of unity in K. Felix Klein classified all finite subgroups of SL(2, K)
as conjugates to the following Klein groups:

e Aj: cyclic group of order k + 1:

a=((% )

e Dy binary dihedral group of order 4(k — 2):

0 G
Dy = , Cok_5);
k <<(4 0) 45)
e Fj: binary tetrahedral group of order 24:

16 @
T_<\/§<€s <§>’D4>’

e F;: binary octahedral group of order 48:

3
0=(<<§ 285>,T>;
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e FEjg: binary icosahedral group of order 120:

ro 2 <<§—<5 4§—<§>, L <<§—<§ c§—1>>.

\GE-G ¢-¢) Ve\1-¢G &-¢

He also proved that the invariant subrings by these groups are simple singularities,
ie. SY ~ K{x,y,2}/(f) where f is one of the following polynomials respectively
in each case:

o Ap:a? 4yt 422 k> 1,
o Dy 2%y +yFt 4+ 22 k> 4
o Fg:a3 4yt + 2%

o [ 23+ wyd + 2%

o Fg:a®+ys+ 22

We now exhibit the McKay graphs of these rings, where the number attached
to a vertex indicates the degree of the corresponding irreducible representation.
When we consider them as Auslander-Reiten quivers, the numbers are the ranks
of the corresponding MCM modules.

Ay, / [R] \
1 /1 \ 1
[R] / 1
1 1
(R
E6 2
1 2 2 1
E7 . 2
[R] 2 3 4 3 2 1
Eg: 3
[R] 2 3 4 5 6 4 2

In conclusion, we have determined the Auslander-Reiten quiver of any simple
singularity of dimension 2 using McKay graphs, and by Knorrer’s periodicity, the
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stable Auslander-Reiten quiver of any even-dimensional simple singularity is the
same as in the 2-dimensional case. For the Auslander-Reiten quiver itself, the
only change appears in the number of arrows adjacent to [R].

4.2 (Odd-dimensional simple singularities

By Knorrer’s periodicity for simplicity we need only consider the 1-dimensional
case. Recall that the types of singularities we consider are:

o Ay :x?+ oy k> 1;
o D 2%y +yF 1 k>4
o Fg:a3+yh

o F; a3+ oy

o Fg:a® 47,

As always let S = K{z,y}, R = S/(f) where f belongs to one of the types
above.

First we show a useful statement.

Let R be a 1-dimensional analytic reduced local hypersurface ring. Then
the Auslander-Reiten translation 7 is given by

(M) ~ syzpM, VM € MCM(R), (4.3)

and 72 = 1. Furthermore, if we can decompose mp = @, M; into in-
decomposable modules M;, then the natural inclusions M; — R are the
only irreducible morphisms from an indecomposable MCM R-module to
R. Dually, the irreducible morphisms from R to an indecomposable MCM
R-module are of the form R — 7(M;).

First recall that R = S/(f) for some regular local ring S, and 0 # f € mg. Thus
R is a 1-dimensional Gorenstein ring, and in particular wr ~ R.

Take a free resolution of M of the form
o= By — Fy — M — 0.

Then we have an exact sequence of the form

0 — Homg(M, R) — Homg(Foy, R) — Homg(Fy, R) — Tr(M) — 0,
and hence by , we get a short exact sequence
0 — Homg(M, R) — Homg(Fy, R) — Homg(7(M), R) — 0.

Taking the self-duality, we get another short exact sequence

0—=7(M)— Fy— M —0,
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which shows that 7(M) ~ syzj,(M). In addition, recall that M has a 2-periodic
free resolution, see (1.5]). Therefore, syz%(M) ~ M, ie. 72 = 1.

Now consider any irreducible morphism o : X — R, where X € MCM(R) is
indecomposable. Since a does not split, 1 ¢ Im(«), thus Im(a) C mg. In other
words, « is decomposed as X — mpr — R. Since the inclusion mgz < R is not
an epimorphism, we get that X — mpg is a split monomorphism, i.e. X ~ M; for
some 4. Dually, any irreducible morphism from R end in M} := Homg(M;, R).
Since R is an isolated singularity, there is an Auslander-Reiten sequence of the
form
0— M —N®R— M —0,

where N is an MCM R-module. Therefore 7(M}) =~ syzh(M) ~ M; as we
have just shown, and hence 7(M;) = 72(M}) = M}, which completes the proof.
[

Now we shall calculate the stable Auslander-Reiten quivers by matrix factorisa-
tions and Auslander-Reiten sequences. The method is based on [Yoshino [1990],
Ch. 9.

4.2.1 Type A; for even k
In this case f = 22 + ¢y k =2,4,6,---. Letting

. x vl .
¢j = <yk+1—j —ZU)’ OSJ §k+17

, 22 4 gt 0 '

we see that ¢ = ( 0 i +x2> = f1,ie. (¢;,¢;) € MFg(f). Denote
by M; := Coker(¢;,¢;) = (z,97)R, and clearly My ~ R and M; ~ M 1.
Now we would like to show that the MCM R-modules M; (0 < j < g) are all
indecomposable. For j = 0 it is clear. Notice that f is irreducible since k is even,
therefore, if for some 1 < j < % we have M; ~ A @ B, then A and B would be
generated by 1 element, and thus isomorphic to My ~ R, which means M; has
a free direct summand, a contradiction to the fact that ¢; € GLy(S) has no unit
entry!

Now it follows from (1.9 and (4.3) that

T(M;) = M;, V1<j<

DO | 7

0 gyt
Let €; := i o) and we see that

—axy"7 —yt

k N
x
€jo¢j=< i’ Y >:—¢j°€j>

so (e, —¢;) gives an element in Endg(M). Now that

¢ &\ ¢5 piej e\ _
(0 @-)‘(0 & >‘f1’
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we get that ((%’ ;3> : (%] ;]>) € MFg(f). Clearly
j j

i &\ (95 S\~ s A
Coker((O o) 0 o )~ M 1 @ M.
Hence the Auslander-Reiten sequence ending in M; is
0—>Mj—>Mj_1€BMj+1—>Mj—>0.

Notice that when j = g, M ko M ks and consequently we can draw a part of
the Auslander-Reiten quiver for R:

Type Ay for even k > 2:

(R) = [M] = [My] = ... [Mk/@

\
\ / \

~ - ~ - ~

Now we would like to show that the graph above is a connected component of
['(R), for which it suffices to show that no other MCM module is connected to
[R] by arrows. But this is obvious from the statement we have shown at the
beginning of this section, since mp = (x,y)R ~ M;.

Finally, we can conclude that I'(R) is equal to its connected component we have
drawn above by Dieterich-Yoshino’s theorem, mentioned in Section [2.2]

4.2.2 Type A; for odd k

In this case f = 22 + y*1 = (y*+V/2 4 iz) (y* /2 —ix), k =1,3,5,---. Above
all, Ny = R/(y**V/2 £ iz) are MCM R-modules, which are given by the ma-
trix factorisations (y**1/2 4 iz, y*+1/2 _jz) and (y*t1/2 — jx, y*+D/2 4 g),
respectively.

Now consider the same 2 x 2 matrices on S = K{z,y} as in the previous
case: ;
¢ = <ykf1—j 373)’ O<jsk+l

Then (¢;,¢;) € MFg(f) for each j, and we let M; := Coker(¢;, ¢;) ~ (z,y?)R.
Obviously My ~ R, M; ~ M. 1_; and M11y2 =~ N & N_. We would again like
to show that Ny and M; (0 < j < %) are all indecomposable. For N4 and M,
it is clear since they are generated by a single element. For some 1 < j < %,
if we have M; ~ A ® B, then A and B must be generated by 1 element and
non-free. Thus they are isomorphic to N, or N_. However, J(M;) = (z,y’) is
not equall| to any of J(N,), J(N_) and J(N,) + J(N_), a contradiction!

Now it follows again from (|1.9) and (4.3]) that

7(M;) = M;, 7(Ni)= Nx.

IRecall the definition of the ideal associated to a module in Section
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We then find the Auslander-Reiten sequence ending in these MCM R-modules
in the same way as in the previkouls case. First consider the endomorphism on
N, given by multiplication by y 2 , which gives the Auslander-Reiten sequence
ending in N,:

12 _ i yk=1/2

y(k—i-l)
0— N_ — Coker < 0 y(k+1)/2 + i

>—>N+—>O,

where the middle term is clearly isomorphic to M ket
Similarly the Auslander-Reiten sequence ending in N_ is

0—>N+—>M%—>N,—>O.

The Auslander-Reiten sequence ending in M; does not change at all:

E—1
0—>Mj—>Mj_1€BMj+1—>Mj—>0, (1§]§T),
Sy ¢j €; - 0 yj_l
which is given by <0 6;)" where € = ki o)
So we have obtained a part of I'(R):
Type Ag for odd k > 1:
/ [V]
(R = (M) &= M) = - = [Mua] |
[N-]

We use the same argument to show that this is indeed a connected component of
['(R). In fact, when k =1, mg ~ N, & N_; and when k > 3, mg ~ M;. Finally,
we apply Dieterich-Yoshino’s theorem again to get that this is actually the whole
quiver.

4.2.3 Type D; for odd &k

Now R = K{z,y}/(z*y + y*~1), where k > 5 is odd, and clearly we have matrix
factorisations of f = %y + y*~! given by (o, 8) := (y, 2% + y*72) and (B, a). Let
A := Coker(a, ) and B := Coker(f3, @).

For 0 < j <k — 3, we can find other matrix factorisations of f given by (¢;, ;)
and (&;,7;), where

I G T oy oy
¢]—<ykj2 _$>7 w]_<ykj1 —xy ’

[ =z Yy oy Y
§ = <yk—j—1 —a:y) o Ty = <yk—j—1 _$> :
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Letting M; := Coker(¢;,;), N; := Coker(¢;, ¢;), X; := Coker({;,n;) and Y; =
Coker(n;,&;), we see that

B~M, Xo~R~Y,, No~A®R, X%:Y%,

Mj ~ Mk_j_g, Nj ~ Nk_j_g, Xj ~ Yk—j—lu }fj >~ Xk—j—h V1 S] S k— 3.

For 1 < 7 < k — 3, notice that M;, N;, X;,Y; are indecomposable MCM R-
modules. In fact, M; ~ (zy,y’ ™ )R and Y; ~ (z,9’)R.

We thus obtain the Auslander-Reiten sequences, given by extensions below:

o T
<0 5>.O—>A—>X1—>B—>O,
0—->B—->Y  —-A—0,

(%ﬂ ;j 0= M, - X;®Y; 1 — N; =0,
j

(%’ Ej) 0= N; =» X ®@Y; = M; — 0,

0 ¢
(% 6;'7*1 00— X; > M1 ®N; —Y; =0,
J
(’g g 0=, = M@ N;_; = X; -0,
J
J
where €; = _yko_j_Q yO . Hence we get a connect component of the Auslander-

Reiten quiver of R as follows:

Type Dy for odd k£ > 5:

This is indeed the whole quiver by Dieterich-Yoshino’s theorem.

60



4.2.4 Type D, for even k

Let R = K{z,y}/(f) for f = 2%y +v* ! and k > 4 an even integer. We have
seen in the type of A, that the only change happens in the way we factorise f.
The modules A, B, M;, N;, X;,Y; still well-defined, we furthermore let

k=2

. = Coker(y(z iy = ),aFiy 7 ), Di:=Coker(xFiyz ,y(xLiy®)).
We again have

B~M, Xo~R~Y,, No~A®R, X%:Yk%,
MjﬁMk_j_Q, NjﬁNk_j_Q, Xj:Yk—j—17 szXk—j—17 ‘v’ngSk—?;

And moreover
MJCQ;22D+EBD,, N%EC+€BC,.

The Auslander-Reiten sequences are obtained by the same extensions as when k
is odd, and the Auslander-Reiten quiver turns out just slightly modified:

Type Dy, for even k > 4:
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4.2.5 Type Eg

In this case R = K{z,y}/(f) with f = 2® + y*. The matrix factorisations of f
are rather simple to calculate, as shown below row by row:

2
¢1 = (;3 _Z,Q) ) wl = <§3 _yx> )
2 2 2
o= (5 D) = ).

v o2 ay?
a=|zy —y* 2* |, B
o —wy =y
And we define the MCM R-modules as A := Coker(«, 3), B := Coker(f3, «), and
M; = Coker(¢;,1;), N; := Coker(;, ¢;) for 1 1,2, and there are following
isomorphisms to ideals of R:

Nl ~ Mg, Ml =~ («TQ,y)R, N2 =~ (xQJyQ)R = M27 B ~ (x27$y792)R‘
Further we can determine the action of 7 since rank(A) = 2:

T(My) = Ny, 7(Ny) = M)1,7(My) = My, 7(A) = B, 7(B) = A.

We thus have the following Auslander-Reiten sequences:

(¢1 (—2@/2 é)

0 Uy

- (5

0

b1

On the other hand, observe that

gz (¢2
0

2

(% z)),

0= M — A— Ny — 0,

:0—-N, —->B®oR— M, — 0.

[ 6.%)

b2

also gives an indecomposable matrix factorisation of f, and we let
X := Coker(&,n) ~ Coker(n, &)
to get the Auslander-Reiten sequence
0—> My — X — My — 0.

Thus we can easily get the Auslander-Reiten quiver as follows:

Type Eg:
[B] —— [M]

\ [R]
-

[A] —— [N]
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4.2.6 Type E;

In this case f = 2® + 2y can be factorised as follows:

a = (z), B (x‘ +9°);
4]

2 2 2
_ [T Yy _ [ Yy
¢2 - Ty —ZL'2> ) lﬁz - <fL‘y —I’) )
ry? —a® —a2y Y 0 =z
LG=|zy v —2? |, m= |-z xy 0];
2 axy  ay? 0 —z vy

S=|ay 2z -y m=|-zy =«

Yy
0
x
y 0 -y 0
{3 = 7 (O y)), N3 = d (0 y))

Now we define the MCM modules as A := Coker(a, ), B := Coker(§,«), C' :=
Coker(, ), D := Coker(d, ), and M; := Coker(¢;, ), N; := Coker(vy, ¢;), X; :=
Coker(&;,m;), Y; := Coker(n;, &;) for i = 1,2, so that we can obtain the Auslander-
Reiten quiver similarly as in previous type, shown below:

Type E?'

\/

4.2.7 Type Fg

Finally let R = K{z,y}/(f) for f = 23+ 9°. The higher degree makes matrix
factorisation a bit harder, but the process to calculate the quiver does not change
at all. We exhibit below all indecomposable matrix factorisations of f from

Yoshino [1990], p. 82:



Denote by Mz = Coker(gzﬁi,wi), ]\/vZ = Coker(@/)i,qbi), Az = Coker(ai,ﬁi), B; :

Coker(5;, a;), C; := Coker(~;,0;), D; := Coker(d;,7;), X; := Coker(&;,n:), Y :

x
¢1 = <y4 _a2> )
2
r oy
¢2 - <y3 —.132> )
y —x 0
ap=10 vy -z
r 0 ¢
y —x 0
ar=10 y?* —x
r 0 9
y -
x 0
M= _y2 0
0 —y?
r P
3 2
|y a2 —ay
0 0
y't o ay?
a2 P
2 2
| —ayt —x
0 0
0 0
y —x 0
0 y* -z
oz 0 P
=10 0 0
0 O 0
0 O 0
y a2
—2?  ay
L= 0  —¢
—zy® vy
—y3 0
y -
x 0
m=|-y> 0
0 —?
0 0

2

T

U = <y4
2

T

g = <y3
Yy
51 =112
Yy

fa=| —
0
—X
=7
)

332

3

1Yy

Oy = 0

0

Coker(n;, &;), where @ = 1,2, and then the Auslander-Reiten quiver can be drawn

as:
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Type Eg:
N2] ‘ ‘ Pfﬂ — [Cy ‘ [Bl ‘
\
‘ ‘2 | [51/2] [51 ‘1 |
/ \
. B,

So far we have calculated the Auslander-Reiten quiver of any 1-dimensional sim-
ple singularity, and in particular we see that any 1-dimensional simple singular-
ity is MCM-finite, hence by Knorrer’s periodicity the same holds for any odd-
dimensional simple singularity.

Also by Knorrer’s periodicity, the stable Auslander-Reiten quiver of any odd-
dimensional simple singularity is isomorphic to the 1-dimensional case computed
above, and the Auslander-Reiten quiver changes only in terms of the number of
arrows going into and out of [R], the vertex of free module.

Iyama’s notation. Given a quiver A, we define the extended quiver of A as
a new quiver ZA, whose vertices are points in Z x Ay and whose arrows are
(l,a) : (I,s(a)) = (I,t(a)) and (I,a*) : (I,t(a)) — (I + 1,s(a)) for each | € Z and
a € Al-

This notation is widely used in [Dieterich and Wiedemann| [1986], and equips the
following result presented in Iyama, [2018], Prop. 2.24:

Let R be a simple singularity with dim(R) = d. Then the Auslander-Reiten
quiver of MCM(R) is ZA /¢, where A and ¢ are given as follows:

e if d is even, then A is the Dynkin diagram of the same type as R, and
¢ = 7 is the automorphism corresponding to the Auslander-Reiten
translation;

e if d is odd, then

R| Ay—1 Ay, Dy Dyy1 Es  E; Eg
A| Dy A Doy A Ee  Er  Eg
¢ |Tor T2 12 T0L TOUL T2 72
where ¢ is the involution of ZA induced by the non-trivial involution

of A, and 72 is the automorphism of Z Ay, such that (T%>2 =

As a reminder, the Dynkin quivers concerned are listed below as well:
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A, (k>1) o o o o
.
Dy (k > 4) . . . .
.
FEs . . . . .
.
E; . . . . . .
.
Ex . . . . . . .

We shall briefly remark on this concise version of the result. For even-dimensional
cases, we have seen in Section that the stable Auslander-Reiten quiver equals
<~

A, where A is the Dynkin diagram of the same type as R. Meanwhile the au-

tomorphism 7 on ZA corresponding to the Auslander-Reiten translation is given

by (I,v) — (I —1,v) for any (I,v) € Z x Ay. Therefore, the orbit quiver ZA /7 is
<~

nothing but A, obtained by adding an inverse arrow a* for any a € A;.

For odd-dimensional cases, we first describe the involution ¢. For Dy, where
k > 4, notice that the quiver is axisymmetric:

Therefore there is a natural involution ¢ on Dy given by the 2-cycle (k — 1 k),
which swaps the vertices k — 1 and k while keeps the rest of the vertices fixed.

66



For A, where k is odd, the quiver is also symmetric, and we can similarly define
t to be the reflection at the middle vertex of symmetry. For Fg, ¢ is defined
as the reflection on the axis given by the 2 middle vertices. It is clear that the
involution ¢ on any quiver A naturally induces an involution on ZA, still denoted
by ¢, which is given by «(I,v) = (I,(v)), V(I,v) € Z x A,.

For example, consider the type As; which has stable Auslander-Reiten quiver
ZDy4/(7 o 1) according to Iyama’s statement. The quiver ZD, has the following
form with solid arrows:

where the dashed arrows illustrate the action of 7 o +. Therefore we get a new
quiver of the form

and one can verify that it coincides with the result calculated in Section [4.2]

Then we would like to specify the automorphism 73 of Z.Agy. In fact, Ay is also
axisymmetric, which motivates us to define, for any [ € Z,

1 [,2k+1—1 if 1 <iq<Ek;
7'2(l,i):{(’ + 1), e

(l—1,2k+1—1), ifk+1<i<2k.

Here we number the vertices of As; as follows:

2k —— 2k —1 E+1 k 2 1

For example, consider the type A4 which has stable Auslander-Reiten quiver ac-
1
cording to Iyama’s statement ZA,/72. We again draw the quiver as follows:
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N
~

~

~

\

(L.1)

where the dashed arrows denote the action of 72. Therefore we get the following

quiver:

e e

and one can verify that this coincides with the our calculation in Section 4.2

Finally the automorphism 72 is clearly given by 72(l,v) = (I — 2,v) for any

(l,U) € Z x Ao.

For example, consider the type F; which has stable Auslander-Reiten quiver
ZE;/7? according to Iyama’s statement. This quiver is drawn below:

(1,1)

<_17 1)

where the dashed arrows denote the action of 72. Therefore we get the following

quiver:
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XiKX

and one can verify that this coincides with the result we have presented in Section
4.2
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List of Symbols

N

mod(R)
Mod(R)
mg

KR

dim(R)
Ann(M)
[L: K]
gl.dim(R)
proj.dim(Mpg)
inj.dim(Mpg)
depth(M)
rankg (M)
(M)
Ki{zy, a0}
K[[xlv U ,ZL’nH
MCM(R)
syz(M)
San
MFs(f)

RX

C

C/T

rad(R)
(M)

M/

M*

Tr(M)
radR(M, N)
lrrr(M, N)
i(M, N)
I'(R)

671(’{5’,)

Ak‘7 Dk) Eﬁa E77 ES
Mc(V, G)

YAAN

<~

A

set of natural numbers including 0

category of finitely generated modules over ring R
category of all modules over ring R
maximal ideal of local ring R

residue field of local ring R

Krull dimension of ring R

Krull dimension of R-module M

annihilator of R-module M

degree of field extension K C L

global dimension of ring R

projective dimension of R-module M
injective dimension of R-module M

depth of R-module M

rank of module M over domain R

length of R-module M

convergent power series ring over valued field K
formal power series ring over field K
category of MCM R-modules

reduced n-th syzygy of R-module M
canonical module over R

m X n matrix ring over ring S

category of matrix factorisations of f € mg
set of invertible elements in ring R

stable category of category C

quotient category of category C by its ideal Z
Jacobson radical of ring R
Auslander-Reiten translation of M

dual of R-module M by R

dual of R-module M by wg

Auslander transpose of M

R-module of radical morphisms M — N
R-module of irreducible morphisms M — N
dimension of Irrgr(M, N) over kg
Auslander-Reiten quiver of MCM(R)

stable Auslander-Reiten quiver of MCM(R)
set of ideals I of S such that f € I*

ideal associated to module M, see Section
n-th Betti number of kg

ADE Dynkin quivers

McKay graph of group G

extended quiver of quiver A

quiver obtained from A by making all arrows invertible
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canonical, 10
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reflexive, 10

torsion-free, 10

morphism
irreducible, 20
radical, 25
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regular sequence, 6
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Gorenstein, 10
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