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A MCKAY CORRESPONDENCE FOR REFLECTION GROUPS

RAGNAR-OLAF BUCHWEITZ!, ELEONORE FABER, AND COLIN INGALLS

For Ragnar

ABSTRACT. We construct a noncommutative desingularization of the discriminant of a
finite reflection group G as a quotient of the skew group ring A = S * G. If G is gener-
ated by order two reflections, then this quotient identifies with the endomorphism ring of
the reflection arrangement .A(G) viewed as a module over the coordinate ring S¢/(A) of
the discriminant of G. This yields, in particular, a correspondence between the nontrivial
irreducible representations of G to certain maximal Cohen-Macaulay modules over the
coordinate ring S¢ /(A). These maximal Cohen-Macaulay modules are precisely the non-
isomorphic direct summands of the coordinate ring of the reflection arrangement A(G)
viewed as a module over S®/(A). We identify some of the corresponding matrix factor-
izations, namely the so-called logarithmic (co-)residues of the discriminant.

1. INTRODUCTION

The classical McKay correspondence relates representations of a finite subgroup G <
SL(2,C) to exceptional curves on the minimal resolution of singularities of the Kleinian
singularity C2/G. By a theorem of Maurice Auslander [ ], this correspondence can
be extended to maximal Cohen-Macaulay (=CM)-modules over the invariant ring of the
G-action. In particular, Auslander’s version of the correspondence holds more generally
for small finite subgroups G < GL(n,C). We study the case where G is a pseudo-reflection
group, that is, a group that is generated by pseudo-reflections.

To this end, let G < GL(n, C) be a finite group acting on C". By the theorem of Chevalley—
Shephard-Todd the quotient C" /G is smooth if and only if G is a pseudo-reflection group,
that is, it is generated by pseudo-reflections. Thus, if G is a pseudo-reflection group, at
first sight there are no singularities to resolve and it is impossible to “see” the irreducible
representations as CM-modules over the invariant ring R of the group action: R is a regu-
lar ring and it is well-known that in this case all CM-modules are isomorphic to some R"!
However, the key idea of this work is to consider the irregular orbits of the group action,
on C" this is the reflection arrangement A(G) (the set of mirrors of G) and in the quotient
C" /G this is the projection of A(G), the so-called discriminant of G.

The group G < GL(n,C) also acts on S := Sym(C"), then C" = Spec(S), the quotient
C"/G = Spec(R), where R := SC is the invariant ring. If G is a pseudo-reflection group,
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then R is itself isomorphic to a polynomial ring, and .A(G) is defined by the Jacobian | € S,
a (not necessarily reduced) product of linear forms in S. The discriminant is given by a
polynomial A € R and its coordinate ring is R/ (A).

Let us follow this train of thought further: Auslander’s theorem states that for a small sub-
group G < GL(n,C) acting on the polynomial ring S the twisted group ring A = S * G is
isomorphic to the endomorphism ring Endg(S), where R = S©. In particular, gldim A =
dimR = n, A is a CM-module over R and the nonisomorphic R-direct summands of S
correspond to the indecomposable projectives of A and consequently to the irreducible
representations of G, as these correspond to the simple modules over the group ring CG.
For G a pseudo-reflection group, the twisted group ring A still has global dimension n
and is a CM-module over the invariant ring R. Following our idea, we would like to write
A as endomorphism ring over the discriminant, whose coordinate ring is R/ (A), but an
easy computation shows that the centre of A is in some sense too large: Z(A) = R. In or-
der to remedy this, we will consider the quotient A = A/ AeA, where ¢ = ﬁ Yeec8 €A

is the idempotent for the trivial representation. This quotient has nice properties:

Theorem A (=Thm. 3.11, Cor. 3.12, and Prop. 3.17). Let G < GL(n, C) be a finite group (more
generally: G < GL(n, K), where K is an algebraically closed field such that |G| is invertible in K)
and assume that G is generated by pseudo-reflections. Denote A = S * G the twisted group ring
and set A = A/ AeA. Then A is a CM-module over S/(]), the coordinate ring of the reflection
arrangement, as well as over R/ (A). Moreover, A is Koszul, and gldimz <n. If G % uy, then
gldim A = n.

The referee noted that this implies that the map A — A is a homological epimorphism in
the sense of | ], and their Theorem 3.3 implies that A is a universal localization of A.

In particular, interpreting A, AeA and A geometrically, we exhibit a matrix factorization
(¢, ) of ] € S whose cokernel is A as left S-module. Curiously, this matrix factorization
comes from the group matrix of G (see Section 3.7) and it is (skew-)symmetric in that the
S—dual (or transpose matrix) ¥* is equivalent to ¢. Further, we determine the decom-
position of A into indecomposable summands over R/(A) and the rank of A over the
discriminant (Prop. 3.20). We can also deduce that A is not an endomorphism ring over
the discriminant if G has generating pseudo-reflections of order > 3 (Cor. 3.23).

The next step is to show that the quotient A is isomorphic to an endomorphism ring
over R/ (A) if G is generated by reflections of order two. First we generalize Auslander’s
theorem “noncommutatively”: For any G < GL(n,C) consider the small group I' :=
G NSL(n,C) and its invariant ring S'. Then T’ < G is a normal subgroup and

1-T—-G—=G/T—=1

is a short exact sequence of groups. Assume that H := G/I' is complementary to I', as will
be the case for H cyclic of prime order. From this we obtain the following generalization
of Auslander’s theorem:

Theorem B (see Prop. 4.11 for a more general formulation). In this situation we have C-
algebra isomorphisms

A=SxG> (S*TI')*xH >~ Endgr,y(S*H),
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and S x H = Aer as right ST« H = er Aer-module, where er € A is the idempotent |1T| Yoyer -

In particular, if G = T is in SL(n, C), then the above homomorphism reduces to the one considered
by Maurice Auslander.

In order to show that A is an endomorphism ring, we first view A as a CM-module over
the (noncommutative) ring S * H and will use the functor
i* : Mod(S" x H) — Mod(R/(A)),

coming from a standard recollement. For this part we will need that G is a true reflection
group, that is, generated by reflections of order 2. Then clearly H = 5.

In order to use the recollement, we consider more generally a regular ring R that is an
integral domain, a non-zero divisor f € R, and define the path algebra

v
/—\
B:=R| e+ e— |/
\_/
u
with relations,
ezi =et, 4 +e_ =1, u=e ue_,v=e_vey, uv = fe,, and vu = fe_.

Then matrix factorizations over B/Be_B = R/(f) (Lemma 4.1) can be seen as CM-
modules over B, which leads to the following reformulation of Eisenbud’s theorem on
matrix factorizations [ ]:

Theorem C (Thm. 4.3). Let f € R and B as above and let i* : Mod(B) — Mod(B/Be_B) be
the functor i* = — ®p B/Be_B from the standard recollement. Then i* induces an equivalence
of categories

CM(B)/(e-B) =~ CM(R/())
where (e_B) is the ideal in the category CM(B) generated by the object e_B. (Here CM(A)
stands for the category of CM-modules over a ring A as defined in Section 4.1).

In particular, consider T := R[Z]/(Z? — f), so that Spec(T) is the double cover of Spec(R)
ramified over V(f). Then this theorem implies Knorrer’s result [ ] that CM(T x
#2) =~ MF(f), where MF(f) stands for the category of matrix factorizations of f.

The last ingredient comes from Stanley’s work on semi-invariants: for a true reflection
group G < GL(n,C) actingon S, set R = S6, T =5 and f=Aand B = T=xH in the
above theorem. Then using that T =2 R[]]/(J?> — A) as R-modules (see Lemma 4.13), one
can calculate i*(S* H) = S/(J) as R/(A)-module (see Prop. 4.16). This leads directly to
the main theorem:

Theorem D (=Thm. 4.17 and Corollaries). Let G be a true reflection group. Then with notation
as just introduced, the quotient algebra A = A/ AeA is isomorphic to the endomorphism ring
Endg,(a)(S/(]))-

In particular, we have established a correspondence between the indecomposable projective A-
modules and the nontrivial irreducible G-representations on the one hand and the non-isomorphic
R/ (A)-direct summands of S/ (]) on the other hand.

Moreover, A constitutes a noncommutative resolution of singularities (=NCR) of R/ (A) of global
dimension n = dim R + 1 for G # .
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For a true reflection group G < GL(2,C) this implies that S/(]) is a representation gen-
erator of CM(R/(A)), and so recovers the fact that R/(A) is an ADE-curve singularity
[ ], (cf. Cor. 4.23).

The remainder of the paper is dedicated to a more detailed study of S/ (] ) as R/ (A)-
module, for any pseudo-reflection group G < GL(n,C): we determine the ranks of the
isotypical components of S/(]) over R/(A) using Hilbert-Poincaré series and can give
precise formulas in terms of Young diagrams in the case G = S, (Prop. 5.4). Then, using
Solomon’s theorem and results from Kyoji Saito and Hiroaki Terao we can identify some
of the isotypical components of S/(J) (again for any pseudo-reflection group G): the iso-
typical component of the defining representation V' of G and its higher exterior powers
A!V are given by the cokernels of the natural inclusions A'@g(—logA) — A'@g of the
module of logarithmic derivations into the derivations on R, dubbed the logarithmic co-
residues. In particular, for [ = 1 one gets that j,, the Jacobian ideal of the discriminant
viewed as a module over R/(A), is a direct summand of S/(J), see Thm. 5.9. We also
obtain the logarithmic residues coker (A" : Q%" — Q% (log A)) as direct summands of
S/(z). The other isotypical components have yet to be determined in general.

The paper ends with the example of the discriminant of G = S, acting on C3, the well-
known swallowtail. Here we can explicitly determine all matrix factorizations for the non-
isomorphic direct summands of S/ (J).
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2. DRAMATIS PERSONAE

Koo an algebraically closed field, mostly C
charK.................. the characteristic of K
Vo a finite dimensional vector space over K
n=dimgV ........... the dimension of V over K
G < GL(V) =2 GL(n,K) a finite subgroup of K-linear automorphisms of V
Ir=GnNSL(V)......... the kernel of the determinant homomorphism restricted to G
|Gl the order of G, assumed not to be divisible by char K
KG....oooooooi the group algebra on G over K. According to our assumption,
a semi-simple K-algebra, product of matrix algebras over K
S=86ym, V........... the symmetric algebra on V over K
R=SC................ the invariant subring of the action of G on V
S¢S =K[fi,.- fu] ------ the invariant subring when G < GL(V) is a subgroup
generated by pseudo-reflections
di=degfi............. the degrees of basic invariants, so that |G| = d; - - - d,
m=Y",(d—1)....... the number of pseudo-reflections in G
J = det (%)i NPPRIE the Jacobian determinant of the basic invariants that is
] a polynomial in S of degree m
Zoe the squarefree polynomial underlying |
my =degz............. the degree of z, that is, the number of mirrors in G
AN=z]eSC . .......... the discriminant of the reflection group G that is thus
of degree m 4 my
Vi,i=0,...,¢,.ccccc.... representatives of the isomorphism classes of irreducible
G-representations.
Vo =Ky = triv........ the trivial representation
Vi=V.oooooooo the defining representation G — GL(V) if that is irreducible
Viet =detV = |V]..... the linear one-dimensional representation of G afforded by the
determinant of the defining representation V
rankc M ............... the rank function on the minimal primes in Spec C for a module

M over a reduced commutative ring C

2.1. Conventions. Throughout the paper let K = C,' if not explicitly otherwise speci-
fied. Let V be a finite dimensional vector space over the field K and GL(V) the group of
invertible linear transformations on it. If we choose a basis to identify V' = K", we iden-
tify, as usual, GL(n) = GL(n,K) = GL(V) with the group of invertible n x n matrices
over K. Further, let G be a finite subgroup of linear transformations on V. The group
G acts then linearly and faithfully on the polynomial ring S = Sym, V = K[x1,..., %]
over K, where x1, ..., x, constitutes a K-basis of V. We may consider S as a graded ring
with standard grading |x;| = 1foralli. If s = f(x) € S, then we write g(s) = f(gx)
for the action of ¢ € G on s, with x = (x1,...,x,) and ¢x = (g(x1),...,8(xs)). Note

.....

transposeZ.

The invariant ring of the action of G on V will be denoted by R := S¢ = {s € S: ¢(s) = s
forall g € G}.

IMost of our results also hold if the characteristic of the field K does not divide the order |G| of the group
G. However, in order to facilitate the presentation, we restrict to K = C.

2Let us point out that many authors use S = Symy (V*) with g acting ons = f(x) as g(s) = f(g~*(x)).
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2.2. Twisted group rings. Assume that G < GL(V) is any finite subgroup. The group
ring of G will be denoted by KG. We denote by Q = Q(S) the field of fractions of S and
note that G acts on Q as well. We consider the following K-algebras.

Definition 2.1. Assume G acts on a K-algebra S through K-algebra automorphisms. The
twisted or skew group ring defined by these data is A = SxG, where A = S ®x KG as a left
S—, right KG—module, but the multiplication is twisted by the action of G on S.

In more detail, A is the free left S-module with basis indexed by G, thus, A = @gec S0,
where J¢ stands for the basis element parametrized by ¢ € G.

The multiplication is defined by d¢s = g(s)dg, fors € S, g € G. In particular the multipli-
cation of two elements s'd,/, 89, is given by

(s'0/)(505) = (5'8'(5)) 01 € Sbge for g',g €G,s',s€S.

Our notation here follows [ ] and is meant to clearly distinguish, say, the element
dgs € A from the element g(s) € S.

However, even if S is commutative, its image is usually not in the centre of A, whence
the ring homomorphism S — A only endows A with an S-bimodule structure over K,
with the action from the left simply multiplication in S, while the action from the right
is determined by d¢s = g(s)dg for ¢ € G,s € S. In particular, each left S-module direct
summand S4, C A is already an S-bimodule direct summand of A.

Similarly Q * G = Q ®s A and we have ring homomorphisms Q — Q * G and QG —
Q* G, where Q = Q(S). Asnoted in [ ,p-515] orin [ ,Sect.2], [ ,4.1(Ix3)]
the map

T: QxG—Qx*G , T(fég):g’l(f)ég_l g€G,feqQ

is an involutive algebra anti-isomorphism that restricts to an anti-isomorphism, denoted

by the same symbol, 7: A =L A In particular, A = A°? as K-algebras.
If |G| is invertible in S, we can set e = ﬁ Y ¢cG g It is an idempotent element of A and

A (dec (5g) A = AeA C Ais anidempotent ideal in A.

Lemma 2.2. Let e be the idempotent just introduced.

(a) The left multiplication e( ): S — A,s ~> es, yields an isomorphism of right A—modules
S =5 eS =eA.

(b) The right multiplication ( )e: S — A,s — se, yields an isomorphism of left A—modules
S = Se = Ae.

(c) The (two—sided) multiplication e( )e: R — A,r +— ere = er = re, yields an isomorphism of
rings R = eAe, where R = SC as defined above.

(d) In the commutative squares

(s,r)—sr (r,s)—rs

S x R S R xS S

()exe( )el2 QJ,( )e e( )exe( )Ju QJ,G( )

(ae,ea’e)—aea’e (ea’eea)—ea’ea

Ae x eAe Ae eAe X eA eA
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the vertical maps are bijections, thereby identifying the right e Ae—module Ae with the (right)
R-module S and the left e Ae—module e A with the (left) R—module S. In particular, the in-
duced map

S@r S LU Ae@,p, 0A

is an isomorphism of A-bimodules. O

In this way, there is a natural homomorphism of rings
(1) —®a Ae: A=Homuy(A,A) — Hom,x.(Ae, Ae) = Homg(S,S),
also cf. the calculations in [ , p-515].

Moreover, taking invariants with respect to the above action of G defines a functor Mod A —
Mod R as the G—-invariants form a (symmetric) R-module.

For any left A-modules M, N, one has Hom,4 (M, N) = Homg(M, N )¢, where g € Gacts
on an S-linear map f : M — N through (g - f)(m) = ¢(f(g~*(m))). Taking invariants
(—)C is an exact functor, whence also Ext} (M, N) = Exts(M, N)¢ for all i. In particular,
an A-module M is projective if and only if the underlying S-module is projective.

Lemma 2.3 (see Section 1 of [ I). Let S be a reqular complete local ring or a graded poly-
nomial ring. One has a functor

a:P(A) - ModKG, P+ S/mg®s P,

where P(A) denotes the category of projective A-modules and mg denotes the maximal ideal (in
case S is local) or the maximal ideal (x1,...,x,) in S (in case S is a polynomial ring in n variables
One also has a functor B in the other direction that sends a KG-module V to S @k V. This pair of
functors induces inverse bijections on the isomorphism classes of objects. O

Remark 2.4. Auslander proved this result in the case where S = K|[[x,y]] the power
series ring in two variables, a proof for the n-dimensional complete case can be found
e.g.in[ ]. However, the correspondence also holds in the graded case, i.e., for graded
modules over S = K][xy,...,x,| with degx; = 1. For this one uses Swan’s theorem, see
eg. [ , XIV, Thm. 3.1].

2.2.1. Quotients of A by idempotent ideals. Let x be the character of an irreducible G-rep-
resentation. This defines the central primitive idempotent associated to this representa-
tionas e, = ‘%‘ Ygec x(g71)gin KG C A. If we want to stress that e, € A, then we write

ey = ﬁ Yeec X(g_l)ég. In particular, denote e := eyiy = ﬁ Yeeclg € A the idempotent
associated to the trivial representation of G, € := e, -1 = ‘1@ Yee det(g)dg, the idempo-

tent associated to the inverse determinantal representation.

In the following we will be interested in the quotient algebra A/Ae, A, where ¢y is an
idempotent associated to a linear character x. The next two results show that the choice
of the one-dimensional character does not matter and thus we will sometimes switch be-
tween A/ AeA and A/ AeA.

With Homgps (G, K*) the group of linear characters, consider the map « : Homgps (G, K*) —
Autg_a1g(A),
Ay

o) (Z sg5g> =) sqA(g )0, -

g8€G g€eG
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Lemma 2.5. The map « is a homomorphism of groups. If L is the one-dimensional representation
defined by A and x the character of some G-representation W, then L ® W has character A - x. If W
is irreducible and e, = |%| Ygec x(g71)g the corresponding idempotent in KG, then a)(ey) =
er.x- O
Corollary 2.6. Let A, A" be one-dimensional characters of G with respective idempotents e,, ey
Then the quotient algebras A/ Aey A and A/ Aey A are isomorphic K-algebras. O

In the next lemma we state some useful properties of the quotient. For this we recall the
following notion: Let G < GL(V) be a finite group and let x be a linear character. An
element f € S is a relative invariant for x if g(f) = x(g)f for all ¢ € G. The set of relative
invariants for x is denoted by S¢ = {f € S : g(f) = x(g)f forall g € G}, cf. [ 1

Clearly one has SG,, = S® = R.

Lemma 2.7. Let G < GL(V) be a finite group and let x be a linear character. Assume that S)(c; is
a free R-module of rank 1, that is, there exists a f,, € S such that S)? = fyR. Then

S/(fx) = (A/AexA)e

as S-modules.

Proof. Denote A := A/ Ae,A. Applying — 4 ® Ae to the exact sequence
0— AeyA—>A—A—0
yields the exact sequence (since Ae is a flat A-module)
(2) 0 — AeyAe — Ae — Ae — 0.
We have seen in Lemma 2.2 (b) that Ae = Se. Moreover AeyAe = (Sfy)e = Sfy:

for this we first use AeyAe = AeySe. Then using that dee, = x(g)ey, for an element
(Lgeq tgdg)exse in AeySe we get

Z tedgeyse = (Z )((g)tg> ey se = (Z X(g)tg> 1 (h’l)h(s)dhe

g€G 8€G g€G ‘G‘ heG

— (Zx(g)tg> (1 <h1)h<s>> e
8€eG ‘G‘ heG

The element Y ),c; x(h~1)h(s) is a semi-invariant for x, so it is in the ideal in R generated
by fy. Thus it follows that Aey Ae C Sfye. And the element f,e = ey fye is in Aey Ae, thus
AeyAe O Sfye. This means that the sequence (2) is isomorphic to

0 — Sfye — Se — Ae — 0,
which implies that Ae 2 (S/(fy))e = S/ (fy) as S-modules. O

2.3. Reflection groups. Here we recall some useful facts about complex reflection groups;
see, for example, | , , ]. We mostly follow the notation in [ ].

Recall that an element g in GL(V), is
(a) a (true) reflection, if it is conjugate to a diagonal matrix diag(—1,1,...,1). In other

words, as a linear transformation g fixes a unique hyperplane H C V pointwise and
has additionally —1 # 1 as an eigenvalue. We call any nonzero eigenvector for the
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eigenvalue —1 a root of the reflection. We think of it as a vector “perpendicular” to
the hyperplane H. We call the hyperplane H the mirror of g.

(b) apseudo-reflection, if it is conjugate to a diagonal matrix diag({,1,...,1), where { # —1
is a root of unity in K. Again we call the hyperplane H = ker(g — Idy) the mirror of g.

For a finite subgroup G < GL(V), the subgroup G’ < G generated by the pseudo-
reflections is normal in G as the conjugate of a pseudo-reflection is again a pseudo-
reflection. For the same reason the subgroup G” < G generated by (true) reflections
is normal in G, contained, of course, in G'.

One distinguishes now the extreme possibilities.
Definition 2.8. Given a finite subgroup G < GL(V),

(a) G is small if it contains no pseudo-reflections, thus, G’ = 1.

(b) G is a (true) reflection group if it is generated by its (true) reflections, thus, G = G.

(c) Gisacomplex reflection or pseudo-reflection group if it is generated by its pseudo-reflections,
thus, G’ = G.

Example 2.9. Any finite subgroup of SL(V) is small, since it only contains elements with
determinant 1, that is, it does not contain any pseudo-reflections.

The ring S° is a normal Cohen-Macaulay domain by the Hochster-Roberts Theorem
[ ]. If G < SL(V), then S© is Gorenstein and, conversely, if G is small, then S©
is Gorenstein only if G < SL(V) according to a theorem by Kei-Ichi Watanabe [ I
Invariant rings of pseudo-reflection groups are distinguished by the following;:

Theorem 2.10 (Chevalley—Shephard-Todd). Let G < GL(V) be a finite group acting on S.
Then the invariant ring R = S© is a polynomial ring itself, that is, R = K[f1, ..., fu] C S, where
the f; are algebraically independent homogeneous polynomials of degree d; > 1, if and only if G is
a pseudo-reflection group. Note that, equivalently, the f; form a homogeneous reqular sequence in
S.

Moreover, if G is a pseudo-reflection group, then S is free as an R-module, more precisely S =
R ®k KG, as G-modules, where KG denotes the group ring of G.

This was the second theorem in [ ] and was as well generalized for pseudo-reflections
in the separable case, see [ , Thm. 6.19].

2.3.1. Reflection arrangement and discriminant. Let us now recall some facts regarding pseudo-
reflection groups G < GL(V):

(a) Finite pseudo-reflection groups over the complex numbers have been classified by
Geoffrey C. Shephard and John Arthur Todd [ ]. They contain true reflection
groups and thus all finite Coxeter groups, i.e., all finite groups that admit a realization
as a reflection group over the real numbers. Coxeter groups are precisely those true
reflection groups that have an invariant of degree 2, see [ ]. Coxeter groups are
moreover the pseudo-reflection groups for which V' is isomorphic to its dual V*, see
e.g. [ , Thm. 31].

(b) The polynomials f; in Theorem 2.10 are called the basic invariants of G. They are not
unique but their degrees d; are uniquely determined by G and one has an equality
|G| = dq---d, (for a proof of this fact see e.g. [ ]or| , Ch. 5, §5, no. 3,
Corollary to Theorem 3]). Note that S® = K[f,..., fu] is a graded polynomial K-
algebra, with deg f; = d;.
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(c) Let H C V be the mirror of a pseudo-reflection gy € G of order pg > 1. So for any
v € V,one has gy(v) = v+ Ly(v)ay, where agy € V and Ly (v) is a linear form such
that H= {v € V | Ly(v) = 0}. The Jacobian is defined as

J = Jac(fi,..., fn) = det <<g£>i,j_1,...,n> '

One can show that
J=u JI L%,

mirrors H
where u € K*. Therefore, each linear form Ly occurs with multiplicity pg — 1. The
degree of the Jacobian is m = Y|' {(d; — 1), which equals the number of pseudo-
reflections in G (see e.g. [ , Ch. 5, §5, no. 5, Prop. 6]).
(d) The differential form

dfl/\---/\dfn:]dxl/\---/\dxn

is G-invariant, whence | transforms according to gJ = (det g)*l J. Thus, K is the
one dimensional inverse determinant representation of G. The element z = [y Ly is
the reduced defining equation of the reflection arrangement A(G) associated to G. It is
easy to see that z is a relative invariant for the linear character xy = det, that is, for all
g € G we have gz = det(g)z. The degree of z is m;, the number of mirrors of G.

(e) The discriminant of the group action is given by

A=z]=u ] LY,
HCA(G)

where u € K*. The polynomial A is an element of S¢ of degree ¥, px = m + my,
see e.g. [ , Def. 6.44]. The discriminant polynomial A € S© is always reduced
(this follows e.g. from Saito’s criterion and the fact that ®¢ =~ @g(—log A), see [ ,
Chapter 6] for statements and notation). In particular, if G is a true reflection group,
then py = 2 for all H, and thus | = z (up to unit) and z> = A represents the discrimi-
nant (also see Remark 2.11).

(f) The preceding in geometric terms: if G is a pseudo-reflection group, then the quotient
V/G = Spec(S©) is an affine regular variety isomorphic to V = A"(K). Under the
natural projection

7 :V = Spec(S) — V/G = Spec(S°)
the image of the hyperplane arrangement A(G) is the discriminant hypersurface
V(A) CV/G.

(g) The discriminant V(A) in V/G and the hyperplane arrangement .A(G) in V are both
free divisors. This means that the module of logarithmic derivations Ogr(—logA) =
{6 € Or : 6(A) € (A)R} is a free R = S®-module and accordingly @s(—logz) is a
free S-module. This was first shown by Kyoji Saito for Coxeter groups, cf. [ ] and
by Hiroaki Terao for complex reflection groups [ ].

Remark 2.11. For ease of notation we will consider the polynomials
Jo=ull= J[ %' and A:=2z= J[ LY
mirrors H mirrors H
instead of | for the Jacobian and A for the discriminant, since they generate the same

ideals in S resp. SC. In abuse of notation we will also denote them with J and A. For true
reflection groups we will then have z = J and J? = A.



MCKAY FOR REFLECTIONS 11

Example 2.12. The true reflection groups G < GL(2, C) are classified via the ADE-Coxeter-
Dynkin diagrams. The discriminant A of such a G is the corresponding ADE-curve singu-

larity, cf. e.g. [ , Section 3]. For example, the Ay-curve singularity K[x,y]/(x* — y?)

is the discriminant of the group S; acting on C?, see Fig. 1.

SRy

FIGURE 1. The three lines of the hyperplane arrangement of S3 and the
discriminant A on the right.

Etsuko Bannai calculated all discriminants for complex reflection groups G < GL(V),
fordimV = 2in [ ]. In particular one sees from this list that all discriminants of
reflection groups in GL(V) are curves of type ADE.

Example 2.13. The true reflection group Gy < GL(3,C) is a complex reflection group
of order 336 that comes from Klein’s simple group, see [ ] ex. 6.69, 6.118” for more
details. The reflection arrangement A(Gy4) consists of 21 hyperplanes. In loc. cit. the
basic invariants for this group, and the discriminant matrix are determined. One obtains
the equation of the discriminant A as the determinant of the discriminant matrix, see
Fig. 2.3.1. The discriminant V(A) is a non-normal hypersurface in C3, whose singular
locus consists of two singular cubic curves meeting in the origin.

FIGURE 2. Two views of the discriminant of the group G4 realized in
R3 with equation A = —2048x% + 22016x°y> — 256x7z — 60032x%y° +
1088x*y%z + 1728y” + 1008xy*z — 88x2yz% + z° = 0.

3In Ex. 6.118 in [ ] the sign in front of 256x7z is erroneous.
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2.4. Isotypical components. Let G < GL(V) be a pseudo-reflection group, and adopt the
notation from the last subsection for R, S,z, ], and A. Note that R = S¢ = K [f1,---, fn]
and R/(A) are graded rings with deg f; = d;, the degrees of the basic invariants. The
decomposition of S as an R-module is given as follows: let R be the set of invariants of
G with zero constant term, sometimes called the Hilbert ideal. Then S/(R..) is called the
coinvariant algebra (here (R ) denotes the ideal in S generated by elements in R ) and
by the Theorem of Chevalley-Shephard-Todd (Thm. 2.10) one has

S=R®kS/(Ry)
as graded R-modules. As KG-modules:
S R®rKG.

With notation as above, one has the following simple fact.

Lemma 2.14. Let G be a finite group and M a KG—module. Suppose that r is the class num-
ber of G, i.e. the number of conjugacy class of G or equivalently the number of isomorphism
classes of irreducible representations of G. For V; an irreducible G—representation, the functors
Homg(V;, —) and (—) ®k V; are adjoint. We write

evy, : Homgg(Vi, M) @ V; = M

for the evaluation map, which is the natural transformation of the composition of these functors
to the identity functor. The map evy, is a split monomorphism of KG—modules, where G acts on
Homg (V;, M) ®k V; through the second factor. Its image is the isotypical component of M of
type V;. The sum of the evaluation maps,

r
evy. . @HOH’IKG(VZ',M) Rk Vz i> M,

r
=1 i=1

1

is an isomorphism of KG—modules. O

Lemma 2.15. If M is a projective module over the skew group ring S x G, then each Homg (V;, M)
is a maximal Cohen—Macaulay module over R = S°.

Proof. If M is projective over S * G, then by definition, M is also a projective S-module.
Since S is a CM-module over R (see e.g., [ , Prop. 5.4]), also M is CM over R. By
Lemma 2.14, M = @!_; Homgg(V;, M) ®k V; and each of the Homgg(V;, M) ®k V; is a
module over R. This implies that each Homgg (V;, M) is CM over R. O

Thus, we recover the well known decomposition as G-representations, see [ ]:

r r
S = (P Homkg(V;, S) @k V; = P Si @k Vi,
i=1 i=1

with notation S; := Homgg(V;, S). By Lemma 2.15, each S; @k V; is CM over R.

The Jacobian | € S is an element of the isotypical component of S to the inverse determi-
nantal representation det !, while z € S is an element of the isotypical component of S
of the determinantal representation det of G, and, as S is a free R—-module, the pair (J, z)
constitutes, trivially, a matrix factorization of A € R.

As | and z are relative invariants for G, multiplication with these elements on S is G-
equivariant. More precisely, multiplication with ], z, respectively, yields for each V; a
graded G-equivariant matrix factorization. For compact notation, set V/ = V; ® det,
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which is again an irreducible G-representation. Further recall that the degrees of ] and z
resp., are m and m;. Now look at the exact sequence

0= S(—m)@dett L s — 5/(]) — 0.
Apply Homgg (V;, —) to get
0 — Homgg(V;, S(—m) @ det™!) — S; — Homgg(V;,S/(J)) — 0.

Here Homyg (V;, S(—m) @ det ') = Homgg(V; ® det, S)(—m). If we set as well S} =
Homgc(V/,S) this is S/(—m). Now denoting Homg¢(V;, S/(J)) = M;, we have short
exact sequences of graded R-modules

(3) 00— S:(—m) Si Ml‘ 0
0—— Si(—m —my) —— Si(=m) —— N; —— 0
with N; = Homgg(V;, S/ (z))(—m). Here the second one comes from the exact sequence
4) 0——S(—m—m) ——S@det ' ——5/(z) —0
We also have the exact sequences

(@) 0 N; Si®r R/(A) M; 0

0—— M;(—m —my) —— S; @r R/ (A)(—m) —— N; —— 0
which are already short exact sequences of maximal Cohen-Macaulay R/ (A)-modules.
To sum up this discussion, we can state the following
Lemma 2.16. We have the direct sum decompositions:

r r
S/(J)=@PMiexVi and S/(z) =@ Ni(m) @k V/
i=0 i=0

as graded R/ (A)—KG-modules. If A is irreducible it follows that

rankp/(p) M; + rankg /o) Ni = dimg V; = rankg S; = rankg Si.

Proof. The direct sum decomposition follows from Lemma 2.4, and the above discussion.
The second statement follows from the short exact sequences (5) above. O

Example 2.17. Consider the representation Vi, (instead of indexing the representations
by V; we index V, by a specific representation p) and thus V/\;, = Vger- Then the exact
sequence (3) looks as follows

0 — Rz(—m) 5 R — R/(A) =0,
since S/

tiv = Rz and Syiy = R. This means that Myiy = R/(A) and shows that R/(A) isa
direct summand of S/(J).
For V, -1 on the other hand we obtain from (3)

0— R(—m) L Rj = 0.
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Thus M, -1 = 0 and the inverse determinantal representation does not contribute a R-
direct summand of S/ (J). Note that if G is a true reflection group, then det = det ™',

2.5. Endomorphism rings and Auslander’s theorem. One of the key results by Maurice

Auslander in [ , p-515] asserts that the ring homomorphism (1) from A — Endg(S)
is an isomorphism if G is small, for a detailed proof see e.g. [ , Ch. 5,Thm 5.15] or
[[T13, Thm 3.2]:

Theorem 2.18 (Auslander). Let S be as above and assume that G < GL(V), with dimV = n,
is small and set R = S©. Then we have an isomorphism of algebras:

A =S5%G = Endg(S), sd; — (x — sg(x)) .
Moreover, S x G is a CM-module over R and gldim(S *xG) =n.

Remark 2.19. By an obvious calculation, one sees that the centre Z(A) = R.

2.6. Noncommutative resolutions of singularities and the McKay correspondence. A
resolution of singularities of an affine scheme X = Spec(R) is a proper birational map
7 : X — X from a smooth scheme X to X such that 77 is an isomorphism over the smooth
points of X. Noncommutative resolutions of singularities of a ring R (or of Spec(R))
are certain noncommutative R-algebras that should provide an algebraic analog of this
geometric notion. For the rationale behind the definition and more background about
noncommutative (crepant) resolutions see [ , , ].

Definition 2.20. Let R be a commutative noetherian ring. Let M be a finitely generated R-
module with supp M = Spec(R). Then A = Endgr M is called a noncommutative resolution
(NCR) of R if gldim A < co.

If A is any finitely generated R-algebra that is faithful as R-module and gldim A < oo,
then we call A a weak NCR of R. Note that in the case of a weak NCR we do not require
that A is an Endomorphism ring or even an R-order.

Remark 2.21. In Michel Van den Bergh'’s original treatment [ 1, a noncommutative
crepant resolution (=NCCR) was defined over a Gorenstein domain. With our definition
above, a NCCR over a commutative noetherian ring R is an NCR that is additionally a
nonsingular order over R. The (weak) NCRs constructed in this paper are (almost) never
nonsingular orders: by definition if a finitely generated R-algebra A is a nonsingular
R-order, then gldim(A), = dimR, for all p € Spec(R). This implies in particular that
gldim A = dim R. But our NCRs are of global dimension dim R + 1. For more detail see
Remark 3.13 and Cor. 4.19.

NCRs were first defined in [ ] over normal rings, we use here the more general
definition of [ ].

In particular, Auslander’s theorem can be reformulated in terms of noncommutative res-
olutions, cf. [ , I:

Theorem 2.22. Let G < GL(V) small. Then A = S % G yields a NCCR over R = SC, that is,
A = Endg S has global dimension n and is a nonsingular order over R.

For more details and information on the classical McKay correspondence we refer to the
literature [ , , , ].
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3. THE GEOMETRY

3.1. Some general facts on group actions. We begin with the following general results
on group actions that we quote from Bourbaki.

Proposition 3.1 ([ , V.1.9 Cor.]). Let G be a finite group that acts through ring automor-
phisms on a commutative integral domain S. The group then acts as well through automorphisms
on the field of fractions Q(S) of S and the fixed field Q(S)C is the field of fractions of the invariant
integral subdomain R = SC, that is, Q(R) = Q(S)°. O

In the setting of the preceding Proposition, a crucial role will be played by the map ¢ :
S ®r S = Maps(G, S) given by

0 (f ®yz~> (g) = ixig(yi) es

with (x,y;) € Sx S, fori =1,...,m,afinite family of pairs from S. Both source and target
of this map are naturally R—-modules and ¢ is R-linear with respect to these structures.

Moreover, identifying naturally Q(R) ®r (S ®r S) = Q(S) ®@gry Q(S) and Q(R) ®r
Maps(G,S) = Maps(G,Q(S)), the induced map ¢y = Q(R) ®g ¢ of vector spaces over
Q(R) identifies with ¢ (Y72 x; @ ;) () = Yitq xig(yi) € Q(S) for (x4, yi) € Q(S) x Q(S)
a finite family of pairs from Q(S).

Galois descent then yields the following fact":

Proposition 3.2 ([ , V.§10, no.4, Cor. of Prop. 8]). If G is a finite subgroup of the group
of ring automorphisms of a commutative integral domain S, then the map

¥: Q(S) @gr) QS)— Maps(G, Q(5))
is bijective. O

3.2. The structure of ¢. (See also [ ] for the material of this subsection.)
To study ¢ further, note next that with respect to the natural R-algebra structure on S ®r S

and the diagonal R-algebra structure on Maps(G,S) = S/¢l, endowed with the compo-
nentwise operations, the map ¢ is a homomorphism of R-algebras.
Let evy : Maps(G,S) — S be the evaluation at g € G, so that

m m
eve ¢ (2 Xj ®yi> =) xig(yi) €S
i=1 i=1
yields an R-algebra homomorphism evy ¢: S®@r S — S.

Lemma 3.3. With notation as just introduced and with hypotheses as in Proposition 3.2, one has
(a) Foreach g € G, the R-algebra homomorphism evg ¢ is surjective with kernel the prime ideal
L, =(1®s—-g(s)®1;s€S5) CS®RS.

(b) The family of R-algebra homomorphisms (evy)ecc identifies Maps(G, S) with the S ®g S—

algebra [Toec (S @R S)/ Lg.

(c) The kernel of ¢ equals Ngegly. The image of ¢ is isomorphic to the reduced R-algebra Im ¢ =

4This result has also been called “a strong form of Hilbert’s Theorem 90”; see https://math.berkeley.
edu/~ogus/Math_250A/Notes/galoisnormal.pdf
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(d) The ideal Ngeglg is the nilradical of the ring S @R S.
(€) The kernel and cokernel of ¢ are R—torsion modules.

Proof. (a) For any x € S, one has evg ¢(x ® 1) = x € S, whence evy ¢ is surjective. Its
kernel is as claimed due to the following standard argument: Clearly, I, C Ker(ev, ¢),
andifeve ¢ (01 % ®y;) = Y21 x;¢(y;) = 0in S, then

m

Y xi@yi=) (xiQy—xgy)®1) = (x;®1)
i=1

i=1 i

NgE

loyi—gly)@1) €.

Il
—

Because S ®r S/I; = Sis a domain, I C S ®g S is prime.
Regarding (b), note that (evg)eec : Maps(G, S) — [gec S is bijective by definition and (a)
reveals the S @g S—algebra structure induced by ¢ on Maps(G, S).

The first part of assertion (c) is an immediate consequence of (a) as ¢ = (evg ®) ¢eG- The
second assertion then follows.

As concerns (d), Proposition 3.2 shows that S ®r S and its image have the same reduction.
As the image is reduced, the claim follows — see alternatively [ , Lemma 2.5] for a
direct argument.

Likewise, (e) follows from Proposition 3.2. O

Remark 3.4. It seems worthwhile to point out the following consequence of (b) above: For
f € Maps(G, S), themap sfs’ = ¢(s ®s’) f € Maps(G, S) is given by sfs'(g) = sg(s") f(g)
for ¢ € G. In particular, even though Maps(G,S) = SI¢ as a ring, it is not a symmetric
S-bimodule when viewed as a S-bimodule via ¢.

3.3. The geometric interpretation of ¢. With X = Spec S, the reduced and irreducible
affine scheme defined by the integral domain S, the scheme Y = Spec R identifies with
the orbit scheme Y = X /G of X modulo the action of G. The canonical map X — Y cor-
responds to the inclusion R C S and Spec(S ®r S) = X xy X C X x X is the (schematic)
graph of the equivalence relation defined by the action of G on X.

For ¢ € G, one may identify Spec(S ®g S/ I,) with the image of the map (g, x) — (x,g(x))
for x € X, thatis

Spec(S ®g S/1I;) = Im(Spec(evg @) : {g} X X = X xy X).
The map ¢ corresponds then to

Spec(¢) : Gx X =] [{g} x X = X xy X.
g€G

Proposition 3.2 says that this morphism of schemes is generically an isomorphism, and
its image is the graph of the group action,

GX := | J Im(Spec(evg ¢) : {g} x X C X xy X)
g€G

with its reduced structure. Moreover, GX = (X Xy X)yeq is the reduced underlying
scheme of X xy X, so that the only difference between GX and X xy X can be embedded
components in X Xy X.
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3.4. Interpretation in terms of the twisted group algebra. The foregoing facts admit the
following interpretation in terms of the twisted group algebra A = S * G, where G is still
a finite subgroup of the group of ring automorphisms of the commutative domain S.

Proposition 3.5. With the assumptions just made, the map x @ y + Y occ X0y defines a sur-
jective homomorphism o : S Qg S — A <dec 5g) A of S-bimodules, while
8€G

is an isomorphism of S—bimodules over R when Maps(G, S) is viewed as an S—bimodule via ¢.
Note, however, that 8 is clearly not an isomorphism of algebras.

There is a commutative diagram of S—bimodule homomorphisms

©6) A ()dec 5g) A A

sz :]B
0—— Ngegly ——— S@r S ———— Maps(G, ),

with the bottom row an exact sequence. In particular, as S—bimodules

A (2 5g> A= (S®rS)/ Ngec Ig -

g€G

Proof. 1t is clear that a is a homomorphism of S-bimodules with respect to the natu-
ral S-bimodule structures on A and its ideal A (dec (5g) A. It is surjective as for a =
Y nweg Shop and a’ = Y g Oys), in A one has

a (Z (Sg> a= ) sthh( Y. (Sg>§h/s§l, =) sh( Y o )sh, = zx( ) sh®sh,> ,
geG hieG geG LeG  \geG hieG
because dj, <dec 5g> O = YogeG Ongh = Ygeg Og forany i, h' € G.

Note that establishing B as an isomorphism of S ®g S—-modules uses Lemma 3.3(b).

By definition of the various objects and morphisms we have

w(x®@y) =Y 20y =Y x8(y)ds = Pp(x DY)
geG geG

in A, whence the commutativity of the square in the diagram.

What we have established so far shows that the image of B¢ equals A (dec 5g> ACA,
isomorphic as S-bimodule to S @r S/ Ngeg L. O

Corollary 3.6. If in the above setting S @ S is reduced then « is a bijection and the bijections
«, B identify the map ¢ with the inclusion of the two—sided ideal A (de(; (5g) Ainto A. O

Proof. By Lemma 3.3 (d) Ngec Ig is the nilradical of S ®g S and thus equal to 0 in this
situation. Thus, the homomorphism « of the proposition is bijective. ]

If |G| is invertible in S, let again e = ‘1@ Y.gec 05 € A, as defined in Section 2.2.
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Corollary 3.7. Denote the homomorphism of A-bimodules
U:Ae®@epeeA— A by u(ae®ed) =aea .

Then the diagram below is commutative up to a factor of |G|,

(7) Ae ®Rpp0 A LN}

()€®€()T :L‘

S®Rr S —— Maps(G, S),

ie. Bo¢ = |Gluo(()e®e()). If |G| is invertible in K, then one can identify ¢ : S Qr S —
Maps(G, S) with .

Proof. By Lemma 2.2 (d) S ®r S = Ae ®,4, €A as A-bimodules, and by Proposition 3.5,
we have that § is an isomorphism. O

3.5. The structure of ¢ for reflection groups. Now we return to the situation where S =
Sym, V and the finite group G < GL(V) acts linearly on S. In the following key result the
equivalence (a)<=>(b) is due to Junzo Watanabe [ , Cor.2.9, Cor.2.12, Lemma 2.7].

Theorem 3.8. For a finite subgroup G < GL(V') with |G| invertible in K the following are
equivalent.

(a) The group G is generated by pseudo—reflections in GL(V).
(b) Thering S ®r S is Cohen—Macaulay.
(c) Thering S @R S is a complete intersection in the polynomial ring S ®k S.

If these equivalent conditions are satisfied then S @ S is reduced and ¢: S @r S — Maps(G, S)
is injective. This ring homomorphism is the normalization morphism for S g S.

Proof. As stated above, (a)<=>(b) is due to Watanabe and clearly (c)==-(b). It thus suffices
to show (a)==(c). With S = Sym; V = K]xy,...,x,| the polynomial ring, S ®x S =
Sym (V@ V) = K[x|,...,x,;x{,...,x,] is a polynomial ring in 21 variables, where we
havesetx} = x;®@land x/ =1®x;.

With f; € R C S basic invariants, so that R = K{[fy, ..., fu] C S, one has the presentation
S@rS KXY, ..., xp;xt, ..,/ (X" = fi(X);i=1,...,n).

Since S is flat (even free) over R by the Chevalley-Shephard-Todd theorem, the R-regular
sequence f = (fi,..., fu) is also regular on S. As S is flat over K, the sequence (f; ® 1); is
regular in S @ S with quotient S/ (f) ®x S. As S/ (f) is flat over K, it follows that (1 ® f;);
forms a regular sequence in S/ (f) ®x S. Hence (f1®1,...,f, ®1,1® f1,...,1® f,) isa
regular sequence in S ®k S. This implies that (1 ® f; — f; ® 1); is a regular sequence since
it is part of the regular sequence (f; ® 1 —1® f;,1® f;);. Thus,

(8) SORS =S5@kS/(fi®l=1® fi)iz1,..m
is a complete intersection ring as claimed.

Concerning the remaining assertions, if S @g S is Cohen-Macaulay it cannot contain any
nontrivial torsion submodule, whence ¢ is injective by Lemma 3.3(e). This means that
ker(¢) = Ngec Iy = 0 and hence by Lemma 3.3(d), S ®g S is reduced. As ¢ is injec-
tive and generically an isomorphism by Proposition 3.2, it suffices to note that the ring
Maps(G, S) 22 SIS! is normal. O
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Question 3.9. Can one strengthen Theorem 3.8 by showing that G is a group generated
by pseudo-reflections if, and only if, S ®r S is reduced?

3.6. A note on normalization and conductor ideals. If v: C — C is the normalization
homomorphism of a reduced commutative ring C, then applying Hom¢(—, C) to v yields
an inclusion v* = Homc(v, C): Hom¢(C,C)—C. The image is the conductor ideal ¢ C C

(with respect to its normalization.) It is also an ideal in the larger ring C and is the largest
ideal of C with this property. Alternatively, one may define the conductor ideal as the

annihilator ¢ = annc C/C.
Below we will use the following facts, for which we could not locate a compact reference.

Therefore (and for the convenience of the reader) we include the proofs. Recall that a
commutative ring is equicodimensional if all maximal ideals have the same height.

Lemma 3.10. Assume the commutative ring C is noetherian, equicodimensional and Gorenstein
with its normalization C a Cohen—Macaulay C—module. In this case,

(a) The C-module C/C is Cohen—Macaulay of Krull dimension dim C — 1.
(b) As C—modules Ext-(C/C,C) = C/-.

(c) As C—modules Ext}-(C/¢,C) = C/C.

(d) There are isomorphic short exact sequences of C—modules

0 C/c C/c C/C———0

.| .| E

0 —— Ext:(C/C,C) —— Ext:(C/¢,C) —— Exti(C/¢,C) —— 0.

(e) The conductor ideal ¢ is a maximal Cohen—Macaulay C—module.
(f) If C is a regular ring, then the (reduced) vanishing locus V(¢) C SpecC is the (reduced)
singular locus of C.

Proof. Because the normalization homomorphism is generically an isomorphism, the Krull

dimension of C/C is at most dim C — 1. Because both C and C are Cohen-Macaulay of
Krull dimension dim C by assumption, the short exact sequence

) 0 c—25C Cc/C 0

shows that the depth of C/C is at least dim C — 1, whence the dimension and depth
coincide and are equal to dim C — 1, thus establishing (a).

For (b) note that Exté(ff,C) — Ofori # Oas Cisa (necessarily maximal) Cohen-
Macaulay C-module. Applying Hom¢(—, C) to the short exact sequence (1) and noting

that Hom¢(C/C, C) = 0 one obtains the short exact sequence of C-modules

6] 0 Ext-(C/C,C) C ¢ 0,

and so (b) follows.

As to (¢), just apply Hom¢(—, C) to the short exact sequence
0 ¢c——C C/c 0

and observe that Homc(c,C) = C as C, being maximal Cohen-Macaulay over C, is a
reflexive C—-module.



20 RAGNAR-OLAF BUCHWEITZ, ELEONORE FABER, AND COLIN INGALLS

Finally, apply Homc(—, C) to the short exact sequence
0 c—~C C/c 0
to obtain first Ext-(C/c,C) 22 C/c and then (d).

Item (e) follows from (b) as Extlc(é /C,C) is a Cohen-Macaulay C-module of Krull di-
mension dim C — 1. Now use the short exact sequence (f) to conclude.

Item (f) follows from the fact that V(c) describes the non—normal locus of Spec C, thus,
V(c) C Sing(C). Outside of V(c), the normalization homomorphism is an isomorphism,
thus, Spec C is regular there as this holds for C by assumption. O

Translating this into a statement for the twisted group algebra, we obtain the following
structure theorem for the algebra A = A/AeA. Recall that a homological epimorphism
is a ring epimorphism ¢ : A — A’ such that for any (left or right) A’-modules M, N,

restriction of scalars along A — A’ yields the natural map Exti,(M, N) — Ext) (M, N)
for all integers i, see [ , Thm. 4.4.(5), (5")].

Theorem 3.11. Assume the finite subgroup G < GL(V) with |G| invertible in K is generated by
pseudo—reflections” and let A = S = G be the twisted group algebra.

(@) The ideal AeA of A is projective both as left and right A—modules.

(b) The ring homomorphism A — A is a homological epimorphism.

(c) A is of finite global dimension at most n = dim V.

(d) As an S @r S—module, A identifies with the cokernel of the normalization homomorphism
¢ :S®rS — Maps(G,S).

(e) A isa Cohen—Macaulay R-module of Krull dimension n — 1.

Proof. (a) In view of Corollary 3.7 and Theorem 3.8, the multiplication map Ae ®,4, A —
AeA is anisomorphism of A-bimodules. It thus suffices to prove that Ae ®, 4, €A is projec-
tive as (one-sided) A-module. Using again Corollary 3.7, we have also the identification
S®RS = Ae ®,4, €A as A-bimodules. Moreover, by the Chevalley-Shephard-Todd the-
orem, S is a free R-module, whence S ®r S is free as left or right S-module. Now S = Ae
is a projective left A-module and eA = S is a projective left eAe = R-module. Thus,
Ae ®e 4, €A is projective as left A-module. The statement for the right module structure
follows by symmetry.

It is well known that (a) implies (b). This is shown in [ ] for Artin algebras, but their
arguments apply to any rings. For a reference that makes no such restrictive assumption,
see [ , Thm. 4.4] and [ , Lemma 2.7].

As gldim A = n, property (b) implies gldim A < gldim A giving (c).

Since S @R S = Ae ®ea, €A and A = Maps(G, S), as in Corollary 3.7, we have that The-
orem 3.8 gives us (d). Since S ®r S is a complete intersection, thus, Gorenstein, and
Maps(G, S) = SI¢l is Cohen-Macaulay, Lemma 3.10 (a) applies to show that A is a Cohen—
Macaulay module of Krull dimension n — 1, equivalently as S ®g S or R-module, as
claimed in (e). O

Corollary 3.12. Let S be as above and G < GL(V) be a finite group generated by pseudo-
reflections. Let A = S+ G and e, = ei € A an idempotent associated to a linear character x.
Then:

SWe allow G to be the trivial group.
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(1) The quotient algebra A = A/ Aey A is Koszul.
(2) If G # uy, then gldim A = n.

Proof. By Cor. 2.6 we may assume that x is the trivial character and thus ey = e =
‘%' Y4eG 0g- Denote by V the defining representation of G. Following [ ], the Koszul
complex of K

n—1

0 — S(—n)@xdetV — S(—n+1)@x A\ V— -+ —S5—K—0

yields an A-projective resolution of K. A minimal projective A-resolution for any sim-
ple A-module W is obtained by tensoring this complex with W over K, with G acting
diagonally:
n—1
0— S(—n)®kdetVex W — S(—n+1)@x \ VRxkW — - -
o — SQW — W —0

Since e is the idempotent for the trivial representation K, any irreducible representation
W % K gives rise to a nonzero projective A-module S @x W.

By the theorem, part (a), tensoring the above A-projective resolution of W with — ®4 A
yields an A-projective resolution of W (cf. Thm. 1.6. and Ex. 1 of [ ]). From this fol-
lows that A is Koszul and gldim A < n.

For the equality we show that Ext:(W,det V ® W) # 0. Since G # , in statement (2),
there exists W # K and W # det(V)~! such that W and detV @ W yield nonzero A-
modules. For any A- modules M, N it holds that Extfq(M, N) = Extg (M, N)©. Moreover,
by the theorem, one has Ext%(M, N) 5 Ext), (M, N) for all M, N € Mod(A). The projec-
tion S @k detV @x W — detV @x W represents a nonzero element of Ext¢ (W, det V ®g
W) that is G-invariant. Thus Ext(W, det V @x W)€ # 0. O

Remark 3.13. If G = u», then since G is generated by a reflection we can choose a basis
of V so that G is generated by diag(—1,1,..., 1).Eet C = K]xz,...,x,]. Then an explicit
calculation shows that the global dimension of A drops indeed: one may realize A =

(K[x1,...,Xn] * p2) as the order
K[x7] K[x]
(kiih b)) @

In this description, e is the idempotent matrix e1; and AeA is of the form
K[xf]  Kxj] )
® C.
(x%K [x7] x{K[x]

Thus A = C, of global dimension 7 —1 < n = gldim A. Note here that R/(A) = C is
regular and moreover A = R/(A).

Until the end of this section we assume the hypotheses of Theorem 3.11 that G < GL(V)
is generated by pseudo-reflections and that |G| is invertible in K.

Our next goal is to determine the annihilator of A as S ®g S-module, equivalently, in
view of the preceding Theorem 3.11(d) and Lemma 3.10, the conductor ideal of the nor-
malization of S ®y S.
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We write f; for the basic invariants so R = k[fy,...,fu] € S = klx1,...,x,] and x| =

xi ®1,x =1®x;in S ®k S as introduced in proof of Theorem 3.8. Let
Ih=x®1-1®x; |i=1,...,n)=x—x'|i=1,...,n)

be the ideal of the diagonal in Spec S ®k S. Recall that (Of = I, /13 is a free S-module with

basis dx; = (x! — x!') modulo I3. Since df = Y;(9f/9x;)dx; in Qf, we can find V/(x/,x")

1

in S ®k S such that the elements df; = fi(x") — fi(x') in S ®k S can be expressed as
n .
©) filx") = filx') = }_ VI, x") (xf — ).
=1

The elements V{:(x’ ,x"") are uniquely defined modulo Iy, so if we let V{:(x,x) to be the
image of V/(x’,x") under the multiplication map S ®x S — S then V/(x,x) = 9f;/9x; €

S. Further recall that
dfi

is the Jacobian of the basic invariants f;.

Lemma 3.14. For g € G, one has ﬁ(go(det(V{:(x’, x")))) = J61 € A, where B is the map defined
in Proposition 3.5.

Proof. By definition of ¢, and because it is a ring homomorphism, one has
p(det(V}(xX,x")))() = det(V}(x,gx)) € S.
For g =1 € G, this evaluates to J. For ¢ # 1, as the f; are G-invariant, one has in S ®x S
filtx") = filx) = fi(g(x")) = fi(x)

- VI, 86N ~ %),

j=1
and specializing x”, x" — x, this becomes 0 = Y V{(x,g(x))(g(xj) — xj) in S, whence
the linear system (V?(x,g(x))) (01,...,04)" = 0 has the nontrivial solution (v;)j-1,.., =

(8(xj) — x;)j=1,..n 7 0 over the domain S. This forces the determinant det(V{:(x, gx)) to
vanish. This means that B(¢(det(V’(x',x")))) = Jé; in A. O

Corollary 3.15. In A, one has the containment of ideals A(J61)A C AeA. In particular, A is
annihilated by | both as left or right S—module.

Proof. By Lemma 3.14, B¢ (det (V?(x/ , X ))) = Jé1 in A. Thus by the commutative dia-
gram (6) we have that Jé; = a (det (V{(x/, x”))) € AeA. O
In fact we have the following precise description of the annihilator of A as S ®g S—
module.

Proposition 3.16. The annihilator ideal of A in S ®g S is the conductor ideal ¢ of the normaliza-
tion of S @R S and

¢ = anngg,s A = (det(V{(g(x’),x"));g € G) )
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where the right hand side indicates the ideal of S ®g S generated by the (det(V{: (g(x'),x") as
g ranges over all elements in G. The image of this ideal under ¢ is ¢(c) = Maps(G,JS) =
JMaps(G,S) C Maps(G, S), the principal ideal generated by the Jacobian J-1 in Maps(G, S).

Proof. The first statement follows from Theorem 3.11(d). Observe that C = S®g S =
S ®k S/ (regular sequence), where the regular sequence is of length n = dim C as in (8)
in the proof of Theorem 3.8. Combining this with Lemma 3.10(b) implies that naturally

(10) C/c = Extt(C/C,C) = Extb(A,C) = Extlt! o(A,S @k S).

To determine the latter extension module, we make explicit the free S ®x S—resolution of
A as mapping cone of the S ®k S—resolutions of C = S ®g Sand of C = @gec S®rS/I,,
respectively.

As S ®g S is the complete intersection S ®x S modulo the regular sequence (f;(x") —
fi(x'))i, a free S @ S—resolution is given by the Koszul complex on that regular sequence,

K¢ = K((f;(x") = fi(xX')i,S®x S) — S®R S,

where ~~ is an isomorphism in the derived category since the complex is a resolution.

Now for ¢ € G one has I, = (x/ —g(x});i = 1,...,n) € S®g S by Lemma 3.3(a).
Applying g to the first tensor factor in equation (9) shows

a1) F(") — Fig(x)) = i;vﬂg(x'),x”)(x;/ —g(x)).
L

As f; is G-invariant, f;(g(x")) = fi(x’) and so there is a containment
(ilx") = fix');i=1,...,n) C (x{ —g(x});j =1,...,n) CS@k S
of ideals in S ®k S. In particular, S®g S/I; = S @k S/(x;-/ — g(x;.);]' =1,...,n)as S®g S-
modules.
The sequence (x' — g(x})); is regular in S ®k S as it consists of linearly independent linear

forms. Thus, S ®g S/, is also a complete intersection in S @ S with free resolution the
Koszul complex on that regular sequence,

Kg = K((x —g(x));, S @x S) — S®r S/I, .

Let My = (Vg(g(x’),x”)> be the n x n matrix over S ®x S indicated in (11). Hence we
have a commutative diagram of the form

(S Ok S)n (filx") = fi(X' )iy S®x S S®gS

ngG (Mg)J, J, J(q)

®K —_——— ®K — > Vlaps , .
(S @k S)™Cl (S®k S)ICl Maps(G, S)
geG(x;l_g(x;));‘«:1

So the matrices (M ),cc provide a morphism of the degree zero and one components
of the Koszul complexes. Since the Koszul complex is functorial the exterior powers
[Teec(A®My) provide a lift of the evaluation homomorphism evgp : S®r S — S®r S/Ig
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to a morphism between the resolutions. So we obtain

Ki———3S®gS

ngG(A.Mg)J Jrq’

ngG K, = Maps(G, S) .

With @ = (A*M;)ecc the indicated morphism between resolutions, the mapping cone

on @ yields a resolution of A & Maps(G,S)/Im(¢) as S ®x S—-module. This mapping
cone is a complex of free S ®x S—modules of length n + 1, whence we can calculate

Ext’%}(s(z, S ®k S) simply as the cokernel of the last differential in the S ®x S—dual of

that mapping cone. The result is easily seen to be
Extills(A,S @k S) = S®r S/ (det My; g € G)
=S®RrS/ (det (V{:(g(x’),x”)) ;g € G) :
Combining the above isomorphism of C-modules with (10) we conclude that
¢ = (det (V{:(g(x’),x”)) ;g € G) CS®RrS
as claimed.
By the same reasoning as in Lemma 3.14, it follows that B(¢ (det (Vﬁ (g(x),x" )))) =
Jog € A. O

Proposition 3.17. If G is generated by (pseudo-)reflections of order 2, then | is a squarefree
product of linear forms and so, with C = S®@g S, C/¢ C (S/(]))!C! is reduced. Moreover,

V(c) = Sing(S®r S) C Spec(S®r S) .

Proof. The fact that | is a square free product of linear forms is noted in Section 2.3.1(e).
We always have a natural inclusion C/¢ C C/¢ since ¢ is the conductor. Proposition 3.16

shows that C/¢ C (S/])I€I. We know that C = Maps(G, S) by the last statement of Theo-
rem 3.8 and so is regular. Now by Lemma 3.10(f) we obtain that V(¢) = Sing(S®z S). O

Corollary 3.18. For G generated by pseudo-reflections, consider the map ¥ : Maps(G,S) —
S ®Rr S given by

P((sg)gec) = X sg det (VI(g(x),x")) -

g€G
This is S-linear on the left and o1 = Jidmaps(c,s)-
As both Maps(G, S) and S ®g S are free (left) S—modules, the pair (¢, ) constitutes a matrix

factorization of | € S whose cokernel is A as left S—module. In particular, A is a maximal Cohen—
Macaulay module over the hypersurface ring S/ (]). O

Proof. That ¢y = Jidpaps(G,s) is @ variation on Lemma 3.14. That coker = A, is in The-
orem 3.11(d). That matrix factorizations give maximal Cohen-Macaulay modules is well
known. ]
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3.7. The map ¢ and the group matrix. Let G be a finite group. Let M = (xgh—l) gheG, a
matrix with entries from the polynomial ring K[{G}] = K[x|g € G], the variables thus
indexed by the group elements. This is the classical group matrix of G. This matrix essen-
tially represents the multiplication table of the group written in commuting independent
variables.

In a famous letter to Frobenius, Dedekind observed that in all examples he could handle,
with K = C the field of complex numbers the group determinant detIM decomposed as

r
detM = [T F/
i=1

for irreducible homogeneous polynomials F; € P of degree d; > 1. He asked Frobenius
for an explanation. Dedekind had already himself established the case of finite abelian
groups, for which he found each d; = 1. That was the birth of the representation theory
of general finite groups. See Section 4.11 of [ ] for a beautiful short account of this
story. We describe a direct relation between our matrix factorization of | and the group
matrix.

Let now G < GL(V) be a finite pseudo-reflection group acting on S = Sym, V and let
R = S = K|[f1,..., fs] as above. Let R, C R the Hilbert ideal, cf. Section 2.4. It is
known that R4S C S has a G—stable complement U C S that is isomorphic to the regular
representation KG as a G-module. This complement can be realized as the vector space
of all G-harmonic polynomials, cf. for example [ , Cor. 9.37] and also see [ ].
Equivalently, see [ , Thm. 9.38], it is the subspace in S generated by all (higher) partial

derivatives of the Jacobian
J = det <<8f1> ) .
0x; ij=1,m

In particular, we can find a generic harmonic polynomial x € U so that the set {x; :=
g(x)|g € G} forms a basis of U. Further, the multiplication map R @x U — S is an
isomorphism of RG-modules, thereby identifying S with RG as an RG-module.

Proposition 3.19. The matrix X, of the S-linear map ¢ : S ®r S — Maps(G, S) is the group
matrix M of G evaluated at the harmonic polynomials x; € S, ¢ € G.

Proof. The map ¢: S ®r S — Maps(G, S) is determined by x @ y — ¢(x @ y)(g) = xg(v)
with respect to the S-bases {1® x}", | h € G} of S®r S and {J; | ¢ € G} C Maps(G,S).
Thus its matrix is Xy = ¢(1® x;/1)(g) = g(x;-1) = xg,1, that is, M evaluated at the
harmonic polynomials x;, € S, ¢ € G. O

We note that the matrix factorization of | has a particularly nice form. Let the irreducible
components of the discriminant A be A; and let the ramification index of the cover S over
R on A;j be rj, which is also the order of the cyclic subgroup of G that fixes the mirror
which is a component of the inverse image of V'(4;).

Proposition 3.20. In the matrix factorization (@, ) of | with coker ¢ = A,

(@) The morphism 1 is the transpose of ¢ up to base change.
(b) Homs (A, S/(])) = syzg ;) A, where syzg , , denotes the first S/ (])-syzygy -

(c) det(g) = JII/?
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(d) The rank of A along the component A; of the discriminant is

_ i —1)|G|? ,

21’]' 2

GP?

5
"]
Proof. The map ¢ : S®gr S — Maps(G, S) can be identified with the normalization map
C — C as in Theorem 3.8. As noted in the proof of Lemma 3.10 (b), the dual of this map
Hom¢(—, C) is naturally the map

Hom¢(¢,C) : ¢ — C.

As in Prop. 3.16, we note that the composition

¢ oHomc(g,C):¢c -+ C — C

can be identified with the inclusion | Maps(G, S) — Maps(G, S) and so ¢ o Hom¢(¢,C) =
Jidmaps(c,s) - Since C is a finitely generated free S-module, we obtain the same statement
when dualizing over S instead of C. Lastly, by Prop. 3.18 we have that

¢ oHoms(¢,5) = Jidsaes = oy
giving statement (a). Statement (b) follows from [ , Prop. 7.7] together with state-
ment (a). The equation det(¢y) = JIC! that follows from gy = Jidmaps(G,s) then entails
that
JIS! = det(g) det(y) = det(p)?,

giving statement (c). To establish statement (d) we first note that | = H?gl L:"fl, where the
L; are the linear forms defining the mirrors of G and r; is the order of the cyclic group that
leaves the mirror invariant. The hyperplanes {L; = 0} are the irreducible components
of the hyperplane arrangement and on such a component the rank of A is accordingly
(ri —1)|G| /2. Note that this is an integer, as |G| odd implies that each r; is odd too.

Next note that A = z] = []; L;". Grouping the hyperplanes into orbits under the action
of G, we get A = H?Zl Aj, where A; = [ie0 L/ with O; an orbit and g the number of
such orbits. These A; are the irreducible factors of A in R. Note that the exponents r are
the same for each linear form in an orbit. We abuse notation and denote this common
value for O; also by r;, giving A; = (HLkeO], Ly)"i. Since the stabilizer of a hyperplarf in
O; has order r; we have that |O;| - 7; = |G|. Hence we obtain the result that ranky A =
(ri —1)|G||Oj|/2 which gives statement (d). O

Remark 3.21. Recall that m the number of pseudo-reflections in G and m; is the number
of mirrors as discussed in Section 2.3.1. If the rank of A is r on every component we obtain

(;) GI> _ r(r=1)|GJ?

r2 2r2
(r=1)[G

2r
G m(r=1)
2 m1+m1(r—1)
_|GP m
T2 mi4m
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Example 3.22. One can explicitly compute the rank of A for any finite unitary reflec-
tion group G < GL(V) with irreducible discriminant in the Shephard-Todd list with the
above:

— |G m

rankg(a)(4) = 5 +my

The number m of reflections is given as Y/ ;(d; — 1), where n is the dimension of V,
and d; are the degrees of the basic invariants. The number m;, that is, the number of
different mirrors is given by the sum of the co-exponents of G. These are the degrees of the
homogeneous generators minus 1 of the logarithmic derivation module of the reflection
arrangement corresponding to G [ , Cor. 6.63]. All these numbers can be found in the
literature, see e.g. [ , Table VII] for the orders and degrees and [ , Table B.1] for
the co-exponents.

Note that the groups labeled G; in the Shephard-Todd list are the symmetric groups,
which are true reflection groups, so

_ G\ 2
rankg,(5)(A) = <’2’> .

For the remaining groups one can determine in which cases the discriminant is irre-
ducible, cf. Appendix C in [ I

Corollary 3.23. If G < GL(V) is generated by pseudo-reflections, some of which have order > 3,
then A is not an endomorphism ring over R/ (A).

Proof. Suppose there is an R/(A)-module M such that A = Endg,s(M). Let p be an
associated prime ideal of R/(A) and let L be the algebraic closure of its residue field.
Then since R/ (A) is reduced, we see that

EndR/A(M) R L= EndL(L”) o [ nxn

where 7 is the rank of M on the component corresponding to p. On the other hand, let
p be the image of a mirror with a pseudo-reflection of order r. We know that there is
an étale extension R’ of the DVR R, with residue field L’ such that A = R’ = A ®p, R’
is a matrix algebra over a standard hereditary order with ramification index equal to
r ]. A computation shows that we can move any rank one idempotent in a standard
hereditary order to the matrix idempotent e1;. So we see that A @ R’ will be the algebra
of matrices over upper triangular matrices of size (r — 1) x (r — 1) which has a nontrivial
Jacobson radical unless the ramification index r = 2. Therefore G must be a true reflection
group. O]

4. NONCOMMUTATIVE RESOLUTIONS OF DISCRIMINANTS

4.1. Matrix factorizations as quiver representations, Knorrer’s functors. In order to
compare modules over the discriminant and the skew group ring, we will reinterpret
Knorrer’s functors from | ]Jand [ ]. This yields a reformulation of Eisenbud’s
theorem [ ] and a variation of Knorrer’s result ([ , Prop. 2.1]) in Remark 4.5.
Most of this section follows with standard proofs from the cited results - we will give a
short account only and then will work with the skew group ring B = T * up, which is the
ring of our interest (the interested reader may skip to Section 4.1.2 directly for this).



28 RAGNAR-OLAF BUCHWEITZ, ELEONORE FABER, AND COLIN INGALLS

4.1.1. Modules over path algebras: Let R be a commutative regular ring, f € R a non-zero
divisor and let

(12) /—\

B=R|e+ e
u
This stands for the associative R-algebra generated by e, e_, 1, v, modulo the relations
ei =e4, e% =e_, e_+4e;L =1,
u=-ejue_, vV=e_vey,

uv = fe,, ovu= fe_.

Note that B is free as a R-module with basis the four elementse_, e, u, v.
A right B-module M corresponds to a quiver representation of the form

UM

M:=(M;=M_),
Up
where M, = Mey; and M_ = Me_ are R-modules and up; and vp; are R-linear and

must satisfy upyom = fIdy, and vpmuy = fIdpy . Note here that M is isomorphic to
M © M_ as R-modules via restriction of scalars. A morphism between B-modules M =

(My =M M_) and M = (M, C’Zéﬁ M) corresponds to a pair (a_,a;) of R-module

homomorphisms such that the diagram

(13) My 25 Mo MM,
JV“+ JVD( JVDLF
!/ !/ !
M T " M- " M "
commutes.

Conversely, if we start with a quiver representation (M =¥ M_), then M := M, © M_
is naturally a right B-module. If M is finitely generated projective as a R-module, then the
pair (1, vm) is called a matrix factorization of f over R and the B-module (M = M_)
is called a (maximal) Cohen—Macaulay module over B. The category of such modules is
denoted CM(B).

Lemma 4.1. Let B be an algebra of the form (12). Then:

(@) B = e B @ e_B is the sum of two projective B-modules.

(b) B/Be+B = B/Be_B = R/(f). In particular, there is a natural algebra surjection B —
R/(f).

(c) eyBey =Ze_Be_ = R.

(d) The centre of B is R.

Proof. All four assertions follow from straightforward calculations. O



MCKAY FOR REFLECTIONS 29

In order to relate modules over B and over R/(f) we look at the standard recollement
induced by e_. It is given by

i* = —®pB/Be_B ji = — ®e e €-B
Mod B/Be_B b Mod B] = Homa(e B, ) Mode_Be_ .
'\_/ \—/
i* = Homp(B/Be_B, —) j« = Hom,_p,_(Be_,—)
We refer to [ ] for the properties of the six functors. We will only be interested in the

left hand side of the recollement, in particular the functor i* relating Mod B/Be_B and
Mod B. Note that with Lemma 4.1, one can write i* = — ®@g R/ (f),i' = Homp(R/(f), —).
Moreover, j* = Homp(e_B, —) = — ®p Be_.

One also easily verifies the following statements: Let M be a B-module and C be a
R/(f) = B/Be_B-module. Then i.C = (0= C) and i*(M) = coker uy;. The other func-
tors have similar simple expressions.

Recall that an associative ring A is called Iwanaga—Gorenstein if it is noetherian on both
sides and the injective dimension of A as a left and right A-module is finite.

Remark 4.2. We will use the following Theorem 4.3 for R either a polynomial ring or a
power series ring over K. However, it can be stated more generally for regular rings, for
ease of notation and to keep extra assumptions, such as existence of ranks, at a minimum,
we choose R to be an integral domain.

Theorem 4.3. Let R be a commutative reqular ring assume that R is an integral domain. Let
f €R, f # 0 (in particular, f is a non-zero divisor) and B with relations defined as in (12).

Then the ring B is Iwanaga—Gorenstein and M = (M =M M_) is in CM(B) if and only if
i*M is in CM(R/(f)), where i* is coming from the recollement as described above. The functor
i* induces an equivalence of categories

CM(B)/{e_-B) ~ CM(R/(f)),
where e_B is the ideal in the category CM(B) generated by the object e_B.

Proof. The statement that B is Iwanaga—Gorenstein can either be shown directly using
properties of the recollement or one can refer e.g. to [ , Prop. 1.1(3)].

Now assume that M = (M, =, M_) is in CM(B). Recall that this means that M and
M_ are projective over R. Set C := coker(uy) = i*(M). Because f is a non-zero-divisor
in R, multiplication by f on M_ is injective and so is ups as vpup = fidy . Therefore

(14) 0>M. MM, -C—0

is a projective resolution of C over R. Note that a simple rank calculation shows that
the ranks of M_ and M have to coincide and that C cannot be projective, thus has pro-
jective dimension 1 over R. This implies C = i*(M) € CM(R/(f)) by the Auslander—
Buchsbaum formula, and so i* defines a functor CM(B) to CM(R/(f)).

Conversely, take any Cohen-Macaulay module C over R/(f) and let (14) be a projective
resolution of C over R with M, and M_ projective R-modules. One can find us and v
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such that
0 Mo M 0 0
(15) f()id UM()”M O()O
Um
0 M_ My C 0

is a short exact sequence of B-modules, that is, up vy = vpmup = f. The leftmost column

of this diagram corresponds to the B-module (M_ 2{ aM_) = jij*M, which is isomorphic
to a direct summand of (e_B)™ for some m > 0, since M_ is projective over R. In partic-
ular, that B-module is projective and the B-module M = (M, =, M_) is in CM(B) and
coker(u) = i*(M) = C. This shows that i* is a dense functor from CM(B) to CM(R/(f)).
Note that we just established that there is a short exact sequence of functors

(16) 0 — jij* — idemepy — ixi” — 0

from CM(B) to mod(B), where mod(B) stands for the category of finitely generated B-
modules. Here idcyp) — i.i* is the restriction of the unit of the adjunction (i*,i.) to
CM(B). Further, i*(e_B) = 0, whence i* factors through the quotient CM(B)/ (e_B).
From the exact sequence (16) one easily sees that the functor CM(B) /(e_B) — CM(R/(f))
induced by i* is fully faithful. O

Interpreting Theorem 4.3 in terms of matrix factorizations, note that CM(B) ~ MF(f),
the category of matrix factorizations of f. Let Z be the ideal in the category MF(f) gen-
erated by the matrix factorization R <:>if 4 R. If f is a non-zero divisor in R then by the
above result, the functor coker(u) : MF(f) — CM(R/(f)) induces an equivalence of
categories

(17) ME(f)/T ~ CM(R/(f)),

which is a reformulation of | , Section 6].

4.1.2. Reformulation in terms of the skew group ring. Let R and f € R be as in Theorem 4.3.
Let T := R[Z]/(Z* — f), so that Spec(T) is the double cover of Spec(R) ramified over
V(f) = {f = 0}. The canonical R-involution on T that sends Z to —Z defines a group
action of yp = (¢ | 0> = 1) on T. Let T * py be the corresponding twisted group algebra.
In the next lemma, we describe the quiver structure of T * y5.

Lemma 4.4. Consider T * y, as just described, and suppose 2 is invertible. Then T * py =
R(Z,65)/(Z* = f,64Z + Z55,0% —1). Furthermore, withes. = 3(1£6,) and u = 3(1+6,)Z
and v = %(1 — 6y)Z, one has

T+uy = R| et e_
\_/

u

with relations uv = fey,vu = fe_. In particular, T * yy is the path algebra of a quiver as in
(12).

Proof. All statements are easily verified using the fact that B = T * y; is a free R-module
with basis 1, Z, §,, Z6, and the path algebra is a free R-module with basis e, e_,u,v. U
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Remark 4.5. With T = R[Z]/(Z? — f) and the isomorphism of T * u, with the path alge-
bra B as in (12) (Lemma 4.4) and Theorem 4.3 we have

(18) CM(T * ua)/(e-B) ~ CM(R/(f)) ~ MF(f)/T,

which is a reformulation of the equivalence (17). Assuming that 2 is a unit in R, and
expressing the recollement in terms of T * y, one regains the functors in [ . In
particular, Theorem 4.3 implies Horst Knorrer’s result

CM(T * up) ~ MF(f)
as established in [ , Prop. 2.1].

4.2. The skew group ring and Bilodeau’s isomorphisms. The results here were inspired
by work of Josée Bilodeau [ . In the following, K is a commutative ring and G a
finite group such that the order |G| of G is invertible in K. Set e = |%| Yeec § € KG, the
idempotent in the group algebra that belongs to the trivial representation of G. Similarly,
for asubgroup H < G wesetey = ﬁ Y e h € KG and say that this idempotent element
in KG is defined by H.

If I,H < G are complementary subgroups in that TN H = {1}, where 1 € G is the
identity element, and HI' = G, then every element ¢ € G can be written uniquely as
g =hywithh € H,7 €T, and also uniquely as g = 7'h’ withy' € T, I/ € H.

Note that one has e = eger = erey in KG.

Lemma 4.6. Let M be a left KI—module. The K-submodule M' = {m € M | ym =
m for each v € T'} equals er M.

Proof. If ym = m for each y € T, then (¥L,cry)m = |T|m, that is, erm = m, and so
M" C er M. On the other hand, yer = er for each y € T, thus, erM C M. ]

Corollary 4.7. If T acts through K-algebra automorphisms on a K-algebra S, then T := St =
erS is a K—subalgebra of S.

Proof. This is obvious from the description T = ST = {s € S | ys = sforeachy € T}. O

Lemma 4.8. With notation as before, let T < G be a normal subgroup and set T = S and
H = G/T. The quotient group H acts naturally on T through K-algebra automorphisms and
one can form T x H accordingly. There is a natural isomorphism S @x KH = Aer as right
T * H-modules and a IK—algebra isomorphism TxH = er Aer, where A = S * G, as before.

Proof. Note that for I' normal in G it holds that ger = erg for all ¢ € G, thus, er is then
a central idempotent. Further, yer = er = er<y, whence the element ger = erg depends
solely on the coset gT'. In that way, her = erh is a well-defined element of KG for any
heH.

Accordingly, the map S @k IKH — Aer that sends s ® h +— s(her) € Aer is well defined.
It is bijective as for a =}, 5¢0; € A one has

aer = Z Sgdger = Z Z Sgy0g0yer = Z (Z Sg“r> (her)

g€G glreH yel h=gT'eH \7v€Tl
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whence aer — Y—orep(Xyer Sgy) ® I yields the inverse map. It also follows from this
calculation that ) /.y t)dy € T * H acts from the right on Aer by

aer ( Z th/éh/> = < Z Shh€r> (Z th/éh/>
heH h=gTeH heH
= Z shh(th/)(hh/er)

hheH

= Z ( Z Shl’l(th/)> hNEF,
h"eH \hh'=h"

where we have used that ert = ter and erh = her fort € Tand h € H.

Transporting this structure to S ®x KH under the bijection onto Aer, we obtain that (s ®
h) Y wep twdy = Yy sh(ty) ® hh' defines the right T « H-module structure on S @k KH
that makes the bijection above T * H-linear.

Furthermore, that bijection is I'-equivariant with respect to the left I'-actions y(s ® h) =
v(s) @ hand y(aer) = éyaer € Aer C A. Taking I'-invariants returns the isomorphism of
right T * H-modules

SeoH'2s"eoH=T®H
and
(Aer)' = erAer,
whence

T® H = erAer.

For all 1 € H choose a lift ' in G so that /'T = h. The morphism

T+«H — erAer

Z tpon — ertydper
heH

is well defined since Jjer does not depend on the choice of coset representative. It is
clearly an algebra homomorphism since ert;, = ert; and erd, = dyer. It is bijective since
it identifies with the morphism above from T ® H — er Aer. O

Remark 4.9. If I' < G admits a complement, necessarily isomorphic to H, then the natural
K-algebra homomorphism T * H — S * H induces the T * H-module structure on S *
H = S @k KH described in the above proof.

Now we come to the key result.

Proposition 4.10. Let I', H < G be complementary subgroups with I normal in G. With G
acting through K-algebra automorphisms on some K-algebra S and with T = SY, the group
H acts naturally on Endr(S) through algebra automorphisms and there is an isomorphism of
K-algebras ®: Endr(S) « H = Endr.y(S % H), where S x H is considered a right T *+ H—
module.
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Proof. If h € H and a € Endr(S), then (ha)(s) = h(a(h~1(s))) defines the action of H on
Endr(S) through algebra automorphisms. Namely, ha is T-linear because

(hat)(st) = h(a(h™(st)))
= h(a(h~'(s)h™'(1)))

as H acts through algebra automorphisms on S,

as a is T-linear and h~1(t) € T,

That H acts through algebra automorphisms on Endr(S) follows from

(h(ap))(s) = h(ap(h~(s)))
h(a(h™" (hBh™(s))
= (ha)((hB)(s))-

Accordingly one can form the twisted group algebra Endr(S) * H as in Definition 2.1.
The map ® sends « = Y,y a5y, with o, € Endr(S), to the map ®(a): SxH — S+ H

defined by
Dé) (Z Sh’dh’> = <Z D(héh) (Z Sh/(sh/>
hWeH heH WeH
= Y ap(h(sw))oudw

hheH
= ( Y th<h<sm>) o
W'eH \hh'=h"

To show that ® is a homomorphism of K-algebras, with = Y, cyy B € Endr(S) * H
one finds first

DCIBZ Z “hh(ﬁh’)(shh’

hh'eH

and then

( Z Sl’l”(sh”> = ( Z [Xhh ﬁh, (Shh/> < Z Sh”(Sh”)
n'eH hheH WeH
= Y (anh(Bu)) ((BI) (510)) S,

hh h'"eH
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whereas

N ﬁ) ( Z Sh”(sh”> = < Z ,Bh/ Sh// 5h’h”>
h'"eH W.n'eH
= Y an(h(Bu(H' (s1)))Smnr

hh,h"eH

= ) an(h(Buw)(h(H (syr))))Onrn

hh' h'eH

= Y (anh(Buw)(hH') (517))Optnr -

hW h'"eH

Thus, ®(af) = ®(a)P(B) as claimed.

To check that ®(«) constitutes an T+H-linear endomorphism of S * H it suffices to note
that there is a commutative diagram of homomorphisms of K-algebras

Endr(S Endr.y(S* H)

e

TxH

where ¢ is induced by the K-algebra homomorphism T — Endr(S) thatsends t € T
to A4, the (left) multiplication by t on S, and ¢ represents left multiplication by T * H on

S % H. Indeed,
@(toy) (Z Sh/‘sh/) = ®(Mdp) < Z Sh/(sh/>
heH heH

= E th(Sh/)(Shh/
WeH

téh ( E Sh/éh/>
WeH
= lp(té) (Z Sh/(sh/> .

WeH

Finally, we show that ® is an isomorphism by exhibiting the inverse. Let f : S¥ H — Sx H
be a right T * H-linear map. Then

f (Z Sh5h> =Y fsub1)dn

heH heH

as f is T * H-linear. Therefore, f is uniquely determined by f(s,01) = Yen fu(s)on,
where in turn fj,(s) € S is uniquely determined as the J), form a basis of the (right) S—
module S * H. Now f is T-linear on the right, whence necessarily for any s € S,t € T the
expression

st(Sl E fh St

heH
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equals

f(S(Sl)t = <Z fh(s)5h> t

heH

= ) fuls)h(t)éy

heH

Comparing coefficients of 9y, it follows that f;(st) = f;,(s)h(t) foreach h € H. This implies
that the map a;(s) = f,(h~1(s)) is in End7(S) and ¥(f) = Yy a6y yields the inverse
of ®. Indeed,

CI)‘{’(f) ( Z Sh’éh’> - CD( Z lxhéh)( 2 Sh’éh/)

WeH heH WeH

=) ( ) “h(h(sh’))> Op

hW'eH \hh'=h"

=) ( )3 <fh<h—1<h<shf>>>>) Sy
hW'eH \hh'=h"

= Y fulsw)ondw

hh'eH

= f ( Z Sh/5h/> .
hWeH

One checks analogously that Y®(a) = « for any « € Endr(S) * H. O

To sum up, let us interpret the preceding result in terms of A = S * G:

Proposition 4.11. Let G be a finite group, and let I be a split normal subgroup with complement
G/T = H < G. Let G act linearlyon S = K[V],and A = S+ G, T = S', er = ﬁ(zver b)),
then

(@) T * H = erAer, as an isomorphism of K—algebras.
(b) S* H = Aer, as an isomorphism of right er Aer—modules.
() A=S%G = (S«T)* H, as K-algebras.

Let A : S« T — Endy(S) be the natural homomorphism. Then the composition of the sequence of
K-algebra homomorphisms

(S*T)*H= A — End, 4. (Aer) = Endr.p(S * H) % Endr(S)« H.

isA* H.

Proof. Statement (a) is in Lemma 4.8. Statement (b) is noted in Remark 4.9. Statement (c)
is [ , Ex. 1.11]. In the sequenece of maps above, we see that left multiplication by
elements of A defines a K—-algebra homomorphism

A— EnderAgr (A(Er).

The first isomorphism in

End, s (Aer) 2 Endr,p(S * H) — Endr(S) * H
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follows from (a) and (b) above and the second isomorphism is Proposition 4.10. Moreover,
as I', H are complementary subgroups in G and any skew group ring is isomorphic to its
opposite, the sequence of ring homomorphisms above identifies with A * H. O

Remark 4.12. By Auslander’s Theorem 2.18, when K is a field, if G < GL(V) and S =
K[V] or S = K][[V]], then A as in Proposition 4.11, and as a consequence also A * H, are
isomorphisms if I' contains no pseudo-reflections in its linear action on S. Thus the above
result extends Auslander’s theorem to the case where G < GL(V) is a pseudo-reflection
group. Here I = GNSL(V) is small and H is the quotient G/T in the exact sequence
1-T—-G—=G/T —1.

4.3. Intermezzo: Specializing to reflection groups.

4.3.1. The Invariant ring S* in terms of S©. In the following let V be a finite dimensional
vector space over K and G < GL(V) be a true reflection group. SetT' := GNSL(V) and
H :=detG = {£1} = (0). This means that we have an exact sequence of groups

1T — G 3te, i o9,

This sequence splits (by definition G is generated by pseudo-reflections). Let S = K]xy, ..., x,],
S' the invariant ring of T, S = K|[f1,..., fu] € S the invariant ring of G, and | =
det ((%)ij) the Jacobian of G. Note that, since G is generated by order 2 reflections,

J is equal to z, the polynomial defining the hyperplane arrangement of G and the dis-
criminant of Gis A = z? € R.

Lemma 4.13. The invariant ring S' satisfies ST = SC @ JS© as an S®-module and ST =
SC[J1/(J* — A) as rings.

Proof. This follows from Stanley [ ]: let S?Cg be the set of invariants relative to the linear

character y, ie., S¢ = {f € 5: g(f) = x(g)f forall g € G}. In Lemma 4.1 loc. cit. it is
shown that

I _ <G G

5 = Striv ® Sdet’1

as S¢-modules, where triv denotes the trivial character and det™! denotes the inverse of
the determinantal character. Since StGriV = SCand Sget’l is generated by | = z over S° (see
either [ Jor | , Chapter 6]), it follows that

ST =56 qJst.
From Stanley’s description of ST as S6-module, we also see how H = G/T & u; = (o)
acts on SC[J]: ¢ is the identity on SC and ¢(J) = det™!(¢)(J) = —J, since the Jacobian is

a semi-invariant for det! of the reflection group. O

Corollary 4.14. The skew group ring S * H is isomorphic to the path algebra of a quiver, as in
(12) (in the notation of Section 4.1.2: R = S6, we=H,f=AZ=]and T = st)

Proof. By Lemma 4.13, ST 2 SG[]]/(J? — A). The rest follows as in Section 4.1.2. O

Remark 4.15. If G is a pseudo-reflection group, then by [ ], the module of relative
invariants Sget is generated by z, the reduced equation for the hyperplane arrangement
and Scclerl is generated by the Jacobian J. Then the relation for the discriminant is z] = A
(see [ ], Examples 6.39, 6.40 and Def. 6.44).
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4.3.2. The hyperplane arrangement S/ (J). Let G be a true reflection group in GL(V), and
let H = (o) be the split subgroup H = det G = pp, with complement I' = SL(V) N G.

In the following we use the notation as suggested in Section 4.1.2. Let S = K[V], T = S'
and R = SC. Further write A = S+ G, B = T+ H and sete = %G| dec 5g, er = ‘lﬂ Zwer Oy,
e- = 3(1—6,) and the (inverse) determinantal idempotent e = ‘%‘ Yeec det ' (g)d,. Here
we show how the module S/ () over the discriminant R/ (A) can be seen as the image of
the B-module Aer.

Proposition 4.16. Denote by i* = — @p B/Be_B : Mod(B) — Mod(B/Be_B) the standard
recollement functor. Then i*Aer = S/(]) as B/Be_B = R/ (A)-module.

Proof. First compute

i*Aer = Aer ®p B/Be_B = Aer/ Aere_B.
Since e_er = ere— = e and B = er Aer (see Proposition 4.11), this is
Aer/Aere_B = Aer/ Aere_erAer = Aer/A(ere_)(e_er)Aer = Aer/AeAer = (A/ AeA)er.
Consider the trivial idempotent e in A. Since I is. of index 2 in G and H is tIE coker&el
of ' — G, it follows that e +¢ = er and with A = A/AeA one sees that Aer = Ae.

From Lemma 2.7 it follows that Ae = S/(]), since ] generates the R-module of relative
invariants for y = det !, O

4.4. The main theorem.

Theorem 4.17. Let G < GL(V) be a finite true reflection group with H = (o) = detG = .
and set T = GNSL(V). Let T = ST, R = SC C S, ] the Jacobian of G and the discriminant
A = J? € R. Further denote by A = S G the skew group ring, A = A/ Aey A, with e, € A an
idempotent for a linear representation x, and B = T x H. Then:

(@) Then there is an equivalence of categories
CM(R/A) ~ CM(B)/{e_B),
where e_ is the idempotent e = (1 — &) in B.
(b) The skew group ring A is isomorphic to Endg(Aer) = Endg(S * H) , where er = ‘lﬂ Yyer Oy

(c) The quotient algebra A = A/ Aey A is isomorphic to Endg,a (i* (Aer)), where i* comes from
the standard recollement of mod B, mod Be_B and mod B/ Be_B.
(d) The R/ (A)-module i*(Aer) is isomorphic to S/ (]), which implies that

Proof. Without loss of generality we may assume that e, = ¢ = ‘1@ YogeG detfl(g)ég,
cf. Cor. 2.6. As noted in Remark 4.5,

—p®B/Be_B
—

i*: Mod(B) Mod(B/Be_B),

induces an equivalence
CM(B)/(e_B) ~ CM(B/Be_B).

Since B/Be_B is isomorphic to R/ (A) (see Lemma 4.1, (b)), it follows that
i* : CM(B)/{e_B) = CM(R/(A)),
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establishing statement (a). Statement (b) follows from Proposition 4.11 and Remark 4.12.
By Prop. 4.11, we have that A = S * G is isomorphic to Homp(S ® H,S ® H). Since i* is
an equivalence, it follows that
i*(Homp(S® H,S® H)) = Homg /5 (i"(S® H),i*(S® H)).
Now using S ® H = Aer (as right B-module) from Lemma 4.8 yields that i*(S ® H) =
i*Aer = S/(]) by Prop. 4.16, establishing the first statement of (d). Thus in total we get
" A= Endg,(a)(S/(]))
in CM(R/(A)). To complete the proof of (d), we need to establish (c). To this end, we
first claim that there is a ring isomorphism
(19) A = Endcwms), sy (Aer).
Note that the known equivalence of categories noted in Remark 4.5, induces an isomor-
phism of rings
A = Endcwmp), e_p)(Aer) — Endg,(a)(i*(Aer))
which gives us statement (c). To establish the claim (19) we need to show that the ideal
(e-B) in A = Endcm(p)(Aer) is equal to AeA.

So we compute the image of A = Homp(Aer, Aer) in CM(B)/ (e_B): we have to identify
all morphisms Aer — Aer that factor through copies of e_B. These are sums of elements
of the form « o f with « € Homp(e_B, Aer) and f € Homp(Aer,e_B). Since e_ is an
idempotent, it follows e.g. from [ , Lemma 4.2] that the first Hom is isomorphic (as
right e_Be_ = R-modules)

Homp(e_B, Aer) = Hompg(B, Aer)e_ = Aere_ = Ae,

since e_er = ere— = e. For the other Hom, note that e_ B = e_erAer = eAer and thus
Homp(Aer,e—B) = Homgpg(Aer,eAer). For each ef € Homp(Aer, Aer) one sees that the
natural map @ : e Homg(Aer, Aer) — Homgp(Aer,eAer) sending ep to (aer — ep(aer))
is surjective and moreover injective. Thus & is an isomorphism. It follows that

Homgpg(Aer,e_B) = eHompg(Aer, Aer) = eA
as rings. In total we get
Homg(Aer, Aer)/{e_B) = A/ ((Ae)(eA)) = A/ AeA .
0

This theorem immediately yields that A/ AeA is a noncommutative resolution of the dis-
criminant R/ (A).

Remark 4.18. By Example 2.17 R/(A) is a direct summand of S/(]J). Using [ ,
Thm. 5.3] it follows that the centre of A is equal to Z(Endg,(a)(S/(]J)) = R/(A).

Corollary 4.19. Notation as in the theorem. If G ¥ pa, then A/ AeyA = Endg,5)(S/(]))
yields a NCR of R/ (A) of global dimension n. If G = o, then A/ AeyA = R/(A) is a NCCR
of R/ (A).

Proof. By the theorem A/AeyA = Endg,(5)(S/(])). By Cor. 2.6 A/AeyA = A/ AeA. By
Corollary 3.12 the global dimension of A/AeA is n if G 2 uy. For the remaining case,
cf. Rmk. 3.13 and note that R/(A) is regular. O
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Corollary 4.20 (McKay correspondence). The nontrivial irreducible graded G-representations
are in 1 — 1-correspondence to the graded indecomposable projective A-modules, that are in 1 — 1-
correspondence to the isomorphism classes of graded R / (A)-direct summands of S/ (] ). Moreover,
we also obtain 1 — 1 correspondences of these objects up to grading shifts.

Proof. Take A = A/ AeA. Similar as in Lemma 2.3 one has functors «,  between gr P(A)
and gr Mod(KG). This yields a bijection between the irreducible graded representations
of KG (except the trivial ones) and graded indecomposable projective A modules. On
the other hand, we can uniquely decompose S/(]) = @; M as a finite direct sum of
CM-modules over R/ (A) by Krull-Schmidt for the graded category as in [ , Cor. of
Lemma 3, Thm. 1]. Then the indecomposable graded projective Endg () (S/(]))-modules
are of the form Hompg Ay (S/(J), M;), which yields the second bl]ectlon O

Remark 4.21. If one prefers, similar results can be established by passing to the Henseliza-
tion S’ of S at the origin where A ® S’ is semi-perfect, applying results of [\V90], or by
passing to the power series ring.

Example 4.22. (The normal crossings divisor as discriminant and its skew group ring)
This example was our main motivation for investigating the relationship between A/ Ae A
and EndR /(8)(8/(])): The reflection group G = (p2)" acts on V = K" via the reflections

Oy, 0n w1th
x;if i#£7j
—xjif i=j.

So G can be realized as the subgroup of GL(V) generated by the diagonal matrices

10 0 00
0.0 00
si=100 —-100
00 0 .0
00 0 01

It is easy to see that the invariant ring R = S¢ = K[x3,...,x2] = K[f1,..., fu]. Then the
Jacobian determinant | = z of the basic invariants (fi(x),..., fu(x)) is | = 2"x1--- xy
We may omit the constant factor 2" for the remaining considerations. The hyperplane ar-
rangement corresponding to G is the normal crossing divisor S/ (J) = K[x1,...,xu]/(x1 - -
The discriminant A is given by A = J2 = f; - - - f,. So the coordinate ring of the discrimi-
nantis R/(A) = K[f1,. .., ful / (fr -+ fu)-

By Theorem 4.17, the ring A = A/ AeA = Endpg,(5)(S/(])) yields a NCR of R/(A). Here
we can explicitly compute the decomposition of S/ ( ) as R/ (A)-module:

/()= @« (R/(FN)),

I¢[n]
where [1] denotes the set {1,...,n} and f' = [],c, f; for a subset L C [n]. This holds
because S = @[, Rx! as R-module and Anng(S/(])) = J*> = A. Thus (Rx")/(fI") =

(R/(f"I\I)) - x! for any I C [n], and it follows that S/(]) is a faithful R/(A)-module.
In [ , Thm. 5.5] it was shown that the module M = @;c(,) R/ (ITic; fi) gives a non-
commutative resolution of global dimension # of the normal crossing divisor R/ (A). This

“Xp).
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was proven by showing that Endg(»)(M) is isomorphic to the order
(20) (x]\IK[x1,...,xn]>” C K[x1, ..., xa]>%, where I, ] C [n].

. On the other hand, one can also compute that the skew group ring A is in this case
is A = (K[xq,...,xn] * (2)") = Q4 A1, where A; is the skew group ring K|x] * pa.
Forming the quotient by AeA yields the order (20).

Coda: Results in dimension 2. If G < GL(V), dimV = 2, is a true reflection group,
then the relation between R = S¢, T = ST and R/(A) can be interpreted in context
of the classical McKay correspondence, cf. Section 2.6: in this case T is isomorphic to
K[x,y,z]/(z* + A(x,y)), where {z2 + A = 0} is an Kleinian surface singularity. Moreover,
T is of finite CM-type, that is, there are only finitely many isomorphism classes of inde-
composable CM-modules. By Herzog’s Theorem [ ], S is a representation generator
for T, that is, addr(S) = CM(T).

In the following we show that with Theorem 4.17 we recover that R/(A) is an ADE-
curve and furthermore we show that the hyperplane arrangement S/ (J) yields a natural
representation generator for R/ (A):

Corollary 4.23. Let G < GL(V), dimV = 2, be a true reflection group, with invariant
ring S¢ = R and discriminant R/ (A). Then R/(A) is of finite CM-type and consequently
Spec(R/(A)) is an ADE curve singularity. Moreover, addg;(»)(S/(])) = CM(R/(A)).

Proof. By Corollary 4.19 we have that A = A/AeA = Endg,(x)(S/(J)) has global di-
mension 2. Moreover, by Example 2.17, we see that R/ (A) is a direct summand of S/(J).

Since R/ (A) is Gorenstein, one can use the Auslander lemma, cf. [ , ] to see that
R/(A) is of finite CM-type, and thus add(S/(J)) = CM(R/(A)). The only Gorenstein
curves of finite CM-type are the ADE-curves, see | I O

5. ISOTYPICAL COMPONENTS AND MATRIX FACTORIZATIONS

Let G < GL(V) be any finite pseudo-reflection group. In this section we study direct
sum decompositions of S/(J) and A. Moreover, the Hilbert-Poincaré series of the direct
summands of S/(]) asa R/(A) = S¢/(A)-modules are computed. Thus we also able to
compute the ranks of these direct summands over R/(A) in case A is irreducible. In the
case of G = S, we can even give a more explicit description using Young diagrams. We
also compute the rank of A for any finite pseudo-reflection group in two ways: using the
codimension 1 structure and with Hilbert—Poincaré series (in case A is irreducible).

5.1. Hilbert-Poincaré series of isotypical components of S/(J). Here we look at the
Hilbert-Poincaré series of the direct summands M; of S/(]): recall from Section 2 that
M; was defined to be the R/ (A)-module Homgg(V;, S/(])), where V; is an irreducible G-
representation. Further we have S; = Homgg(V;, S) and S} = Homg¢(V/, S) = Homgg (Vi ®
det, S). From the exact sequence (3) it follows that

Hm,(t) = Hs,(t) — t"Hg/ (1) .
Let K, (t) and Ks; (t) be the numerator polynomials of the Hilbert-Poincaré series of S; and
the Hilbert—Poincaré

S! respectively and Hg(t) = ————~ and Hgya)(t) = %
i=1\L—H

I, (1—t%)
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series of R and R/ (A) respectively. Then Hyy, () can be written as

(Ks,(5) = #"Ks (1))
1 — tmtm

@) Hi(t) = Hr(t) (Ks,(t) = #"Ks(t)) = Hiya) (1)

Remark 5.1. The numerator polynomials Kg, of the Hyy, are called fake degree polynomials,
seee.g. [ 1, or generalized Kostka polynomials, see [ I

Example 5.2. In the case of G = S;, the irreducible representations of G correspond to
partitions A of n and each partition A is given by a Young diagram, see e.g. [ ]. Then
the corresponding Hilbert-Poincaré series for the A-isotypical component S, of S is given
as

n tfe
(22) Hg, (t) = g T’
where f; denotes the length of the leg of the hook of the k-cell and /i denotes the length of
the hook of the k-cell (see [ , Thm. 1]) [Note here: for fi the k-cell itself is not counted
and for the hooklength it is counted once, cf. [ 11.

5.2. Ranks of the isotypical components of S/ (]). The ranks of the M; = Homgg(V;, S/(]))
over R/ (A) can be computed by evaluating Hy, (¢) in t = 1, at least when A is irreducible:

Lemma 5.3. Let R = K|[xq,...,x,] be graded by degx; = d; € IN, let A € R be a quasi-
homogeneous polynomial, R/ (A) be a domain, and let M be a finitely generated CM module over
R/(A). Then

. Hum(t)
rank M) =lim ———2—.
R/(A) ( ) e HR/(A) (t)

Proof. Let S’ = K[y, ..., Yn—1], where the y; form a system of parameters of R/ (A), then
M is a finitely generated module over S’ Note that the Hilbert-Poincaré series of M (and
of R/(A)) does not change if we consider both modules over S'. If M is a graded CM-

module over the graded CM ring R/ (A), then rank(M) = %

18] (cf. also Thm. 4.7.9 in [ ]). Here eg/(—) denotes the multiplicity of a module over
S’. By work of William Smoke [ ], one can interpret es/ (M) as lim;_,1 (x5 (K)Hum(t)),
where xg (M) is the so-called generalized multiplicity of M, also cf. | ], and xs (K)
is equal to [T~} (1 — t%), where d/ = degy;. Since both M and R/(A) have ranks, both
limits lim; 1 (xs (K) Hpm(t)) and lim; ;1 (x5 (K) Hg /() (t)) exist and thus

B limy 1 (xsr (K)Hpm(t)) 1 M
rankg,(a) (M) = tim—1 (xs (K)Hg(a) (1)) 8 Hg/(a)(8) -

,see [ , Theorem

O

Proposition 5.4. With notation as above, let V; be an irreducible representation of G. Then the
rank over R/ (A) of the Vi-isotypical component of S/ (J), M;, is given by

1
rankR/(A) Mi = "+ my

dKS’. dKS
. / i _ i
(mchmVi + (1) o (1) ],

where V/ stands again for the twisted representation V; ® det. If G is a true reflection group, this
simplifies to

1 S-S
rankR/(A) Mi:i dimV[—l— dt - dt .
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Proof. Using expression (21) and Lemma 5.3 for Hy, (t) we get

Ks, (t)—t"Kg (1)

| Hry) () —=em — [ Ks,(t) = t"Kg(t)
rankg /(p) Mj = 11_r>r11 Hr o (1 = %1311 T '
By the rule of 'Hospital this limit is equal to
dKs, B dKgy
lim ai- (1) —mt" K (1) — " (1)
1 —(m + mq)pmtm-1

Evaluating this expression in t = 1 yields the above expression. If G is generated by order
2 reflections, then m = m; and also det = det™!, so one obtains the second formula. []

Proposition 5.5. In case of G = S, and an irreducible representation A the rank of the A-
isotypical component My of S/ (]) is given by

. 1 A-F
(23) rankR/(A)(MA) = dlm(v/\) (2 + 21’]1) ’

where F = Y fi is the total footlength and A = Y ;. ay is the total armlength of the Young diagram
corresponding to A.

Proof. The rank of M) over R/(A) is given as

— 1; HMA(t) T HS/\(t) _thSA/(t)
rankpg /(p) My = 1131‘ Hyy ) () = im Hyy ) (0) ,

where A’ is the conjugate partition to A. Note that the hooklengths of the conjugate parti-
tions are the same, that is, the hooklength /. of the k-cell in A is the same as the hooklength
h;. of the corresponding k-cell in A’. On the other hand, one has that the footlength f; in
A is equal to the armlength LI;{ in A and vice versa. Moreover, these are connected to
the hooklength via Iy = fi + ax + 1. Now substitute Kirillov’s formula (22) in the above
equation:

— L (tF — pmtA) F_ ym+A n d

o [ mL0= i | (B0 (e %)

rankg,(a) My = lim ( i ) =0 [( 1— 2 ITiz (1 — )
[T (1-t%)

where d are the degrees of the basic invariants of S,,. Now using ’'Hospital’s rule for the
two factors in the product yields:

~

o m +A—F 1 dk
rankR/(A) M/\ — T * g hfk .
Since dy = k for all k = 1,...,n, the product [T}_, z—’; = ﬁ:hk = dim(V)) by the hook-
length formula, see e.g. [ ]. This yields the formula in (23). ]

5.3. Identifying isotypical components. The main result of this section is to identify the
module of logarithmic vector fields Oz (— log A) = @Y and its exterior powers @% (—log A) =
A" (Or(—1logA)) = (A" @s)C as isotypical components of the natural representation V
and its exterior powers A" V and their corresponding matrix factorizations. The modules
of logarithmic differential forms and logarithmic residues were first defined and studied
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by Kyoji Saito in [ I

We start with recalling some facts from linear algebra, and introducing the notation for
logarithmic vector fields, where we follow [ ].

Recall the following result from linear algebra: Let ¢ : P — Q be a linear map between
finite projective modules of same rank m over some commutative ring C. With A’ the
it" exterior power over C and |P| = detP = A™P,|Q| = detQ = A™(Q the invertible
C-modules given by the top exterior powers of P and Q, respectively, one has isomor-
phisms of C-modules A'P = |P| ®c A" 'P* and A'Q = |Q| ®c A" 'Q* induced from
the nondegenerate pairing A’ ®c A"~# — A™ . Consider the composition

‘Q|®CA”1_i§0*
_—

. . Al . . . .
(Pad]§03 AP _§0> AIQ o ‘Q’ ®CAm71Q* |Q| ®CAm71P* o |Q|/|P| ®CAZP,

where the adjugate morphism ¢4 is the composition of the maps to the right of ¢, while
|Q|/|P| is shorthand for the invertible C-module |Q| ®c |P|~!. The top exterior power of
¢ defines the C-linear map A" ¢ : |P| — |Q| and the associated C-linear section det ¢ =
A" ®c |P|7! : C — |Q|/|P| of the invertible line bundle |Q|/|P| is the determinant of
@. The Laplace expansion of the determinant then translates into

g = (detg)idp: A'P — (]Q|/|P]) ®c A'P.

We maintain our usual set-up: G < GL(V) is a finite group generated by pseudo-reflections
as subgroup of GL(V), and S = Sym, (V) denotes the polynomial ring defined by V over
K, with R = S° the invariant subring. Recall that R = Sym, W is a polynomial ring in its
own right, with W = R, /R? the graded K-vector space generated by the classes of the
basic invariants f; € Ry.

We denote by Qf the Kéhler differential forms on S over K and by ®s = Homs(Q%, S)
its S—dual, isomorphic to the S—module of K-linear derivations, or vector fields, on S =
Sym, (V). We define )}, and O similarly by replacing V with W.

Restricting a derivation on S to V = Symy V C S yields canonical isomorphisms

o

®s = Homs (O}, S) — Homg(V,S) 2 S®x V*, D Dly.
Similarly,
@5 = Homg(A'V,S) = S@x A'V*
L = Homg(A'V*,S) = S®@k A'V.
and these hold if we replace S with R and V with W.

If a group G acts on S through K-algebra automorphisms then G also acts naturally on
O} and Og, respectively.

Let again denote R = SC, then @g is the R-module of G-invariant derivations and (Qé)c
the R-module of G-invariant differential forms. Employing the isomorphisms above, it
follows that

®% —» Homg(V, S)° = Homgg(V, S),
or, in other words, that the V-isotypical component of S is ®¢ ® V.



44 RAGNAR-OLAF BUCHWEITZ, ELEONORE FABER, AND COLIN INGALLS

Lemma 5.6. If the defining representation V is an irreducible G—representation then the evalua-
tion map

ev:0f ®xV —S

identifies ©F with the isotypical component of S that belongs to V. In particular, the evaluation
map is a split R—monomorphism. O

We have the Jacobian map of S-modules QL @r S Jasy Q) defined by the inclusion of K-

algebras R < S. This gives the Zariski-Jacobi sequence 0 — Qk ®g S Jaey al — 0l /R

0,seee.g. [ , Thm 25.1]. Note that jac is injective because Q% @ S is a free S—-module
as R is smooth over K, while the potential kernel is supported on the critical locus of the
morphism Spec S — Spec R, thus must be zero as the morphism is generically smooth.

Applying ( )* = Homg(—, S) yields the map jac* : Or ® S — Os.

) 0 Tl Or@8 L @5+ 0,

where T} /R = ExtS(Qé /r,S) is the first tangent cohomology of S over R. In particular,
the determinant of the (transposed) Jacobian matrix is given by the S—linear co-section

det(jac*) : S—Of ®s (O%)" = S® |V|/|W|,
where |V|/|W| is again shorthand for det V @k (det W) !
Taking G-invariants is exact and applied to the short exact sequence (1) above it returns

0 . (jac)¢ g
—ja < Or +—— B¢ 0.

In [ , Cor. 6.57] it is shown that the R-linear inclusion (jac*)¢ identifies ©F with
Or(—logA) = {6 € Or : 6(A) € AR}, the R-module of logarithmic vector fields along
the discriminant A. We have the natural inclusions

1w Or(—logA) = 0¢ % @
7 Or(—1ogA) @520 ®S —— O .
Accordingly, ja = Coker (¢*) can be identified with the Jacobian ideal of the discriminant,
ja =A{D(A)+(A) [ D € ©r} C R/(A),
and the determinant of y* is the discriminant of G. It yields the R-linear co-section
det(p*) : R—Ok(—log A) ®r (OR)* = R |W|/|W'|,

where W’ is a graded K—vector space so that Og(—1logA) = R ® (W')*. In particular,
R ® |W'| is a free R-module of rank 1 generated in degree —c, where c =Y, ¢isthe
sum of the co—degrees 0 = ¢; < - - - < ¢y, so that Og(— log A) " R(=ci).

As Or = @ R(d;), the degree of the discriminant is [A| = Y1, (d; + ¢;).

Example 5.7. If G is a duality group, then d; — ¢; = d;, while di + ¢y_ir1 = dy, the Coxeter
number of G. Thus for such a group, |A| = h-n =Y} (2d; — d1). Coxeter and Shephard
groups are duality groups, and for Coxeter groups d; = 2 so that for these groups |A| =
2%, (d; — 1), twice the number of reflections in that group, as it should be.
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By [ , Thm. 6.59] the map Or(—logA) ®r S — Og is an inclusion as well and identi-
fies in this way the S—modules Or(—1logA) ®r S = Og(— logz), where Og(—logz) C Og
is the S—-module of logarithmic vector fields along the hyperplane arrangement given by
{z =0} C SpecS.

Using the same analysis as before, it follows that z has degree |z| = Y/ ;(c; + 1), equal,
by definition, to the sum of the co-exponents of G, equal as well to the number of mirrors
or reflecting hyperplanes defined by G (this number has been denoted earlier as m,).

We note the following facts.

Proposition 5.8. (a) If the defining representation V of the pseudo-reflection group G < GL(V)
is irreducible, then A'V are irreducible for 1 < i < dim(V).

(b) O = (05 = (S® AV)©

(c) Ok(—logA) = (OL)° = (S® A'V*)C

Proof. The first statement is well known, e.g., [ , Thm. 4.6]. The second is | ,
Theorem. 6.49], and the third statement follows immediately from [ , Prop. 6.70],
which are both special cases of Solomon’s theorem [ , Prop. 6.47]. ]

Now we come to main goal of this section to identify some of the R—direct summands of
S/(J). By the above, we have the following pair of dual commutative diagrams:

O Qg Qg Qg
/] b | -
H'®S URS
@R(—IOgA) KRS —— Or R S QR(IOgA) KRS Or®r S
Or(—logA) — 5 O Qr(logA) ——F O

Here the top squares are commutative diagrams of S-modules and the bottom squares
are commutative diagrams of R-modules. Let ; : A’V — QL and * : A" 'V* @ OL
be the natural inclusions. The above maps give us the following pair of commutative
diagrams where the vertical maps of the top two squares are the multiplication in the
exterior algebra,a @ b — a A b.

(24) o A @ g S
S R YR

| . v

. . Aljac* @ A" jac . )
Ol @ @ O ®O% @p S
A’g*@[ T T@}{®(Anijac* Ol*)

. Ai *®An7iv* . .
@i, (—logA) ®g ATy ——F @, ®g ATV




46 RAGNAR-OLAF BUCHWEITZ, ELEONORE FABER, AND COLIN INGALLS

AT

(25) o O (log A) ®g S

J [res

. . Anfi Ai . .
O @0k L 0 i(log A) © Qg (log A) @k S
. . Anfi AiV . .
Qi@ AV e Qli(logA) ® ATV

The top squares of these diagrams commute since if ¢ : P — Q is a map of free S-modules,
then A®¢ : A°P — A*Q is an homomorphism of S-algebras.

We know that A"Q} (logA) = Q% (log A) = Q% (|A]), since A is a free divisor, and z] = A
so we obtain the following maps

R®RS /

0 —— OR(|A]) @r S.

Now we apply the functor Homgg(A'V, —) @k A’V to this sequence. We first simplify

the terms

Homgg(A'V, Q%) =2 (QE@ AV 2 (QIH 2 2 0f @ O,

Homgg(A'V, Q0 ®8) = (O @S A'VHC

= O ® (05)°

>~ O ® O (—log A)

= O (log A)(—|A]) ® O (— log A)

= Of '(logA) .

Here we have used the fact that Q" (log A) = Q" (|A|). Now applying the functor with its
natural transformation to the identity functor yields the following commutative diagram:

A"jac* @O QA"V AT
Qr®S & Qr

T T

Q1 (log A) (—|A) @ ATV ————————— QL @ ATV

d

O ® Ox(—logA) ® AV

Or([Al) @S

T

O (log A) ® AV

| d

QO @O, @ ANV ————— QL @ OL(—log A)(|A]) @ ATV

Anfi‘u®AiV

OOA P @AV

where we have presented two isomorphic interpretations of the bottom row. It is clear
that this diagram commutes since the left square with the bottom row is the outer square
of the diagram (24) tensored with Qg ® A"V after applying the isomorphisms A"~/ V* ®
V" 2 AV and @ ® QF = O%, and the upper right square is the diagram (25). Note
that the cokernel of A"~y : Q%" — Q% (log A) is the (n — i)-th logarithmic residue, see
[ ]. We call the cokernel Alu* : @4 (—logA) — @O the i-th logarithmic co-residue of
A. Tt is clear that the vertical maps are the evaluations of the natural transformation.
Lastly, since the maps on the bottom row are uniquely determined by commuting with
the diagram, we obtain the following result.



MCKAY FOR REFLECTIONS 47

Theorem 5.9. For all i with 1 < i < dim V, there is a matrix factorization of A given by the
pair of maps A" "'y and A'p* ® Q. The cokernels of these maps are the logarithmic residues
and co-residues with a degree shift |Q |, which occur as R/ (A)-direct summands of S/ (z) and
S/ (J) respectively, with multiplicity () = dim A'V. In particular, the first logarithmic residue
coker (p) and coker(u*) = ja are summands of S/ (z) and S/ (]) respectively, of multiplicity n.

Example 5.10. Let G = G(r,1,n) = u, 1 S, be the full monomial group acting in the usual
way on S = K[xy,...,x,]. Let p; = %2]. x]ri be the i power sum function of the x”,
for i > 1. One choice of generators for the invariants is py, ..., ps. So R = K[p1,..., px]
as in [ , Section 6]. It is now easy to compute that jac = (x{:r_l)ij in terms of the
bases dp; and dx;j of Qg and Qg respectively. A basis of Or(—logA) = ©F is given by
0 =Y ]l D+l ai as seen in [ , Appendix B.1], and so {* = (x](ifl)rﬂ)ij in terms of
the bases 6; and - o of Or(—1log A) and O respectively. Now we can compute y = {jac =

r((i +j — 1)pitj-1);j in terms of the bases dpi and 0;. From this it is easy to compute

J = det(jac) = ~x0n) (o
i<j
z=det({) =x1---x, [ J(x] — xj).
i<j

Lastly, the maps A'u* and A"~y will determine a matrix factorization for A for each i.

6. EXTENDED EXAMPLE: S4 AND THE SWALLOWTAIL

Consider the case of G = S, acting on K3. We will give an explicit description of the direct
summands of S/ (J) over the discriminant.
For this example, S = k[x,y,z]. Lets = —x —y — z and 0;(s, x, y,z) be the elementary
symmetric function. Then R = k[u, v, w] where u = 60, v = 403 and w = 304 and

J=x—-y)(x—2)(y—2)2x+y+2z) 2y +x+2)2z+x+y).
A generator of the discriminant ideal (A) can be computed as the determinant of the
matrix (Jac)T(Jac), where Jac = (af’> is the Jacobian matrix, cf. [ , ]. An explicit
equation is:

A = —ov* — 2u%0% + 9utw + 6uv*w — 6utw? + W

Spec(R/(A)) is called the swallowtail. Its singular locus consist of two curves: a parabola
(the “self-intersection locus”) and a cusp, meeting at the origin, see Fig. 3.

Now let us sketch the computation of the matrix for multiplication by J. Consider the
map induced by multiplication by J on S

shs

We know that S is a free R-module and that J> = A € R, so

S—>S—>S

is a matrix factorization of A over R by definition. We wish to decompose S/(J) into
indecomposable CM-modules over R/ (A). We can use the grading and the G-action to
provide information about the decomposition.
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First recall that R = K[f1, f», f3] and let (R, ) be the ideal in S generated by fi,..., fu.
Recall that (see Section 2.4) S/ (R ) = KG as G-representations, and S/ (R4 ) ®x R = S as
graded RG-modules.

In this example G = S4. Let us call the irreducible representations
K, V,W,V’, det
corresponding to the partitions
4=om,3+1=0F9,2+42=H,2+1+1=F, 1+1+1+1=§.
We have that
S/(Ry) ~KO0)aV(-1)aV(-2)aW(-2)aV(-3)aV'(-3)aV'(—4) e W(—4)d V'(-5) & det(—6),
where the number in (—) indicates the degree shift.

By Section 2.4, S decomposes into isotypical components via the isomorphism

S~ @ Homkg(V;,S) @k V;
V; irreps of G

which gives us that the map S Ls decomposes into components of the form

Homgg (U, S) @k U ER Homgg (U @ det, S) ®x U ® det

for each irreducible representation U of G.

So for our example S4 we have the following components

(26) K(0) ® R — det(—6) ® R

(27) det(—6) ® R — K(0) ® R

(28) (V(-1)@oV(-2)®V(-3))®R — (V(-3)dV'(-4)®dV'(-5)) ®R
(29) (V(=3)aV(-4) eV (-5)®R—= (V(-1)dV(-2)® V(-3))®R
(30) (W(—2)®W(—4)) ®R — (W(-2) & W(—4)) ® R

where the maps are the R-linear maps given by multiplication by | restricted to each
component. Combining the first two components of lines (26) and (27) we obtain the
matrix factorization

R—JR—=R

where both maps are multiplication by J. The cokernels of the two maps are 0 and R/A
respectively. By choosing bases of V(—1) @ V(-2) ® V(-3) and V'(-3) ® V'(—4) ®
V/(—5) we can express multiplication by | in the other components as matrices with
entries in R. From (28) and (29) we get a pair of 9 x 9 matrices

Mp: (V(-1)®V(-2)®V(-3) @R —= (V(-3)®V'(-4)®V'(-5))®R
My: (V(=3)a V' (-4) eV (-5)®R—= (V(-1)dV(-2)®V(-3)) ®R

By choosing bases appropriately one can show that both matrices are Kronecker products
with the 3 x 3 identity matrix I3 so M1 = A ® I3 and My = B ® I3. Similarly, for (30) we
can compute a matrix

M;: (W(=2) ®W(—4)) ® R — (W(—2) ® W(—4)) ® R

and M3 = C ® I, for some choice of basis.
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We can identify the matrices A, B, C involved in the matrix factorizations of A by using
Bradford Hovinen’s thesis [[10v09, Thm. 4.4.7], where the graded rank one CM-modules
over R/ A are classified (via matrix factorizations). Within his classification we have

M, o = coker w of + 4’
20 = v +4ud w?+ 6uv? — 7utw + 16ut )’
and
—w — u? 0 v® — 5uw — ud
My 3 5 = coker v —w+3u? 0 ,
u v —w — u?

P

which is is the matrix factorization of the normalization R/ (A).

The result is that S/(]) is a direct sum of 4 nonisomorphic CM-modules corresponding
to the nontrivial irreducible representations of S4. One can calculate the ranks explicitly
or use the formulas in Section 2.4:

Theorem 6.1. As a R/ A-module,
S/(J) & Mam & Mim © My ® M,

where Mamm = R/(A), Mg = My, 3, the Jacobian ideal of R/ (A) (also isomorphic to the
normalization of R/A), Mgz is the syzygy of Mﬁ:, i.e., the module of logarithmic derivations

along A, and Mg = My, which is isomorphic to the ideal defining the singular cusp in A = 0.
The ranks of the modules over R/(A) are rank(Mmm) = rank(ME:) = rank(Mmg) = 1 and

rank(Mgn) = 2.

In particular, this shows that rankg /(o) (S/(J)) = 12, and thus rankg /() (Endg(4)(S/(])) =

rank(A) = 144, by Example 3.22. In Fig. 3 below the curves corresponding to the modules
ME: and Mg are sketched on the swallowtail from two different perspectives.

FIGURE 3. The swallowtail.

For this example, one can also draw the McKay quiver, see (31). The quiver of A is ob-
tained from (31) by deleting the vertex and incident arrows corresponding to the deter-
minantal representation E .
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