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Abstract

In most cases where it had been shown to exist the derived McKay
correspondence D(Y) = DY(C™) can be written as a Fourier-Mukai
transform which sends point sheaves of the crepant resolution Y to
pure sheaves in DY(C"). We give a sufficient (and necessary) condi-
tion for an object of DF(Y x C") to be the defining object of such
a transform. We then use it to construct first example of the de-
rived McKay correspondence for a non-projective crepant resolution of
C3?/G. Along the way we extract some more geometric sense out of the
Intersection Theorem and learn to explicitly compute 6-stable families
of G-constellations and their direct transforms.

1 Introduction

It had been observed by McKay in [McK80] that the representation graph
(better known now as McKay quiver) of a finite subgroup G of SLy(C) is
one of the extended Dynkin graphs of affine Lie algebras of type ADE and
that the configuration of irreducible exceptional divisors on the crepant res-
olution of C2/G is dual to the regular version of the same Dynkin graph.
The arising bijective correspondence between nontrivial irreducible repre-
sentations of G and irreducible exceptional divisors on Y became known as
the (classical) McKay correspondence. It has enjoyed a number of restate-
ments and generalisations: [GSV83], [IN00],[Rei97], [IR96] to name but a
few. One of the most far-reaching of them has been the derived McKay cor-
respondence conjecture, which had appeared in its initial form in M. Reid’s
famous preprint [Rei97]. It can be stated as follows:

Conjecture 1.1. Let G be a finite subgroup of SL,,(C) and letY be a crepant
resolution of C" /G, if one exists. Then

D(Y) = DY) (1.1)

where D(Y) and DE(C™) are bounded derived categories of coherent sheaves
on'Y and of G-equivariant coherent sheaves on C", respectively.



To date and to the extent of our knowledge this conjecture has been
settled for the following situations:

1. G C SL23(C); Y the distinguished crepant resolution G-Hilb;
([BKRO1], Theorem 1.1).

2. G C SL3(C) abelian; Y any projective crepant resolution;
([CI04], Theorem 1.1).

3. G C SL,(C) abelian; Y any projective crepant resolution;
([Kaw05], special case of Theorem 4.2).

4. G C Spy,(C); Y any symplectic (crepant) resolution;
([BK04], Theorem 1.1).

In the case 3 the construction is not direct and it isn’t clear what form does
equivalence (1.1) take, but in each of the cases 1, 2 and 4, where (1.1) is
constructed directly, we observe that the constructed functor possesses the
following rather special property: it sends the point sheaves O, of Y to pure
sheaves (i.e. complexes with cohomologies concentrated in degree zero) in
D%(C™). Another though less special (compare to [Orl97], Theorem 2.18)
property shared by the functors constructed in these three cases is that each
can be written as a Fourier-Mukai transform ® g(—® pg) (see Definition 3.3)
for some object E € DY(Y x C").

A trivial application (Proposition 3.6) of established machinery of Fourier-
Mukai transforms shows that if an equivalence (1.1) is a Fourier-Mukai trans-
form ®p(— ® pp) which sends point sheaves to pure sheaves, the defining
object E € DE(Y x C") is necessarily a pure sheaf which is a flat family of
G-constellations (certain finite-length coherent G-sheaves on C", cf. Section
3.1) over Y. Moreover, the fibers of £ have be simple (G-Endcn(E),) = C
for all y € Y), orthogonal in all degrees (G-Ext, (Bl Ely,) = 0if y1 # y2)
and the Kodaira-Spencer map has to be injective.

In this paper we give a converse result: given an arbitrary flat family F
of G-constellations over Y, we give a condition on F sufficient for the functor
O r(—®pp) to be an equivalence (1.1). Somewhat of a surprise, in view of the
above-listed properties that F would a posteriori have to possess, is that this
condition only asks for the non-orthogonality locus of F to be of high enough
codimension. Simultaneously, we show that any scheme which supports a
sufficiently large and yet sufficiently orthogonal family of G-constellations
has to be a crepant resolution of C"/G. The precise statement is:

Theorem 1.1. Let G be a finite subgroup of SL,(C). Let Y be an ir-
reducible separated scheme of finite type over C and let F be a family of
G-constellations on Y such that:

1. Forgetful map nr : Y — C"/G, which sends each G-constellation to
its support, is well-defined and is a birational proper morphism.



2. For every 0 <k < (n+1)/2, the codimension of the subset

N = {(y17y2) €Y xY \ A ‘ G_EXté"(ﬂyl’ﬂyQ) 7& 0} (12)

mY XY is at least n + 1 — 2k. It is convinient to think of Ny as the
locus of the degree k non-orthogonality in F.

Then'Y is smooth, mx crepant and the functor ® z(—® pg) is an equivalence
of categories D(Y') = DG (C™).

The proof is based on the ideas introduced in [BO95] and [BKRO1],
particularly on the Intersection Theorem trick introduced in the latter. But
we take a different approach to Grothendieck duality issues arising when
constructing the left adjoint of ®z(— ® py), we squeeze yet more mileage
out of the Intersection Theorem as the proof progresses and in the end we
appeal to [Log06], Proposition 1.5 which states that outside the exceptional
set of Y any family of G-constellations has to be locally isomorphic to the
universal family of G-clusters. Then the locus of non-simplicity of the objects
of F and non-injectivity of its Kodaira-Spencer map turns out to have too
high a codimension to exist at all and the result quickly follows.

Thus the question of an existence of derived McKay correspondence (1.1)
which sends point sheaves to pure sheaves is reduced to the question of
an existence of a flat family of G-constellations satisfying nonorthogonality
condition of Theorem 1.1. This is particularly important for the case of
G being abelian, where all the flat families of G-constellations on a given
resolution Y of C"/G had been classified and their number (up to a twist
by a line bundle) shown to be finite and non-zero ([Log06], Theorem 4.1).

When n = 3 the conditions of Theorem 1.1 reduce to only involve readily-
computable (cf. Section 4.5) assumptions on orthogonality in degree O:

Corollary 1.2. Let G be a finite subgroup of SL3(C), let m : Y — C"/G
be a crepant resolution. Denote by Eq, ..., E, the irreducible exceptional
surfaces of m. A point of an intersection E;, N---NE; is said to be general
if it belongs to no E; other than E; ..., F;, .

Let F be a family of G-constellations on' Y such that its forgetful map
wr agrees with w. If the fiber of F at a general point of any surface E; is
orthogonal in degree 0 to the fibers of F at general points of any E; (including
case j =1) and of any curve Ex N E;, then ®x(— ® pg) is an equivalence of
categories D(Y) = D (C™).

We then compute (Section 4) the following example: G is set to be
the abelian subgroup of SL3(C) known as +(1,1,4) @ 1(1,0,1) (see Section
4.1) and Y to be a certain non-projective crepant resolution of C3/G (see
Section 4.2). We then construct a family of G-constellations over Y which
we demonstrate to satisfy the assumptions of Corollary 1.2. This gives, as



far as we know, the first example of the derived McKay correspondence for
a non-projective crepant resolution of C3/G.

It also answers the following important question. Above mentioned prop-
erties of simplicity, orthogonality and injectivity of the Kodaira-Spencer
map, which a family F must possess if ®(— ® po) is an equivalence, are
common of the families obtained through a moduli construction. At present
the only such construction known for G-constellations comes to us from the
notion of #-stability (see [CI04]). In dimension 3 the methods of [BKRO1]
apply out of the box to show that for any universal family My of #-stable
G-constellations @, (—® po) is an equivalence. It is natural to ask whether
there is any family F for which ® £(—® pp) is an equivalence and which isn’t
one of My. The computation in Section 4 answers it affirmatively, for due
to the nature of the GIT construction involved any fine module space of 8-
stable G-constellations is projective over C"/G. As the family constructed
in Section 4 is constructed on a non-projective resolution it can’t be one of
My. Thus there exists a class of families which exhibit the properties usual
of a moduli family without being one, which suggests there may be a more
general notion of stability on G-constellations waiting to be discovered.

The paper is organised as follows: Section 2 is abstract derived category
theory on a locally noetherian scheme X. We propose a generalisation of
the concept of the homological dimension of E € D? , (X) which we call

coh
Tor-amplitude and use it to show that inequality

hom. dim. E > codimx Supp(E)
of [BM02], Corollary 5.5 refines to
Tor-amp £ — codim x Supp £ > coh-amp F

Section 3 contains the proofs of Theorem 1.1 and of Corollary 1.2. In Section
4 we explicitly construct the derived McKay correspondence for a particular
non-projective crepant resolution of C3/G. In the Appendix we prove a
technical result which allows to explicitly compute the universal families
My of f-stable G-constellations and their direct transforms. It is used to
drastically reduce the amount of computations necessary in Section 4.
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2 Cohomological and Tor amplitudes

We clarify terminology and introduce some persistent notation: by a point of
a scheme we shall mean both closed and non-closed points unless specifically
mentioned otherwise. Given a point x on a scheme X we shall write (O, m,)
for the local ring of x, k(z) for the residue field O, /m, and ¢, for the point-
scheme inclusion Spec k(z) < X. Given an irreducible closed set C' C X,
we shall write x¢ for the generic point of C and shall frequently abuse the
above notation by writing (O¢, m¢) for the local ring of z¢.

All complexes are cochain complexes. Given a right (resp. left) exact
functor F' between two abelian categories A and B, we denote by L F' (resp.
R F) the left (resp. right) derived functor between the appropriate derived
categories, if it exists, and by L’ F(e) (resp. R F(e)) the —i-th cohomology
of L F'(e) (resp. the i-th cohomology of R F'(e)).

Lemma 2.1. Let X be a locally noetherian scheme. Let F be a coherent
sheaf on X. Let C be an irreducible component of the support of F, then
for every point x € C, we have

L' F#0  for0<i<codimx(C) (2.1)

Proof. Recall (cf. [Mat86], §19) that if a minimal free resolution L, of a
finitely generated module M for a local ring (R, m, k) exists, then

dimy, Tor' (M, k) = rk L;

Since X is locally noetherian, minimal free resolutions of F exist in all local
rings. Therefore, as the localisation functor is exact, it suffices to prove that
the length of the minimal free resolution of F in the local ring (O¢, m¢, k¢)
of C'is at least codimx (C).

Write Fo for the stalk of F at the generic point of C. It is a finite-
length O¢-module: consider the standard filtration ([Ser00], I, §7, Theorem
1) of F¢ by submodules 0 = My C --- C M, = F¢ with each M;/M;_,
isomorphic to O¢/p for some p € Suppe,, (Fc). As the defining ideal of C' is
minimal in Suppx (F), Suppp,, (Fc) consists of just mg. So each M;/M;
is isomorphic to k¢ and (M;) is a finite composition series for Fg.

As codimx (C') = dim(O¢), the result now follows immediately by taking
a minimal free resolution of F and applying to it the New Intersection
Theorem (see, for instance, [Rob98], Theorem 6.2.2) which states that for
any local ring R the length of any nonexact complex of free R-modules with
finite-length homologies is at least dim R. U

Lemma 2.2. Let X be a locally noetherian scheme. Let F be a coherent
sheaf on X of finite Tor-dimension. For any p € Z define

D,={r e X | L't}F #0 for some i > p} (2.2)

Then each D,, is closed and codimx (D)) > p.



Proof. It suffices to prove both claims for the case X = Spec R with R
noetherian. Write F' for I'(F). We have LP /JF = Tor?(F,k(x)). The first
claim follows from the upper semicontinuity theorem ([GD63], Théoréme
7.6.9) or directly from [GD63]| Proposition 7.4.4 which implies that for any
i € Z the points x where any flat resolution of F' after being localised to the
local ring O, can be truncated after i-th term form an open set in Spec R.

For the second claim let C' be any irreducible component of D,,, z¢ be a
generic point of C and let Fo be the localisation of F' to the local ring Oc¢.
Then Tor%C(FC, k(z¢)) # 0 by the defining property of D,. We have quite
generally ([Mat86], §19, Lemma 1)

proj dimy,, Fo = sup{i € Z | Torlbc (Fo,k(zeo))}
thus proj dimy,, Fo > p. By Auslander-Buchsbaum equality we have
depthy O¢ = proj dimy , Fe + depthy , Fo
and so we obtain codimy C' = dim O¢ > depthy, O¢ > p as required. U

The main idea behind the proof of the following proposition we owe to
Bondal and Orlov in [BO95], Proposition 1.5.

Proposition 2.3. Let X be a locally noetherian scheme and F € D® ,(X)
an object of finite Tor-dimension. Denote by H' the sheaf H'(F).
Then for any point x € X, we have

—sup{i €Z |z € SuppH'} =inf{j € Z | L7 L F # 0} (2.3)
Moreover, for any irreducible component C' of Supp F, we have:
codimy C' —inf{i € Z | C C SuppH'} =sup{j € Z | L’ Lo # 0} (24)

Proof. Fix a point z € X. The main ingridient of the proof is the calculation
of higher pullbacks L7 ¢/} F' via the standard spectral sequence (eg. [GMO03],
Proposition II1.7.10) associated to the filtration of L% F' by the rows of the
Cartan-Eilenberg resolution of F":

EyPT = LP 5(HY) = ELP = LP~9 5 (F) (2.5)

Denote by h and [ the highest and the lowest non-zero rows of E3°®. As
all rows above row h and all columns to the right of column 0 in E'S® consist
entirely of zeroes we conclude by inspection of the complex that E7, = 0 for
all n. > h and E", = ES" = H"|,. This gives (2.3).



Figure 1

To obtain (2.4) let = be the generic point of C. Observe that C' is an
irreducible component of H' by the defining property of I. Denote by d the
codimension of C'. By Lemma 2.2, the set of points y € X, such that there is
a non-zero L ¢ (H?) with p > d, is closed and of codimension at least d + 1.
Then this set can not contain x for the closure of x is C whose codimension
is d. Hence all columns to the left of column d in E3® consist entirely of
zeroes. As all the rows below [ consist of zeroes by the defining property of
I we conclude that E? = 0 for all n > d — [ and E,S? = E;d’l = L4 M
And by Lemma 2.1, L4 ;H! # 0. This gives (2.4). O

Definition 2.4. Let E*® be a cochain complex of abelian groups. Define its
cohomological amplitude, denoted by coh-amp(E®), to be the length of the
minimal interval in Z containing the set

{i e Z| H(E®) # 0} (2.6)
If no such interval exists we say that coh-amp(FE) = occ.

Trivially coh-amp(E*®) is the minimal length of a bounded complex quasi-
isomorphic to E*, if any exist, and infinity, if none do.

Definition 2.5. Let R be aring and E*°® be a cochain complex of R-modules.
Define its Tor-amplitude, denoted by Tor-amp(E*®), to be the length of the
minimal interval in Z containing the set

{i €Z|3 A€ R-Mod such that Tor'y(E®, A) # 0} (2.7)

If no such interval exists we say that Tor-amp(E) = co.

If X is a quasi-projective scheme and E an object of D® , (X)), Tor-amp(E)
is the same as homological dimension of E introduced in [BM02]. It can be
seen with the following lemma, an analogue of [BM02], Proposition 5.4:



Lemma 2.6. Let X be a locally noetherian scheme and E an element of
Db . (X). For any k € Z the following are equivalent:

coh

1. E is quasi-isomorphic to a complex of flat sheaves of length k.
2. Tor-amp(E) < k.
8. There exists an interval of length k in Z containing the set

{i €Z |3z € X such that L1} (E) # 0} (2.8)

Proof. Implications 1 = 2 = 3 are trivial, it suffices to prove 3 = 1. Let
n,k € Z be such that the interval [—n — k, —n] contains the set (2.8). Then
(2.3) and (2.4) of Proposition 2.3 show that H*(F) = 0 unless i € [n,n + k.
As Ox-Mod has resolutions by flat modules there exists a complex F'® of
flat sheaves quasi-isomorphic to E and with F; = 0 for all i > n + k. It
remains to show that we can truncate F'® at degree n and keep it flat, i.e.
that the sheaf F*/Im F"!is flat. But as H(F*) = 0 for i < n, the complex

e P2 L P LR 00—

is a flat resolution of F™/Tm F"~!. Thus L' /2 (F"/Tm F*~ 1) = L™} (E)
and so vanishes for all x € X by assumption. The result follows. U

Proposition 2.7. Let X be a locally noetherian scheme, E € D, (X) an

coh
object of finite Tor-dimension and C' an irreducible component of the support

of E. Denote by E¢ the localisation of E to the local ring Oc. Then
Tor-amp E¢ — codim C' = coh-amp F¢

NB: In other words for a sufficiently general point z on C' we have
Tor-amp E, = coh-amp E¢ + codim C.
Compare also to the inequality

hom.dim.F > codim C'
in [BM02] and [BKRO1].

Proof. We apply Proposition 2.3 to Spec O¢ and Fg. Denote by H* the
i-th cohomology of F¢. In Spec O¢ the support of Fg is just {m¢c}. So
applying (2.3) and (2.4) to m¢ and subtracting the former equality from the
latter we get:

codimgpec 0, Mc —inf{i € Z | m¢ € Supp H'} + sup{k € Z | m¢ € Supka}
= sup{j € Z | Tor/(Fg,k(me)) # 0} —inf{l € Z | Tor!(Fc, k(mc)) # 0}

The right-hand side is precisely Tor-amp Fo (Lemma 2.6) and the left-hand
side, noting that mc € Supp H*(F¢) if and only if H*(Fg) # 0, equals to
codimy C' — coh-amp F. The result follows. O



Proposition 2.8. Let X be a locally noetherian scheme and E € D® , (X)
an object of finite Tor-dimension. Then

Tor-amp £ — codim x Supp £ > coh-amp F

NB: For a quick example of this inequality being strict, consider X = A'
and F' being a pure sheaf formed by taking a direct sum of Ox with the
skyscraper sheaf of any closed point.

Proof. Write [ and h for the infimum and the supremum, respectively, of
{i € Z | H(E) # 0}. Let F* be a minimal length flat sheaf complex quasi-
isomorphic to F and write n and m for the infimum and the supremum,
respectively, of {i € Z | F* # 0}. Observe that for any x € X

n<inf{i €Z| L' E#0} <sup{i € Z | L'iE#0} <m

With this in mind, if we apply (2.3) of Proposition 2.3 to any point of
Supp H"(E), we obtain
—h>n

Now let C be any irreducible component of Supp H!. Even though C might
not be an irreducible component of Supp F, the argument of Proposition 2.3
applies to it unchanged to yield (2.4). Therefore

m > codimyxy C' — [

Adding the two inequalities, rearranging and noting that codim x C' > codim Supp F,
we obtain
(m —n) —codimSupp E > (h —1)

as required. O

3 Derived McKay correspondence

Due to the index space becoming of essence we shall adopt the following
shorthand throughout this section : given a scheme X by simply D(X) we
shall mean D%, (X), the full subcategory of (unbounded) derived category of
Ox-Mod consisting of complexes with bounded and coherent cohomology.

3.1 (G-constellations

For S a scheme of finite type over C and H a finite group acting on S on
the left by automorphisms an H -sheaf is a sheaf £ of Og-modules equipped
with a lift of the H-action to £. For technical details see the exposition
in [BKRO1], Section 4. We shall denote by Og- Mod® (resp. QCoh” S,
Coh’! S) the abelian category of H-sheaves (resp. quasi-coherent, coherent
H-sheaves) on S and by D%(S) the category D’ (Os- Mod™).

coh



Definition 3.1. Let G be a finite subgroup of GL,(C). A G-constellation
is a coherent G-sheaf V on C" whose global sections I'(V) form a regular
representation Vieg of G.

If W is another G-constellation we say that V and W are orthogonal in
degree k if G-Extk,(V, W) = G-Extk, (W, V) = 0.

Let now Y be a scheme of finite type over C. We endow Y with the
trivial G-action, thus we can speak of G-sheaves on Y and on Y x C™.

Definition 3.2. By a family of G-constellations parametrised by Y we shall
mean an object F of Coh®(Y x C™) which is flat over Y and whose fiber at
every closed point of Y is a G-constellation.

Given two subsets C and C’ of Y we say that they are orthogonal in
degree k in Fif for every closed y € C and 3y’ € C’, G-constellations Fy and
Fy are orthogonal in degree k. We shall say that family F is orthogonal in
degree k, if Y is orthogonal to Y in degree k in F.

The support of any G-constellation is a finite union of G-orbits in C™. If
for every closed point y € Y the support of the fiber 7, is a single G-orbit,
then we have a well-defined ‘forgetful’ map 7x : Y — C"/G which sends
each y € Y to the support of Fj,. If well-defined 7 is a morphism. This
can be seen as follows: an invariant part of the pushdown 7y, (F) is a line
bundle on Y which inherits an Oy-linear Clz, ... ,xn]G—module structure
from F. This structure defines a homomorphism Clzy,...,z,]* — Oy and
the corresponding scheme morphism Y — C™/G is precisely mx. We call mx
forgetful because it ‘forgets’ the G-constellation structure on F), and sends
it to just its set-theoretical support.

3.2 Integral transforms

Definition 3.3. Let S; and S5 be schemes of finite type over C. Let E be an
object of Dgy.(S7 x S2) of finite Tor-dimension. By an integral transform
¢ we shall mean a functor from Dg.(S1) to Dy.(S2) defined by

Dp(—) = Rmgye (B & 5, (—) (3.1)

The object FE is called the kernel of the transform. If ¢ g is an equivalence
of categories, it is further called a Fourier-Mukai transform.

If a group G acts on S7 and S5, the definition of an integral transform
D%(S;) — D%(S,) is identical. If the group action on Sj is trivial there
is a functor (— ® pg) : D(S1) — D%(S;) which gives any sheaf the trivial
G-equivariant structure. In such a case we shall also use terms integral
and Fourier-Mukai transform for the functors D(S;) — D%(Ss) of form
®p(— ® po) where @ is some integral transform DE(S1) — D% (S,).
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Let now G be a finite subgroup of GL,(C), Y a scheme finite over C
equipped with the trivial G-action and F a flat family of G-constellations
on Y. Then F being flat over Y and C™ being non-singular imply that F is
of finite Tor-dimension in D%(Y x C™).

Lemma 3.4. Let F be a flat family of G-constelations on'Y . Then integral

transform ® 5 : DS.(Y') — DG.(C") restricts to a functor D(Y)) — DE(C™).

Proof. Since mcn is flat, the pullback 7f., is exact and trivially takes DE(Cm)
L

to D(C™). Since F is of finite Tor-dimension, F ® — takes D%(Y x C")

L
to DY(Y x C™). Moreover the image Im(F ® —) lies in the full subcategory
of DY(Y x C") consisting of the objects whose support lies within Supp F.

L
Finally, since Supp F is finite over Y, Ry, takes Im(F ® —) to D(Y)
(IGD61], Corollaire 3.2.4). O

We shall also need the following general fact on integral transforms:

Lemma 3.5. Let S1, So and E be as in Definition 3.3. Let p be a closed
point of S1 x So. Denote by p1 and ps the corresponding points in S1 and
Sa. Denote by iy, xs, the inclusion So — S1 x S of the fiber over p1. Then

Qp(0,,) =Ly,

p1XS2

E (3.2)
and consequently we have, in D(C-Mod), an isomorphism:
R Homg, (®5(0p, ), 0p,) ~ L L;(E)* (3.3)

Proof. We have a commutative diagram:

Spec C -2~ g, "2 g 5,
| NN
TS,
Spec C 21 . 5, Sy

By flat base change we have 7§ Op, = 1, x$,+Os,. By projection formula

L
E @ tp, 9508, = tpyxsox Lty g, E. We conclude that

L
CI)E(OIH) = Rﬂ'Sz*(E ® ngOm) = R7r52*LP1X52* LL:n XSQE

and the first assertion follows as mg,« © tp, x5, is the identity map.
For the second assertion we use the adjunction of L L;;Q and ¢p,«

RH0m52 ((I)E(Om)v OPQ) = RH0m52 (L [’;1 XS (E)7 LP2*(C) =

= RHom(C_ Mod(L L;(E), C)

noting that ), x5, © tp, = p. O
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3.3 Main results

Proof of Theorem 1.1. We divide the proof into five steps:

Step 1: We claim that ® 7(— ® po) has a left adjoint (U £)C, where U is
a certain integral transform DE(C") — DE(Y) and (—)¢ : DE(Y) — D(Y)
is the functor which takes a G-sheaf to its G-invariant subsheaf.

L
Recall that &7 = R mcny (F ® 73 (—)). The main issue is the left adjoint
of mj.(—) as my, though smooth, is manifestly non-proper. But the support

of F is proper, which we now show to imply 73 (—) Q%]—" having a left adjoint
DE(Y x C") — DY(Y) of form Rry.(— ® E) for some E € DY(Y x C").
The claim then follows as R mcn, has left adjoint 75, and (—)% is the left
(and right) adjoint of — ® pg if G acts trivially on Y ([BKRO1], Section 4.2).

To calculate the left adjoint of 73 (—) Q%]—" we use the methods of Verdier-
Deligne, as per exposition of Deligne in the note titled “Cohomologie a
support propre et construction du foncteur f'” at the end of [Har66]. The
argument is quite general, so instead of C™ we give it for any smooth separa-
ble noetherian scheme M of finite Krull dimension. First we compactify M:
we choose an open immersion M — M with M smooth and proper [Nag].
Then 7y decomposes as an open immersion ¢ : Y x M — Y x M followed
by the projection Ty : Y x M — Y. As 7y is smooth and proper it is well
known (e.g. [Har66], VII4.3) that the functor R 7y, : D(Y x M) — D(Y)
has a right adjoint 7’7!Y and that

Ty (=) = Ty (=) © Thwy 0]
where 7pr : Y x M — M is the projection onto the second component.

On the other hand, for any noetherian scheme .S and any open immersion
¢ : U — S it is shown ([Har66], Deligne’s note, Proposition 4) that the
left adjoint to the (exact) functor :*(—) exists as an (exact) functor ¢ from
Coh(U) to a category pro-Coh(S) which (roughly) consists of filtered inverse

limits of objects in Coh(S). The functor ¢ is defined as follows: given
A € Coh(U) take any A € Coh(S) which restricts to A on U and set

u(A) = im 7" A (3.4)

where 7 is the ideal sheaf defining the complement S\ U. Observe that
on sheaves whose support is proper ¢ restricts to the ordinary direct image
functor ¢, : Coh(U) — Coh(S). Indeed if the support of A is proper then
we can take A = t.(A). Then Supp(A) is t(Supp.A) and hence disjoint from
S\ U which implies that ZA = A and so the limit in (3.4) is just ¢.(A).
The two adjunctions described imply together that the functor
Ty =07y DY) — DY x M)
has a left adjoint

my1=Raysou: pro-D(Y x M) — pro-D(Y)

12



and it’s worth noting that, as is Deligne’s point, these two functors are
independent of the choice of compactification. Now, first we observe that
the above extends straightforwadly to G-sheaves. Then we note that 7Ty ot
is just my and 77 o ¢ is the composition of 737 with M < M. Hence

Ty (=) = 75 (=) @ mhy (war) ]

L
Thus the left adjoint of 7§ (—) ® F is
L
R 7Ty, u(— @ mhs(war)[n] @ FY) : pro-DE(Y x C") — pro-DY(Y)  (3.5)

L
If, as in our case, the support of FV is proper in Y then (— @ FV) =
L
to(— ® FV). Thus (3.5) restricts to DF(Y x M) — DY(Y) as the functor

L
R7y.(— @75 (war)[n] @ FY). The claim follows.

Step 2: We claim that the composition (V)% o®x(—® pg) is an integral
transform ®¢ for some Q € D(Y xY') and that for any closed point (y1,y2)
inY XY and any k € Z we have

Ly Q= G-Ext"(F,  F,,)" (3.6)

Y1,92

That a composition of two integral transforms is itself an integral trans-
form is a standard result first proved by Mukai in [Muk81], Proposition 1.3.
And since G acts on Y trivially, it follows that for any £ € DE(Y x Y) of
finite Tor-dimension

()% 0 ®p 0 (~ @ po) = Do

where E® is the G-invariant part of E. This gives the first assertion.
For the second assertion observe that by (3.2) of Lemma 3.5 for any
y € Y we have Fy, = ®£(0y ® po). Moreover

L LZLZHQ = RHomD(Y)((I)Q(Om)a Oy,)" =
= R Hompe cn) (F(Oy, @ po), 2£(Oy, @ po))”

where the first equality is by (3.6) and the second by adjunction of (¥ )¢
and ®r(— ® pg). The assertion follows.

Step 3: We claim that Q is a pure sheaf and that its support lies within
the diagonal Y Ly xy.

First note that since Y xY is of finite type over C, it is certainly Jacobson
(see [GD66], §10.3) and so any closed set of Y x Y is uniquely identified by
its set of closed points. We shall implicitly use this property at several points
of the argument below.

13



Recall the closed set Ny of (1.2). As the support of any G-constellation
is proper and as wen = Ogn ® po as a G-sheaf since G C SL,(C), Serre
duality applies to yield

G- EXt(’FZ" (‘7:\311 ) ]:Iyz) = G- EXt%;k(}-\w s Flun )"

and so codim N, = codim N,,_, for all k.

Let C be an irreducible component of Supp ). Denote by y¢ its generic
point, by O¢ the local ring of yo and by Q¢ the localisation of @ to O¢.
For any k denote by M, the set {y € Y x Y | L¥ t;Q # 0} and let | and
m be the infimum and the supremum of the set {k € Z | yo € My}, thus
Tor-ampy,, Qc = m — | (Lemma 2.6). On the other hand, by (3.6) the
closure of My \ A is the set Ny, so either yo € A or yo € Ny N N,,,. By
assumption of the theorem, the latter would imply that

codimC > codim N; > n —2[+1
codim C' > codim N,,, = codim N,,_,, > 2m —n + 1

and therefore codim C' > m — [+ 1. But that would make codim C' strictly
greater than Tor-ampy , Q¢ and contradict Proposition 2.7. Thus yc lies
within A and, since Y x Y is separated, so does all of C.

We have now shown that Supp@Q C A, so codim Supp @ > n. But as C"
is smooth and n-dimensional, (3.6) implies

LF Q=0 VyeyY, k¢o,...,n (3.7)

so Tor-amp @ < n. By Proposition 2.8 Tor-amp () = n and coh-amp @) = 0.
Together with (3.7) this implies that @ is a pure sheaf.

Step 4: We claim that Q is the structure sheaf Oa of the diagonal A
and therefore ® £(— ® po) is fully faithful.

The adjunction co-unit g — Idp(y) induces a surjective Oy xy-module

morphism Q < Oa. Let K be its kernel, we then have a short exact sequence
0-K—->Q>50a—0 (3.8)

Choosing some closed point (y,y) € A and applying functor Ly ,(—) to
(3.8) we obtain a long exact sequence of C-modules

- — G-Extin(Fy, F,)" ~2 Q) — Kyy — G-Enden (F,) 5 C—0— ...

y
The map ¢, is surjective due to the trivial automorphisms of any G-constellation.
It is an isomorphism whenever F|, is simple, i.e. trivial automorphisms are
all we get. The map o is the dual of the Kodaira-Spencer map of F at
y € Y, which takes a tangent vector at y to the infinitesimal deformation
in that direction in the family F. Hence for any y € Y, such that F|, is

14



simple and such that the Kodaira-Spencer map of F is injective at y, the
long exact sequence above shows that K|, , = 0.

Having proved that Supp @ C A we have proved by (3.6) that any two
G-constellations in F are orthogonal. Denoting by ¢ the quotient map C" —
C"/G we claim that for any closed point x € C"/G, such that ¢~ !(z) is a
free orbit of G, the fiber F]_;l(l') consists of at most a single point. This is
because, by definition of 7, all the G-constellations parametrised by 71';_-1 ()
are supported on ¢~ !(x) - and any two G-constellations supported at the
same free orbit are easily seen to be isomorphic. Thus 7 £ is an isomorphism
on the smooth locus Xy of C"/G. By [Log06], Proposition 1.5 the family
F on Xy (identified with an open subset of Y via ) is locally isomorphic
to the canonical G-cluster family ¢.Ocn|x,. As any G-cluster is simple and
as the Kodaira-Spencer map of ¢.Ocn|x, is trivially injective K|, , = 0 for
any y € Xg. Therefore codimy xy Supp K > n+ 1, as Xg is open in A.

On the other hand, since Tor-amp @) = Tor-amp Oan = n, the short
exact sequence (3.8) implies that Tor-amp K < n. As that is smaller than
the codimension of its support, K is 0 by Proposition 2.8. Thus @ ~ Ox,
the adjunction co-unit is an isomorphism and ® z(— ® pg) is fully faithful.

Step 5: We claim that Y is smooth, that mx: Y — C"/G is crepant and
that ®£(— ® po)is an equivalence of categories.

The argument below is modeled on the one introduced in [BKRO1], §6,
Steps 5-7. Observe that for all y € Y the complex R Homy (Oy,0,) is
bounded as we have Hom p(y)(Oy, Oy) = Hom pa cny(Fy, Flyy)- This implies
([BKRO1], Corollary 5.3) that Y is nonsingular.

Let = be any closed point of C"/G. By definition of 7 the functor
O r(—®pg) embeds the subcategory D, (Y') of D(Y') consisting of the objects
supported at 77}1 (z) into the subcategory DS (C") of D%(C™) consisting of
the objects supported at the orbit ¢~!(z). Thus each D,(Y) has a trivial
Serre functor, which implies ([BKRO1], Lemma 3.1) the crepancy of 7.

Finally, once we know that Y is smooth and that wy is trivial, an ar-
gument identical to the one in Step I shows that (¥x) is right adjoint
to @x(— @ po) as well as left adjoint and then [Bri99], Theorem 3.3 shows
O r(— ® po) to be an equivalence of categories. O

Proof of Corollary 1.2. Tt suffices to demonstrate that F satisfies the con-
dition 2 in Theorem 1.1. Thus we have to show that codim Ny > 4 and
codim N7 > 2. But as seen in proof of Theorem 1.1 N lies within the fi-
bre product Y X¢s,q Y for all k. As mz is birational its fibres are at most
divisors and so the codimension of Y x¢s,q Y is at least 2.

It remains to show that Ny > 4. The assumptions of the Corollary ensure
that Ny is contained in the union of all closed sets of form (E;NE;) x (ExNE;)
and of form F; x (E; N E; N E}), and we note that the codimension of each
one of these sets in Y x Y is 4. O
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Proposition 3.6. Let G be a finite subgroup of SL,,(C), Y a crepant reso-
lution of C"/G and E € DY(Y x C") be such that the functor ®g(— ® po)
is an equivalence D(Y) = D% (C") which sends point sheaves on'Y to pure
sheaves. Then E is a flat family of G-constellations over Y and

(C ifylzyg,i:O

3.9
0 ify1 # y2 (3.9)

G- Exti(E‘yl,Em) = {

and for anyy € Y the (Kodaira-Spencer) map Extl(Oy, 0,) — G- Extl(E|y, E,)
18 injective.

Proof. That E is a pure sheaf flat over Y follows from [Bri99], Lemma
4.3. The assertion (3.9) and that of injectivity of its Kodaira-Spencer map
follow immediately from ® p(—® po) being an equivalence, noting that F ly =
®p(0Oy ® po) by Lemma 3.5. Finally as the support of E has to be proper
in order for the image of ®g(— ® po) to restrict to DE(C") the support
of each fiber E|, in C" is proper and thus a finite union of G-orbits. The
simplicity of E, further implies that this support has to be a single G-orbit.
A coherent G-sheaf supported on a single free orbit is isomorphic to Vreg@k
and if it is simple then k& = 1. Therefore the fibers of E supported on free
orbits are G-constellations and by flatness so are all the remaining ones. [

4 Non-projective example

In this section we give an example of an application for the Theorem 1.1
whereby we construct, explicitly, a derived McKay correspondence for a
choice of an abelian G C SL3(C) and of a non-projective crepant resolution

Y of C3/G.

4.1 The group

Our C3 shall be the scheme Spec R, where R is a polynomial algebra
Clx1, z2,x3] with a fixed choice of generators z;. We give this scheme a
vector space structure by identifying it with the dual of the vector space gen-
erated by z;. Denote this vector space by Vg, and denote by Z; the basis of
Veiv dual to ;. This choice of basis identifies the group GL3(C) = GL(Vjiv)
with the group of invertible 3 x 3 complex matrices.

We then set the group G to be what is known as #(1,1,4) & 3(1,0,1).
That is, the image in SL3(C) of the product pug X pg of groups of 6th and
2nd roots of unity, respectively, under the embedding:

§162
(€1,62) — 31 (4.1)
£1é
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As @ is evidently abelian all its representations are one-dimensional i.e.
characters. We denote by G the character group Hom(G,C*) of G. By x; ;
we denote the character on G induced from (£1,&2) — f{f% on g X [a.

The (left) action of G on C" induces a right action of G on R which we
make into a left action by setting:

g-fv)=f(g7t-v) forallveC", feR, ge G (4.2)

We then say that a rational function f € K(C3) is G-homogeneous of
weight p € GV if we have f(g.v) = p(g) f(v) for all v € C? where f is
defined. Beware of the confusion: the weight is the inverse of the character
G acts on f with! E.g. by (4.1) we have for all v € C" and (£1,&2) € G

((&1,8) - 21)(v) = 21 (€1, &) 7" - v) = (& 1) (v)

whence (£1,&2) - 11 = )€1, i.e. G acts on x1 by character X5,1- Rewriting
the last equality as z1((£1,&2) - v) = {1&221(v) we see that the weight of
is Xg?& = x1,1- Similarly the weight of z3 is x1,0 and that of x3 is x41.

4.2 The resolution

We define the crepant resolution Y of C3/G using methods of toric geometry.
For a general reading on toric geometry see [Dan78] or [Ful93]. For a detailed
account of the specifics related to G-constellations see [Log03], Section 3.

We give a brief rundown to define the notation involved. By definition
G is a subgroup of the maximal torus (C*)? C GL3(C) corresponding to the
maps diagonal with respect to #;. This gives an exact sequence

0—G——(C)"——=T—>0 (4.3)
Applying Hom(e, C*) to (4.3) we obtain an exact sequence

0 M 7 —> qv 0 (4.4)

We identify each element m = (ky,...,k,) € Z™ of the lattice Z" of
characters of (C*)" with a Laurent monomial ™ = ' ... 2% in R of that
weight with respect to the action of (C*)". This identifies the map p in (4.4)
with the weight map of the action of G on Laurent monomials and M with
the sublattice in Z" of (exponents of) G-invariant Laurent monomials.

Applying Hom(e,Z) to (4.4) we obtain
0—— (Z")Y — L ——Ext}(GY,Z) —=0

where we write (Z")V for the dual lattice of Z"™ and L for the dual of M.
Tautologically we have a Z-valued pairing between M and L. This pairing
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extends uniquely to a Q-valued pairing between Z" and L. Henceforth, given
l € L and m € Z", we write I(m) to denote this pairing.

Write e; € L for the elements dual to x; € M. Then C3 /G is the toric
variety given by the fan consisting of a single cone L>o = Y Rxsge;. The
fan of any toric resolution of C?/G is a subdivision of L>q into basic cones.
The resolution morphism 7 is then the toric morphism corresponding to this
subdivision.

The quotient torus T acts on the resolution and to each k-dimensional
cone ¢ in the fan corresponds a (3 — k)-dimensional orbit of 7. We denote
this orbit by Sy, it is the orbit which contains limit points of the suborbits of
the unique open orbit of T" which are defined by those 1-parameter subgroups
of T" whose corresponding points of L lie in the interior of o. We further
denote by E, the closure of S,, it is the union of all orbits S, with o C ¢’.

Each exceptional divisor of 7 is of form E, for some 1-dimensional ¢ in
the fan of the resolution and it is crepant if and only if the generatior of o
lies in the junior simplex A = {(k1,k2,k3) € LR | k; > 0and > k; =1},
for details on crepancy of divisors in toric context see [Rei87], Prop. 4.8.

Calculating the elements of L contained in A we obtain:

e1 = (1,0,0) es = (0,1,0)  e3=(0,0,1)

64:%(17174) 65:$(17131) 66:%(17130) (4 5)
er=3%(1,4,1) es=3(1,0,1) eg=2(4,1,1) '
€10 = %( 7]-7 1)

We define the resolution Y by specifying its fan § to consist of the 3-
dimensional cones which triangulate A as depicted below and all their faces.

Figure 2

By an argument entirely identical to that of [KKMSD73], Chapter III,
§2E, Example 2 it can be seen that the toric morphism 7 : Y — C3/G
corresponding to this subdivision is non-projective.
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For each cone (e;) in the fan §, we denote by S; the codimension 1 orbit
Ste;y and by Ej; the divisor E,. Similarly we use S;; and E;; for the
codimension 2 orbit S, ..y and the surface E, . and we use E; ;. for the
toric fixed point Ey,,

€i,ej

€j,ek)"

4.3 The family

We define the family F of G-constellations on Y using the classification
of G-constellation families established in [Log06]. From now on we shall
operate freely by the concepts introduced in that paper and the reader is
referred to it for all the definitions and other technical details.

We should note that [Log06] employs the following alternative view of G-
constellations: the global section functor I'(e) is an equivalence between the
categories of quasi-coherent G-equivariant sheaves on C? and of modules for
the cross-product algebra R x GG. Under this equivalence G-constellations
correspond to R x G-modules isomorphic as G-modules to the regular repre-
sentation Vieg. Similarly, the pushforward along ¥ x C™" — Y gives an equiv-
alence of the category Cth(Y x C™) to the category of coherent sheaves
of Oy ® R x G-modules on Y. A flat family of G-constellations on Y x C"
becomes a Oy ® R x G-module on Y which is locally free of rank |G| as an
Oy-module and whose fiber at every closed point of Y is a G-constellation in
the sense of R x G-modules. In this section a flat family of G-constellations
shall mostly refer to a sheaf of Oy ® R x G-modules on Y.

As explained in [Log06], any proper birational map Y — C3/G, such as
the toric morphism 7 of the previous section, defines the notion of G-Cartier
and G-Weil divisors on Y. By [Log06], Theorem 4.1 any flat family of G-
constellations on Y whose ‘forgetful’ map mx agrees with 7 (such families
are called gnat-families for ) is of form @,ecqvL(—Dy) where each D, is a
G-WEeil divisor on Y. Up to an equivalence of families we may assume that
Dy,, = 0. Moreover, there exists ([Log06], Section 3.5) the maximal shift
family @L(—M,) and for any other family ®£(—D,) we have M, > D, for
all x € GV. In our toric context each divisor M, is of form Y ¢, ;E; and the
coefficients g, ; can be calculated (see [Log03], Example 4.21) via formula

qyi = inf{ei(m) | m € M=o N p~ "' (x)} (4.6)

We set the family F that we shall endeavor to prove to satisfy the as-
sumptions of Theorem 1.1 to be this maximal shift family € £(—M,). Cal-
culating all ¢, ; using formula (4.6) we obtain:
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Ey | Es | Eg | B | Eg | By | Eo

My, | O] o] of o] 0] 0 0
2| 4 2 2

My, sl s 0 5 0 G 0
41 2 4 4

My, , 5 16 0 5 0 5 0
11 2 3| 1| 3| 4

M i e e e 0
XLl 6l 6] 6| 6| 61 6

11 2| 3| 4 1 3

M “ 2 2] =] o] = =

X061 6| 6| 6 6 6

41 2 1] 3] 1 3

M - 2]l 0| =| =] = =

X161 6 6| 6| 6 6

3 31 3| 3 (4.7)

MX3,1 6 1 6 6 6 1 0

3 3 3 3

My, G 1 G 1] 0 G G

31 3| 3 3

MXO,I 1 1 0 6 6 6 6
51 4] 3] 5| 3| 2

M,. e i e I B 0
L6l 60 61 6| 61 6

50 4| 3| 2 5 3

M == 2] 2 o] 2 =

X301 61 6| 6| 6 6 6

2| 4 5| 3| 5 3

M 20 = = = =

21061 6 6| 6| 6 6

4.4 Generalities on the McKay quiver of G

By a quiver we shall mean a vertex set (Qg, an arrow set ()1 and a pair of
maps h: Q1 — Qo and t: Q1 — Qo giving the head hq € Qg and the tail
tq € Qo of each arrow ¢ € Q1. By a representation of a quiver we shall
mean a graded vector space €D, Vi and a collection {ag: Vig = Vigleeq:
of linear maps indexed by the arrow set of the quiver.

Definition 4.1. Let G be a finite subgroup of GL(Viy). Then the McKay
quiver of G is the quiver whose vertex set (g are the irreducible representa-
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tions p of G and whose arrow set ()1 has precisely dim Homg/(p;, pj ® Vaiv)
arrows going from the vertex p; to the vertex p;.

In our case G is abelian and Vgivv decomposes into irreducible subrep-
resentations as @ Cux;. If we write U, for the 1-dimensional representation
that G acts on by x € GV we have by Schur’s lemma,

C if xj = xap(ar)™" ke {1,2,3}
0 otherwise

G— HOHl(UXi (%9 Vgivva UXj) = {

Thus each vertex y of the McKay quiver of G has three arrows emerging
from it and going to vertices xp(z;)~! for k = 1,2,3. We denote the arrow
from x to xp(zx)~! by (x, ). Calculating the whole quiver, we obtain:

(4,0)
(3,0) (3.1)
2,0) 1) (2,0)
(L.1) (1,0)
(0,1) (0,0) 0,1)
(5,0) (5,1)
(4,0) (4,1) {4,0)
(3,1) 3,0)
(2,0
Figure 3

The way we’ve chosen to depict the McKay quiver reflects the fact that it
has a universal cover quiver naturally embedded into R2. This point of view
will not be essential for our argument but a curious reader should consult
[CI04], Section 10.2 and [Log04], Section 6.4.

Let now A be a G-constellation in a sense of R x G-modules and let ©A,
be its decomposition into irreducible representations of G. Then R x G-
module structure on A defines a natural representation of the McKay quiver
into the graded vector space ®A, in which the map o, ., corresponding to
an arrow (x,xy) is just the multiplication by x, i.e.

Uyt Ax = Ayp(ay)-15 Vi T v (4.8)
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4.5 Degree 0 orthogonality of G-constellations

Let A and A’ be two G-constellations and ¢ be a R x G-module morphism
A — A’ Let @gv Ay and Pgv A be decompositions of A and A’ into
one-dimensional representations of G. By G-equivariance ¢ decomposes into
linear maps ¢, : Ay — A.

Let {a,} and {a,} be the coresponding representations of the McKay
quiver into graded vector spaces ©A, and EBA;(, as per (4.8). Each oy is
a linear map between one-dimensional vector spaces Ay, and Ay, and so is
either a zero-map or an isomorphism, and similarly for the maps afl. So for

each arrow of McKay quiver we distinguish the following four possibilities:

Definition 4.2. Let ¢ be an arrow of McKay quiver of G. With the notation
above we say that with respect to an ordered pair (A, A’) of G-constellations
the arrow ¢ is:

1. a type [1,1] arrow, if both o, and «], are isomorphisms.

N

. . . . I .
a type [1,0] arrow, if o is an isomorphism and oy, is a zero map.

3. a type [0,1] arrow, if o, is a zero map and @ 1s an isomorphism.

W

. a type [0, 0] arrow, if both ay and o}, are zero maps.

Proposition 4.3. Let q and (A, A’) be as in Definition 4.2 and let ¢ be any
R x G-module morphism A — A’. Then:

1. If q is a [1,0] arrow, then Apg C ker ¢.
2. If ¢ is a [0,1] arrow, then Ay C ker ¢.

3. If q is a [1,1] arrow, then Ay and Apg either both lie in ker ¢ or both
don’t.

Proof. Write ¢ = (x,i) where x € G¥ and 7 € {1,2,3}. Recall that «
is the map Ay, — Apg corresponding to the action of z; on Ay. Then
R-equivariance of the morphism ¢ implies the commutative square

¢
Apy —22 Al

‘i

/

from which all three claims immediately follow. O
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Corollary 4.4. Let (A, A’) be an ordered pair of G-constellations. If every
component of the McKay quiver path-connected by [1,1]-arrows has either a
[0, 1]-arrow emerging from it or a [1,0]-arrow entering it, then

Hompgyxg(A, A') =0

If, also, every component has either a [0,1]-arrow entering it or a (1,0)-
arrow emerging from it, then we further have

Hompgyg(A',A) =0

and therefore A and A’ are orthogonal in degree 0.

4.6 Divisors of zeroes

Definition 4.5. Let V = @ L(—Dy) be a family of G-constellations on Y’
and ¢ = (x, zx) be an arrow in the McKay quiver of G. We define the divisor
of zeroes By of ¢ in V to be the Weil divisor

Dy + (1) — D (4.9)

X~ 'p(wi)
NB: B, is always an ordinary, integral Weil divisor on Y.

Proposition 4.6. Let V = @ L(—D,) be a family of G-constellations on
Y, (x,xk) an arrow in the McKay quiver of G and By 4, its divisor of zeroes
inV. Lety be a closed point of Y and G-constellation A be the fiber V).

Then in the corresponding representation {ag}tqeq, of the McKay quiver
the map a(x, ) is a zero map if and only if y € By 4, -

Proof. By its definition (4.8) the map ay .z, : Ay — Ay (y,)-1 is the action
of , on the x-eigenspace A,. This map is the restriction to the point y of
the global section 3 of the Oy-module

HomG,oY (wak & VX7VXP*1(9%)) (4.10)

defined by 1, ® s — w1, - s for any section s of the x-eigensheaf V.

As G acts on a monomial of weight x by x~! the y-eigensheaf of V is
L(—D,-1). Hence (4.10) is canonically isomorphic to the following sub-Oy-
module of K (C3):

E(Dx—l + () — D (4.11)

x‘lp(rk))

and the isomorphism maps (3 to the global section 1 € K(C3) of (4.11).

Which vanishes precisely on the Weil divisor By z;, = Dy -1+ (k) —Dy~1(z,)-
O
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In toric context the principal G-Weil divisors (z) can be calculated with
a formula given in [Log03], Proposition 3.2. In our case we obtain:

1 1 1 1 1 4
(r1)=F1+ -E4+ -FE5+ -FEs + —=FE7; + —Es + = Ey

6 3 2 6 2 6

1 1 1 4 1 1
= F -F - F —-F -FE —F - F 4.12
(x2) 2+6 4+3 5+2 6+6 7+6 9+2 10 (4.12)

4 1 1 1 1 1
(z3) = B3+ = 4+_E5+_E7+§E8+ —E9+§E10

6 3

6 6

With these values and the expressions (4.7) for the divisors M, we use the
formula (4.9) and for every arrow of the McKay quiver calculate its divisor

of zeroes in the family F = @@ L£(—M,):

Byoo1 = En
Byoo2 = E2
Byoo,3 = E3
Byyo1 = E1
BX4,0,2 =Fs
Byyo3 = E3

By, 01 = E1+ E5 + Ey
Byyo2=Ea+ E5 + E7
BX2,073 = FE3+ FEy+ E5
BX5,1,1 =F + Eg+ Es+ Ey
By;,2 = Ea+ Eg

BX5,173 = FE3+ FEg

Bys01 = E1+ Eg

Bys o2 = E2 + Eg + E7 + Eqg
By 0.3 = E3+ Eig

By,,,0 = E1+ Eg

By,,2 = E2 + Ey
By,,3=FEs+ Es+ Eg + Eqp

4.7 A sample calculation

By,,1=FE1+ Ey+ Es+ Es + Er + Es + Ey
By, 2=FEs+ Eg + E7
By,,3=E3+ Ey + Eg
By, o1 =FE1+ Eg + Ey
By, o2 = Ea+ Ey+ Es + Eg + E7 4+ Eg + Eqg
By, 3= E3+ E4+ Fyo
By, =E1+ Es+ FEy
By,12=FEs+ Er+ Epo
By,,3=FE3+ Es+ Es + E; + Eg + Eg + Eqg
Bys.1 = B+ Eg + Es + Eo
Bys,2=FEo+ E5+ Eg + E7 + Ey
By;, 3= E3+ Ey+ Es + Eg + Ey
By;01=E1+ E5 + Eg + E7 + Eo
Byyo2 = E2+ Eg + E7 + Eng
Byso3 = FE3+ Ey+ Es + E7 + Eyg
Byo,1=E1+ Ey4+ E5+ Eg + Ey
Byo12=F2+ Ey+ Es + E7 + Eyg
By,,3=FEs+ Es+ Eg+ Eqg

(4.13)

The orthogonality criterion in Corollary 4.4 and the data in the table (4.13)
of divisors of zeroes are all that we need to check whether any two G-
constellations in the family F are orthogonal in degree 0. In this subsection
we are going to go step by step through such a calculation and verify that
any point on the two-dimensional torus orbit Sg and any point on the one-
dimensional torus orbit Si 7 are orthogonal in degree 0 in F.

Let a be any point of Sg. Then a lies on no divisor F; other than FEjg.
Observe that as all divisors of zeroes B, consist entirely of divisors F; we
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have a € By if and only if Ey C B,;. Let G-constellation A be the fiber of
F at a and {ay} be the corresponding representation of the McKay quiver.
By Proposition 4.6 for any arrow ¢ the map a4 is a zero map if and only if
Es € B,. From the table (4.13) we mark all the zero-maps on the diagram
of the McKay quiver by drawing a line through the coresponding arrow:

4,0)

(3,0) (EAY)

/ (2,0

()

— (LY / (1,0) —
o.1) / (0,0)
/ (5,0)

4,0

2,0

©.1)

(5:1)
1) / 4,0)
/ G0

2,0)

(3,1)/

Figure 4

Similarly if b is a point of Sy 7 then b lies on no E; other than E; and E7.
Let B be the fiber of F at b and {,} be the corresponding representation of
the McKay quiver. As above (3, is a zero-map if and only if either E; or E7
belongs to B,. Marking all the zero-maps on the McKay quiver we obtain:

(4,0)

(2,0) (2,0)

0,1)

0.1)

4,0) 4,0)

(2,0)

Figure 5
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If we combine Figure 4 and Figure 5 the only arrows left unmarked would
be the arrows of type [1,1] (Definition 4.2) with respect to the pair (A, B):

(4,0)

(2,0

(%))

(4,0)

(2,0)

Figure 6

Figure 6 makes clear what the components path-connected by [1,1]-arrows

are: {X0,0, X2,1, X5,0: X1,1}, 1X5,1, X4,1, X2,0}» {X1,0, X3,1} and {Xxo0,1, X4,0, X3,0}-
Now, with Corollary 4.4 in mind, we search the borders of these four regions

for the [1,0] and [0, 1]-arrows. The [1,0]-arrows are unmarked on Figure 4
but marked on Figure 5 and vice versa for [0, 1]. On Figure 7 we’ve marked
on the border of each region an incoming and an outgoing [0, 1]-arrow:

4,0

(2,0)

(4,0)

(2,0)

Figure 7

By the Corollary 4.4 we see that A and B are orthogonal in degree 0.
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4.8 Direct transforms

By construction of the family F its forgetful map 7r : Y — C"/G coincides
with the toric morphism 7 of the section 4.2. As 7 is certainly proper and
birational to show that the integral transform ®z(— ® pg) is an equivalence
of categories it now suffices by Corollary 1.2 to succesfully carry out the
calculation of Section 4.7 for every pair (S;, S; k) and every pair (S;,.5;) on
Y thus showing their degree 0 orthonogality in F. However we are going
to significantly reduce the amount of calculations necessary by pointing out
that our family F is a direct transform of the universal family My, of G-
clusters on G-Hilb(C?), the fine moduli space of G-clusters and another toric
crepant resolution of C3/G ([Nak00]).

By the direct transform we mean the following: let Y/ and Y be two toric
crepant resolutions of C?/G. Then their toric fans in L have the same set of
1-dimensional cones and therefore the unions of torus orbits of codimension
1 orlessin Y’ and in Y” can be naturally identified. We denote this common
open set by U. Since the compliment of U is of codimension 2 in Y’ (resp.
Y") any line bundle or divisor on U extends uniquely to a line bundle or a
divisor on Y’ (resp. Y"”). The same is true of a family of G-constellations
as for GG abelian any such family is a direct sum of line bundles. Thus for
any family V' of G-constellations on Y’ we define its direct transform V" to
Y"” to be the unique extension to Y of the restriction of V' to U. Observe
that if V' is of form @, L£(—D)) for some G-Weil divisors D on Y then
V" is the family € L(—DY) where each D" is the direct transform of D'.

Our claim that F is the direct transform of the universal family Mg,
follows from a more general statement which on a given Y explicitly identifies
the direct transform of the universal family My for any 6. In particular,
the maximal shift family is always the transform of My, . The proof is
somewhat technical and we defer it to the Appendix (Section 5.1).

Consider now the set of all cones common to both the fan of ¥ and
the fan of G-Hilb(C3). We can identify Y and G-Hilb(C?) along the open
set U’ which consists of all the corresponding torus orbits. As F is the
direct transform of My, the restriction of F to U’ C Y is isomorphic to
the restriction of My, to U’ C G-Hilb(C?). The family My, is everywhere
orthogonal in all degrees (an immediate consequence of [BKRO1], Theorem
1.1) so on U’ C Y the family F is also orthogonal in all degrees. Thus any
pair of torus orbits in Y whose corresponding cones are also contained in
the fan of G-Hilb(C?) are orthogonal in F in all degrees.

4.9 Final calculations

A detailed description of an algorythm which allows one to calculate the
toric fan of G-Hilb(C?) can be found in [CR02]. Applying it to our group G
we obtain:
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Figure 8

Comparing Figure 8 with the fan of Y on Figure 2 we see that only codimen-
sion 2 torus orbits of Y whose corresponding cones aren’t also contained in
the fan of G-Hilb(C?) are S} 7, S2.4 and S3 9. By the argument in Section 4.8
to establish that F satisfies the assumptions of Theorem 1.1, it now remains
to demonstrate that each of these three orbits is orthogonal in degree 0 in F
to every torus orbit of codimension 1. But as the fan of Y and the numerical
data 4.7 defining F are invariant with respect to the rotations of L which
correspond to the cyclic permutations of e, es and eg, it suffices to treat
any single one of Sy 7, S24 and Sy 7 - for the three corresponding cones in L
get permuted by these rotations.

We choose to treat Sq 7. In Section 4.7 we have established the orthog-
onality of Si7 and Ss. We repeat that calculation for Si7 and every other
orbit S; and list below the analogues of Figure 7. From them, as elaborated
in Section 4.7, the reader could readily ascertain that Corollary 4.4 applies
in each case to show the orthogonality in F of the torus orbits involved.

(4,0) 4,0)

(2,0) (2,0) 2,0) (2]

©,1) ©,1) o,1) 0,1

4,0) 4,0) 4.0 4,0)

2.0 2,0)

(S1,51,7) and (S7,S1.7) (S2,51,7)
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0) (4,0)
(4

2,0)

10,1]
0.1)

40

20

(S4,517)

40
(2,0) 209
0.1)

o,

(4,0) 4,0)

2.0
(2,0)

[0,1]

1 ©,1)
©.,1)

4,0) 4,0)
4

2,0)

(S10,81,7)
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We conclude that the integral transform ®z(— ® pg) is an equivalence of
categories D(Y) — D%(C?) and that a posteriori the family F is everywhere
orthogonal in all degrees.

5 Appendix

5.1 Theta stability and (G-constellations

Let G be a finite subgroup of GL,,(C). We recall basic facts about 6-stability
for G-constellations, for more detail the reader should consult [CI04], Section

2.1. Let Z(G) = @ ,errr g Zp be the representation ring of G and set

6 = {0 € Homz(Z(G), Q) | (Vieg) = 0}

For any 6 € © we say that a G-constellation A is #-stable (resp. #-semistable)
if for every sub-R x G-module B of A we have §(B) > 0 (resp. 6(B) > 0).
We say that 6 is generic if every §-semistable G-constellation is §-stable. This
is equivalent to 6 being non-zero on any proper subrepresentation of Vieg.
The fine moduli space My of 8-stable G-constellations can be constructed
via GIT theory and for G C SL3(C) and € generic My is a projective crepant
resolution of C3/G. Any two 6-stable G-constellations are either orthogonal
in degree 0 or isomorphic so the universal family My, which My comes
equipped with, is everywhere orthogonal in degree 0.

Assume from now on that G is abelian. Given any toric resolution Y of
C"™ /G and any generic 0 € © the following allows us to explicitly compute, in
terms of the classification in [Log06], the family that is the direct transform
to Y of the universal family My:

Proposition 5.1. Let G be a finite abelian subgroup of GL,(C), 0 be an
element of © and let Y = C"/G be a resolution. Denote by & the set of all

irreducible exceptional divisors of w and all divisors (xLG|) forie{l,...,n}
and by U the open subset of Y consisting of points lying on at most one
divisor in €. We define a map

wy : {normalized gnat-families on Y 5 C”/G} —Q (5.1)

as follows: given a normalized family V write it as @ L(—Dy). By [Log06],
Proposition 3.15 each G-Weil divisor Dy is of form ) pce g . We set

weV) =D Y 0 )ax.e (5-2)

Ec€xeGY

Let M be a family which mazimizes wg(M), such exists as the domain
of definition of wy is finite ([Log06], Corollary 3.16). Then for any point
y € U the fiber of M at y is a 0-semistable G-constelation. If, moreover, 0
is generic then a normalized family 68-semistable over U is unique.
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Proof. Write M as @ L(—M,). Suppose that the fiber of M is not 6-
semistable at some y € U. Denote this fiber by A, its decomposition into
irreducible representations by @Xer A, and the corresponding represen-
tation of the McKay quiver by {a4}. As A isn’t §-semistable there exists a
non-empty proper subset I of GV such that A’ = @xe 1Ay is a sub-R x G-
module of A and #(A’) < 0. Denote by J the compliment GV \ I. Denote
by Q7. the subset {q € Q1 | tq € I,hq € J} of the arrow set Q1 of the
McKay quiver and similarly for Q;_.7, Qr—71, Qs . Then A’ being closed
under the action of R implies that for any ¢ € @7 the map « is a zero
map. Which by Proposition 4.6 implies y € B,.

As the divisors M, consist entirely of prime Weil divisors in € so do all
the divisors of zeroes B;. As y lies on all B, with ¢ € Q7—7, y lies on at
least one divisor in €. But as y € U y also lies on at most one divisor in €.
Denote this unique divisor by E then we have

q€EQ—y=>ECB, (5.3)
Define a new G-Weil divisor set {M, } by setting M, to be M, if x € I and

M+ E if x € J. Then divisors { B} defined from {M] } by equations (4.9)
can be expressed as

B, ifqgeQror, Qi
B; = Bq+E ifq € QJ*,] (5.4)
B,—FE ifqeQi-,

Since {B,} are all effective (5.4) and (5.3) imply that {B;} are also all
effective. Therefore @ L£(—M,) is a normalized gnat-family. But

wp(M') = wa(M) + > 8(x) (5.5)

xXE€J

which contradicts the maximality of wy(M) since 3 . ;0(x) = —0(4") > 0.
For the second claim let N' = @ £L(—N,) be another normalized family
f-semistable over U. Let By be divisors of zeroes of N'. Then

By - B:] = (Mtq - th) - (th - th) (5.6)

Take any E’ € € such that the sets {m, g’} and {n, g} of the coefficients
of E' in {M,} and {N,} are distinct. Then J' = {x € G¥ | ny g > my g}
is a non-empty proper subset of GV. Denote by I’ its compliment. For any
q € Q. the coefficient of E’ in the RHS of (5.6) is strictly positive. As
By is effective we conclude that ¢ € Qp .y implies E' C B,. So for any
y € E' the restriction (€D, c; L(My))ly is a sub-R x G-module of M,,. But
as M is f-semistable on U and as U N E’ # () we must have >_ 5 0(x) > 0.
Similarly if ¢ € @ y— 1/, then the RHS of (5.6) is strictly negative, so £/ C By
and f-semistability of " implies >°, . 0(x) = — >, cp 0(x) = 0. Therefore
>ver (x) = 0 and 6 is not generic. O
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Corollary 5.2. Let G be the finite subgroup of SL3(C), Y = C"/G be a
crepant toric resolution and 0 € © be generic.

Denote by M the unique normalized gnat-family on'Y which mazximizes
the map wy. Its existence is warrantied by the Proposition 5.1. Then M is
the direct transform of the universal family My from the fine module space
My of 0-stable G-constellations.

Proof. By the first claim of Proposition 5.1, M is #-stable on the open
subset U of Y consisting of all torus orbits of codimension 1 or less. So, by
its definition, is the direct transform of My, to Y. So by the second claim of
Proposition 5.1 M and the direct transform of Mj, must be isomorphic. [J

Define 64 € © by 6,(xo) = 1— |G| and 6, (x) = 1 for x # xo. Evidently
0, is generic. As follows from the original observation by Ito and Nakajima
in [INOO], §3 G-clusters can be identified with 6. -stable G-constellations,
thus identifying G-Hilb(C?) with the fine moduli space Ma, .

In Section 4.3 we defined the family F = € L£(—M,,) to be the maximal
shift family on Y (see [Log06], Section 3.5) so for any other normalized
gnat-family @L(—D,) we have

M, > D,

for all x € GV. Therefore F is the family which maximizes wg, and thus
Proposition 5.2 verifies our claim that F is the direct transform of the uni-
versal family My, .
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