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Abstract. The three-dimensional McKay correspondence seeks to relate the geometry of
crepant resolutions of Gorenstein 3-fold quotient singularities A®/G with the representation
theory of the group G. The first crepant resolution studied in depth was the G-Hilbert
scheme G-Hilb A3, which is also a moduli space of #-stable representations of the McKay
quiver associated to G. As the stability parameter 6 varies, we obtain many other crepant
resolutions. In this paper we focus on the case where G is abelian, and compute explicit
inequalities for the chamber of the stability space defining G-Hilb A® in terms of a marking
of exceptional subvarieties of G-Hilb A3 called Reid’s recipe. We further show which of
these inequalities define walls. This procedure depends only on the combinatorics of the
exceptional fibre and has applications to the birational geometry of other crepant resolutions.
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1 Introduction

Let G < SL,(C) be a finite subgroup. When n = 2 there is a famous ADE classification of such
subgroups that matches the classification of Du Val or modality zero singularities by taking
a subgroup G to the quotient singularity 0 € A%2/G. This observation and the surrounding deep
interactions of the geometry of A?/G and its resolutions, and the representation theory of G
are known as the two-dimensional McKay correspondence [1, 2, 13, 16, 17, 21, 23]. In this
case, the unique minimal or crepant resolution has a modular interpretation as the G-Hilbert
scheme G-Hilb A%2. The moduli space G-Hilb M for M a variety and G < Aut(M) a finite
subgroup parameterises G-clusters in M: zero-dimensional G-invariant subschemes M of A2
with H%(Oyz) = C[G] as G-modules. This was generalised to three dimensions for finite abelian
subgroups of SL3(C) by Nakamura [22] who showed that G-HilbA? is a crepant resolution
of A3/G and then to all subgroups G by the celebrated work of Bridgeland-King-Reid [5]. They
moreover established an equivalence of categories

D*(G-Hilb A®) ~ D%(A%), (1.1)

which also holds if G-Hilb A? is replaced by any projective crepant resolution of A%/G. Compare
also the results of Bridgeland [4].

Using the GIT approach of King [19] to constructing moduli of quiver representations the
G-Hilbert scheme can also be realised as a moduli space of f-stable quiver representations
Mp(Q,d), where @ is the McKay quiver of G and d = (d;) is a given dimension vector. In this
situation the stability parameter 6 lives in the stability space

0= {9 € Homgz, (29, Q): Z dif(i) = o},
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where Qg is the set of vertices of ). By definition, the vertices of the McKay quiver biject
with the irreducible representations Irr(G) of G and so one can view Z%° as the abelian group
underlying the representation ring of G. As 6 varies, it is possible that one obtains many
different crepant resolutions of A3/G; in the case that G is abelian, Craw-Ishii [10] show that all
projective crepant resolutions arise in this way. The stability space © has a wall-and-chamber
structure such that the moduli space My(Q,d) is constant so long as 6 remains inside a given
chamber. We denote the moduli space Mg := My(Q,d) for any generic € in a chamber €.
Denote the chamber corresponding to G-Hilb A3 by &,. The positive orthant

0% := {0 € O: 6(p) > 0 for all nontrivial p € Irr(G)}

lies inside €y however it is not usually equal to it. The primary purpose of this paper is to provide
explicit combinatorial inequalities defining €y and identify precisely which of these define walls
of €y. We remark that such equations were computed for a group of order 11 in [10, Example 9.6].

Assume that G is abelian. In this context [10, Theorem 9.5] gives an abstract description of
such inequalities, however it is difficult to perform explicit calculations or deduce general state-
ments from their presentation. One can view some of the results herein as a combinatorialisation
of [10, Theorem 9.5], which turn out to be very amenable to applications.

We briefly outline the context and notation of [10] that we will also use. For a chamber € c ©
the equivalence from (1.1) induces an isomorphism ¢¢: Ko(Me) — Ki(A%) = Rep(G). Here
Ky(M¢) denotes the K-group of sheaves supported on the preimage of the G-orbit for the origin
under the resolution Mg — A3/G. Walls in © are cut out by hyperplanes (Y, o; - 6(x;) = 0)
for some characters y; € Irr(G) and integers «; € Z, though in general not all 6 on such
a hyperplane will be non-generic. The inequalities in [10] have three different forms, each
coming from exceptional subvarieties. Firstly, each exceptional curve C c G-Hilb A? gives an
inequality of the form

9((,0@0 (Oc)) > 0.

The characters appearing in these inequalities are packaged in collections of monomials associ-
ated to exceptional curves that were named by Nakamura [22] in a different context as G-igsaw
pieces. Our first result is to pin down which characters lie in G-igsaw pieces. In general there
are several G-igsaw pieces corresponding to a single curve C; the union of all the pieces that
do not include the trivial character is the set of characters that appear in the inequality for C.
We call this union the total G-igsaw piece.

As G is abelian the singularity A3/G and its crepant resolutions are toric. There is a method
of marking the exceptional subvarieties of G-Hilb — the edges and vertices in the triangulation —
by characters of G known as “Reid’s recipe”. This was used to explicitly describe the McKay
correspondence in the classical terms of providing a basis of H* (G—Hilb A3, Z) indexed by char-
acters by Craw [9]. It was later categorified by Logvinenko [20], Cautis—Logvinenko [7], and
Cautis—Craw—Logvinenko [6], who expressed the locus labelled by a character x in terms of the
support of an object associated to x in the derived category of G-Hilb. We will discuss this
in more detail in Sections 2.2 and 2.4.

Theorem 1.1 (Algorithm 3.3). There is a combinatorial procedure that we call the unlocking
procedure for computing the characters appearing in the total G-igsaw piece for an exceptional
curve in G-Hilb A3. The input of this procedure is the data of Reid’s recipe and the combinatorics
of the exceptional fibre.

To briefly illustrate how the procedure works, we consider the example of G = %(25, 2,3).
This notation means that G is the subgroup of SL3(C) generated by
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where € is a primitive 30th root of unity. Crepant resolutions correspond to triangulations of
the simplex at height 1 — the “junior simplex” — with vertices in the lattice Z3 + Z - (%, %, 33—0)
The triangulation for G-Hilb is shown in Fig. 1 along with Reid’s recipe. We often denote the

character x, defined by x,(g) = €® by the integer a.

€1
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_/io 3 87 6 Do
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Figure 1. G-Hilb and Reid’s recipe for G = -~ (25,2, 3).

30

Throughout this paper we use the convention of ordering vertices as shown in Fig. 1. We will
demonstrate the unlocking procedure for the curve C' shown on the left side of Fig. 2 marked
with the character 5; that is, the character taking g — £°. On the right side of Fig. 2 we illustrate
the unlocking procedure. Roughly, we consider all the curves (or edges) marked with 5, add
one character marking each divisor containing two such curves (or vertices between two edges
marked with 5), and finally add the characters appearing in G-igsaw pieces for certain curves
cohabiting a divisor with a curve marked with 5. In this case, the only such extra curve is
marked with 9 and the G-igsaw piece for this curve consists just of the character 9 itself. Some
recursion will be necessary in general to compute the smaller G-igsaw pieces of such curves.
It follows that the total G-igsaw piece for C' has characters 5, 7, 9, 11. Observe that this total
G-igsaw piece only picked one of the two characters 7, 14 marking a divisor containing two
5-curves. We will elaborate in Section 3.1 how the unlocking procedure identifies which of the
two characters should be added.

Following [25], walls inside © are of various types denoted 0-III depending on the birational
geometry of the moduli spaces near the wall. Walls of Type I correspond to flops induced by
curves. By [10, Theorem 9.12], every flop in a single exceptional (—1, —1)-curve can be realised
by a wall-crossing of Type I directly from €y, which is very much not true for other resolutions;
see [10, Example 9.13]. Walls of Type III — that contract a divisor to a curve — arise from
exceptional (—2,0)-curves corresponding to certain “boundary” edges in the triangulation for G-
Hilb. We will define this terminology in Section 2.2. The final possibility is that an exceptional
curve is a (1, —3)-curve that, if the corresponding inequality was irredundant, would produce
a wall of Type II where by definition a divisor is contracted to a point. [10, Proposition 3.8]
shows that there are in fact no Type II walls in ©.

We denote the set of characters appearing in the total G-igsaw piece for an exceptional
curve C' by G-ig(C). The following result is implied by [10, Corollary 5.2, Proposition 9.7 and
Theorem 9.12] and Theorem 1.1.

Proposition 1.2 (Propositions 4.1 and 4.2). Suppose C < G-Hilb A3 is an exceptional curve
marked with character x by Reid’s recipe. The inequality corresponding to C' is given by

0(e,(0c)) = D, deg(Ry|c)b(x) > 0.
x€G-ig(C)
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Figure 2. Unlocking for a 5-curve.

If C is a (—1,—1)-curve then the necessary inequality corresponding to C' that defines a Type I
wall of €y is given by

0(pe,(Oc)) = >, 6(x) > 0.
x€G-ig(C)

If C is a (1, —3)-curve then the inequality corresponding to C' is given by

0(pe,(00)) =2-0(x%*)+ > 6 =0.
X€G-ig(C)\{x®?}

In all three cases G-ig(C) is computed by the unlocking procedure.

We can also use the unlocking procedure to compute inequalities that do not come from
exceptional curves. The other two kinds of inequality come from exceptional divisors. For each
character ¢ marking a divisor, we obtain an inequality (1)) > 0. The second kind of inequality
coming from divisors is more complicated.

Proposition 1.3 (Proposition 2.6). Suppose D’ is a (not necessarily prime) exceptional divisor
in G-Hilb A3. Then any 0 € € satisfies

O(pe,(wWp)) = Y, D, 0(x) >0,

Cc D’ xeG-ig(C)
where C' ranges over exceptional curves inside D’.

As a result of Propositions 1.2 and 1.3 we can immediately deduce the conclusion [10, Propo-
sition 3.8] for .

Corollary 1.4 (Corollary 4.3). €y has no Type IT walls.
We can similarly reprove [10, Theorem 9.12] by combinatorial means.

Proposition 1.5 (Proposition 4.4). Each flop in a (=1, —1)-curve in G-Hilb A® is induced by
a wall-crossing from €q.

We can use these formulae to show exactly which inequalities are necessary to define €.

Theorem 1.6 (Theorem 4.17). Suppose G < SL3(C) is a finite abelian subgroup. The walls of
the chamber €y for G-Hilb A% and their types are as follows:

e a Type I wall for each exceptional (—1,—1)-curve,

e a Type IIT wall for each generalised long side,

e a Type 0 wall for each irreducible exceptional divisor,
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e the remaining walls are of Type 0 coming from divisors as in Proposition 1.3. We discuss
which of these are necessary and how to reconstruct the divisor D' in Section 4.7.

We will define the term “generalised long side” in Definition 4.12, which is an entirely com-
binatorial notion. We complete the description of wall-crossing behaviours from [25] by calling
a wall Type 0 if the corresponding contraction is a isomorphism.

This explicit and malleable description of the walls for €y has applications to studying the
birational geometry of other crepant resolutions of A%/G. In forthcoming work [18], the author
and Y. Ito use this description of €y to study the geometry of another Hilbert scheme-like
resolution introduced in [14] called the “iterated G-Hilbert scheme” or “Hilb of Hilb”.

2 Resolutions of A%/G

2.1 Setup

Let G < SL3(C) be a finite abelian subgroup. We will assume that G is cyclic for notational
simplicity during this preliminary section however we will shed this assumption from Section 3
onwards. We will denote by %(a, b, c) the cyclic subgroup of SL3(C) generated by the matrix

where ¢ is a primitive 7th root of unity. The first resolution of the quotient singularity A3/G
to be studied was the G-Hilbert scheme G-Hilb A2, the fine moduli space of G-clusters: zero-
dimensional G-invariant subschemes Z < A3 with H°(Oz) =~ C[G] as G-modules. G-Hilb was
shown to be smooth for abelian G' by Nakamura [22], and subsequently shown to be smooth —
and hence a resolution — for all finite G < SL3(C) by Bridgeland-King—Reid [5].

From the work of King [19], Ito-Nakajima [16], and Craw [8] one can reinterpret G-Hilb as
a moduli space of quiver representations. The quiver in question is the McKay quiver with
vertices indexed by irreducible representations of G and the number of arrows between p and p’
defined to be

dim Homg(p' ® psd, p)s

where pgq is the standard representation of G acting on C3. We choose the dimension vector
d = (dim p), and a stability parameter § € © as defined above. We define My := My(Q, d) to be
the fine moduli space of 0-stable representations of the McKay quiver with dimension vector d
subject to certain relations coming from the associated preprojective algebra. When 6(p) > 0
for all nontrivial p one has that My(Q,d) = G-Hilb A3.

It was apparent from [5] that their smoothness result and equivalence of categories (1.1) holds
for any generic 6 and so one obtains potentially many different resolutions of the form My (Q,d)
and also the corresponding equivalences of categories

®g: D"(My) — D (A?).

As discussed above, the stability space © has a wall-and-chamber structure such that any 6, ¢’
from the same open chamber € c © produce isomorphic moduli spaces: My =~ My. For sim-
plicity we denote by M and ®¢ the moduli space and equivalence of categories for any generic
fec.

When G is abelian, each resolution My is toric. Fix the lattice N = Z3 + 7Z - (9 b 5). The

r’rlr

singularity A3/G is described by the cone o = Cone(ey, €2, e3) inside Ng = N @z R = R?

(x1,22,23)
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and crepant resolutions correspond to triangulations of the slice o N (] +x9 + 23 = 1) — usually
referred to as the “junior simplex” — such that the vertices of each triangle lies in N, and each
triangle is smooth (its vertices form a Z-basis of N). In pictures we will always draw only the
slice to produce two-dimensional pictures.

2.2 Reid’s recipe

Let us focus on the case Mg = G-Hilb A%. We will denote the universal G-cluster by Z and the
chamber of © corresponding to G-Hilb by €y. Craw—Reid [12] present an entertaining algorithm
to construct the triangulation for G-Hilb that, after commenting on some of the salient features,
we will use without comment.

We call the triangulation for G-Hilb the Craw-Reid triangulation. It divides the junior
simplex into so-called “regular triangles” of equal side length that fall into one of two cases:

e corner triangles, which have one of the vertices e1, es, e3 of the junior simplex as a vertex,

e meeting of champions, for which none of the vertices of the junior simplex are vertices.

Craw—Reid show that there is at most one meeting of champions triangle (possibly of side
length zero, in which case it is a point). After dividing the junior simplex into such triangles,
one subdivides them further into smooth triangles as depicted in Fig. 3: the resulting unimodal
triangulation describes the resolution G-Hilb. We call line segments on the boundary of a regular
triangle boundary edges and the corresponding toric curves boundary curves.

. N

Figure 3. A regular triangle and its triangulation.

In early versions of the McKay correspondence [23] one of the chief aims was to supply
a bijection from irreducible characters of G to a basis of cohomology on a crepant resolution.
This was explicitly computed for G-Hilb by Craw [9] when G is abelian using “Reid’s recipe”:
a labelling of exceptional subvarieties by characters of GG. Reid’s recipe is one of the main tools
we will use to compute walls and so we will describe it in some detail.

An exceptional curve C' in G-Hilb corresponds to an edge in the Craw—Reid triangulation,
which in turn corresponds to a two-dimensional cone in the fan for G-Hilb. A primitive normal
vector (a, 3,7) to this cone defines a G-invariant ratio of monomials

Y27 = my/ma,

where z, y, z are eigencoordinates on C? for G. Mark the curve C with the character by
which G acts on m; (or ma). We define the x-chain to be the collection of all exceptional curves
(or edges in the Craw—Reid triangulation) marked by the character y. We say that a triangle
in the Craw—Reid triangulation is a x-triangle if one of its edges is marked with the character .

After marking all curves, there is a procedure for labelling the compact exceptional divisors,
or interior vertices of the triangulation. Let D be such a divisor corresponding to a vertex v.
There are three cases:
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e v is trivalent: D =~ P? and the three exceptional curves in D are all marked with the same
character x. Mark D with x®2.

e v is 4- or 5-valent, or 6-valent and not inside a regular triangle: D is a Hirzebruch surface
blown up in valency-4 points. There are two pairs of exceptional curves in D each marked
with the same character x and x'. Mark D with x ® x’.

e v is 6-valent and lies in the interior of a regular triangle: D is a del Pezzo surface of
degree 6, and there are three pairs of exceptional curves each marked with the same
character x, X, X”. D has two G-invariant maps to P2, mark D by the two characters
arising from the monomials constituting these two maps. These two characters ¢1, ¢o
satisfy

XX ®X" = ¢1 ® ¢o.

For more detail see [9, Lemmas 3.1-3.4]. We will frequently refer to a curve or a divisor marked
with a character y as a y-curve or a y-divisor.

Example 2.1. In Fig. 1 with G = %(257 2, 3), the leftmost curve marked with the character 20
has normal (—2,25,0) giving the G-invariant ratio y2°/x2. G acts on the numerator and denom-
inator by the character ¢ — £2°, hence the marking. The divisor marked with 23 incident to
the previous curve marked with 20 has two pairs of curves with characters 20 and 3 and a fifth
curve with character 15. Thus, the divisor is correctly marked by 20 + 3 = 23.

We refer to divisors of the first two types — that is, all divisors not isomorphic to a del Pezzo
surface of degree 6 — as Hirzebruch divisors, and to divisors isomorphic to a del Pezzo surface of
degree 6 as del Pezzo divisors. We ask the reader to have grace on the slight abuse of terminology
as P2 is also a del Pezzo surface. For a character x marking a curve, we denote by Hirz() the
set of characters marking Hirzebruch divisors in the interior of the x-chain and by dP(y) the set
of characters marking del Pezzo divisors in the interior of the y-chain. We will often say “along
the x-chain” in place of “in the interior of the y-chain”.

2.3 G-igsaw pieces

Consider the G-clusters at torus-fixed points of G-Hilb, or triangles in the Craw—Reid trian-
gulation. The ideal defining such a cluster is a monomial ideal and one can draw a Newton
polygon in the hexagonal lattice Z3/Z - (1,1,1) to illustrate the monomial basis. An example
of a torus-fixed G-cluster for the group G = %(1, 2,3) is shown in Fig. 4. Notice that there is
exactly one monomial in each character space for G as desired.

Figure 4. A G-cluster for G = %(1, 2,3) corresponding to a torus-fixed point of G-Hilb.

The monomial ideal in C|z,y, z] defining this cluster is
(2?9, 2% ay).

G-clusters corresponding to adjacent triangles separated by an exceptional curve C differ by
taking a subset of the monomials basing one G-cluster and moving them to other monomials
in the same character space; that is, multiplying by G-invariant ratios of monomials. This
process was studied in [22] and called a G-igsaw transformation.
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Definition 2.2. Let C < G-HilbA? be an exceptional curve corresponding to the common
edge of two adjacent triangles 7, 7. Denote by Z,, Z. the two G-clusters corresponding to the
torus-fixed points of G-Hilb A® for 7, 7/. We call the set of characters labelling monomials in Z
(or in Z,/) that partake in the G-igsaw transformation the total G-igsaw piece for C' and denote

it by G-ig(C).

We will often also refer to the set of monomials underlying G-ig(C) for one of the triangles
either side of C' as a total G-igsaw piece. There is a single monomial that divides all others
in the total G-igsaw piece, and this is the monomial in the G-cluster in the character space for
the character marking C'. Indeed, an alternative definition of a total G-igsaw piece for C' is the
set of all monomials in the G-graph for one of the triangles adjacent to C that are divisible by
the monomial in this eigenspace.

Example 2.3. We continue the example of G = %(1, 2,3). The Craw—Reid triangulation and
Reid’s recipe for this group is shown in Fig. 5. The triangle labelled by = is the triangle
corresponding to the G-cluster from Fig. 4.

Figure 5. Triangulation and Reid’s recipe for §(1,2,3).

Passing through the 4-curve C adjacent to the triangle x performs a G-igsaw transformation
with total G-igsaw piece centred on the monomial with character 4, which in this case is xz.
The G-igsaw transformation switches zz for y? — since the G-invariant ratio for C is xz/y* —
producing the new G-cluster

y2

Y
Yz 1 T
z

If we pass through the 2-curve bordering * then the total G-igsaw piece contains the monomials
y, yz and produces the G-cluster

1 T x2

z Tz xzz

As the two total G-igsaw pieces for a given curve are related by multiplying by G-invariant
ratios it is clear that they each have the same set of characters represented by their monomials.
We denote the set of characters in either total G-igsaw piece for a curve C' by G-ig(C). For
convenience we will also denote by x(m) the character by which G acts on a monomial m.

2.4 Tautological bundles

The sheaf R = 7,0z is locally free with fibre H%(Oz) above Z € G-Hilb A3. It splits into
eigensheaves

R= @ R,

xelrr G
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and these summands are called tautological bundles. Since G is abelian, the R, are line bun-
dles. [9] gives relations between these line bundles in the Picard group, which translate to
divisibility relations between eigenmonomials. For a triangle 7 in the Craw—Reid triangulation,
denote the generator of R, on the affine piece corresponding to 7 by r, . We usually omit
reference to 7 so long as the context is clear

Theorem 2.4 ([9, Theorem 6.1]). The relations between (generators of) tautological line bundles
are described by Reid’s recipe in the following way.

o If three lines marked with the same character x meet at a vertex marked with v = x®?
then

2 _
TX—Tw.

e If four or five or siz lines consisting of two pairs marked by characters x, X' and zero
or one or two extra lines marked with further characters meet at a vertexr marked with

P =x®YX then
Ty * Tyt = T

e If siz lines consisting of three pairs marked by characters x, X', X" meet at a vertexr marked
with ¢, ¢’ then

TX . TX/ . TXH = 7“¢ . ’l“¢/.

The claim is that these relations hold and generate all relations between tautological bundles.
We will make heavy use of these divisibility relations between eigenmonomials to study G-igsaw
pieces for exceptional curves.

As alluded to, the work of Logvinenko [20], Cautis—Logvinenko [7], and Craw—Cautis—Logvi-
nenko [6] categorifies Reid’s recipe via the tautological bundles. Many of the constructions in [6,
Sections 3—4] resemble constructions made in Section 3 below, however the computations they
make are for the inverse equivalence of (1.1) to that utilised in [10] and here.

Evident from [6, 10] and below, characters marking a divisor or a single curve are special.
They are termed “essential characters” and have been further examined in [11, 24].

2.5 Abstract inequalities for &,

In [10, Section 9] Craw—Ishii provide an abstract description of sufficiently many inequalities to
carve out the chamber €y. These inequalities arise from the linearisation map

L@O: O — PiC(M@O),

which takes 6 to the ample Q-divisor on My arising from GIT; note that we have identified
the Picard groups of different resolutions. By construction L¢,(€p) € Amp(Mc,) and so one
obtains inequalities

0 (e, (Oc)) >0

for all exceptional curves C' < G-Hilb. If such an inequality is necessary to define €y, the
geometry of C' determines the type of the corresponding wall as follows:

e If C'is a (—1,—1)-curve — that is, it corresponds to an interior edge inside a regular
triangle — then (0(pe,(Oc)) = 0) N €y is a Type I wall.
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e If C'is a (1,—3)-curve — that is, it corresponds to one of the edges incident to a trivalent
vertex — then (6(pe,(Oc)) = 0) N €y is a Type II wall.

e If C is contained in a Hirzebruch divisor but it is not in either of the previous cases, then
(0(pe, (Oc)) =0) n €y is a Type III wall

One can express the inequality 0(pe(O¢)) > 0 abstractly via [10, Corollary 5.2], a consequence
of which is

0(pc(Oc)) = deg(R,|c)0(p).
P

Any character p not in G-ig(C) has R,|c = Oc¢ and so it doesn’t appear in the sum above.
It follows that

0(pe(Oc)) = > deg(R,lc)0(p)-
peG-ig(C)

To complete the description by Craw—Ishii, their remaining inequalities — which if they are
necessary inequalities will define walls of Type 0 — are obtained from divisors in two ways outlined
in Lemma 2.5 and Proposition 2.6.

Lemma 2.5 ([10, Corollary 5.6 and Theorem 9.3]). Suppose that D < G-Hilb A® is an irreducible
exceptional divisor marked with a character . Then all 0 € € satisfy the inequality

9(90@0 (R;1|D)) = 9("7@ > 0.
Moreover, the inequalities of this form are necessary and hence define walls of €.

We call the inequalities coming from Lemma 2.5 subsheaf inequalities. The reason for this is
the following. Suppose that Oz is a G-cluster parameterised by a point in an irreducible excep-
tional divisor D < G-Hilb. Let 1 be a character marking D. It follows from [10, Corollary 4.6
and Lemma 9.1] that ry is in the socle of H%(Oy) and is constant on D, hence defines a subsheaf
S =0g®y of Oy for all Z € D. By definition we must have §(5) = 6(¢) > 0 for all § € €y and
[10, Proposition 9.3] shows that this is indeed a wall of €.

There is a dual version of this using quotients instead of subsheaves. [10, Lemma 5.7 and
Theorem 9.5] shows that

0(pe,(wpr)) <0

for all § € €y and for every possibly reducible but connected exceptional divisor D’. From [10,
Theorem 9.5] this inequality corresponds to evaluating 6 on the minimal rigid quotient @ of Oz
for all Z e D'.

Proposition 2.6. Suppose D' < G-HilbA? is a possibly reducible but connected exceptional
divisor. Then all 0 € &y satisfy the inequality

D) e >o0.

Cc D’ xeG-ig(C)

We call the inequalities from Proposition 2.6 quotient inequalities.

Proof. For the sheaf @ to be trivial on D’ it means that R,|p: is trivial for all p ¢ Q. Equi-
valently, all torus-invariant G-clusters in D’ share the same eigenmonomial 7, for each p < Q
or, also equivalently, p ¢ G-ig(C) for any C < D’. Reversing the inequality 6(Q) < 0 gives
0(C[G]/Q) > 0 and C[G]/Q contains exactly the characters in the statement of the result
since G is abelian and so all irreducible representations have multiplicity 1 in C[G]. n

The value of Proposition 2.6 is that it reduces computing inequalities from divisors to com-
puting various total G-igsaw pieces, which is the topic of the next section.
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3 Computing characters in total G-igsaw pieces

Our motivating question for this section is the following: how can one determine the characters
that appear in a total G-igsaw piece for a curve purely from the data of Reid’s recipe? As we
shall see, the answer depends somewhat on how C sits inside G-Hilb though it is still completely
combinatorial.

3.1 Combinatorial definitions

We start by making some combinatorial definitions. For two points u,v € R® we denote by
[u,v], (u,v), [u,v), (u,v] the closed, open, and half-open line segments with endpoints u and v.
For example, u € [u,v) but v ¢ [u,v).

Let C be a (—1,—1)-curve marked with x. Let a be the edge corresponding to C' in the
Craw—Reid triangulation. Pick a point wug in the interior of a. We will use ug to view the
x-chain as an (embedded) quiver =, ,, as follows. Let the vertices of the quiver be the vertices
corresponding to Hirzebruch divisors incident to the y-chain (including those at the ends if
applicable) and include one extra vertex corresponding to ug. Let the edges be the parts of the
x-chain between these divisors with the edge containing « split into two with one on either side
of ug. We orient an edge 8 < 2, 4, by declaring that the tail is the boundary vertex of 3 closest
to ug. Note that the x-chain is a tree and so this makes sense. We show an example of =, .,
for the group G = 3—10(25, 2,3) with the character xs and the point * in Fig. 6. Note that as
an abstract quiver Z, ,, depends only on the edge « or, equivalently, the curve C' and so we
slightly abuse notation by subsequently denoting it =¢.

Figure 6. The embedded quiver Z,, . = E¢,.

Definition 3.1. Let C be a y-curve. We say that a divisor D along the x-chain is downstream
of C if it is a Hirzebruch divisor. We say that a (—1, —1)-curve E incident to such a divisor D
is downstream of C' if the edge for E meets the tail of the arrow in Z¢ corresponding to the
x-curve in the same regular triangle as F.

This is illustrated schematically in Fig. 7 and concretely on the left side of Fig. 10 for the
3-curve C inside 3—10(25,2,3)—Hi1b whose edge includes the point * from Fig. 6. In Fig. 7 the
bold edges indicate the boundary of a regular triangle, hence the central vertex is a Hirzebruch
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divisor, and only the two dotted curves are downstream according to the given orientation of
the y-chain. In Fig. 10 the curves downstream of C; are dotted.

X}\X*}.

Figure 7. Schematic of curves downstream from a (—1, —1)-curve.

Now suppose that C' is a boundary curve marked with y. By the construction of the Craw—
Reid triangulation there is a vertex e; of the junior simplex and an interior vertex v of the
junior simplex such that the edge for C' is contained in the line segment [e;, v]. Let ve be the
vertex furthest from e; such that this is true. At vg the y-chain will change slope. There exists
a vertex vj, such that all curves in the x-chain between vc and v’ are (—1, —1)-curves and hence
lie in the interior of various regular triangles. Note that vc = v, is possible, in which case
there are no (—1, —1)-curves along the x-chain. At v, there are two possibilities for the x-chain:
either the x-chain terminates, or it continues into a line segment [v, e;] from v, to a vertex e;
of the junior simplex where it then terminates. We illustrate the situation where the y-chain
terminates at e; in Fig. 8. The dashed segment of the x-chain represents the part between vc
and vg, which consists of (—1, —1)-curves, and the vertices shown there correspond to Hirzebruch
divisors, which occur where the y-chain passes between two different regular triangles.

Figure 8. yx-chain for a boundary curve.

Similarly to the case where C' was a (—1,—1)-curve, we create an embedded quiver Z¢
supported on the part of the y-chain between the vertices vy and vp. The vertices are the
Hirzebruch divisors incident to this part of the y-chain and the edges are the parts of the x-
chain between these divisors. We orient the edges by declaring that vy is the unique source of
the quiver and vy, is the unique sink.

We use the notation of Fig. 8 in the following definitions.

Definition 3.2. Let C be a boundary curve as depicted in Fig. 8. We say that a Hirzebruch
divisor D is downstream of C' if either:

e the vertex for D lies in [va, vc],

e the vertex for D lies in the part of the x-chain between vc and v (excluding v).
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Let E be a (—1, —1)-curve marked with a character p and contained in a Hirzebruch divisor D
downstream of C. We say that E is downstream of C' if either:
e the vertex for D lies in the line segment [va, v¢],
e the vertex for D lies between vc and v, and the edge for E meets the tail of the arrow
in =¢ corresponding to the x-curve in the same regular triangle as F,

and if either

e the p-chain terminates at D,

e the edges in the p-chain incident to D have different slopes.

We show a schematic for the downstream curves relative to C in Fig. 9. The bold arrows
represent Z¢ and the additional edges correspond to sides of the various regular triangles that
the x-chain passes through. The dotted edges are the curves downstream of C, and the dashed
edges represent two (—1, —1)-curves marked with the same character and whose edges have the
same slope, hence the dashed curves are not downstream of C.

€j €;
Figure 9. Schematic of curves downstream of a boundary curve.

Note that in Fig. 8 the divisors for vy and vo are downstream of C' but the divisor for vy is
not. On the right of Fig. 10, when G = %(25, 2,3) the divisors Do and Dj are all the divisors
downstream of the 15-curve Cy whereas D; is the only divisor along the 15-chain that is not.
We have bolded the sides of regular triangles in the triangulation to make it clear that Cy is
a boundary curve, and to clarify which divisors are Hirzebruch divisors. We also show the curves
downstream of C5 dotted.

Figure 10. Downstream curves and divisors in 35(25, 2, 3)-Hilb.
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For any exceptional curve C' and a Hirzebruch divisor D downstream of C', we denote the set
of curves in D downstream of C' by Cco(D).

We will say that the p-chain for some character p is broken at a vertex v (or the corresponding
divisor) if either the p-chain terminates at v or if the edges in the p-chain incident to v have
different slopes as in the second part of Definition 3.2.

Lastly, we define a character xqp(C, D) associated to a yx-curve C' and a del Pezzo divisor D
along the y-chain. Let A be the regular triangle containing the vertex for D, let v be the vertex
corresponding to D, and let a be the edge of the triangulation corresponding to C.

Let {p,q,m} = {1,2,3}. We denote z1 = x, x2 = y, x3 = z for convenience. We assume that
A is a corner triangle with e,, as vertex and one side coming from a ray out of e,; we will treat
the meeting of champions case shortly. Here ¢1, ¢o denote the characters marking the del Pezzo
divisor at v, and a, b, ¢, d, e, f are positive integers coming from the edges in the Craw—Reid

d b

triangulation defining out A. More precisely, the two sides incident to e, have the ratios xj :
fo.

and zg : zj, marking them, and the side coming from a ray out of e, has ratio zp, : zg. We denote
by r = f the side length of the regular triangle. Each of the indices i, j, k ranges from 0, ... 7.
Consider the local picture for p = 1, ¢ = 2, m = 3 shown in Fig. 11 adapted from the proof of
[9, Theorem 6.1], specifically [9, Fig. 12], for eigenmonomials near v inside A.

Generators for Ry, / ye izt Generators for Ry, / ybtizf-k
2=k etk / 2k ghyetk /
yeszi ye—j . xa+jzj mkyefj ye—j . $a+j2j
pati =k yb+igf—k
=i, ybtigi— =i, yb¥igi
xotizf-k pd—i,7

Figure 11. Generators for tautological bundles near v.

Suppose x = X(mg_i); that is, if p = 1, ¢ = 2, m = 3 then x marks the horizontal chain
of curves in Fig. 11. Following [9] we denote by e;ve; the convex part of the junior simplex
enclosed by the line segments from e; to v and from e; to v. Define

X ® X(ﬂn) if o < epveg,

c+k

C,D):=
xap( ) {X®X(:I:q ) if o < epven,.

Observe that o < eqve,, is not a possibility from considering slopes. Similarly, if x = X(:rzfj )
define

X ®X(xfn) if a < eqvep,
X ®X(l‘§) if a < equen,

xap(C, D) := {
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and if x = X(mfnfk) define

X ® X(xgﬂ) if a < epveq,

X ® X(xgH) if o < epvep.

Xap(C, D) := {

When A is a meeting of champions triangle with side ratios z? : y°, y¢ : 2¢, 2% : 2/ we make

slight modifications to the above as follows. In this setting, when x = X(xd_i) define

X@x(zj) if a < ejves,
X®x(yk) if a c ejves.

xap(C, D) := {

If x = X(ye_j ) define

X ®X(2i) if a < equey,

xap(C, D) := {X ® x (29+F)

if a € eques,
and if y = X(zf*k) define

X@x(xj) if @ € egves,

C,D) := '
Xap( ) {X @X(beﬂ) if @ C egvey.

We remark that it follows from Case 4 of the proof of [9, Theorem 6.1] that xqp(C, D) is one
of the characters marking D, and is moreover the unique such character ¢ with ry |rg. It also
follows from the construction that xqp(C, D) takes the same value on x-curves in each of the
two connected components of the y-chain minus the vertex v.

3.2 Unlocking procedure

In this subsection we outline the algorithm that we use to compute G-ig(C'). We will spend the
remainder of this section proving its validity.

Algorithm 3.3 (unlocking procedure). Input: An exceptional curve C = G-Hilb A3 marked
with a character x by Reid’s recipe.

Ch Let S = {x}.
dP For each del Pezzo divisor D along the x-chain, add xq4p(C, D) to S.
H1 For each Hirzebruch divisor along the x-chain, add the character marking it to S.

Re For each Hirzebruch divisor D downstream of C and for each E € Cc (D), compute G-ig(E)
by running the unlocking procedure with E as input.

H2 For each Hirzebruch divisor D downstream of C, add the characters in UEEcO(D) G-ig(FE)
to S.

Output: G-ig(C) = S.

We call this the unlocking procedure as passing through a Hirzebruch divisor “unlocks” simpler
G-igsaw puzzles for the curves FE downstream of C' that one recursively solves in the step Re
and then feeds into the total G-igsaw piece for C'. It can be visualised as a flow through the
triangulation emanating from the curve C' with preferred paths defining its tributaries. We note
that the convoluted definition of x4p(C, D) is only important for explicit calculations and not
for qualitative discussion; the step dP states that G-ig(C') contains exactly one of the characters
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marking each del Pezzo divisor along the x-chain. We will often refer to curves downstream of C'
as being “unlocked” by C.

As an example use case, if G-Hilb has a meeting of champions of side length 0 with the three
champions marked with a character x then for any curve C' along the x-chain the characters
in the G-igsaw piece are given by the unlocking procedure applied to the branch of the x-chain
that C lies on, combined with all the characters from (Hirzebruch) divisors along the other two
branches of the x-chain. We will see an example of this in Section 3.8.

3.3 Monomials for divisors

We will begin by relating the characters marking divisors along the y-chain to G-igsaw pieces
for y-curves.

Lemma 3.4. Suppose C is a x-curve. Then G-ig(C) includes exactly one character from each
divisor that is along the x-chain. Moreover, if D is a del Pezzo divisor along the x-chain then
Xapr(C, D) is the character marking D that appears in G-ig(C).

That is, G-ig(C') contains the characters marking each Hirzebruch divisor along the y-chain
and precisely one of the two characters marking each del Pezzo surface along the y-chain.

Proof. Let D be a Hirzebruch divisor along the x-chain marked with a character ¢. Cases 2-3
of the proof of [9, Theorem 6.1] give that R, has degree 1 on a given x-curve, and hence it
follows that r, |7y. It follows that any G-igsaw piece featuring r, — such as a G-igsaw piece
for C' — will also feature each 7y and so ¢ € G-ig(C). Now let D be a del Pezzo divisor along the
Xx-chain marked with characters ¢1, ¢2. It follows from Case 4 of the proof of [9, Theorem 6.1]
that exactly one of Ry, Ry, has degree 1 on a given y-curve and so 7y |rg, or ry|rg, but
not both. It follows that exactly one of ¢1, ¢ lie in G-ig(C). Let ¢ = xqp(C, D) € {¢1, P2}
As noted above, it follows from Case 4 of the proof of [9, Theorem 6.1] that 7, |ry and so 74 is
the unique character marking D that appears in G-ig(C). |

Lemma 3.4 gives an effective way of finding the characters in G-ig(C') coming from divisors.
However, this does not usually supply all characters in G-ig(C)\{x}.

3.4 Counting characters

Our method for showing that Algorithm 3.3 is valid for a curve C' is to source many characters
from divisors (as discussed in the previous subsection) and from curves (coming next) that
feature in G-ig(C') and to then count how many characters are actually in G-ig(C') to verify that
all characters in the total G-igsaw piece have been located. To move towards this second aim
we cite a lemma of Craw—Ishii.

Lemma 3.5 ([10, Lemma 9.1]). A character x marks a torus-invariant compact divisor D c
G-Hilb A% iff ry 15 in the socle of every G-cluster corresponding to a torus-fized point in D.

Select a (—1,—1)-curve C' marked with y. This lies in two del Pezzo divisors from the
endpoints of the corresponding line segment. From Lemma 3.4 we see that r, divides exactly two
of the monomials in the character spaces labelling these two divisors. Suppose 7 is a x-triangle
neighbouring C. By the shape of the ratios in Fig. 11 we can assume that 7, is not a power
of a single variable. The Unique Valley Lemma [22, Lemma 3.3] of Nakamura implies that r,
divides exactly two elements of the socle of the torus-invariant G-cluster Z,. corresponding to 7.
Lemma 3.5 implies that the elements in the socle of Z, that r, divides correspond exactly to
these two characters labelling the neighbouring del Pezzo divisors. These are the outermost
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monomials in the G-igsaw piece for C on 7, so that knowing them will allow us to count how
many characters appear in G-ig(C).

Using this observation we will first prove the validity of the unlocking procedure for curves
inside regular triangles (i.e. those able to define flops, or (—1, —1)-curves) before justifying the
procedure for the other exceptional curves.

3.5 (—1,—1)-curves

We consider four cases covering all (—1,—1)-curves in G-Hilb based on the different ratios
labelling edges in Fig. 11. For this subsection denote x1 = z, 9 = y, x3 = 2. We will use indices
{p,q,r} = {1,2,3} to symmetrise the discussion. A (p, q)-triangle is an e,-corner triangle with
one edge coming from a straight line out of e,.

d—i . $b+zxz.

e Type Ix: curves in the interior of a (r,p)-triangle with ratios zj " : x, ™"z},

e Type Iy: curves in the interior of an (r, p)-triangle with ratios azgfj : a:ZJrj .
f=k | Kk ctk
gt

e Type Ic: curves in the interior of the meeting of champions triangle (if existent).

e Type Iz: curves in the interior of an (r, p)-corner triangle with ratios x

We will treat each of these types of (—1,—1)-curves but will specialise to the case p = 1,
q = 2, m = 3, which suffices to cover all possibilities by symmetry. Fix a (3, 1)-triangle A.

3.5.1 Type Iy curves

We consider the edges in the interior of A marked with ratios of the form y¢=7 : 297 2J; that
is, of Type Iy. The analysis from Section 3.1 gives a precise description of the socle of the
G-clusters corresponding to nearby torus-invariant points as depicted in Fig. 12 and hence we
identify the total G-igsaw pieces for such y-curves. The only additional calculation required is
of the monomials rg, and ry , for the characters at the endpoints. Consider rg4,,. The ratio
marking the side of A containing the vertex marked with ¢, is z/ : y°. It follows that y° | T
on A but then it cannot be the case that r, divides ry,, since r, = 2727 for some basic
triangles in A. It follows from Section 2.2 that 74, is given by z¢™/y¢ in the basic triangle
where it is displayed in Fig. 12. A similar argument applies to compute 74, .

S s

%0 b2 o4 Om o
bj d—1_j d—(f—j=2) 45 T d—(f—j—1) j
Too =Y Z]_ ) Tgy =T ZJ Tom—g =L ('f IR Tom1 =T (F=3-15
Tg, = xa+JZ]+1 Tgy = xa+12]+2 T, _o = xa+]zf_1 Te,, = xa+]yc
— pd=2_7
Ty, =T z
Toy = xa+]23+3

Figure 12. Generators of eigenspaces along a x(z%"727)-chain inside a regular triangle.

Lemma 3.6. A total G-igsaw piece for a x-curve of Type Iy on a x-triangle chosen so that
in the coordinates used above 1y = x%I27 is
Ty TTy ... :rf’i’j’lrx
2Ty
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where the curve corresponds to the edge whose endpoints are the intersection of the x-chain with
the lines marked with %% : y**izt and x4 =1« yPHi+lH 1 Moreover, the x-chain does not

continue outside of this reqular triangle. In particular, Hirz(x) = .

Proof. The calculation of the total G-igsaw piece follows immediately from the description of
the eigenmonomials in Fig. 12. As noted the y-chain cannot continue outside of this regular
triangle since neither ry, nor ry, —are divisible by r, and so Theorem 2.4 implies that there
cannot be two edges marked with y incident to either boundary vertex. |

Notice that this means that there are f — j — 1 characters to account for, excluding y. But
this is exactly the number of del Pezzo surfaces along the y-chain, each of which contributes one
character.

Corollary 3.7. For an exceptional curve C of Type Iy G-ig(C) consists exactly of x and the
characters xqp(C, D) for each del Pezzo divisor D along the x-chain.

Observe that this is a situation in which there is no recursion necessary since Hirz(x) = &J.
This is one of the base cases that we will reduce to.

3.5.2 Type Ix curves

Suppose now that C is a y-curve inside A that is marked with the ratio x4~ : y**#2%; that is, C
is of Type Ix. [9, Theorem 6.1] yields the identities in Fig. 13 for eigenmonomials on triangles
neighbouring the y-chain, which allow us to completely describe G-igsaw pieces inside regular
triangles. In the following we continue the notation of Fig. 11 and let k = r — (i + 1).

A A A %

1

¢0 21 22 Tt QK ¢
m
. ¢1 ¢2 d—i _—2 ¢R dei 1
/T¢U=$azl / / T2 1:m z / T¢2:1‘72Z1{7
_ d—i,ctk — pd—i r= . R
T(bé =x 7zyc+nf ii o
=T z

T3

_ pd—i,ctr—2
7’¢5 =X y

Figure 13. Generators of eigenspaces along a x-chain inside a regular triangle.

Lemma 3.8. The G-igsaw piece for a x-curve C' of Type Iz on a x-triangle chosen so that

in the coordinates used above ry = x4 s

+k—1
y© Ty

Yry

ZTy

J
2lry

where C' corresponds to the edge whose endpoints are the intersection of the x-chain with the
lines marked with y¢=7 : 2%t 20 and y¢ =1 : x0T+ and where i + j + k = r. Moreover,
the x-chain continues to the right and does not continue to the left of Fig. 13.
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Proof. The same argument as for Lemma 3.6 applies, except that r, does divide 74, and so
by Theorem 2.4 the x-chain must continue past the rightmost vertex. |

Notice that the only characters in any such G-igsaw piece that are unaccounted for by divisors
along the x-chain in the same regular triangle are those for the monomials

C
YTy - YTy

though y°r, = r4,., which we have seen corresponds to a Hirzebruch divisor appearing along
the y-chain.

Lemma 3.9. Suppose C' is a x-curve of Type Iz such that the x-chain continues into a boundary
edge of a corner triangle. Then G-ig(C') consists of x, one character from every del Pezzo divisor
along the x-chain, and the characters marking Hirzebruch divisors along the x-chain.

This follows since the corner triangle has side length ¢ and so there are exactly ¢ Hirzebruch
divisors along the boundary part of the x-chain that contribute the remaining ¢ characters to
the G-igsaw piece. We say that the curves from Lemma 3.9 are of Type Ixb. This is the other
base case to which the unlocking procedure reduces. Note that the character in G-ig(C) from
a del Pezzo divisor D along the x-chain is by definition yqp(C, D).

We consider the remaining possibilities where the x-chain merges into the interior of an eo-
corner triangle or the interior of an e;-corner triangle.

Lemma 3.10. Suppose C is a x-curve of Type Iz and suppose that the x-chain continues into
the interior of an eg-corner triangle A'. Then G-ig(C) consists of x, one character from each
del Pezzo surface along the x-chain, the character marking the Hirzebruch divisor D between
the two regular triangles, and the characters from the total G-igsaw piece of the Iy curve also
incident to D inside A'.

As above, the character in G-ig(C') from a del Pezzo divisor D along the x-chain is xqp(C, D).

Proof. Let C' be the Type Iy curve incident to D in A’. Denote its character by x’. From
Lemma 3.6 the characters in the total G-igsaw piece for C’ are x’ and one character from each
del Pezzo divisor along the x’-chain inside A’. Let the ratios marking sides of A’ be

U / 7 ’
a2V 2 a, e

where a/ < d' and where zf : y¢ marks the common side with A. Let the part of the y-chain
in A’ be marked by the ratio ¢ 7 : 2!y and so d’ — i/ = d — i. It follows that the y’-chain
is marked by 2¢~7 . x%+7'y7" where 4+ j' = f. Using the relation d — a’ = ¢ we see that
a+j =d—i.

Examining the situation explicitly, we see that on the lower y-triangle neighbouring C' one
has 7, = 297 and Ty = 27yl so that Ty |y near C. Moreover, one can see that the zone
where r,, divides one character from each del Pezzo divisor along the x’-chain includes this x-
triangle containing C' and so these divisibility relations remain. Hence, the G-igsaw piece for C’
is contained in the G-igsaw piece for C'. The divisibility relations are depicted in Fig. 14.

From Lemma 3.8 the total G-igsaw piece for C' is missing ¢ characters after counting the
characters in A. There are c—i’ new characters along the y-chain corresponding to the del Pezzo
divisors along the x-chain and the boundary Hirzebruch divisor D. There are c—(c—i')—1 = ¢'—1
divisors along the x’-chain, making a contribution of i’ characters in total including Y’ itself.
Thus these account for all of the ¢ missing characters. |
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X . X
Ty = xd=
o,
= iyl o1, O
x| x| Tl —

i 07

Figure 14. Unlocking for a Type Ix curve merging into a (2, 1)-triangle.

Note that this vindicates the unlocking procedure for such curves, where only one recursion
was required to unlock the single Type Iy curve downstream of C'. The final case to consider is
when the y-chain merges into an ej-corner triangle.

Suppose the x-chain passes through n ej-corner triangles before entering an es-corner tri-

angle A'.
Let the ratio 2% : y®» mark the edge opposite e; for the mth ej-corner triangle A,, from the
left and so A,, has side length d,,. Suppose the y-chain enters A,, at height i,,. This means
that the x-chain picks up d,, —i,, divisors from del Pezzo divisors and a single Hirzebruch divisor
inside A,,. From analysing local divisibility relations as above, it is clear that r, divides all
of the monomials in the G-igsaw pieces for the Type Ix curve incident to the y-chain and the
leftmost Hirzebruch divisor inside each of these regular triangles. See Fig. 15 for a schematic.
We denote Dy, := 370, dg and BDy, := 3370 (b + dy).

Zf . yc Zerdl . yC*(lerdl) Zf+D" . yc—BD,,,

N AN

/\M N

X(xb1+i—1zf+d1+1) X(mb,,L,lJri—lZerDn,lJrl)

phiti— 1zf“ Zf+d1+1) X(zf“anflJrl)

Figure 15. Unlocking for a Type Ix curve in a series of ej-corner triangles.

By computing the characters on the nearby del Pezzo divisor, one can tell that these Type
Ix curves each have b,, + i, characters in their G-igsaw pieces, making the total number of
characters they contribute to the G-igsaw piece of C'

1=
Q@
+
&
+
Q@
M 2
c~
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From [9, Section 2] the ratios marking the edges from e; for the ej-corner triangles are of the
form

St da ycfzznzl(bﬁdf’) form=0,...,n

with the last edge marked by z/*2a=1% ; y¢~2g=1{tatda) Ty particular, this means that the A’
has side length ¢ — Zgzl(bq +dg). Assume the y-chain continues into a chain of Type Ix curves
in A’. By the same reasoning as for Lemma 3.10 this produces ¢ — Zgzl(bq + dg) new characters
in G-ig(C) coming from A. But then we have

n

DUbg+dg) +c— Y (bg+dg) =c
g=1 q=1

characters in total so far, which exhausts all characters in G-ig(C) by Lemma 3.8. Hence in this
case A’ is the rightmost regular triangle containing y-curves. Note that the y-chain cannot merge
into a chain of Type Iy curves in A’ as such curves cannot escape a single regular triangle. Also,
it is clear from convex geometric considerations that the y-chain cannot continue into a chain
of Type Iz curves. The only remaining option is that the y-chain continues into a chain of
boundary curves, thus again producing ¢ — ZZ=1(bq + dg) new characters from the Hirzebruch
divisors along the side of A’. In either case the number of characters coming from A’ is exactly
the number of characters in G-ig(C') not accounted for by del Pezzo divisors in A by Lemma 3.8.
This completes the proof of validity of the unlocking procedure for curves of Type Ix.

3.5.3 Type Iz curves

The third type of curve occurring inside regular triangles is Type Iz: the curves marked by
ratios of the form 2% : 2¥y"* in the coordinates we have been using for an es-corner triangle.
We repeat the G-igsaw analysis for these curves, represented in Fig. 16 with the y = X(zf _k)—

chain dashed.

I
TX T 7'¢2 I
! !

Figure 16. Divisibility relations near v.

As in all previous cases, exactly one character marking each incident del Pezzo surface has
a monomial divisible by 7, and so we can pin down the socle and hence the G-igsaw piece for
such a curve.
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Lemma 3.11. The G-igsaw piece for a (—1,—1)-curve marked with x on a x-triangle chosen
so that in the coordinates used above r, = 27k s

b+i—1
Yy Tx

Yry
Ty Try ... T Ty

where the curve corresponds to the edge whose endpoints are the intersection of the x-chain with
the lines marked with x4 : y*¥i2% and @1 ybritlyitl,

This means that there are b + d — k characters in the G-igsaw piece for such a Iz curve.
We shift notation to match the setup of the final case for Type Ix curves shown in Fig. 15.
In particular, we assume our Type Iz curve C' lies in an ej-corner triangle. Suppose it lies in the
mth triangle from the left. From considering local divisibility relations near Hirzebruch divisors
along the y-chain this implies that C' unlocks m—1 Type Iy curves to the left and n—m Type Ix
curves to the right. From the calculations for Type Ix curves, the n —m Type Ix curves each
feature by + 14, characters in their G-igsaw pieces. From a similar calculation, one can verify that
the Type Iy curves contain ¢, characters in their G-igsaw pieces. These unlocked curves thus
contribute

n

m—1
Ziq+ Z (bg +iq) = Z by —i—qu—zm
q=1

g=m+1 g=m+1

characters to G-ig(C). The part of the x-chain in the es-corner triangle studied in the pre-
vious case contributes f — ig characters, and the part in the es-corner triangle contributes
c— ZZ:l(bq + dg). If iy # 0 then we unlock another Iy curve with ig characters appearing in its
G-igsaw piece. If ig = 0 then the y-chain continues along the boundary of an es-corner triangle,
contributing f characters. In either case there are f characters coming from the es-corner tri-
angle. Lastly, there are 22:1(% — i4) del Pezzo and Hirzebruch divisors along the part of the
Xx-chain inside ej-corner triangles, giving in total

n

T Z b, +qu zm+2 +c—2(bq+dq)=f+c—ibq—zm
q=1

g=m+1 g=1
-~ v \ ~ vy . ~ /

unlocked curves e1-corner eg-corner

e3- corner

characters. Compare to the quantity b + d — k in Lemma 3.11, which in these coordinates is
m m m
— D bg+dy) + f+ D dg—im=f+c— Y bg—im
q=1 q=1 q=1
showing that every character in G-ig(C) is accounted for.

3.5.4 Type Ic curves

As in [9] the case of curves whose chains meet the interior of a meeting of champions triangle only
requires minor notational changes for the arguments above to carry over verbatim. For brevity
we omit it.
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3.6 Boundary curves

Suppose now that C' is a curve lying on the boundary of a regular triangle. We will see that the
unlocking procedure computes G-ig(C') by a similar argument to the case of (—1,—1)-curves.
We will again use neighbouring divisors to compute the socle and hence the total G-igsaw piece
for C', and then assess local divisibility relations to evidence that all these characters come from
the subvarieties in the unlocking procedure. We will sketch the novel elements of the proof
below.

Choose coordinates so that C' lies along a straight line from e;. Assume for the moment that
the edge for C' is actually incident to e;.

Suppose that D is a Hirzebruch divisor along the x-chain. If D is at the boundary of two e1-
corner triangles or an ej-corner triangle and a meeting of champions — as shown in Fig. 17 — then
one can check that r, divides the monomials in the G-igsaw pieces for the Type Iy curves C3
and C4y.

Figure 17. D bordering two ej-corner triangles or meeting of champions.

Suppose now that D borders an es- and an es-corner triangle, or an ej-corner triangle and
an eg-corner triangle. We illustrate this situation in Fig. 18, along with some of the ratios
marking curves.

Figure 18. D bordering an e;- or an es-corner triangle and an ez-corner triangle.

The same argument as in the previous case gives that r, divides the G-igsaw pieces for C3
and 04.

To treat the remaining two curves C1 and Cj in each case, we use a generalised form of [12,
Section 3.3.2]: an edge ¢ continues in a straight line past a boundary edge ¢y if and only if the
ratio marking ¢ features any common variables x, y, z raised to a strictly lower exponent than
in the ratio marking £y3. One can verify this by a case-by-case analysis using as its base the
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original result from [12]. This implies that r, divides the G-igsaw pieces for “broken edges” that
do not continue in a straight line past the y-chain and that it does not divide any monomials
in the G-igsaw pieces for “straight edges” that do continue past the y-chain. This is captured
exactly in the notion of downstream curves relative to boundary curves in Definition 3.2, and
hence in the unlocking procedure.

For the case when C is not incident to ej, consider two boundary curves C' and C’ shown
in Fig. 19, where C is closer to e;. One can verify using local divisibility relations that the
only difference between the G-igsaw piece for C' and for C” is that the latter loses the characters
in the G-igsaw pieces for the dashed curves in broken chains; that is, exactly the curves that
are downstream from C but not from C’. By retracing back to the edge incident to e; the first
calculation performed above suffices to compute the G-igsaw piece for an arbitrary boundary
curve.

Figure 19. Two boundary curves.

Variations of the arguments above work just as well for the cases not depicted when some
of the edges incident to D are also boundary edges of regular triangles. Counting up all these
monomials and comparing them with a socle calculation shows that these are all the characters
in the G-igsaw piece for C, which validates the unlocking procedure for boundary curves and
hence for all exceptional curves in G-Hilb.

3.7 Example: G = %(25, 2,3)

We will illustrate the unlocking procedure for G-Hilb in the case that G = %(25, 2,3). In the
figure below, dashed lines are edges within a regular triangle and undashed lines are the result
of the first stage of the Craw—Reid triangulation.

We will demonstrate the unlocking procedure for a few curves in G-Hilb. Consider the 15-
curve (5 shown in Fig. 21. This curve is of Type Ixb since it is the only (—1, —1)-curve marked
with 15 and feeds to the right into boundary edges only. This gives

G-ig(Cy5) = {15,17,19,21}.

Consider the 5-curve Cs shown in Fig. 22. It passes into the right side of the junior simplex,
unlocking the 9-curve of Type Iy and giving

G—lg(05) = {57 77 9) 11}

Consider the 2-curve C shown in Fig. 23. This is a curve of Type Iz. We first get the
character 17 marking the divisor on the 2-chain, unlocking the 27-chain. The 27-chain contains
a del Pezzo divisor contributing the character 22 in this case. Hence

G-ig(Cy) = {2,17,22,27}.
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Figure 20. Reid’s recipe for G = %(25, 2,3).

15

Figure 21. Unlocking for a 15-curve.

Lastly, we will consider the boundary 15-curve C}5 shown in Fig. 24.

At the first step we include the 15-chain and the curves of Type Ix and Iy unlocked by
it. These curves are marked with characters 10, 24, 18. The 18-curve and the 24-curve are
of Type Iy and only contribute their own character to the G-igsaw piece. The 10-curve is of
Type Ixb and so we add the Hirzebruch divisors along the 10-chain. As a result

G-ig(Ch5) = {10,13,15,16,17, 18,19, 21, 24}.

3.8 Example: G = %(1,3, 31)

We will use the example of G = %(1, 3,31) to illustrate a phenomenon implicit, but less clear
in the long side picture. The triangulation for G-Hilb and Reid’s recipe are found in Fig. 25.
Consider the 3-curve Cjs incident to e;. The unlocking procedure for this curve is shown
in Fig. 26 giving
G-ig(Cs3) = {1,2,3,4,5,6,8,9,10,12,13,14, 16, 17, 18, 20, 21, 22, 24, 25, 26, 28, 29,
30, 32, 33, 34}.
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I
Figure 22. Unlocking for a 5-curve.
’
2
Py

Figure 23. Unlocking for a 2-curve.

Notice that every chain meeting the 3-chain in a vertex is broken there. Repeating for the next
3-curve along the chain produces the same unlocking sequence except that the topmost part
including the 1-chain and the 12-chain are not included, capturing that the monomials in the
corresponding character spaces are no longer divisible by 73 there.

4 Walls of &,

In this section we will compute explicit inequalities carving out €y, and will determine which of
these inequalities are necessary and hence define walls of €.

4.1 Type I walls

We know from [10, Theorem 9.12] that all flops in a single (—1,—1)-curve C are achieved
by a wall-crossing from €. Moreover, we have deg(R,|c) = 1 for all p € G-ig(C) from
[10, Corollary 6.3]. The unlocking procedure hence gives a combinatorial way of writing down
the equations of these walls.

Proposition 4.1. Suppose C = G-Hilb A% is an exceptional (—1, —1)-curve marked with cha-
racter x by Reid’s recipe. Then, the Type I wall corresponding to C is given by

0(pe,(0c)) = Y, 6(x)>0,
x€G-ig(C)

where G-ig(C') is computed by the unlocking procedure.
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15, 410 15,

Figure 24. Unlocking for a boundary 15-curve.

Figure 25. Reid’s recipe for G = %(173,31).

4.2 No Type II walls

Proposition 4.2. Suppose C < G-Hilb A® is an exceptional (1, —3)-curve marked with charac-
ter x by Reid’s recipe. Then, the inequality corresponding to C' is given by

0(pe,(Oc)) =2-0(x®?) + > 0(x) > 0,
XeG-ig(C)\{x®?}

where G-ig(C') is computed by the unlocking procedure.

Proof. Notice that such a curve C lies inside the exceptional P? in the meeting of champions
case when the meeting of champions triangle has side length 0. Thus the P? is marked with y®?
and lies in the socle of any torus-invariant G-cluster. From Theorem 2.4 7 @2 = rf( and so 7“)2( is

the furthest character from r, in the G-igsaw piece in some direction. Note that

deg(R,|c:) = min {k: 7")]2 |7p}
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Figure 26. Unlocking for a 3-curve.
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and so all the characters in G-ig(C) appear with multiplicity 1 except for ri, which appears

with multiplicity 2. This gives the required formula. |
As a result we can immediately deduce the conclusion of [10, Proposition 3.8] for €.
Corollary 4.3. €y has no Type II walls.

Proof. Suppose C is an exceptional (1, —3)-curve marked with x. From the unlocking procedure
a total G-igsaw piece for C' consists of x, x2, and the characters marking the (Hirzebruch) divisors
along the y-chain. Let D’ be the exceptional P? containing C. Consider the inequality for rigid
quotients parameterised by D’: from Proposition 2.6 the characters appearing in this inequality
are exactly the characters in the G-igsaw pieces of all three y-curves converging at D’. These are

{x. x®?} U Hirz(x),

which are exactly the characters appearing in the inequality for C. However, the inequality for
rigid quotients parameterised by D’ has multiplicities all equal to 1. When combined with the
inequality 9(X®2) > (0 coming from rigid subsheaves parameterised by D’ — note that we can
use both inequalities from subsheaves and from quotients since D’ is irreducible — this implies
that the inequality ¢¢,(O¢) > 0 is redundant. [

4.3 All flops in (—1, —1)-curves

Using Proposition 4.1 and the unlocking procedure one can show directly that every (—1,—1)-
curve produces a necessary inequality, recovering [10, Theorem 9.12] by purely combinatorial
means.

In order to test redundancy of inequalities we say that an inequality »}, a;0(x;) > 0 with
nonnegative coefficients is a summand of another inequality Zj Bj0(pj) > 0 with nonnegative
coefficients if the difference >}, a;0(x:) — >3, 8;60(p;) also has nonnegative coefficients in the
basis Irr G. If an inequality coming from curves or divisors decomposes into other inequalities
as summands, then it is redundant and does not define a wall of €.

Proposition 4.4. Suppose C is an exceptional (—1,—1) curve inside G-Hilb A3. Then the
inequality 0(pe,(Oc)) > 0 is necessary and so defines a wall of €.

Proof. Suppose C is marked with x. From the unlocking procedure we can write the inequality
corresponding to C' in the form

0(x) + Z 0(1hi) + 6(p1) + Z 0(vi) + -+ 0(pm) + Z 0(vi") >0, (4.1)

where p; are the characters marking curves C; unlocked by C' and z/Jf are the characters in the
G-igsaw piece for C;. Note that curves unlocked by C' cannot continue on both sides of the
x-chain, since they meet the y-chain at a Hirzebruch divisor found at the intersection of the
x-chain and an edge of a regular triangle, where only two chains can continue. The inequality
for the (-1, —1)-curve Cj is

0(9e(Oc;)) = 0(pj) + 2,0(v]) > 0.

In order to express (4.1) in terms of other inequalities, we must have an inequality featuring the
character y. These can only arise from other y-curves or divisors parameterising rigid quotients
not featuring x. Other x-curves will feature at least one different character in their G-igsaw piece
compared to G-ig(C): indeed, other curves in the same regular triangle will feature a different
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collection of del Pezzo divisors, curves in other regular triangles will either feature different del
Pezzo divisors or unlock different curves, and x-curves along a boundary edge will have different
unlocking behaviour. In particular, the inequalities from these curves will not be summands of
the inequality (4.1). Inequalities from rigid quotients not containing x will also not be summands
of (4.1) since the unlocking procedure implies that there are no divisors D, along the x-chain
for which all characters marking curves incident to D, are represented in G-ig(C). It follows
that (4.1) is necessary. [

Proposition 4.4 has an analog for Type III walls in Lemma 4.15 where we classify the
(0, —2)-curves producing those walls in terms of explicit combinatorics.

4.4 Irredundant inequalities — examples

The aim of these final sections is to precisely describe all of the walls of €y, which primarily means
identifying which curves produce redundant inequalities and subsequently classifying the walls
of Type ITI. We start with an example.

Example 4.5. Consider G = %(1, 2,3). G-Hilb and Reid’s recipe are shown in Fig. 27.

Figure 27. G-Hilb and Reid’s recipe for 1(1,2,3).

We compute the inequalities coming from curves and divisors that define €y via the unlocking

procedure:

0(x1) > 0, (A1)
0(x2) +6(xs) >0 (As2)
0(x2) + 60(x3) + 20(xa) +20(x5) > 0, (Ba)
0(x3) +6(xs) > 0, (43)
0(x3) +0(x4) +0(x5) > 0, (Bs)
0(x4) > 0, (Ag)
0(xs) > 0, (A5)

(x2) +0 (Bs)

&

(x3) + 0(xa) + 0(x5) > 0.

(A1) is from the curve marked with the essential character 1. Similarly for (As). We then
have two inequalities (Ay) and (Bg) coming from the two 2-curves, and two (A3) and (Bs) from
the two 3-curves. The 5-divisor gives two inequalities (A5) and (Bj) for rigid subsheaves and
quotients it parameterises.

We can see that (Bs) is redundant by expressing it as a combination of (As), (A3) and (A4).
Similarly, (B3) can be expressed in terms of (A3) and (A4). No further reductions are possible,
and so the walls of €y (with their types) in this example are

0(x1) =0, (1)
0(x2) +0(xs5) =0, (II1)
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0(x3) +6(xs) = 0, (1)
0(x4) =0, (1)
0(xs) = 0, (0)
0(x2) + 0(x3) + 0(x4) + 0(x5) = 0. (0)

Example 4.6. We continue with a more detailed example for G = %(25, 2,3). Continuing the
calculations in Section 3.7, we find that the inequalities from curves in G-Hilb are

02 + Oa7 + O + 017 > 0, (A2)
O + 05 + Og + 011 + 014 > 0, (B2)
03 + 013 + 018 + b2z + 028 > 0, (A3)
03 4+ 05 + 07 + 09 + 011 + 013 + Oa3 + Oag > 0, (B3)
03 + 05 + 07 + 09 + 011 + 013 + 015 + 017 + 619 + 021 > 0, (Cs)
04 + Oag + Oy + O19 + 014 > 0, (Asg)
04 + 07 + b9 + 024 + 019 > 0, (By)
04 + 07 + 010 + 013 + 016 + O19 + 029 > 0, (Cy)
04 + 07 + 010 + 013 + 016 + 19 + 022 > 0, (Dy)
05 + 07 + 6y + 611 > 0, (A5)
05 + 07 + 0s + 011 > 0, (B5)
05 + 6 + 611 + 014 > 0, (Cs)
O + O3 + g + 010 + 011 + 013 + 2010 + 2014 + 2016 + 2015 + 2017 + 26019 + 3015

+ 3020 + 3025 + 3021 + 3023 + 3005 + 4024 + 4026 + 4655 + 4097 + 4029 + 461 > 0, (Ag)
O + 03 + 010 + 2012 + 2014 + 2016 + 3018 + 09 + 011 + 013 + 26015 + 20417

+ 2019 + 3021 + 01 + 4026 + 2016 + 3093 + 3090 + 3095 + 4024 + 46026 > 0, (Be)
O + Og + 010 + 2012 + 2014 + 2016 + 3018 + 09 + 011 + 013

+ 2015 + 2017 + 2019 + 3021 + 01 + O26 + 021 + 616 > 0, (Ce)
O + Og + 010 + 2012 + 2014 + 2016 + 01 + bo6 + 021 + b16 + 09 + 011 + 013 > 0, (Dg)
O + 01 + 026 + 021 + 016 + 011 + O + 09 > 0, (Es)
06 + 01 + b6 + 021 + 016 + 011 > 0, (Fe)
fg > 0, (As)
Oy > 0, (Ag)
610 + 613 + 016 > 0, (A1)
010 + 012 + 014 + 016 + 018 + 05 + 07 + 09 + 011 + 013 > 0, (B1o)
010 + 013 + 012 + 014 + 016 > 0, (C1o)
012 + 07 > 0, (Au)
12 + 014 > 0, (Bi2)
015 + 017 + O19 + B > 0, (Ais)
015 + 017 + 019 + 018 + 021 > 0, (B1s)
015 + 017 + 018 + 021 + 024 + 010 + 013 + O16 + 019 > 0, (C1s)
615 + 018 + o1 + Oo4 + Oo7 + 010 + 013 + 016 + 19 + O + 05 + 05

+ 011 + 014 + 617 > 0, (D1s)

A1z > 0, (A3)

020 + O3 + O26 + O29 > 0, (AQO)
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B0 + O20 + O23 + 26 > 0,

020 + 023 + G99 + bag + 026 > 0,

020 + 015 + 017 + 019 + 021 + 020 + 024 + 026 + G285 > 0,
tq > 0,

Oa5 + O27 + o9 + 61 > 0,

Oa5 + 28 + 61 > 0,

Oo7 + 020 > 0,

Oo7 + O29 > 0,

fr5 > 0.

The bolded inequalities correspond to curves C' with N not of type (—1,—1). We know by
[10, Theorem 9.12] that the other inequalities are necessary and define Type I walls of €y. The

inequalities from divisors parameterising rigid subsheaves are

0, >0,
07 > 0,
611 > 0,
13 > 0,
014 > 0,
6 > 0,
017 > 0,
19 > 0,
021 > 0,
020 > 0,
O3 > 0,
O > 0,
O29 > 0.
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We record the redundancies for the bold (or potentially redundant) inequalities:

(Fe) + (Ag) + (Ag) + (A10) + (Bi2) + (A1s) + (A1g) + (A20) + (A24)
+ (Aas) + (Bar) + (A2)

(Fe) + (As) + (Ag) + (A10) + (Bi2) + (A15) + (A1s) + (A20) + (A24)

(Fe) + (As) + (Ag) + (A10) + (B12) + (A15) + (A1s)

(Fe) + (As) + (Ag) + (A10) + (B12)

(Fe) + (As) + (Ag)

(As) + (B12) + (A1s)

(A10) + (B12)

(A15) + (Ais)

(A15) + (A1s) + (A1o) + (A24)

(A15) + (A1s) + (A10) + (A24) + (A27) + (C5)

(Bao) + (A24)

(A15) + (Bao) + (A24)
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We have killed off the inequalities from all curves except for the (—1,—1)-curves and one

curve (Fg) from the long side.
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4.5 Redundant inequalities from curves

Observe that the vast majority of inequalities in Examples 4.5-4.6 define walls of Type I.
We should be unsurprised by the cancellation of all except one bolded inequality in Example 4.6
due to the following result from [10].

Lemma 4.7 ([10, Corollaries 6.3 and 6.5]). Suppose w = (3] ;6; = 0) is a Type I or IIT wall
of €. Then all o € {0, 1}.

Chambers other than €, can have coefficients a; = —1, however since the trivial representa-
tion does not appear in G-ig(C') for any curve C' we can exclude this possibility.

Corollary 4.8. Suppose G-Hilb A® has a meeting of champions of side length 0. Then the
wnequality for any curve along one of the three champions is redundant.

Proof. Suppose x is the character marking each of the champions. Then, by Theorem 2.4,

1“)2( = 7,2 globally on G-Hilb and so deg(R,2|c) = 2 for all x-curves C' It follows from Lemma 4.7

that none of these inequalities can be strict. |
We can also show this directly via unlocking. This reproves Corollary 4.3.

Lemma 4.9. Suppose C is a x-curve. If the unlocking procedure for C' doesn’t unlock a curve
or divisor marked with x? then all the coefficients in the inequality 0(pe,(Oc)) > 0 are equal
to 0 or 1.

Proof. This is because if some p has deg(R,|c) = 2 then ri |r, and so ri

G-igsaw piece for C' and is hence equal to r,2 near C. |

must feature in the

Lemma 4.10. Suppose a curve Cy unlocks a curve Cy of character p. Let 1) € G-ig(C1). If C
is a curve that unlocks Cy, then deg(Ry|c) = deg(R,|c).

Proof. As used previously, deg(R,|c) = max {k € Zx: 7“)’2 |7,}. From this formulation, clearly
if 7, | ry then deg(Ry|c) = deg(R,|c), but this is the case by definition of G-igsaw piece. W

Lemma 4.11. Suppose C' is a curve on the boundary of a regular triangle marked with a char-
acter x. Suppose the x-chain contains a (—1,—1)-curve. Then the inequality (e, (Oc)) > 0 is
redundant.

Proof. Suppose C' is marked with character x. Let Cy be the first (—1, —1)-curve in the x-chain
moving inwards from C. Then the G-igsaw piece for C consists of exactly the characters in the
G-igsaw piece for Cy along with the characters in the G-igsaw pieces for any curves Cy,...,C,
unlocked by C' at Hirzebruch divisors before Cy. Let the character marking C; be y;. The
inequality for C' decomposes as

0(pe,(0c)) = Do ablp)+ >, >, Bo(p), (4.2)

peG-ig(Co) i=1 peG-ig(C;)

where a, and Bf, are nonnegative multiplicities given by the appropriate calculation of deg(R,|?),
possibly computing the degree of R, on multiple curves. Note that o, = 1. One can thus write

0 (90@0 (OC)) =0 (90% (OCO))

_— <ap—1)e<p>+2(;;ie<so¢0<oci>)+ S - ;@.wm)).

peG-ig(Co) i=1 peG-ig(Cs)
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From Lemma 4.10, ), — 1 and 3, — 3,» are both nonnegative. If all the remaining p in these
sums with nonzero coefficients after this reduction are characters marking divisors then one can
express each term 7,0(p) = 7,0 (e, (qu1| p)) for some divisor D, thus evidencing that (4.2)
is redundant. Suppose instead that some p = p; marks a curve unlocked by Cjy or some C;.
We assume the latter; the former is treated identically. Denote this new curve by Cj 1. Then

2 (B/Z) B Xz)g(p) = ( ;1 - ;i)e(SO@O(OCiJ))

peG-ig(C;)
DN RV AR NN CEE WD

peG-ig(Ci 1) p¢G-ig(Ci 1)

where again each coefficient is nonnegative by Lemma 4.10 applied to C; ;. Observe that there
are strictly fewer nonzero coefficients in this expression than before, since at the least we removed
the term for p;. Continuing in this way for each character appearing that marks a curve, we
can reduce to the situation where the only characters with nonzero coefficients in the error term
are those that mark divisors. At that point we have already seen how to express the error term
in terms of inequalities coming from divisors, and so we have shown that (4.2) is redundant. W

4.6 Classifying Type III walls

We provide a combinatorial classification of the Type III walls for €5. We start with the
following definition.

Definition 4.12. Let x be a character marking a curve in G-Hilb. We say that the x-chain is
a generalised long side if it starts and ends on the boundary of the junior simplex, and all the
edges along the x-chain are boundary edges of regular triangles. We exclude the lines meeting
at a trivalent vertex if there is a meeting of champions of side length 0 from this definition.

For example, any long side is a generalised long side. The 15-chain for %(1, 3,31) is a ge-
neralised long side as can be seen in Fig. 25.

Example 4.13. We compute the inequalities for curves along the 15-chain in G-Hilb for G =
%(1, 3,31). From the unlocking procedure or computing G-igsaw pieces directly, the inequalities
for the 15-curves starting from e; and moving downwards are

015 + 018 + 021 + O24 + 07 + 019 + 013 + 016 + 011 + O14 + 017 + 059 > O, (A15)
015 + 618 + b21 + b1 + 611 + 014 + 017 > 0, (B1s)
015 + 016 + 017 + 018 > 0, (015)
015 + 016 + 017 + 018 > 0. (DIS)

Clearly (C15) and (D;5) depend on each other; the inequality is the same since they are fibres of
the P!-bundle structure on the Hirzebruch surface marked with 18, and so contracting one must
contract the other. We consider some of the additional inequalities coming from (—1, —1)-curves:
07 + 6019 + 613 > 0, (A7
011 + 014 > 0, (All
921 > 0, (A21
924 + 920 > 0. (A24

We can deduce

(C15) + (A7) + (A11) + (A21) + (A24) = (A15),
(C15) + (A11) + (A1) = (Bis),

so that (Aj5) and (Bjs) are redundant.
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Definition 4.14. Consider a generalised long side marked with character x. Recall that each
x-chain consists of potentially several straight line segments. We call a curve in the y-chain final
if it is the furthest curve along the x-chain away from a vertex along such a line segment.

For example, for G = %(1, 3,31), the bolded curves in Fig. 28 are final.

Figure 28. Final curves for G = 5:(1,3,31).

Final curves not along a long side are also those contained in an exceptional Hirzebruch
surface (with no blowups) or, equivalently, those corresponding to edges incident to a 4-valent
vertex. There can be at most two final curves for each generalised long side, with exactly one
when the generalised long side is actually a long side.

Lemma 4.15. Suppose x is a character marking a curve and that the x-chain is a generalised
long side. Then, the inequality for each non-final curve C' in the x-chain is redundant. The final
curves all produce the same inequality:

000+ Y, 0(¥) >0,

yeHirz(x)
which is a necessary inequality defining a Type III wall of €.

Proof. First, the inequality for a final x-curve C' features only the Hirzebruch divisors along the
x-chain by the unlocking procedure. It has all nonzero coefficients equal to 1 for the following
reason. X2 cannot mark a Hirzebruch divisor along the y-chain because to do so one would
require another chain, say with character p, to cross the y-chain and have y ® p = x?. Of
course, this would mean that p = , but chains do not self-intersect. Hence, x? does not appear
in the G-igsaw piece for C and so all multiplicities must be equal to 1 by Lemma 4.9. This is
clearly a necessary inequality, as x is the only character in the inequality coming from a curve
and there is no divisor that contains only y-curves — in contrast to the case of a trivalent vertex.

To see that the other inequalities coming from curves along a generalised long side are re-
dundant, we will decompose these inequalities similarly to before. Let C' be such a curve and
write

0(pe,(00)) =00x) + D, agfW)+ >, > Bib(p),
YeHirz(C) i=1 peG-ig(C;)

where C, ..., C, are the curves unlocked by C. By exactly the same methods as in the proof of
Lemma 4.11, one can express the final term as a sum of inequalities from curves and divisors.
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The first two terms are equal to

000+ Y, apf(¥) = 0(e,(Oc)) + D (o — (e, (R, Iny)),
eHirz(C) yeHirz(x)

where C’ is a final y-curve and Dy, is the divisor marked with . Of course ay, > 1 and so we
have shown that the inequality from C' is redundant. |

We consider the example G = %(1, 3,21), which has a meeting of champions of side length 2.
Example 4.16. We show the triangulation for G-Hilb and Reid’s recipe for G = %(17 3,21)
in Fig. 29. Observe that of the three champions, the 3-chain and 9-chain are generalised long
sides whilst the 1-chain contains a (—1, —1)-curve. We hence obtain two Type III walls from
the champions and another for the 21-chain that is also a generalised long side, with inequalities

03 + 04+ Og + 010 + 016 + 029 + 024 > 0, (Fg)
Oy + 610 + 011 + 612 > 0, (09)
021 + O22 + b23 + b4 > 0. (C21)

Figure 29. Reid’s recipe for G = %(1,3,21).

4.7 Summary

We compile the main results — Corollary 4.3, Proposition 4.4, Lemmas 4.11 and 4.15 — of this
section.

Theorem 4.17. Suppose G < SL3(C) is a finite abelian subgroup. The walls of the chamber &
for G-Hilb A® and their types are as follows:

e a Type I wall for each exceptional (—1,—1)-curve,
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e a Type IIT wall for each generalised long side,
e a Type 0 wall for each irreducible exceptional divisor,

e cach remaining wall is of Type 0 and comes from a divisor parameterising a rigid quotient.

Moreover, for every contraction of Type I or III for G-Hilb A? there is a wall of the correspon-
ding type that induces the contraction by VGIT.

Proposition 2.6 describes how to recover the unstable locus or the corresponding reducible
divisor D’ for each wall of Type 0 from a rigid quotient. Let to be a wall of €. Denote
by E(w) the set of edges in the Craw—Reid triangulation corresponding to curves C' for which
all characters in G-ig(C') appear in the equation of the wall. The desired divisor D’ inducing tv is
then the union of the divisors corresponding to vertices for which all incident edges are in E(tv).
We observe that the unlocking procedure allows the check of which walls from rigid quotients
are necessary to be performed combinatorially.

5 Future directions

There are several natural avenues of further study opened up by the results of this paper, three
of which are

e attuning the results here with the derived interpretation of Reid’s recipe [6],

e exploring any relations between analogs to Reid’s recipe in other settings and walls in sta-
bility (for instance, dimer models [3, 15]),

e reverse-engineering a partial Reid’s recipe for other resolutions Mg from an explicit des-
cription of the walls of €, and examining whether this has any categorical content.

Acknowledgements

The author would like to thank Yukari Ito and Nagoya University for hosting him as this research
began. He would also like to thank Alastair Craw, Alvaro Nolla de Celis, and David Nadler for
many fruitful and enjoyable conversations about this project, as well as the referees for their
thoughtful suggestions on how to improve its exposition.

References

[1] Artin M., Verdier J.L., Reflexive modules over rational double points, Math. Ann. 270 (1985), 79-82.

[2] Batyrev V.V., Dais D.I., Strong McKay correspondence, string-theoretic Hodge numbers and mirror sym-
metry, Topology 35 (1996), 901-929, arXiv:alg-geom/9410001.

[3] Bocklandt R., Craw A., Quintero Vélez A., Geometric Reid’s recipe for dimer models, Math. Ann. 361
(2015), 689-723, arXiv:1305.0156.

[4] Bridgeland T., Flops and derived categories, Invent. Math. 147 (2002), 613-632, arXiv:math.AG/0009053.

[5] Bridgeland T., King A., Reid M., The McKay correspondence as an equivalence of derived categories,
J. Amer. Math. Soc. 14 (2001), 535-554, arXiv:math.AG/9908027.

[6] Cautis S., Craw A., Logvinenko T., Derived Reid’s recipe for abelian subgroups of SL3(C), J. Reine Angew.
Math. 727 (2017), 1-48, arXiv:1205.3110.

[7] Cautis S., Logvinenko T., A derived approach to geometric McKay correspondence in dimension three,
J. Reine Angew. Math. 636 (2009), 193-236, arXiv:0803.2990.

[8] Craw A., The McKay correspondence and representations of the McKay quiver, Ph.D. Thesis, Warwick
University, 2001.


https://doi.org/10.1007/BF01455531
https://doi.org/10.1016/0040-9383(95)00051-8
https://arxiv.org/abs/alg-geom/9410001
https://doi.org/10.1007/s00208-014-1085-8
https://arxiv.org/abs/1305.0156
https://doi.org/10.1007/s002220100185
https://arxiv.org/abs/math.AG/0009053
https://doi.org/10.1090/S0894-0347-01-00368-X
https://arxiv.org/abs/math.AG/9908027
https://doi.org/10.1515/crelle-2014-0086
https://doi.org/10.1515/crelle-2014-0086
https://arxiv.org/abs/1205.3110
https://doi.org/10.1515/CRELLE.2009.086
https://arxiv.org/abs/0803.2990

38 B. Wormleighton
[9] Craw A., An explicit construction of the McKay correspondence for A-Hilb C?, J. Algebra 285 (2005),

682-705, arXiv:math.AG/0010053.

[10] Craw A., Ishii A., Flops of G-Hilb and equivalences of derived categories by variation of GIT quotient, Duke
Math. J. 124 (2004), 259-307, arXiv:math.AG/0211360.

[11] Craw A., Ito Y., Karmazyn J., Multigraded linear series and recollement, Math. Z. 289 (2018), 535-565,
arXiv:1701.01679.

[12] Craw A., Reid M., How to calculate A-Hilb C?, in Geometry of Toric Varieties, Sémin. Congr., Vol. 6, Soc.
Math. France, Paris, 2002, 129-154, arXiv:math.AG/9909085.

[13] Denef J., Loeser F., Motivic integration, quotient singularities and the McKay correspondence, Compositio
Math. 131 (2002), 267-290, arXiv:math.AG/9903187.

[14] Ishii A., Ito Y., Nolla de Celis A., On G/N-Hilb of N-Hilb, Kyoto J. Math. 53 (2013), 91-130,
arXiv:1108.2310.

[15] Ishii A., Ueda K., Dimer models and the special McKay correspondence, Geom. Topol. 19 (2015), 3405-3466,
arXiv:0905.0059.

[16] Ito Y., Nakajima H., McKay correspondence and Hilbert schemes in dimension three, Topology 39 (2000),
1155-1191, arXiv:math.AG/9803120.

[17] Ito Y., Nakamura I., McKay correspondence and Hilbert schemes, Proc. Japan Acad. Ser. A Math. Sci. 72
(1996), 135-138.

[18] Ito Y., Wormleighton B., Wall-crossing for iterated G-Hilbert schemes, in preparation.

[19] King A.D., Moduli of representations of finite-dimensional algebras, Quart. J. Math. 45 (1994), 515-530.

[20] Logvinenko T., Derived McKay correspondence via pure-sheaf transforms, Math. Ann. 341 (2008), 137-167,
arXivimath.AG/0606791.

[21] McKay J., Cartan matrices, finite groups of quaternions, and Kleinian singularities, Proc. Amer. Math. Soc.
81 (1981), 153-154.

[22] Nakamura I., Hilbert schemes of abelian group orbits, J. Algebraic Geom. 10 (2001), 757-779.

[23] Reid M., La correspondance de McKay, arXiv:math.AG/9911165.

[24] Takahashi K., On essential representations in the McKay correpondence for SL3(C), Master’s Thesis, Nagoya
University, 2011.

[25] Wilson P.M.H., The Kéhler cone on Calabi-Yau threefolds, Invent. Math. 107 (1992), 561-583.


https://doi.org/10.1016/j.jalgebra.2004.10.001
https://arxiv.org/abs/math.AG/0010053
https://doi.org/10.1215/S0012-7094-04-12422-4
https://doi.org/10.1215/S0012-7094-04-12422-4
https://arxiv.org/abs/math.AG/0211360
https://doi.org/10.1007/s00209-017-1965-1
https://arxiv.org/abs/1701.01679
https://arxiv.org/abs/math.AG/9909085
https://doi.org/10.1023/A:1015565912485
https://doi.org/10.1023/A:1015565912485
https://arxiv.org/abs/math.AG/9903187
https://doi.org/10.1215/21562261-1966080
https://arxiv.org/abs/1108.2310
https://doi.org/10.2140/gt.2015.19.3405
https://arxiv.org/abs/0905.0059
https://doi.org/10.1016/S0040-9383(99)00003-8
https://arxiv.org/abs/math.AG/9803120
https://doi.org/10.3792/pjaa.72.135
https://doi.org/10.1093/qmath/45.4.515
https://doi.org/10.1007/s00208-007-0186-z
https://arxiv.org/abs/math.AG/0606791
https://doi.org/10.2307/2044010
https://arxiv.org/abs/math.AG/9911165
https://doi.org/10.1007/BF01231902

	1 Introduction
	2 Resolutions of A3/G
	2.1 Setup
	2.2 Reid's recipe
	2.3 G-igsaw pieces
	2.4 Tautological bundles
	2.5 Abstract inequalities for C0

	3 Computing characters in total G-igsaw pieces
	3.1 Combinatorial definitions
	3.2 Unlocking procedure
	3.3 Monomials for divisors
	3.4 Counting characters
	3.5 (-1,-1)-curves
	3.5.1 Type Iy curves
	3.5.2 Type Ix curves
	3.5.3 Type Iz curves
	3.5.4 Type Ic curves

	3.6 Boundary curves
	3.7 Example: G=1/30(25,2,3)
	3.8 Example: G=1/35(1,3,31)

	4 Walls of C0
	4.1 Type I walls
	4.2 No Type II walls
	4.3 All flops in (-1,-1)-curves
	4.4 Irredundant inequalities – examples
	4.5 Redundant inequalities from curves
	4.6 Classifying Type III walls
	4.7 Summary

	5 Future directions
	References

