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Birational geometry for d-critical loci
and wall-crossing in Calabi—Yau 3-folds

Yukinobu Toda

ABSTRACT

The notion of d-critical loci was introduced by Joyce in order to give classical shadows
of (—1)-shifted symplectic derived schemes. In this paper, we discuss birational geom-
etry for d-critical loci, by introducing notions such as “d-critical flips” and “d-critical
flops”. They are not birational maps of the underlying spaces, but rather should be
understood as virtual birational maps. We show that several wall-crossing phenomena
of moduli spaces of stable objects on Calabi—Yau 3-folds are described in terms of
d-critical birational geometry. Among them, we show that wall-crossing diagrams of
Pandharipande-Thomas (PT) stable pair moduli spaces, which are relevant in showing
the rationality of PT generating series, form a d-critical minimal model program.

1. Introduction

1.1 Background and motivation

Let X be a smooth projective variety over C. For a given numerical class v € H**(X,Q) and
a stability condition o on the derived category of coherent sheaves on X (for example, Bridgeland
stability condition [Bri07], weak stability condition [Tod10a]), we denote by M, (v) the coarse
moduli space of S-equivalence classes of o-semistable objects on X with Chern character v. (The
existence of M, (v) is not obvious in general, and we discuss assuming that it exists. It is proved
in [AHH21] that M, (v) exists if o-semistable objects with Chern character v are bounded.) The
moduli space M,(v) depends on a choice of a stability condition o. In general, we have wall-
crossing phenomena; that is, there is a wall-chamber structure on the space of stability conditions
such that M, (v) is constant if o lies on a chamber but may change if o crosses a wall. It is an
interesting question how the moduli spaces M, (v) vary under wall-crossing of o. More precisely,
suppose that ¢ lies on a wall and o lie on its adjacent chambers. Then we have the following
diagram (called wall-crossing diagram):

Mo+ (U) M,- (U)

SN

My (v).
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If M,+(v) are smooth (or singular with mild singularities) and birational, then it makes sense to
ask whether the diagram (1.1) is a flip or flop in birational geometry [KM98]. Note that if this
happens, we have the inequality of canonical line bundles of M+ (v) (see Definition 2.8)

M+ (0) 25 M, (v). (1.2)

Indeed, this is true in some cases, and birational geometry of the diagram (1.1) has been es-
pecially studied when X is an algebraic surface [EG95, FQ95, MW97, NY11, BM14a, BM14a,
ABCHI13, Tod14]. In these articles, birational geometry of the diagram (1.1) has been important
in understanding birational geometry of classical moduli spaces (for example, Hilbert schemes of
points) or applications to enumerative geometry (for example, Donaldson invariants).

However, there is a limitation of this research direction. In general, the moduli spaces M, (v)
can have worse singularities than those that appear in birational geometry [KM98], for example,
terminal singularities, canonical singularities. In fact, by Vakil’s Murphy’s law [Vak06], any sin-
gularity can appear on such moduli spaces, so they may not be irreducible, may not be reduced,
may not be equidimensional, and so on. In such bad cases, it is not even clear what are bira-
tional maps between them, nor what are their canonical line bundles. Moreover, even if M, +(v)
are smooth, they are not birational in general. So it does not make sense to ask whether the
wall-crossing diagram (1.1) is a flip or a flop or satisfies the inequality (1.2).

If we focus on the case that X is a Calabi-Yau (CY for short) 3-fold, we still have the same
issue as above. However, in this case, we have additional structures on the moduli spaces M+ (v)
(more precisely, on their stable parts) called d-critical structures. This notion was introduced by
Joyce [Joy15] in order to give classical shadows of (—1)-shifted symplectic structures on derived
moduli spaces of stable objects on CY 3-folds [PTVV13]. In particular, we have the notion of
virtual canonical line bundles on such moduli spaces.

The purpose of this paper is to introduce the notions of d-critical flips, d-critical flops, etc.
for morphisms from d-critical loci to schemes or analytic spaces. They are not birational maps
of the underlying spaces, but rather should be understood as “virtual” birational maps. We then
show that, despite the possible bad singularities of M+ (v), several wall-crossing diagrams (1.1)
for a CY 3-fold X fit into these notions of d-critical birational transformations. In particular,
they satisfy an analog of the inequality (1.2) for virtual canonical line bundles.

1.2 D-critical birational geometry

By definition, a d-critical locus introduced by Joyce [Joy15] consists of data
(M,s), seT(M,SY),

where M is a C-scheme or an analytic space and SJ?/I is a certain sheaf of C-vector spaces on M
(see Definition 3.1). The section s is called a d-critical structure of M. Roughly speaking, if M
admits a d-critical structure s, this means that M is locally written as a critical locus of some
function on a smooth space, and the section s remembers how M is locally written as a critical
locus.

Let (M + si) be two d-critical loci, and consider a diagram of morphisms of C-schemes or
analytic spaces

M+ M~

%
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BIRATIONAL GEOMETRY FOR D-CRITICAL LOCI

We introduce the notion of a d-critical flip (respectively, d-critical flop); this is a diagram (1.3)
satisfying the following: for any p € A, there is a commutative diagram

¢

Y+\ />Y_
wt Z w
d
C,

where ¢: YT --» Y~ is a flip (respectively, flop) of smooth varieties (or complex manifolds),
such that locally near p € A, there exist isomorphisms between M* and {dw®* = 0} as d-critical
loci (see Definition 3.7 for details). Other notions such as a d-critical divisorial contraction, a d-
critical Mori fiber space (MFS for short), and their generalized versions will be also defined in
a similar way. We also introduce the inequality of virtual canonical line bundles on d-critical loci,
as an analog of (1.2) (see Definition 3.23):

(M*,sT) >k (M™,s7). (1.4)
For example, d-critical flips and d-critical flops satisfy (1.4).

We remark that a diagram (1.3) being a d-critical flip or a d-critical flop does not imply
anything on birational geometry of M* themselves, even when M are smooth. Indeed, there
is an example of a d-critical flip where M* are smooth but their dimensions are different (see
Example 3.8), so in particular they are not birational. Therefore, we should interpret these
notions as “virtual” birational maps rather than birational maps of the underlying spaces M®.

1.3 Wall-crossing in Calabi—Yau 3-folds

Suppose that X is a smooth projective CY 3-fold, and consider a wall-crossing diagram (1.1).
If v is primitive, then M,+(v) consist of o*-stable objects, and M, (v) admit canonical d-
critical structures by [BBBJ15]. Indeed, M,+(v) are classical truncations of derived schemes
with (—1)-shifted symplectic structures [PTVV13], and the derived Darboux theorem [BBBJ15]
for (—1)-shifted symplectic derived schemes yield d-critical structures on them.

Therefore, we can ask whether the diagram (1.1) is a d-critical flip, a d-critical flop, or so
on. We will answer this question via an “analytic neighborhood theorem” given in Theorem 6.1.
This theorem describes the diagram (1.1) analytic-locally on M, (v) in terms of a wall-crossing
diagram of moduli spaces of representations of a certain quiver with a (formal but convergent)
super-potential. A similar result was already proved in [Tod18] for moduli spaces of semistable
sheaves, and we will see that the argument can be generalized to our setting, assuming the
existence of good moduli spaces of Bridgeland semistable objects. The latter existence problem
is settled by Alper-Halpern-Leistner—Heinloth [AHH21]. The analytic neighborhood theorem
reduces the above question on the diagram (1.1) to studying birational maps of moduli spaces
of representations of some quivers without relations.

Using the analytic neighborhood theorem, we study d-critical birational geometry of wall-
crossing diagrams (1.1) that appeared in the context of enumerative geometry on CY 3-folds,
for example, Donaldson-Thomas (DT) invariants [Tho00], Pandharipande-Thomas (PT) invari-
ants [PT09] and also Gopakumar—Vafa (GV) invariants [MT18]. The results are summarized
below.

515



Y. Toba

THEOREM 1.1 (Theorems 8.3 and 9.13). (i) In the case of wall-crossing of 1-dimensional stable
sheaves, the diagram (1.1) is a d-critical generalized flop.

(ii) In the case of wall-crossing of PT stable pair moduli spaces, the diagram (1.1) is a d-critical
generalized flip at any point in Im 7~ and a d-critical MFS at any point in My(v) \ Im7~.

The wall-crossing diagrams in the above cases have applications to enumerative geometry.
The wall-crossing diagrams of 1-dimensional stable sheaves in item (i) are used in [Tod22b] to
show that GV invariants defined in [MT18] are independent of Bridgeland stability conditions,
and also invariant under flops. The wall-crossing diagrams of stable pair moduli spaces in item (ii)
are used in [Brill, Tod09a, Tod10b, Tod12a] (also in [Dial2] for local curve case) to show the
rationality conjecture of the generating series of PT invariants. In this case, we have wall-crossing
diagrams that relate PT invariants and L invariants in [Dial2], and Theorem 1.1(ii) shows that
they form a d-critical MMP (see Corollary 9.17).

In summary, Theorem 1.1 gives an interpretation of wall-crossing diagrams in CY 3-folds
relevant in enumerative geometry in terms of d-critical birational geometry. In Appendix B, we
also discuss some other examples of wall-crossing diagrams in CY 3-folds in terms of d-critical
birational geometry, DT/PT correspondence, local K3 surfaces (see Theorems B.1 and B.3).
They also have applications to enumerative geometry [Brill, Tod10a, Tod12b].

1.4 Speculation toward a d-critical D/K equivalence conjecture

Let YT --» Y~ be a birational map between smooth projective varieties satisfying the relation
Y+ >k Y. Then by Bondal-Orlov [BO95] and Kawamata [Kaw02], it is conjectured that there
exists a fully faithful functor of derived categories of coherent sheaves D? (Y*) — Db (Y*), which
is an equivalence if YT = Y. We call this conjecture the D/K equivalence conjecture.

We expect that a similar conjecture may hold for d-critical loci or (—1)-shifted symplectic
derived schemes. Namely, for a d-critical locus (M, s) (probably induced by a (—1)-shifted sym-
plectic derived scheme equipped with additional data), there may exist a certain triangulated
category D(M, s) such that if the relation (1.4) holds, we have a fully faithful functor

D(M~,s) ——D(M™",s"), (1.5)

which is an equivalence if (1.4) is an equality. The category D(M ~, s~ ) may be constructed as
a gluing of Z/2Z-periodic triangulated categories of matrix factorizations defined locally on each
d-critical chart, though its construction seems to be a hard problem at this moment (see [Joy13,
Problem (J)], [Toé14, Section 6.1] and also constructions for local surfaces [Tod19, Tod22al). If it
exists, the category D(M, s) may be interpreted as a kind of “Fukaya category” of d-critical loci,
or (—1)-shifted symplectic derived schemes (see [JS19, Conjecture 1.2]). Moreover, we expect
that the numerical realization of semi-orthogonal complement of the embedding (1.5) recovers
the wall-crossing formula of DT invariants on CY 3-folds established in [JS12, KS08]. Thus our d-
critical birational geometry gives a link between two research subjects developed independently,
the wall-crossing formula of DT invariants and the D/K equivalence conjecture.

If M* are smooth, so in particular s* = 0, we can use usual derived categories of coherent
sheaves D®(M™) to ask an analog of the above question. In [Tod21], we address this question in
the case of simple wall-crossing diagrams of stable pair moduli spaces.
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geometric [Wall—crossing in DT theory]

interpretation

[D—critical birational geometry} categorification

WX

{D /K equivalence conjecture]

1.5 Outline of the paper

In Section 2, we review basic terminology of birational geometry. In Section 3, we recall Joyce’s
d-critical loci and introduce notions of d-critical birational transformations. In Section 4, we
introduce moduli spaces of semistable objects on CY 3-folds and formulate the question on
their wall-crossing diagrams. In Section 5, we set notation of moduli spaces of representations
of quivers with convergent super-potentials. In Section 6, we state the analytic neighborhood
theorem for wall-crossing diagrams in CY 3-folds and give an outline of the proof. In Section 7,
we investigate wall-crossing phenomena in symmetric and extended quivers. In Section 8, we
describe wall-crossing diagrams of 1-dimensional stable sheaves on CY 3-folds in terms of d-
critical flops. In Section 9, we describe wall-crossing diagrams of stable pair moduli spaces in
terms of d-critical flips. In Appendix A, we review basics on Bridgeland stability conditions. In
Appendix B, we give some more examples of wall-crossing in CY 3-folds and describe them in
terms of d-critical birational geometry. In Appendix C, we recall how wall-crossing diagrams in
this paper have been relevant in the study of Donaldson—Thomas invariants.

1.6 Notation and convention

In this paper, all varieties and schemes are defined over C. For a smooth variety or a complex
manifold M, we denote by Kj; its canonical divisor and by wys = On(K)py) its canonical line
bundle. For a smooth projective variety X and 8,8 € Hy(X,Z), we write 8 > ' if 8 — ' is
the class of an effective 1-cycle on X. For a projective morphism f: Y — Z of varieties, we denote
by p(Y/Z) its relative Picard number. When f is birational, its exceptional locus is denoted by
Ex(f). For a scheme M, we denote by D?(M) := D?(Coh(M)) the bounded derived category of
coherent sheaves on M.

2. Review of birational geometry

In this section, we review some basics on birational geometry and recall several terminologies.
A standard reference is [KM98].

2.1 Terminology from birational geometry

Let Y be a projective variety with at worst terminal singularities (for example, Y is smooth). A
minimal model program (MMP for short) of Y is a sequence of birational maps

Y=Y, -3Yy -3 YN - Yy (2.1)

satisfying the following:
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(i) Each Y] is a projective variety with at worst terminal singularities.
(ii) Each birational map Y; --» Yj4 is either a divisorial contraction or a flip.

(iii) The projective variety Y either is a minimal model, that is, Ky, is nef, or has a Mori fiber
space structure Yy — Z. The former occurs if and only if the Kodaira dimension of Y is
non-negative.

Here a line bundle L on a variety Y is called nef if for any projective curve C' C Y, we have
deg(L|c) = 0. A Cartier divisor D on Y is also called nef if the associated line bundle Oy (D)
is nef. The minimal model Yy is not necessary unique, but two birational minimal models are
known to be connected by a sequence of flops [Kaw08].

The above notions in birational geometry are summarized in the following definitions. In this
paper, we only treat the case of smooth varieties, but the definitions are the same for varieties
with terminal singularities.

DEFINITION 2.1. Let Y be a smooth variety (respectively, complex manifold) and f: Y — Z a

projective morphism of varieties (respectively, analytic spaces) with p(Y/Z) = 1 and f.Oy = O.

Then f is called

(i) a divisorial contraction if dimY = dim Z (that is, f is birational or bimeromorphic), — Ky

is f-ample, and Ex(f) is a divisor;

(ii) an (anti) flipping contraction if dimY = dim Z, — Ky (respectively, Ky ) is f-ample, and f
is isomorphic in codimension 1;

(iii) a flopping contraction if dimY = dim Z, f is crepant (that is, Ky - C' = 0 for any curve
C C Y such that f(C) is a point), and f is isomorphic in codimension 1;

(iv) a MFS if dim Z < dimY and —Ky is f-ample.

We can formulate the relevant birational transformations using the diagram (2.2) below in
a unified way.

DEFINITION 2.2. Let Y, Y~ be smooth varieties (or complex manifolds), and consider a diagram

Y+ Y-
N A (22
Z,

where f*, f~ are projective morphisms of varieties (respectively, analytic spaces) satisfying
[EOy+ = Oz if Y* # (). Then the diagram (2.2) is called
(i) a divisorial contraction if f* is a divisorial contraction and f~ is an isomorphism;
(ii) a flip if fT is a flipping contraction and f~ is an anti-flipping contraction;
(iii) a flop if f, f~ are flopping contraction and the birational map Y™ --» Y~ is not an
isomorphism;

(iv) a MFS if f* isa MFS and Y~ = 0.

2.2 Generalized flips, flops and MFS

We also use the following generalized terminology, without assuming the condition of relative
Picard numbers, etc.
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DEFINITION 2.3. In the situation of Definition 2.2, we call a diagram (2.2)

(i) a generalized flip if f* are birational (or bimeromorphic) morphisms, — Ky is f*-ample,
and Ky - is f~-ample;

(ii) a generalized flop if f* are crepant birational (or bimeromorphic) morphisms, isomorphisms
in codimension 1, and there exists a fT-ample divisor on Y+ whose strict transform to Y~
is f~-anti-ample;

(iii) a generalized MFS if —Ky+ is f-ample and Y~ = {).

Remark 2.4. In the definition of a generalized flip, we do not assume that f* is isomorphic in
codimension 1. For example, a divisorial contraction is a generalized flip. On the other hand,
the morphism f~ for a generalized flip is always an isomorphism in codimension 1 by [KM98,
Lemma 3.38].!

Remark 2.5. The conditions (i) and (ii) in Definition 2.3 are not complementary. Indeed, a
diagram (2.2) is both of generalized flip and generalized flop if and only if f* and f~ are
isomorphisms.

Remark 2.6. In the definition of a generalized MFS, we do not assume dim Z < dimY ™", so f
can be birational. Indeed, such a case may happen in wall-crossing of stable pair moduli spaces
in Section 9 (see Remark 9.16).

Remark 2.7. If the diagram (2.2) is a generalized flip, by applying a MMP relative to Z proved
in [BCHM10], the birational map Y+ --» Y~ decomposes into divisorial contractions and flips
over Z (though the intermediate varieties may have terminal singularities). Similarly, a general-
ized flop decomposes into flops over Z by [Kaw08].

2.3 Inequalities of canonical divisors

Following Kawamata (for example, see [Kaw18]), we introduce the inequalities of canonical di-
visors (with a slight modification allowing empty sets).

DEFINITION 2.8. In the situation of Definition 2.2, we write

(i) YT >k Y~ if either Y~ =) (while YT # (), or there is a commutative diagram

/\
\/

such that g* are birational and (g%)*Ky+ — (¢97)*Ky— is linearly equivalent to an effective
divisor on W;

(ii) YT =g Y~ ifeither Y* = (), or there is a commutative diagram (2.3) for birational maps g*
such that (¢7)*Ky+ and (¢ )*Ky - are linearly equivalent.

!The reference for this fact was pointed out to the author by Chen Jiang.
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The canonical divisors decrease by divisorial contractions and flips, while flops keep them
(see [KM98, Lemma 3.38]). Therefore, a MMP is interpreted as a process decreasing the canonical
divisors; that is, for a MMP (2.1), we have the inequalities of canonical divisors

Y=Y >k Yo>rg > Yn_1>K YN.

Moreover, we have Yy =g Y](,, if Y](,, is another birational minimal model of Y. By Remark 2.7 (or
by using [KM98, Lemma 3.38)), if the diagram (2.2) is a generalized flip (respectively, generalized
flop), we have Y >, Y~ (respectively, Y =, V7).

3. Birational transformations for d-critical loci

The notion of d-critical loci was introduced by Joyce [Joy15] as a classical shadow of (—1)-shifted
symplectic derived schemes [PTVV13]. In this section, we recall its definition and introduce an
analog of the birational transformations in Section 2 for d-critical loci.

3.1 D-critical locus

Let M be a complex scheme (respectively, complex analytic space). In [Joy15], it is proved that
there exists a canonical sheaf of C-vector spaces Syy on M satisfying the following property: for
any Zariski (respextively, analytic) open subset U C M and a closed embedding i: U < Y into
a smooth scheme (respectively, complex manifold) Y, there is an exact sequence

0 _>SM|U — Oy/[2 @Qy/[-ﬁy.

Here I C Oy is the ideal sheaf that defines U, and dpg is the de Rham differential. Moreover,
there is a natural decomposition Sy = 5194 @ Cyps, where Cjy is the constant sheaf on M. The
sheaf SY, restricted to U is the kernel of the composition

8M|U — Oy/IQ—» OUred.

For example, suppose that w: Y — C is an algebraic (respectively, holomorphic) function such
that

U:{dw:0}7 w‘Urcd :0. (3.1)
Then I = (dw) and w + (dw)? is an element of T'(U, SY|v).

DEFINITION 3.1 ([Joyl5]). A pair (M, s) for a complex scheme (respectively, analytic space) M
and s € F(M , SJOVI) is called an algebraic (respectively, analytic) d-critical locus if for any z € M,
there exist a Zariski (respectively, analytic) open neighborhood x € U C M, a closed embedding
i: U = Y into a smooth scheme (respectively, complex manifold) Y and an element w € I'(Oy")
satisfying (3.1) such that s|y = w + (dw)? holds. In this case, the data

(U, Y, w,i) (3.2)
is called a d-critical chart. The section s is called a d-critical structure of M.

Remark 3.2. If M is smooth, then 884 = 0, so there is a unique (trivial) choice of its d-critical
structure, s = 0.

Given a d-critical locus (M, s), there exists a line bundle wys s on M™¢ called the wvirtual
canonical line bundle® (see [Joy15, Section 2.4]). It satisfies that, for any d-critical chart (3.2),

’In [Joy1h, Section 2.4], it was just called the canonical line bundle. We put “virtual” in order to distinguish it
from the usual canonical line bundle.
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there is a natural isomorphism
=, 02
CL)M’S|Ured — CL)Y |Ured . (33)

Remark 3.3. For a derived scheme M9 with a (—1)-shifted symplectic structure [PTVV13],
its classical truncation M carries a canonical d-critical structure by [BBBJ15]. In this case, the

virtual canonical line bundle of M is the determinant of the cotangent complex of M9€" restricted
to M.

We introduce the following relative version of a d-critical chart.

DEFINITION 3.4. Let (M, s) be an algebraic (respectively, analytic) d-critical locus and 7: M —
A a morphism of schemes (respectively, analytic spaces). For a Zariski (respectively, analytic)
open subset U C A, suppose that there is a commutative diagram

N U)LY
AN

J

where f: Y — Z is a morphism of schemes (respectively, analytic spaces), Y is smooth, ¢ and j
are closed immersions, and g € I'(Oy) is such that the data (7~ *(U),Y, w, ) is a d-critical chart.
In this case, we call the diagram (3.4) a w-relative d-critical chart.

3.2 D-critical birational transformations

We formulate the terminology of birational contractions for d-critical loci, using relative d-critical
charts from Definition 3.4.

DEFINITION 3.5. Let (M, s) be an algebraic (respectively, analytic) d-critical locus and
T M — A (3.5)

a morphism of schemes (respectively, analytic spaces). We call the morphism (3.5) an algebraic
(respectively, analytic) d-critical divisorial contraction, d-critical (anti) flipping contraction, d-
critical flopping contraction at a point p € A if there exist a Zariski (respectively, analytic)
open neighborhood U C A of p and a w-relative d-critical chart (3.4) such that f: Y — Z is a
divisorial contraction, (anti) flipping contraction, flopping contraction, MFS, respectively, as in
Definition 2.1.

We call the morphism (3.5) an algebraic (respectively, analytic) d-critical divisorial contrac-
tion, d-critical (anti) flipping contraction, d-critical flopping contraction, d-critical MFS, if the
above corresponding condition holds for any p € A.

A d-critical birational contraction need not to be birational between the underlying spaces.
Indeed, we have the following example.

EXAMPLE 3.6. Let U* be the following affine schemes with d-critical structures s*
U* := SpecC[z, y*]/(zy*, v*?), sF=ay™ + (al(wyﬁ))2

By gluing U™ and U~ at the smooth open subset Spec C [a:, :Ufl] , we obtain an algebraic d-critical
locus (M, s) with M = UY UU~ and s|y= = s*. Note that M = P! and M is non-reduced
at the points {0} and {oo}. The structure morphism 7: M — SpecC is an algebraic d-critical

521



Y. Toba

divisorial contraction, though M and SpecC are not birational in the usual sense. Indeed, we
have the m-relative d-critical chart

Mc i, C2
AN
SpecC— C? — C,
j
where f is the blow-up at 0 € C? and ¢ is the function g(u,v) = uwv.

We also formulate a d-critical version of birational transformations below.

DEFINITION 3.7. Let (M+, s+) and (M_, s‘) be algebraic (respectively, analytic) d-critical loci,

and consider a diagram
M+ M~
R % (3.6)
A,

are morphisms of schemes (respectively, analytic spaces). Then we call the diagram
(3.6) an algebraic (respectively, analytic) d-critical divisorial contraction, d-critical (generalized)
flip, d-critical (generalized) flop, d-critical (generalized) MFS at p € A if there exist a Zariski
(respectively, analytic) open neighborhood U C A of p and n*-relative d-critical charts

where 7*

(7)) v

iﬂi lAw\i (3.7)

J
where g € I'(Oy) and j are independent of +, such that the diagram
+ —
vt Lzl vy

is a divisorial contraction, (generalized) flip, (generalized) flop, (generalized) MFS, as in Defini-
tions 2.2 and 2.3, respectively.

We call the diagram (3.6) an algebraic (respectively, analytic) d-critical divisorial contrac-
tion, d-critical (generalized) flip, d-critical (generalized) flop, d-critical MF'S, respectively, if the
corresponding condition holds for any p € A.

Here we give some examples of d-critical flips and d-critical flops.

EXAMPLE 3.8. Let V', V™ be finite-dimensional C-vector spaces with dimension a, b on which C*
acts by weight 1, —1, respectively. We denote by & = (z1,...,24), ¥ = (y1,...,yp) coordinates
of V**, V— respectively. For ¢ € Zg, let U = C° (respectively, an analytic open neighborhood
U C C€ of 0) with a trivial C*-action. By taking geometric invariant theory (GIT) quotients of
VT x V= x U by the C*-action with respect to the character +id: C* — C*, we obtain

Y+ = TOt]]:D(V+)(O]p(V+)(—1) (024 V_) X U,
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Then by setting
Z :=S8pecClzyj: 1<i<a,l1<j<bxU,
we obtain the diagram
+ -
v+ Lz y-, (3.8)

which is a standard toric flip if @ > b > 2 and a standard toric flop if a = b > 2 (see [Rei92]).
Let us consider g € I'(Og) of the form

a b
g = Z Z w”({[)xly] , w”(ﬁ) S F(OU) .
i=1 j=1

We define w® by the commutative diagram

+ —
vi I
C.

If we have ¢ > a,b and the w;;(@) are sufficiently general, then the critical loci
M= :={dwF =0} cY* (3.9)
are smooth of dimension +(a—b)+c—1. Moreover, f*(M¥) are contained in {0} x U. Therefore,
the diagram
Mt U M (3.10)

is an algebraic (respectively, analytic) d-critical flip if @ > b > 2 and an algebraic (respectively,
analytic) d-critical flop if @ = b > 2. Here as M* are smooth, the d-critical structures s* on M™*
must be zero. Note that in the former case, the dimensions of M* are different. The fibers of 7+
at u € U are linear subspaces in P(V*), whose dimensions depend on w.

Here is an example of analytic d-critical flips and flops for a diagram of smooth projective
varieties.

EXAMPLE 3.9. Let C be a smooth projective curve with genus g, and let S*(C) be the kth
symmetric product of C:

. PR S
SPC):=(Cx---xC) /6.

Note that S¥(C) is a smooth projective variety with dimension k. Let Pick(C) be the moduli
space of line bundles on C with degree k, which is a g-dimensional complex torus. For each n > 0,
we consider the classical diagram of Abel-Jacobi maps

M, = §vH9-1(C) M_ = §—mo-1(C)

X / (3.11)

Pic"t9~1(C).

Here the morphisms 7+ are given by 77 (Z C C) = O¢(Z) and 7= (Z' € C) = we(—2").
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The diagram (3.11) appears as a special case of wall-crossing of stable pair moduli spaces
discussed in Theorem 9.22 (see Example 9.24). By loc. cit., at a point [L] € Pic"™971(C), we
see that the diagram (3.11) is an analytic d-critical flip if (L) > 1, an analytic d-critical
divisorial contraction if h'(L) = 1 and an analytic d-critical MFS if h'(L) = 0. Moreover,
relative d-critical charts are analytic-locally on Pic"™9~1(C) given as in Example 3.8. Note that
S*n+9-1(() are smooth projective varieties, which are not birational for n > 0 (as the dimensions
are different).

Here is an example of a d-critical flop between non-reduced d-critical loci.

ExaMPLE 3.10. Let us consider the case a = b = 2 and ¢ = 0 in Example 3.8. In this case, the
diagram (3.8) is the simplest example of a flop, called an Atiyah flop. Let us take g € T'(Oy)
to be g = 129y and define M as in (3.9). We have d-critical structures on M* defined by

st = wT + (dwi)2 and an algebraic d-critical flop
+ -
Mt 55 Z & M.
The schemes M* are described as follows. Let P! = C* C Y+ be the exceptional loci of f*.
Then the reduced part of M™ is a smooth divisor on Y that contains C*. However, M ™ is
non-reduced along two disjoint curves on M ™. On the other hand, the reduced part of M~ is
a union of C~ and a smooth divisor on Y~ that intersects C'~ at a point y. The scheme M~

is non-reduced along two curves on the above divisor that intersect at y. The singularities of
schemes M* are not treated in birational geometry.

Remark 3.11. As in Remark 2.5, the d-critical generalized flips and flops at p € A in Defini-
tion 3.7 include the case that both of f* and f~ in the diagram (3.6) are isomorphisms. In
this case, the left vertical arrows in (3.7) are closed immersions. This also includes the case

that (Wi)fl(U ) = 0. Indeed, one can take a closed embedding U C Z for a smooth Z that
admits a smooth morphism ¢: Z — C. Then by taking Y* = Z, f* = id and w™ = g, we have

{dwi} = 0.

Remark 3.12. In the notation of Definition 3.7, suppose that the function g satisfies g € mg,
where mo C Oy is the ideal sheaf of 0 := j(p) € Z. Then as g.: Tz — T 4(0) is a zero map,

we see that (set-theoretically) ( fi)_l(()) C {dw* = 0}. In particular, if f* contracts a curve in
Y+ to a point 0 € Z, then it lies on M* and 7% also contracts it to p.

Remark 3.13. If the condition of Remark 3.12 is not satisfied, it is possible that 7% : M* — A
do not contract any curve while f* do. For example, let us consider the diagram

c2 S o2l 2

RNVE

)

where f1 is the blow-up at the origin and ¢ is the projection onto one of the factors of C2. By
taking the critical locus of w®, we obtain the diagram

{dw™ =0} = SpecC 4, (0€C?) +— {dw™ =0} =90. (3.12)

Although f* contracts a P! to a point, this diagram does not contract curves.
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In order to avoid situations as in Remarks 3.11 and 3.13, we introduce the following strict
notion of birational transformations.
DEFINITION 3.14. In the situation of Definition 3.7, we call a diagram (3.6) strict at p € A if
dim (ﬂ*)_l(p) > 1, that is, 77 is not a finite morphism at p. We call a diagram (3.6) strict if it

is strict at some p € A, that is, 77 is not a finite morphism.

Remark 3.15. The diagram (3.10) is strict if a > 2 by Remark 3.12. On the other hand, the
diagram (3.12) is not strict.

3.3 D-critical MMP
We define the following d-critical version of a MMP as follows.

DEFINITION 3.16. Let (M, s) be an algebraic (respectively, analytic) d-critical locus. A d-critical
MMP of (M, s) is a sequence

M, Mo .. My
w\\\ / A / \ / (3.13)
1 1 2 N-—-1
Ay As A

N—-1;

where each (M;, s;) is an algebraic (respectively, analytic) d-critical locus, (M, s1) = (M, s) are
d-critical loci, and for each i, the diagram

71';L o
M, — Az — Mi—i—l (3.14)

is an algebraic (respectively, analytic) d-critical generalized flip at any point in Im7; and d-
critical generalized MFS at any point in A; \ Im7; . A d-critical MMP is called strict if each
diagram (3.14) is strict in the sense of Definition 3.14.

We give an example of a d-critical MMP from a usual MMP.

EXAMPLE 3.17. Let X be a complex manifold with a projective morphism f: X — A, where
0 € A C C is a small disc. Suppose that f~!(#) is a smooth minimal model for any ¢t € A\ {0}.
Also suppose that we have a f-relative MMP of X over A

X=X —>Xg >3 Xy_1 —— Xy,

where Xy — A is a minimal model over A such that each A; is smooth. (For example, such
a MMP always exists when dim X" = 2.) Then each birational map &; --» X1 fits into the
diagram

+ _—

Xy — =Y~ X1
gi
N\LA1
A,

where the top sequence is either a divisorial contraction or a flip. Let h: A — C be defined by
t — t2, and set

w; Z:hofi:Xi%C, M; = {deZO}, A=) XASpeCC[t]/tm

for m > 0. Note that M; and A; are projective schemes with f;(M;) C A; for m > 0, and M;
admits a d-critical structure s; = w; + (dw;)?. Then we obtain a d-critical MMP (3.13), which is
strict by Remark 3.12.
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Remark 3.18. In Example 3.17, note that (f;)~(0) = M; as a set, but their scheme structures
may be different. For example, if (f;)~1(0) is a curve with a nodal singularity at = € (f;)~1(0),
then the scheme structure of M; at x is given by @Mi71' = C[[z, yﬂ/(mzy, :EyQ), which is a critical
locus of the function z?y? and not isomorphic to the nodal singularity.

As an analogy of a minimal model in birational geometry, we introduce the following notion
of minimal d-critical loci.

DEFINITION 3.19. A d-critical locus (M, s) is called minimal if the virtual canonical line bun-
dle wys,s is nef.

ExAMPLE 3.20. (i) For a d-critical locus (M, s), if M is smooth, then wyss = w$7. Therefore,
(M, s) is minimal if and only if Kj; is nef, that is, M is minimal in the usual sense.

(ii) In the situation of Example 3.17, the d-critical locus (My,sy) is minimal, as wary sy =
w?éi |amy is nef. Note that My is a projective singular scheme if (fn)~1(0) is singular.

(iii) There is also an example of a singular projective minimal d-critical locus (M, s) such
that M9 is a smooth non-minimal model. Let Z be the A; surface singularity Z = {xy +22 =
0} C C3, and take the blow-up f: Y — Z at the origin, which is a crepant resolution of the
singularity 0 € Z. We consider the commutative diagram

y 1.7

X\ i(wyy,Z)HwQerQHQ

C.

We have the following d-critical locus:
(M,s), M={dw=0}, s=w+ (dw)?.

Then M4 = P!, and there are four points in P! at which M is non-reduced. At these points,
the scheme structure of M is given by the critical locus of the function (z,y) — 23? on C2. Note
that wyrs = w%w\ mred = Op1 as wy is trivial. Therefore, the d-critical locus (M, s) is minimal,
while M is not minimal.

As for the usual minimal model in birational geometry, we have the following lemma.
LEMMA 3.21. Let (M+, s+) be a minimal d-critical locus. Then there is no strict diagram
M* S A M (3.15)

for a d-critical locus (M~,s™) that is a d-critical generalized flip at any point in Im7~ and
a d-critical generalized MF'S at any point in A\ Im7~.

Proof. Suppose that a diagram (3.15) exists. As 7 is not a finite morphism, there is a projective
curve C C M™ such that 7(C) = p for some point p € A. Let us take mt-relative d-critical
charts (3.4) for an open neighborhood p € U C A. Then as —Ky+ is f-ample, we have

deg(wps+ s+|c) = 2Ky+ -i7(C) <0,
which contradicts that (M, s*) is minimal. O

Remark 3.22. By Lemma 3.21, a strict d-critical MMP (3.13) terminates at My if My is ei-
ther minimal or an empty set. In the latter case, the morphism My_1 — Ayx_1 is a d-critical
generalized MFS at any point in Ay_1.
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We generalize the inequality of canonical divisors in Definition 2.8 to virtual canonical line
bundles on d-critical loci.

DEFINITION 3.23. In the situation of Definition 3.7, we write

(M+,3+) >k (M’,s’) (3.16)
if for any p € A, there is a 7*-relative d-critical chart (3.7) such that Y™ > Y~ as in Defini-
tion 2.8. The inequality (3.16) is strict if YT > Y~ for some p € A.

Remark 3.24. By (3.3), the inequality (3.16) is regarded as an inequality for virtual canonical
bundles of d-critical loci.

If the diagram (3.6) is a d-critical divisorial contraction, (generalized) flip or (generalized)
MFS, we have the inequality (3.16). In particular, for a d-critical MMP (3.13), we have the
inequalities

(My,s1) 2Kk (Ma,s2) 2K -+ 2K (Mn,SN) -

All inequalities are strict if (3.13) is a strict d-critical MMP. Moreover, we have the equality
of (3.16) if the diagram (3.6) is a d-critical (generalized) flop.

4. Moduli spaces of semistable objects on CY 3-folds

In this section, we discuss moduli spaces of Bridgeland semistable objects on CY 3-folds and
introduce their wall-crossing diagrams as in the introduction. We address the general question
of whether wall-crossing diagrams in CY 3-folds are described in terms of d-critical birational
transformations introduced in Section 3, which is a main topic in this paper.

4.1 Moduli spaces of objects on CY 3-folds

Let X be a smooth projective CY 3-fold; that is, dim X = 3, Kx = 0 and H}(Ox) = 0. Below
we fix a trivialization

Ox —» wx. (4.1)
We denote by M the 2-functor
M: Sch/C — Groupoid
sending a C-scheme S to the groupoid of relatively perfect objects
£ e DX xS) (4.2)

such that for each s € S, the derived restriction & to X x {s} satisfies Ext<%(&,, &) = 0. By
the result of Lieblich [Lie06], the 2-functor M is an Artin stack locally of finite type. We have
the open substack M5 C M consisting of simple objects, that is, substacks of objects (4.2)
that furthermore satisfy Hom(&s,Es) = C for any s € S. Then by [Lie06, Corollary 4.3.3] (also
see [Ina02]), there is an algebraic space M*' locally of finite type with a morphism

M — Mo (4.3)

which is an étale-locally trivial BC*-bundle (that is, C*-gerbe). By the result of [BBBJ15], we
have the following.

527



Y. Toba

THEOREM 4.1 ([BBBJ15]). There is a canonical d-critical structure on the stack M whose virtual
canonical line bundle is given by

wiy = det RHomy, ,, (€,€).
Here € is a universal sheaf on X x M, and pr,: X x M — M is the projection. The restriction

of the above d-critical structure to M C M descends to a d-critical structure on M*:.

Remark 4.2. More precisely, the d-critical structure on M in Theorem 4.1 is canonically deter-
mined once we choose a trivialization (4.1).

Remark 4.3. The last statement that the d-critical structure on M descends to M is not
mentioned in [BBBJ15]. Here is a brief argument suggested by a referee.

Let M be a derived enhancement of M®! that is (—1)-shifted symplectic. There is a Hamil-
tonian BC*-action on 9% by scaling automorphisms, and its moment map is

M* — g*[~1] = SpecC[¢],
where g is the tangent complex of BC* and deg(§) = —2. The (—1)-shifted symplectic reduction is
= [/BC*] x(ge—1)/8c+ 871-1]

which is (—1)-shifted symplectic as it is a Lagrangian intersection over the 0-shifted symplectic
derived stack [g*[—1]/BC*] (see [AC21, Section 2.2]). As its classical truncation is M*!, we have
an induced d-critical structure on M*® that is a descendant of the d-critical structure on M*'.

4.2 Moduli spaces of Bridgeland semistable objects
We define I'y € H*(X,Q) to be the image of the Chern character map

ch: K(X) — H*(X,Q).

Let Stab(X) be the space of Bridgeland stability conditions on the derived category D(X) with
respect to the Chern character map ch: K(X) — I'x (see Appendix A.3). By definition, a point
o € Stab(X) is written as

o= (2Z,A) € Stab(X), AcD’X), Z:Tx —C, (4.4)

where A is the heart of a bounded t-structure and Z is a group homomorphism, both satisfying
some conditions.

Remark 4.4. So far it is not known whether Stab(X) # ) for a projective CY 3-fold in general.
At the present time, this is only known when X is an étale quotient of an abelian 3-fold [MP15,
BMS16]. On the other hand, we can generalize the arguments below in a modified situation where
it is easier to construct stability conditions, for example, Stab(X') for a non-compact CY 3-fold,
Stab(D) for a triangulated subcategory D C Db(X), etc.

For a stability condition o as in (4.4) and an element v € "y, we have the substacks
M (v) C Mg(v) C M, (4.5)

where M, (v) consists of the o-semistable objects E € A with ch(F) = v and M (v) is the
o-stable part of M, (v). Below we continue the discussion under the following assumption.

AssUMPTION 4.5. The substacks (4.5) are open substacks of M, and they are of finite type.
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Remark 4.6. Assumption 4.5 holds in the cases where Stab(X) is known to be non-empty
(see [PT19]). As proven in [PT19], the Bogomolov—Gieseker type inequality conjecture proposed
in [BMT14, BMS16] implies both the constructions of stability conditions and Assumption 4.5.

Under Assumption 4.5, we can discuss good moduli spaces for Artin stacks (4.5) in the sense
of [Alp13]. A general definition is as follows.

DEFINITION 4.7 ([Alp13]). A morphism p: M — M, where M is an Artin stack and M an
algebraic space, is called a good moduli space for M if the following conditions hold:

(i) The morphism p is quasi-compact, and p,: QCoh(M) — QCoh(M) is exact.

(ii) The natural map Oy — p.Oxq is an isomorphism.

A good moduli space p: M — M is universal for morphisms to algebraic spaces (see [Alp13,
Theorem 6.6]). Namely, for a morphism p’: M — M’ for another algebraic space M’, there is

a unique factorization p’: M 5 M — M.

Let us return to moduli stacks of (semi)stable objects (4.5). We will use the following result
which is proved in [AHH21, Theorem 7.25].

THEOREM 4.8 ([AHH21]). The stack M, (v) admits a good moduli space
o My (v) — My (v)
for a separated algebraic space M, (v) of finite type.

The good moduli space M, (v) is the coarse moduli space of S-equivalence classes of o-
semistable objects with Chern character v. It follows that there is a one-to-one correspondence
between closed points of M, (v) and o-polystable objects, that is, o-semistable objects in A with
Chern character v, isomorphic to direct sums of o-stable objects.

Remark 4.9. The existence of the good moduli space is well known for moduli stacks given as
GIT quotient stacks, say moduli stacks of Gieseker semistable sheaves (see [HLI7]). In this case,
we can proceed with the arguments without relying on [AHH21]. In general, it is not known
whether M, (v) can be constructed as a GIT quotient stack, so we rely on [AHH21] for the
existence of M, (v).

Let M3 (v) C My(v) be the open subspace consisting of the o-stable objects. Then we have
the morphism
pars Mi(v) — ME(v) (4.6)

giving a good moduli space for MZ (v). Note that M7 (v) is also an open subspace of the moduli
space of simple objects M* in Subsection 4.2, and the morphism (4.6) is a pull-back of the
morphism (4.3) by the open immersion M$(v) C M*.

4.3 Wall-crossing diagram in CY 3-folds

By a general theory of Bridgeland stability conditions, there is a collection of locally finite
codimension 1 submanifolds (called walls)

{Wiatren, Wi C Stab(X)

such that the moduli stack M, (v) is constant if ¢ lies in a connected component of the comple-
ments of walls (called chamber) but may change if o crosses a wall. Each wall W) is defined by

529



Y. Toba

the condition
Z(v1) € RyoZ(v2), vi4+uva=veTly,

where v1, vy are not proportional in (I'x)g.

Below, we take v € I'x to be primitive; that is, v is not written as a multiple of some element
in I'y. Let us take

o= (Z,A) € Stab(X), oF = (7%, A%) € Stab(X),

where o lies on a wall and o7 lie on its adjacent chambers. By applying C-action on Stab(X) if
necessary (see Remark A.5), we may assume 3Z(v) > 0. Then any o*-semistable object £ € AT
with ch(E) = v is a o-semistable object in A. So we have open immersions M+ (v) C M (v)
and the commutative diagram

M+ (U) —— MU(”) <—)Mcr* (U)

prl lpM lpM (4.7)
M+ (v) —= My(v) <—— M,-(v).

dny an

Here the top arrows are open immersions, the vertical arrows are morphisms to the good moduli
spaces, and the bottom arrows are induced by the universality of good moduli spaces. Moreover,
we have M5, (v) = M,+(v) as v is primitive and o lie on chambers. In particular, M, (v)
admit d-critical structures by Theorem 4.1, and the following question makes sense.

Question 4.10. For a primitive v € I'x, is the bottom sequence in (4.7) a (generalized) d-critical
flip or flop?

In what follows, we study Question 4.10 via moduli spaces of representations of Ext-quivers.

5. Representations of quivers with super-potentials

In this section, we construct d-critical birational transformations introduced in Section 4 via
representations of quivers with convergent super-potentials. The descriptions in this section will
give analytic-local models of d-critical birational transformations for wall-crossing diagrams in
CY 3-folds considered in Section 4.

5.1 Representations of quivers

Recall that a quiver @ consists of data @ = (V(Q), E(Q), s,t), where V(Q), E(Q) are finite sets
and s,t: E(Q) — V(Q) are maps. The set V(Q) is the set of vertices, and FE(Q) is the set of
edges. For e € E(Q), the vertex s(e) is the source of e, and t(e) is the target of e. For i, j € V(Q),
we use the following notation:

Eij:={e€ EQ): se) =i,t(e) = j}, Eij:= P C-e; (5.1)

EEE,'J‘

that is, E; ; is the set of edges from 7 to j, and E; ; is the C-vector space spanned by E; ;. The
dual quiver QV of Q is defined by

Q' = (V(Q),EQ),s",t"), s :=t, t':=s.
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Recall that a path of a quiver @) is a composition of edges in @

erea...en, € €E(Q), tle)=s(et1).

The number n above is called the length of the path. The path algebra of a quiver @) is a C-vector
space spanned by paths in Q:

C[Q]:@ @ C-eleg...en
n20eq,....en€FE(Q), t(e;)=s(€it+1)

Here a path of length zero is a trivial path at each vertex of @, and the product on C[Q)] is
defined by the composition of paths.

A Q-representation consists of data
V= {(V;',Ue)I 1€ V(Q)7 e e E(Q)7 Ue * Vts(e) - V;f(e)} ) (52)

where V; is a finite-dimensional C-vector space and wu, is a linear map. It is well known that
a ()-representation is nothing but a left C[@Q]-module structure on @ieV(Q) Vi. Also note that
the dual of (5.2),

VY= {(VZV,UZ) ieV(Q),e€ EQ),u V;(e) — st(e)} ; (5.3)

is a QV-representation.
For a Q-representation V as in (5.2), the vector

—

m=(m)ievq), mi=dmV; (5.4)

is called the dimension vector of V. For each i € V(Q), let S; be the 1-dimensional Q-represen-
tation corresponding to the vertex ¢, whose dimension vector is denoted by i. We set

@z
1€V (Q)
Note that the dimension vector (5.4) for a non-zero Q-representation (5.2) takes its value in the
positive cone

Lg>0 = {m = (mi)icv@) € Tg: m; > 0} \ {0} cIq.

For a given element 17 = (m;);cv(g) € ['g,>0, let V; be C-vector spaces with dimension m;.
Let us set

H GL y RepQ H HOHI ‘/t(e))
eV (Q) ecE(V)

The algebraic group G acts on RepQ (m) by

{gt © Ue © Gs( )}eeE(Q)

for g = (gi)iev(Q) € G and u = (Ue)ecp(Q)- A Q-representation with dimension vector m is
determined by a point in RepQ( m) up to G-action. The moduli stack of Q-representations with
dimension vector 77 is given by the quotient stack Mq(11i) := [Repg (171)/G]. We have the natural
morphism to the GIT quotient

pQ: Mq(m) — Mg () := Repq(m) /G . (5.5)

Here, in general, if a reductive algebraic group G acts on an affine scheme Y = Spec R, its GIT
quotient is given by Y /G := Spec (RG) A closed point of Mg(m) corresponds to a semi-simple Q-
representation, that is, a direct sum of simple @Q-representations, and pg sends a @Q-representation
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to its semi-simplification. We have the commutative diagram

Repg (11t) —— Mq(1n)

R po (5.6)

Mo ().

The point 0 € Repg(ni) and its image 0 € Mg(m) by the map (5.5) correspond to the
semi-simple QQ-representation EBieV(Q) Vi ® S;. A Q-representation (5.2) is called nilpotent if any
sufficiently large number of compositions of the linear maps u. becomes zero. It is easy to see
that a @Q-representation is nilpotent if and only if it is an iterated extension of simple objects
{Si}icev(@)- In particular, the fiber pél(()) C Mg(m) for the morphism (5.5) consists of nilpotent
Q-representations with dimension vector 7. The morphism (5.5) is a good moduli space of the
stack Mq(m) (see Definition 4.7).

5.2 Semistable quiver representations

For a quiver @, let K(Q) be the Grothendieck group of the abelian category of finite-dimensional
Q-representations. Let H C C be the upper half-plane, and take

€= (&)ievi EHV D, GeH. (5.7)
Then we have the group homomorphism
Ze: K(Q) dim g —C, [Si]—§&. (5.8)

Here dim is the map taking the dimension vectors of Q-representations. Then Z¢ defines a Bridge-
land stability condition on the abelian category of finite-dimensional @Q-representations (see Ap-
pendix A). For simplicity, we refer to Z¢-(semi)stable objects as ¢-(semi)stable objects.

For a choice of € as in (5.7), let
Repg(ﬁi) C Repg(m) (5.9)

be the Zariski open locus consisting of &-semistable Q)-representations. We take the associated
GIT quotients:

MG () := [Repl(m1)/G], Mg (1) := Repy, (1) /G .

We have the commutative diagram

£
MG () 29 Mg (i)

pgi \% ipcg (5.10)

Mg (1) —— Mo (1) .
9Q
Here jg is an open immersion, pg and ng are natural morphisms to the good moduli spaces,
and qg is the morphism induced by the open immersion (5.9). By general GIT, the morphism qg
. " . . . . e ¢ o
is a projective morphism of irreducible varieties satisfying qQ*O ME ) = @) Mg (17)-
Let

My(m) C Mq(m), Mg® (i) C Mg (1)

532



BIRATIONAL GEOMETRY FOR D-CRITICAL LOCI

be the open subsets of the simple part and &-stable part, respectively. It is well known (for
example, see [Rei08]) that both of M (i) and Mé’s (m) are smooth varieties. As any preimage

(qﬁ )_l(x) for x € M§ () is one point, qg is a projective birational morphism if M) () # 0.

5.3 Quivers with convergent super-potentials

For a quiver @, by taking the completion of the path algebra C[Q] with respect to the length of
the path, we obtain the formal path algebra:

(C[[Q]]::H @ C-ereg...6,.
n20 e1,...en€E(Q), t(e;)=s(eit+1)
Note that an element f € C[Q] is written as
f= Z Z Uopreg * €1€2 .. - €p . (5.11)
n20, {1,..nt1} 5V (Q) “EFv@ vy
Here ay,, € C and eq = (€1, ..., €p), and Ey (i1 is defined as in (5.1). The element f lies in
C[Q] if and only if ay ., = 0 for n > 0.

DEFINITION 5.1. The subalgebra C{Q} C C[Q] is defined to consist of the elements (5.11) such
that |ay e, | < C™ for some constant C' > 0 that is independent of n. Here n is the length of the
path ee = (€1,...,¢€y).

Note that C{Q} contains C[Q)] as a subalgebra. A convergent super-potential of a quiver @
is an element W € C{Q}/[C{Q}, C{Q}]. A convergent super-potential W of Q) is represented by

a formal sum
W = Z Z Z Qo eq “ €1€2 ... €n (5.12)

"2l ey bv(), GSPr@warn
P(nt+1)=9(1)
with |ay e, | < C™ for a constant C' > 0. This W is called minimal if ay ., = 0 for eq = (e1,...,€p)

with n < 2.

For a dimension vector 771 of @, let tr W be the formal function of u = (ue)cep(g) € Repg(1i)
defined by

tr Wiu) := Z Z Z Qe - tT(Up O Up—1 0+ 0 uy).

"ty bv(Q) PR w6
W(nt1)=u(1)

This formal function on Repg (1) is G-invariant. By the arguments of [Tod18, Lemma 2.10]
and [Tod22b, Lemma 4.9], there exist an analytic open neighborhood V' and an analytic func-
tion tr(W) with

0€V C Mg(m), TwW):V —C (5.13)

such that the formal function tr W absolutely converges on ﬂ'él(V) (here mg is given in the
diagram (5.6)) to give a G-invariant analytic function, which factors through ﬂél(V) -V

W)

W ry (V) =5V C. (5.14)
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Then we set
Rep (g aw)(m)|v := {d(tr W) = 0} C Wél(V),
Mg ow) ()l := [{d(tr W) = 0}/G] < [x5' (V)/G] . (5.15)
Mq.ow)(m)|y = {d(tr W) =0} /G C V.
Here (—) /G is an analytic Hilbert quotient (see [HMP98, Grel5, Tod18]).

Remark 5.2. A Q-representation corresponding to a point in m,'(V) satisfies the equation
Q

{d(tr W) = 0} if and only if it satisfies the relation W of the quiver @) given by derivations

of W (see [Tod18, Subsection 2.6]).

Let £ be data as in (5.7) that defines the ¢-stability on the category of Q-representations and

Repg, o) (M) C Rep(q,ow) (1) v (5.16)

be the open locus consisting of the {-semistable Q-representations. Similarly to (5.15), we define
Mg omry )|V = [Rep{ oy ()| /G
M(vaaw)( m)ly 1= Rep (Q,0W) (m)v /G .

Then we have the commutative diagram

M(ﬁQ@W ( )|V C—>

qu,aW)l l NV (5.17)

Mq.ow)(M)|y —-—=V

The < are closed embeddings (see [Tod18, Lemma 2.9]), qQ is given in the diagram (5.10),
qu ow) is induced by the open immersion (5.16), and tr® W is defined by the commutativity
of (5.17).

LEMMA 5.3. Suppose that Més(rﬁ) = Mg(rﬁ) holds. Then there is a d-critical structure on
M(gQ,(?W) (m)|y given by

s =t W+ (duf W)* € F(SM(% 3W)(Tﬁ)|v>

such that the diagram (5.17) is its q(gQ aW)—relative d-critical chart.

Proof. The assumption implies that M(Q 8W)( m)|y and (r Q) 1(V) (see (5.10) for the defi-

nition of the map TEQ) are C*-gerbes over M(Q E)W)( m)|y and (g ¢ )_I(V), respectively. Since

it follows that MS

MfQ@W)( m)|y is a critical locus of the function tr W| (Q.0W) (m)|y

I(V)’
is a critical locus of the function tr® W on the smooth space (qQ) 1(V). Therefore, the lemma
holds. O

5.4 Wall-crossing of representations of quivers

Suppose that 7 € I'g ¢ is primitive; that is, it is not divided by a positive integer greater than 1.
For each decomposition m = mi; 4+ my for m; € I'g ~¢, we set

Wi ama) := {€ € HYV @D+ Ze () € RogZe(ia) } - (5.18)
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As m is primitive, the vectors 7, 1My are not proportional in (I'g)g. Therefore, Wi ig) 18
a real codimension 1 submanifold of !V (?). Since the possible decomposition M = 1M + Mg is
finite, these real codimension 1 submanifolds are finite.

The submanifolds (5.18) are the sets of walls of ¢-stability conditions on the category of Q-
representations, and chambers are connected components of the complement of walls in H#V (@),
As is well known, we have the wall-crossing phenomena: the moduli spaces Mg(ﬁi) are constant
if £ lies on a chamber but may change if £ crosses a wall. Note that as m is primitive, we have
MéS(M) = Mé(m) if £ lies on a chamber; hence it is a smooth variety.

Let W be a convergent super-potential of @, and take &= € H*V(Q) that lie on chambers.
Then there exist an analytic open subset V' C Mg(m) containing 0 and a diagram (see the
diagram (5.17))

et =
M, 3W)( )y (Q OW) (m)|v

q(Q ow) Mo (Q aw)
W

By Lemma 5.3, the following corollary immediately follows.

COROLLARY 5.4. The diagram (5.19) is an analytic (generalized) d-critical flip, flop, MF'S if the
diagram

M (1m) M (i)
q{\ % (5.20)
¢ Mom) C

is a (generalized) flip, flop, MFS, respectively.
Remark 5.5. If M (m) # (), which follows if the condition in Theorem 7.1 is satisfied, then the

diagram (5.20) is a birational map of smooth varieties Mg (m) --» Mg (m). Therefore, the
diagram (5.20) is a (generalized) MFS only if Mg (ni) = @) holds.

6. Analytic neighborhood theorem of wall-crossing in CY 3-folds

In this section, we give an analytic neighborhood theorem for wall-crossing diagrams in CY 3-
folds. This theorem describes such diagrams in term of wall-crossing diagrams for quivers with
convergent super-potentials. A similar result was already proved in [Tod18] in the case of moduli
spaces of semistable sheaves. We will see that the same argument applies to the case of Bridgeland
semistable objects if we assume the existence of their good moduli spaces (see Theorem 4.8). In
this section, we always assume that X is a smooth projective CY 3-fold.

6.1 Ext-quivers
For a smooth projective CY 3-fold X, let us take a collection of objects in the derived category,

E,=(E\,E,,...,E;), E;eDX).

Here we recall the notion of Ext-quiver associated with the collection F, and the construction of
their convergent super-potentials. We will apply the construction to the collection of objects F,
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associated with polystable objects.
For each 1 < i, < k, we fix a finite subset E; ; C Ext'(E;, E;)V giving a basis of Ext!' (E;, ;).
Let the quiver Qg, be defined as follows. The sets of vertices and edges are given by

V(Qe.):={1.2,....k}, EQ@g):= [[ Ei;.
1<i,5<k

The maps s,t: E(Qg,) — V(QE,) are given by s|g,; := i and t|g,, := j. The quiver Qr, is
called the Ext quiver associated with the collection E Note that we have E;; = Ext!(E;, E;)Y,
where E; ; is defined as in (5.1).

For a map of sets ¢: {1,...,n+1} = {1,...,k}, let m,, be the graded linear maps
My Ext™(Ey1), Eyp2) @ Ext™(Ey), Byg) @ - -
- @ Bxt*(Ey(n), Ey(ne1) = Ext* 27 (Byq), Bynar)) (6.1)
that give a minimal A..-category structure on the dg-category generated by (E1, ..., Fy). Since X
is a CY 3-fold, we can take the Aso-structure (6.1) to be cyclic (see [Pol01]), that is, (1) =
Y(n +1), and for elements a; € Ext™(Ey ), Ey(it1)) for 1 <i < n, we have the relation
(mn—l(al) cee 7an—1)7 an) = (mn_l(CLQ, ceey an)a a/l) .
Here (—, —) is the Serre duality pairing

t
—, —): Ext*(E,, Ep) x Ext°"*(E}, — Ext’(E,, g
Ext*(E,, E}) x Ext* *(E,, E, Ext®(E,, E, Jx

Let Wg, € (C[[QE.]} be defined by

Z Z Z Aipeq " €1€2 ... Cn - (6.2)

{ . ,n+1}%{1 }eiEEw(i),d)(Hl)
P)=p(n+1)

Here the coefficient ay ., is given by

1
ten = (mna (e e, el ).

— C.

On the right-hand side, for e € E; ;, the element e" € Ext!(E;, E;) is determined by e"(e) = 1
and e”(¢’) = 0 for any ¢’ € E; ; with e # ¢/. By taking the Dolbeaut model in defining the A..-
products (6.1), the result of [Tod18, Lemma 4.1] (based on earlier works [Fuk03, Tul4]) shows
that

Wg, € C{Qg.} C C[QE.] -

Here C{Qg, } is given in Definition 5.1. Therefore, W, determines a convergent super-potential
Of QE. N
A collection FE, is called a simple collection if we have

ExtS*(E;, Ej) = C - 6;; . (6.3)

The right-hand side is concentrated on degree zero. In this case, the algebra C[Qg,]/(0WE,)
gives a pro-representable hull of a non-commutative deformation functor associated with F,,
developed in [Lau02, Eril0, Kaw15, BB15|. By taking the tensor product with the universal
object, we have an equivalence of categories (see [Tod18, Corollary 6.7])

(I)E . modnil (C[[QE.]]/(@WE.) ;> <E1, N 7Ek>ex . (64)
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Here the left-hand side is the category of nilpotent C[Qg,]/(0WEg, )-modules, and (—)ex on the
right-hand side is the extension closure. This equivalence sends simple objects S; for 1 < i < k
corresponding to the vertex i € V(Qpg,) to the object E;.

6.2 Analytic neighborhood theorem

We return to the situation in Section 4. Namely, we take stability conditions
o= (Z,A) € Stab(X), oF = (7%, A%) € Stab(X), (6.5)

where o lie on adjacent chambers whose closures contain o. We also take a primitive element
v € I'x with SZ(v) > 0, the good moduli spaces of semistable objects M, (v), My+(v) and
the wall-crossing diagram (4.7). As we mentioned in Subsection 4.2, a closed point p € M,(v)
corresponds to a o-polystable object F € A. The object F is of the form

k
E=PVieE, (6.6)

i=1

where V; is a finite-dimensional vector space, each F; € A is a o-stable object with arg Z(E;) =
arg Z(E;), and E; 2 E; for i # j, satisfying

k
> dimV; - ch(E;) =v. (6.7)
=1

Let Eo be the collection of o-stable objects in (6.6):
E, = (E1,Es,...,E). (6.8)

Then F, is a simple collection; that is, it satisfies the condition (6.3). Let Q g, be the Ext-quiver
associated with the collection E,. We take data ¢* € H* as in (5.7) for the Ext-quiver Qp, by
setting

€ = ()1 & =Z27(E), 1<i<k. (6.9)

Then we have the associated ¢F-stability condition on the abelian category of @Qg,-representa-
tions. Let m = (m;)1<i<kx be the dimension vector of @, -representations given by

m;=dimV;, 1<i<k, (6.10)

where V; is given in (6.6). Note that as v € I'x is primitive, the vector 1 € I'q,, is also primitive
by the identity (6.7).

The following analytic neighborhood theorem describes the wall-crossing diagram in terms of
representations of quivers with convergent super-potentials, analytic-locally on the good moduli
spaces.

THEOREM 6.1. For a primitive element v € I'x and stability conditions o, c& as in (6.5), let

Mg+ (1}) M- (U)

. 2 (6.11)

My (v)

be the wall-crossing diagram as in (4.7). For a closed point p € M,(v) corresponding to a o-
polystable object (6.6), let Q = Qg, be the associated Ext-quiver and W = W, the convergent
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super-potential as in (6.2). Then there exist analytic open neighborhoods
peT C My(v), 0€V C Mg(m),

where m is the dimension vector (6.10), such that we have the commutative diagram of isomor-
phisms

+ - =1 —1
M(gQ,BW) ()| — (q37) (1)
qf;,avml lﬁ[
Mg ow)(1)|v T.

1R

Here the left vertical arrow is given in (5.17), and the right vertical arrow is given in (6.11) pulled
back to T. Moreover, the top isomorphism preserves d-critical structures, where the d-critical
structure on the left-hand side is given in Lemma 5.3 (after changing trW if necessary) and that
on the right-hand side is given in Theorem 4.1.

The above result is proved in [Tod18, Theorem 7.7] in the case of 1-dimensional (twisted)
semistable sheaves, and the same argument also applies if we assume the existence of good moduli
spaces for Bridgeland semistable objects (see Theorem 4.8). In Subsection 6.3, we will just give
an outline of the proof. By Corollary 5.4 and Theorem 6.1, we have the following.

COROLLARY 6.2. In the situation of Theorem 6.1, the diagram (6.11) is a d-critical (generalized)
flip, flop, MFS at p € M,(v) (that corresponds to a polystable object (6.6)) if the diagram

ME (1) M§ (i)
qu* ‘4 (6.12)
C Mo(m) ¢

for the Ext-quiver Q = Qp,, dimension vector 17 in (6.10) and £+ as in (6.9) is a (generalized)
flip, flop, MFS, respectively.

Using Corollary 6.2, we give the simplest case of d-critical flips and flops in the following
example.

EXAMPLE 6.3. In the situation of Corollary 6.2, suppose that p € M,(v) corresponds to a o-
polystable object E of the form E = Fy & Es with E; 22 E5, where E; and Ey are o-stable with
arg Z(FEy) = arg Z(F>). Note that we have

X(E1, Bp) :=) (~1)'dim Ext’(Ey, Bp) = dim Ext' (Ep, E1) — dim Ext! (Ey, By),
1€EZ
and the left-hand side is computed by the Riemann—Roch theorem. The Ext-quiver ) associated
with E, = (E1, E2) has two vertices, V(Q) = {1,2}. Let us set

VT =Ext!(Ey, Ey), V~ =Ext!(Fy, E),
U =Ext'(Ey, E1) ® Ext!(Es, Es).
The stack of @-representations with dimension vector 7 = (1,1) is given by

Mo(m) = [(VT x V7)/(C*)?] xU.
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Here the action of (t1,t2) € (C*)? on (Z,%) € VT x V™ is given by

(t1,t2) - (£,9) = (tity - Tty M2 - ) -
We take oF as in (6.5), so that arg ZT(E;) > arg Z+(E») and arg Z~ (E;) < arg Z~ (E3) hold. Tt
is easy to see that a point (7, ¢, @) € Mg(m) is £*-(semi)stable if and only if & # 0 and that it is

£ -(semi)stable if and only if i # 0. Therefore, the moduli spaces of £*-stable Q-representations
are given by

+ _
]\4g (m) = Totp V+)(01P>(V+)( eV ) x U,
( ) TOt[p: )(OP(V_)(_ ) & V+) x U.

It follows that the diagram (6.12) is a standard toric flip (respectively, flop) given in Example 3.8
if x(F1, E2) < 0 (respectively, x(E1, E2) = 0). Therefore, by Corollary 6.2, the diagram (6.11)
is an analytic d-critical flip if x(E1, E2) < 0 (respectively, flop if x(E1, E2) = 0) at the point
p = [E1 & Es] € My(v).

6.3 Outline of the proof of Theorem 6.1

Proof. Let us take a point p € M,(v) that corresponds to a o-polystable object E as in (6.6).
Note that for the Ext-quiver Q = Qg, associated with the collection (6.8), we have

Repg (1) = Ext'(E,E), G:= HGL = Aut(E),

where m is the dimension vector (6.10). Under these 1dent1ﬁcat10ns, the G-action on Repg) (i)
is compatible with the conjugate Aut(E)-action on Ext!(FE, E).
Let £ — E; be a resolution of E; by vector bundles, and set £* = @F_,V; ® £?. We have
linear maps of degree 1 — n
I,: BExt*(E,E)®" — gz, := A% (Hom*(£°*,£°))

giving a A quasi-isomorphism between the minimal A.-algebra Ext*(E, F) and the Dolbeaut
dg Lie algebra g . For x € Ext!(E, E), the formal sum

=> Iu(x,...,z) (6.13)
n=1

has a convergent radius (see [Tod18, Lemma 4.1]). Let mg: Repg (1) — Mg(n) be the natural
map to the GIT quotient, and take a sufficiently small analytic open subset 0 € V' C Mg(m).
The infinite sum (6.13) determines an Aut(E)-equivariant analytic map

Lemg' (V) — G, - (6.14)
Here ﬁé. is a certain Sobolev completion of gé. (see [Tod18, Lemma 5.1]). On the open subset

wél(V) C Ext!}(E, E), the Mauer-Cartan locus of the minimal A.-algebra Ext*(E, E) is given
by the critical locus of the analytic function

tr Wt ﬂ'él(V) — C

given in (5.14) for the convergent super-potential W = W, defined as in (6.2). Then the restric-
tion of the map (6.14) to the Mauer—Cartan locus determines a smooth morphism of analytic
stacks of relative dimension zero (see [Tod18, Proposition 4.3])

I M(Q,BW)(m)‘V — M. (6.15)
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Here M is the moduli stack of complexes given in Subsection 4.1.

By shrinking V' if necessary, the image of the above morphism lies in the open substack
M (v) € M. Let pyr: My(v) — My(v) be the morphism to the good moduli space. Then
the argument of [Tod18, Proposition 5.4] shows that the map (6.15) induces the commutative
diagram of isomorphisms

. Lo
M ow) (M) |lv —==py/ (T)

le lpM (6.16)
Mqow)(m)|ly —=—T

for some analytic open neighborhood T' C M, (3, n) of p. In loc. cit., the claim is stated for moduli
stacks of semistable sheaves and their good moduli spaces. But the argument can be generalized
to the case of Bridgeland semistable objects, as the explicit construction of good moduli spaces
is not needed in the proof of loc. cit. The properties we used for the good moduli spaces are their
existence and the étale slice theorem. For the Bridgeland semistable objects, the former is given
in [AHH21], and the latter for the map pyr: My (v) — M,(v) is given in [AHR20].

The diagram (6.16) in particular implies the isomorphism

L: g (0) — pif () - (6.17)
We show that this isomorphism restricts to the isomorphisms
_ + o ~
Lz pg'(0) N Mg gy ()| — Py (9) N Mo (v). (6.18)

Indeed, if isomorphism (6.17) holds, then the argument of [Tod18, Theorem 6.8] shows that, after
shrinking V' and T if necessary, we have the isomorphism

+ o ~
I.: Mf@,@W) (m)|ly — le(T) N Mg (v).

By taking the associated isomorphism on good moduli spaces, we obtain the desired diagram
(6.16). After changing trW if necessary, the comparison of d-critical structures follows from the
argument of [Tod22b, Proposition 5.3].

We show the isomorphism (6.18). Note that C-valued points of pél(O) consist of nilpotent Q-

representations with dimension vector m, and those of p]Tj (p) consist of objects in the extension
closure (Eq,..., Ex)ex in A with Chern character v. Then the isomorphism (6.18) follows from
Lemma 6.4 below. ]

LEMMA 6.4. The isomorphism (6.17) is induced by the equivalence of categories given in (6.4),
g, : modyy C[[Q]]/(OW) —= (E1,. .., Eg)ex - (6.19)

Under this equivalence, a nilpotent Q-representation V is £*-semistable if and only if ® g, (V) is

o+ -semistable in A.

Proof. The compatibility of I, with ®g, is due to [Tod18, Theorem 6.8], and the preservation of
the stability follows from the argument of [Tod18, Lemma 7.8] without any modification. O

7. Representations of symmetric and extended quivers

By Corollary 6.2, in order to see whether a given wall-crossing diagram in a CY 3-fold is a d-
critical flip or flop, it is enough to see whether a wall-crossing diagram in the Ext-quiver is a flip
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or flop. In this section, we study the latter problem in detail in the case of symmetric quivers
and their extended version. The results in this section will be applied to geometric situations in
later sections.

7.1 Some general facts on representations of quivers

Here we give some general facts on moduli spaces of representations of quivers. Below, we use
the notation from Section 5. Let @ be a quiver, m € I'g >0 a dimension vector of @) and V;
for each i € V(Q) a vector space with dimension m;. As in (5.5), we have the moduli stack of
Q-representations with dimension vector 1

Mqm) = | J] Hom(Vie Vie)/G|, G= J] GLV: (7.1)

e€E(Q) 1€V (Q)

and its good moduli space Mg (1) — Mg (). Let & € H!V(@) be a choice of a stability condition

as in (5.7) and M, 5( ) the good moduli space of {-semistable representations. As in (5.10), wi
have the natural morphlsm

&1 Mg (1) — Mg (i) . (7.2)

Let Mg (m) C Mq(m) be the snnple part. If M§(mi) # 0, then the morphism (7.2) is always
birational.

A criterion for the condition Mg (i) # 0 is given in [LP90]. In order to state this, we prepare
some terminology. A full subquiver Q' C Q is said to be strongly connected if each pair from its
vertex set belongs to an oriented cycle. For m € I'g, let supp(rt) be the set of ¢ € V(Q) with
m; # 0. Note that supp(m) is regarded as a full subquiver of ). We also use the pairing on I'g
defined by

(m,m') = Z m; - m) — Z ms(e)-mg(e). (7.3)
i€V (Q) e€E(Q)

We denote by A, the extended Dynkin A,,-quiver; that is, Q(Kn) ={1,2,...,n} with one arrow
from i to i + 1 for each 1 < i < n — 1 and one from n to 1. The result of [LP90] is stated as
follows.

THEOREM 7.1 ([LP90, Theorem 4]). For 11 € I'q, we have M) (1) # 0 if and only if either one
of the following conditions holds:

(i) We have m; =1 for all i € supp(m), and supp(m) is a quiver of type Ay or A, forn > 1.
(ii) The quiver supp(m) is not of the above type, is strongly connected, and
(m, i) <0, (i,m)<0 forallieV(Q). (7.4)
Remark 7.2. Suppose that one of the conditions (7.4) fails; for example,
<rﬁ,§>:mi— Z mj>0
jEV(Q),EEEj’i
for some i € V(Q). Then for a Q-representation V as in (5.2), the natural map

Yo u: PV, —V

jEV(Q),GEEjJ‘ EEE]',Z'
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has a non-trivial cokernel. Therefore, we have a surjection V. — S;, and Mg (m) = 0 holds.

Similarly, if <;, m) > 0, then there is an injection S; < V. These facts will be used later.

Next, we consider canonical line bundles on moduli spaces of quiver representations. Suppose
that 71 is primitive in I'g, and let Més(ﬁi) C Mé(ﬁfi) be the ¢-stable part. Then by [Kin94,
Proposition 5.3], there exist universal Q-representations

Vi — Mé’s(ﬁi) ,  Ue: Vs(e) — Vt(e) , 1€ V(Q) , ec E(Q) .

Here V; is a vector bundle on Mgs(ﬁi) whose fiber is V; and u. is a map of vector bundles, and
for a point p € Més(ﬁi) corresponding to a ()-representation (5.2), we have (u)|, = uc. In this

case, we have the following lemma on the canonical line bundle of the smooth variety Mé’s (m).
LEMMA 7.3. In the above situation, we have

Wpge = Q) det Vi) @ det V. (7.5)
ecE(Q)

Proof. When m is primitive, the {-stable part of the stack Mg(ni) is a trivial C*-gerbe over

Mg’s (m). By the description of the stack M¢(m) in (7.1), the canonical line bundle of the stack
Mg (m) is induced by the 1-dimensional G-representation G — C* given by

9= (9)ievig)— [] detgse - (detgye) .
e€E(Q)

Therefore, the identity (7.5) holds. O

7.2 Flops via representations of symmetric quivers

Here we investigate the morphism qg in (7.2) for a symmetric quiver @, defined below.

DEFINITION 7.4. A quiver @ is called symmetric if §E; ; = §E;; for any i,j € V(Q). Here E; ; is
defined as in (5.1).

Remark 7.5. The symmetric condition for a quiver @ is equivalent to that the pairing (7.3) is
symmetric.

Below for a symmetric quiver @, we fix identifications E;; = Ej;, so that Q and Q" are
identified. In particular, for a Q-representation V, its dual representation VV given in (5.3) is
also a @)-representation. We have the following lemma on the non-emptiness of the moduli spaces
of stable @-representations.

LEMMA 7.6. For a symmetric quiver @ and m € I'g, we have Mgs(ﬁi) + () for some & € HIV (@)
if and only if Mgs(ﬁi) + () for any £ € HIV (@),

Proof. Tt is enough to show that if Més(ﬁ’z) # () for some &, then M) (1) # 0. Suppose Més(ﬁi) #
(. We apply the criterion in Theorem 7.1 to show that Mg (n1i) # (). Since supp(m) is symmetric,

it is of type A; or A, only if n =1 or n = 2. In A; and A; cases, we have MC%S(T?L) = M3 (m)
for any dimension vector m, and the statement is obvious.

Suppose that supp(m) is ;{2, and write its vertices as {1,2}. We may assume arg Z¢(S1) >
arg Zg¢(S2), where Z¢ is given by (5.8). Let us write a Q-representation corresponding to a point
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in M5*(1m) as

=1

€12
v=(n=—>w),
€21
where the V; are vector spaces of dimension m; and ejs, e21 are linear maps. The £-stability implies
that Hom(S1,V) = 0 and Hom(V, S3) = 0. These conditions imply that ejs is an isomorphism,
so we can assume V] = Vo =V and ejo = id. Let v € V be an eigenvector of es; with eigenvalue
A. Then we have an injection of ()-representations

(CU%CU) — V.

As V is &-stable, this injection must be an isomorphism. Therefore, we have m; = my = 1, and
Mé’s (m) # 0 follows from Theorem 7.1.

Suppose that supp(m) is not of the above types. If supp(m) is not strongly connected, then as

—

it is symmetric, it must be disconnected. Then M, 5’8 (m) = () for any &, which gives a contradiction.
Therefore, supp (i) is strongly connected. For i € V(Q), note that we have (i, 7) = (i,17) as
Q is symmetric (see Remark 7.5). If (m,7) = (i,m) > 0, then by Remark 7.2, for any Q-
representation V with dimension vector m, there exist an injection S; — V and a surjection
V — §;. Such a representation V can never be £-stable for any choice of &, which gives a
contradiction. Therefore, the criterion of Theorem 7.1 is satisfied, and Mg (1) # 0 holds. O

For a symmetric quiver Q and 1 € I'g, let us take £+ = (fli) e HV(Q) satisfying the

1€V (Q)
following:
REH) =-R(g) ez, Y mi-R(E)=0. (7.6)
1€V (Q)
We have the diagram
+ — - —
M () M ()
\ / (7.7)
et £
%) . a5
Mq(rm) .

By Lemma 7.6, we have Mg’s(ﬁi) # () if and only if Mé_’s(ﬁi) # 0.

PROPOSITION 7.7. Suppose that m is primitive and Méi’s(m) = Mg; (m) # 0 hold. Then the

diagram (7.7) is a generalized flop of smooth varieties Mg[ (m).

+
Proof. Under the assumption, the morphisms qé are projective birational morphisms from

+ +
smooth varieties Mé (m). Moreover, the canonical divisors of Mg (m) are trivial by Lemma 7.3
+
and the symmetric condition for Q. We show that qg are isomorphisms in codimension 1.
+
By [Tod22b, Lemma 4.4, the maps q% are semismall; that is, there is a stratification {5}y
of Mg(m) such that for any x € Sy, we have the inequality

dim (qgi)fl(x) < 3 codim S, . (7.8)
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Moreover, from the proof of loc. cit. and [MR19, Theorem 1.4] (which is used in loc. cit., under
the assumption M () # 0, the equality holds in (7.8) only for the dense strata Sy = Mg (i);

+ +
that is, qg are small maps. In particular, qé are isomorphisms in codimension 1.
+
It remains to show that there exists a qg -ample divisor on Mgr (m) whose strict transform

to Mgﬁ (m) is qg—anti—ample. Let us consider the following characters of G:

+
9= (9:)icv(q) — (det g;)"&) | (7.9)

They define G-equivariant line bundles on Repg, (172), hence on the stack Mg(72), which we write
as L1. Note that by the condition (7.6), the characters (7.9) are trivial on the diagonal torus

C* C G. Therefore, the restrictions of L4 to Mg’s(ﬁi), Mg’s(rﬁ) descend to line bundles (L+)™,
(L+)” on Mg’s(m), Mg’s(rﬁ), respectively. By the GIT construction of Mf;(ﬁl) (see [Kin94]),
the line bundle (L,)" is qé;—ample, and (L_)~ is qg -ample. By the construction of these line
bundles, the strict transform of (L,)" on Mgr (m) to Mg (m) is (Ly)~ = ((L-)7)Y, which is

qg—anti—ample. Therefore, the diagram (7.7) is a generalized flop ]

For a convergent super-potential W of @, let us take an analytic open neighborhood V C
Mg (1) of 0 as in (5.13). For two data £* as above, as in (5.19), we have the diagram

+ — - —
MESQﬁW) (1)lv M(gg,aw) (m)|v
(7.10)
0 0o
(@.0w) (@.ow)

@.ow)(m)|v .

By Lemma 5.3 and Proposition 7.7, we obtain the following corollary.

COROLLARY 7.8. Let (Q,W) be a symmetric quiver (Q with a convergent super-potential W .

+ +
Suppose that m € T'g is primitive, and take ¢+ satisfying (7.6). If Mg *(m) = Mg (m) # 0
hold, then the diagram (7.10) is an analytic d-critical generalized flop.

7.3 Flips via representations of extended quivers

Let @ be a symmetric quiver, and choose non-negative integers a;, b; for each i € V(Q) and
another non-negative integer c. We construct an extended quiver @Q* in the following way: the
set of vertices is V(Q*) = {0} U V(Q). For i,5 € V(Q) C V(Q*), the set of edges from i to j in
Q* is the same as that in ). The numbers of other edges are given by

1Fo; =ai, $Eio=10;, 1€V(Q), tEoo=c.

For an example, see Figure 1. Note that Q* contains () as a subquiver. In particular, any Q-
representation is regarded as a (Q*-representation in a natural way.

For a dimension vector m € I'g of @, we define the extended dimension vector m* € I'g« by
m* =0+ 1m;

that is, (m*)p = 1 and (m*); = m; for i € V(Q). The following lemma is obvious from the
construction of Q*.
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S Y
& Y.
0
FIGURE 1. Picture of @Q* for V(Q) = {1,2,3}

LEMMA 7.9. Giving a Q*-representation V* with dimension vector m* is equivalent to giving
a (Q-representation

V= {(Vi,ue) Yiev(Q)ecE(Q) (7.11)

with dimension vector m, together with linear maps
Eo; — Vi, Eo®V,—C (7.12)

for each i € V(Q). Here E; ; is the C-vector space defined as in (5.1).

Let us take data ¢+ = (ﬁf) e HPV(Q) for Q* satisfying

g =v=1, ieV(Q), RE) <0, R(E)>0. (7.13)

The following lemma characterizes ¢*-semistable Q*-representations.

LEMMA 7.10. Let V* be a Q*-representation with dimension vector m*, given by a QQ-representa-
tion V as in (7.11) together with linear maps (7.12).

(i) The object V* is £T-semistable if and only if it is €T -stable, which holds if and only if the
images of the linear maps Eo; — V; in (7.12) generate ;v () Vi as a C[Q]-module.

(ii) The object V* is £ -semistable if and only if it is £ -stable, which holds if and only if
the images of the linear maps E;o — V;” induced by the right maps in (7.12) generate
Dicv(g) V.Y as a C[Q]-module. Here the C|[Q]-module structure on Dicv(o) V.V is given by
the dual QV (= Q) representation V¥ of V.

Proof. (i) By a choice of £T, a Q*-representation V* with dimension vector m* is £7-(semi)stable
if and only if there is no surjection V* — V' as Q*-representations where V’ is a non-zero Q-
representation. The last condition is equivalent to that the images of linear maps Eo; — V;
generate €D, cy () Vi as a C[Q]-module.

(ii) By a choice of £, a Q*-representation V* with dimension vector m* is £ -(semi)stable
if and only if there is no injection V' < V* as @Q*-representations where V' is a non-zero Q-
representation. This is equivalent to that the dual representation (V*)¥ does not admit a surjec-
tion to V” in the category of (Q*)V-representations, where V" is a non-zero Q" (=Q)-representa-
tion. Therefore, as for part (i), we conclude that part (ii) is true. O

+ +
By Lemma 7.10, we have Mé* P (m*) = Mé* (m*), so they are smooth quasi-projective vari-
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eties. Let us consider the diagram

M. () Mg, (177*)
o 29
4% q/H*
U Mg (). °

LEMMA 7.11. Suppose a; > b; for alli € V(Q). Then in the diagram (7.14), we have the following:
(i) The anti-canonical divisor of Mg: (m*) is ample.
(ii) The canonical divisor of Mg: (m*) is ample.
Proof. For i € V(Q*) and e € E(Q*), let
:l: —
VE — M. (7%), ue: Vi

s(e

+
) Vo)
be a universal QQ*-representations. Note that such a universal representations exists as m* is
+ +
primitive and M5, (m*) = Mé* (m*) hold. For i = 0, the vector bundles Vi are line bundles by

our choice of m*, so by replacing VZ-i with Vf ® (VSE)_I, we may assume that VOi are trivial line
bundles. Then by (7.5), we have

7 e = (X) det(Vi")h . (7.15)
eV (Q)

Let E C C[Q] be the vector subspace generated by paths of the form ejes...e, for n > 1
such that s(e;) =0, t(e1) € V(Q) and ey, ..., e, € E(Q). Then the compositions u., o--- o ue,
determine the morphism of sheaves

+
ieV(Q

Then Lemma 7.10(i) implies that this morphism is surjective. Therefore, each V;r is generated
by its global sections. By (7.15) and the assumption a; > b; for all i € V(Q), the line bundle

(w AT (m*))_l is generated by its global sections. In order to show that it is ample, it is enough
Q‘k

to show that it has positive degree on any projective curve on M ft (m*). Let C' be a smooth

projective curve, and take a non-constant map h: C' — MEJ: (m*). Note that each degree of

h"‘ViJr is non-negative, as it is globally generated. Therefore, if the degree of h* (wM§+ (m*))fl
Q*

is non-positive, then each degree of h*VZ-+ must be zero. By Sublemma 7.12 below, in this case

the vector bundle h*V;r must be a direct sum of O¢. Then the pull-back of the universal map

u. to C' by the map h has to be constant. But this implies that the map h is constant, which

gives a contradiction. Therefore, part (i) of the lemma holds. The result of part (ii) follows from
Lemma 7.10(ii) and the dual argument of part (i). O

We used the following sublemma.

SUBLEMMA 7.12. Let C be a smooth projective curve and V a vector bundle on it. Suppose
that V is generated by its global sections and deg) = 0. Then V is isomorphic to a direct sum
of Oc.
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Proof. We set W = H°(C,V) and r = rank V. The natural surjection W ® O¢ — V induces
a morphism v: C' — Gr(W,r) — PV, Here N = dim A" W, and the right arrow is the Pliicker
embedding. Since degV = deg~v*O(1), the assumption deg)V = 0 implies that « is a constant
map. Also, the vector bundle V is a pull-back of the universal quotient bundle on Gr(W,r).
Therefore, V is isomorphic to a direct sum of O¢. ]

Using Lemma 7.11, we show the following proposition.

PROPOSITION 7.13. Suppose a; > b; for all i € V(Q). Then in the diagram (7.14), either one of
the following holds:

(i) We have MS, (m*) =0, and the diagram (7.14) is a generalized MFS.
(ii) We have Mg; (m*) # 0, and the diagram (7.14) is a generalized flip.

Proof. 1f M{.(m*) # 0, then the maps in (7.14) are birational, so statement (ii) holds by
Lemma 7.11. Below, we show that M. (n*) = 0 implies that M¢, (11*) = 0. Note that for
i€ V(Q), we have
(m*, ) = (m, 1) —a;, (i,m*) = (i,m) — b;.
We also have the identities
mr,0)=1— > bimi, (Om)=1- Y am.
iEV(Q) i€V (Q)
By our assumption a; > b;, we have the inequalities
(m*, 0y < (i,m*), (0,m*) < (m*,0). (7.16)

If (i,m*) > 0 for i € V(Q), then by Remark 7.2, any Q*-representation V* with dimension
vector m* admits an injection S; < V*. Therefore, we have Mg: (m*) = (. Similarly, if (7*,0) >
0, then any such V* admits a surjection V* — Sy, which implies M, 5:(17_’2*) = (). Therefore, by
the inequalities (7.16), we may assume <T71*,;> < 0 and <j, m*) <0 for any j € V(Q™).

By Theorem 7.1, the condition M. (m*) = 0 implies that supp(7i*) is not strongly connected.
Let Q1, ..., Q; be the connected components of supp(ni), which are subquivers of Q). As supp(m*)

is not strongly connected and @ is symmetric, there is a 1 < k < [ such that we have b; = 0 for
any i € V(Qy). This implies that any Q*-representation V* with dimension vector m* admits an

injection V' < V* for a non-zero Q-representation V’. Therefore, we have Mg: (m*) = 0, and
assertion (i) holds. O

EXAMPLE 7.14. Let @ be the symmetric quiver with one vertex and no loops, and write V(Q) =
{1}. Then @Q* has two vertices V(Q*) = {0,1}, with a; arrows from 0 to 1, b; arrows from 1
to 0, and ¢ loops at 0. The dimension vector m* is written as O4+m-1forme Z~q. Let V be
a vector space with dimension m. Then by Lemma 7.9, the stack Mg« (m*) is written as

M+ (m*) = [(Hom(Eg,1, V) x Hom (E10,V"))/(C* x GL(V))] x Eg,.
By Lemma 7.10, we see that
+ —
Mgy, (11%) = Totr(gg.m) (Q01 ® EY o) x By,
Méi (m*) = Totar (g, ,m) (QY,O ® E(\)/,l) X EE)/,O .
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Here Q;; is the universal quotient bundle on Gr(E;;,m). In this case, the birational map
Mé; (m*) --» Mé: (m*) is a Grassmannian flip.

Let W* be a convergent super-potential of Q*, and take an analytic neighborhood V C
Mg+ (m*) of 0 as in (5.13). We have the diagram

+ — - —
Mige guyey () v Mige gure) 1)l
(7.17)
QFL q€7
(Q*,0W™) (Q*,0W™)

(@ ow+)(M*)|v .
By Lemma 5.3 and Proposition 7.13, we have the following corollary.
COROLLARY 7.15. For the diagram (7.17), either one of the following holds:
(i) We have Mg: (m*) = M(gc;*ﬁw*
ized MFS.
(ii) The diagram (7.17) is a d-critical generalized flip.

)(m*)h/ = (), and the diagram (7.17) is a d-critical general-

We also have the strictness (see Definition 3.14) of the diagram (7.17) under some conditions.

LEMMA 7.16. Suppose that W* is minimal (see (5.12)) and a; > m; for any i € V(Q). Then the
diagram (7.17) is strict at 0 € Mg« gy ~)(m*)|v-

Proof. We need to show that the map qfcg* oW in the diagram (7.17) is not a finite mor-

phism at 0 € Mg« gw+)(m*)|y. We consider nilpotent Q*-representations V* given by Q-
representations (7.11), where u, = 0 for all e € E(Q), together with surjective linear maps Eq ; —
Vi and zero maps E; o ® V; — 0 in (7.12). The isomorphism classes of such Q*-representations
form the product of Grassmannians Gr(Eg;, m;) for all i € V(Q). By Lemma 7.10, such Q*-
representations are £T-stable. They also satisfy the relation 9W* (see Remark 5.2) by the mini-
mality of W*, so we have

"

H Gr(]Eo’i,mi) C (q(gQ*ﬁw*))il(O) .
i€V (Q)

Since the left-hand side is not zero-dimensional by the assumption a; > m;, the lemma holds. [

8. D-critical flops of moduli spaces of 1-dimensional sheaves

In this section, we show that wall-crossing phenomena of 1-dimensional stable sheaves on CY
3-folds are described in terms of d-critical (generalized) flops. The proof of this result is related
to the proof of the wall-crossing formula of Gopakumar—Vafa invariants given in [Tod22b].

8.1 Twisted semistable sheaves

For a smooth projective CY 3-fold X, let Coh<;(X) C Coh(X) be the abelian subcategory of
coherent sheaves E on X whose supports have dimensions less than or equal to 1 and

D%, (X) := D*(Coh< (X)) C D'(X)
its bounded derived category. Let I'<; be defined by
F<1 = HQ(X,Z)@Z (81)
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The Chern character of an object in D%l(X ) takes its value in I'<; and is given by

ch(E) = (cha(E), chs(E)) = ([E], x(E)) . (8.2)
Here [E] is the fundamental 1-cycle associated with E.

We denote by Stab<;(X) the space of Bridgeland stability conditions on D%, (X) with respect
to the Chern character map (8.2). Namely, a point o € Stab<;(X) is a pair

c=(2,A4), AcD%(X), Z:T< —C,

where A is the heart of a bounded t-structure on D%l(X ) and Z is a group homomorphism,
satisfying some conditions (see Appendix A). By Theorem A.4, the forgetful map (Z,A) — Z
gives a local homeomorphism Stab<;(X) — (I'<1){. Let A(X)c be the complexified ample cone
of X defined by

A(X)c :={B +iw € H*(X,C): w is ample} .
For a given element B + iw € A(X)c, let Zp,, be the group homomorphism defined by
Zpw:T<i—C, (B,n)— —n+ (B+iw)s.
Then the pair
0Bw = (ZBw,Cohgei (X)) (8.3)
determines a point in Stab<;(X). The map
A(X)c — Stab<i(X), (B,w)— 0Bw
is a continuous injective map, whose image is denoted by
U(X) C Stab<y(X).

Remark 8.1. An object E € Coh¢;(X) is op-stable (respectively, op .-semistable) if and only
if for any subsheaf 0 #£ F' C E, we have the inequality

i o(F) < upl(E)  (respectively, i o(F) < s o(E))
Here pp o, (E) € RU{oco} is defined by

1Bw(E) = X(Ei;[g]' ] _ —igﬁ:gg; (8.4)

when w - [E] # 0 and pp,(E) = oo when w - [E] = 0.

8.2 Moduli spaces of 1-dimensional stable sheaves
Let us take

€ Hy(X,Z), o= (Z,Cohqi(X))eU(X),

where  is an effective curve class. We denote by M, (f) the moduli stack of o-semistable
E € Cohgi(X) satistying ch(F) = (8,1). The stack M,(8) is an Artin stack locally of finite
type, with a good moduli space

v Mo (B) — Ms(B)
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for a projective scheme M, (3) (see [Tod18, Lemma 7.4]). A closed point of M, (/) corresponds
to a o-polystable sheaf, that is, a direct sum

k
E=PVi®E, (8.5)
i=1
where each V; is a finite-dimensional vector space, E; € Cohg<y(X) is a o-stable sheaf with
arg Z(E;) = arg Z(E), and E; 2 E; for i # j.

Remark 8.2. The stack M, () is a GIT quotient stack (see [Tod18, Lemma 7.4]), so the good
moduli space M, () exists without relying on [AHH21] (see Remark 4.9).
As we mentioned in Subsection 4.3, there is a wall-chamber structure on Stab<;(X). On the
subset U(X) C Stabg1(X), each wall is given by
{(Z,Cohci(X)) e U(X): Z(v1) € RuoZ(v2)}

for each decomposition (5,1) = v1 + vo with v; = (8;,n;) € I'<y. Here 3; is an effective curve
class. Suppose that o € U(X) lies in one of these walls, and write 0 = op,, as in (8.3) for
B +iw € A(X)c. Let us take other stability conditions o0& € U(X) written as

0% = 0Btep wte, € U(X) (8.6)

for ep + e, € H? (X, C). We assume that ep + ig,, is sufficiently small and general so that both
of o lie on chambers. Similarly to the diagram (6.11), we have the diagram

Mg+ (B) M- (6)

S (87)

Mo (3) .-

Note that as (3, 1) is primitive in I'<; and o lie on chambers, both of M, () consist of c*-stable
sheaves. Therefore, by Theorem 4.1, they admit d-critical structures. Applying Corollary 6.2, we
have the following.

THEOREM 8.3. The diagram (8.7) is an analytic d-critical generalized flop.

Proof. For a point p € M,(f3), suppose that it corresponds to a polystable sheaf E of the
form (8.5). Since each E; has at most 1-dimensional support, the Ext-quiver @ = Qg, associated
with the collection E, = (E1, Ea, ..., Ey) is symmetric (see [Tod22b, Lemma 5.1]). We take data
¢+ € H as in (5.7) for the quiver Q, given by

fzi - Z§i€B7w:‘:€w (Ei) = Zpw(Ei) £ (e +icw) - [Ei].

As arg Zp ,(E;) = arg Zp ,(E), by taking rotations and scaling £*, and also perturbing e + ie,,
if necessary, we may assume that £ satisfy the condition (7.6). Then the result follows from
Corollaries 6.2 and 7.8. O

8.3 Example: Elliptic CY 3-fold

Here we discuss an example of wall-crossing of 1-dimensional stable sheaves on an elliptic CY
3-fold. Let S = P2, and take general elements

ue H°(S,05(—4Ks)), ve H°(S,05(—6Kg)).
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Then as in [Tod12a, Section 6.4], we have a simply connected CY 3-fold X with a flat elliptic
fibration 7x: X — S defined by the equation zy? = uzz? + vz> in the projective bundle

Ps(Og(—2Ks) ® Og(—3Kg)® Og) — S..

Here [z : y : 2] are the homogeneous coordinates of this projective bundle. Note that mx admits
a section ¢: S — X whose image D := ¢(S) corresponds to the fiber point [0:1:0]. Let H C X
be the pull-back of a hyperplane in P? to X by 7x. We have H*(X,R) = R[D] + R[H]. Let
F be a fiber of 7y and [ C D a line. Then [F] and [I] span the Mori cone NE(X) of X. The

intersection matrix is given by
H-l D-1\ (1 =3
H-F D-F) \0 1)°

We fix an ample divisor wg on X and write dy = wg - F > 0, do = wg -1 > 0. Let us take an
effective curve class f and write it as 8 = r[F|+ k[l] with r, k € Z>(. We consider a wall-chamber
structure on the subset of U(X) given by the image of the map

H*(X,R) — U(X), B+ 0w, - (8.8)
We identify the image of (8.8) with H2(X,R). For each decomposition in I'<1(X)
(8,1) = (B1,m1) + (B2,n2),  Bi = i F] + ki[l] (8.9)

the wall is given by the equation pp ., (81, 171) = 1B w, (6, 1). By writing B = x[D]+y[H], a direct
computation shows that the above condition is equivalent to
ridy + ki1dy — nl(rdl + /Cdg)

3d d —diy = . 8.10
(3d1 + do)x 1Y ey — ke ( )

It follows that every wall is proportional to the line y = (3+ds/d1)x, so any two walls are disjoint
if they do not coincide.

In the case k = 1, that is, § = r[F] + [I], we have the decomposition
(r[F]+[1],1) = (r[F], 1) + ([1], 0) . (8.11)
We set
do
By— 2
O 7 r(3di + da)

This By satisfies the equation (8.10) determined by the decomposition (8.11). Therefore, og :=
OBy w, lies on a wall, and o4 := o, lie on its adjacent chambers.

[D], Bi:B():bé‘[D], O<exl.

In the above k = 1 case, we can describe the wall-crossing diagram (8.7) for ¢ = o9 in
terms of a d-critical simple flop. It is easy to see that oy does not lie on a wall determined by
a decomposition of the form (8.9), other than (8.11). Therefore, any point p € My, (5) that does
not correspond to a og-stable sheaf corresponds to a og-polystable sheaf E of the form

E=E @E, &(E)=(Fl1), )= (0.

Here E4, E5 are o-stable sheaves. Then FE; is a stable vector bundle on a fiber F' with rank r
and degree 1, and Fy = O;(—1) for some line [ C D. If F N1 =, then

Ext!(E1, Fy) = Ext'(Ey, Fy) =0,

and we have (q]\—})_l(U ) = 0 for a small open subset U C M, () containing p. This is an obvious
case of a d-critical generalized flop (see Remark 3.11). Otherwise, F' N[ is one point, and it is
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easy to check that
Ext!(Ey, F)) = C3, Ext!(Es, Ey) =C%, Ext!(F), Ey) = Ext!'(Fy, E) =C".

The associated Ext-quiver @) has two vertices {1,2} and r arrows from 1 to 2 and 2 to 1, and
the numbers of loops at 1 and 2 are 3 and 2, respectively. In this case, the diagram (8.7) is a
d-critical simple flop at p € M,(3), as we mentioned in Example 6.3.

8.4 D-critical flops under flops
For a CY 3-fold X and 8 € H2(X,Z), we define

Mx(ﬂ) = MU:U(O’W) (6) . (8.12)

Here w is an ample divisor on X. Note that Mx (/) is independent of a choice of w (see [MT18,
Remark 3.2]). Moreover, Mx () consists of stable sheaves, so it admits a d-critical structure by
Theorem 4.1. The moduli space (8.12) was used in [MT18] in the definition of Gopakumar—Vafa
invariants on CY 3-folds.

Suppose that we have a flop diagram of CY 3-folds

X ¢ xt
(8.13)
N

Let ¢.3 € Ho(XT,7Z) be defined by ¢, - D = - ¢; ' D for any divisor D on XT. Here ¢;'D is
a strict transform of D to X. In the above situation, we have the following.

THEOREM 8.4. The d-critical loci Mx (3) and Mx+(¢p.[3) are connected by a sequence of analytic
d-critical generalized flops.

Proof. Under a 3-fold flop (8.13), we have the commutative diagram (see [Bri02, Tod08])

D%, (X) 2 DY, (XT)

J e

i
Fa———T1,.

Here @ is an equivalence of derived categories, Fll = Hy (X f, Z) @ Z and ®r is an isomorphism
that takes (5,n) to (¢«3,n). The above equivalence induces the isomorphism

®,: Stabe;(X) —» Stabey (XT).

Under this isomorphism, the closures of ®,U(X) and U (X ) intersect (see [Tod22b, Lemma 6.4]).
Let w! be an ample divisor on XT. We take a path
v:[0,1] — &, T(X)UT(XT)

such that 7(0) = ®.00 and (1) = 0 t). By perturbing v if necessary, we can assume that

each wall-crossing of the path is given as in (8.6). Moreover, the intersection of ®,U(X) and
U(X T) is not a wall by [Tod22b, Lemma 6.7]. Therefore, applying Theorem 8.3 at each wall, we
obtain the result. O
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9. D-critical flips of moduli spaces of stable pairs

In this section, we show that wall-crossing phenomena of Pandharipande-Thomas stable pair
moduli spaces [PT09], studied in [Brill, Tod09a, Tod10b, Tod12a, Dial2], can be described in
terms of d-critical birational geometry. The wall-crossing phenomena here were used in those
references to show the rationality of the generating series of stable pair invariants, which we will
review in Appendix C.

9.1 Stable pairs

Let X be a smooth projective CY 3-fold over C. The notion of stable pairs introduced by
Pandharipande-Thomas is given below.

DEFINITION 9.1 ([PT09]). A stable pair consists of data (F,s) with F' € Coh<;(X) and s: Ox —
F', where F'is a pure 1-dimensional sheaf and s is a morphism of coherent sheaves that is surjective
in dimension 1.

Asin (8.1), we set I'c; = Ho(X,Z) @ Z. For (B,n) € I'<y, let

Pa(X, B) (9.1)

be the moduli space of stable pairs (F, s) such that ch(F') = (8,n). It is proved in [PT09, HT10]
that the moduli space (9.1) is a projective scheme with a symmetric perfect obstruction theory.
Indeed, the moduli space (9.1) is identified with the moduli space of 2-term complexes in the
derived category (here Oy is located in degree zero)

I'=(—0-—0x-3F—0—--)eDX) (9.2)

satisfying a certain stability condition on it (see [PT09, Tod10a]). It follows that by Theorem 4.1,
there is a canonical d-critical structure on the moduli space of stable pairs (9.1).

9.2 Weak semistable objects
We study wall-crossing in the abelian subcategory in D?(X) defined below.
DEFINITION 9.2. We define the subcategory Ay in D°(X) by
Ax = (Ox, Cohei(X)[~1])ex C D*(X). (9.3)

Here (x)ex is the smallest extension-closed subcategory containing .

The category (9.3) is an abelian subcategory of D?(X) (see [Tod10a, Lemma 6.2]). We have
the Chern character map

cl: K(Ax) — T4 :=Z® T«

sending Ox to (1,0) and F € Cohgi(X) to (0,ch(F)). We will be interested in certain rank

1 objects in Ax. We have the following lemma describing rank 1 objects in Ax; the proof is
obvious.

LEMMA 9.3. An object E € D?(X) with rank(F) = 1 is an object in Ax if and only if there
exist distinguished triangles in D°(X)
0= E, -y

E; JoR Es
Y. . .
e / m / e / 04
Fy Fy F3
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such that
Fy ECOhgl(X)[—l], FQIOX, F3 ECOhgl(X)[—l].
In this case, the top sequence of (9.4) is a filtration in Ax.

Remark 9.4. A 2-term complex I® in (9.2) associated with a stable pair is an object in Ax as it
fits into the exact sequence in Ax

0— F[-1] — I* — Ox — 0.
Similarly, the derived dual D(I®) for D(x) = RHom(*, Ox) is an object in Ax as it fits into the
exact sequence in Ax
0— Ox — D(I*) — FY[-1] — 0,

where FV := Extg, (F,Ox).

In what follows, we fix an ample divisor w on X. For ¢ € R, let pf be the slope function on
the abelian category Ax defined, for £ € Ax, by

i (E) = {t B if £ ¢ Coher (X)[-1],
1,(E) = x(E)/w- [E] if E € Cohey(X)[-1].

Here pu,, := 0. is the slope function on 1-dimensional sheaves defined as in (8.4) for B = 0.
This slope function p;f on Ax satisfies the weak see-saw property and defines the weak stability
condition on Ax (see [Tod10b, Tod12a]).

DEFINITION 9.5. An object E € Ax is uy-stable (respectively, pj-semistable if for any exact
sequence 0 - F' —+ F — G — 0 in Ay, we have the inequality

pi (F) < pi(G)  (respectively, uf(F) < pf(G)

Remark 9.6. The above py-stability condition on Ax can also be formulated in terms of a Bridge-
land-type weak stability condition introduced in [Tod10a], by taking the filtration {0} & T'<; C
I'%y. See [Tod12a] for details.

9.3 Moduli spaces of weak semistable objects

Let M be the moduli stack of objects in D’(X) considered in Subsection 4.1. For (3,n) € I'<;
and t € R, we have the substack

Mi(B,n) C M (9.5)

consisting of the py-semistable objects E € Ax satisfying cl(E) = (1,—8,—n) € T'L;. The
substack (9.5) is an open substack of M, which is an Artin stack of finite type over C (see [Tod10b,
Proposition 3.17], [Tod12a, Proposition 5.4]). As in Theorem 4.8, the result of [AHH21] is applied
to the stack M} (83, n). So it admits a good moduli space

Dt M:(57n> — Mt*(ﬁvn)7
where M} (S,n) is a separated algebraic space of finite type. A closed point of M} (3,n) corre-
sponds to a pj-polystable object E € Ax written as

k
E=(PVi®E, EcAx. (9.6)
=0
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Here each V; is a finite-dimensional vector space with V) = C, the object Ey € Ax is a rank 1
wr-stable object, and each Ej;, for 1 < i < k, is isomorphic to F;[—1] for a p,-semistable sheaf
F; € Cohgi(X) with p(F;) = t such that F; 2 F; for i # j. The moduli space M} (53,n) is
related to stable pair moduli spaces as follows.

PROPOSITION 9.7 ([Tod10b, Theorem 3.21], [Tod12a, Proposition 5.4]). For |t| > 0, the moduli
space M} (B,n) consists of uj-stable objects. Moreover, we have isomorphisms

Po(X,B) = M;(B,n), t>0, (9.7)
P_n(X,8) = M}(B,n), t<0. (9.8)

The isomorphism (9.7) sends a stable pair (F,s) to the 2-term complex (9.2), and the isomor-
phism (9.8) sends (F,s) to the derived dual of (9.2) (see Remark 9.4).

Proof. For |t| > 0, it is proved in [Tod10b, Theorem 3.21], [Tod12a, Proposition 5.4] that the
stack M} (3, n) consists of u}-stable objects, and we have the isomorphism

[Pin(X,8)/C] =5 M (B,n), +t>0.

Here C* acts on Py, (X, 3) trivially, and the above isomorphisms are defined as in the statement
of the proposition. By taking the good moduli spaces of both sides, we obtain the proposition. [

Remark 9.8. By the isomorphism (9.8), an object E € Ax is isomorphic to D(I*®) for a stable
pair (9.2) as in Remark 9.4 if and only if F fits into an exact sequence in Ax

0—O0Ox —FE— F[-1]—0

for some F’ € Coh«(X) such that Hom(F"[—1], E) = 0 for any F” € Coh<;(X). This fact will
be not used later in this paper.

9.4 Wall-crossing of weak semistable objects
For t € R, we set t* :=t 4 ¢ with 0 < ¢ < 1. Then we have open immersions of stacks

+(B,n) € M{(B,n) D My (B,n). (9.9)

We define W C R to be the subset of ¢ € R where at least one of the open immersions in (9.9)
is not an isomorphism; that is, WV is the set of walls for the uy-stability for ¢t € R.

LEMMA 9.9. The subset YW C R is a finite set.

Proof. An element t € W is of the form ¢t =n'/(w - 3') for 0 < 5/ < § and n’ € Z. In particular,
W is locally finite. It is also bounded by Proposition 9.7; hence W is a finite set. O

We write W as
W:{OO:t0>t1>t2>"'>tl>tl+1:—OO:t1,...,tlER}. (910)

Note that each M} (3,n) is constant if ¢ lies in a connected component of R\ W but may change
if t crosses one of ¢;. For ¢t € W, the open immersions (9.9) induce the diagram of good moduli
spaces

Mt*+ (ﬁa TL) Mtt (/85 TL)

Tg\\ /4;/ (9.11)

M (B,n) .
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Note that M+ (8,n) consists of u,+-stable objects; hence they admit d-critical structures by
Theorem 4.1. Below, we investigate the d-critical birational geometry of the diagram (9.11).

Let us take a point p € M} (5, n) in the diagram (9.11) and suppose that it corresponds to a
pi-polystable object (9.6). Let Q* = Q gz be the Ext-quiver associated with the collection

Ef = (Eo, Ey,...,Ey). (9.12)

On the other hand, let @ = Qg, be the Ext-quiver associated with the collection of shifts of
1-dimensional sheaves

Ey= (B, Es,...,Ey). (9.13)

As we observed in the proof of Theorem 8.3, the quiver @ is symmetric. Then we have V(Q*) =
{0} LV (Q), and the numbers of arrows from 0 to i € V(Q), from i to 0, and of loops at 0 are

a; = ext'(Eo, E;), b;:=ext(E;,FEy), c:=ext'(Ey, Ep), (9.14)

respectively. Therefore, Q* is obtained from @ as in the construction of Subsection 7.3. We also
have the convergent super-potential

W= Wg; € C{Q"}/[C{Q"}, C{Q"}]

of @Q* associated with the collection (9.12) as in the construction of (6.2). The following lemma
(which will be used in Lemma 9.23) is obvious from the constructions, and we leave the details
to the reader.

LEMMA 9.10. Let C{Q*} — C{Q} be the linear map sending a path ejes...e, to itself if each
e; € E(Q) and to zero otherwise. This map induces the linear map

Cley/[c{er), e — C{}/[C{@), C{Q}],  fr— flo-

Under this linear map, we have W*|g = W, where W = W, is the convergent super-potential
of Q associated with the collection (9.13).

Let m* be the dimension vector of Q* given by
(M) =dimV;, 0<i<k, (9.15)

where V; is given in (9.6). Note that we have 7m* = 04 17, where 7 is the dimension vector of Q
given by m; = dim V;, for 1 < ¢ < k. Let us also take

§i - (fz;t)ogigk e W@

as in (7.13). Similarly to Theorem 6.1, we have the local description of the morphisms in (9.11)
in terms of Q*.

THEOREM 9.11. For a closed point p € M} (3,n) corresponding to a u}-polystable object (9.6), let
Q* = Qg; be the Ext-quiver associated with Ej and W* = Wg; the convergent super-potential
of Q* constructed in (6.2). Then there exist analytic open neighborhoods

peT C My (B,n), 0e€V C Mg-(m*),

where m* is the dimension vector (9.15), such that we have the commutative diagram of isomor-
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phisms
+ . =~ -1
Mg ouny () lv — (a37.) ' (T)
qu*’aw*)l lqﬁ*

T.

M gx aw) (m*)|v

Here the left vertical arrow is given in (7.17), the right vertical arrow is given in (9.11) pulled
back to T'. Moreover, the top isomorphism preserves d-critical structures, where the d-critical
structure on the left-hand side is given in Lemma 5.3 and that on the right-hand side is given in
Theorem 4.1.

Proof. The proof is almost identical to that of Theorem 6.1. The only required modification is the
proof of the preservation of stability in Lemma 6.4, as we need to compare Bridgeland stability
on Q*-representations given by ¢+ with weak stability px on Ax. In Lemma 9.12 below, we give
an ad-hoc proof for this using characterizations of semistable objects in both sides. O

LEMMA 9.12. For the collection (9.12), let
® gy : mody C[[Q*]]/(OW™) — (Eo, E1, ..., Ek)ex

be the equivalence of categories given in (6.4). Under the above equivalence, a nilpotent QQ*-
representation V is é*-semistable if and only if ®p; (V) is s -semistable in Ax.

Proof. Let S;, for 0 < ¢ < k, be the simple QQ*-representation corresponding to the vertex
i € V(Q*). As in the proof of Lemma 7.10, a Q*-representation V is £T-semistable if and only
if there is no non-trivial surjection V — V' of Q*-representations such that V' is an object in
(S1, -y Sk)ex-

For an object F' € (Fy, E1, ..., Ei)ex, we claim that it is py, -semistable if and only if there is
no non-trivial surjection F' — F' in (Ey, E1, ..., Ex)ex such that F' € (E1, ..., Ex)ex. The “only
if” direction is obvious from the definition of ,ua—stability. In order to show the “if” direction,
suppose that F' is not pj, -semistable in Ax. Then there exists an exact sequence

0—A—F—B—0 (9.16)

in Ax such that uf, (A) > pg, (B). By taking the limit ¢, — ¢, we have uy(A) > py(B). On
the other hand, since F' is uj-semistable, we have pf(A) < wpy(B). It follows that pj(A) =
wr(B); therefore, both A and B are pj-semistable. By the uniqueness of Jordan-Holder factors,
the exact sequence (9.16) is an exact sequence in (Fy, E1, ..., Eg)ex. Then by the inequality
py, (A) > py, (B), we have B € (E1, ..., Eg)ex. Therefore, the “if” direction is also proved.

The lemma for the plus sign now holds by the above descriptions of ¢'-semistable Q*-
representations and uf, -semistable objects in Ayx, together with the fact that the equivalen-
ce (6.19) sends S; to E;. The result for the minus sign holds in a similar way. O

Using Theorem 9.11, we can describe the diagram (9.11) in terms of d-critical birational
transformations.

THEOREM 9.13. For t € W with t > 0, the diagram (9.11) is an analytic d-critical generalized
flip at any p € Imq,,;. and an analytic d-critical generalized MFS at any p € M (8,n) \ Im ¢, ..

Moreover, for each effective curve class 3, there is a t() > 0 (which is independent of n)
such that if t > t(f3), then the diagram (9.11) is strict. There is also an n(f) > 0 such that if
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n > n(f), then any t € W satisfies t > t(3). Therefore, in this case, the diagram (9.11) is always
strict.

Proof. Suppose that p € M} (/3,n) corresponds to a p;-polystable object (9.6), and take 1 <i<k.
Let a;, b; be as in (9.14). Since p,(E;) =t > 0 and E; € Coh<(X)[—1], we have x(E;) < 0. By
the Riemann—Roch theorem and hom(Ey, E;) = hom(E;, Ey) = 0, we have

0 > x(E;) = x(Eo, E;) = —a; + b;.

Therefore, we have a; > b;, and the first statement follows from Corollary 7.15 and Theorem 9.11.

We now show the second strictness statement. Again suppose that p corresponds to a pu}-
polystable object (9.6), but now assume that (9.6) is not pj-stable, that is, & > 1. We write

cl(Eo) = (1,—Bo, —no), ch(E;) = —(Bi, ni)
for 1 <i < k. Then we have 5y > 0, 8; > 0 for 1 <i <k, and

Bo+mifr+ - +mbr =8, (9.17)
ng+ming + - +mrng =n, (9.18)
where m; = dim V; for 1 < i < k. By the identity (9.17), for a fixed 5 > 0, there is only a finite
number of possibilities for k, §8; and m;. If we have n; < m; for some 1 < ¢ < k, then we have
o m;
w-Bi S w- B’
and the right-hand side is bounded above. Therefore, there is a t(3) > 0 such that if t > t(3),
then n; > m; for any 1 < ¢ < k. But then —n; = x(E;) = —a; + b;, which implies a; > n; > m;.
Therefore, the diagram (9.11) is strict at p by Lemma 7.16.

Suppose that t € W satisfies t < ¢(3). Applying Lemma 9.14 below for fy and all 0 < ¢ < £(5),
we can find an n/(8y) € Z such that ny < n/(8p) holds. By (9.18) and using t = n;/w - 5;, we
obtain

t

o _ n—n"(b)
Z —Fk
> im1 mi(w - Bi)
There is an n(/3) > 0 such that for n > n(f), the right-hand side is bigger than ¢(/3). Therefore,
for such an n(3), the desired statement holds. O]

We have used the following lemma.

LEMMA 9.14. For each effective curve class f and t € R, there is an ni(3) > 0 such that
Mi(B,n) =0 for [n| > ny(B).

Proof. The lemma is proved in the proof of [Tod10b, Lemma 4.4]. O

In the following example, we see that Grassmannian flips appear as relative d-critical charts.

EXAMPLE 9.15. In Theorem 9.13, suppose that p € M}(8,n) corresponds to a uy-polystable
object E € Ax of the form E = Ey @ (V ® F[—1]), where Ey € Ax is a rank 1 u}-stable object,
V is a finite-dimensional vector space, and F is an object of Coh<(X) satisfying Ext!(F, F) = 0,
for example, F' = O¢ (k) for a rational curve P! = C C X with Ngjx = Oc(—1)%2. In this case,
the Ext-quiver Q* for { Ep, F'[—1]} is the same one considered in Example 7.14, and the birational
map
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is a Grassmannian flip as in Example 7.14. For example, the wall-crossing diagrams in local P!
studied in [NN11] are described as d-critical Grassmannian flips as above.

Remark 9.16. In Theorem 9.13, it is possible that the diagram (9.11) is a strict analytic d-
critical generalized MFS at p € M7 (8,n)\ Imq},., but in the notation of Theorem 9.11, we have

Mé: (m*) = 0, and the morphism

+ +o .
qg*: Mé* (M*) — Mg« (m™)

is birational.

Indeed, suppose that there exist disjoint smooth curves C,Cy C X such that C; = P! and
w-Cy = (w-Cy)-m for some integer m > 2. Then for t = 1/(w - C1), B = [C1] + [C2] and
n =m+ 1, we have the point p € M} (8, n) corresponding to the p}-polystable object

Ox @ Oc,[-1] & Oc, (D)[-1]

where D is a divisor on Cy with deg D = m + g(C2) — 1. Suppose that h'(O¢,(D)) # 0. Then at
the point p, it is easy to see that we have the situation mentioned above.

9.5 PT/L correspondence via d-critical MMP
Let [ € Z be the number of elements in W given in (9.10). For each 1 < i <1+ 1, we set

Mii= M (Bn) = M7 (B,n), Asi= M7 (,)
with d-critical structure s; on M; given in Theorem 4.1. We also define L,iL(X ,3) to be
LE(X,B):= M5 (B,n), 0<e<1.

Let us take unique 1 < I’ <1+ 1 satisfying t;_1 > 0 > t;. We have the following zigzag diagram
that connects My = P, (X, 3) and My = L} (X, 3):

M, M, My
A / \ / \ e (9.19)
1 1 2 /-1
Ay Ag

Al’—l .

The wall-crossing diagrams at ¢ < 0 are given by the following zigzag diagram, which connects
Mis1 = P_o(X,8) and My = L (X, B):

My M, My
N AN / \ P (9.20)
™ ™ 1 T
Al Al—l Al"

COROLLARY 9.17. The diagrams (9.19) and (9.20) are d-critical MMP. In particular, we have
the inequalities of virtual canonical line bundles

(M, s1) 2x (Ma,s2) 25 -+ 2k (Myp,sp),
(Mig1,8141) 2k My, 81) 2K -+ 2K (My, sp).

Moreover, for each effective curve class [3, there is an n() > 0 such that the diagrams (9.19)
and (9.20) are strict and My = ) if |n| > n(8) holds. In this case, the morphisms

7.‘.;11: Ml/fl — Al/,l, 71‘17: Ml’+1 — Al/ (9.21)

are d-critical generalized MFS that are strict at any point in Ay_1 and Ay, respectively.
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Proof. The inequalities of virtual canonical line bundles for the diagram (9.19) are immediate
from Theorem 9.13. The same argument also applies to the diagram (9.20).

If we take n(3) > 0 sufficiently large, then the diagrams (9.19) and (9.20) are strict as in
the argument of Theorem 9.13. Moreover, we have My = () by Lemma 9.14. Then any point in
Ap_1 or Ay does not correspond to a ,u{ll_l—stable object or u;l,—stable object, respectively (as
otherwise My # (). Then as in the proof of Theorem 9.13, the morphisms in (9.21) are strict at
any point in Ay_1 and Ay, respectively. O

If 0 € W, that is, ty = 0, then the wall-crossing at ¢t = 0 is given by the diagram
My = L (X, 5) Ly (X,8) = My

T~ 922

Mizo(B,m)-

COROLLARY 9.18. The diagram (9.22) is an analytic d-critical generalized flop. In particular, we
have L (X,8) =k L, (X, B).

Proof. For a point p € M} (5,n), let a;, b; be as in (9.14). Then as in the proof of Theorem 9.13,
we have a; = b;. This implies that the Ext-quiver Q* associated with the collection (9.12) is
symmetric. Therefore, as in Theorem 8.3, the diagram (9.22) is an analytic d-critical generalized
flop. O

In the next subsection, we discuss the case when (3 is irreducible in detail. Here we give some
explicit examples for non-irreducible curve classes, discussed in [Tod09a, Section 5].

ExXAMPLE 9.19. Let X — Y be a birational contraction with exceptional locus C' = C7 U Co,
where each C; is isomorphic to P!, C; N Cy = {p}, and Ney/x = Oc,(—1)%2. We set d; 1= C; - w
and assume d; > da > 0. Let us consider the diagram (9.19) in the case (8,n) = ([C],2). In this
case, we have two walls:

1
{oo YT T di+ dy }

The reduced part of the diagram (9.19) becomes (see [Tod09a, Section 5.2])

C Ch 0
A / A / (9:23)
1 pt.

The map 7riF contracts Cy C C to the point p € (4, and m; = id. The point p corresponds to
the uj -polystable object I, © Oc,[—1], where I¢, is the ideal sheaf of Cy. The Ext-quiver Q*
of {I¢y, Oc,[—1]} is of the form

—_—
Q" = ( 0—1 ) )
Therefore, locally at p, the Wli—relative d-critical charts are given by a diagram of the form

c2 S o2l 2

RNVE

)
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where f1 is the blow-up at the origin. It seems likely that g(u,v) = u?, and the scheme structure
of Py(X,p) at p € C = P3*(X, 3) is given by the critical locus of C — C, (z,y) — x2y% In
particular, the left diagram of (9.23) is an analytic d-critical divisorial contraction. Similarly, the
right diagram of (9.23) is a d-critical MFS.

EXAMPLE 9.20. Let X — Y be a birational contraction with C' = P! andNg/x = Oc(—1)%2.
We set d := C - w. Let us consider the diagram (9.19) in the case (8,n) = (2[C],4). In this case,
we have two walls:

3 2

The reduced part of the diagram (9.19) becomes (see [Tod09a, Section 5.3] and [PT09, Section 4.1]
for PJ4(X, §) = PY)

0

P3 pt
9.24
AN N 020
pt pt.

The map 7}~ contracts P? to a point, corresponding to the pf,-polystable object Ic ® Oc(2)[—1].
The Ext-quiver @Q* of {Ic, Oc(2)[—1]} is of the form

—
Q= < 0—=1 ) :
Therefore, the Wli-relative d-critical charts are given by a diagram of the form

@4L>(C4<$(C4

ENVE

)

where fT is the blow-up at the origin. It seems likely that g(u,v,t,s) = uv + ts, and the scheme
structure on P4(X, ) is non-reduced along the quadric in P? = Pfd(X ,3). In particular, the
left diagram of (9.24) is an analytic d-critical divisorial contraction. Similarly, the right diagram
of (9.24) is a d-critical MFS.

9.6 The case of an irreducible curve class

Suppose that S is an irreducible curve class; that is, it is not written as 8 + 32 for effective curve
classes 8; > 0. Let M,,(X, B) be the moduli stack of p,-semistable 1-dimensional sheaves F' on X
with ch(F) = (8,n) and

My (X, 8) — My (X, B) (9.25)

be its good moduli space for a projective scheme M, (X, f3).

Remark 9.21. When f is irreducible, a 1-dimensional sheaf F' with [F] = § is p,-semistable if
and only if it is a pure 1-dimensional sheaf. In particular, any point in M, (X, 8) corresponds to
a f,-stable sheaf, and the morphism (9.25) is a C*-gerbe.
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As ( is irreducible, by Remark 9.21, we have the following diagram:
Po(X, B) P_n (X, B)

S A

Mp(X,5) -

Here the morphisms qu are given by q;(F, s)=F and ¢p(F',s') = Ext%?X (F',Ox). The diagram
(9.26) appeared in [PT10] to show the BPS rationality of the generating series of stable pair
invariants with irreducible curve classes. The above diagram is indeed a special case of the wall-
crossing in the previous subsection, and we have the following.

THEOREM 9.22. (i) Suppose n > 0. Then at a point p = [F| € M,(X, ), the diagram (9.26)
is an

analytic d-critical flip if hY(F) > 1

analytic d-critical divisorial contraction if h'(F) =1, (9.27)
analytic d-critical MF'S if h1(F)=0.
)

(ii) Suppose n = 0. Then at a point p = [F] € My (X, ), the diagram (9.26

is an analytic d-critical flop if h'(F) > 1,
consists of isomorphisms ifthY(F) =1,

consists of empty sets if R} (F) =0.

Proof. 1If 8 is irreducible, there is only one wall (see [Tod09a, Section 5.1)):

W:{“:Q)T-Lﬁ}'

As in the previous subsection, for (3,n) € I'<1, we have the wall-crossing diagram

My (5,n) M (B,n)

w\ / (9.28)
. ) .

Mt*1 (B,n).
The algebraic space M} (3,n) parametrizes uj, -polystable objects E of the form
E=Fy®FE, E=0x, E :F[—l], (929)

where F' is a pure 1-dimensional sheaf satisfying ch(F') = (5,n) (see Remark 9.21). Let us take
a p € M{ (B,n) that corresponds to a py-polystable object (9.29). The Ext-quiver Q* associated
with the collection {Ep, E1} has two vertices {0,1}, the numbers of arrows from 0 to 1, 1 to 0
and of loops at 1, 0 are

a:=h(F), b:=hY(F), c:=ext!(F,F), 0=ext'(Ox,0x),
respectively. Note that a — b = n by the Riemann—Roch theorem. Let us set
Vvt=HY%F), V- =HYF)", U=Ext'(FF).

Let m* = (1,1) be the dimension vector of Q*. Similarly to the argument in Example 6.3, we

562



BIRATIONAL GEOMETRY FOR D-CRITICAL LOCI

have
oy _
Mé* (m*) = Totp(v+)(0p(v+)(—1) ®V ) x U,
Mgz (m*) = Totp(y—) (Opy—(-1) @ VF) x U .

Therefore, for n > 0, the diagram

ME i) M ()
d/,H* q/%
O Mg(mr)

is a standard toric flip if b > 1, a divisorial contraction (indeed, a blow-up of a smooth variety
at a smooth center) if b = 1 and MFS if b = 0 (see Example 3.8). By Theorem 9.11, it follows
that the diagram (9.28) satisfies the condition (9.27).
On the other hand, by Proposition 9.7, we have the isomorphisms Py, (X, 3) 5 M:i (B,n). We
1

also have the morphism of stacks M, (X, 3) — My (8,n) sending a flat family of 1-dimensional
sheaves F on X x S over a C-scheme S to the family of pf-semistable objects Oxxg & F[—1]
over S. By the universality of good moduli spaces, we have the induced morphism

v Mn(X, B) — M (B,n). (9.30)

The morphism ~ is bijective on closed points, by the description of uf-polystable objects in (9.29).
We can also show that v is a closed immersion (see Lemma 9.23 below), so M/ (/3,n) is a nilpotent
thickening of M, (X, 3). Therefore, by comparing the diagram (9.26) with (9.28), the result for
n > 0 follows. The result for n = 0 also holds by a similar argument. O

We have used the following lemma.
LEMMA 9.23. The morphism (9.30) is a closed immersion.

Proof. It is enough to show the claim analytic-locally at any point p € M} (3,n). Let p correspond
to a pj -polystable object (9.29), Q* be the Ext-quiver associated with {Eo, E1} = {Ox, F[-1]},
where F' is a pure 1-dimensional sheaf with [F] = (. Let @ be the sub-Ext-quiver of Q* associated
with {E1} = {F[-1]}. Let
WreC{Q"}, WeC{Q}

be the convergent super-potentials defined as in (6.2) for the collections {FEy, F1} and {E},
respectively. Let us take an analytic open neighborhood V' C Mg« (m*) of 0 for m* = (1,1). As
in (5.14), for G = (C*)?, we have the G-invariant analytic function

tr W*: moi (V) — C, (9.31)

where mg«: Repg«(m*) — Mq«(m*) is the quotient morphism. By Theorem 9.11, the local
analytic structure of My (8,n) at p is isomorphic to the analytic closed subspace in V' defined
by the ideal

(dtl“ W*)G C (Oﬂéi (V))G =0y. (932)

Let & = (x1,...,24), ¥ = (Y1,-.., W), and Z = (z1,..., zc) be the coordinates of Eg 1, Eq 9, Eq 1,
respectively, corresponding to the basis F; ; C E;; (see the notation in Subsection 5.1). Since
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W*|g = W by Lemma 9.10, the function (9.31) is of the form
tr W*(E,7,2) = te W(2) + ) fiy(Dwiy; + D furjyr Dziwoysyje + - .
i.j i joj'
Here fo(Z) is an analytic function on an open neighborhood of 0 € E;;. Since each z;y; is
G-invariant, the above description of tr W* implies that

(dtrW*)% (dtrW(2),zyj: 1 <i<a,1<j<b).
Since we have
Mg~ (m*) = SpecClz;yj: 1 <i<a,1<j<b xEjq,

it follows that the analytic closed subspace in V' defined by the ideal (9.32) contains the analytic
closed subspace defined by dtr W (Z) =0 on V N ({0} x Eq ;). Since the latter is analytic-locally
isomorphic to M, (X, ) at [F] € M, (X, ) (see Theorem 6.1), the lemma holds. O

In the following example, we see that the classical diagrams on symmetric products of curves
appear as special cases of the diagram (9.26).

EXAMPLE 9.24. Suppose that X contains a smooth projective curve C' of genus g that is super-
rigid in X, that is, HO(NC/X) = 0, and set 8 = [C]. Suppose that C' C X is the unique curve on
X with [C] = . For example, we can take a local model (see Remark 9.25)

X = Tote(Ly & Lo) (9.33)

for general line bundles Ly, Ly on C satisfying deg; = ¢ — 1 and L1 ® Ls = we. Here X
contains C' as a zero section. By setting 8 = [C], we have the isomorphism

SMHIHC) =5 Pu(X,B), Z— (0c(Z),s),

where s is the section of Oc(Z) that vanishes at Z. Therefore, in this case, the diagram (9.26)
coincides with (3.11), and the statement in Example 3.9 follows from Theorem 9.22.

Remark 9.25. A subtlety of using the local model (9.33) is that it is non-compact. Let us compact-
ify X to the P%-bundle X — C. Still X is not CY3, and also H'(Ox) # 0, so we need to modify
the argument. Let Fy = O and Ey = F[—1], where F'is a line bundle on C pushed forward to X
by the zero section of X — C. Then for E = Ey® E1, we replace the Ao-structure on Ext*(E, E)
with the Loo-structure on its traceless part Ext*(E, F)g. Then the latter is cyclic (though the
former is not), and an argument similar to Theorem 9.11 shows that the diagram (3.11) satisfies
the desired property in Example 3.9.

Appendix A. Review of Bridgeland stability conditions
Here we recall basic definitions on Bridgeland stability conditions on triangulated categories
[Bri07].
A.1 Stability conditions on abelian categories

Let A be an abelian category and K (.A) its Grothendieck group.

DEFINITION A.1. A stability condition on an abelian category A is a group homomorphism
Z: K(A) — C satisfying the following:
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(i) (Positivity property): For any non-zero 0 # E € A, we have
Z(E)e{z€C:32>0}UR,.
A non-zero object E € A is called Z-stable (respectively, Z-semistable) if for any non-zero
subobject 0 # F' C F in A, we have the inequality in (0, 7]
arg Z(F) < arg Z(E) (respectively, arg Z(F) < arg Z(E)).

(ii) (Harder-Narasimhan property): For any E € A, there exists a filtration (called Harder—
Narasimhan filtration)

O0=FEyCFEC---CE,=F

such that each F; := FE;/E;_1 is Z-semistable with arg Z(F;) > arg Z(F;4+1) for all 1 <14 <
n— 1.

A.2 Stability conditions on triangulated categories
Let D be a C-linear triangulated category and K (D) its Grothendieck group. We fix a finitely
generated abelian group I' together with a group homomorphism

cl: K(D) —T. (A.1)

Remark A.2. A choice of (T, cl) corresponds to a choice of a Chern character map. For example,
if D = D?(X) for a smooth projective variety X, we can take I' = Iy, where I'x is the image of
the Chern character map ch: K(X) — H**(X,Q) and cl = ch.

DEFINITION A.3 ([Bri07]). A Bridgeland stability condition on D consists of data
o= (Z,A), AcD, Z:T —C.

Here A is the heart of a bounded t-structure on D, and Z is a group homomorphism (called
central charge) such that Z o cl is a stability condition on A as in Definition A.1. An object
E € D is called o-(semi)stable if E[k] € A for some k € Z and it is Z-(semi)stable in A.

A.3 The space of Bridgeland stability conditions

Let Stabp(D) be the set of Bridgeland stability conditions on D with respect to the group
homomorphism (A.1) satisfying the following condition (called support property):

lel(B)|
Sup{ |Z(E)|

Here ||| is a fixed norm on I'g. The following is the main result in [Bri07].

: Fis a—semistable} < 00.

THEOREM A.4 ([Bri07, Theorem 1.2]). The set Stabr (D) has the structure of a complex manifold
such that the map Stabr(D) — Hom(T",C) sending (Z,.A) to Z is a local isomorphism.

Let X be a smooth projective variety, and take D = Db(X). By setting I' to be the image of
the Chern character map as in Remark A.2, we have the complex manifold
Stab(X) := Stabr, (Db(X)) .
Remark A.5. Note that we have the natural C*-action on Hom(T",C) by multiplication. This

action lifts to a C-action on Stabr(D) via the universal cover C — C*, which does not change
semistable objects. See [Bri09, Section 3.3].
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Appendix B. Other examples

In this section, we discuss some other examples of wall-crossing in CY 3-folds in terms of d-
critical birational geometry. We just describe the results without details since the arguments are
similar to those of Theorem 1.1.

B.1 DT/PT correspondence
Let X be a smooth projective CY 3-fold. For (5,n) € I'<y, let
In(X, B) (B.1)

be the moduli space of subschemes C' C X such that [C] = S and x(O¢) = n. The moduli
space (B.1) is identified with the moduli space of rank 1 torsion-free sheaves I with Chern
character (1,0, —/,—n). In particular, it has a canonical d-critical structure.

The moduli spaces (B.1) and (9.1) are related by wall-crossing phenomena with respect to
certain Bridgeland-type weak stability conditions in the derived category (see [Tod10a]). The
above wall-crossing is relevant in showing the DT/PT correspondence conjecture [PT09] (see
Subsection C.3). As in Section 9, we have the diagram

I (X, Po(X,B)

(X,8) (
x % (B.2)
Tn(X, B),

where T, (X, 3) is an algebraic space that parametrizes objects of the form

k

Ic® (@ Vi® Ozi[—u) :
i=1

where I¢ is an ideal sheaf of a pure 1-dimensional subscheme C' C X and x; # z; for i # j,

satisfying x(O¢) + Zle dim V; = n. We have the following.

THEOREM B.1. The diagram (B.2) is an analytic d-critical generalized flip at any point in Im gp
and an analytic d-critical generalized MFS at any point in T,,(X,3) \ Imgp. In particular, we
have I,(X, B) 2k Pu(X, ).

Proof. The proof is the same as that of Theorem 9.13. O
Here is an example of DT/PT correspondence for a fixed smooth curve.
ExaMPLE B.2. In the situation of Example 9.24, we have

Quot(Ie,n+g—1) — I,(X, ).

Here the left-hand side is the Quot scheme parameterizing quotients Ic — @ such that @ is a
zero-dimensional sheaf with length n + g — 1, and the above isomorphism is given by taking the
kernel of I — Q. By setting m = n + g — 1, the diagram (B.2) is

Quot(Ic,m) S™(0)

S™(X).
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Here g; sends I — @ to the support of @, and gp is induced by C C X. Note that S™(C) is
always smooth while Quot(Ic, m) can be singular. By Theorem B.1, this diagram is an analytic
d-critical generalized flip at any point in Im gp and an analytic d-critical generalized MF'S at any
point in S"(X) \ Im ¢p.

B.2 Wall-crossing in local K3 surfaces

Let S be a smooth projective K3 surface over C and I'g its Mukai lattice: I's := Z ® NS(S) @ Z.
Let v(—) be the Mukai vector

v: K(S) — Ty, FE+—ch(E)-Vtdy. (B.3)
Then we have the space of Bridgeland stability conditions on D?(S) with respect to group homo-

morphism (B.3), denoted by Stab(S). The structure of the space Stab(S) is studied in [Bri0g],
and moduli spaces of Bridgeland stable objects on S are studied in [BM14b].

Let X be the non-compact CY 3-fold defined by
X :=Totg(Kg) =S5 xC.
We consider moduli spaces of semistable objects on the triangulated category
DY(X) := {E e DY(X): Supp(E) is compact } .
Let pg: X — S be the projection. We have the group homomorphism
cl: K(DY(X)) —Ts, Er—v(ps:E). (B.4)

Let Stab.(X) be the space of Bridgeland stability conditions on D%(X) with respect to the group
homomorphism (B.4). Then we have the isomorphism (see [Tod09b, Theorem 6.5, Lemma 5.3])

ps«: Stabe(X) = Stab(.9),
which is identity on central charges. Under this isomorphism, an object E € DZC’(X ) is o-
(semi)stable for o € Stab.(X) if and only if ps, £ € D’(S) is pg«o-(semi)stable.
For 0 = (Z, A) € Stab.(X) and v € I'g with SZ(v) > 0, let M,(v) be the moduli stack of
o-semistable objects E € A such that cl(F) = v, and
M (v) — M, (v)

be its good moduli space. Note that if v is primitive and o is general, then M, (v) consists of
o-stable objects of the form i, F for ¢ € C, where F' € D%(S) is pg.o-stable and i.: S x {c} — X
is the inclusion. Therefore, we have

Moy (v) = Mpg,o(v) x C,

where M, »(v) is the moduli space of pg.o-stable objects in D°(S) with Mukai vector v.
By [BM14b], the moduli space M, »(v) is a projective holomorphic symplectic manifold of
dimension 2 + (v, v), where (—, —) is the Mukai product on I'g.

Suppose that v € T'g is primitive and o € Stab.(X) lies on a wall with respect to v. If
oF € Stab.(X) lie on its adjacent chambers, we obtain the diagram

MU+ (Q}) MU— (’U)

o L (B.5)
).
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By noting the Ext-quiver associated with any collection in D®(S) is symmetric, we have the
following.

THEOREM B.3. The diagram (B.5) is an analytic d-critical generalized flop.

Appendix C. Wall-crossing formula of DT-type invariants

Here we review the previous works [Brill, Tod10a, Tod09a, Tod10b, Tod12a, Dial2] where wall-
crossing phenomena in this paper were applied to show several properties on DT invariants.

C.1 Product expansion formula of PT invariants

For a CY 3-fold X and an element (5, n) € I'<;, the moduli space of stable pairs P, (X, §) admits
a zero-dimensional virtual class [PT09]. The PT invariant P, 3 € Z is defined by the integration
of the virtual class. It also coincides with weighted Euler characteristics

P, :/ xBde := m-e(xz (m)).
T Jinaxs 2 eb(m)

MEZ

Here x p is the Behrend constructible function [Beh09] on P, (X, ). The generating series of PT
invariants satisfies the product expansion formula

1+ Z P, 5q"t° = exp Z (=) 'nN, 5q"t7 | - Z Lngq"t’ | . (C.1)
B>0,n€EZ £>0,n>0 B>0,nEZ

Here N, 3 and L, g are as follows:
— The invariant N, g € Q is the generalized DT invariant [JS12] counting 1-dimensional
semistable sheaves on X with Chern character (8,n) € I'<;. It satisfies the symmetric prop-

erty N, 3 = N_, g and the periodicity property N, g = N, g+..5 for any ample divisor w
on X.

— The invariant L, g € Z is a DT-type invariant counting certain stable objects E & Db(X)
satisfying ch(F) = (1,0,—8,—n) (see (C.3) below). It satisfies the symmetric property
L, 3= L_, p and the vanishing L, g = 0 for |n| > 0.

The formula (C.1) is proved using wall-crossing phenomena in Section 9, which led to the
proof of the rationality conjecture of the generating series of PT invariants [MNOPO06, PT09].

C.2 Wall-crossing formula of PT invariants

Below we recall how to derive the formula (C.1) from the wall-crossing in Section 9. For ¢ € R, let
us consider the moduli stack M} (3, n) and its good moduli space M} (3, n) as in Subsection 9.3.
Let W C R be the set of walls (9.10), and take ¢t ¢ V. By integrating the Behrend function
on M} (B,n), we have the invariant

L= /M*(B )XBdeeZ. (C.2)

By Proposition 9.7, we have the identities

: Pnﬂ , t>0,
Lng=
P_,5, t<0.
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For t; € W, the wall-crossing formula of the invariants (C.2) is given by (see [Tod12a, Theo-
rem 5.7])

lim Z LtH'6 ¢"t? = exp Z (—1)" N, 3¢"t" | - | lim Z L Eq”tﬂ

e—>—+0 e——+0
B>0,n€Z n/w-B=t; B>0,n€Z

Applying this formula from ¢ — oo to ¢ — +0, using the identity (9.7) and setting
Lpgi=L,5, 0<t<1, (C.3)

we obtain the formula (C.1).

C.3 DT/PT correspondence
Let I,,(X, 8) be the moduli space defined in (B.1). The rank 1 DT invariants

I p:= / xB de

are related to PT invariants by the identity

S Lsd" =[]0 —a") " Posa

nez n>1 nez

This formula, called the DT /PT correspondence, was conjectured in [PT09] and proved in [Brill,
Tod10a] via wall-crossing phenomena in the derived category discussed in Subsection B.1.
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