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ABSTRACT. In previous work we have conjectured wall-crossing
formulas for genus zero quasimap invariants of GIT quotients and
proved them via localization in many cases. We extend these for-
mulas to higher genus when the target is semi-positive, and prove
them for semi-positive toric varieties, in particular for toric local
Calabi-Yau targets. The proof also applies to local Calabi-Yau’s
associated to some non-abelian quotients.

1. INTRODUCTION

1.1. Overview. When a complex affine algebraic variety W is acted
upon by a reductive group G, a choice of a character 6 of G determines
a linearization of the action, and hence a GIT quotient W) G = W /,G.

Under reasonable conditions on the triple (W, G, 8), certain stability
conditions, depending on a parameter € € Q-oU{0+, 0o} produce (rel-
atively) proper Deligne-Mumford moduli stacks of e-stable quasimaps
from pointed curves of genus g to W)/ G, carrying virtual fundamental
classes. They come equipped with evaluation maps and with tautolog-
ical cotangent 1-classes at the markings and therefore determine (for
projective W//G) descendant e-quasimap invariants

(111) <51d)?1a s 75k¢zk>g€7,k7ﬁ'

As usual, if the target is only quasi-projective, but has a torus action
with good properties, (1.1.1) are well-defined as equivariant invariants.
When (g,k) # (0,0) and € € (1,00], (1.1.1) are the Gromov-Witten
invariants of W/ G. For (g, k) = (0,0), the same holds when ¢ € (2, 00].

As e varies, we expect the invariants to be related via wall-crossing
formulas. For the genus zero sector, with arbitrary number of primary
insertions and one descendant insertion, such formulas are obtained
in [CK2], where we also show that they may be interpreted as a vast
generalization of Givental’s toric mirror theorems. The genus zero wall-
crossing formulas are conjectured to hold for general W /G and are
proved in [CK2] for many GIT targets by localization methods. The

present paper begins the exploration of wall-crossing at higher genus.
1
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1.2. Conjectures. Let

t = t(y) = to + 1) + ta)® + 30 +

where t; € H*(W//G, Q) are general even cohomology classes. Let the
Novikov ring A = Q[[¢]] be the g-adic completion of the semigroup ring
on the semigroup Eff(W, G, 0) of 6-effective classes (see §2.2 for the
definition). The genus g descendant potential of W /G is defined by

B
Fi®) = D D0 (t0) b))

BEEf(W,G,0) m=>0

As usual, the unstable terms in the sum corresponding to (g, m, 3) for
which the moduli spaces do not exist are omitted.

The wall-crossing formula relates the Gromov-Witten potential F*
to the potential F; for semi-positive triples (W, G, ) (for these triples,
the corresponding quotients W//G have nef anti-canonical class). To
state it, recall first from [CK2] that in genus zero quasimap theory
there is a J-function J(q,t, z) for each stability parameter £ > 0+4. It
depends on the Novikov variables, a general even cohomology element
t € H*(W/G,Q), and a formal variable z. For ¢ > 1, it is the usual
Givental (big) J-function of Gromov-Witten theory. The small J°-
function is defined as the restriction at t = 0:

J: (g, 2) == J(q,0, z).

In the semi-positive case, J¢ takes values in H*(W )G, A)[[1/z]] and we
will need the first two terms in the 1/z-expansion of small J¢,

ﬁﬁ%@=%wﬂ+ﬁ()+0(l)

22
where 1 is the unit in cohomology. For the asymptotic stability ¢ = 0+

we use the special notation I, = Jo' and call this the small /-function

of W//G. The series Iy(q) € A is invertible, of the form 1+ O(q), while
the series ;(q) is in H=*(W//G, A), with vanishing constant term in q.
For ¢ > 0, the coefficients J§ and J; are polynomial g-truncations of
[0 and Il.

Conjecture 1.2.1. IfW//G is a GIT quotient corresponding to a semi-
positive triple (W, G, 0), then for every € > 0+ we have

(12.) ) = £ ().

Jo
Further, for every e, # &4
(1.2.2) (Jg )P E(J5' () — JiY) = ()92 F (Jg*t(v) — J52) -
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Since the transformation t(¢) — (t(¢) + J7)/J§ is invertible, the
(apriori stronger) wall-crossing formula (1.2.2) follows from (1.2.1).

Let {71,...,7s} be a homogeneous basis of H**(W /G, Q) and write
t; = > .ty so that F gE are formal series in the ¢;; variables. To have
the uniform statement in the conjecture for all stability parameters,
some modifications to the potentials are needed in low genus, as follows:

e When g = 0 we must discard from both sides of equations
(1.2.1) and (1.2.2) the parts of degree < 1 in the t;;’s. There
is, however, a natural way to include all terms of ¢;;-degree 1 in
the genus zero potentials, so that (1.2.1) becomes an equality
up to constants, see Remark 3.1.3.

e When g = 1 a correction term is needed, to account for the
failure of the dilaton equation on MIJ- Namely, we redefine

(1.2.3)
B

FE(0) = oxion(WIG) o J5 + 37 Lo, 60
(8,m)#(0,0)
where xtop denotes the topological Euler characteristic.
By matching Taylor coefficients in the ¢;;’s in Conjecture 1.2.1 we

get the equivalent formulation:

Conjecture 1.2.2. Let W/)/G be a GIT quotient corresponding to a
semi-positive (W, G, 0). Fizx (g,n) # (1,0), with 2g —2+n >0, and a
stability parameter ¢ > 04-. Then for arbitrary integers aq,...a, > 0
and arbitrary even cohomology classes 6y, ...6, € H*(W/)G,Q)

(124)  (J5(@)™ 2> * (6w, . oain)s 5 =
B

1 Jilg) T\~
E BE — (&, St L ey =
il m!<””1’ @) )

=0 g:n+m>18

If (g,n) = (1,0) and € is arbitrary,

(1.2.5)
1 ‘ e ¢ /Ji@) i@\~
ﬂXtop(W//G) logJO-f—Z( >1,0,B = Z ml <J§(q)’”" JS(Q)>

B#0 (B,m)#(0,0)
Note that the string and divisor equations in Gromov-Witten theory
allows one to rewrite the right-hand sides of (1.2.4) and (1.2.5) in terms
of invariants with the same insertions as in the left-hand sides.

1,m,B

1.3. Results. The first evidence we give for the conjectures is that
they hold in genus zero for a large class of targets.
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Theorem 1.3.1. Let (W, G,0) be semi-positive. Assume that W ad-
mits an action by a torus T, commuting with the action of G and such
that the fixed points of the induced T-action on W/ G are isolated.
Then the g = 0 cases of Conjectures 1.2.1 and 1.2.2 hold. Moreover, if
E is a convex G-representation such that for all 0-effective 5 we have
B(det(Tw)) — B(W x det(E)) > 0, then the conjectures also hold at
g = 0 for the E-twisted e-quasimap theories of W/ G.

The inclusion of E-twisting means that Theorem 1.3.1 covers the
compact Calabi-Yau targets which are realised as zero loci of sections
of homogeneous vector bundles on toric manifolds, on flag manifolds of
classical types, or on products of such. The proof of this result given in
63 below can be summarized as follows: by first extending Dubrovin’s
genus zero reconstruction [D] to all e-theories, we reduce to the case of
big J-functions, which was already established in [CK2].

The second evidence is the main result of the paper.

Theorem 1.3.2. Let X be a nonsingular quasi-projective toric variety
of dimension n, obtained as the GIT quotient of a semi-positive triple
(C*7 (C*),0). Then Conjectures 1.2.1 and 1.2.2 hold for X.

The GIT presentation of a toric variety considered in Theorem 1.3.2
is the standard one, coming from its fan, as in [Cox|. (However, as ex-
plained in §5.9.2 later, the result holds for any other semi-positive GIT
presentation (C™*", (C*)"',#') of X; note that the quasimap theories
are different for different GIT presentations.)

It is easy to see that semi-positive toric varieties have Iy(q) = 1.
When X is projective and Fano, we have in addition (for the standard
GIT presentation) that I;(¢) = 0. The following Corollary is then an
immediate consequence Theorem 1.3.2.

Corollary 1.3.3. If X is a nonsingular projective Fano toric variety,
then its quasimap invariants are independent on €:

Fi(t(v)) = Fo(t(v)),
for all e > 0+.

More interesting is the case of toric Calabi-Yau targets, for which
Theorem 1.3.2 is highly relevant to the Physicists’ Mirror Symmetry
(see e.g., [H et. al.]) at genus g > 1. For X a toric Calabi-Yau 3-fold,
consider the equality (1.2.1) for ¢ = 0+ and specialize at t(¢) = 0.
If we use the string and divisor equations, the Gromov-Witten side
becomes precisely the A-model genus g pre-potential after applying
the mirror map. The Mirror Conjecture then implies that F| gﬂtw)zo
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is equal to the B-model genus ¢ pre-potential, expanded near a “large
complex structure” point for the mirror of X.

The proof of Theorem 1.3.2 is given in sections 4 and 5 of the pa-
per. In fact, we formulate and prove a stronger cycle-level comparison
for the virtual classes under change of stability parameter from oo to
some € > 0+4. The first statement of this kind was established by Mar-
ian, Oprea, and Pandharipande in [MOP] when the target W/ G is a
Grassmannian. Our proof for toric targets is inspired by theirs, and
in particular uses crucially a genus-reduction lemma from [MOP], but
requires also several completely new ideas.

As we remark at the end of §5, the proof we give works for other in-
teresting non-compact Calabi-Yau GIT targets. In particular we obtain
the following result.

Theorem 1.3.4. Let X be the total space of the canonical bundle over
a Grassmannian, viewed as a GIT quotient in the canonical way. Then
Congectures 1.2.1 and 1.2.2 hold for X. More generally, the same is
true for the total space of the canonical bundle over any type A partial
flag manifold.

1.4. Aknowledgments. The research of I.C.-F. was partially sup-
ported by the NSA grant H98230-11-1-0125 and the NSF grant DMS-
1305004. The research of B.K. was partially supported by NRF-2007-
0093859. In addition, I.C-F. thanks KIAS for financial support, excel-
lent working conditions, and an inspiring research environment. The
authors thank the referee for helpful suggestions and Hyenho Lho for
pointing out an error in an earlier version.

2. QuasimMAp CoHFT

To fix notation, in this section we recall briefly (after [CKM]) the
Cohomological Field Theory defined by the moduli spaces of e-stable
quasimaps.

2.1. Quotients. Consider a triple (W, G,6) with W an affine com-
plex algebraic variety, G a reductive complex algebraic group acting
on W, and 6 € x(G) a character of G. The G-equivariant line bundle
Loy = W x Cy, exhibits 0 as a linearization of the action on the trivial
line bundle. Hence (W, G, 0) determines a GIT quotient W/ G. It has
a projective morphism to the affine quotient W/.5G = Spec(A(W)S).
The line bundle Ly descends to a relative polarization on W/ G, de-
noted by O(6), which may be taken (without loss of generality) to be
relatively very ample over W/.5G.
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We assume that the semi-stable and stable loci for the #-linearization
coincide, W** = W*, and that G acts freely on the stable locus. Fur-
ther, we also assume that W has at worst lci singularities and that W?*
is smooth. Hence WG = [W*/G] is a nonsingular open substack in
the quotient stack [W/G].

2.2. e-stable quasimaps. Let C' be a connected, at worst nodal, al-
gebraic curve. A map f: C — [W/G] has a (homology) class

B € (Pic([W/G]))" = Homg(Pic([W/G]), Z) = Homg(Pic% (W), Z)

given by B(L) = deg f*L. The map f is a quasimap to WG if it sends
the generic point of each irreducible component of C' to W/ G. We may
view the quasimap as a rational map from C to W//G. The (finitely
many) points of C' which are sent by f to the complement of W /G in
[W/G] are called the base-points of the quasimap.

A class 8 € (Pic([W/G]))Y is said to be #-effective if it is repre-
sented by a quasimap to W//G. For the purposes of this definition, the
domain curve is allowed to have finitely many connected components.
The f-effective classes form a semigroup, denoted Eff (W, G, ). By the
boundedness results in [CKM], for each d > 0 the set

{p e Ef(W,G,0) | B(Ly) < d}

is finite, see Remark 3.2.10 in loc.cit.

For each positive € € Q there is a stability condition on quasimaps; in
addition, there is an asymptotic stability condition, denoted ¢ = 0+,
in which ¢ is allowed to be arbitrarily small (but still positive), see
[CKM], also [CK2], §2.4.

From now on we assume that (g,k) # (0,0). For ¢ > 0+, let

_f]k(W// G, ) denote the moduli space of e-stable quasimaps of class
§ from k-pointed genus g nodal curves to W//G. It is shown in [CKM]
that when the triple (W, G, ) satisfies the assumptions of §2.1 above,
these moduli spaces are Deligne-Mumford stacks, proper over the affine
quotient W/,gG, and carrying canonical perfect obstruction theories.
The lci condition on W is necessary for the perfectness of the ob-
struction theory when ¢ < 1. The space Qf ,(W/ G, B3) is potentially
nonempty only when

29 — 2+ k+¢efB(Lg) > 0.
The virtual dimension is
vdim( QG (W) G 8)) = Bldet(Ty)) + (1 - g)(dim(IV/G) — 3) + k.
where Ty € K&(W) is the (virtual) G-equivariant tangent bundle.
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For each fixed class 3 the set Q- is divided into stability chambers
by finitely many walls 1, %, cee m such that the moduli spaces re-
main constant in each chamber. When ¢ € (1,00) one recovers the
Kontsevich moduli spaces of stable maps to W/ G; we write ¢ = oo for
these stability conditions. The asymptotic stability condition ¢ = 0+
corresponds to being in the first chamber (0, m] for all 5.

For a long list of examples to which quasimap theory applies, see

§2.8 of [CK2].

2.3. e-quasimap invariants, e-CohFT. Let Q[Eff(W, G, 0)] be the
semigroup ring. We write ¢° for the element corresponding to 3 €
Eff(W, G, 6). The Novikov ring associated to the triple (W, G, #) is the
m-adic completion

A = QEff(W,G,0)]
with respect to the maximal ideal m generated by {¢” | 3 # 0}.
Throughout the paper H*(W /G, Q) and H*(W /G, A) will denote the
even cohomology with the indicated coefficients.
In this subsection we assume that W/ G is projective; the extension
to quasi-projective targets is discussed in the next subsection. We have

the intersection pairing
(7,0) = / 0
W) G

on cohomology. We extend it A-linearly to H*(W /G, A).

Once and for all, fix homogeneous bases {71, ...,7:} and {7, ..., 7"}
of H*(W)/G, Q), dual with respect to the pairing ( , ). The cohomology
class of the diagonal A C W/G x WG is then > 7 | v ® 7"

2.3.1. Brackets and double brackets. Let 1; be the first Chern class of
the canonical line bundle on Qg , (W/ G, 8) with fiber the cotangent line
to the domain curve at the i** marking. For any stability parameter
0+ < e < oo, the descendant invariants of e-quasimap theory are
defined by

k

(2.3.1) (O1ft, o Oee)e p g = / [T ev; (60w,

Q5 (W/G,B)Mr 2

where 0; € H*(W/)G,Q), ev; : Q; (W] G,B) — W/ G are the eval-
uation maps at the markings, and g, k, aq,...a; > 0 are integers such
that 29 — 2+ k +¢5(Lg) > 0.

Remark 2.3.1. In Gromov-Witten theory, the name “invariants” for the
brackets (2.3.1) reflects the fact that they are symplectic invariants of
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the target W /G and in particular do not change under deformations of
the target W//G. The quasimap brackets depend on the pair of stacks
((W/G], [W?#/G]), see Proposition 4.6.1 in [CKM]. Nevertheless, we
will use the same terminology in quasimap theory as well.

When dealing with generating series of invariants, it is convenient to
use a double bracket notation

(o1, o Dgr = (G, o Ok NGk (B(¥)) 1=

B

q a a
> LG O 6 W), 6 k)Y
m?ﬁ
Here, as in the Introduction, t(v) = to + t1) + tob? + t303 + ...,
with t; = >, t; € H*(W/JG,Q). The double brackets are formal
functions on the large phase space with coordinates ¢;;,. We will often
need to specialize them to t; =t = --- = 0 and will write

<<61¢(1117 s 75k¢zk >>§,k(t) = <<5177Z)?17 s 75k¢gk»;k |t:t
for the specializations, with ¢ 1=ty = >, to;i.

Apriori the unstable terms are omitted from the sum (2.3.2), though
in many cases certain conventions will be made to include them as
well. When we do that, the appropriate conventions will be spelled out
explicitly. In this notation, the genus g potential (when g > 1) is the

empty bracket
F(t(4)) = ( Dgo(t(¥)),
and then (2.3.2) with §; = v, is the derivative 52 9 _Fe(t())).

8ta1i1 e Bt%ik g

(2.3.2)

2.3.2. e-quasimap classes. Let
Qe W/)G,B) — My
be the composition of the forgetful morphism Q; , (W/G, ) — 9

with the stabilization morphism 9, ;, — M%k. If2g—-24+k >0,
define A-linear maps

Q H*(W)G,\)** — H*(M,, A),

(2.3.3) Qg,k(®§:15j) = Z qBQ;,k,ﬁ((X)?:l(sj)u
B
by setting
k
234) 05050 = £(QV/G A1 e )
=1

The maps (2.3.3) are clearly equivariant for the actions of the symmet-
ric group Sk on the source and target.
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2.3.3. e-CohFT. The boundary of Qf ,(W/G, ) is the complement
of the open stratum of quasimaps with irreducible and nonsingular
domain curve. It has a recursive structure, with strata indexed by
modular graphs and the virtual classes behave in a functorial way with
respect to this structure. These facts are well-known for the moduli
spaces of stable maps, and one sees immediately that their standard
proofs; as given in [B], are e-independent. The general statement we
will use is the one appearing as Theorem 13 in [Ge], with the spaces
My, (W) G, ) replaced by general QS (W[ G, f3).

In particular, we obtain virtual divisors covering the boundary as
follows. Let [k] :={1,2,...,k}. Let

B(g7k) = {((91’81)7 (92752)) | g=aq "‘927 [k] = Sl HSQ }
be the set of ordered partitions of (g, k). For each o € B(g, k) put

H Q;,Son(W//G? Bl) XW)G Q227SQU*(W//G7 62)7
B=B1+B2

where the fiber product is over the evaluation maps at the additional
markings. Alternatively, D: is defined by the fiber product diagram

152 — H51+,32:5 Q;l,SlLJo(W//G?ﬁl) X Q;,SQU*(W//GaﬂQ)

J/ J/ EVe X EVx

W)G —2 W/G x W)G.
There is a proper gluing map
D; — Q5 (W/G,B),

and the boundary divisor Dy is the stack-theoretic image of h,. The
virtual classes of D and of D¢ are defined by

(2:3.5)

(DS = A Z e 510 WG, B @ [Q5, 5,0 (W) G, Bo)]'™,
B1+P2=

(2.3.6) [DE]¥™ := (h,).[DE]™.

Similarly, there is a proper gluing map
ho : W//G ><W//G><VV//G Q;—l,[k]—i—o—i—*(W//G? B) — QZ,k(W//Ga ﬁ)a

(fiber product over the diagonal map A and the pair (ev,, ev,)) whose
image gives a boundary divisor D with virtual class

(2.3.7) (D5 = (ho)o A [Qg1 04 (W) G, BT
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This leads to the usual splitting properties for the brackets (2.3.1)
and the classes (2.3.4). For example, if [k] = S1 ][] S2, g1 + g2 = ¢, with
|S;| = ki, is a stable ordered partition, then
(2.3.8)

*QZ k Z le ki+1 ®36515 ) ® %)sz k2+1((®JeS25 ) ® )

where
P M91751U° X M92752U* ? Mg,k

is the gluing map on stable curves. Analogously,

(2.3.9) O i ZQg 1e+2((®72105) ® 7 ®7),

where (g — 1,k + 2) is stable and
¢ Mgfl,kq% — Mg,k
is again the gluing map. In other words, we have the following

Proposition 2.3.2. For each ¢ > 0+ the maps (2.3.3) give the struc-
ture of a Cohomological Field Theory (CohFT) over A on H*(W G, A)
with the metric ( , ).

The primary invariants (2.3.1) in the stable range 2g —2+k > 0 are
given by the degree zero part of the CohF'T,

Zq (01,...,0 gkﬁ_/ QZk( 5)
Mg

9,

The genus zero potential F§(t) satisfies the WDVV equation and de-
termines the e-quasimap Frobenius manifold. The e-quantum product
is given by

Yioe s = v v Nost)-
=1

The unit for this product is discussed in Remarks 2.3.5 and 3.1.4 below.
Including t-classes on M, in the integrals, the CohFT gives the
“ancestor” invariants

k
(2.3.10)  (0uhf", .. ORUR)e ks ::/[ Hev

W//G ﬂ ]Vll‘ ]:1

with Qﬁj ;= f*tb; 1 and ;. the ¢ class at the j™ marking on Mg’k.
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2.3.4. genus zero TRR. Form > 0,2g—2+k > 0, consider the forgetful
map o

[ QuusmW/ G, B) — M.
Fix j € [k]. We have the following basic comparison of the classes 1;

and f*1; .

Lemma 2.3.3. Let A; C B(g, k+m) be the subset consisting of ordered
partitions o = ((0,g), (S1,52)) with j € Sy and [k]\ {j} C Sa. Then

(2.3.11) (& — i) NQ (W) G, B)™ = > [DI]™.

O’GAJ'

Proof. The argument in Gromov-Witten theory is not e-dependent, so
will work in general. U

In Gromov-Witten theory, Lemma 2.3.3 is used to express descen-
dant invariants in terms of ancestors. This can be done for quasimap
invariants too, but we will not deal with it in this paper. Instead, we
note that another consequence of the Lemma, the genus zero Topolgical
Recursion Relation (TRR) holds for all stability parameters.

Corollary 2.3.4. (Genus zero TRR) For all ¢ > 0+, all ay,as,a3 > 0
and all §1,09,03 € H*(W )G, Q) we have

(2.3.12)
(O, Ga?, 05057 )55 = D (0wt ™ a0, 5?0505 )5 5.
i=1
Proof. Apply Lemma 2.3.3 for g = 0, k = 3, and use the fact that ¢,
vanishes on Mg 3 = Spec(C). O

Remark 2.3.5. Gromov-Witten invariants satisfy additional structures
encoded in the string, dilaton, and divisor equations. The reason be-
hind these structures is that moduli of stable maps (¢ = oo) admit
forgetful lci morphisms

g1t (WG, B) — Qr (W] G, B)

for which the virtual classes behave functorially. These morphisms
may fail to exist for stability parameters ¢ < 1. Even when they do
exist, the virtual classes often are not compatible with the pull-back.
In particular, for a general target W/G, the unit cohomology class
1 will be the unit for the CohFT only in the Gromov-Witten range
of the stability parameter €. The appropriate versions of string and
dilaton equations for all ¢ in the case of semi-positive triples (W, G, 0)
are discussed later in the paper.
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2.4. Equivariant theory and non-compact targets. Suppose that
W admits an additional action by an algebraic torus T = (C*)", which
commutes with action of G. There are induced actions on [W/G], on
W/ G, and on W/,¢G. The projective morphism W/ G — W/.4G is
T-equivariant. Further, there are also induced T-actions on the moduli
spaces Q; .(W/G, ) (and on the graph spaces recalled in §3 below).
We will always assume in this paper that the locus of T-fixed points
in the affine quotient W/,4G is proper. This assumption is automatic
if W//G is projective and holds for the natural torus actions on all
interesting examples of non-compact targets, such as quasiprojective
toric varieties, total spaces of bundles over projective quotients, and
Nakajima quiver varieties. It follows that the T-fixed loci in W//G and
in all the moduli spaces of stable quasimaps are also proper. In this
situation we get a T-equivariant version of the CohFT, see e.g. §6.3 in
[CKM] and all results in §2.3 (which may be viewed as corresponding
to the zero-dimensional torus T = {1}) are valid in this setting.
Precisely, let

Q[A1,- .-, \n] = H3:(Spec(C), Q)
and
K :=Q(\1, ..., ) = Hy o (Spec(C), Q)
be the equivariant cohomology, respectively the localized equivariant

cohomology of a point. The cohomology ring of W/ G is replaced by
the localized equivariant cohomology

H’}‘,IOC(W//Gv @) = H’*I‘<W//G7 Q) ®Q[)\1 ..... An] K;

while the Novikov ring is now A = K{[q]].
The pairing is defined by the localization formula

(0.7) = / 2o,
W/)GT e(N)
where i : W/ GT — W/ G is the inclusion of the fixed point locus and
e(NV) is the T-equivariant Euler class of the normal bundle. Similarly,
the T-equivariant e-quasimap invariants are defined by the virtual lo-
calization formula,

i*(IT, ev; (9;)¥5")
241) Bt 8= [ L,
I oz wpapyme eV
with i : (Q (W) G, 8))T = Q; (W) G, B). Both the pairing and the
invariants take values in the field K (or in A, if we take the insertions

from H':T:‘,IOC(W//G7 A))
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If W/G is projective and we take all insertions in the non-localized
equivariant cohomology Hi(W /G, Q), then the T-equivariant invari-
ants may be defined without localization and take values in the ring
Q[A1,-..,A\n). Upon specializing \; = -+ = X\, = 0 we recover the
non-equivariant theory from the previous subsection.

Remark 2.4.1. The properness of the moduli spaces over the affine
quotient implies immediately that the evaluation maps are proper, so
the push-forward (ev;), is well-defined for all targets. The invariant
(2.4.1) may then be defined as the pairing

(2.4.2) <<51,(evl)* ([ ;k(W//G,ﬁ)]VirﬂHevj((Sj)Hz/;?’)>.

J=2 J=1

2.5. Twisted theories. A G-representation E is called convex (re-
spectively, concave) if the equivariant vector bundle W x E on W is
generated by G-equivariant global sections (respectively, it has no non-
zero G-equivariant global sections). Vector bundles £ := W* xg E on
W/ G induced by representations will be called homogeneous. We fix
a 1-dimensional torus U = C*, acting trivially on W and by multipli-
cation on E.

Each choice of a representation E and of an invertible multiplica-
tive U-equivariant characteristic class ¢ determines an (FE, ¢)-twisted
e-quasimap CohFT, see §6.2 of [CKM]. (We restrict here to bundles
arising from representations for simplicity, but general G-equivariant
bundles on W may be considered.) These generalize to arbitray stabil-
ity parameter ¢ the twisted Gromov-Witten CohF'T’s studied by Coates
and Givental, [CG].

It is shown in [CKM], and explained again in §7.2.1 of [CK2], that
when W is smooth, the representation E is convex, and the class ¢
is the (equivariant) Euler class, the resulting genus zero twisted e-
quasimap theory recovers (most of!) the e-quasimap theory of the zero
locus ZJG C W//G of a regular section of E (after specializing the
invariants at A = 0, where \ is the equivariant parameter for U).
For example, all Calabi-Yau complete intersections in toric varieties
are covered by this construction, but there are many more cases with
indecomposable bundle £ when the group G is non-abelian.

When twisting by the inverse Euler class of a concave representation
E, the resulting theory coincides with the (untwisted) U-equivariant

n the present context,“most of’ means that the primary insertions are pulled-
back from the ambient W//G, and that the curve classes 8 are those corresponding
to (W, G, 0).
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theory of the total space of the bundle E over W/ G, viewed as the
GIT quotient (W x E)//G, in all genera, see Example 2.8.5 and §7.2.2
in [CK2|. If the base W/ G is projective, one can specialize the (5 # 0)
invariants at A = 0. The typical examples we have in mind here occur
as follows: take a projective Fano triple (W, G,#0), with W a vector
space, and take E = det(WW)V. These are local Calabi-Yau targets, i.e.,
the total space of the canonical bundle of a Fano GIT quotient.
Unless specified otherwise, whenever we talk about twisting by E in
this paper, it should be understood as twisting by the Euler class.

3. GENUS ZERO THEORY OF SEMI-POSITIVE TARGETS

Recall from [CK2] that a triple (W, G, 6) is called semi-positive if
for every f-effective class g € Eff(W, G, 0).

The e-wall-crossing for genus zero invariants with descendant inser-
tions at one point and any number of primary insertions is treated in
detail in [CK2] . In this section we recall first what those results say for
semi-positive targets, then we discuss the extension to the full genus
zero descendant theories in that case.

From now on, we will assume that W has an action by a torus T
satisfying the assumptions in §2.4 and will consider the T-equivariant
e-quasimap theories (the torus is allowed to be trivial if W /G is pro-
jective). We write simply H*(W//G) for the appropriate T-equivariant
(localized) cohomology group.

In addition, some of the results in this section are stated for both
untwisted and twisted theories of W/G. All arguments we give are
identical whether the twisting is present or not. Hence we do not
provide separate proofs, nor do we include the twisting in the notation
for brackets, double brackets etc.

3.1. Summary of results from [CK2].

3.1.1. Graph spaces, J°-functions, and S¢-operators. Let 0+ < ¢ be
a stability parameter. For each k& > 0, we have the graph space
QGG s(W/G), see [CKM], §7.2 and [CK2], §2.6. It is the mod-
uli space of genus zero, k-pointed, e-stable quasimaps whose domain
curve contains an irreducible component which is a parametrized P*.
The C*-action on the parametrized component lifts to an action on
QGG 3(W/G). The fixed loci for this action are described e.g., in §4
of [CK2] and their geometry has played an important role in the study
of genus zero e-wall-crossings in quasimap theory undertaken in [CK2]
(they will appear later in this paper, in the proof of Theorem 1.3.2).
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The (big) Je-function is defined as a formal sum over all £ > 0
and § € Eff(W, G, 6) of localization residues over certain distinguished
components of the C*-fixed loci in graph spaces, pushed-forward to
W//G by evaluation maps, see Definition 5.1.1 in [CK2]. It takes the
form (for arbitrary targets)

(3.1.1)

J (g, t,2) = 11—1—2—1—2%‘ Z 6J€5 +Z % Ol(t)a

=1 B#0,8(Lg)<1/e

with z the generator of the C*-equivariant cohomology of Spec(C) and
t=>.twy € H'(W/JG). The first three summands account for the
missing unstable terms in the double bracket.

For ¢ = 0o the double sum disappears and we obtain Givental’s big J-
function in Gromov-Witten theory, with asymptotic expansion 1 + é +
O(1/2%). For e = 0+ we use the notation I(q,t,2) := J""(q,t, z). For
intermediate values € € (0, 1], the double sum is a finite g-truncation
of the infinite double sum in the I-function.

Define the small J*-function by restriction to t = 0,

(3.1.2) J: (g, 2) == J(q,0, z).

In particular, we have the small I-function

(3.1.3) Ln(q.2) == 1(q,0,2) = 14+ > %Y _¢"Lis(2)

i=1 B0
The double bracket vanishes at ¢ = 0, since the spaces Qi (W/G, )
are empty for all 5. The terms ), v;1; g(2) are obtained from residues
on the unpointed graph spaces QGgfgﬁ(W// G). These residues have
been explicitly calculated in (almost) all interesting examples, giving

closed formulas for the small /-function.
Also define, for any v € H*(W//G)

(314) ZV’L _ 77 02<t)

The convention ‘
'3

7
<m77>020 )
is made for the unstable term (corresponding to m = 0,5 = 0) in
{(.--06.2- Directly from definitions, for every i =1,...,s,
a € g
(3.1.5) JE(t) = S;(n)-

8t01
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It is shown in [CK2]| that the formula (3.1.4) defines a family (with pa-
rameter t) of symplectic transformations on the symplectic space H =
H*(W)G,AN){{z,2"'}} appearing in Givental’s formalism of Gromov-
Witten theory, [G5].

The most general e-wall-crossing formula in genus zero applies to
the operators Si, see Conjecture 6.1.1 and Theorem 7.3.1 in [CK2].
We state here a special case, as formulated in [CK2], Theorem 1.2.2.

Theorem 3.1.1. Assume that the T-action on WG has isolated fized
points. Then for every e > 0+ we have

(3.1.6) S5(1) = 52 (1)

where the (invertible) transformation 1°(t) is the following series of
PTIMATY €-qUASIMap 1nvariants

T(t) = Z%W, 1)(t) — 1 =

s B A
ER %w, Lty )5 e g

i=1  B£0m>0

(3.1.7)

Moreover, the same is true for E-twisted theories, where E is a convex
G-representation.

No positivity assumptions are made in Theorem 3.1.1 on (W, G, 0),
or on (W, E,G,0) in the twisted case. Of course, the statement is
conjectured to hold irrespective of the existence of a torus action with
isolated fixed points. As already explained, the part of the Theorem
involving twisted theories covers such targets, since it concerns the
genus zero e-quasimap theory of the zero locus of a regular section of
the bundle £ and this zero-locus is generally not T -invariant.

3.1.2. The semi-positive case. When (W, G, 0) is semi-positive, no pos-
itive powers of z appear in J°. Define J5(q) and J{(¢) from the asymp-
totic expansion

1 1
(3.1.8) J(q,t,2) = J5(q)1 + (t + Jf(q)); +0 (;> :
In particular, we have g-series Iy(q) and I;(q), with
1 1
Lol = Ta1 + )2 +0 ().

They satisfy Iy(qg) = 14+ O(q) € A and I} € mH=*(W//G,A). For
e > 0, the coefficients J§(¢) and J;(q) are polynomial truncations of
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the series I and I,

(3.1.9) Jo(q) = Io(q) (mod a.), Ji(q) = Ii(g) (mod a.),

where a. is the ideal in the Novikov ring generated by {q¢° | 3(Lg) > %}
The Proposition below collects the results for semi-positive targets
from [CK2].

Proposition 3.1.2. Let (W, G,0) be semi-positive and let ¢ > 0+
arbitrary. Then
(1) The J-function and the S-operator are related by

J(g,t,2)
Si(l) = ———.
W= 5w
(17) The transformation (3.1.7) satisfies
t+ Jila)
T(t) = -
=W

In particular,

s ; . JE q
(3.1.10) Z%‘ Zqﬁw 1)02,8 = 15( )

(13i) If the T-action on W/)/G has isolated fized points, then
t I “(q,t
J° (q’ +€J1(q)’z> — J (qav 72).
J5(a) J5(q)
The same is true for E-twisted theories on W /|G, where E is a convex
G-representation such that 5(det(Tw)) — B(W x det(E)) > 0 for all
0-effective 3.
(tv) Under the same assumption as in (iii), forn > 2, a > 0, and
iy yin € {1, s),

<J5<q))n72 Z qﬁ<7i1w%7 Yigs - - - 772'n>8,n,,8 =
820

) 1 JE £ o0
Sy @ i@ (Q)>

q - ryil/)77i7"‘77in7 = 1 e .

B>0  m>0 m! < R JO (q) ‘]0 (q) 0,n+m,B

Proof. For parts (i) and (i7), see [CK2], Corollary 5.5.3. Part (iii)
follows from (i), (i7), and Theorem 3.1.1. Part (iv) is obtained by
matching Taylor coefficients in (éi7), see Corollary 1.5.2 in [CK2]. [

(3.1.11

Remark 3.1.3. Equation (3.1.11) proves Theorem 1.3.1 in the case when
only one of the insertions is descendant and the rest are primaries. In
view of (#ii), we may extend it to n = 1 by interpreting the left-hand
side as the coefficient of 7' /z%*2 in J¢ . With this interpretation we
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may therefore also extend the genus zero potential F§ to include the
missing terms in ¢°t;; for (Lg) < 1/e. The genus zero case of (1.2.1)
(and Theorem 1.3.1) will then be viewed as a matching of potentials
up to an additive constant.

Remark 3.1.4. Part (i) contains the statement

L sy
(31.12) (250 T @Dal0) = -2 8balt),

which says that J§(¢)1 satisfies the string equation for one-point de-
scendants in e-quasimap theory of a semi-positive target. In particular,
the same class is the unit for the e-quantum multiplication (cf. Corol-

lary 5.5.4 in [CK2]).

Remark 3.1.5. As explained in [CK2], Remark 6.2.2, parts (ii7) and (iv)
of Proposition 3.1.2 generalize the genus zero toric mirror theorems of
(G2].

3.2. Two descendant insertions. Denote by [A] the cohomology
class of the diagonal

= Z% ®v € HY(W)G)® H*(W/G).

Let z,w be formal variables and define

B21)  Wew = Y wenul L i),

ij=1

The convention

v AL
ZJZ1%®% w v 77D>020 T w

is made for the unstable term in the double bracket. We have

Ve(ew) — 22 € H(W)G) © H (W@l (s}, 1/2 1wl

Theorem 3.2.1. For arbitrary GIT targets W/ G,

Si(2) ® Si(w)([A])
Z4w '
Remark 3.2.2. Combining Theorem 3.2.1 with Proposition 3.1.2(éi7)

and (3.1.5) proves Theorem 1.3.1 in the case when two of the insertions
are descendant and the other insertions are primary. A very special

(3.2.2) Ve =
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case (twisted (0+)-theory of P", with two descendant and no primary
insertions) has also been proved by different methods in [Z].

In Gromov-Witten theory (¢ = 00), the statement in Theorem 3.2.1
is well-known and its proof follows immediately from the WDVV and
string equations, see [G3], item (4) on p.117. In quasimap theory the
string equation is apriori missing, so this proof will not work. Instead,
we provide a localization argument which is a variant “with two equi-
variant parameters” of the proofs of Proposition 5.3.1 and Theorem
5.4.1 in [CK2].

Before going into details, we note first that the usual argument shows
that (3.2.2) and the string equation for invariants with two descendant
insertions are equivalent, in the presence of WDV'V and the string equa-
tion for invariants with at most one descendant insertion. Hence, using
(3.1.12) and Theorem 3.2.1 we obtain again that, in the semi-positive
case, J;1 satisfies the string equation for two-point descendants:

Corollary 3.2.3. For arbitrary semi-positive (W, G, 0) ,

v ) 24w, 7 )
3.2.3 Jo1, ——, ——Ns(t) = 0ot
3:23) (L sl = T i)
where the unstable term in the right-hand side double bracket is defined
to be 22

zZ4+w

3.2.1. The z/ilvg—gmph space. We will require a version of graph spaces
for which the domain curve has two parametrized components. To
construct it, consider the crepant resolution of the As-singularity

7T::4v2—>Y[):Cz/Z3.

A, is a smooth quasi-projective surface and the exceptional set of 7 is a
nodal curve D = E;UE,. The two components are rational (—2)-curves
meeting in a point.

Since A, is identified with the Zs-Hilbert scheme of C2?, it has a
natural action by a two-dimensional torus S = (C*)?, induced from the

standard S-action on C2. There are exactly three S-fixed points in Aj:
the node on D, and one additional fixed point on each component of
D. We denote the fixed points pg, pn, Peo, With pg € Eq, p, = E1 N Es,
and ps € Es. There are two compact one-dimensional S-orbit closures,
namely E; and Fs, and two noncompact ones, Dy passing through pg
and D, passing through p...

Let HE(pt) = Q[s1, s2], so that sy, so are the equivariant parameters.
We denote by z, respectively by w, the S-weights on Fj, respectively
on Fs at the node p,. We have z = 2s; — s9 and w = 2s, — s;. The
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weights at the other fixed points are —z on E; and 2z + w on Dy at
Po, and —w on Fy and 2w + z on Dy, at p,. Note that theAJsum at
each fixed point is z + w = s; + So, reflecting the fact that A, has a
holomorphic symplectic form induced by the standard form on C2.

Any nonconstant map from a projective curve to Z; must factor
through D. Fix 8 € Homg(Pic® (W), Z) and consider the moduli stack

Mok ((W/G] x A, (B,1,1))

parametrizing maps from k-pointed, genus zero curves to [W/G] x :4;,
of class (8,1,1). A geometric point in this stack is a tuple

((C7 L1y ?$k)7 f7 @)7

with (C,xy,...,xy) a prestable curve of genus zero, f : C' — [W/G] a
map of class 8, and ¢ : C' — Ay a regular map such that ¢,[C] = [D].
In particular, the domain curve must have two distinguished irreducible
components C; and Cs such that ¢ maps C; isomorphically onto E; and
contracts all other components of C'.

Next, for each 0+ < ¢ < oo we introduce e-stability in almost the
same way as for the usual graph spaces, see [CKM], Definition 7.2.1
and [CK2], §2.6. The only difference is that the ampleness part of
the stability condition does not involve either of the two distinguished
components in the domain. Precisely, we require that

wor(d s+ ) y) @ fLyE

is ample on C’, where C" is the closure of C'\ (C; U Cs), z; are the
markings on C” and y; are the nodes C' N (Cy U Cy).
Imposing the e-stability condition determines an open substack

(3.2.4) Q5 (X, B Ag)

of My, ([W/G] x As, (8,1,1)), which we will call the As-graph space.
The S-action on A, induces a S-action on Qf)’k(W//G,ﬁ;ANQ). Recall
that we also have a T-action on W it lifts as well to an action on the
%—graph space. These two actions commute, so we have a T x S-action.

Proposition 3.2.4. The moduli space Qf (W) G, B; Az) has the fol-
lowing properties.
(1) It is defined for alle > 0+, k > 0, and g € Ef(W, G, 6).
(2) It is a separated Deligne-Mumford stack of finite type.
(3) It has a natural proper map to the affine quotient W/.sG. In
particular, it is proper when W/)/G is projective.
(4) It carries a natural T x S-equivariant perfect obstruction theory.
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Proof. Part (1) is obvious. Parts (2) — (4) follow in a straightforward
manner using the arguments in [CKM].
For the properness in part (3) we use in addition that

(f:) - € — [W/G] x 4,
factors through [W/G] x D.

In part (4), the relative obstruction theory over the smooth stack
My of prestable curves is the direct sum of the relative obstruc-
tion theories for quasimaps to [W/G] and for maps to As. The T-
equivariance comes from the first summand, while the S-equivariance
comes from the second summand. The absolute obstruction theory is
obtained as usual from the relative one via a distinguished triangle in
the derived category. U

3.2.2. Proof of Theorem 3.2.1. The g—graph space comes with evalu-
ation maps

v; : Q5 (WG, B; A3) — WG x As.

We write dv for the (T x S)-equivariant cohomology class 6 ® v €
H* (W) G)® H%(As) and simply 6 for 5@ 1. (Recall that H*(W//G) de-
notes T-equivariant cohomology, localized if needed, but we supressed
T from the notation.) Define (e, Z;)-double brackets by

(101, ..., G0 ) A2) () =

q’B r+k
> [Tt TT e
Bk>0 Q5,1 (W) G B3 A2)]Vir 1 m=r+1

The integral in the above formula is understood as T x S-equivariant
push-forward to a point. By properness in the A, direction, the in-
tegrals are well defined without localization for the S-action, so the
double bracket has no poles at the equivariant parameters for S, i.e.,
it takes values in

All{to HlIs15 s2]] = All{to; ][l2; w]]-

We also use the notation Dy, Dy, € Hg(Z;, Q) for the S-equivariant

divisor classes of the two noncompact one-dimensional S-orbits in ITQ
from the previous subsection. Their restrictions at the fixed points on
Ay are

D0|po = =%, D0|pn = D0|poo =0, Doo,po = D00|pn =0, Dmlpoo = —w.
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Now consider the generating series

5 7 ] E,Aw
R =" 5 @77 Do, ¥ Duc)i53™ (1)
ij=1
By definition, it is an element of H*(W/G)@H*(W ) G)][q, {to; }, z, w]].
The coefficient of each monomial ¢t} ... t5: is polynomial in z and w.
One calculates

(3.2.5) R® = (2 + w)[A] 4 higher order terms in ¢,t.
This is easily seen since we have
Q52 (W) G, 05 Ay) = WG x Mos(Ay, (1,1)),

therefore the term we want to evaluate is [A] times the equivariant

2-point Gromov-Witten invariant (Do, DOO>64§7(171) of As. By a simple
localization computation this Gromov-Witten invariant equals z + w.

In fact, we can evaluate the full series R® by virtual localization for
the S-action only. The description of the S-fixed loci on the Aj-graph
spaces Qf 5,4 (W/ G, B; Ag), together with the fixed and moving parts
of the obstruction theory is similar to the description in the case of
“usual” graph spaces, for which details can be found in §4 of [CK2].

Let ((C,x1,29,...,Tk2), f,) be S-fixed. Then the map f must
contract the distinguished components C; and Cy to the same point
in W//G. The rest of the curve is contracted by ¢ to the fixed points
in Ay. It follows that ¢! ({po, Pn,Peo}) has exactly three connected
components, denoted Cy, C,,, and C.

Due to the insertions of Dy and D, the only components of the
S-fixed locus that contribute to the localization computation are those
for which ¢(z1) = pp and p(x2) = ps. Each such component, denoted
F ,fo O,inkiz" , corresponds to a pair of ordered splittings k = kg + k,, + koo
and 8 = By + Bn + Boo, with k; > 0 and §; € Eff(W,G,0). 1t is
isomorphic to

(3.2.6)
Q(E),1+k0Uo<W//G7 60) XW//GQg,an{o,*}(W//G7 ﬁn> XW//GQE,IJHCOOU*(W//G? 600)7

where the first fiber product is with respect to the evaluation maps
ev,, the second fiber product is with respect to ev,. The unstable cases
(ki, Bi) = (0,0) are included in the above description by the conventions

0,10e(W/G,0) = Qg o (W/G,0) = Q5,0 (W) G, 0) := WG,

eV = ev, = tdw G-



HIGHER GENUS QUASIMAP WALL-CROSSING 23

The domain curves for the factors in (3.2.6) correspond to the three
connected components Cy, C,,, and Cy,.

The virtual class [F,i fﬁf;ﬁf]“ﬂ determined by the fixed part of the
(absolute) obstruction theory, is equal to the refined Gysin pull-back of
the virtual classes on the factors in (3.2.6) by the appropriate diagonal
map.

The Euler class of virtual normal bundle is determined by the moving
parts of H*(C,¢"Ty;), and of the deformations and automorphisms of
the domain curve. It is easily obtained from the normalization sequence
for

C=CUCUC,UCyUCy

by a standard calculation. After all cancellations, its inverse has the
form

1 B (Z + w)2
(3.2.7) e(N¥I') — zw cont(0) cont(n) cont(cc)’

where

cont(0) = {1’ (ko, Bo) = (0,0),

(—z — 1), otherwise,

)zt w, (ks Bn) = (0,0),
cont(n) = {(z _ w.)(w _ ¢*), otherwise,

L, (kma ﬁoo) = (07 0)7
(—w — 1), otherwise.

cont(oo) = {

For example, the two factors of z + w in the numerator come from the
moving parts of H'(C,¢*Ty;) and H'(Cy, *T5; ).
Applying the virtual localization formula gives the factorization

(3.2.8) N
(7' Do, 7 Deo)§5 ™ (8) = (2 + w)?x

> (o, —2 g A LI _Om e
lg::l«V — »0,2(15)«2 o w— ¢*>>0’2(t)<<—w - 21)*’7 >>0,2(t)-

The double brackets in the right-hand side include the unstable terms,
as defined in (3.1.4) and (3.2.1).

Recall now from [CK2|, Proposition 5.3.1, that the unitary property
of the S®-operator states that its inverse is the operator defined by

(S (=2)() = Sl == Dial)
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We then get from (3.2.8)
(3.2.9) R = (2 + w)*((SF)"(—2) ® (87)"(—w)) (Vi (2,w)).

One checks immediately that in the right-hand side the terms of total
degree zero in z and w cancel out, so that the only term without a pole

is (z+w)22[%u = (z+w)[A]. On the other hand, R® has no poles, since
it is a power series in z,w. We conclude that
(3.2.10) R = (z 4 w)[A].

Now (3.2.10), (3.2.9), and the unitary property imply the formula
(3.2.2). Theorem 3.2.1 is proven.

3.3. TRR and the proof of Theorem 1.3.1. The following Propo-
sition, together with Proposition 3.1.2(iii) obviously implies Theorem
1.3.1.

Proposition 3.3.1. Let (W, G,0) be an arbitrary semi-positive triple

and let n > 2. If

( \\n-2y5 a any\e o anyoo L+ JE(Q))
J 25 1571 n — 5 1".'75’” nn Y —1
( O(Q)) << 1% » ) ¢n >>0,n(t) << 1%1 1/) >>Cl7 ( Jg(q)

holds when all except possibly one of the a;’s are equal to zero, then it
holds in general.

Proof. Tt suffices to assume that the cohomology classes 9; are elements
in our chosen basis of H*(W/G).

We use induction on n. The base case n = 2 follows from Theorem
3.2.1, as we already pointed out in Remark 3.2.2.

Let n > 3. Let j1,...,7, € {1,2,...,s}. By taking derivatives in
the TRR relation of Corollary 2.3.4 we get

(3.3.1)
<<’7j1 w?177j2¢g27 SR 7'7jn1/J;an >>8,n -

DD vt () 1 )e 2 0is 7 15 15 (V") e s

i=1 ST

The inner sum is over all partitions S[[7 = {4,...,n}, while the no-
tation (y2*)® stands for the insertions 7,1 at the appropriate mark-
ings, with [ running in S, and likewise for (y1)¢)?. The double brackets
are evaluated at t(¢). By linearity, we may take the coefficients t; in
t(Y) = to + 1) + t2p* + ... to lie in H*(W/)G,A).

The relation (3.3.1) holds for all stability parameters. We specialize
it at t(¢) = to = t for parameter e, while for parameter oo we multiply

it by J5(q)*> ™ and then specialize at t(¢)) = tir];]fq()q). By the induction
0
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assumption the two right-hand sides of the resulting relations are equal,
hence the same is true for the two left-hand sides. This proves the
Proposition, hence Theorem 1.3.1 as well. U

3.4. The string and dilaton equations. We close this section with
a discussion of the versions of string and dilaton equations that hold
for a general stability parameter ¢.

3.4.1. String. For the string equation, we have a completely general
result in genus zero: the class J§(q)1 satisfies the string equation for
the full genus zero descendant e-stable quasimap theory.

Proposition 3.4.1. Let the semi-positive triple (W, G, 0) be arbitrary.
Then for every € > 0+ and n > 2,

(3.4.1)
Z qﬁ<51¢f17 tee 75n ?Lna Jg(q)]l>(6],n+1,5 -
B

n
. 71 .
DY (GG ST S ) s
B j=1

Proof. Equation (3.4.1) is obtained by setting ¢ = 0 in
(0nt", s ontin™, Jo (@) 1))G iy () =
<<51w(1117 s 751'711#?5117 5j¢;‘bj_1> 5j+1w?i+ll7 s 75nwgn>>8,n(t>

The case n = 2 of (3.4.2) is given by Corollary 3.2.3. The case n > 3
follows then by induction, using the TRR equation (3.3.1). O

(3.4.2)

Remark 3.4.2. 1t is very easy to see that Conjecture 1.2.2 together with
the string equation in Gromov-Witten theory imply (3.4.1) for any
genus g. In fact, we conjecture that the e-CohFT of a semi-positive
target is a cohomological field theory with unit 1. := Jj1 over the
Novikov ring. This means explicitly the following: for all g, k with 2¢g —
2+k > 1 and arbitrary cohomology classes 01, ..., 0 € H*(W/)G,A),
we conjecture that the maps (2.3.3) satisfy

;,k+1((®§:15j) ®1.) = p*QZ,k(®§:15j)>

where p : Mg,kﬂ — Mg,k is the forgetful map. We note that it should
be possible to prove Conjecture 1.2.1 in the case of semisimple theories
(such as the fully equivariant theories that appear in Theorems 1.3.2
and 1.3.4) by combining genus zero results as proved in the present
paper with the Givental/Teleman formula [G4, Te] for higher-genus
potentials. However, such an approach would require establishing first
the above conjecture about the unit of the e-CohFT.
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3.4.2. Dilaton.

Lemma 3.4.3. Assume Conjecture 1.2.2 holds for the semi-positive
triple (W, G, 0) and the stability parameter € > 0+. Then (J§1) — J§
satisfies the dilaton equation for e-stable quasimap theory:

Z q5<51¢(111; v 75n Zna (JS(Q)Dw - J1€<q)>z,n+l,5 =
B

(3.4.3)
(29 —2+mn) > @’ (S, .. 65 s,
8

the sums over all O-effective f with 29 — 2 +n + €B(Ly) > 0.

Proof. Using the dilaton equation in Gromov-Witten theory, this is an
elementary calculation which is left to the reader. U

Corollary 3.4.4. Under the same assumptions as in Theorem 1.3.1,
the dilaton equation (3.4.3) holds in genus zero.

Remark 3.4.5. For ¢ = 0 and n = 2, by using Corollary 2.3.4 (at
t(¢) = 0) and equation (3.1.10), it is easy to see that the e-dilaton
equation

S P, a0, (S (@) L0 — JE (@) 55 = O
B

holds without any additional assumptions on the semi-positive triple

(W, G, 0).

4. VIRTUAL CLASSES AND &-WALL-CROSSING

4.1. Overview. The semi-positive GIT targets in Theorems 1.3.2 and
1.3.4 share the common feature that their /-functions satisfy I(q) = 1,
and hence J§(q) = 1 for all e. For semi-positive toric varieties this can
be checked using the explicit formula for the small /-function, as given
in [G2], see Lemma 5.9.1 later in the paper, while for local Calabi-Yau
targets (as in Theorem 1.3.4) it is an easy general fact, see Remark
5.5.6 in [CK2]. Therefore, the statement to be proved reduces to the
identification of potentials after a shift by J5(q),

(4.1.1) Fy(t(y)) = FE(t() + Ji(q),
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or, in the version of Conjecture 1.2.2, to

DB B =

(4.1.2)
Zq Z 51¢1 775kwgk"]1£<Q) ‘]a( )>gk:+mﬁ7

for arbitrary (fixed) (g, k, ), arbitrary integers ay,...ar > 0, and ar-
bitrary cohomology classes ¢y, ..., € H*(W/G). The sums on both
sides are over all § with 29 — 2 + k +¢5(Lg) > 0.

We upgrade in this section the numerical equality (4.1.2) to a stronger
statement at the level of virtual classes.

4.2. Shifted virtual classes. We will use the notations
X =W/G, Xo:=W/uaG, X:=[W/G]
from now on for the three quotients associated to (W, G, @).
Fix (g, k,e). We write A := [k+m]\ [k] for m = 0,1,2, ... and denote
eva = (€Vki1,- - Ukym) : Mypua(X,B) — X4

the evaluation map.
For each #-effective class j3, let

[Jils € H=(X, Q)

denote the coefficient of the ¢°-term of J§(q). Recall that J has no
constant term with respect to ¢, so this coefficient vanishes for 5 = 0.
It also vanishes if 5(Lg) > 1/¢ by (3.1.9).

Define a generating series of e-shifted virtual classes
(4.2.1)

1 Vi vir * €
SO X Wl AT e (@l i)
B |A|=0 BO+ZaeA6a:ﬁ

As we remarked above, [J5]g, can be nonzero only when £, # 0. Hence,
for each 3, only finitely many terms contribute to the coefficient of ¢°.
Our goal is to compare (4.2.1) with the corresponding generating

series
Zq X ﬁ v1r

We will do so after push—forward via natural maps to a common target.
Let ¢ : X — PV be the (T-equivariant) embedding over the affine
quotient induced by the relative polarization O(f#) (to unburden the
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notation we write simply PV for the relative projective space P%O). It
induces for each stability parameter &' a morphism

(4.2.2) Lot Q5 (X, B) — QL (PY,d(B)),

where the degree d() is equal to 5(Ly), see §3.1 of [CK2].
In addition, for & > &”, there are “contraction of rational tails”
morphisms
¢+ QGu(PY, d(B)) — Qg (P™,d(B)),
described in [MOP] [ ] (and also recalled in §3.2.2 of [CK2]). When

/ .
g’ = oo we write ¢ = ¢, and when &” = 0+ we write ¢ = cgfr.

Let now (g, k, e, 3) be ﬁxed, with 2g — 2+ k 4+ e¢8(Lg) > 0. For each
A and each decomposition 5 = By + > . 4 Ba there is a morphism

b,y : Q;,kuA(PNad(ﬁo)) — S,JJZ(PNa d(B)),

see [CK2|, §3.2.3. Informally, the map byg,, replaces each marking
a € A with a base-point of length d(/,). If in addition B,(Ly) < 1/e
for all @ € A, then byg,y factors as

= oa(PY d(B0)) 24 (P™, d(8)) <5 QUL(BY, d(B)).

We have the (T-equivariant) composition

(4.2.3) H b{ﬁ }oc Ol H Mg,k;uA()Q Bo) — QZ,k(PNad(ﬁ))-
A,Bo,Ba A,Bo,Ba

Theorem 4.2.1. Let X be a semi-positive nonsingular quasi-projective
toric variety of dimension n, viewed as a GIT quotient C**" /o(C*)" in
the standard way, as in Theorem 1.3.2. Let T = (C*)"*" be the natural
“big” torus acting on X. Then

(4.2.4)
(1)« [ QG (X, B =

]_ = ir * £
Z |A|'(b{5 1 © ¢ 0 log)s ([Mg,kuA()Q Bo)l™ N eUA(®a€A[J1]5a>) .
AaﬁOvﬁa

More generally,
(4.2.5)

(te)- ([ 2k (X B N Hevf5z> =

i=1
1 k
> |A|'(b{5 1 0C5 0 L), ([M%kuA(X,BO)] "0 evy (®aeal Jils,) [ [ evs
AnBOvﬁa =1
for all 6y,..., 08 € Hy ), (X, Q).

)
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Corollary 4.2.2. If X is a nonsingular projective Fano toric variety,
then

(e)s ({ £ (X, 8)] N Hevf5i> = (Folno)s ([HM(X, B)¥r N Hev;@) .

Since the 1-classes on both sides are pulled-back from Q , (PY, d(6)),
Theorem 4.2.1 immediately implies equation (4.1.2), and hence Theo-
rem 1.3.2. In fact, Theorem 4.2.1 gives the stronger identification of
the T-equivariant e-quasimap CohFT with the e-shifted T-equivariant
Gromov-Witten CohFT.

Theorem 4.2.1 holds in fact for any semi-positive GIT presentation
(C*7 (C*),0) of a toric variety, see §5.9.2. It is instructive to check
it directly for the simplest nontrivial example.

Ezample 4.2.3. Consider the GIT triple (C, C*, ), with
0=1ecZ=x(C".

The quotient X is a single point. A quasimap from a curve C' to the
quotient stack [C/C*] of class is specified by a line bundle £ of degree d
on C' and a global section 0 # u € H°(C, L), up to a constant nonzero
multiple, i.e., by a divisor of degree d on C'. In particular d > 0 is the
class of the quasimap. The base-points are the zeroes of the section wu.
Hence the cone Eff(C,C*, 0) is canonically identified with N and the
Novikov ring is the ring of power series Q|[q]].

The Gromov-Witten moduli spaces are empty for d # 0 and are
equal to the moduli spaces of stable curves Mg,k for d = 0. The virtual
class is just the fundamental class.

Let us consider now the stability condition € = 0+. For d > 0 we
have

QU (X, d) = My pja/Sa-

g,k
Here the notation for the mixed moduli spaces Wg,k‘d is taken from
§4.1 of [MOP]. They are a special case of Hassett’s moduli spaces
of weighted stable curves, [H], and parametrize nodal genus g curves
with two sets of markings {z1,...,z;} and {Z1,..., 24}, such that the
markings in the first set are distinct, away from the nodes of C' and
from the markings &;, while the markings in the second set are away
from the nodes, but #; and Z; are allowed to coincide. The quotient is
by the symmetric group Sy, which acts by permuting the second kind
of markings. Again, the virtual class is the fundamental class.
Similarly, we have the identification

QGSH J(X) = (PY)/S, = P*



30 IONUT CIOCAN-FONTANINE AND BUMSIG KIM

for the unpointed graph space. From this, the small I function is easily
computed to be

Ism(Q) = eq/z’
hence I,(q) = q.

From the above discussion, the only splitting d = dy + ), d, that
contributes to the right-hand side of equation (4.2.4) has dy = 0 and
d, = 1 for all a € A, so that A = [d]. The sum reduces to the single
term

1 —
5(5{1,...,1} 0 €)«([M g +d])-

There is a canonical birational map
h: Mgjra — Mg,
constructed in [H| and one checks easily that
bi1,..13 © ¢ Mgppa = Mgpoa(X,0) — Qi (X, d) = Mg pa/Sa

coincides with the Hassett contraction h followed by the projection to
the quotient by Sy. The equality (4.2.4) now follows.

The above argument generalizes immediately to all stability param-
eters ¢, and to all GIT presentations (C", (C*)",#), with » > 2 and
0 =(1,...,1) € Z" = x((C*)") of the point target X. For example,
the small T function is I, = el@t+@)/2  Note that the number of
Novikov parameters changes with the GIT presentation.

4.3. The geometric shifting. There is a better, more geometric way
to describe the shifted virtual classes. Namely, for fixed (g, k,¢, (),
define the “mixed” moduli stack Mz’k(X ,B) as

(4 3.1)

9 k? X 6 H H MgakUA(Xv 50> X x4 H Qé,an(Xa ﬁa)a

|A[=0 Bo+>" e a Ba=P acA

where the fiber products are taken over the evaluation maps at the
markings indexed by A. As before, we take the second disjoint union
over splittings By + > ,c4 Ba = B with B, # 0 for all a € A, so that
only finitely many nonempty fiber products appear in the right-hand
side.

We have the cartesian square

Mo (X, 8) == g5, Masva(X, o) % Tloea Q6 10a(X. Ba)

2 l l evi\{ X evi2

x4 —- [T, X4 x XA
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where A is the diagonal map. It endows M;k(X ,B) with a natural
virtual class given by

(4.3.2)
[Mg k(X B v1r

N Z gkUA X 50)]Vlr (®a[Q(£J,1Ua(XvBa)]Vir)‘

Al
Aﬁ() /Ba

The division by |A]|! is included to make the markings in A unordered.
Fix A and a splitting 5 = By + Y c4 Ba. Let

D ="Dages. : Mgrua(X, Bo) X xa H Q140(X, Ba) = Mgrua(X, o)

acA

be the projection.

Lemma 4.3.1. We have
PA([M g 10a(X, 50)]™ © (@acal Q5 10a(X, Ba)]'™)) =
(Mg k0a(X, Bo)™™ N (ev))* (RacalJi]s,) -

Hence

Zq P BT (X, B)™

equals the generating series of e-shifted virtual classes (4.2.1).

Proof. Consider the fiber product diagram with cartesian squares

WA X xA HaEA QZ = MA X HaEA QZ

p idxevga
— (id,ev? —
MA A MA X XA
evf? evAMXid
A
XA 2, XAx XA

where we have used the shorthand notations M 4 = M%ku 4(X, By) and
Q5 = Q5.114(X, Ba). The middle horizontal arrow is the embedding as

the graph of the evaluation map evAM, so it is a regular embedding. By
standard properties of the refined Gysin maps we have

pAN([M 4 ]V“®<®aeA[Q€]m>> =
A'(id x v )([Ma]™ & (@4eal Q™)) =
(id, o)) (M A" @ (v )u(@acalQ5]™)) =
(M 4] N (ev))* (®uealeva)[Q™).
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[t remains to recall from equation (3.1.10) in Proposition 3.1.2 (i7) that
Ti(a) = 3 % (eon) [ Q5 o(X. )
B0
to conclude the Lemma. 4
Let
51 M4 (X, B) — Q5 (PY, d(8))

denote the composition of the projection p with the morphism (4.2.3).
From Lemma 4.3.1 we obtain that Theorem 4.2.1 is equivalent to

Theorem 4.3.2. Let X be a toric GIT target as in Theorem 4.2.1.
Then

k k

(te)s ([ e )il evf@) = S ([M;k(Xa AN HBUZ‘&) )
i=1 =1

for all (g,k,B,e) with 2g — 2 + k 4+ €f(Ly) > 0.

There is a parallel construction for graph spaces. Define the mixed
graph space MG (X, B) to be

IT T  MGowua(X,50) xxa [T QhroalX. ),

[A[=0 Bo+>" e 4 Ba=8 acA
with virtual class
(MG (X, )" =

5 G A" & (G501

AvﬁO:Ba

Here MGMU 4(X, By) denotes the usual graph space in Gromov-Witten
theory. The analog of Lemma 4.3.1 holds for these graph spaces, with
the same proof.

We also have morphisms

(T sy ocow): [T MGorua(X.8) — QG5 PV, d(B)),
A7/807/6a AvﬁOvB(L

s=( H bis.) © € 0 Lo 0 D) : MGy (X, B) = QG5 (P, d()),
AvﬁOvBa
and

le - QGg,k,ﬁ(X) — QGS,k(PNa d(B)).
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5. PROOF OF THEOREM 4.2.1

5.1. Overview. The idea of the proof, inspired by the work of Mar-
ian, Oprea, and Pandharipande, who treated the case of Grassmannian
targets in [MOP], is to apply T-localization to both the shifted stable
map virtual class and to the quasimap virtual class and then match the
push-forward of the localization residues lying over the same T fixed
locus in the space of quasimaps to PY. A genus independence lemma
from [MOP] is used to reduce the general case to genus zero. The
genus zero toric case requires new ideas, even in the case of Fano tar-
gets when no shifting of virtual classes occurs. We handle it by using
C*-localization on graph spaces and a localized version of Givental’s
uniqueness lemma.

As the complete argument is somewhat involved, to keep notation
lighter and make the main ideas clear, we present full details in the
case ¢ = 0+4. The extension to general ¢ is a routine matter, as we
indicate in §5.9.1. The proof is split over several subsections.

5.2. Toric targets. Quasimaps to toric targets in their standard GIT
presentation were first introduced in [CK1] and we very briefly recall
the description given there to fix some notation. Note that the toric
varieties were assumed to be projective in [CK1] to ensure properness
of the moduli spaces, but the description is exactly the same in our
more general situation.

Let X be a smooth quasi-projective toric variety of dimension n,
given by a nonsingular fan ¥ in Ni, with N an n-dimensional lattice.
Let (1) denote the set of rays (1-dimensional cones) of ¥ and put r :=
|X(1)| —n. Assume that the rays span Ng = R™ and that » > 1. Denote
by C*() the vector space spanned by the 1-dimensional cones and by
G the r-dimensional complex torus (C*)". The fan data determines an
action of G on C*™ and a “chamber ” in x(G) with the property that
for any character in this chamber we have X = C*) /,G. We fix such
a character 6 with O(0) relatively very ample over the affine quotient.

The coordinates on C*) give “homogeneous coordinates” (z,) es1)
on X.

The “big” torus T = (C*)*M) acts on C*() by scaling of coordinates
and this action descends to the quotient stack X = [C*® /G]. The in-
duced action on X has isolated T-fixed points, naturally corresponding
to the maximal cones o € ¥(n). In terms of homogeneous coordinates
the fixed point p, is described by

2, =1, ifpgo, 2,=0, ifpCo.
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The 1-dimensional T-orbits in X are isolated and correspond to cones
of dimension n — 1 in the fan. We will say that such an orbit is closed
if the corresponding cone is the intersection of two maximal cones oy
and oy. Such an orbit is a P! joining the two T-fixed points p,, and
Doy -

Let £, be the character of the (C*)"-action on the corresponding
coordinate axis in C*M). The associated T x G-equivariant line bundle

Lp = Cz(l) X (Cgp

descends to the T-equivariant line bundle L, on X. For each maximal
cone o in the fan, the set {{,, p ¢ o} is a basis of the character group
X(G) = Pic([C*V/G]).

A quasimap to the quotient stack [C*(Y) /G] may be described by the
data

(521) ((C, L1y - ,$k), {Ep}p62(1)> {Up}pez(l))

where (C, x1, ..., z) is a prestable genus g pointed curve, £,, p € ¥(1),
are line bundles on C, and u, € H°(C, L,) are global sections, subject
to the nondegeneracy condition

(up(x))peE(l) < (CE(I))S

for all but finitely many points x € C'. For any maximal cone o € 3(n),
the line bundles £,, p ¢ o uniquely determine all the other. The
sections u, are determined up to the action of G. If 3 is the class of
the quasimap, we put

d, = deg(L,) = B(&,) € Z.
The set {d, | p € £(1)} determines the class . Since
det(T[(cz(l)/G]) = ®peE(I)Lpa
semi-positivity of the triple (C*(!), G, #) translates into the condition
> 40
pEX(1)
for all quasimaps to [C*1)/G].

Remark 5.2.1. For this standard GIT presentation we described above,
the unstable locus for the linearization 6 has codimension at least 2
and Pic(X) = Pic([C*W/G]) via restriction. The basis {¢,, p ¢ o}
restricts to the Z-basis

{L, = Ox(Dy), pZ o}
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of Pic(X), with D, the toric divisor in X given by the equation z, = 0.
Further, semi-positivity of the triple (C*™), G, #) is equivalent to the
semi-positivity of the anti-canonical class of the toric variety X, as
—Kx = exy D, and Eff(C*"), G, 0) coincides with the semigroup
of integral points in the Mori cone of effective curves in X.

The notation Q, (X, ) will be used from now on for the moduli
space of (0+)-stable quasimaps to X. A C-point in Qg x(X, 5) is spec-
ified by the data (5.2.1), such that the base-points

{x € C | (up(r))pesq) € (CTI)*}

are away from nodes and markings, and satisfying the (04 )-stability

deg(we () mi) ® £5) > 0, Ve € Quo.

(2

The line bundle Ly is obtained by writing # in the basis {¢,, p & o} (for
some maximal cone o) and taking the corresponding tensor product of
the L£,’s.

We describe in the next two subsections the T-fixed loci in the moduli
spaces M, (X, 8) and Qux(X, ) and their contributions to virtual
localization formulas, following [K]|, [GP], and [MOP].

5.3. T-fixed loci.

5.3.1. T-fized loci for stable maps. Connected components of the T-
fixed loci in M, x(X, () are labeled by decorated graphs ' = (V, E). If
(C,x, f) is T-fixed, the corresponding graph I' is obtained as follows.

Vertices in v € V correspond to the connected components C, of
FHXT),

Edges e € E correspond to irreducible components C', of the domain
curve C' which are not contracted by f. These components C, are
rational curves and the restriction f, of f to each of them is a multiple
cover of a 1-dimensional closed T-orbit in X of some degree ¢., ramified
only over the two torus fixed points in the orbit.

We decorate each vertex v € V with the triple (o, gy, k), where
o, = f(Cy), gy is the arithmetic genus of C, (we set g, = 0 if the
corresponding connected component of f~1(XT) is a single point), and
k, is the set of markings carried by C,. A vertex v is non-degenerate if

2g, — 2 + val(v) > 0,

where val(v) is the sum of (the cardinality of) k, and the number of
edges incident to v.
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Each edge e € E' is decorated with the pair (Orb,, d.) consisting of
the image Orb, € {closed 1-dim T-orbits in X} of C. under f and the
covering number . € N>q, so that d.[Orb.] = f.[Ce].

Note that the resulting graph is connected, without self-edges, and
that we have the compatibility conditions

L=xM+> g=g [[ko=A1....k}

and
> 8.[Orbe] = B.
ecl
Up to a finite quotient by automorphisms, the component Fr at-
tached to the decorated graph I' is isomorphic to

H Mgv wval(v)s

veV

with the factors corresponding to degenerate vertices treated as points.

Conversely, given a decorated graph satisfying the compatibility con-
ditions above, one obtains a T-fixed stable map by taking for each ver-
tex v a stable curve C, in the corresponding moduli space, for each
edge e the covering map f. : C. — P! = Orb, of degree §,, ramified
over ( and oo, and gluing along the graph incidences.

5.3.2. T-fized loci for stable quasimaps. There is a similar description
for the T-fixed locus of Q,x(X, ). The difference is that this time
the graphs I'V will have no tail edges, but instead carry an additional
decoration of base-points. Here a tail edge is an edge for which one of its
adjacent vertices has valency 1. The extra decoration is an assignment
to each v € V of a tuple of nonnegative integers

(dp,v € N7 p e 2(1)7 p ¢ UU)‘
The component Fy attached to the graph I is isomorphic to
1 Moomirs, .. d.
veV

up to a finite quotient. The (Hassett) mixed moduli spaces Mg,m‘d are
described in Example 4.2.3. The automorphism group for each vertex
contains the product of symmetric groups [] oty Oy, Which acts by
permuting the second kind of markings.

A vertex of IV is non-degenerate if it satisfies the stability condition

29, — 2+ val(v) + 5(2 d,) > 0, for every € € Q.
pZ oy
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For degenerate vertices, the corresponding factors in Fr» are again
treated as points

The quasimap elements in F1v are constructed as follows. First, we
view d,, also as an index set with d,, elements such that d,, are
mutually disjoint. For an element in [, ., M Goval(v)| oy dpvo> 1€T Cy
be the corresponding m,-pointed genus g, curve C, with markings z;
and additional base-point markings &;, ¢ € U,d,,. For p ¢ o,, put

£,=0c(3 &)

i€dpo

with the canonical section u,, whose divisor of zeroesis ) d,, i The
remaining £,’s are determined in terms of £,, p ¢ o,, and we set u, =0
for p C o,. We obtain a stable toric quasimap by gluing the resulting
quasimaps (Cy, x; € my, L,,u,), v € V along graph incidences with the
2-pointed genus 0 map data (C, = P!, 0, 00; f.) corresponding to the
edges e.

Note that for each vertex the quasimap (C,,x; € m,, L,,u,) carries
the class (5, determined by

ﬁv(Lp» = dp,vy 1Y §Z Oy.
Hence the compatibility condition that must be satisfied by the addi-

tional decoration is
> Bo+ > 6.[Orb,] = 5.

veV ecE

5.4. Virtual normal bundles.

5.4.1. Stable maps. For graphs I' as in §5.3.1, let N} denote the vir-
tual normal bundle to the corresponding T-fixed component Fr C
M%k(X ,3). The multiplicative inverse of its T-equivariant Euler class,
lifted to HUEV Mgv,val(v); is obtained by a standard computation. In the
form given in [MOP], it is written as a product of contributions from
vertices, edges, and flags (v, e) consisting of a vertex and an incident

edge
(5.4.1)
1
e(V™)

= H MapCont(v) H MapCont(e) H MapCont (v, e).
v e (v,€)
The above grouping is made so that the edge and flag contributions (as

well as the contributions of degenerate vertices) are pure weights, i.e.,
they are pulled back from Hy ,.(SpecC), while each non-degenerate



38 IONUT CIOCAN-FONTANINE AND BUMSIG KIM

. . . . * N r
vertex contribution is in Hy (Mg, vai(w)). Furthermore, for such a
vertex

eEYQT, X) 1
e<TUvX) He %j) - ,QZJE

where E is the Hodge bundle, e denotes the (equivariant) Euler class,
and 7T, X is the T-representation on the tangent space to X at the
fixed point indexed by o,. The product in the denominator is over all
edges incident to v, w(e) denotes the weight of the T-representation on
the tangent space T,, Orb,, and 1), is the Chern class of the cotangent
line bundle on Mgmval(v) at the marking corresponding to e.

(5.4.2) MapCont(v) =

5.4.2. Stable quasimaps. Let Frv C Qg (X, 8) be a component of the
T-fixed locus, corresponding to a graph I"” as in §5.3.2. Our goal in
this subsection is to provide an expression simlar to (5.4.1)-(5.4.2) for
the multiplicative inverse 1/e(Ng") of the T-equivariant Euler class of
the absolute virtual normal bundle, lifted to HUEVMgvaval(vﬂ Sz doo-

For the computation we will make use of the detailed description of
the obstruction theory for quasimaps from §5 of [CK1]. At a point
(C,z1,... x5, {L,}, {u,}) of Frv, the obstruction theory relative to
M, . (governing deformations of the pairs (L,,u,) of line bundles with
sections) is the virtual T-representation

H*(C,Q) = H°(C,Q) — H'(C,Q),
where () is defined by the Euler sequence on C'

(5.4.3) 0 — OFFEWERY By r, - Q — 0.

p
The absolute obstruction theory has an additional piece, consisting of
the deformations and the automorphisms of the pointed domain curve
(C,x1,...,Tk). ‘

By definition, NJ" is the moving part of the absolute obstruction
theory. Accordingly, the inverse of its Euler class is the product of
two contributions. One factor is obtained from the moving part of
the deformation space of (C,z1, ..., z;) (automorphisms of the pointed
domain contribute only to the T-fixed part of the obstruction theory).
It has the same expression as in the case of stable maps:

(5.4.4) H o !

(v,e) Se we>

It remains to calculate the other factor, which is the inverse of the
T-equivariant Euler class of the moving part of H*(C, Q). For this,
note first that on each non-contracted component C, of C, the Euler
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sequence (5.4.3) is pulled-back via the map f. from the Euler sequence
presenting the tangent bundle of X, while on contracted components
C,, the monomorphism in the sequence is the composition

Dpzo Ziedp,u & (id,0)

@ngav OCv @pg[oﬂ L"P @ ‘C

Using the normalization sequence for the domain curve C, the contri-

bution we seek is the product of three factors, namely the moving parts
of

e(H'(C,,Q))

545) I im0
e(H'(P!, f;TX))

(5.4.6) IGIE (T [ TX))
(5.4.7) e(15,X).

flags(v,e)

The moving part in (5.4.6) and the factor (5.4.7) contribute only pure
weights, equal to the analogous contributions in the stable map case.
Finally, we analyze H*(C,, Q). Each £, has a unique expression

Qay,p,pf
/
P )

L, =Qpg¢o,L

where a, , s are integers. Then £, = O¢,(X,), where X, is the divisor
> oy Gpp (D ica , i) on Cy. It follows that
v p’ v

Q’Cv = (®pCUUOCv ()A(p)) D (@MZJU OCu ()A(p)|f<p) .

The second term has trivial linearization and its H® gives the fixed
part of H*(C,, Q). As for the first term, for each p C o, let

Orby, ,

denote the one dimensional T-orbit corresponding to the (n — 1)-
dimensional cone spanned by o, \ {p} (this orbit need not be closed),
so that

T5,X = ®pco,15,0rb,,
as T-representations. The linearization of £, = O¢,(X,) is given by

the weight of the representation T, Orb,, ,. Write X, = X — %, with

P P>
f(jj and x, effective divisors. From the equality

[Oc, (%,)] = [Oc, (X,)lst] = [Oc, (%))l5; ] + [Oc,]
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in the K-group of C),, we obtain the contribution of the moving part
of (5.4.5) to the inverse Euler class in the form

(B @ T,,X) ,co, e(H*(Co, Oc,(%))lx,) ® T,,01by, ,)
e(T5,X)  Il,co, e(H(Co, Oc, (%7 )l5y) ® T5,Orby, )
Combining all these, we obtain the desired factorization

(5.4. 9)

(5.4.8)

H QmapCont (v H QmapCont (e H QmapCont(v, e).
(v,e)
The contributions from edges and flags are pure weights and match
the corresponding factors in (5.4.1):
(5.4.10)
QmapCont(e) = MapCont(e), QmapCont(v,e) = MapCont(v,e).

( NVlr

The same is true about the contributions from degenerate vertices.
By (5.4.4) and (5.4.8), the contribution from a non-degenerate vertex

is

e(EY @ T,,X) 1
e(TU'uX) H w(e we

(5.4.11) QmapCont(v) = Qus

with
HPCJ (H()(va OCu (>A(+> ’ “_) ® Tov Orbav P)
HpCU ( (OU’ OCv (X+)| ) ® Tavorbav p)

We conclude this subsection by noting that the identification of
the fixed part in H*(C,, Q) with H*(Cl, ®p¢0,Oc, (X icq, , 44) I 1e, , 30)
shows that the virtual fundamental class of Frv induced by the fixed
part of the absolute obstruction theory is the fundamental class itself.

(5.4.12) Qo =

5.5. Localization. Fix (g, k, 3) with 2g—2+k > 0. Let Q,x(PY,d(8))
be the moduli space of (0+)-stable quasimaps of degree d(f3) to ]P’%O.
Denote
bocoity = H b?ga} o™ o1y).
A,Bo,Ba

We describe next the induced maps (bocots)™ and ¢, on the T-fixed
loci.

Let p, € XT C (PV)T be a T-fixed point, corresponding to a maxi-
mal cone 0.

The locus F,, of T-fixed points in Q,x(PY,d(8)) which are sup-
ported at p, (i.e., those for which the regular map f.., : C — PV
induced by the quasimap is a constant map to p,) is parametrized by
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the quotient of the mixed moduli space M%Md(/@) by the action of the
symmetric group Sy(g) permuting the second kind of markings.
Consider first (for all A and all splittings 5 = 8y + > _,c4 fa) the
components
Fr € Mg rua(X, Bo)
of the fixed point loci which are mapped into F}, by boco tx. They
correspond to graphs I' = (V, E) of the following type:

e the vertex set V = {vg} UV’ contains a distinguished vertex vy
with o,, = o;

e the distinguished vertex has genus g,, = g, all other vertices
have genus g, = 0 and I" has no cycles;

e the markings in [k] are all assigned to the distinguished ver-
tex vy, while there is no restriction on the assignement of the
markings in A.

Let Ey C E denote the subset of edges in I' incident to the distin-
guished vertex vy. Each such edge is the root of a tree T, such that the
graph I' is the join of all the T.’s at vg. Let A(vy), respectively A(e),
denote the subsets of markings from A at vy, respectively at the ver-
tices of T,. Each T, parametrizes T-fixed genus zero stable maps to X
with markings A(e)Ue, which send the marking e to p,. A stable map
in Fr is obtained by gluing these to a stable curve in Mg,ku A(vo)UEo- We
denote by (. the homology class carried by a stable map parametrized
by the tree T, with root e € Ey, so that fo = > g Be.

The map (bo co )T restricted to F contracts each tree T, into a
base-point of length d(8:) + >_,c 4() d(5a), and replaces each marking
a € A(vg) by a base-point of length d(3,). It follows that, up to finite
quotients, (bo coiy)T on Fr equals the composition

(5.5.1) grop: My poawe)ur, X (H Movaiw)) — Mg pais)s
EZN)
where

D Mg,kUA(vo)UEO X (H MO,Val(v)) — Mg,kUA(Uo)UEo
VF£V0
is the projection and

gr + Mg kuaweur, — Mg riawyur, — Mg klaes)
with the first arrow the Hassett contraction map, and the second arrow
a composition of diagonal maps increasing the multiplicity of markings
e € Eg by d(Be) + > peae) d(Ba) and of markings a € A(vg) by d(8,)-
Next we look at components Frv C Q,x(X, 5) mapped to F, by

L0T+. Since rational tails are not allowed, the graphs I have a single
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vertex vy and no edges. The vertex is decorated by o,, = o, g, = g,
all markings in [k], and a set of integers {d,.,;p ¢ o}. The locus Fp-
is isomorphic to the quotient

(MQJC‘ Zpﬁo‘ dp,vo) / H Sdp,'uo )

pLo

where the product of symmetric groups [] ofc S, ., acts by permuting
the second kind of markings in the obvious way.
In terms of the basis {&, | p ¢ o}, the linearization 6 is expressed as

0 = Z np,a£p7

pLo

with positive integers n, ;.
The restriction of L0T+ to Fr is descended to the corresponding quo-
tients by symmetric groups from the composition of diagonal maps

(5.5.2) M g g oo dowg 7 Mg,kld(ﬁ)

which increase the multiplicity of each point in d, ., by the factor n,,.
For general graphs I and I for which the genus and/or the markings
in [k] are distributed among several vertices, the map (boco i)t is a
product of maps of type (5.5.1) and ¢, is a product of maps of type
(5.5.2).
We apply the virtual localization formula to the (0+)-shifted stable
map virtual class:

1 — vir *
> W[M gk (X, o)™ Nevi(®a[li]s,) =
A,Bo+Ba=p '

. A\%a l]ﬁa)
2 a2 (V) |
A,Bo+Ba=8 r
Similarly,
vir __ [FF/]

In both formulas ¢ denotes the inclusion of the T-fixed loci. In the
stable map formula (5.5.3), the restrictions i*ev[[1], contribute pure
weight factors cont(a) to the vertices.

First, we write the vertex contribution as

e(EY ® T,, X) 1
e(T0”X> H wle) _ we

e not collapsed §,.

(5.5.5)  MapCont(v) = M,,
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where the factor M, is the product of 1/ (@ — 1b,) over the collapsed
edges incident to v and of the contributions from the A-markings at
v. Next, as in [MOP], for each non-degenerate vertex v the factor M,
absorbs the contributions in (5.4.1) coming from all edges and vertices
(including their A-markings) of all trees T, which are collapsed to v by
the map (bocoiy)T. The final form of the vertex contribution is then
given by (5.5.5) with M, of the form

(5.5.6) M, = H cont H cont(a

e collapsed tov 4§, 6 a€A(v)

We now compare (5.5.5) with the quasimap vertex contribution
e(EY 1T, X) 1 Q
e(TU”X) He %ee) - 1/]6
from (5.4.11). The first two factors in each formula are pulled back via
(bocotw)™ and ¢, respectively. From the projection formula and the
matching of the pure weight contributions from non-collapsed edges

and flags in (5.4.10), we conclude that Theorem 4.2.1 follows from the
following Lemma.

Lemma 5.5.1. For each T-fized locus F,, C Qur(PY,d(B))T as de-
scribed in this subsection, the equality

1
(557) E W E (b oco LOO)EMUO = E (Lg+>*QU0
A,Bo+Ba=p | Fr—Fp, Fri—Fp,

holds in Hy 1.(M g wjas)/Saes))-

QmapCont(v) =

We will prove the lemma in two steps. First we use §7.6 of [MOP]
to reduce to a statement in genus zero. The genus zero case is then
handled by proving a localized version of Givental’s Uniqueness Lemma
and an inductive argument.

5.6. MOP Lemma and reduction to genus zero. The mixed mod-
uli spaces M4 carry cotangent line classes v;, 7« = 1,...,k, and
z&j, j=1,...d. In addition, there are diagonal classes
D; e 271 1)( o kld> Q)
for J C {1,...,d} with |J| # 0, corresponding to the locus where the
markings {%;},e; coincide.
By the cotangent calculus in [MOP], each side of (5.5.7) can be

written as a polynomial expression in 1[1]- and D (with coefficients in the
field K = Q({)\,,p € 3(1)}), depending on o and /3, but independent
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on the genus g and the number k of usual markings. For the left-hand
side, this follows from §4.3 of [MOP] and the description (5.5.1) of
bo ¢ o to, while for the right-hand side we use the formula (5.4.12) for
Q, and §4.6 in [MOP], together with (5.5.2).

Furthermore, these two polynomials are symmetric in the variables
¢; and may be written in canonical form as in §4.4 of [MOP]. This
means that each monomial is rewritten in the form

VRS AT Dy Dy, .. Dy,
with J; mutually disjoint and

Vs, = Yilp,, Vi€ Ji

The canonical forms are also symmetric in the %’s. Denote by Pg5,
the canonical form of the left-hand side of (5.5.7), and by Pg? the
canonical form of the right-hand side of (5.5.7). We will show that
P5 _ as an abstract polynomial does not depend on € € {0+, c0}.

Bv,0v

Fixk>3,d>0,and 1 < /¢ <k —2. Let
P=(P1,...., P)

be a set partition of {1,...,d} with |P;| > 1. Let 7 := (t1,...,t) be
an ordered partition of kK — 2 — ¢ (the integers ¢; are nonnegative, but
may be zero). Following [MOP, Lemma 6], we associate to the above
data a chain-type topological stratum S(7,P) on Mo,lqd. When ¢ >
2, the generic element in the stratum has ¢ irreducible components,
Ry, ..., Ry, attached tail to head in a chain of rational curves, with the
markings distributed as follows:

e Ry carries t; + 2 markings and the base-point markings in P;.
e R, carries t; + 1 markings and the base-point markings in P;,
fori=2,...,0—1.
e R, carries ty + 2 markings the base-point markings in Py .
The usual markings x1, ...z are distributed in order from left to right.
When ¢ = 1, the stratum is simply the entire space Mo,k|d~

Lemma 5.6.1. [MOP, §7.6] Fiz an integer d > 0. Consider formal
variables 1@ forj=1,...,d and Dy for nonempty J C {1,...,d}. Let
A be a polynomial in 123-, Dy, in canonical form. For every k > 3, we
may view A as a class in Hy ,o(Moga). Then A =0 as an abstract
polynomial if and only if

/ M(%,awk)A:O
S(1,P)
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for every topological stratum S(7,P) as above and every monomial
in ;. Further, if A is symmetric in the 1@ ’s, then only vanishing of
the integral on Mo,md /Sq is required to conclude that A vanishes as an
abstract polynomaial.

Proof. This is essentially Lemma 6 in [MOP]. Their statement is for-
mulated to require the vanishing of the integrals over all possible topo-
logical strata in MOJﬂd? however, the proof they give shows that it
suffices to consider only strata of the form S(7,P). (Moreover, one
may also restrict to a very special kind of monomials (v, ..., ¥), but
we will not need this fact.) O

Applying Lemma 5.6.1 to A = Pg%, — Pg;, the proof of Lemma 5.5.1

is reduced to proving the following Lemma.

Lemma 5.6.2. For every k > 3, every chain-type topological stratum
S(1,P) C Mo, and every polynomial

(@) = p(hr, s P)

with coefficients in the field K = Hy,,.(SpecC), the genus zero inter-
section number

B61 PP = [ B D)

does not depend on €.

5.7. Uniqueness Lemma. Up to this point, the argument for proving
Theorem 4.2.1 has been entirely parallel to the one given in [MOP] for
the analogous statement in the case of Grassmannian targets. In their
situation no shifting of virtual classes is needed, and the e-independence
of (5.6.1) is an immediate consequence of the fact that in genus zero
the moduli spaces of stable maps and stable quasimaps to the Grass-
mannian are smooth and irreducible, of the expected dimension.

The latter property fails for our toric targets. Even for the Fano
cases, which do not require the shifting of virtual classes, a new idea
is needed to complete the proof. To this end we will use graph spaces
and localization with respect to their additional C*-action to obtain a
localized version of Givental’s uniqueness lemma.

For k,d > 0 denote by P![k|d] the moduli space parameterizing stable
genus 0 curves with a rigid P! component, k usual markings, and d
ordered base-point markings. By matching the stability conditions we
get

P'[k|d]/Sq = QGok.a(P"),
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the quasimap graph space with target P = C//C* (and stability pa-
rameter £ = 0+).

The T-fixed locus of QGy a5 (PY) whose elements are supported
only on p, € XT C (PV)T may be viewed as QG (5 (po = CJC*),
and is therefore isomorphic to P![k|d(8)]/Sas). We will denote it by
P'[k|d(B)]o-

Let MGy 5(X) denote the usual stable map graph spaces. Consider
the (0+)-shifted virtual class

1

hif d vir AT vi *
(MG X)) = Y W[MGo,kuA,ﬁo(X)] T ev’y (®allh]5,)
A,Bo+Ba=8 '
and take its T-localization residue supported only at p, under the
contraction map b o co iy on graph spaces. It is given by

(5.7.1)

Res, (G (X)) =

<bocobm>3< > ,A“Z Nm evz<®a[mﬁa>>|ar>,

A,fo+Ba=8

the inner sum over all T-fixed components Gr in Ggkua g, (X) which
are mapped to P[k|d(B)], by bo co is.

The residue (5.7.1) is an element of the localized T x C*-equivariant
homology group HE *TT-1o¢(Pl[E|d(5)]), where only the T-parameters
are inverted.

The T-fixed loci Gr correspond to decorated graphs I' = (V| E') with
a distinguished vertex vy, labelled by o and carrying all markings in [k],
as in §5.5. Up to a finite quotient by automorphisms, the component
GT is isomorphic to the product

P'[val(vo)] % | ] Mo vaiw)-
VF#V0

Here P![val(vy)] is the Fulton-MacPherson moduli space of stable genus
zero marked curves with a rigid component.

Consider the action by C* on a component Gr. The fixed points are
obtained by taking two stable maps to X which are supported at p,
under b o ¢ o 1, each with one extra marking, and attaching them to
the rigid P! at 0 and oo using the respective additional markings.

It follows that the components of the C*-fixed loci in Gt are isomor-
phic to products Fr, X Fr,, where

e cach Fy,, is a T-fixed component in Mo g,4,0e(X, 35) supported
at p, under boco iy ,
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e B [[By=1{1,...k}, A; ][] A2 = A and B + 32 = By,

e the graphs I'; and I'y satisfy I'y xI'y = I, where the operation
means joining at the two distinguished non-degenerate vertices
and deleting the two additional markings from the decoration
of the resulting graph.

For fixed By [[Bs = {1,...,k} and B, + B = 8 we collect together
all components Fr, x Fr, with the given splitting of the markings in
[k] and with

Bo+ Y Ba=P B+ D Bu=5a

ac€A; a€Ag

The map b o co 1y on the (C* x T)-fixed locus

H Fpl X FF2

By 11 Ba=[k]

B1+B2=p
in the disjoint union of graph spaces is the composition the product of
contraction maps on moduli of unparametrized stable maps with the
inclusion

(5.7.2) Mo pusds)/Sas) X Mo,Byuela(sa)/ Sass) = P'k[d(B)]o-

In the stable cases By, B, # (), the inclusion is obtained by attaching
two stable quasimaps to p, € PV at 0 and oo on the rigid P!. If for
example B; = (), the inclusion is obtained by taking a degree d(/31)
quasimap from the rigid P! to p, which has at 0 a base-point of mul-
tiplicity d(f5;), and gluing to it at oo a stable quasimap to p, from
Mo kuela(p)-

Applying C*-localization and summing over all (A, By, B,) gives a
factorization expression

(5.7.3)

Res, ([FTGR (X)) =

— Z 1 P(;%l [M[)’Blu.‘d(ﬁl)] % Po(ioﬁQ [MO,BQU.‘d(ﬂg)]
By 11 Ba=[Fk] [TPGX] Z(Z - w.) _Z<_Z - wo) ’

B1+B82=0
where x means the operation

* 0 Ho (Mo pyuejas) © Ho(Mo puelass)) — He(P'[k[d(5)])

induced by the inclusion (5.7.2).
The notation in the formula (5.7.3) requires more explanation. We

write P25 [Mo,B,ueld(s,)) to indicate that Pg% , which is independent of
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the number & of usual markings, is evaluated in Hy, ;,.(Mo,5,0eja(s,)) by
taking the cap product with the fundamental class.

The product of denominators z(z — 1s)(—2)(—2z — 1) is the (well-
known) C*-equivariant Euler class of the normal bundle to

Mo,Blu-u(ﬁg) X MO,BzU-Id(BS)

in PL[k|d(B3)], with 1, the cotangent line classes at the additional mark-
ings of H& B,usld(8;), and z the equivariant parameter.

The formula (5.7.3) is correct as written for the stable cases By, By #
(), but for the unstable cases the notation is abused and should be

understood as the following convention:

POO MOod 1 .
( U,?(L_’wo()ﬂ )]> = ZZ[J(Q,Il(Q)aZ)]ﬁu

P MOod > .
( _05(2[_,2 _Ji;]> = 16 (g, [1(a): =2)]ge.

(5.7.4)

where i, : {p,} — X is the inclusion and [J(q,[1(q), )]s is the co-
efficient of ¢” in the mirror map-transformed small J-function of X.
Precisely,

‘](q7[17z> =1+
(5.7.5) e

_|(€Uo *

]1(Q)+

[Mo,mue(X, 8" N T, evi(1i(q))
2(z =) '

(8';m)#(0,1)

Note that by this definition i%[J (g, I1(q), 2)]s is an element of

Hr oo (SpecC)[[1/2]] = Q({A, })[[1/2]].

However, its appearance as a localization contribution in the factoriza-
tion (5.7.3) for k = 0 shows that the 1/z-series can be summed to a
rational function in H¢. , q .. (SpecC) = Q({A,}, 2).

The same argument for the quasimap graph space QG 5(X) pro-
duces the factorization



HIGHER GENUS QUASIMAP WALL-CROSSING 49
(5.7.6)

Res, ([QGoks(X)]"") =
. (Gr]
= ( 0+)* e<NVir )

I:Supp(I")=po G

- 1 PS,EI [M0,31U°\d(51)] P(?,—Eg [M0,32U°|d(52)]
> [Tm( EEr Y G i

By [ Ba=[k]

B1+B2=p

Again a convention is used in the unstable cases:

Pt [Moaagan)

(5.7.7) Y p— =115 (2),
P [Moeag)
—Z(—Z—Zﬁ.) = 201,32(_2)7

with I5(z) the degree 8 part of the small /-function of the toric variety
X. It is given explicitly (see [G2], or §7 of [CK1]) by the formula

- [0 (55eR(L,) + j2)
) = H) [1% (P (L,) + )

We may view i’ [ either as an element of Q({\,}, z) or, by expanding
the geometric series, as an element in Q({\,})[[1/z]].
Given a monomial p1p(¢0) = [[;c5 ¢ and € € {0+, 00}, we define

1 €,Po . PUE:/BI
BT e = [ )

For the unstable cases B = (), we use the same convention as before:

1 oo ok 1 I
<m>o,£,ﬁ =i, [J(q, 11 (q), 2)]s, <m)07.ﬂ =i 15(2).

In all cases, it is an element in the field
HEwwm,100(SpecC) = Q({A,}, 2).

The notation with superscript ¢ is chosen to reflect that (5.7.8) for
e = 0+ is the localization contribution from T-fixed loci supported
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only over p, to the degree 8 part in the generating series of descendant
invariants

1
(5.7.9) <<ma 1) N0 5ue (1)l i=0,
and the same is true when € = oo for the series
1
(5.7.10) ((ma 1B(V)Nosue(t + 11(q))|i=o-

Note that the two series are equal by Theorem 1.3.1, but for B # () this
does not directly imply the sharper equality of the local contributions
(5.7.8) at each p,.

However, for B = () the series (5.7.9) is the small I-function of X,

0 C’II‘ L | 2
]s)gn((_bz) =1+ Zqﬁ H H]:_OO( T(—p) +J )

d NE
B#0  peX(1) ij:—oo(c (Lp) +jz)

while the series (5.7.10) is the mirror-map transform J(q, I, z) of the
small J-function of X, see (5.7.5). Their equality (which is of course
the celebrated Givental’s toric Mirror Theorem, [G2]) does give the
required local equality

(5.7.11) ir[J(q, 11(q), 2)|s = iz s

for all fixed points p, € XT and all f-effective 3.

The following Lemma proves in particular (5.6.1) of Lemma 5.6.2 for
the largest strata S(r,P) = H07BU.|d(B). It is a variant of Givental’s
Uniqueness Lemma (Proposition 4.5 in [G2], or Lemma 3 in [Kim]).

Lemma 5.7.1. (Localized Uniqueness Lemma) For every B (possibly
empty), every monomial pp in -classes, and every 0-effective class 3,
the localized intersection number (5.7.8) is independent of ¢ € {0+, 00}.

Proof. We prove the Lemma by induction on 5 and k = |B|. We first
observe that:

(a) For B = (), the lemma reduces to (5.7.11), hence it is true by
Givental’s Theorem.

(b) For any B and § = 0, the lemma is true. Indeed, the terms
with |B| = 1 vanish on both sides, while for |B| > 2 the moduli spaces
coincide with MQ Bue X X and are therefore e-independent.

Suppose that the lemma holds true for §/ < 8 and for &’ < k. Let
k>1and g >0.
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Let y be a formal variable with relation y* = 0. For a polynomial
C*-equivariant cohomology class u(¢0) = ¥t ...4be* on PHE|d(B)], let

(5.7.12) D = / e,
Reso ([MG"jts4(X)]v1r)

where U = U(Lg) is the universal (T x C*)-equivariant line bundle
described in §3.3 of [CK2] and ¢; is the equivariant first Chern class.
Similarly, put

(5.7.13) DOt =

kB0 - ,U(w)eq(U)y'

/Resg([QGo,k,B (X)]¥ir)

Since they are defined without localization with respect to the C*-
action, the quantities D}°; have no pole in z, i.e., we have

Dys 0 € Hipoelyl/ (y*)[[2]]-

By the factorized expressions we obtain
e(W(OO)p,)—d(B2)2)y

e _
D k,B,o Z [T X] X
By 11 Ba=[k] Po
B1+p2=p
1 1

Po € Po €

Z(Z _ 1/}.) ) MB1>O,B1U0,,81<Z(Z . w.) ) /’LBQ>O,BQU0,627

where w(O(0),,) is the weight of the T-representation on the fiber of
O(0) at p,.
Consider the difference

yE N oY/ w,0+
A(Dkﬁﬂ) T Dkﬂ,P o Dk,ﬂ,p'

By the induction hypothesis we get

e ¢ W(0(0)p5 )y 1
A(Dk:ﬁ,a') = [T X] <
Po

&,Po )

(<Z<Z o Z/J.) ) u)O,ka,ﬁ

1
e YA (e ) |
(<—z(—z — ) )00 5)
where
1
A - &,Po —
(<iz(:|:z — 1)’ F010e,5)
<; M>oo7pa _ <; M>O+,pg '
iZ(:l:Z _ ¢.)7 0,kUe,3 :f:Z(:l:z N ¢.)a 0,kUe, 3

Since the y-classes are nilpotent in H. . oc(Mogt1a(s)), We con-
clude that <m,u>éﬁiw for ¢ € {0+, 00} are polynomials in 1/z,
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divisible by (1/2)?. Hence we may write

1 1
)7M>8’§(’+1,g) =277 (01; + Cy),

A(<—Z(z -y

with a > 1.
On the other hand, we have observed that Dg’:;p and therefore

ew(O0)ps )y
[Tpa X]

has no pole in z. This immediately implies Cy, = C; = 0 and concludes
the proof. O

A(Ds,) = 27 (Cé +Cy+ (1 - d(ﬁ)zy)(—q% 4 02)>

5.8. Conclusion of the proof of Theorem 4.2.1. In this section
we prove Lemma 5.6.2 for all strata S(7,P). As explained already, this
implies that Lemma 5.5.1 is true and finishes the proof of Theorem
4.2.1. The argument will use induction and is based on a splitting
property enjoyed by nga(k, 7, P, ) which we discuss next.

Given a stratum S(7,P) C Moxap) as in §5.6, we say that P is
compatible with [ if there exists a splitting 8 = 1 + --- + B¢ with
nonzero G-effective f;, and such that |P;| = d(8;).

For such a compatible stratum and a fixed 1 < m < £ — 1, we split
the stratum at the m™ node. Precisely, set

7', = (tl,. .. ,tm), 7'” = (tm+1,. . .tg));

7)/ = (Pl, Ce ,Pm)), 7)// = (Pm—i-h e ,Pe);
K+l=ti4+-+tmtm+2, F+l=tn+--Ftg+l—m+2
d =P+ ...|Pul, d'"=|Pmnu|l+...[P

By the compatibility assumption, the (finite) subset

R(P,ﬁ) - {(6/7/8//) ‘ /6/+/6// — B’d(ﬁl) — d/,d(5//> — d//}
of Eff(C*M, G, 0) x Eff(C*Y, G, ) is nonempty. We have a cartesian
diagram

S(T’,'Pl) % S(T”,P”) SN M07k’+1|d(5’) X M0,1+k"|d(,8”)

! l

S(r,P) e Mo kas)

where the horizontal maps are the inclusions and the vertical maps
are obtained by gluing the last marking on the first factor to the first
marking on the second factor.

Finally, given a monomial p(y) = ¢ ... ¢p* we write p = p/p” with

f () =yt and p(¥) = itk
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Lemma 5.8.1. (Splitting Lemma) Let k > 3, 5 # 0, ¢ € {0+, o0},
and let S(t,P) C MO,Hd(,B) be a chain-type stratum.

(1) If P is not compatible with B then for every monomial u(vy) the
intersection number

PE (ko7 Popt) = / PE (dy, D )ulv)
S(r,P)

vanishes.
(17) If P is compatible with [ then

(5.8.1) P§ (k,7,P,p) =

= Y P (K417 P )Py (K + 1,7 P ).
(8'.8")ER(P,B)

Proof. By an easy induction it suffices to assume ¢ = 2. We discuss
the stable map case ¢ = oo; the quasimap case is similar (and easier).

Let P = (P, P"), 7 = (t,t"), so that ¥’ =t +2 and k" = t" + 2.
The corresponding stratum S(7,P) is the image of the finite gluing
morphism

J Mograja X Moagrar — Mo kjacs)-

Let F(k,B,0) denote the set of graphs parametrizing T-fixed loci

in[] ABotS, BB Mo pua(X, Bo) supported at p, under the contraction

(bocoiy)T, as described in §5.5. For a graph I € F(k, 8,0) let E, be
the set of edges incident to the distinguished vertex vg. Each e € Ej has
attached to it the class 8. of the map from the corresponding rational
tail T,. As explained in (5.5.1), the contraction map on FT is essentially

gr : My roawovme — Mgrawouse — Mgras),
where the second map increases the multiplicity of each e € FEy by
d(Be) + X peaqe) 4(Ba) and of each a € A(vo) by d(f,). If the image of

gr intersects the stratum, then there are set partitions Ey = E{ [[ E{
and A(vg) = A'(vg) [ A”(vg) such that

d=d{ > Bt D B+ D Ba,
e€E| a€A(e) acA(vo)

d'=d| > B+ D Bu|+ D B
e€Elf a€A(e) a€A" (vo)

Part (i) of the Lemma follows immediately from this, since the nonva-
nishing of the intersection number requires that the image of gr meets
S(r,P) for at least one graph I'.
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Now let 3 be compatible with P and let (5, 5”) € R(P, ). Applying
the * operation described in §5.7 to IV € F(K' + 1,08',0) and I €
F(1+ K", 5", 0) we obtain a graph ' = IV x I € F(k, 3,0), encoding
the gluing map

h s Mo ga1omyuarve) X Moaserusroarwe)y — MoxuEUA(w)-
Here k = K'+k", Ey = E{ [ E{/, and A(vy) = A'(vo) [ A" (vp). Further,
we think of [k + 1] as the set {1,2,...,k'} U {e} and of [1 + k"] as
{e} U{K + 1,k +2,... kK + K"}, with the gluing done at the special
markings e.
The diagram

—_— — h [—
Mok 10E0a7(w0) X Movkroryoarwe)y — Mo kuE,uAwo)

grr Xgpn J/ lgr

_ _ i _
Mo prgjagsy X Moryrriasr) ——  Moxap),
is cartesian, hence

(5.8.2) 3 (gr)« = (gr X grm)<h".
By (5.5.6), the restriction of Pg%, to S(7, 77) is computed by

Z 7" (gr)s cont H cont(a

rer(k,B,0) €€E0 e e a€A(vo)

Since 1, pulls-back under h to ¥, ® 1 for e € E| and to 1 ® 1, for
e € E{, part (i1) of the Lemma follows from (5.8.2) by summing over
graphs. 0

We are now in position to prove Lemma 5.6.2 and therefore complete
the proof of Theorem 4.2.1.

Consider first the case when the class § # 0 is primitive, i.e., if
B = B + pB" with g, 8" € Eff(C*Y, G,0), then either B/ = 0, or
B" = 0. In this case, for every k and yu, we have P§ (k,7,P,p) = 0
whenever ¢ > 2, by Lemma 5.8.1 (a), while for £ = 1, the statement is
given by the Uniqueness Lemma (Lemma 5.7.1).

Let now 3 > 0 be arbitrary. Assume that if 0 # 3’ € Eff(C*"), G, )
is such that 5 — ' is also nonzero and #-effective, then Pg,ya(k, T, P, )
is independent of ¢ for every k, every stratum S(7,P) C Mogas),
and every monomial u(¢) (or, equivalently by Lemma 5.6.1, that when
written in canonical form, Pg,tf = P§’, as abstract polynomials). Given
a stratum S(7,P) C Moga(s), if ¢ = 1, we are done by Lemma 5.7.1.
Otherwise, we split it at the first node and apply Lemma 5.8.1 (b) to
conclude by induction.



HIGHER GENUS QUASIMAP WALL-CROSSING 55

5.9. Remarks on the proof and generalizations.

5.9.1. Other stability parameters for toric targets. Even though we have
restricted to the asymptotic stability condition € = 0+, essentially the
same argument works for general €. The required equality (5.7.11)
between JZ (q,z) and the mirror transform J(q, J5, z) is provided by
Proposition 3.1.2(iz). (In the case of the [MOP] proof for Grassman-
nian targets, the extension to general ¢ is done in Toda’s paper [T].)

5.9.2. Other GIT presentations of a toric variety. For any GIT triple of
the form (C"*" G, 0) with G = (C*)", satisfying our usual assumptions
that all semistable points are stable and G acts freely on the stable
locus, the quotient X = C"*"/,G is a nonsingular quasi-projective
toric variety of dimension n, see e.g., [Dol], §12. Now set

Y1) :=[n+r={1,2,...,n+r},

and write C*()) for C"*". For a subset o C [n + 7] of cardinality n, let

_ 1 ifpéo
. = e C*M 2, = )
b (20) o 0, ifpeo

Put

Y(n):={oc C[n+r]||o| =nand p, is f-stable}
and let p, € X denote the image of p, under the quotient map. With
the torus T = (C*)*) acting on C*M) as before, we have a bijection
Y(n) — XT, 0~ p,.

If n > 1, the (isolated) 1-dimensional T-orbits in X at p, are in
bijection with the subsets 7 of ¢ of cardinality n — 1 and are given by
the vanishing of the corresponding homogeneous coordinates z,, p € 7.
Such a T-orbit is a P! if it contains another fixed point p,, i.e., if
T =0 No' for some o’ € X(n).

With this expanded interpretation of the notations, the proof of The-
orem 4.2.1 is valid for all such general semi-positive GI'T presentations.

The small I-function associated to the triple (C"*", G, ) is given by
the same formula

T e (e (L) + 52)

(5.9.1) Ln(q, 2) = 1+Z H o

B0 Hr—oo(cl (L, ) + JZ)

as it can be easily seen that the computation from §7.2 of [CKIl]
works for all GIT presentations. Recall that the class g runs over
Eff(C"*", G, ) and d, = 5(§,) € Z.

Note that it is possible now that the unstable locus contains com-
ponents of codimension 1 (of the form {z, = 0}, for some p € (1)),
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and then r = rk(y(G)) > rk(Pic(X)). Consequently, Eff(C"*" G, )
may contain strictly the Mori cone of X if the GIT presentation is
non-standard. In this case, the I-function (5.9.1) will depend on ad-
ditional “ghost” Novikov parameters, and in particular will differ from
the “usual” small /-function coming from the standard GIT presenta-
tion.

Semi-positivity of the triple (C"*" G, 0) still implies semi-positivity
of the anti-canonical class of X, but the converse is not necessarily
true. For example, P? has a well-known GIT presentation C?*//y(C*)?
(obtained by variation of GIT from the standard presentation of the
Hirzebruch surface Fy) for which (C*, (C*)?,6) is not semi-positive. We
conclude the discussion by noting the following elementary fact.

Lemma 5.9.1. If the triple (C"*", G, 0) is semi-positive, then the cor-
responding small I-function (5.9.1) has Iy = 1.

Proof. Let 8 # 0. By semi-positivity, Zp d, > 0. The power of 1/z
appearing in the ¢°-term is equal to

de+#{p|dp<0}22dp20.
p P

If we would have only equalities in the above chain, then d, = 0 for all
p, which is impossible since 5 # 0. Hence the power of 1/z is strictly
positive. U

5.9.3. Other targets. 1t is clear that Theorem 4.2.1 will be true, with
the same proof, for all GIT targets X = W/ G corresponding to a
semi-positive triple (W, G, 6) and satisfying the following properties:

(1) The small I-function of X has Iy = 1.

(2) The T-action on X has only isolated fixed points and isolated
1-dimensional T-orbits. (The isolated fixed points assumption
insures that Proposition 3.1.2(7i) will again provide the needed
matching (5.7.11) of small J-functions.)

(3) The push-forward under c. ot of the T-vertex contributions on
the qusimap moduli spaces Q; ,.(X, B) (i.e., the right-hand side

of equation (5.5.7)) can be written as a polynomial P¢(¢), D)
in ¢); and D, (with coefficients in H 0. (SpecC)) which is in-
dependent on g and k.

For the “local Grassmannians” (i.e., the total space of the canon-
ical bundle over Grass(r,n)) the first two properties are immediate
and the third is essentially shown in [MOP], [T]. One can also easily
check the third property when considering more general type A flag
manifolds in place of Grassmannians. In particular, we have a proof



HIGHER GENUS QUASIMAP WALL-CROSSING 57

of Theorem 1.3.4 as well. Note that explicit closed formulas for the
small I-functions of these targets are easily obtained from the results
in [BCK1], [BCK2], [CKS]. For example, the T-equivariant small I for
the local Grass(r,n) is

(5.9.2)
nd—1 T
Ism:]1+zqd H(_n(ZHZ)+)‘O_kZ)X
d>0 k=0 i=1
3 (=D V<o (Hi = Hy + (di — d;)2)

T d; n
di++dp=d H1§i<j§r(Hi — Hy) [T, I, Hj:l(Hi + A+ 12)

where Hy, ..., H, are the Chern roots of SV, the dual of the tautolog-
ical subbundle (of rank r) 0 — S — O%" and Ao, A1,..., A\, are
the equivariant parameters for the torus T = C* x (C*)". Here the
first factor is the torus acting by scaling on the fibers of the canoni-
cal bundle, while the factor (C*)" is the standard torus acting on the
Grassmannian.
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