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1. INTRODUCTION

One of the oldest problems in Gromov-Witten theory is to compute the Gromov-
Witten invariants of compact Calabi-Yau threefolds. While there are a variety of
physical methods which have allowed physicists to make spectacular predictions in a
wide range of examples, mathematical progress has often been frustratingly slow due
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to a lack of satisfactory tools to attack the problem with. To illustrate this, we will
briefly outline some developments in mathematics regarding Calabi-Yau threefolds
with h? = 1 which arise as complete intersections in weighted projective space.

e For complete intersections in projective space, a genus-zero mirror theorem
was proved by Givental in 1996 and Lian-Liu-Yau in 1997 [Giv96; LLY97].

e For complete intersections in weighted projective space, a genus-zero mirror
theorem was proved by Coates-Corti-Lee-Tseng in 2006 in the convex case
and by Jun Wang in 2019 in the non-convex case [CCLT09; Wan20]. The
main difficulty in the non-convex case is the failure of the quantum Lefschetz
theorem [CGO7], which is the main tool used in [Giv96; LLY97; CCLT09].

e Meanwhile, a genus-one mirror theorem was proved for the quintic by
Zinger in 2007 and for complete intersections in projective space by Popa in
2010 [Zin09; Pop13]. This used the theory of reduced invariants developed by
Vakil-Zinger and Li-Zinger [VZ08; LZ09], which is a technique of performing
birational modifications to the main component of the moduli space of stable
maps to force the quantum Lefschetz theorem to hold so that computations
can be performed using virtual localization [GP99]. Unfortunately, to
this date no computations have been successfully performed using reduced
invariants since.

e Another way to force the quantum Lefschetz theorem to hold is to consider
the theory of GLSMs [Wit92], which were constructed mathematically by
various authors during the 2010s [FJR18; FK21]. Unfortunately, the virtual
cycle is supported on the moduli space of stable maps to the threefold,
which does not carry a torus action.

e For the quintic, the ambient space of the relevant GLSM is the total space
of Ops(—5). A standard way to gain a torus action is to compactify the
moduli space at infinity and consider relative (or logarithmic) invariants.
This leads to the theory of logarithmic GLSMs, which was introduced by
Chen-Janda-Ruan in 2019 [CJR21]. Before this, Guo-Janda-Ruan used
this theory [CJR23], including still conjectural foundational results [CJRa;
CJRDb], to prove a genus-two mirror theorem for the quintic in 2017 (up to
the fact that the moduli space used in their 2017 paper is still not defined)
and to prove the Yamaguchi-Yau finite generation conjecture, holomorphic
anomaly equations, and orbifold regularity (as well as the conifold gap
condition in low genus) for the quintic [GJR17; GIJR18].

e Because a GLSM is an enumerative theory of a critical locus in a GIT
quotient, it depends on a stability parameter. We can vary the stability
parameter and construct a master theory following the master space con-
struction of Thaddeus [Tha96]. This leads to the theory of Mixed-Spin-P
fields, which was first constructed by Chang-Li-Li-Liu in 2015 (for the quintic
only) [CLLL19; CLLL22|. Unfortunately, the original theory is impossible
to compute with when g > 2, so a parameter N was introduced by Chang-
Guo-Li-Li in 2018 [CGLL21]. In the same year, Chang-Guo-Li proved the
Yamaguchi-Yau finite generation conjecture, BCOV Feynman rule, and
holomorphic anomaly equations for the quintic threefold [CGL21; CGL19].
These results were generalized to hypersurfaces in weighted projective space
by the author in 2024 [Lei24b; Lei24a].
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e A genus-one mirror theorem for hypersurfaces in weighted projective space
was finally proved in 2024 by the author using the theory of Mixed-Spin-P
fields [Lei24b].

e The Castelnuovo bound was proved in 2022 by Liu-Ruan [LR22] for any
Calabi-Yau threefold satisfying a conjectural Bogomolov-Gieseker-type in-
equality (including the quintic) due to Bayer-Macri-Toda [BMT14] and a
weaker version of the result was proved by Zhiyu Liu in 2024 [Liu24] without
assuming the conjectural inequality. These results were obtained using the
GW /DT correspondence [MNOP06a; MNOPOG6b], which was proved for com-
plete intersections in products of projective spaces by Pandharipande-Pixton
in 2012 [PP17] and for all Calabi-Yau threefolds by Pardon in 2023 [Par24].

As we can see, two major breakthroughs were made around the year 2018,
when mathematicians discovered ways which make proving results about Gromov-
Witten invariants in arbitrary genus tractable.! These notes explain how to use
these new ideas to prove the most important conjectures which are provided to
us by physicists, namely the Yamaguchi-Yau finite generation conjecture and the
holomorphic anomaly equations. Part 1 covers the B-model topological string and
the Givental formalism, Part 2 covers log GLSMs, and Part 3 covers Mixed-Spin-P
fields. We will cover both the foundational theory and the calculations in both
approaches — in particular, Section 4 and Section 6 discuss the geometry of the log
GLSM and MSP moduli spaces while Section 5 and Section 7 discuss calculations.

Author’s note. In contrast to the genus zero situation, not much is known about
higher-genus Gromov-Witten theory. This is in part because there are significantly
fewer tools to study higher-genus invariants, and the ones which do exist seem to be
considered extremely inaccessible. It is my sincere hope that these notes can help
make the subject more accessible.

All errors are the sole responsibility of the author. Please email me if you find
any mistakes or typos in these notes.

The names next to section titles indicate that the material in that part of the
notes comes from talks given by that speaker. The notes from the lectures by
Albrecht Klemm were taken partly during the lecture and partly by watching the
videos on the SCGP website, the notes from my lectures are slightly expanded
versions of my lecture notes, and the notes from all other lectures were taken during
the lecture, with some material being provided by the speakers after their lectures.
All references were added after the lectures.

Acknowledgements. I would like to thank Qile Chen, Felix Janda, Sheldon Katz,
Melissa Liu, John Pardon, and Rachel Webb for organizing the program. I would also
like to thank Konstantin Aleshkin, Shuai Guo, Melissa Liu, and Dimitri Zvonkine
for helpful discussions regarding the material in my lectures. Further thanks goes
to Qile Chen for generously providing the notes from his lectures, Felix Janda for
pointing out some subtleties and correcting some errors related to the material in
his lectures, Sheldon Katz for pointing out that the Kéahler structure bundle is the
dual of the Hodge bundle, Yang Zhou for making detailed suggestions, and the
Simons Center for posting videos of all of the lectures.

1Considering that the progress had been approximately one genus every decade, the existence
of such breakthroughs is implied by the existence of these notes prior to the year 2027, or really at
all.
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Part 1. Mathematical and physical preliminaries

We begin these notes with discussion of the topological B-model. Using mirror
symmetry, physicists are able to transport questions in Gromov-Witten theory (the
A-model) to the B-model, which lacks a satisfactory mathematical definition. The
benefit of doing this is that it is easier to calculate in the B-model, where genus-zero
invariants are simply period integrals. Using other B-model techniques,? physicists
are able to make far-reaching predictions about the Gromov-Witten invariants of
Calabi-Yau threefolds. Note that there are proposed mathematical definitions of the
B-model — the analytic approach of Costello-Li [CL12b; Lil1] and the categorical
enumerative invariants of Caldararu-Tu [CT24] — but they are extremely difficult to
compute with.

We then proceed to a discussion of the mathematical prerequisites for the calcu-
lations which appear later in these notes. The most important tool for performing
calculations in Gromov-Witten theory is the formalism introduced by Givental in a
highly influential series of papers [Giv0lb; Giv0la; Giv04] in the early 2000s. This
formalism allows us to package large formulae, for example coming from virtual
localization, in a compact way, which allows us to reason about higher-genus invari-
ants in a relatively streamlined way. For example, polynomiality of GW generating
series will be a direct corollary of polynomiality of the entries of an R-matriz which
plays a central role in Givental’s formalism.

2. INTRODUCTION TO THE TOPOLOGICAL B-MODEL (ALBRECHT KLEMM)

2.1. Mirror symmetry and the role of Calabi-Yau threefolds. Let X (2, w)
be a Calabi-Yau n-fold, where here €2 is a holomorphic n-form and w is a Kahler
form. Recall that this is equivalent to having SU(n) holonomy or to Kx = 0. By a
result of Yau [Yau78§], there exists a Kéhler-Einstein metric g in the class of w with
vanishing Ricci curvature. For our purposes, we will mostly consider the case when
n=3.

We will really consider families of Calabi-Yau varieties

X = X = Mz, t),

where M(z,t) is parametrized by a combination of complex structure moduli z and
Kahler structure moduli ¢ complexefied by a Neveu-Schwarz harmonic 2-form B to
t. We will denote the fiber by

X(Qé,wi).

On the moduli of complex structures M(z), the tangent space H(%D (X, Tx) has
a basis given by harmonic forms

AW = 4®5 9
t o Oxd
for k =1,...,h" " 51(X). Because we are in the Calabi-Yau setting, contracting

with € gives us a basis
y*) = A®) 0

of H"=51(X). By a theorem of Tian-Todorov [Tia87; Tod89], the moduli space is
unobstructed. The B-model is built from mathematical structures on M(z).

2They also have the advantage of not needing to prove any theorems rigorously.
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There is a moduli space M, parameterized by §g subject to the condition
Riz(g+69) = 0.
To first order, we have
VN y0gu — 2R};6gke = 0.
The indices with pure Hodge type correspond to harmonic forms in H©D (X, TX)
with components )
595 = 9" b5,
yielding the Kuranishi family over M(z). The mixed indices correspond to real
harmonic (1, 1)-forms, and expanding the Kéhler form linearly we obtain

w = Z tﬁ%w(k)

in terms of real Kéahler parameters
Re(tF) =tk = / w >0,
SO

which are volumes of holomorphic curves.
The Kéhler moduli space M(tg) is the real Kdhler cone subject to positivity
conditions from integration over k-dimensional holomorphic submanifolds, namely

/ W > 0.
D (k)

The bosonic part of the string action contains the harmonic antisymmetric Neveu-
Schwarz background field b;;

1 . _
Shos = —— / \/E(habgij + v —1b,‘j&‘ab) Oy 2" &,baﬂ,
2770/ » @

where o’ is the string coupling constant. Its critical values measure complexified
volumes of holomorphic curves by

= / (w+ ib) = Re(tk)) + V=T Im(t®).
ek

Conjecture 2.1. For non-rigid Qalabi— Yau threefolds XAwith h%! >0, there exists
a mirror Calabi-Yau X with ht1(X) = h?1(z) and h®1(X) = hYY(X) such that the
moduli spaces satisfy

MX](2) =MX](t)  and  M[X](D) = MX](2)

and all relevant physical and mathematical structures can be identified using locally
tnvertible mirror maps
2(t)  and  i(2).

Mirror symmetry identifies Type IIA compactifications on X with Type IIB
compactifications on X, and vice versa. Additional Ramond-Ramond background
fields and axio-dilaton fields with modulus j and a extend the moduli spaces as

M [X] = MIX](2) x Q[X](L. ], a)
and

MIIA[X] _ M[X](i) X Q[X](z,i, a),

3This is a moduli space of metrics, not the moduli space of smooth genus g curves.
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where Q denotes a quaternionic extension of M. The RR (k + 1)-form fields are
sourced from Dj branes. k is even for Type IIA and odd for Type IIB. The D>,
correspond to coherent sheaves and Ds,,+1 correspond to special Lagrangian branes.
Here, Q is the 4d N = 2 hyper-multiplet moduli space, and M is the 4d N = 2
vector multiplet moduli space.

One kind of mathematical structure is Hodge numbers. In the traditional picture
of the Hodge diamond, Poincaré duality corresponds to a reflection along the
horizontal axis, Dolbeaut symmetry is a reflection along the vertical axis, and mirror
symmetry is a reflection along a line with slope 1.

Superstring theory is defined by maps

X: ¥, — Cg C spacetime

weighted by an action S which is a supersymmetric extension of the area of Cg. It is
easy to quantize the Neveu-Schwarz-Ramond action, and the Green-Schwarz action
incorporates the RR fields. The first quantized theory is defined by a variatonal
integral with partition function

Z(g,b, ¢) = /'DXDhZDwferme%SNSR(thﬂ/}ferm7g7ba¢).

Superstring theory is Weyl invariant in ten dimensions, or in other words

/@h - Z/ H3g—3,
g=0 Mz

so we obtain a discrete sum of finite-dimensional integrals. This implies that the
compact part X of the spacetime M must be a complex threefold. If X is Calabi-Yau,
we obtain an extended (2, 2) world-sheet SCFT, which has four nilpotent operators

Ri=0i=0
The A-twist corresponds to taking
Qa=Q_ +Qy
and the B-twist corresponds to
Qe =0Q_+Qy.

The topological A-model yields a cohomological topological theory depending only
on the Kahler structure, while the topological B-model is a homological topological
theory depending only on the complex structure. Mirror symmetry then exchanges
the A-model and B-model.

2.2. The topological A-model and B-model. In the A-model, terms depending
on the complex structure are @) 4-exact, so the variatinoal integral simplifies to

2= 3 e[ o4
9=0 BEH, (X 2) Mo (X.5)

Here, we have
27t [, tw—+b
Q =e f(‘/f = etﬁ
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and these holomorphic maps are stationary points of the action. Moreover, taking
the logarithm, we obtain

F(9:,Q) =log Z =Y _ g2972Q ) = g297°F,(Q),

9,8 9=0

where rg are the GW invariants. Rewriting these in terms of GV invariants, we

obtain
F(gs, Q) = ~ +£ )+ > Z (QSm mgs>29 2Qm6_
g,8 m=1
In the B-model, the terms depending on the Kéhler structure are () g-exact and
the variational integral localizes to constant maps albeit with a nontrivial measure
depending on the complex structure. Mirror symmetry is supposed to be an exact
duality, so we should have

9=0 X
= 04, O, O, Fo ().

Period integrals

L) = [ 216)
define a nondegenerate pairing between middle homology and cohomology by Stokes’
theorem. This pairing is antisymmetric if n is odd and symmetric if n is even. For

example, if X is a K3 surface, then the lattice H?(X,Z) is

@3
0 1
_1\®2
Eg(—1) 69(1 0)

If n is odd, we can fix an integral symplectic basis I' = { Ay, B¢}, which is defined
only up to the action of Sp(b,(X),Z).

Example 2.2. If we consider an elliptic curve p3 = wy? —z(z—w)(z—wz) = 0 C P?

then we obtain 0 d d
Q@:f;ﬂizﬁ

P3 Y

and

0.0(z) ~ 192
Yy

El(z>:£9 and Eg(z):]iﬁ

are elliptic integrals. The periods are annihilated by the Picard-Fuchs operator, and
by definition thus satisfy the equation

L/FQ—[(1Z)63+(1QZ)aZﬂ/rfz—o.

The main constraints which govern the periods of a Calabi-Yau n-fold are the
Riemann bilinear relations
=i / QAQ>0.
X

Then the integrals
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This defines the exponential of the Kdhler potential K(z) for the Weil-Petersson
metric -

Gij = aziang(Z)
on M[X](z). There are also holomorphic bilinear relations

0 k<n
QA Q=
/x s {Cen(z) t=n

which follow from Griffiths transversality [Gri68a; Gri68b]. Here, the integrand in
the left hand side are arbitrary combinations of derivatives of Q2 with respect to the
z;. We will see later that these give rise to propagators, the holomorphic anomaly
equations, and other structures. The Cy, (2) are rational functions labelled by ¢, up
to permutations.They are also determined by differential ideals L1 also determine
the Cy, (z) up to normalization.

Remark 2.3. In terms of the periods ﬁ, if we write them in a basis compatible with
the intersection form X, the quantities in the relations may be written as

/ QAQ =TS0  and / QAdF Q= -T'vo) 1.
X X

2.3. The quintic. Consider the mirror quintic W, which is given by the equation
4 4
]35221'?—52_% Hzizomﬁ‘*.
i=0 k=0
The period vector II(z) (with an appropriate choice of integral cycles) fulfills the
Picard-Fuchs equation

o e ) o Do

where § = z-4.
dz

We want to find a basis where the monodromies around the singular points are
integral symplectic matrices, so we look at the Riemann symbol and see that it is
given by
575

*

o O OO
IS

0
1
2

0 1

Here, z = 0 is a point of maximal unipotent monodromy, z = oo is the orbifold (or
Landau/Ginzburg, or Gepner) point, and z = 5° is the conifold point. At a point
of maximal unipotent monodromy, we can expand the mirror map and go to the
large volume limit point in the A-model.

Using special geometry, Bryant and Griffiths [BG83] showed that the periods
may actually be expressed using a prepotential F as

cle ailes ol el

fBoQ F() 2?0—t8t&"0
fBIQ _ Fl _ 81&570
I ' 1

fAlg X! t
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These correspond to triple logarithmic, double logarithmic, analytic, and logarithmic
solutions, respectively. Using this, we can make the identification

F(2) = Fo(t(2)),

where the mirror map is given by

1

t= % = log(z) + O(z).

This was generalized to multi-parameter models by Hosono et. al [HKTY95], who
related the classical terms to CTC Wall data k = D3 and o = %‘“2 in the
formula

K O cy- D x(M) ¢(3) 1 B
F=—=+t* t -~ — Liz(Q").
sttt e T Ty e QMFE:% i3(Q7)
B#0
Later, we will use this to find the integral symplectic basis without calculating any
monodromy.

We now turn our attention to calculating the numbers ng . We already saw the
genus-zero invariants, but we are also interested in the higher-genus ones. Some

invariants in low genus and degree are given in Table 1.

TABLE 1. Low genus GV invariants of the quintic.

d=1 d=2 d=3 d=4 d=5
2875 609250 317206375 242467530000 22930588887625

g

0

1 0 0 609250 3721431625  12129909700200
2 0 0 0 534750 75478987900
3 0 0 0 8625 —15663750

4 0 0 0 0 49250

5 0 0 0 0 1100

6 0 0 0 0 10

Physical predictions were made by Candelas et al. [COGP92] for g = 0, Bershadsky
et al. [BCOV94] for g < 3, and Huang et al. [HKQO09] for ¢ < 53. The numbers
ni, n?, and n$ were calculated mathematically by Schubert, Katz [Kat86], and
Ellingsrud-Strgmme [ES96], respectively. Kontsevich [Kon95] gave a mathematical
proof of some numbers in g = 0 before the genus-zero invariants were completely
determined by Givental and Lian-Liu-Yau [Giv96; LLY97]. The formula for the
genus-one invariants was proved by Zinger [Zin09].

2.4. Fourteen one-parameter hypergeometric families. There are fourteen
hypergeometric Picard-Fuchs operators for one-parameter families of Calabi-Yau

threefolds X given by
4

L=0"—pu'z H(G + ag),
k=1
where the values of u and ay are given in Table 2. Here, the notation for the mirror
X means the complete intersection in the weighted projective space with weights
given in parentheses with degrees given by the subscripts. The local exponents
are all 0 at the MUM point, 0,1,1,2 at the conifold point p, and are given by
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TABLE 2. Data of one-parameter hypergeometric families

N ay pt Mirror X k ca-D x(X)
8 %7 %7 %7 % 28 Xo020(1%) 16 64  —128

155,58 2638 Xyg(1%2) 6 48 —156

16 1113 920 x,,1% 8 56 176
2% 5313 5° X5(1) 5 50  —200
2T 33,35 8 X55(15) 9 54 —144
32 1,133 o1 x,,(1%2%) 4 40 144
36 330303 2437 X322(17) 12 60 —144
72 L1120 2838 Xg,(1°3') 4 54 -256
108 §,3,2,2 293 Xg(1%2') 3 42 —204
128 §,8,5. 1 218 Xg(1%4') 2 44 —296
144 L1350 9l033 x5 ,(1%2231) 2 32 158
200 15, 15,1505 2°5° o(l 2151y 1 34 288
216 §ghgg 2930 Xee(17273%) 1 22 120
864 15,13 15013 2'73° X12,2(14416 ) 1 46 —484

ai,as, as, ay at the orbifold point co. The monodromy around a singular point * is
captured by the minimal exponent* 1 < k < oo such that

(ME -1+t =0

for some 0 < p < dim¢ X. When k£ > 1 and p = 0, then we have an orbifold point.
When p > 0 we have an infinite shift monodromy. If p = 1 and the local exponents
take the form a, b, b, c, then we have a single vanishing period dual to a logarithmic
degenerating period and hence a conifold point, and if the local exponents are
take the form a,a,b,b, then we have two vanishing periods and two logarithmic
degenerating periods, and this case is called a K-point. The case p = 2 cannot occur
by Schmid’s SL(2, C) orbit theorem, and when p = 3, we have a point of maximal
unipotent monodromy with local exponents a, a, a, a.
At the point z = 0, there is a Frobenius basis of solutions

fo(z)
o (2) = fo(z)logz + f1(2)
0 %fo(z)(IOgZ)z+f1(z)10gz+f2(z)
%fo(z)(log 2)3 + 2f1 (2)(log 2)? + fa(2) log 2 + f3(2),

4This corresponds to the degree of the base change needed to make the monodromy unipotent.
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where we normalize the power series to have fy(0) = 1 and fr~0(0) = 0. Therefore,
we can find an integral basis

GXx(M)  eD 0 K

(2%%3 24-27i (2m1)3
m=@md| 20 m @ 0 |,

1 0 0 0

0 T 0 0

In the integral basis, all monodromies are integral symplectic matrices. At the point
z = 0, we have

(1) —11 E+aP f40
_ o—3 —K
Mo=1o o 1 o |’
0 O 1 0

and at the conifold point, we have

1 00 O

0 1 0 0

My -1 0 1 0
0 0 0 -1

At z = oo, we have Mo, = (MoM,,)~*.

The work of Alexandrov-Feyzbakhsh-Klemm-Pioline-Schimannek [Ale+24] solves
the topological string on these models up to gmod given in Table 3 using D4 brane and
wall-crossing.”® Note that g,yai is the maximum genus for which data appears at http:
//www.th.physik.uni-bonn.de/groups/klemm/data.php and ginteg is the maxi-
mum genus solved by the work of Huang-Klemm-Quackenbush [HKQ09].

TABLE 3. Current state of the art in physics literature as of January 2023.

X XD nif 77,(1: Type GJinteg  9mod  YGavail

X5(1°) 5 7 0 O 53 69 64
Xg(1421) 4 4 0 O 48 66 48
Xg(1441) 4 4 0 O 60 84 64
Xp(132'5Yy 27 0 O 50 70 68
X43(1°2Y) 5 9 0 O 20 24 24
Xea(132231) 3 3 0 @) 14 17 17
X3.5(19) 6 14 1 K 29 33 33
X44(1%2YY 4 6 1 K 26 34 34
X6(1%2223%) 2 1 0 K 18 21 21
Xe2(1°3Yy 5 7 0 C 63 84 49
X42(1%) 6 15 1 C 50 64 40
X322(17) 7 21 1 C 14 ? 14
Xo200(1%) 8 33 3 M 17 ? 32

Remark 2.4. Even inserting at least one D4 brane requires going beyond the
topological string, which only gives the usual DT or PT invariants (one Dg brane,
no Dy branes, and arbitrary Do and Dy brane charges). Hopefully, we will be able
to explore the entire space of Bridgeland stability conditions in the future.

5There have since been more improvements found by adding more D4 brane charges [AFKP23].
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2.5. More on periods. Consider the Picard-Fuchs operator
n+1

LD () = Zai(z) d'
i=1
of a one-parameter Calabi-Yau n-fold with middle Hodge structure of type 1,1,...,1.
Defining the adjoint operator
n+1

LY () =3 (= 0.) ai(2),
i=1
then Griffiths transversality implies that the operator is essentially self-adjoint, or
in other words
L‘/(nJrl)Oz _ (71)n+102£/(n+1)\/.

Here, the Yukawa coupling C, satisfies the differential equation

2
C; = —mancz-
For the quintic, we in fact obtain
5
Corrz = ———.
T 23(1 - 552)

Equivalently, self-adjointness implies
n+1 . (7—k)
] 07 m i i—k
> (k){ Zc a; + (=1)"a] } =0.
i=k z
When n = 3, this yields
a3 + 4ajy + 6azal + 8a; — 4asaz — 8ah = 0.
In the multi-parameter case, the periods I span the kernel of the Picard-Fuchs
differential ideal
(LY ={\"™) | k=1,....0}
generated by the differential operators
£{™ (0, 2)11(2) = 0.
This system is complete if all three-point functions
Cljk(g) = CZiijk (Z)
can be integrated from the Griffiths transversality relations.

Example 2.5. For the example X;g(13619!) with middle Hodge structure 1,2,2, 1,
the Picard-Fuchs equation is generated by

£ = 0,(6, — 36) — 122, (665 + 1)(661 +5),
2
£ =03+ 11362 — 61 +1),

i=0
and the Cjjj, are given by

9
Ciit = ——s
111 Zi;Alv
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30
Crio =
112 Z%ZQAl
AQ
C _ 2
122 legAl
9(03 + (43221)3)
CV222 = T oA A
ZQAlAQ

where the components of the discriminant are given by
Ay = (1—4322)% — 2729(4322,)® and Ay + 1427z,
and 6 = 1 —4322;.
If we shift the holomorphic form by
O — 2,
this induces a Kéahler gauge transformation
K = K — f(2) — f(2).
Also note that the Yukawa couplings C;;i(z) are sections of
£2 ® Sym® T*M(2)"°,

where £ is the dual of the Hodge bundle.
By the local Torelli theorem [Gri68a; Gri68b], the X! components of the period

vector
fBOQ Iy
Ip, Q2 _ | B
fAOQ ] x0
Ja, 9 X"

are homogeneous coordinates on M(z). Griffiths transversality implies that
1
F= 5XIF, € L?
is a homogeneous prepotential such that
e K =i(FXT - X'Fy)

and the Yukawa couplings are given by

g o0 0
C =————-—=F.
TR 5XT 9X7 9X K
Dividing by X, we will get inhomogeneous coordinates ¢’ = i((—;, and we obtain the
inhomogeneous prepotential
F(X)
Fit) = —=.
®) (X0)2

The Kahler potential and Yukawa coupling become
e K =i[(t" —t)(Fi + F2) +2(F - )]
Cijk(t) = 0; 0; 0x T (2).
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In addition, we have

1 0z Oz, Ozp,

Cunlt) = xoy gur s e o)

In inhomogeneous coordinates, we can obtain the period vector from F(¢) by

7 = X°29(t) — t 8;F(t), 0, (£), 1, ).

The Picard-Fuchs equation is equivalent to the Gauss-Manin connection

(95 — Ai(2)Ti(2) = 0,

where i = 1,...,7 and A;(2) € Q[z]. If we set
Qo = ag +tloy — 0,58 — (2F — 1 9,5)8°
Ni =i —0;0;F7 — (8,F — "0, 0,7)3°
=~ 412430

QO _ ﬂO
this becomes
Qo 0 51’? 0 0 Qo
o | X210 0 Cije@) O | [ x;
Y 0 0 0 5{ x?
Q0 0 0 0 0/ \Q°

2.6. Special geometry. On the moduli space of complex structures Mcs := M(z),
we have metric connections from the Weil-Petersson metric and the Kéhler line
bundle connection. On sections

Vji € Tl*,OMCS ® Tg,lmcs ® Len ® E®m7
the covariant derivatives are given by
¢
DiVj; = 0iVjz = T'j; Vi + nKiVj;
D'Vjz = 8;Vj; — T3Vig + mIG V.
Using the covariant derivatives, we see that y; € H"~11(X) and y; € HV"~1(X).
Proceeding more systematically, repeated applications of D; yield
Dix; = —z‘eKC”kG’“’;X,;
Dixy, = G
D,Q =0.
Using the relation
[-Div D]]Xk = _Gink + Rfijp»
we further deduce
[Div Dj]Xk = ijXi - €2KijﬁGmmGnﬁCikan~
It follows that
[D;, D3]} = =Ry = 951, = 0; Gy + 6; Gz0 — C¥™ Cligm,
where C’JM = 2K C'j,;ZGkEGM. This equation is known as the special geometry
equation and is the integrability condition for the existence of the prepotential F.
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2.7. Genus one predictions. In a (2,2) theory, the topological torus partition
function is defined by

F@B:%L

fu

d?r

S ImT

Tr(—l)FFLFRqH(?H

as an integral of the fermion number projected partition function over the funda-
mental region of the torus. Using its relationship to the family index of Ray-Singer
analytic torsion [FLY08], it satisfies the holomorphic anomaly equation

= 1
0:i05F1 = SCiCH — (22 =1) Gy

Using G;; = 0;0;K = 0;K; and the special geometry equation, we can integrate
the holomorphic anomaly equation to obtain

1 1
(1) F= —ilogdetGij+ <2(h11 +1)— 2X—4 + 1>K+logf1(z) + log f1(2).

2.8. Propagators. The propagators are an-holomorphic sections S%, S, and S
of £72® Sym?(TMLY), £72 @ TMLC, and L2, respectively, defined by

;9% =¥ 9,8% = Gi;8%, and  8;8 = G S

We can integrate the first equation using the special geometry equation and the
observation that the only contributions to C’]EmCigm are derivatives in 0;. Therefore,
if there exists an index i such that [C(;)],, is invertible, we obtain

gkm _ C(l)kp(égnK(Z) + (52?)K€ + F?Z)Z + qZL)e)’

where q?g) , is the holomorphic propagator ambiguity.
Following Alim-Lénge [AL07], it is convenient to shift the remaining propagators
as

St=8"— SUK;;
S:Sfym+%yMug
Applying the special geometry equation, we obtain
0iS7F = Cippn S™ S 4 515k 468 GT — gl SmE gk gmi  glF,
0iS7 = CippnS™ 8" + 2575 — ¢} S™ — qirSF + ¢
9;8 = %Oimngmsm - qi; 8 + q;;
0iKj = K;Kj — CijnS™ K + ¢ Ko — CijilS* + 35

Here, all of the ambiguities are in fact rational functions in z with rational coeflicients.
This allows us to obtain explicit formulae

= 1
Sk _ 5(8kskk _ Ckémskfskm + 2q]]§€S£k _ qllgk)v
~ 1 ~ ~ ~
S = i(afsz - CkﬂnLSkszm + qﬁmSm + qusem - Q§)

Taking the holomorphic limit of the propagators, we obtain
km ikl sm m m m
§km = cOk (g5 Ky +6Le — T T 4(he)s
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where we take the holomorphic limits e™* — e~ = X7, K; — K; = — 0; log(X?),
9zt 9%t
and Ty, — 15, = 8§zazfazk'

Returning to the genus one situation, the holomorphic anomaly equation becomes

e (XX
o= (X9 1),

where we define C; = %SjkCijk + fl-(l). This can be integrated to obtain (1). The
holomorphic limit is given by

1 ote Y(X) X7
F1 = 210gdet(82’i> + (24 *hu +3 | log (2mi)3 + f1(2),

where the holomorphic ambiguity is given by

fi(z) = log (=~ *H T AcE).

2.9. Higher-genus predictions. In higher genus, the holomorphic anomaly equa-
tion becomes

g—1
Oy = fcl (DD Fy_1+Y DiF,D;F, )
r=1
This can be rewritten as the system of equations

OF, 142 OF, _,0F, OF,
. D D,F, D;FpD;Fy_ —2 45— —
a8~ 2 173 z_: " ok; 7 98 T o
assuming that S, S, S and K are algebraically independent. Using the shifted
propagators, we obtain 8 K =0 and
1
OF, 10F, 1OF, 10F, 1
= — - — K, — J KK, D;DiF, D;F,DyFy_
dSik 295k 7 2985 ' 2 98 ’“+2 g1t 5 Z h =k g=h

hl

Using the method of direct integration, due to Yamaguchi-Yau, Grimm-Klemm-
Marino-Weiss, and Alim-Lange [YY04; GKMWO07; AL07], we obtain

OF, 1 1 ~ 1 -
8quj =3 0i(05Fy—1) + 5(01-]-[5"“ —q) 0 Fy1 + i(Ciij’f = ij)cg-1
g—1
+ Y 0 F, 0 F,
h=1
F =
0 Ni = (29— 3) (%Fg_l + Z Ch agFg_h;
oS Pyt
OF, !
—Z = (29 -3)cy_1 + Z ChCg—h.-
oS Pt

Here, we set

x 1 1 OF, + (X 1)K, g=1
cg =12 g and 0iF, = o (31— 1) g
(29 —2)F, g>1 0:Fy g>1
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Therefore, we can solve for a polynomial F,(S%,S% S, z), which is a weighted
polynomial of degree 3g — 3 with the weights 1,2,3,0. For example, in the one-
parameter case, we obtain

5 1
Fy = ﬂcfn(sn)g + g(alcnl — 3011191, + 40111f1(1))(511)2

1 1 1 1
4 <q%10111 + = alfl(l) + 7f1(1)(f1(1) _ 1 )_|_ 5(1 _ 2>il)q11)‘5111
(2

(s +20)8 + (2 - 1) 5+ fa(2).
2.10. Boundary conditions. The most difficult part of computing F} is the degree-
zero part fy(z), which is known as the holomorphic or modular ambiguity. In the
hypergeometric cases, we have

fyor(2) = (1Z_k 0 “’fg i +Zbkz

where the number c,, depends on the type of smgularlty at z = 0o. At z =0, the
boundary conditions come from the asymptotics

A >29‘2 (29 — 2)Bsy 2(—1)9nf
2 F = (1)1 InB 4+ 2 4 ... ) Lis_2,(Q5)
<92 =2 29! % (29-2)! s

(12!
(2m)49-2g(29 — 2)
The second equality requires the computation of degree-zero GW invariants due to
Faber-Pandharipande.

In the one-parameter case, the Castelnuovo bound implies that the GV invariants

”Z are nonzero only when the genus is strictly less than gpax(d) < {% + %J +1in

X(X) +0(Qp).

Huang-Klemm-Quackenbush [HKQO09] and proved in 2023 by Feyzbakhsh (in the
paper [Ale+24] of Alexandrov et. al). Because curves of degree § of genus gmax(8)
are smooth, the associated invariants may be obtained by the formula

ng,5 = (—1) e My (M),

general and gmax(d) < L% + %J + 1 when 0 < d < k. This was first observed by

where Mg denotes the deformation space of the curve. For the one-parameter
hypergeometric cases, we obtain

% d=1
N gmax(kd),kd = {(_1)Nd(d21)w(w + %) otherwise.

The most important boundary condition is the gap condition at the conifold
point z = u, where a 3-cycle with the topology of a lens space vanishes. Here, this
says that we have

1\ 292
-1 L
0 \29-2q _ (=1)77" By ( (2mi)> 0
(Xcon) 3:9 29(29 - 2) tcon + O(tcon)

for all g > 1, where tcn is the local coordinate at the conifold point given by the
ratio of a vanishing and non-vanishing period.
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3. AN AXIOMATIC APPROACH TO ENUMERATIVE GEOMETRY (PATRICK LEI)

3.1. Moduli of curves and CohFTs. We will denote by ﬁg,n the moduli space
of stable curves of genus g with n marked points. This is nonempty if and only if
29 —2+n > 0, in which case it is a Deligne-Mumford stack of dimension 3g — 3 + n.
There is a combinatorial structure to the collection of ﬁgm, which is given by a
collection of morphisms.

e There is the gluing morphism
q: Mg,nJrl X Mh,erl — ﬁg+h,n+m»

which takes two curves and glues them along the last marked point to form
a node;
e There is the self-gluing morphism

St Mgfl,n+2 — Mg,na

which glues the last two marked points.

There is of course another interesting map, which is the forgetful map
pr: ﬁg,n+l — Mg,n

given by deleting the last marked point and then stabilizing. We are now able to
define our enumerative theories of interest, which include Gromov-Witten theory.

Definition 3.1. Given a vector space V' with a nondegenerate symmetric bilinear
form 7 and a unit element 1 € V', a Cohomological Field Theory (CohFT) [KM94]
2 on V is a collection € ,, of Sy-equivariant linear maps

Qgn: VO™ — H* (M)
which satisfy the basic identity
Qo 3(1, u,v) = n(u,v)

and the following combinatorial identities (we will let e, be a basis of V' such that
e; =1 and e be the dual basis):

q*Qg+h,n+m(V1,V2) = ZQQKN‘Fl(Vl,eu) . Qh,m+1(v2,€u);
o
S Qn(v) =Y Qgnia(V,en, ).
n

If in addition the identity
pr' Qg (v) = Qi1 (v, 1)
is satisfied, then we say the CohFT has a flat unit (or satisfies the string equation).

All of this can be generalized to super vector spaces, but for simplicity we will
not deal with this case.

Example 3.2. The most important example of a CohFT is the Gromov-Witten
theory of a smooth projective variety X. Here, recall that the source of a stable
map is a prestable curve, so there is a stabilization morphism

st: My (X, 8) = My,
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which forgets the map and stabilizes the curve. Then, working over the Novikov ring,
we will set V = H*(X), n to be the Poincaré pairing, and 1 to be the fundamental

class of X. The linear maps Q;fn are given by the formulae

Q;(,n(T) = Z qﬁ St <H evi(m) N [ﬁg}n(X’ ﬂ)]vir) :
B i=1

where ev,: My (X, 8) — X is the i-th evaluation map.

Example 3.3. Let w: C,,, — M, ,, be the universal curve. Then the Hodge bundle
is the vector bundle

Egn = Twr.
We then consider the vector space V = C with the usual pairing and define the
CohFT QF by the formula
Q]g’n =c(Egn).
The gluing axioms are satisfied by the equation ¢*Ey1;, = E, @ E; and the exact
sequence
0—=Ey 1 —-E; —0O—=0.

Here, because genus zero components do not contribute to global sections of w and
E does not depend on the marked points, this CohFT has a flat unit.

Remark 3.4. We will see later that this is related to the GW CohFT of a point by
the quantum Riemann-Roch theorem [CGOT].

Given a CohFT 2, we may produce invariants by pairing the classes Qg ,(v) with
various cohomology classes on Mg ,,. The most important ones to consider are the
classes

i = cisiwn),

where s;: ﬂg’n — Cy4,n is the i-th marked point.

Remark 3.5. In Gromov-Witten theory, these are called ancestors. There are also
descendants, which are given by the same formula except using the moduli space
Mg n of prestable curves instead of Mg ,,, where we factor the morphism st defined

above as
vl forget map
—>

Mg,n(Xv B)
The descendant classes are denoted by ;.

stabilize ~—=
My ——— Mg n.

Example 3.6. We will calculate an invariant which will appear in the GW theory
of Calabi-Yau threefolds. For any CohFT (2, consider the invariant

<1QE1>?’1 = /ﬁ 9171(1)’(;1.

1,1

Using the second gluing equation, the degree zero part of Q4 (1) is equal to
Z 90,3(1; €5 eH) = Z n(euv 6#)7
u I
which yields the (graded) dimension x (V) of V. Therefore, we obtain

- 174
<1¢1>i2,1 = %
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Example 3.7. Consider the GW CohFT of a point. This is given by V = C with
the usual pairing and the formula
Qgn =1
Then we define the invariants

<1;?1...¢731L>M;:/7 Qg - 0 -0

g,n

Theorem 3.8 ([Kon92]). The function

ho1 o
D= exp(Z = Z ¢ fl"'¢2">g7nta1"'fan>

g.n art-tan=n

is annihilated by the operators

0 Bt 0
L_{ = —_— E
L TR 6+ t”lat
3 0 2i+1 0 1
Lo = —f—+§ 5t t i

20ty

(2n3) 0 i(?i—i—?n—i—l)!!_ o)
7t Otngr &2 (20— Dli2nH! "Otitn

n—1

(20+1)(2i—1)---(2i+1—2n) 0?
t3 Z on+1 ot; 8tn,1,i'

Remark 3.9. This result (Virasoro constraints for a point) is equivalent to D being
a tau-function for the KdV hierarchy and has been generalized by various authors.

3.2. The genus-zero picture. A CohFT in genus zero defines a Frobenius mani-
fold [Dub96]. In particular, there is a product structure defined by the formula

o 1 Q
n(T1L *7 T2, T3) 1= Z Ep*“lﬁ?ﬁ?»ﬂ 5 T)os4n

n

and the quantum connection, which is defined by the formula
1
p = 0e, + Cu*r

The structure of a Frobenius manifold comes from a function Fy, which is known as
the genus-zero descendant potential and satisfies a set of PDEs, which are the string
equation, dilaton equation, and an infinite set of topological recursion relations,
where we write v =>3_  the,2" € V[z]:

o
87(1)?0 - VO’VO )+ TLZO%:%H 815“
) = 0
a—t%% = ;Ztﬁﬂ% — 25;
o° 9? 0°

—F =Y T ————F
oty othoor, 0 Loty " ot oth, ot
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To state the following result, we consider the infinite-dimensional vector space
V(271 (or a completion of this) with the symplectic form

(f(z)a g(Z)) = Resz:O n(f(i’z)a g(Z))
We also consider the new variable® q = v — z, so F) is now a function near q = —z.
Theorem 3.10 ([Giv04]). F satisfies the above PDEs if and only if the graph £

of dF is a Lagrangian cone with verter at q = 0 such that its tangent spaces L are
tangent to L exactly along zL C L.

We may recover the Lagrangian cone £ by the following procedure. We find a
fundamental solution

S=Id+ S1z7 '+ S22+

to the quantum connection, which satisfies the equation

0
Zws = eu * S
Then, setting J = z5*(z)1, we can then recover the Lagrangian cone by the

following procedure:
e The derivatives a%‘] form a basis of LN V[271];

e This implies that z% € LNV[z71]. Writing these in terms of the first
derivatives and using the fact that J solves the quantum connection, we
recover the Frobenius structure and hence the Lagrangian cone.

In Gromov-Witten theory, there is an explicit formula for the fundamental solution
in terms of descendant invariants. It is given by
b'e
o)
0,n+2,3

o= o T3 Lo (2
H nB

Example 3.11. Let X be the quintic threefold. We will use the genus-zero mirror

theorem of Givental to compute the quantum product on H*(X). Let

I(q.2 _qud]_[d L(BH +mz)
d>0 [ (H + m2)®

H2 H3
= zlo(q) + Ih(q) - H + I2(q) - - T I5(q) - -

be the (very small) I-function of X. Setting Q(q) := geTo@ , the mirror theorem
states that

1(q,2)

Io(q)

Because the mirror map ¢ — Q(q) corresponds to setting 7 = 252; H by the divisor
equation, we can use the mirror theorem to compute *.. Because of our nonstandard
choice of the I-function, the quantum connection becomes the ODE

(H + 2D)S:(2)" = Sy (2)* - [11 Hx,

J(Ov Q(Q)’ Z) =

6This is called the dilaton shift.
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where D := qdiq (here, the coordinate is log ¢) and I1; =1+ D(Il(Q)). An explicit

Io(q)
computation using the mirror theorem and the results of Zagier-Zinger [Z7Z08] yields
I11H +-= ST(Z)*(IllH *r 1)

I I
+0(2)

14+ D
I

H?*+ . =S, (2)"(InH %, H)

I H? = S, (2)* (111 H . H?).
Because S, begins with the identity, this computes Hx..

3.3. R-matrix action. In the early 2000s, Givental [Giv0la; Giv04] discovered
a remarkable property of axiomatic enumerative theories, namely that one can
transform CohFTs by the action of matrices R(z) = Ryg + Riz + Rp2? +--- €
Hom(V, V’)[z] which satisfy the property

R*(—2)R(z) = 1dy.

Traditionally, the literature [PPZ15] requires that V = V' and Ry = Id, but the
MSP group [CGL19] has removed this restriction and also allows dim V' < dim V".
In order to define the action of R on a CohFT 2 defined on V', we need to review

some of the combinatorial structure of M, ,,. For a curve C' € My, (C), we may
consider the dual graph of C', which has vertices, edges, and legs, which are defined
as follows:

e The vertices correspond to irreducible components of C' and are labelled by

a non-negative integer, which is the genus;
e The edges correspond to nodes of C' (in particular, we allow loops);
e The legs correspond to marked points.

Any graph which appears as the dual graph of a stable curve is called a stable graph.

FIGURE 1. Example of a stable graph in My 3 and associated
tautological class. This stable graph describes the image of a map
M2,4 X M372 X M075 — M773.

The first type of action on CohFTs is a translation action. Let T € V[z]. For a
CohFT 2, we define

1
(T gn(v) = Z ﬁp*ﬂg,rpkm (v,T,...,T)

m

whenever the infinite sum makes sense.



24 PATRICK LEI

Example 3.12. If QX is the GW CohFT of a smooth projective variety X and
7 € H%(X) is a divisor class, then the infinite sum makes sense and we can define
the shifted GW CohFT Q%7 of X. For example, if X is the quintic threefold and

I
T= %H, then shifting to 7 is the same as the mirror map ¢ — Q(q) = qeﬁ.

The second type of action is the action of a matrix R as in the beginning of this
section. Let G, define the set of all stable graphs of genus g with n legs. Then we

define )
N)gn = _ tr,
(FQ),, 2. AucT] Contr
TeGyn

where Contr is defined by the following construction:

e At the i-th leg, we place the map
R(—43)" € Hom(V', V)[];
e At every edge, we place the bivector

V(/(Zlv 1&2) = Z;L e, ® et — EH' 51(:_’(/)%;2)*6%1' ® R(_T/)z)*e”

e At every vertex, we place the linear map
Qg, ., : ver — H* (ﬁgvﬂlv);

e Finally, we consider the pushforward in cohomology along the gluing mor-
phism [], Mg, n, = Mg.p.

Definition 3.13. Let R be as above. Then we define the translation
Tr = 2(1— R(—2)"1") € 2V'[7].
Whenever it makes sense, we define
R.Q = RTO.
Theorem 3.14 ([CGL19]). Suppose we work with coefficients in C[q]]. Then if
Tr € 22V[z] + 2qV[7],
R.Q is a well-defined CohFT. Moreover, if dimV = dim V', 1’ is a unit for R.Q).

)

We would like to remark a bit more about the translation action when Ry # Id.
For simplicity, we will assume that V' = V' and Ryl = c¢- 1 for some constant c.
Then we set Tg := z(1 — cR(2)7'1) and use the dilaton equation to compute
1

o0

TRngn(V) = Z ﬁp*ﬂmn-&-m(V, TR, . 7TR)
m=0 :
1 B o
= Z Wp*Qg,n+k+€(V7((1*C D1 )®F (¢ TR)®)
k>0
l—c)r-ct2g—24n+k+0-1 _
B e
5,0>0 :
& cQg—Q-l—n B ~
S T T
m=0 :

whenever this makes sense.
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3.4. Reconstruction theorem. Recall that every CohFT defines a Frobenius
algebra. We will call a CohFT semisimple if the corresponding Frobenius algebra is
semisimple.

Theorem 3.15 ([Tell2]). Let Q be a semisimple CohFT with flat unit and w be its
topological part. If Q is semisimple, there exists a unique

R=1d+ Rz +--- € End(V)[z]
such that

) =Rw.

Example 3.16. Recall the Hodge bundle CohFT from before. Recall that it is
given by the formula

Qp,=cE)=1+A+ - +Ag
Taking the degree zero part, we see that w® is the GW CohFT of a point. Using
Mumford’s computation

o 2k—2
Bay, 1 Ti.729—2+1
Ch(E) =g+ Z (?k)' (f‘l%—l + §L* Z w1¢§g > >7
k=1 1=0

where k,, = p*ﬁ_J;’fll, By, are the Bernoulli numbers, and ¢ is the inclusion of the
boundary up to a 2 : 1 étale cover, and the formula

¢(E) = exp (- S (=1)F(k - 1)! chk(E)>
k

for any vector bundle E (or by just using the quantum Riemann-Roch theorem”

directly), we obtain the R-matrix

o0

_ Bok 2k—1 | _ 1
R(z)exp(% 2k:(2k—1)z —1+122+ .

As a sanity check, we will compute Qlfl using the R-matrix. First, we consider
the stable graphs in Figure 2. The first graph I'; gives us the contribution

o

FIGURE 2. Stable graphs forg=1,n=1

Contr, = TwllE,l(R(z)_ll)
= w]lE,l(R(Z)_ll) +p*W]£1(R(Z)_11> Tr(2)).
Using the formula By = % and the fact that dim ﬁl,l = 1, this becomes

1

1
1o —ahy + —ry.
M

"There is a sign error in Coates-Givental, which has propagated to the rest of the literature.
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The second graph does not receive tail contributions because dimﬁoﬁ = 0. The
constant term of the edge contribution is %, so considering the automorphism and
pushing forward to M; 1 gives us

1
12
where A denotes the boundary divisor (with the correct stack structure). Because
1)1 = K1 in this case, we obtain

Contr, = —A,

1 1
1 =1+ —(k; — A)=1+ —A.
+ M + 12(!@1 Y+ A) + B

3.5. Operator formalism and geometric quantization. We will return to the
symplectic formalism of Givental. This is more convenient for certain computations,
but it is in fact equal to what we have before, at least when we want to calculate
generating functions. Recall that we had a Frobenius manifold structure on V' and
we considered the vector space V := V(z~!) with symplectic form

(f(z)’ g<z)) = Res.—o n(f(_z)a g(z)>
If we consider the polarization given by V, = V[z] and V_ = 27!V [27!], then
letting q be as before (with the dilaton shift), let p be coordinates on V_ such that
(q,p) form a system of Darboux coordinates for V.

Definition 3.17. We will call any formal function of the form

D = exp (Z hg_lffg>

g=0
an asymptotic element of the Fock space.
Then given such an asymptotic element of the Fock space, we will quantize
(infinitesimal) symplectic transformations on V by the following formulae:

_ _ D
Pabb = h0y, gy, Palp = qpOqps  Qalp = ah -

In particular, this will allow us to understand expressions like RD. However, we
need to be careful because our formulae will involve both the fundamental solution
S, and the R-matrix, and S, is a power series in z—1.%

Theorem 3.18 ([Giv0la]). An operator of the form S(z7!) =1d + S127 ! + - --
acts on (asymptotic) elements of the Fock space by the formula

§71D(q) = eV @VD((Sql),
where W =Y n(Wndm, @) is defined by the formula
S(w™H*S(z71) —1Id Wonr
( w)_l —1(—2_3 :Zwmi’;'
Operators of the form R(z) =1d+ Riz + -+ act by the formula
RD(q) = e2V(?29)D(R™q),
where V=5 1(pm, VinnDn) is defined by

8This is because we expand ﬁ =3, Phz=n L,



HIGHER-GENUS GW OF COMPACT CY3 27

For a semisimple CohFT, there is a system of canonical coordinates u, such that
the 1-form du is a homomorphism of algebras T,V — C. Then near a semisimple
point, there is a asymptotic solution to the quantum connection of the form

U-R-e7,

where U switches from flat coordinates to canonical coordinates and U = diag(ue,)
is the matrix of canonical coordinates. Finally, define

1 u

c= §/ S R du,.

A corollary of Teleman’s reconstruction theorem is the formula
__dimV
DY = WS IRe: [ DM
i=1

for the Gromov-Witten theory of any smooth projective variety with semisimple
quantum cohomology.

Example 3.19. As a final example, we will apply Teleman’s theorem to compute F}
of any semisimple CohFT. This result was first proved by Givental [Giv98] for the
equivariant Gromov-Witten theory of GKM orbifolds and extended to the orbifold
case by Zong [Zonl6]. The argument we give is due to Guo-Ross [GR19]. Let e,
denote an idempotent basis for the quantum product. We will compute

AR URICOR
Mi,1
Using the reconstruction theorem, we obtain

| e = [ Trora(R@)ea) + 5 Trwoa(REG) s, V(G 00)
My

Myt 2

= /7 TRwl,l(eﬁ)—L Trwi 1(Rieg)y

Mlyl Ml,l

1
+ 5 Zwo’g(eg,Rle”,eu)
"
= [ @ralen) +porales R11)id)

—/7 (wi,1(R1eg)P1 + pulwr 2 (Rieg)y3)in)

M1

1
5 D (s x e Ruet)
u
1
= 21 Z(WOA(QW@M,QB’RJ-) - WO,S(QW€M,R16§))
u

1
+ 577(6[3, Rleﬁ)

1
=57 D> woslen e e )wos(e”s ep, Ril)
noov
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1 1
— 51 D_woslen e, Rieg) + (Ri)gg
"

1 1
—_ B _ E Z
=2 <77(€ ,Rll) . U(eﬂ,R1€@)> + 2(R1)ﬂ5.
Using the identities

n(R11, eP Zn (Rieg, e!)

ZA Qoaleu, enseus ep)
Mo,4

-1
-5 Z Ay Ouy A
1

1
3 Zauﬁ log A,
o

—~
)
~
Il

where A, == n(e,,e,)” ", we obtain the result
1 1
Q =— 0y, logA,+ =(R1)ss,
/Ml,l MR zﬂj o8 Byt 5 ()

which can be placed in the suggestive form

dlog A 1
dF‘lQ = Z Tﬂ + §(R1)## dua.
n

We will now prove the identities in (2). For the first identity, we will compute Qg 4
using the reconstruction theorem. There are two stable graphs, given in Figure 3.
The first graph gives the contribution

JOSNIOR0

F1GURE 3. Stable graphs for g =0,n =4

Conty = Two (e, e, ep,ep) — 3T, , (Rieu, ep, ep, es)ir
— Two a(ep ey ey Rieg)ihy
= wo,a(epu €, e, e8) + wos(Ril, e, e, €, €5)01
— 3wo,a(Rieu, ey, ey, eg)i — wo,4(€us e, eps Ryieg)ia
= 058 + pun(Ral, e,)n — 3n(Riey, es)hr — nlen, Ries)du.

The second graph gives the contribution

Conty = Z wo,3(€pu, ep, € )wo,3(Riey, e, e5)[pt]

=n(Riepu, ep)[pt].

This has multiplicity 3, so taking the sum and integrating over Mg 4 = P!, we obtain

/ﬁ Qo,a(eps eps euyep) = dpun(Ral,ey) — n(Rieg, ey)
0,4
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= AL (0pun(Bil,et) — n(Rieg, ),
where we have used the fact that
e
et =—"="L " =Age,.
n(€eusen) e
This proves the first identity.
To prove the second equality in (2), we note that

A;l = (2073(]_7 €, 6“) - 90,3(6/u €us eu)

because e, is idempotent. Differentiating with respect to ug, we obtain

auﬁA;l =200,3(1, ey, Ougen) = 3Q0,3(ep, e, Ousen) + - Qo,a(eu, euseu,€ep).
0,4

Using again the fact that e, is idempotent, we see that
90,3(17 Cu au;s eu) = 90,3(6H7 Cus au/ﬁ eu)~

This implies that

0="Q03(1,e, 8%%) + /7 Qo,a(ep, epus e, ep)
Mo, 4

1 _
= §8uﬁAy{1+/7 QO74<6M76N76N765)’
Mo,a

which proves the identity.

Part 2. Higher-genus computations via logarithmic GLSMs

In algebraic geometry, one profitable way to deal with non-compactness issues is
to forcibly compactify our spaces and then understand the contributions coming from
the divisor at infinity. For example, this technique was used by Deligne to construct
mixed Hodge structures [Del71]. In enumerative geometry, one profitable application
of this technique is the capped topological vertex [OP10], which calculates relative
invariants of a (partial compactification) of C? relative to the divisor at infinity
and is related to the usual topological vertex by a capping operator. While Jun
Li’s technique of expanded degenerations [Li01] allows us to calculate enumerative
invariants relative to a smooth divisor, generalizing this to the case of a simple
normal crossings divisor requires logarithmic geometry (at least if we want to do
it using algebraic geometry). Now, Chen-Janda-Ruan [CJR21] have developed the
theory of log GLSMs, which define stable map-type invariants for any GLSM-type
theory defined over an arbitrary projective Deligne-Mumford stack (and resolves all
compactness issues therein). This theory has been used by Guo-Janda-Ruan [GJR18]
to prove finite generation, holomorphic anomaly equations, orbifold regularity, and
the LG/CY correspondence for the quintic threefold and some other Calabi-Yau
threefold complete intersections in projective space.

4. GEOMETRY OF LOG GLSM MODULI SPACES (QILE CHEN AND FELIX JANDA)

Our motivation is the quantum Lefschetz theorem. Here, we let X be a smooth
projective variety or Deligne-Mumford stack over C and E be a vector bundle over X.
We are interested in computing the Gromov-Witten invariants of a smooth complete
intersection Z C X defined by a regular section of E. Because the ambient space



30 PATRICK LEI

is generally easier to work with, it is desirable to find a way to compute the GW
invariants of Z in terms of the data of (X, E).

Question 4.1. Is there a way to compute the Gromov-Witten invariants of Z using
the ambient data of (X, E), possibly involving some correction terms?

While quantum Lefschetz holds in genus zero in the convex case, and the approach
of desingularization of the moduli of stable maps to force quantum Lefschetz to hold
works well in genus one, this is intractable in higher-genus. Instead, our approach
will be to use GLSMs, which were introduced by Witten [Wit92] in the physics
literature, and by Fan-Jarvis-Ruan and Kiem-Li, Chang-Li, Chang-Li-Li, and other
authors in mathematics [FJR18; KL13; CL12a; CLL15]. We will combine this with
the theory of punctured log maps due to Abramovich-Chen-Gross-Siebert [ACGS24]
to obtain the theory of log GLSM.

4.1. R-maps and log targets.

Definition 4.2. An R-map is a commutative diagram

B
]

C —— BC}
Wiog

S,

where the morphism B — BCY is a proper, log-smooth DM-type morphism. If
the source is a twisted curve, this is the underlying R-map. If the source is a log
curve, this is a log R-map, and if the source is a punctured curve, this is a punctured
R-map.

Example 4.3. Consider the diagram
P = Tot(Opn (—d) ® Cy,) PB° = Tot(Opn (—d) K L)

| !

SpecC —— BCX «+—— P" x BCX.

Taking the base change of the underlying R-map to C, consider the diagram

P X pex € ——— F°

| |

C —— BCX.

Therefore, the data of an R-map to this target is equivalent to the data of a morphism
C — P™ and a section p € H(f*O(—d) ® wiog). In particular, if n = 0, we are left
with the data of a differential p € H(wiog)-

Example 4.4. We will now give some examples of some log targets. An easy way
to compactify a vector bundle is to turn it into a weighted projective space bundle,
so for example we may consider

Pewe = P (Opn (—d) @ Cpy @ O) —— B, = POV (0pn(—d) © 0).
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We can give this the log structure of functions which vanish only on the boundary
and call it Pew.

Another example is to consider the example of 5-spin curves. Here, X = BG,,
with the degree 5 map to BCYX. Then we set

P, =PLY @ 0).

Again, we give this the divisorial log structure and call it .
A feature of this is that there is a geometric LG/CY correspondence, namely
that co g ~ cogw as log stacks.

Example 4.5. For the (3,3) complete intersection in P°, we consider
Pow = P(Ops (=3)P? @ L, ® )
with the divisorial log structure.

Example 4.6. We will now consider a general hybrid target. The input is a smooth
projective DM stack X, a vector bundle E = @ E; over X, a line bundle L over X,
and r € Zsg. The spin is the diagram

X —** 4 BG,,
l,.
X x BCx* 2% g,
The target is
P(PE 0Lk ®0)
with the divisorial log structure at infinity.

We will now turn our discussion to the discrete data. This consists of a genus,
curve class, and twisted sector for each marking. We will now construct a dual
graph, which has vertices and half-edges. There is an involution

tic: VUH -V UH

and a vertex map vg: H — V. Legs are the half-edges which are fixed by the
involution, and we will label the legs by the marking map

m: L —{1,...,n}.

The decorations are the curve classes, sectors, and degrees.

Consider a log map
/
: J{

P, Cc Cy,,, — BC},
where P, is a special point. Because wiog|p, is the trivial bundle, we obtain a
commutative diagram
Py, —— Pc

]

C%‘B,
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which exhibits P}, as a gerbe over P¢. Assuming that there are no orbifold points,
theere is a sector map

T H(G) — {0‘13@700‘131:7%@}‘
We require that P, — P¢ factors through 7, and say that h is compact type if
Ty = ng.
Example 4.7. Consider again X = P?. Then g = P(L,, ® O). If g = 1, then a log
map is simply n € H(w¢), which cannot be stable. Adding a marked point, we
obtain a section of wlccfg , which we will force to vanish at the marked point.
The stability of underlying R-maps has two conditions:
(1) First, that the morphism is representable;
(2) Second, that
(Wiog) T @ fPH®* @ f*O(700) > 0,
where H is a polarization on the target. Here, k> 1> 6 > 0.

Example 4.8. Again considering X = P°, we will let C' be of genus 2. the limit
limy 00 A - 7 is the union of a genus-zero curve with a differential which vanishes at
one point with multiplicity 2 connected to a genus 2 curve which sits entirely at

infinity. Even though the rational component is not a priori stable, it is stabilized
by its intersection with the zero section.

Remark 4.9. In the PO case, stability is equivalent to the condition that
W't @ n*O(k - Oq) > 0

whenever k > 1.

4.2. Log geometry and tropicalization.

Definition 4.10. Let Y be a scheme or a stack. A log structure on Y is a sheaf of
monoids My on Y, together with a morphism
a: My — (Oy, )

inducing an isomorphism a‘l(‘)i ~ Oi. The pair Y = (Y, My ) is called a log
scheme/stack and the sheaf o
My /Oy
is called the characteristic sheaf or ghost sheaf.
Example 4.11. Any log GLSM target is a log stack.

Example 4.12. Another standard target is a toric variety with My being all
functions which vanish only on the toric boundary. This is usually called the
divisorial log structure.

Example 4.13. For a toric monoid P, we can consider
S = Spec(P — C) = (SpecC, P x Og ..c)-

The tropical data we will consider is the category Cones of rational polyhedral
cones (o, N). This has a distinguished object (R>¢ z). Locally, we will define

Y(Spec(P — C)) = Hom(P, R>g) = Py
with the natural lattice structure PV := Hom(P,N). In general, the tropicalization

Y(X) of a log scheme X is the generalized cone complex given by gluing local
pictures along face maps.
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Example 4.14. Consider A! with the log structure given by 0. Then
Y(AY) = Rx.
Here, there is only a log structure at 0, which is a copy of N measuring the vanishing
order at the origin. The map
MAl,O — MAl,x
sends 1 to 0, so induces 0 < NV,

Example 4.15. Consider A? with the toric log structure. Then X(A?) is simply
R2207 which is the same as the support of the toric fan. At the monoid level, there
is an N? at the origin, a copy of N on each axis, and 0 at a general point.

4.3. Log curves.

Definition 4.16. An n-pointed log curve over a log scheme S consists of
(7T: C — 57 {pz}?’:l)a
such that
(1) The underlying morphism of 7 is an n-pointed twisted curve;
(2) 7 is log smooth and integral;
(3) On the smooth locus of C, the log structure is given by Mg & @) N- p;

Intuitively, the log structure is given by the log structure M g at smooth unmarked
points, M ¢ ® N at marked points, and Mg @y N? at the nodes, which means the

pushout diagram

N—2 N2

J |
MS — Mc‘q.
Here, £ is the edge length parameter, and (1,0) and (0, 1) are the two components.
Because tropicalization is functorial, the morphism C' — S induces a morphism
2(C) — 2(9).

For example, if C' has two components, then the node will correspond to the largest
cone, each component corresponds to a copy of M g, and each marking will give a leg
of infinite length. Above a point in 3(S), the distance between the two components
is the edge length parameter evaluated at the point x. To see this more clearly,
see Figure 4.

We will now consider punctured curves. We will consider a diagram

p; — pi
co L0 —5
Here, P is a morphism of log schemes which is an isomorphism away from P; and P
is an isomorphism. In addition, we will have an inclusion
Mcyp, = Ms ®Np; C Mco p, = Ms @ Zp;.

This corresponds to allowing poles at p;, and in the tropicalization makes edges
finite-length. A picture is given in Figure 5.
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C —3 = T(C) —> (%)

vV ~Vv

U"\c,_g’, =M
dix) (Req)= (Mo, W)

"‘cmﬁ@:%{ )’ ([’\c.z)V: M

\’(—L[ L.
Qgs UJ‘ mfm:f? /wg/)! v

-V
—_——> M
%

FIGURE 4. Tropicalization of a log curve.

(o)
L]
ollege &
>.fl‘,\}-\-g (Qnaﬁ’y v
PI-D ; Fumd‘ur-‘.-.&
i

F1GURE 5. Tropicalization of a punctured curve.

Definition 4.17. A punctured curve is a log curve with punctures
C°—-C— S

A tropical punctured curve is a tropical curve with the additional data of lengths of
punctured legs.

4.4. Superpotentials.
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Definition 4.18. A superpotential is a commutative diagram
P — Lo
~
BC%,
where P° =P\ co. We say that W has proper critical locus if
Crit W — BCJ
is proper.
Equivalently, a superpotential is a C-equivariant function
We: B — C,.

In this formulation, W has proper critical locus if and only if Crit W¢ is proper (as
a DM stack). This implies that the critical locus is contained in Ogs.

Example 4.19. Let X be a smooth projective Deligne-Mumford stack and E be a
vector bundle on X with section s. We will write

We=®(s®1c,): Be = EY @ C, — C,,.

Then Crit W¢ is proper if and only if Z = (s = 0) is smooth of codimension equal
to the rank of E.

Example 4.20. Let X =P? and E = C. Let s € H°(E) be nonzero. Now W is
simply multiplication by s, so the critical locus is empty.

4.5. Punctured R-maps.

Definition 4.21. A punctured R-map is an R-map with domain a punctured
R-map.

Definition 4.22. Let h be a half-edge. Then the contact order at h is defined by

c(h) = 8’?75;]0 €Z.
\P%o
Tro
a
J &0

FI1GURE 6. Contact orders. Note the last downward edge has finite length.
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Example 4.23. Consider the genus 2 picture from before (target being P°) and
consider the same stable limit as an R-map. If we calculate with z = s~!, then

_gds
22dz=—s3—=

)
S

so the pole order at the node must be 3. Tropically, if i is the half edge of the

node attached to the g = 2 vertex, we have c¢(h) = —3, so restricting to the g = 2
component, we obtain a punctured R-map.

The discrete data of punctured R-maps is
T=(G,g,08,deg,7,0: VUH — {0,R>0},c: H—~ Z).

Theorem 4.24. The moduli stack R(B, T) is a proper log DM stack admitting a
canonical perfect obstruction theory.

Definition 4.25. We will consider 7 where V(G) = {x} and L(G) = H(G). These
are called vertex-type moduli. If 0 = 0, then we will denote

Rg(B, B) = R(P,7)
for the stack of stable log R-maps, and if 0 = R>(, the we will denote
Ry (00, B) = R(B, 7)
for the stack of punctured R-maps.
4.6. Obstruction theories.
Definition 4.26. Recall that we have a diagram
gy
]
¢ —— BC}
R(P, 7).
The canonical perfect obstruction theory is defined by
¢: Trep,p) /o) = B f Ty pex-
Because it is very complicated, we will not discuss 9(7).

Unfortunately, this is not the obstruction theory that we really want. We will
consider the superpotential and then use the cosection localization technique of
Kiem-Li [KL13]. Here, we have the diagram

‘BOLLW

|
C = BC}
w
S
whenever 7 is of compact type. The compact-type condition implies that
frdaw: f*quO/Bcz — Wiog
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factors through the sheaf w of holomorphic differentials. Because R'm,w = O, we
obtain a cosection

ow = Rlm, f*dW: Rlﬂ*f*T‘B‘”/B(CZf — 0.
By the results of Kiem-Li, this gives us a virtual cycle
Ry, (B°, B

supported on R-maps to Crit W, which coincides with the canonical virtual cycle
after pushing forward to the stack of all R-maps.

Remark 4.27. In Gromov-Witten theory, the cosection localized virtual cycle satisfies
the relation

[Rg,c(mov 6)];1; = i[ﬂg,n(z7 B)]Vir

by work of Chang-Li, Chang-Li, Kim-Oh, Picciotto, and Chen-Janda-Webb [CL12a;
CL20b; KO22; Pic21; CIW21].

Of course, we have the problem that R, ¢(3°, 5) is not proper, so we need to
find a way to extend the cosection along the boundary

Ay (B, B) = Ry (B, B) \ Ry (B, B).

We need to understand how to differentiate
w: (B - LUJ7
which will require compact-type legs and a principalization of the boundary.

Definition 4.28. We will say discrete data is compact type if for all h € L(G),
either

e c¢(h) =0 and 7 = Ogy;

e c(h) < —1. In this case 7 = cogy.

Example 4.29. Consider the P° example in genus 1. If we consider n € H’(w¢),
we can view it as n € H° (wlgg). Then, at the marking, we see that ¢(h) = 0 and
7n = O, so the leg is of compact type. In the tropical picture, the entire infinite
leg gets contracted to the origin.

Example 4.30. Now consider the same example but with g = 2. We will impose
that there are no markings by (n = 0) = 2p. The stable limit as we scale 1 to infinity
had a genus 0 component with a zero of order 2 and a genus 2 component mapping
entirely to co. If we consider the half-edge emerging from the genus 0 vertex, it
touches oo with contact order 3, so it is not compact type. On the other hand, the
half-edge coming from the genus 2 vertex touches co with contact order —3, so it is
compact type (and in the tropical picture the leg has finite length).

Remark 4.31. The data of ng|c, is equivalent to a fixed isomorphism O¢, (2p) ~ we,,
where C5 is the genus 2 vertex.

Remark 4.32. Tropical curves with only compact-type legs have compact image in
Z(P) = R>p. In this picture, they are either pointing downward or contracted to
the origin.
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Having defined compact type insertions, we will now define a modular principal-
ization of the boundary. There is an edge length
(: BE(G)UL°(G) — Mg
and a degeneracy o
e: V(G) - Mg
which intuitively records where v is sent in R>g.

Definition 4.33. For a toric monoid P, define a partial order a < b if there exists
¢ € P such that a+c¢ = b. If we consider a punctured R-map, consider the collection
of degeneracies
{ev |v e V(G)}.
It has uniform mazimal degeneracy if there is a unique maximum
emax = max{e, | v € V(G)}.

Example 4.34. Let Mg = N2. Suppose that there are vq, v5 and a vertex vy which
is sent to 0 € R>g. Then we compute

€y, = €yy + €170
= /.
Similarly, e,, = f2, where ¢; and /5 are the generators of N2. These cannot be
compared, so we do not have uniform maximal degeneracy.
To uniformize this, we consider a subdivision into three subcones. The first is

when £y > {1, the second is when ¢; = /5, and the third is when ¢; > ¢5. After this
subdivision, each subcone has uniform maximal degeneracy.

Example 4.35. A family of tropical curves over M ¢ with compact-type legs and
uniform maximal degeneracy emax € M s has images in R>( uniformly bounded
from above by epax.

We now define a new stack
U(B, )
to be the stack of punctured R-maps with discrete data 7 and having uniform
maximal degeneracy. By removing the condition of uniform maximal degeneracy,
we obtain a morphism
F:UCB,T) = R(B, 1),

which satisfies the following:

e [ is log étale, proper, and surjective;

e There is as canonical perfect obstruction theory;

e We have

F, [ug&(fﬂpaﬁ)]ﬂr = [Rgs(m,ﬁ)];i;/
FuUg o (B, B = [Rg e (00, B)om,

for vertex-type moduli.
The boundary A, (P, 5)”* defined by the Cartesian diagram

AN —— A =0

| |

U —— [AY/G,,)]
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is a log Cartier divisor.

Theorem 4.36. Assume all legs are of compact type and W: B° — L, has proper
critical locus. Then

(1) U(B, T) has a reduced perfect obstruction theory;
(2) In the log R-map case, we have

W (B, B! = [Ry o (B°, B)]on

(8) The boundary Ay (B, B) also has a reduced perfect obstruction theory;
(4) There is the relation

(U, (B, B = Uy (B, O = FIAG (B, B)]"*,
where T is the pole order of W at infinity.

The reduced perfect obstruction theory for log R-maps is given by the triangle

B! 5 R f* Ty pex 2 [0 = O(F Ama)]

and for ey .y > 0 is given by
re * g ~ [1]
B! = R, f* Ty pex = O(F)[-1] — .

The virtual components of Ag*, e are given by the formula

lem,,
Ay (BB =D W[U(m, )

due to Abramovich-Chen-Gross-Siebert [ACGS24], where
T = (7, Vinax(G))

is the tropical type of rigid tropical curves with uniform maximal degeneracy. Here,
this implies that 7, is bipartite and rigidity means there is no deformation fixing 7
and Vinax(G) besides scaling epax

Decomposing this further, we have

[U(R, 7))

pep@) () i
:(_f)\Voo(Gﬂ—lMA;m T et x I e n)re

lcmEEE(G) C(E) vEVoo (@) vEVLH(G)

This is not true if we replace everything with the canonical obstruction theory, so
this is quite interesting. Putting these two formulae together, we obtain the tropical
decomposition formula

(=) Voo (&)

U (B, B)] = ZW : H c(E)-

TA Ec€E(G)
AL ] et I W, )t
vEVs (G) veVH(G)

Example 4.37. Consider the P® example again. When g = 2, we obtain six
bipartite graphs, which are given in Figure 7. Choosing any nonzero superpotential,
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g=1 g=0g=0 g=1 g=2 g=2
1 1 1 1 12/ \2 3
° o
g=2 g=1 9=0 g=0 g=0g=0 g=0
A B C D E F

FIGURE 7. Graphs of tropical types for X = P? when g = 2.

we obtain the tropical decomposition formula
(—1)IVe= (@)
Aut7,|

I[[ «®

EcE(G)

0= [Uy(P,0) =D

'AL-A H [U(B, 7)) x H [W(R, )"

V€V (G) veVo(G)
Note here that the critical locus is empty, so the virtual cycle must be zero.
In GW theory, the tropical decomposition formula becomes

[ «&)

EEE(G)

ﬁ VA vir + (_1)‘V&(G)|
Mg.n(Z, B = ;W

AL T Mgeea (00,80 % T [Rguie, (B, 801

vEV (G) veVL(G)

4.7. Effective invariants. We will consider the reduced virtual cycle [U,, e (oo, 3)]".

For each h € L, the evaluation lands in oo = P(EY). Then effective invariants are
given by

F, (H evy ap N [Ug e(oo, ﬁ)]red>.
h

Remark 4.38. In the vertex case, we have the relation

Wy« (B, BV = FAmax N Uy, (B, B)]".

Before we continue, we will consider the geometry of R, (o0, 3) when X =PV,
Consider the diagram

P

C = BCX.
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This induces a stable map C — P¥, so in fact it is equivalent to the data of
s: C — PV and an isomorphism

Fr0(d) ® wigy = Oc (Z ChPh)a

which is equivalent to an isomorphism

7o) w(Z@h + 1>ph).

h

Therefore, when N = 0, R, (00, 8) is the moduli of canonical divisors with specified
zero orders, and for general N, we have the moduli of d-spin linear series of rank V.
We can now take a root of the log target oo, which is given by the diagram

00T —— % 0
[AY/Gr] — [A'/Gr).
On virtual cycles, we obtain
Ry (00, A = £ [Ry.c (00, )",

where x is either “vir” or “red.”
Geometrically, we must have a balancing condition

deg f*O(c0) = Zc(h).

h

Example 4.39. Let X = PV and suppose E = O(d) is a line bundle. Then we
obtain

> e(h) = deg f*O(0)

h

= deg(f*Opn (d) @ wigy)

=p-d—(29—2+n).
This implies that

29 — 2

> B3>0,
g =h=

2g—2

so 8 must beoneof0,1,2,...,t & J

When g = 0, the upper bound is negative, so there are no genus zero reduced
invariants. When g = 1, then the upper bound is zero, so the only reduced invariant
is in the case 8 = 0. This implies that

> (e(h)+1) =0,

h
so because the contact orders are all negative, they must equal —1.

Example 4.40. We will consider legs of contact order —1 in the P? case. Let C be
smooth of genus g and n € H(wc). We now choose a marking p € C, we obtain
neH O(wlog). The stable limit as we scale 1 to infinity is a genus g component
mapping entirely to co and a genus 0 component with a zero at p. On P!, we see
that

Nolpr =dz =ds™ ! = —571%.
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This implies the contact order of the genus 0 component with oo is 1, so the genus
g component has contact order —1.

Remark 4.41. The legs with contact order —1 are created by adding compact type
markings outside of co and should be viewed as the unit, denoted by 1.

4.8. Log GLSM axioms. Consider the diagram

Iy

— T

ug,<+1(ooa/8) —— e T ug,((oomﬁ)v
where m: €° — Uy (00, B) is the universal punctured curve.

Theorem 4.42. We have the equations
5*[ug7<+1(oovﬁ)]red = W*[ug&(OO»ﬁ)]md

and
Fy(ev} D 1 Uy s (00, B)]) = /ﬁ D - [Uy <(o0, )]

for any D € H*(). In addition, if we consider the diagram

Uy, +1(00, B) s Mg,nﬂ

| s

then we have

Fu[Ugcr1(00, B! = 7 Fi[Ug,c (00, B)]".

Example 4.43. If we consider Zg C PV and let ¢ = 1, then we only need to
compute one non-ambient invariant.

The reduced virtual dimension of U, (o0, 3) is given by the formula
X(f" Ty pex) + 14 dim Mg (con),
which also happens to equal
virdim Mg (2, 8) + (0k E) - Y (c(h) + 1).
h

Therefore, when the virtual dimension of the stable map moduli is negative, then
the reduced virtual dimension is zero.

Example 4.44. Consider Z5 C P*. The reduced dimension of U, ¢(occ, 8) is simply
virdim Mg, (Z5, 8) + > _(c(h) +1) =Y (c(h) +2).
h h
We can remove all legs of contact order —1, so we reduce to the case when c(h) = —2

for all h. Therefore, there are exactly L%J + 1 reduced invariants.

Example 4.45. For a general semi-positive hypersurface in PV, the reduced virtual
dimension when g > 2 is

4=N)g—=1)=B-(d=N—=1)+n+Y (c(h)+1).
h
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Using the balancing condition, we obtain an upper bound of

(g — 1)((2]\7) 4 2Nd+2) +nt Y (eh) +1).
h

If2—-N+ %ﬁ is negative, then the reduced virtual dimension is structly less than
n+ Z Z(c(h) +1).
h o h

After removing all legs of contact order —1, all effective cycles vanish! For example,
we have this negativity whenever d =3 and N > 9, when d =4 and N > 6, and
when d > 5 and N > 5. For complete intersections in other targets, we can run the
same arguments, and they are governed by birational invariants.

4.9. Uniform minimal degeneracy.

Definition 4.46. A punctured R-map has uniform minimal degeneracy if there
exists a unique

emin = min{e, | v € V(G)}.
Sometimes, we will also need to consider disconnected graphs, so if we enforce

uniform minimal degeneracy, we will obtain a cartesian diagram

U(oco, 77) — R(co, T")

l l

U(oco, 7) —— R(o0, T)

where both vertical arrows are log blowups and hence log étale and projective. These
introduce two new tautological classes on U(oco, 7Y ), which are

Ymax = —[Amax]
coming from e, and
Ymin = ¢1(O(—emin))
coming from en;,. The class ¥y, is a key ingredient for the tropical decomposition
and is needed for the virtual localization formula.

4.10. Some examples. Here, we will give a few exmples.

Example 4.47 (Quintic). Here, the target is X5 C P*. We will consider the log
target

PBx, = [Pp+(0(=5) & 0)/C]
with the infinity part
Ox5,Cc = P

Example 4.48 (Double cubic). Here, the target is X33 C P5. We will consider the
log target

Px,, = [Pes (0(=3)%2 @ 0)/C]
with the infinity part

00X, ¢ 2 P(0(—3)%%) 2 P° x P
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Example 4.49 (Quintic FJRW). We will consider the log target
Pue = [P>/CK] — BC} > BCX

with the infinity part

fifth root
QOLG,c — 00Xx;,C-

)

4.11. C} action. Our goal is now to proceed towards a virtual localization formula
for log GLSM. Here, the two structural formulae are related as in Figure 8.

x$©
[u] red [u (OO ) ] red
GW/FJRW effective
Ooaljgat-
1o,
twisted
GW/FJRW

FicURE 8. Relation between structural formulae and virtual cycles
in log GLSM

There are two ways to think about this CX-action. If we have an R-map

B

.

C s BCX,
log w
UJC

this was a morphism of stacks, so there is a 2-morphism making the diagram com-
mute. Abstractly, the action simply scales the 2-morphism, which is an isomorphism
of line bundles.

More concretely, consider the quintic example. Then an R-map is equivalent to
the data of a stable map f: C — P* and a section of the projective bundle

Po(f*Ops(=5) @ w® @ Oc).

Using this description, the C}-action simply scales the p-field, where we scale the
first summand and not the second.
We now have a C action on all moduli spaces that we considered previously, for

example R(E, 8) or U(P, B).

Proposition 4.50. The perfect obstruction theories Ex and E{fd are C -equivariant.

Remark 4.51. A key input to this result is that the superpotential is C-equivariant.
If it was in fact invariant, then there would be no need to develop the theory of log
GLSM.
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We may now apply the virtual localization theorem, proved in increasing strength
by Graber-Pandharipande, Chang-Kiem-Li, and Aranha-Khan-Latyntsev-Park-
Ravi [GP99; CKL17; Ara+24] to decompose the reduced virtual cycle as

red
[u]red _ Z L*%.
7 W)

4.12. Fixed loci. There are several kinds of fixed loci:

e There is a fixed locus R, ((0g, 3) of all maps going into the zero-section.

e There is another fixed locus Ry (cogq, 3) of maps going into infinity.

e More general fixed loci may be described by decorated bipartite graphs,
with vertices at either 0 or co being decorated by a genus and curve class
and edges being decorated by the contact order (which implies the degree
of the edge).

From a bipartite graph, the R-maps which appear in the corresponding fixed locus
arise from taking scaling limits of R-maps of the corresponding tropical type. From
the fixed curves, we can obtain other curves of the same tropical type by smoothing
nodes which appear at 0.

The moduli spaces corresponding to stable vertices are given as follows. When
v € Vo, the vertex moduli space is

Ry = R(w).5(0) (00, B(v)),
where all contact orders are negative. When v € Vj, then we have
Ro = Rg(0),5(0)(0, 8(V))
=My = My (o), n(0) (X, B(v)),

where X was the ambient space.

4.13. Virtual localization formula.

Example 4.52. In the case of the quintic, note that co = 0. Then we have a
stabilization morphism st: U — M, (X, 3). Then we will describe the virtual
localization formula on a moduli space which is related to the fixed locus. It is given
by the Cartesian diagram

Mp —— [[, M,

J |ev

(PHIEI 2, (P4 x P42l

‘We then obtain the virtual localization formula

1
red __ !
St U = D A
I

) H [Mv]vir H 1
veVy eC* (Rm,wf @ f*O(=5) ® Cy) wel i GH)

Ch

red

t|U (oo
'HSt*H'E[""

V€V i
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where ¢ is the equivariant parameter and ¢ is the contact order. The 0 part gives
the twisted GW theory of P* with special insertions and the co part gives a more
general version of effective invariants.

Example 4.53. In the case of the double cubic, note that coc = P5 x P! — P° = O¢.
Then we have a stabilization morphism st: U — M, ,,(P%, 3). For v € V,,, we have

My = My(w),n(w) (B, B(0)) X poyncny (B x B,

Then we will describe the virtual localization formula on a moduli space which is
related to the fixed locus. It is given by the Cartesian diagram

Mp ———— [[, M,

(P5 x PHIEI &4 (P5 x (P5 x P1))IZl.

Here, A is composition the diagonal and deleting the P! in the first factor. We then
obtain the virtual localization formula

1
red __ !
sty U] = E 7| utF|Lp7*A~
I

. H [M ]Vir H 1
eC* (Rﬂ'*wlc?g ® f*0(-3)%2 ® C,,) t—eviBH+Ho) n

veVy heH, ch
t[U(o0)]
. H St* L A E— H SR
VEVa —t — wmin o

where t is the equivariant parameter, ¢ is the contact order, and H. is the

hyperplane class on the P! factor. The 0 part gives the twisted GW theory of P°

with special insertions and the oo part gives a more general version of effective

invariants.

Example 4.54. In the case of the FJRW theory of the quintic, note that coc =
1

/(P*,0(1)) = Oc = Bps. Then we have a stabilization morphism st: U — M, ¢.
We now set

. _ 1 _
My =M e@w) X (Toe)n (Too, )"

Then we will describe the virtual localization formula on a moduli space which is
related to the fixed locus. It is given by the Cartesian diagram

Mp —— [[, M,

J Jev

(I_OO(C)‘E‘ i} (I_O(C X I_OO((j)lEl

We then obtain the virtual localization formula

. 1
S = 3 gy e
r

. H [Mv}vir H 1
eC* (Rm.L ® Cy) hei toevi(Hoo) Un

veVy v Ch
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} red

H st, t—wmm 1:[7

veEV

where ¢ is the equivariant parameter and ¢ is the contact order. The 0 part gives
the twisted GW theory of P* with special insertions and the co part gives a more
general version of effective invariants.

5. APPLICATIONS TO GROMOV-WITTEN THEORY (SHUAI GUO AND FELIX JANDA)

5.1. Genus two calculations. The goal is to prove the formula
£,QM

. —SH3 ¢ S HY!
3) M@ = ()5 - <(t _35H)(t—5H—¢)>1

(4) 1< “SHS 4 S HMT' -3HP 4 S HY! >“QM
(t—5H)(t—5H — )’ (t—5H)(t —5H — )
1 §H3t—1 + @H4t—2 t,QM
(5) +2<A*((t_5H)23(t_5H_;;1)(t—5H—¢2)>>0
(6) + F5(Q =0)

for the quintic threefold.
We will first use the localization formula to compute

deg[Us(Pxs, B)".

There are many localization graphs, which may be obtained as modifications of the
ones in Figure 7. The most important ones are displayed in Figure 9.

O 2
'S
D

E

|
|
||
o

™
I
oo
||
=

o
||

VRS

—
D | Il e—|
—_

Q
Il
[\
Q
—
||

A c

F1GURE 9. Localization graphs with nonzero contribution for g = 2.

The contributions will now be given. For graph A, the contribution is
Zd MQ(]PA B)]Vir _ < >t
= (),
Rm.w® @ f*[0)(=5) ® Cu)
which is the O(5)—tw1sted Gromov—Wltten potential of P4. Graph B contributes

i t
om0l s 5 a1\
ev*< —t—min _ < 7§H + 2074H t > .
1 1

(t — 5H)(t — 5H — 1) (t — 5H)(t — 5H — 1)
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Graph C contributes (4), and graph D contributes (5). Graph E will contribute

<Hw> _ BQ=0)P(Q).

2

where ¢! is the effective invariant.

To obtain a formula with five terms from all of our localization graphs, we will
apply the shift p = (1 — Iy)¥ + I1 H which comes from quasimap wall-crossing.
Under the shift, the contribution of graph E becomes the constant F»(Q = 0), while
the contributions from all other graphs vanish.

5.2. Genus two mirror theorem. For convenience, we will set ¢ = 5s. This will
make the equivariant parameters the same for both the Gromov-Witten and FJRW
calculations. This gives us

s,QM

—3H? + 5 H'(5s) ! >

— 5,QM
FQQM(Q)—<>2 _<(5s_5H)(5s—5H—1/))

1

" 1< —SH3+ ZH'(5s)"'  —SH®4 ZH*(5s)7! >S’QM
2\ (bs —5H)(5s —5H — 1))’ (5bs —5H)(5s —5H — 1) /

+ 1<A ( SHO(5s) "' + PH(55) >>S’QM
2\ "\ (5s —5H)2(5s —5H — 11)(5s — 5H — 2) ) /

+ F2(Q =0).

Because the twisted theory is semisimple, we can compute it using the Givental-
Teleman reconstruction theorem [Giv0lb; Tell2]. For a graph I' € {A, B,C, D, E},
the first step is to write

(1 (1), an(¥n))® = ([S@1)ar ()], [S(Wn)an (n)] +)

S

g,m

using the descendant-ancestor correspondence of Kontsevich-Manin [KM98]. The
second step is to use the Givental-Teleman reconstruction theorem to compute the
ancestor invariants by a stable graph sum.

For simple reasons, we can rewrite [S(¢)a()]; = S(5s — 5H)a;1(v). Both
S(5s —5H) and

R7(2) = Zszk
have entries in a ring
R = Q[generators]

where the generators are defined using genus-zero invariants. Using the fact that
IX&S(Qv Z)|z:5s—5H =55 — 5Ha

the mirror theorem, and S*1 = 27 1.J, we see that S*1|,=5s—55 = 1. To compute
the other entries, we use the quantum connection

d

q STf =1 x 875,
z

zq
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Quantum multiplication by 7 is given by the matrix

* %
x k%
A=|x% * *x x ,
%k ok k%

* ok ok ok ok

where the * denote nonzero entries. However, the entries of A and their derivatives
lie in
R = Q[9 generators|.

Using a computer, we then get the exact formulae for
Contr € R.

A miracle implies that
Z Contr € R = Q[5 generators| C R.
r

If we recall that the physicists predicted that Fj; is a polynomial in five generators
(which are exactly the same as the five generators here).

Remark 5.1. A similar calculation for FJRW theory yields similar formulae. For
example, graph B contributes

5(;5% 200(25% 5,QM
<2452(s —1)  24s(s — 1)2 >1,1

and graph D contributes

§1 00 593 @04 og@ey  \"
+ + : .
$2(s —11)s2(s —2)  s(s—w)2s2(s—h2)  s2(s—1)s(s — 1hg)?

0,2
5.3. LG/CY correspondence for the quintic. Write
H? H?
IGW = ZI() + Il + 1—27 + 1372.
z z
Similarly, we can write

zlopr + Iipe + sz 2 + Izpaz >

We can then construct the generators for the FJRW theory of the quintic similarly
to the generators for the GW theory of the quintic.

Theorem 5.2. Write
FgGW = PgCY(Q generators)
FIRW _ plLG
F, = P;”(9 generators).

Then after identification of the generators, we have

CY _ plG
A
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The proof of this result is a direct matching of contributions from graphs in the
virtual localization formula. It relies on the fact that AY = A® under a suitable
choice of basis, which also matches the identification of the generators. The tropical
input from log GLSM is that the effective invariants are equal in both the CY and
LG phases. Finally, we need to identify the insertions in the two phases, and this
follows from a direct computation of the specialized S-matrix.

5.4. Geometry of LG/CY correspondence. Let o € {LG,CY}. Recall that
PBey.c =P x P
and ococy c = P4. The log target is Prg.c = [P5/us], but the infinity-section is
oL = VP
Remark 5.3. There is a modification of the targets such that cocy = coLg.

The first step is to match the virtual localization formulae. In the LG phase,
there are no curve classes at 0, so we compensate for this by using insertions. Also,
note that we need to consider the inertia stack

5
IBps = | | Bus,
=0

and in fact the contact orders determine the twisted sectors at the nodes. Then
there is a bijection between the LG and CY decorated graphs. For example, we
match the graphs in Figure 10.

™Y
® || |l
— A~

9=0g=0
i B2

cYy LG

FiGUure 10. Corresponding graphs in CY and LG phases.

Now let
_nI
= s

€ H*,
where the state spaces are given by
HY = H*(P*)  and  H'C :Q(5)<¢9,¢é7¢§,¢9,¢g>-

Defining

S H ug(v),e(v) (OO.,ﬂ(’U)) — (I_OO‘,(C)lEl — (P4)IE"
veV
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we define
5s[uv]red
Cont’y = (evoo)*< H — .
VEVag _58 - wrﬂin
We may also define the contribution Conty": (*[/])/ "l — Q of 0 by
{Te@)}eer = [T UT@) nenw) i m-
veVy
Finally, for any contact order ¢ € {1,2}, let
8.t H*(P*) — 3H*

be defined by
edge factor(c) - ¢
(b = 5s—5H __ w

c

in the CY case and

PR / edia f:m;tor_z/} 1) .¢%

in the LG case.
Putting these ingredients together, we obtain the following formula:

Theorem 5.4. We have the identity

o, T 1 or . 00
Fg = ; m COntF7. ( <@ 8(:(8),7’) COntF7.> .

The proof of this theorem follows the following steps:

(1) Virtual localization;
(2) Apply the shift coming from quasimap wall-crossing;
(3) Keep track of signs and powers of 5.
It now remains to match the contributions. Here, the contributions Contf’,
match because of the geometric isomorphism cocy = oo g. The matching of the
8¢ ; follows from a direct computation.

5.5. Twisted theories. Recall that the O(5)-twisted GW theory of P* is given by
integrals against
e(Rm. f*O(5) ® Css) N My (P BV

This is not very hard to compute with, so we add a torus action of (C*)® on P*.
We will denote the equivariant parameters on the base by Ag, ..., 4. This gives us
a general O(5)-twisted theory.

Unfortunately, this is extremely complicated, but we consider the formal quintic
theory, which is given by setting s = 0 and

27

Therefore, we have a theory with only one equivariant parameter A. This theory
(also called the A-twisted theory) has several advantages:

e It has been studied before by Zinger, Kim-Lho, Lho-Pandharipande, and
various other authors [Zin09; KL18; LP18];
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e The A-twisted I-function

Z d z 1 5H+Z’Z)
d>0 ITi- 1((H+zz) =A%)

— Iqumtlc +O(Z_ )
is much nicer than the s-twisted I-function

—ZZ dHfdl 5H—5s+zz).

In particular, the appearance of 5s in the numerator of each term of I* is
the reason for the appearance of extra generators for the s-twisted theory.

Our goal now is to rewrite log GLSM invariants using the A-twisted theory. Using
the tropical decomposition formula, we obtain

deg[U(P)]ed Z H deg[U(P)|VT H effective.
DPirop vEVD vEV0

Because the canonical virtual cycle does not depend on the equation of the quintic,
we can compute

. . X \6
deg[U(P)" = deg[UP)" ) |izo 0, =¢in-
Using the log GLSM localization formula, we now obtain

general vir,(CX)8
Z H twisted g deg[U(0)] '

Do v€EVD

We will now apply operations to graphs as in Figure 11.

g=1 g=1
°
g=2
1ﬂtrop Ftri [ )
g=1
o = ® g= 1 Fbl
g=2
1—‘Ioc -
(Y ® ®
g=1 g=1 g=1

FIGURE 11. Tropical graph, localization graph, and tripartite graph

We may then combine the two decompositions to form a tripartite graph. Using
this, we then obtain

general vir,(CX)° _
ew =" [ & T deglu(oo)] ] effective

I veVy veEV, vEV,
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= Z general (s, \)—effective

twisted
'y veVy VEV
= <Z H A—twisted H A—efFective)
'y veVy V€V A=0

Here, the second equality comes from combining the middle and upper layers of a
tripartite graph.
Remark 5.5.

(1) It is not a priori clear that the specialization s = 0, \; = (YA makes sense.

However, we note that H> = X%, so H~! = I){—:, so the specialization

1 1
‘>
5s —bH — iy, —5H — 1y,

makes sense.
(2) The graph T'y,; may have contact orders ¢ > 3.

5.6. Combinatorial structure theorem. Recall that the R-matrix action was
found by Givental as follows:

e We will stabilize a localization graph to a stable graph. This involves
contracting rational tails and chains:

e The tails become the translation action;

e The chains become edge contributions V(z, w);

e The ends become leg contributions R(z)~*.

We will consider something similar in log GLSM. We will begin by stabilizing
graphs I'y; as in Figure 12. Applying Givental-Teleman to the vertices at level 0, we

g=1¢g=1 g=1
o0 [ ] ®
0
g=0 g=0
I
g=1g=1 g=1

FIGURE 12. Stabilization of T'y;

see that there are cooo edges, 0oo edges, and 00 edges. There are also both 0 and
oo legs. This implies that

F, = R(w* @ w™),
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where R is generalized from the Givental formalism. It is given by

R R» label 0
18 label 0o

Also, the matrices R and S are determined from the quantum differential equation,
which in the A-twisted case are given by

0 In
A= 0 Is3
Iy 0

5.7. GW theory of the quintic. We are now able to apply the combinatorial
structure theorem.

e We have a stable graph sum formula involving R;

e The entries of R are polynomials in the five generators, which are determined
by A;
e The generalized tail contribution

T T label 0
"~ 1J label 0o

is a polynomial in the holomorphic generator X = 1%55(1.

To prove the holomorphic anomaly equation, consider differentiating by S €
{4, By, B, B3}. We look directly at the stable graph localization formula. Differen-
tiation comes from cutting edges as in Figure 13.

% o« — o «+to—«
) 0O Qi

FiGURE 13. Cutting of edges.

If a matrix R satisfies the equation

0

2 p-1_ p-1, A
6SR R S
then the V-tensor satisfies the equation
%V =R '(2) @ R *(w)(As),
where
As(z)e® @ eq +e* ® Ag(w)eq
Ag = .

Z+w
Therefore, when we compute % g, we place Ag at the nodes, and this will match
the holomorphic anomaly equation.



HIGHER-GENUS GW OF COMPACT CY3 55

Remark 5.6. This method also proves that for any extra generator €, we have

0]

—F,=0.

o0&
This implies that Fj is independent of £, so we reduce the nine generators to five
generators.

Remark 5.7. In fact, the holomorphic anomaly equations hold for arbitrary values
of the effective invariants. In particular, if we define F; by the formal theory and
effective invariants, then
(1) The generating function Fy satisfies the holomorphic anomaly equations;
(2) Fy has orbifold regularity.
Orbifold regularity is proved by showing that every graph which appears in the
graph sum for F| satisfies orbifold regularity.

The meaning of orbifold regularity is that if we replace X, Ay, By, B2, B3 by the
LG versions X°®, AS® B BP B then F, is a regular function near ¢ = oc.

Conjecture 5.8 (Conifold gap). At the conifold point ¢ = 57>, there is the conifold
gap condition

Feon — BQQ
g A29—2
where A is the local flat coordinate near the conifold point.

+ regular,

The conifold gap condition has been checked for g < 5 by computer. Unfortunately,
a systematic way of proving the conjecture is not known.

Part 3. See BCOV from the A-side: MSP fields

Using the master space construction introduced by Thaddeus and Dolgachev-
Hu [Tha96; DHO8] in the context of variation of GIT, Chang-Li-Li-Liu [CLLL19;
CLLL22] defined the theory of Mized-Spin-P fields, which connects the Gromov-
Witten and FJRW theories of the quintic threefold. The moduli space has a torus
action, and one type of fixed point gives the Gromov-Witten theory of the quintic,
which led to hope that the theory could be used to compute GW invariants of the
quintic. However, the calculations quickly proved intractable, and an insight of
Guo, which led to the creation of N-Mized-Spin-P fields [CGLL21], was required to
resolve the difficulties. This led to the proof of the finite generation conjecture and
holomorphic anomaly equations for the quintic threefold by Chang-Guo-Li [CGL21;
CGL19], which was generalized to hypersurfaces in weighted projective space by
the author [Lei24b; Lei24al. More recently, a new stability condition for GLSMs
was introduced by Chang-Guo-Li-Li-Zhou [Cha+23b], and this will enable the
construction of MSP moduli spaces for other targets.

6. GEOMETRY OF MSP MODULI SPACES (WEI-PING LI AND YANG ZHOU)

The genus-zero Gromov-Witten invariants of the quintic were computed by Given-
tal, Lian-Liu-Yau, and various other authors [Giv96; LLY97]. Their computation
uses the fact that the moduli space

ﬁO,n (P4a 5)

is smooth and the obstruction sheaf corresponding to O(5) is a vector bundle. This
fails, however in higher genus, and in genus one, the work of Zinger, Vakil-Zinger, and
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Li-Zinger [Zin09; VZ08; LZ09] on reduced Gromov-Witten invariants desingularizes
the moduli spaces and enables computation of the genus one invariants. This result
was also recovered by Kim-Loh [KL18] using quasimap wall-crossing [CK20; Zho22].
There is also the approach of Maulik-Pandharipande [MPO06] using the degenera-
tion formula, which in principle computes all of the invariants but is impossible to
calculate with in practice. Finally, there is the approach of Fan-Lee [FL19].

6.1. P-field reformulation of GW and FJRW theory. Let F' = oV + .- + 2
be an arbitrary Fermat polynomial. The setup works in full generality, but the
calculations can only be conducted for the quintic threefold. The first step is to
construct the moduli space of P-fields following the work of Chang-Li [CL12a],
which comes from the work of Guffin-Sharpe [GS09] in physics.

Consider the vector space C® x C with the action of C* given by

t(x1,...,x5,p) = (tr1, ..., trs, t°p).
The GIT quotient with the positive stability chamber is Kpsa. We will consider the
superpotential
p(af + - +a3).
A map C — Kpu is equivalent to the data
(CaLa P1y--.,P5 € HO(L)7P € HO(Lis)))'
This is just a stable map, and the P-field is given by modifying p by we to obtain
€ = (07'57@17 <y P5 € HO(L)MD € HO('C’75 ®WC))

We will also require that (¢1,. .., ¢s) is nonvanishing, so it gives a stable map to P*.
The moduli space M? of such £ is noncompact. However, we can follow Kiem-
Li [KL13] and use cosection localization for a cosection

o:0b— 0.
The degeneracy locus is in fact
o=1(0) = My(Z5, B),
where Zs C P is the quintic threefold. This gives a virtual cycle?
[MP]ioe = £[M(Z, B)]*.

loc

FJRW invariants were originally defined using analysis. There are algebraic
reformulations by Polishchuk-Vaintrob and by Chiodo [PV16; Chi06]. We once
again consider C® x C with an action of C* given by

t(z1,...,x5,p) = (txy,... trs, " op).

However, we use the negative stability chamber to obtain the quotient [C®/us5]. The
objects in our moduli space are given by

n= (CaL,SDL s 05 € HO(’L)ap € HO(L_5 ®WC’))
such that p is nowhere zero. This implies that £° & we. We will consider the same

superpotential
p(a}+ -+ ad).

9The equality of virtual cycles was not proved by Chang-Li [CL12a] (who proved an equality of
invariants only) as claimed in the talk. The first proof of the equality of virtual cycles is due to
Kim-Oh [KO22]. See also [CL20b].
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The moduli space M55 of such 7 is still noncompact, but cosection localization
again provides a virtual cycle

(Vs P
recovers the FJRW virtual cycle.
6.2. Master space and MSP fields. Following the work of Thaddeus [Tha96]

and various other authors, we are interested in a geometric lift of a path connecting
two GIT quotients. Consider the space C® x C x P! with the action of C* given by

t(z1, ..., x5,p, [u,v]) = (tzy,... trs, " Op, [tu, v]).
Now define the master space
(C5 x C x P\ {(0,0,0,0,p,[0, 1)} U{(z1,...,25,0,[1,0])})/C*.

Because P! is a GIT quotient, we can reformulate the GLSM for this target as being
given by the data of

9= (C,L,N,1,...,05 € H(L),pe H (L’ Quwe),u€ H' (L @N),v € H'(N))

such that (¢1,. .., @5, 1) is nowhere zero, (p, v) is nowhere zero, and (u, V) is nowhere
zero. We also require that Aut 4 is finite.

Remark 6.1. Because the target is a Deligne-Mumford stack, we will need to require
the source curve to be a twisted curve. For orbifold markings, we require that £|x
is a nontrivial automorphism of Aut X. For scheme markings we will consider either
(1, p) markings where we force p = 0 or (1, ¢) markings were we force ¢ = 0. These
are required to construct the cosection. These markings are called narrow, and all
other markings are called broad.

6.3. Cosection localization and virtual cycle. The numerical data is g = g(C),
do = deg L ® N, and do, = degN. This gives the moduli space

Wg7d~—> D, ={(C,L,N)}
with a relative perfect obstruction theory
®5 -5 .
Rr, (L 0L Qwc ®LOINBN) — H"Wy,;/’Dg'
Here, 7: € — Wg 7 1s the universal curve.
Fiberwise, the cosection is given by the following construction. Let!'®
(&, p,,0) € HH(LFP) @ H' (LT @ we) @ HH (L @N) @ H'(N).
Then the cosection is given by
o = (g} + -+ 98) +5p(@1r + -+ p5¢s)

and its image lies in H'(w¢) =2 C (this isomorphism is canonical).
The degeneracy locus ¢=1(0) is given by

o 0) = {ppi =" =pp3 =@ + -+ 93 =0}
={p=vi+ - +¢5=0}U{p=0}
The first difficult step is to prove the properness of the degeneracy locus.

Theorem 6.2. The degeneracy locus o~ *(0) is proper in the narrow setting.

10We are pretending to be physicists here.
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6.4. Virtual localization. There is a C*-action on W which actually preserves
o7 1(0) given by

t- (07L7Na§07p7/1'a V) = (C7L7N7§07P7t/}’7y)'

This allows us to compute MSP invariants using virtual localization.
We will now relate the fixed loci to the previous moduli spaces.

e Let ¥ € W. If u =0, the N = O¢ by the condition that (u,r) is nowhere
vanishing. This reduces the fields to (¢, p), and we need (¢1,...,95) to be
nowhere vanishing, so we obtain P-fields. We will call this level 0

e If we let v = 0, then the information of p disappears and p must be nowhere
zero. This reduces us to FJRW theory. This is called level oco.

e Finally, if we set ¢ = p = 0, then both u,v are required to be nowhere
vanishing, so we only have the data of a curve. When we perform virtual
localization, this will give us Hodge integrals. This is called level 1.

Fixed loci F ¢ WE™ will be labelled by graphs. The problem is that there may be
a situation of two edges vg — v1 — Vo, Where one edge has degree d and the other
edge has degree —d. While there is no geometric smoothing of the node (it is banned
by the stability condition), there are nontrivial infinitesimal deformations, so we
cannot decompose the virtual cycle. Fortunately, there is a significant simplification,
which was first discovered by Chang-Li [CL20a] for the quintic and should hold for
all other Calabi-Yau threefolds.

Theorem 6.3 ([CL20a]). These graphs contribute 0 to the MSP virtual localization
formula.

Let A be the set of regular graphs. Then the virtual localization theorem for
cosection localized virtual cycles due to Chang-Kiem-Li [CKL17] gives

vir

Wi = 3 (e o lae

)

vir

Because of irregular vanishing, we can decompose [Wr[}2%

along the vertices.

e At a level 0 vertex, we have

[Wa, lioe = £V

loc Gug Mg

(Z,du, )],

where Z is the quintic.
e At a level oo vertex, we have
. — 1L 5p .
WoJioe = Mg, 4, T

e At a level 1 vertex, we simply have

Woulioe = Mg, ., -

loc

6.5. NMSP fields. The setup can calculate the genus 1 Gromov-Witten invariants
of the quintic, which was done by Chang-Guo-Li-Zhou [CGLZ20], but the calculations
are too complicated to perform more computations. However, an insight of Guo is
to replace p with

= (p’la'-'aMN) € H0(£“ ®N)®N

and consider an action of (C*)¥ scaling u diagonally.
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6.6. Reformulation of stability condition. Recall that the original MSP master
space is given by a GIT quotient of C? x C x C x C with coordinates x1, ..., Zs,p, u, v
by (C*)? acting with weights

11111 -5 10

00 000 0 11

and the polarization t1#3. This is a change of coordinates from the standard
presentation
11111 -5 1 -1
[0 00 00O O 1 1 }
and polarization ts.
Recall that a stable MSP field
52 (G,L,N,@l,...,gp5,p,u,l/)

consists of the data of

e A pointed twisted curve € — the nodes are required to be balanced, which
means that they locally look like

Spec Clz, y]/(zy)
(z,y) = (G, G ty)
e L N € PicC are line bundles such that £ @ N is representable;
o 01,...,p5 € HOL), p e HY(L™5 @ws®), p € HO(L ®N), and v € HO(N)
are sections such that
— (¢, p) is nonvanishing;
— (p,v) is nonvanishing;
— (p,v) is nonvanishing;
— |Aut(§)| < oo.
We denote the nonvanishing condition by MSP-Stab-I and the finiteness
of automorphisms by MSP-Stab-11.

There is a superpotential

5
pY a}: [C]/C* xC*] = C
i=1
with critical locus (see Figure 14)

5 5
Crit(pr?) = <p:2x? :0) Uz =
i=1 i=1

The semistable locus is

I
)
ot
Il
o
S~—

Cone(X5) UP(1,5).
The degeneracy locus of the MSP moduli space (with reduced stack structure)

consists of all £ such that € is mapped entirely into the critical locus. In other
words, we require that

5
(pzZz?>U(x1=---:x5:0):e.

The upshot of this is that the critical locus is proper.
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Kpa [C°/ 5]
FIGURE 14. Critical locus Cone(X5) UP(1,5)

Theorem 6.4 ([CLLL19]). Fizing the discrete data, the moduli of stable MSP fields
1s a separated DM stack of finite type and the degeneracy locus of the cosection is
proper.

Our goal is now to generalize the stability condition:

e Stability should come from GIT with the R-charge (which gives the w'°8);
e Properness should follow from properness of the target (or at least the
critical locus).

Lemma 6.5. Under MSP-Stab-1, the condition that | Aut | < oo is equivalent to
the condition that

(L ON?) ® (WE)®4 >0
as A— L 4+07.
Now note that the unstable locus is cut out by the functions
102, w50 ue, ullp.
This allows to reformulate M SP-Stab-I as the condition that the sections
o1? . esv? ur € HO(L @ N?) and ' e HO(L5®N10®wle°g)
have no common zeros. This reformulation allows us to give easier proofs of basic
facts about MSP fields.
Corollary 6.6. Fizing the discrete data, stable MSP fields are bounded.

Proof. We need to prove that

e There are finitely many irreducible components;
e The degrees deg Lo and degN|e: are uniformly bounded for irreducible
components €’ C €.
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The first condition follows from positivity of the line bundle
LN @ (weB)A.
For the second condition, suppose for simplicity that € = €. Then we vary the

polarization to obtain the inequalities

Ay <deg L @ N < Ay;

Az < deg L @ N3,

Ay < deg L2 @ N3,
This gives a bounded region, and the denominators are bounded, so we are done. [

Remark 6.7. In the nonabelian case, boundedness is much harder. See [Cha+23a]
for more details.

6.7. General setup. The setup consists of the following data:
e An extension
1 G r —=— C~ 1

Nﬂ

CX

of reductive groups;
e An affine scheme V (think a vector space or critical locus) with an action of
I such that V*(0) = V=5(0) # 0;

Remark 6.8. The lift 9 of 6 is not essential.

Definition 6.9. An LG-quaasimap is a tuple
5 = (67 u7 H)’

where

(1) € is a pointed twisted curve;
(2) u: € — [V/T] is representable such that the base locus =1 ([V*(0)/I) is
discrete and disjoint from the special points;

(3) K: u*Ley = WE® is an isomorphism of line bundles.
Example 6.10. In the MSP case, either V = C?® or Crit(pz:xf). We also have
I = (C*)? x C}.
e A map u: € — [V/T] is the data of £L,N,R € Pic(C) and fields @, p, u, v.
Here, note that p € H(L™5 @ R).
e The data of k is an isomorphism u* L, = R = wlé)g.

A fancier way to write an LG-quasimap is as a commutative diagram

V/G] —— [V/T]

J |

SpecC —— BCj.
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6.8. Q-stability. Define
Ry :={f €C[V]|g*f = (0(9))" [ for all g € G};

R, = EB Ry.
k>0
Then recall that we have a morphism
V /oG = Proj@Rk — Spec Ry =V /o G.
k>0

Lemma 6.11 ([FJR18]). Each Ry, is I' — invariant.

Set
Ry, = @ Ry e,

cEZ
where

Ryc={f € CV]| 7" f = (9(7))*(e(7))°f for all y € T'}.
Definition 6.12. An element f € R, = @kzo Ry, is homogeneous if 0 # f € Ry

for some k and c¢. We then define the 6-weight of f by k = wt(f), the R-charge of

J to be ¢, and the slope of f to be £.

Example 6.13. In the original MSP example, weights are given in Table 4. In this
example, we have
U Ly e = (£ @ N)PF @ (w08)®°.

TABLE 4. Weights.

zv? ww  u''

Weight 1 1 5
R-charge 0 0 1.

In general, for f € Ry . and a map u: € — [V/T'], we have
u*f € H(Cou* Ly yewm)-
Now choose a package 2 = (S, A, 9), where
e S C R, is a finite set of homogeneous elements;
e A > maxycg{slope(f)}.
Definition 6.14. A prestable LG-quasimap £ is -stable if

Q-1: The base locus u~([V/(S)/I) is discrete and disjoint from the markings and
nodes;
Q-2: For all non-special points x € C*™, we have

%g{w‘cl(f) ord, (u” f) + slope(f)} < 4

Q-3: We have the ampleness condition
u*Ly @ (wg?)®4 > 0.

Remark 6.15.
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(1) The A here corresponds roughly to I in the previous literature about
quasimaps. Roughly, decreasing A means attempting to force more of the
curve to go into the stable locus;

(2) V(S) may be larger than the unstable locus V'™ = V(R );

(3) If any irreducible component €' C C satisfies wlgg|e/ > 0, then Q-3 is implied
by either Q-1 or Q-2;

(4) In some way, Q-stability is independent of ¥ (up to changing the other data).

Theorem 6.16. Fizing degu*Ly = d, the genus g, and the number k of marked
points, the stack

LGQy (X, d)
s a separated DM stack of finite type.

Theorem 6.17. Suppose that X /g G is projective and S is full (which means that
set-theoretically V(S) = V'(0)). Then LGQ?’,C(X, d) is proper.

Example 6.18. In the original MSP example, S is full. The element u!%p € S
has slope %, so we need A > % For any smooth point g € €3, the conditions (2-1
and Q-2 are equivalent. In particular, they mean that at least one of the following
conditions is satisfied:
ordg p; +2ord, v < A, i=1,...,5
ordg p +ordgv < A

1 1
gordqp—&-ZordqugA—g.

As A — % + 0%, we see that the first inequality holds if and only if ord, ¢; =
ord, v = 0, which is equivalent to nonvanishing of ;2. This recovers the original
nonvanishing condition MSP-Stab-1I.

6.9. More examples.

Example 6.19. Consider PV with an R-charge. This means that we take I' =
C* x C} and V = CN*!. We will have I' act with weights

1 1 - 1
Co C1 e CN :
For simplicity, assume that ¢y < --- < ¢y. In this model, an LG quasimap is a

package
€= (€L, i € H(L ® (we®)®)).

For the stability condition, we choose S = {zg,...,zn} and A > cy.

The condition 2-2 becomes the condition

min{ord, (;) + ¢;} < A.
In general, we see that ord, (¢;) is allowed to be positive. The condition 02-3 becomes
the positivity condition
L& (weB)? > 0.
For example, if N =1, ¢g =0, and ¢; = 1, then as A — 17, Q-2 becomes the

condition that either ¢1(z) # 0 or ord,;(po) < 1 at any non-special point = € C. In
particular, it is impossible to completely remove basepoints.
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Example 6.20. We will now consider the LG phase for a complete intersection
Xdl,dQ C PN.
We will consider V = CN*1 x C x C and I' = C* x C}, acting on V with weights

1 o 1 —dy —ds
0 -~ 0 1 1

We will choose the character (t1,t2) + t; ', and the corresponding GIT quotient is
[V /o G] = Tot(Op(q, a,) (—1) V).
An LG quasimap is given by the data
£=(C,L, 00, on € HO(L), pr € H(L™" @ we®), pp € HO(L™™ @ wi®)).

We choose S = {p1,p2}, and assuming that d; < da, we need to choose A > d—ll.
The stability condition -2 becomes

d.(p; 1
min{ OrT(p) + di} <A,
while 2-3 becomes the positivity condition

L7l ()4 > 0.

+
As A — (d%) , the condition 2-2 becomes the condition that either p; () # 0 or
ord,(p2) < g—f — 1. Therefore, if dy < 2d;, then p; and ps have no common zeroes.

Remark 6.21. If d; = dg, this hybrid model admits a good lift in the sense of
Fan-Jarvis-Ruan [FJR18] and the theory was studied by Clader [Clal7].

Example 6.22. We will now consider MSP theory for X3 3 C P? x P2, The Calabi-
Yau phase is given by Kp2yp2, which is a GIT quotient of C3 x C? x C by C* x C*
with weights

111 00 0 -3

000 1 1 1 =3|°

There are three phases for this model, which are given in Figure 15. To construct

FIGURE 15. Phases of X33 C P? x P2



HIGHER-GENUS GW OF COMPACT CY3 65

the MSP moduli space involving all phases, consider the data

TL Ty T3 Y1 Y2 Y3 P ur uz v o
c* 1 1 1 0 0 0 -3 1 0 01
c< 0 0 0 1 1 1 =3 0 1 01
c* 0 0 0 O 0O 0O O 1 1 13
Cy, 0 0 0 0 0O O 1 0 0 00

We will choose the set
S = {xyv3,quv2,yu1v2,uluQv,ygu?pQ, :cgugpz,u?ugp}.
The maximum slope is %, so we will choose A = % + 0. In particular, part of Q-2

becomes the condition

é(g ord(uy) + 9ord(usz) + ord(p)) +

which is equivalent to

2
<Z 40T,
<3 T

=

9ord(uy) + 9ord(usz) + ord(p) < 3.

This is equivalent to the condition that u; and wus are nonzero and ord(p) <
3. Putting all of the conditions together, we obtain the following nonvanishing
conditions:

o (u1,uz,v) # 0;
o (yous) £ 0;
o (1,u1) £0;
e Either v # 0 or ord(p) < 3.
Unfortunately, it is not possible to remove the basepoints.
Consider the action of C* x C* given by scaling p. A schematic diaagram of the
the types of fixed loci is given in Figure 16.

L1 2L, = N1
p € HO(N® @ wg®) —— [Tot(Op (~1))/pis)
ord,(p) <3

[Tot(Op2 (—1)%2) /3]

P2 pt P2

K]Pz ><]P>2
FIGURE 16. Diagram of fixed loci for X33 € P? x P2

Remark 6.23. There is a wall-and-chamber structure as we vary A. If we consider
A — oo, the condition Q-2 is always true, and -3 bans all rational tails. This
gives a stability condition similar to stable quasimaps which was already studied
by Fan-Jarvis-Ruan. In addition, there should be a wall-crossing structure as we
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vary A (which is desirable because we want to separate the different kinds of fixed
points).
Remark 6.24. Q-stability exhibits a phenomenon which is close to being independent
of S. If V is reduced and V' J/y G is projective, then whenever S is full, we have
e The quantity
1
max{slope(f)}

is independent of S
e Fixing A and ¢, Q = (5, A, ¥)-stability is independent of S.
6.10. Proof of key properties of the moduli space. The idea of the proof is as
follows:

o First prove the PV case;
e Compare the general case to PV.

To warm up, we will review the proof of properness for stable maps to P'. A
stable map to P! is equivalent to the data

(eaLagola(p2 S HO(L>)

such that there are no common zeroes and £|e: > 0 whenever w?g|e/ < 0. We will
use the valuative criteria.

Consider a family over a disk A;. We have two divisors (¢1 = 0) and (2 = 0),
but they may meet on the central fiber transversely with vanishing order 1. We can
blow up the intersection point to separate the two divisors as in Figure 17. Denote
the blowup morphism by 7: € — €. Then we actually have

o1, T 0y € H (7 L(—F)),
where E is the exceptional divisor. Then the stable limit is given by
(€, m*L(—E), 7" o1, py).
If A > 1, we simply keep the base point (and disallow the rational tail).

E
w2 =0
—— | >
p1=0
e e
i {
— —F—

FI1GURE 17. Stable limit of family of stable maps.

If we introduce an R-charge 0, ¢, an LG quasimap is given by
(C.L, 01 € H(L), 02 € HO(L ® (we®)®)).

Now 7*9 vanishes to order 1+ ¢ on E. Blowing up again, the vanishing orders now
become (1,2¢) ~ (0,2c — 1), which seems worse. If instead (¢1 = 0) has multiplicity
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k > ¢, then on E the vanishing orders are (k,1+ ¢) ~ (k —1 — ¢,0). Then we blow
up the node, which does not change wlgg. Therefore, we cannot improve a length 1
zero of ¢1, but we can improve a length > k zero of ¢;.

FE
w2 =0
— —— >
1 =0
e C
4 4 4
—'—At — At At
t=20 t=20 t=20

F1cURE 18. Stable limit of family of LG quasimaps.

We will now study the general case. We will assume that S = {fo,..., fx} all of
weight 1. Then if we consider

v (fos--sfN) CN+1

U U

Xe

r u C* x CX
X‘
o
Ccx,
This induces a cartesian diagram

LGQ(X) —2— LGQ(PN)

J J

LGQY(X) —— LGQY(PN).

Properness reduces to proving properness of the bottom morphism. Using the
valuative criterion, consider a curve C° — A° and an LG quasimap

€ =(€°...) e LGQY(C°, X).
If we have an extension of ®(£°) to

E = (6765()007"'790]\7) S LGQQ(§7PN)7

we need a unique extension § of £° such that ®(§) = &.

. 1 . . e e
Because the line bundle wé) € comes from the coarse moduli space, we can trivialize

it locally. Working locally, any LG quasimap becomes a usual quasimap. First
assume that there are no base points (we will deal with base points using Hartogs’s
theorem). We already have an extension to the coarse moduli space X.
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Lemma 6.25 ([AV02]). Locally, given C — X, there exists a unique commutative
diagram
—

I +—

P — >

—
This completes the proof of properness.

7. APPLICATIONS TO GROMOV-WITTEN THEORY (SHUAI GUO AND PATRICK LEI)

7.1. MSP invariants. We will consider MSP moduli spaces W, ,, ¢ with dy = d,
de = 0, only (1, p) insertions, and arbitrary values of N. We first note that the
MSP virtual localization formula is given by

e(Ng") - 1l H e(Rm. f; O( ) ®ta)

uEVo a= 1

5te - e(E o))? Hpsa e(BY @ (tg — ta))
H H i (t))5 B# B

a=1veve e(E ® 5ta) - (—ta) Hﬁ;ﬁa(tﬁ_ta)

(I i) 1L

eclE
where ¢, are the equivariant variables and V|* denotes those vertices at level 1 where
the curve satisfies pio # 0 and pgso = 0. Also, a € a,, are connected components
of the level oo part of © and A, is the contribution of an edge. In particular, define

Mg.n(Zs, )]
e(Rm. f3O0(1) ® ta)
= (—t")HIMy 0 (Zs, d)]"

gl = (Nt ) " By,

These are the top degree part of the contribution to the virtual localization formula
coming from a vertex v. We will denote the full contribution at level 1 by [M, ,,]*t".
From now on, we will specialize our equivariant variables to roots of unity as
to = —(xt. For convenience, we will also specialize ¢ such that tN = —1.

We may define MSP invariants using virtual localization. Note that by the
condition that p vanishes at the marked points, we have evaluation morphisms

evi: Wy na — IP’4+N,

My.n(Zs,d)]* =

which restrict to

ev;: Wé%(m?Jr-'-Jr:L’g:O)(CX)N = Z5 U |_| Pty

a=1

where W[ is the degeneracy locus of Wr. Therefore, we may define MSP invariants
with insertions from the state space

N
H = H*(Zs) & @ H" (pt,)-
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Using the vertex contributions to the virtual normal bundle, we define the pairing

5
<x,y>M=/xy\z+ LI
[, Y+ 2 g ol

The state space has several bases, which we will discuss now.

e Let p = ¢1(Opasn (1)) be the equivariant ambient hyperplane class. Then
we have the basis ¢; = p’ for i =0,..., N + 3;
e There is the basis {1z,, H, H*, H3} U {1, }_;;

The last kind of MSP invariant we need to define is the MSP [0, 1] invariant.
Here, we simply consider the class

[W] [0,1] _ Z [W@]_Vir

;
OeAD.1] e(Nélr)

where Al denotes the set of all graphs without any level oo vertices.
7.2. Genus zero MSP theory. In genus zero, the full MSP and the [0, 1] theory
are equal. This follows from the following lemma:
Lemma 7.1. We have
WO,n,d = ﬂo,n (P4+Na d)

and an equality

[Wo,n,a]"™ = £e(Rm, f*O(5)) N Mo, (P, @)V
of virtual cycles.

The lemma tells us that the genus-zero MSP invariants are the same as the
GW invariants of a degree 5 hypersurface in P4V, which is in particular Fano. In
particular, the MSP I-function is given by the formula

HSd: (5p + mz)
IM(q,2) =z d m=1 )
(0:2) dzq Ty (p+m2)5 ey (0 + m2)N — tN)

This automatically implies the following result.

Lemma 7.2. We have
JM(0,q,2) = 1M (g, 2)
whenever N > 2.

The main result we need to know about genus zero MSP theory is the explicit
form of the quantum connection. Let D := qdiq.

Lemma 7.3. The MSP S-matriz satisfies the differential equation

(p+2D)SM(2)" = 5% (2) - AM,
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where AM is given by the matriz

[0 120q
1 0 770q
1 0 1345q
1 0 770q
10 120q + tV
1 0
10
1 0
1 0
1
L 1 O .

in the basis {¢;} for N > 5.
7.3. MSP [0,1] CohFT. Define the MSP R-matrix by the Birkhoff factorization
Al Spty
M _
S (Z) AN - R(Z) SptN ’

where

A%(z)

. Bay, 5 1 1 k1
=exp| ) 22k — 1) | (—ta)2F1 + (5t )2E1 + ﬁ;{ (ts — to)2h—1 |*

is defined using the quantum Riemann-Roch theorem. Here, we need to shift S to
the point 7z, = %H, and

where

Here, L(q) == (1 — 5°¢)~.

Theorem 7.4. The MSP [0,1] invariants come from a CohFT QI which is
defined by the formula

N
Qo = R, (QZ5 ® @wptwmp> :

a=1
Remark 7.5. The normalized tail contribution at the isolated points is given by

+3

To(z) = 2(1— L% R(2) '), = O(z?)

In addition, when N > 3g — 3 + n, there is no tail contribution at level 0.
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7.4. Degree bound for MSP theory. In order to compute the invariants of a
Calabi-Yau threefold using MSP theory, we need to control the MSP invariants.
Our goal will be to control the MSP [0, 1] invariants, but these are defined as a
mysterious sum of virtual localization contributions. First, we will control the full
MSP invariants.

Lemma 7.6. The full MSP correlator

_ M
<pa1 w]1617 .. apan ¢5">
gn
is a polynomial in q of degree at most
39 -3+ a

-1
g—1+ N

This follows from the fact that the virtual dimension of the MSP moduli space is
N(d+1-g)+n. To obtain the same degree bound for the [0, 1] correlators, we
will need a decomposition formula for the full MSP theory in terms of the [0, 1]
theory and the remaining contributions. First, we will construct bipartite graphs
from localization graphs, where vertices are either [0, 1] vertices or oo vertices. For
an example of this procedure, see Figure 19.

FIGURE 19. Obtaining a bipartite graph from a localization graph.

Lemma 7.7. We have the MSP decomposition formula

Ta Tan\M 1 i
<7'1¢117 e Tnn ’>g”n = Z |[Aut | 1:/[ COnt‘[f] ® wC(i)
veVoo

"€ Abipartite Z'GL?}

[0,1]
s 1%
(@@ @="")

vEVjo,1) \i€L, i€L ek, ar ~ Vlew) P

Here, the contribution Cont[ovo] of a vertex v at level co is a generating series of
FJRW-like invariants, which is a polynomial in q of degree at most

1
doo[v} + 5<2gv -2- Z (a’e - 1))

eck,
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In addition, APPtte s the set of stable bipartite graphs, L2 is the set of legs
which get contracted to v after stabilization, and c(i) is the stable vertex that i gets
contracted to after stabilization. For an example of stabilization, see Figure 20.

0 ,U2;5 U275
ly

0 0 v3,6 U1, 2 V3,6
1}1,2
61 62 53 fl £3

FicUrEe 20. Stabilization of a bipartite graph. In this example, we
have ¢(¢1) = (v1,e1), ¢(la) = (ea,v2), and c(f3) = 3.

This lemma is proved by directly applying the virtual localization formula and
then analyzing the following two situations:

e What happens at a vertex at level oo;
e What happens when we split a graph at a vertex at level 1.

By using the decomposition formula and a careful degree-counting argument, we
obtain the following degree bound for the [0, 1] theory.
Lemma 7.8. The MSP [0,1] correlator
(0,1]

<p“1¢7'f1, oD 11713">

s a polynomial in q of degree at most

g,n

— N
7.5. Polynomiality. We first introduce the ring of five generators. Let

g—1+

5d
me1(OH +mz
I(g,z) =2 qdnd =1 2
d>0 Hm:l(H+mz)
H? 3
= IOZ+11H+I27+ISZT

and define the following generators:

DFIy, DFI, 1
A = By = d Y= —0+r.
k Ill ’ k IO ’ at 1-— 55q

Here, recall that I1; =1+ D(%)

Lemma 7.9 ([YY04]). The ring
R = Q[Ah Bla 327 BS7 Y]

contains all Ay, and By.
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Theorem 7.10. Introduce the series

5Y)9-1m d\"
Py = (I())zq_gll (QdQ> Fy(Q)

Then Py, € R for all g,n such that 29 —2+n > 0.

I
Q=qe’o

If we want to prove this result using the results we have already proved, then we
need to prove a polynomiality result for the the entries of the R-matrix. At level 0,
we use the equation

(R(2)""2)|z, = §7°(a, 2)(S™ (2) 1)l z4

and the explicit forms of the MSP quantum connection and the quantum connection
for the quintic to obtain

R(2)* 1|z, = Iy + O(zV73)
R(2)*plz, = 2D(Iy) + HIgI1; + O(zN72).
To simplify what follows, define the normalized basis
oy = Iolyy - I H,
where Is5 was defined previously and I33 = I71. If we define
(Ri)? = (R, p")M,
then the recursive formula
(Ri) = (D + C 4 b)(Ri—1)}-1 + (Ra)=1 — ¢a(Ri)}_ s
where Cy, = Dlog(Ip---Ipy) € R and ¢; = (0,...,0, 120,770, 1345, 770), yields the
following result:
Lemma 7.11. If j # b+ k (mod N), then (Rg)? = 0. Otherwise, we have
(Rk>ll;+k: € R and Y (Rk)yy nip € R

N

At level 1, define the normalized basis 1, = L™ > 1,. Then define
(Ri)§ = LV ™M (R 1%, p))™,

where L, = —t,L.

Lemma 7.12. The quantity (Rk)? is independent of o and is a polynomial in'Y of
degree at most k + {%J

The lemma is proved as follows:
e Fix the case when j = 0 by using the Picard-Fuchs equation
5
D} (DY, ~ %)~ [] (Dr, + m2)R()" 1]y, =0
m=1
and an oscillating integral. Solving the Picard-Fuchs equation expresses
Ry as an antiderivative of some polynomial in R, and their derivatives.
To prove that the constants of integration are zero, we use the fact that
R(2)1|,¢, can be computed from the asymptotic expansion of the oscillating
integral

e z

/ md.?ﬂo/\"'/\d.IN_H;
xo...xNJrg

e
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where

1
N+3 Nes B
W= Z(xi — Ailogz;) — <W>
i=0

q

is the mirror superpotential and =, is the Lefschetz thimble near the critical
point of W corresponding to pt,,.
e Use the recursion

()5 = (0= 5 (T2 -+ ) a -1 (s

C

+ (Be)for + g5 (1= Y)(Ry)joy

to induct on j.

Proof of Theorem 7.10. First, note that we have the base cases Py 3 = 1 due to
Zagier-Zinger [Z708] and
1 31 1 25
Pii=—-A—2B ——(1-Y)- =
A LTI R T
due to Zinger [Zin09]. The relation
Pynii = (D + (9= )2B1 +1-Y) = nA1)P,.,

implies that we only need to prove P;>s € R.
Consider the correlator (5Y)9~1( )[90’01], which is a polynomial in Y of degree at
most g — 1. By the stable graph sum formula, we have

(5Y) 1O = P+ Contr .
T

For all non-leading graphs, we use the relation Y, (g, — 1) + |E| = g — 1 to assign
powers of Y to all of the edges. Then the contributions from vertices are given as
follows:

e At a level 0 vertex, the contributions are simply
ng71<90b1 1/_}{111’ sy Py, _gf" >

which reduces to Py, ,, by the string and dilaton equations.
e At a level 1 vertex, the contribution is

Zs

GuvsNy

Lg(gvfl) . _ . _ _ ~
S E (gl T gl T
m:

Go,Ny+m
m

After summing over all «, we see that this is nonzero only if the total power
of t, is a multiple of N (here, we may want N to be a prime number).

Using the fact that the contribution from an edge between two level 1 vertices
satisfies a balancing condition, the total factor of the L, for the various a becomes
1. This implies that Contr € R for any non-leading I', so we must have P, € R. O

Remark 7.13. We can recover the genus one mirror theorem very quickly using the
results we have already proved. If we consider the correlator

<p> 10”11] = const,
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there are only two stable graphs. The contribution of the stable graph with a genus
1 vertex at the quintic is given by

1 - 5
—<R(z)_1p|zs>1zi = (=B + 111H>1Z’01

Iy
200
=P —Bj.
1,1+ o1 71

The other graph contributes
1 2
§(A1 +4B; + 3(1 -Y))

at level 0. Finally, we can prove that the total contribution from level 1 is a degree
1 polynomial in Y, so using the known values of N7 1 and <H>1Z,1,o fixes the two
coefficients of Y.

Remark 7.14. The formula

1 X(2) 1 1/
Pi=—A+ (X2 9)p - —(1-y)- — Z)-H
1= 7y 1+< 24 ) 1Y) g ) e(2)

is expected to hold for all of the examples in Table 2, where we denote the Calabi-Yau
threefold by Z. It has been proven for hypersurfaces in weighted projective space
by the author [Lei24b].

7.6. Mirror symmetry picture. Recall that mirror symmetry is for families
2= (Z,w) 2V =(zV,J)
McM3Q MM >4

On the A-side, we have bases ¢; € H''(Z) mirror to e; € H*1(Z"). On the B-side,
near the maximal unipotent monodromy point, we have periods

zo:/r Q) = 1+ 0(q);
fu:/r Qq) = logq; +

Then we will have the mirror map given by

I1,4

Qi:eloa

Z 8logQJ
dlogq;

Using the B-model basis, we define the Yukawa coupling

so we see that

72 4
njk = Io <ei7 eja ek>0’37
which is a rational function over M.

Remark 7.15. Physicists have more predictions about the Yukawa couplings, includ-
ing pole orders.
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In the case of the quintic Z5 C P4, there is only one Kéhler parameter, and the
Yukawa coupling is simply
1
Y=—"—.
1 —5%¢
For Z3 3 C P? x P2, the Yukawa couplings are symmetric under permuting 1 and 2
and are given by

3124 3Pq + 3q2)
A )
(1-33q —33q)(1+2- 331 — 33¢a)
A b

Ylll =

Y112 =
where the discriminant A is given by
A=(1-3q —3qp)—3qq.
In higher genus, we define
P, 1 X

g,@ = m<ea, .. .,ean>g)n.
IO

Conjecture 7.16 ([BCOV94]). Define
fg,a = Pgya + lower order,

where the lower order terms come from a sum over stable graphs. This f,z is a
rational function in q and after normalization by some power of the Yukawa couplings
18 a polynomial of degree at most 3g — 3 + n.

Example 7.17. In the case when g = 2, the contributions to fo come from the
graps in Figure 21. We put S% on each edge and at each vertex, we place

[ ] *—O *~— —0

2 1 1 1 1 0
—o ——e =0

0 0 0 0 0

FIGURE 21. Stable graphs of genus 2 with no marked points.

(29—2)<

B — A
(€315 -s ein>g7n =1, Ciyye - ein>g7n —(n— 1)!597157,6’

where we replace all ey by 1 and there is a correction term in genus 1 with only
ancestor insertions.

This Feynman graph sum can be realized using geometric quantization. In
particular, consider the matrix
1 z2K; 228° 2%(S+ S'K;)
I 284 22(SHT (A C
U KT N D)’
1

R =
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which is explicitly defined using BCOV’s propagators [BCOV94]. This is symplectic
with respect to the pairing

(f,9) = Res:—0(f(—2),9(2)).

Therefore, we may define its geometric quantization by
RF(z) = / e2 Q") =" P +F () 4o qp,
Rh+1 g Rh+1
where @) is a quadratic form given by

1
Q= (p,D"'z) = 5(p,D"'Cp).
We will view R € End Hpg, where
Hp = Span{eozfz,eizfl,ei,eoz}.

It naturally acts on Givental’s symplectic vector space, but we can restrict it to a
finite-dimensional vector space H4 (which is still larger than Hp). We will call it
R4 when acting on H4 and R? when acting on HZ.

Remark 7.18. Note that Givental’s graph sum contains more information than
BCOV’s graph sum coming from the extra basis elements.

Theorem 7.19. Here, we restrict to the case of the quintic. Let o denote either A
or B. Denote

f*(x,y) = ROF*(z,y),
where we define
Foloy) =S wtEn, S
Then we have the identity
B = = 0g10m0(n — 1)L,

In other words, there is the commutative diagram

min!’

N —8y.16m.0(n—1)! B

g.m,n g.m,n
] #=]

A —04,10m,0(n—1)! B

g, m,n g, m,n-

7.7. MSP realization of the Feynman rule. Recall that MSP for the quintic is
given by the charges

Y1 P2 P33 P4 s P BV

L 1 1 1 1 1 -5 1
wlos 1
N 1 1

Virtual localization gives us the fixed loci
WEN = Z, L Npt,

where W = (25 + -+ + 22 = 0) C P4+, At the level of CohFTs, recall that we had
an identity
Q0 = R.(Q% @ QNPY).
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One advantage of increasing IV is that it makes the Dijkgraaf-Witten map 7
(which sends I(—z) onto the slice of £!°¢ coming from H*(Z5)® H*(Npt)) very nice.
The actual values of 7 on components were given in Section 7.3. If we compute the
edge contribution V% connecting two vertices at level 0, this will be exactly the
propagators as N — oc.

Our goal is to use the polynomiality of Q% to deduce polynomiality of the
CohFT

RA.Q%.

We will consider the factorization
A
R-G- (R ) ,
Inxn

Q01 = G.(RA.Q% @ QNPY).

It now suffices to prove that G preserves polynomiality, and in fact we see that the
entries of G lie in Q[Y] with explicit degree bounds.

which factorizes

7.8. FJRW theory of the quintic. The unfortunate issue with the MSP moduli
space of the quintic is that there are N vertices at level co. Instead, we will consider
N copies of the field v. To calculate FJRW invariants, we will set dy = 0 and
deo = d. One nice feature of this is that the moduli space has no vertices at level 0,
so we do not need to prove irregular vanishing.

The ambient space of the target is TOt(O]p(l,m’Lg))(—1)@5). Virtual localization
will give N isolated points and the FJRW theory as fixed loci. When computing
using MSP, there is a factorization R = R'°°A, where R!°¢ comes from virtual
localization and A comes from Grothendieck-Riemann-Roch. In this model, neither
step preserves the unit, but their composition does preserve the unit, and therefore
we obtain

R.(QFJRW ® QNpt) — Q[l,oo].

7.9. Multi-parameter models. We will consider only a 1-parameter deformation
of the GLSM for Z3 3 C P? x P2. This is given by the charges

Y1 P2 P3 P4 P55 P P KV

Ly 1 1 1 -3 1 0
Lo 1 1 1 -3 0 O
Wiog 1

N 1 1

The fixed loci are now LG, P2, and Z3 3. We then have the identities
olol = Ry (%5 g QNFY,
ol = Ry Q%3 @ V).

Note that Q[IO,U is polynomial only in ¢; and 9[20,1]

then find that R{! = R#', and so in fact we have
O = G (RA.Q%3 @ V),
O = G (RA.Q%3 @ V),

is polynomial only in ¢go. We
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where G; is polynomial in g; (with no bound in the other Kéhler parameter). The
first identity gives polynomiality in ¢; and the second gives polynomiality in gs.

do
39 —3

dq

FIGURE 22. MSP bounds (gray) and sharp bounds (blue) for Zs 3 C
P? x P2

Remark 7.20. The bound obtained using MSP for this example is not sharp, for
example see Figure 22.
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