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Abstract

We introduce marked relative Pandharipande-Thomas (PT) invariants for a pair
(X, D) of a smooth projective threefold and a smooth divisor. These invariants are
defined by integration over the moduli space of r-marked stable pairs on (X, D), and
appear naturally when degenerating diagonal insertions via the Li-Wu degeneration
formula. We propose a Gromov-Witten (GW) / PT correspondence for marked relative
invariants. We show compatibility of the conjecture with the degeneration formula
and a splitting formula for relative diagonals. The results provide new tools to prove
GW/PT correspondences for varieties with vanishing cohomology.

As an application we prove the GW/PT correspondence for:

(i) all Fano complete intersections, and

(ii) the reduced theories of (S x C,S x {z1,...,2n}) where S is a K3 surface and C' is
a curve, for all curve classes which have divisibility at most 2 over the K3 surface.

In the appendix we introduce a notion of higher-descendent invariants which can be
seen as an analogue of the nodal Gromov-Witten invariants defined by Argiiz, Bousseau,
Pandharipande and Zvonkine in [2]. We show that the higher-descendent invariants
reduce to marked relative invariants with diagonal insertions.
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1 Introduction

1.1 Overview

There are two basic curve counting invariants associated to a smooth projective threefold:

(i) Pandharipande-Thomas theory, defined via the moduli space of stable pairs,

(ii) Gromov-Witten theory, defined via the moduli space of stable maps.

A correspondence between these two theories was proposed in [29, 30, 53] and proven in many
instances in [33, 54]. In particular, it is known for all toric threefolds, Calabi-Yau complete
intersections in projective space, and all Fano complete intersections when the cohomology
insertions are even. The goal of this paper is to prove the GW/PT correspondence in two
new instances: For Fano complete intersections with arbitary cohomology insertions, and for
the relative reduced theory of a product of a K3 surface and a curve (with some primitivity
assumption on the curve class). For the proof we introduce marked relative Pandharipande-
Thomas invariants which allow us to control the vanishing cohomology of the threefolds.

1.2 Pandharipande-Thomas theory

Let X be a smooth projective 3-fold. The moduli space of stable pairs P, g(X) parametrizes
pairs (F, o) of a pure 1-dimensional coherent sheaf on X and a section o € H(X, F) with
zero-dimensional cokernel, satisfying the numerical conditions:

X(F)=n€e€Z and che(F)=p3¢€ Hy(X,Z).

The moduli space P, g(X) is fine, projective, and admits a virtual fundamental class [18]
[Pap (01" € Aa(Pap(X)), vd= [ er(Ty)
B

Consider the k-th descendent of a class v € H*(X) on the moduli space:

Th(7) i= T (X (V)cho 1k (F)) - € H* (P, 5(X))

where m, mx are the projections of P, g(X) x X to the factors, and (I, o) is the universal
stable pair. The Pandharipande-Thomas invariants of X were defined in [55] by

<mm»wmwﬁ”:/ 720 (%)
s [P, 5 (X)) U
for all 4, € H*(X) and k; > 0.

1.3 Gromov-Witten theory

Let M;,r, 5(X) be the moduli space of r-marked genus g degree 3 stable maps f: C — X,
where the map f is required to have positive degree on each connected component of the
(possibly disconnected) domain C. Consider the cotangent line classes at the markings:

i€ H* (M, , 5(X)), i=1,...,m

Gromov-Witten invariants are defined by integration over the virtual fundamental class of
the moduli space:

<mmwnmmmwz/ 5 evi ()
' 97 (372, 4 (X)] H



1.4 GW/PT correspondence

A universal correspondence matrix between the descendent insertions 7y, (y;) in Pandharipande-
Thomas (PT) theory and Gromov-Witten (GW) theory was constructed in [53]. The matrix!

Ka,a € Q[i?cl?c2vc3]((z))

is indexed by partitions « and & of positive size, and depends on i = y/—1 and the formal
variables ¢; which below will be specialized to the Chern classes ¢;(Tx). The basic vanishing

Ra,& =0 for all |a| < |a].

ensures that in the sums below all except finitely many terms are zero.
Let o = (a1, a2, ...,a,) be a partition, and write

T[a] = Tal—l . 'Tozr—1~

Let P be a set partition of the index set {1,...,r}. For any part T' € P given by a subset
T c{l,...,r} welet ar := (a;);er be the partition formed from the T-indices of .

Definition 1.1 ([53], Section 0.5). For any classes v1,...,v € H*(X) define:

Tar—1(1) " Tap—1(e) = Z H [ZT[(&] <A1,...,€(&) 'WT(KaT,d : H %))] .

P set partitions T€P & €T
of {1,...,r}

where & runs over all partitions, w1 : X' — X is the projection to the first factor, and
A1, &) 18 the class of the small diagonal in XHa),

Using dg = || 5 c1(Tx ), we define the partition functions of GW and PT invariants:

2m m X,PT
Zgrs (T (1) -, () = Y 2 (e (1) T (W) 1,
mE%Z
. _ _ X,GW,e
Z8w.5 (T () -+ T (30) = (=i2)% Y (=1)971 22972 (i, (1) - 7 () g 7 -
gEL
Conjecture 1.2 ([53, Conjecture 2]). We have that
757 5 (Tar—1(n) -+ Ta—1 ()
is the Fourier expansion of a rational function in p, and that
285 (rar 1 (30) T 1 () = 2 (Tn 00 a1 1)

under the variable change p = e*.

Remark 1.3. (i) The matrix K, 5 was constructed geometrically in [53]. A more explicit
description for essential descendents (where all deg(y;) > 0) was obtained in [47, 38]. How-
ever, an explicit formula for the matrix is still missing and would be very interesting.

(ii) The correspondence of Conjecture 1.2 is invertible, that is, it also determines arbitrary
GW invariants in terms of PT invariants, see Remark 5.8 below.

1The universal GW/PT correspondence matrix is denoted by f(a’a in [53, 54], and related to our matrix
K4,& by the variable change:



1.5 Fano complete intersection
Our first main result is the following:

Theorem 1.1. The GW/PT correspondence of Conjecture 1.2 holds for any complete in-
tersection X C P™ which is Fano.

The case of Theorem 1.1 where all the cohomology insertions ~; are of even degree was
proven in [54]. Since Fano complete intersections can have odd cohomology (e.g. the cubic
threefold has 10-dimensional middle cohomology), this extension is non-trivial.

1.6 K3 x Curve

We come to our second main result, concerning the geometry of K3 surfaces.

Let S be a smooth projective K3 surface, let C' be a smooth curve and let z = (21, ..., 2x)
be a tuple of distinct points z; € C. We consider the relative geometry
(SxC,S.), S.=|]9x{z} (2)

Let 8 € H3(S,Z) be a non-zero (i.e. effective) curve class and consider
(B,n) = 1B+ n[C] € Hy(S x C,Z) = Hy(S,Z) ® Z[C].

where ¢ : S x {z} — S x C' is the inclusion of a fiber and § # 0.
Consider a H*(S)-weighted partition

A= (()\laél)a"'7()‘€(A)a6€(A)))7 51' EH*(S)
of size |\| = >, Ai = d. We write A = (A1, A2, ..., Ayy)) for the underlying partition. Let

1
- (5. *( Qn]
A= Hz ¥ Izl q:(6;,)1 € H*(S"™)

be the class on the Hilbert scheme of d points on S associated to A\, where
qi(a) : H*(S[k]) — H*(S[k'”])

is the ¢-th Nakajima creation operator [39] with cohomology weight oo € H*(S), see Exam-
ple 2.18 for the convention on Nakajima operators that we follow.

The relative Pandharipande-Thomas invariants of (2) with insertions given by H*(S)-
weighted partitions A1, ..., Ay are defined by the integration over the reduced? virtual fun-
damental class of the moduli space of relative stable pairs:

(SxC,8.),PT

<)\1a"~a)‘N>n7(/37d) evzl(Al)"'eVzN(AN)‘

\/['Pn‘([:f,d) (SXC’SZ)]red
Similarly, relative Gromov-Witten invariants are defined by

N ¢

(i)
I II evici(sis)
j=1

(§xC,5.),GW,e /
[M;,(B,d)((SXC,SZ)}X)]red Pl

(A AN s

where the supscript ’e’ stands for allowing disconnected domain curves as long as the stable
map has non-zero degree on each component. We refer to Sections 3.3 and 4.3 for the precise
notation. We form the partition functions of the Pandharipande-Thomas invariants,

(SxC,S.,) - m (SxC,S,),PT
ZPTy(ﬂyd) (Ala ey A1\/') - Z (7p) < )‘1’ ey /\N>m+d,(ﬁ,d) )

mEZ

2The (standard) perfect obstruction theory of the moduli space admits a everywhere surjective cosection
to a trivial bundle, hence the standard virtual class vanish. The theory has to be defined with respect to a
reduced virtual class, see [35, 36].



and of the Gromov-Witten invariants:

Z((;A\S;VT(%AZ;) </\1’ ) )‘N) = (_z)Zi(E(/\j)_l)\il) Z(_l)g_1+dz2g_2+2d < )‘17 AR )‘N >(SXC’SZ)’. :
gEL

Our second main result is the following.

Theorem 1.2. Let 5 € Hy(S,Z) be a primitive effective curve class. The series

(SxC,8.)
ZPT,(B,d) (A, AN)

is the Laurent expansion of a rational function in p, and we have the equality

(SxC,S2) _ 7(58xC,S>)
ZPT,(ﬁ,d) (Al""’/\N)*ZGW,(ﬁ,d) (/\1,...,/\1\/)

under the variable change p = e*.

On the PT side the invariants of (S x C,S,) are known to satisfy a multiple cover
formula, which expresses the invariants for imprimitive curve classes  as an explicit linear
combination of invariants where § is primitive, see [46, Thm.5.1]. A similar multiple cover
formula for the Gromov-Witten invariants of the K3 surface S has been conjectured in [44,
Conj.C2], and is reviewed in Section 10.2. We prove that the GW/PT correspondence is
compatible with these multiple cover formulas.

Proposition 1.4. Let 8 € Hy(S,Z) be any effective curve class. The series

SxC,S,),red
ZETGE D (A )

is the expansion of a rational function in p. Moreover, if the multiple cover formula for K3
surfaces (as in [44, Conj.C2], recalled in Conjecture 10.2) holds for the class 3, then

(SXC,Sz),red _ (5xC,S,),red
ZPT,(ﬁ,d) (A1,.. 0 AN) = ZGW’(ﬁ,d) (A1, AN)

under the variable change p = e*.

The multiple cover formula for K3 surfaces is proven in [3] for all curve classes 5 €
H(S,Z) which are of divisibility 2. We obtain the following.

Corollary 1.5. Theorem 1.2 holds also for effective curve classes B of divisibility 2.

1.7 A triangle of correspondences

Assume that 2¢g(C') — 2+ N > 0 so that (C, z1,. .., 2n) is a marked stable curve,
[(C,z1,...,2n)] € Mg N.
Recall (e.g. from [43, Sec.1]) that there is a canonical decomposition
H,y (S, 7Z) =~ Hy(S,Z) & Z.A

where A is the class of the exceptional curve of the Hilbert-Chow morphism S — §(@).
Define the generating series of Gromov-Witten invariants of the Hilbert scheme with
complex structure of the stabilization of the domain curve fixed to be (C, 2):

N
Z8wi%? Oucdm) = ™ [ ([, 2) [Tevi )

mez [Mg(cy,n (S, B+mA)Mr

Here 7 is the forgetful morphism to the moduli space of stable curves M y.
By work of Denis Nesterov we have the following Hilb/PT correspondence:



(C, z)-domain Gromov-Witten theory
of Hilb"™ (K 3)

Gromov-Witten theory of Pandharipande-Thomas theory of
(K3x C,K3x z) (K3x C,K3x z)

Figure 1: Triangle of correspondences for K3 surfaces

Theorem 1.3 (Nesterov, [40, 41]). For all effective curve class 8 € Ha(S,Z) we have:

sl (c,z SxC,S.
ZGW,B( )()\1,.“7)\]\]):ZéTiﬁ,d))()\l""’)\N)

Taken Theorem 1.2 and Theorem 1.3 together we hence have established a correspon-
dencess for all primitive effective curve classes 8 € Hs(S,Z) between the following theories
(taken all in the reduced sense):

(i) relative Gromov-Witten theory of (S x C, S.),
(ii) relative Pandharipande-Thomas theory of (S x C,S;), and
(iii) Gromov-Witten theory of Hilb™(S) with domain curve fixed to be (C, 2)

This set of correspondences can be geometrically represented by the triangle shown in Fig-
ure 1. This triangle was conjectured first in [44]. While the original conjecture only applied
to primitive 3, by Proposition 1.4 we expect it to hold for imprimitive curve classes as well.

A parallel triangle of correspondences has been established for other surfaces as well, in
particular for C? in [6, 48, 49] and for the resolution A,, of the A,,-singularity A,, = C%/Z, 1,
in [28, 31, 32, 26] (these cases are crucially used in the proof of the GW/PT correspondence
[33]). For arbitrary surfaces we expect a similar triangle but with non-trivial wall-crossing.
The Hilb/PT edge has been recently obtained by Nesterov [40] (the wallcrossing correction is
known for del Pezzo surfaces but open in general). The GW/PT correspondence is known in
special cases (e.g. for toric surfaces), see [54]. We have established here the correspondence
for a non-toric case.

A more general version of the triangle, where the source curve (C, z) is allowed to vary in
the moduli space of stable curves, was established in [56] for C2. It would be very interesting
to prove such a generalization also for K3 surfaces since it allows access to the full higher
genus Gromov-Witten theory of S,

The triangle of Figure 1 will be crucial for establishing the holomorphic anomaly equation
for the genus 0 Gromov-Witten theory of Hilb™(K3) in the forthcoming work [42], which
was the main motivation for the current paper.

1.8 Contents

In Section 2 we recall the stack of target expansions for a relative pair (X, D), the moduli
spaces (X, D)" of r-marked points on (X, D), and the relative Hilbert schemes of points
(X, D)[T]. Section 3 contains the main definition of the paper, the marked relative invariants.
For that we introduce the stack

P, sr(X,D)

which parametrizes stable pairs (F,s,p1,...,p.) together with » marked points on expan-
sions X [k], where the points p; € X[k] are not allowed to lie on the relative divisor D[k] or



the singular locus. Similar to the moduli space of stable maps to a relative target, the stack
admits natural relative and interior evaluation maps

ev® P, 5. (X,D) = DPPL ev:P,5,.(X,D)— (X,D).

Relative-descendents are defined by pullback of cohomology classes via the evaluation maps,
weighted by Chern classes of the universal stable pair pulled back along the universal section.
We show that whenever the cohomology insertion from (X, D)" is a class pulled back via the
canonical projection (X, D)" — X", these marked relative invariants specialize to the usual
descendent PT invariants. We further discuss a degeneration formula, rubber invariants,
rigidification, and a splitting formula for relative big diagonals (parallel to the GW side in
[2]) for the marked relative invariants. All take the expected form.

In Section 4 we introduce the details we need on the Gromov-Witten side. The marked
relative invariants here are defined by integration over the usual moduli space of relative
stable maps, MQ,T(X,D,X), and have been used already in [52] for the statement of the
GW/PT correspondence in the relative setting.

In Section 5 we extend the conjectural GW/PT correspondence of [54] to marked rel-
ative invariants. This is most naturally done by viewing the correspondence matrix as a
cycle in the product (X, D)T“‘Z(d). We prove compatibility of the correspondence with the
degeneration formula and the splitting of relative big diagonals. We also remark on possible
Chow-theoretic lifts of the GW/PT correspondence.

After having finished introducing our technical tools, we turn to application. First in
Section 6 we consider Fano complete intersections X. By using the monodromy and an
argument of [2], the PT and GW invariants of X are determined by the invariants where
all cohomological insertions are even or products of big diagonals. Using marked relative
invariants these invariants can be determined by a degeneration to complete intersections of
lower degree. The compatibility of the splitting formula and degeneration formula with the
GW/PT correspondence then shows that it suffices to check the claim for the end points of
the degeneration, which are known by induction and the results of [54].

As a preparation for the K3 case, in Section 7 we consider a rational elliptic surface R
with a smooth elliptic fiber E C R. Following [54] we study the birelative capped residue
theories of (R x P!, R, U E x P1). Relying on [54] we prove the GW/PT correspondence
for these invariants for curve classes on R of degree 1 over the base. This will be used later
in the degeneration formula.

From Section 8 onwards we turn to the particular case K3 x Curve. We first discuss
partitions functions, degeneration formulas, etc, in the framework of the reduced virtual
class. It is most natural here to introduce a formal parameter € € Q[e]/e? for the statement
of results. The GW/PT correspondence in the primitive case is stated in Section 8.3, and
then proven in Section 9. For that the vanishing cohomology for the degeneration of a K3
surface into two rational elliptic surfaces is controlled by the monodromy of the K3 surface.
The discussion in the imprimitive case is done in Section 10.

In the appendix we introduce higher-descendents, which are an analogues of the nodal
Gromov-Witten invariants of [2].

The content of this work follows many of the existing ideas in the field, in particular the
work of Pandharipande and Pixton [54, 53, 52] on the GW/PT correspondence, the work of
Li and Li-Wu [23, 24, 22] on the degeneration formula (as well as [36] for the reduced virtual
class), the ideas of Argiiz, Bousseau, Pandharipande and Zvonkine [2] on how to deal with
vanishing cohomology, and various standard constructions such as rigidification [34, 50, 49],
Instead of writig a very short paper assuming all of these notions, we tried to lay out the
main ideas of these theories and give examples and intuition along the way. Since skipping
sections is easy to do, we hope this to be also in the best interest of the reader.



1.9 Convention
Given a function Z : H*(X) — Q. We will often write
Z(A1) - Z(Ag)

and say that A1, As stands for summing over the Kiinneth decomposition of the class of the
diagonal A C X x X. This is defined by

Z(A1) - Z(Ag) := ZZ(@)Z(QS;/)

where [A] =37 ¢; ® ¢ € H*(X x X) is the Kiinneth decomposition.

To avoid cumbersome sign notation we will assume in Sections 2-5 that all our varieties
have even cohomology. It is straightforward to introduce signs in all cases: Whenever we
switch in an expression the order of two odd cohomology classes, we need to multiply the
resulting expression with a sign.

1.10 Acknowledgements
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2 Relative geometries and target expansions

Let X be a smooth projective variety and let D C X be a smooth divisor, which we assume
here for simplicity to be connected. The general case of disconnected D is parallel. It only
requires us to keep track of number of expansions at each connected component of D, see
for example [22, 2.3].

2.1 Stack of expansions

Let Np,x be the normal bundle of D C X, and consider the projective bundle
P=P(Np,x ® Op) = D.
The projection has two canonical sections
Dy, Dy, CP

called the zero and infinite section specified by the condition that the zero section has normal
bundle Ng/p & Ng /X and the infinite section has normal bundle Ng,x. (In other words,
if we consider the degeneration of X to the normal cone of D, we find the central fiber
X Upep, P.) For every k > 1 let

P, =PU...UP

be the chain formed by k copies of P where the infinity section of the i-th copy is glued to
the zero section of the (i + 1)-th copy for i =1,...,k— 1. A (k-step) expanded degeneration
of (X, D) is the pair (X[k], D[k]) defined for k > 1 by

X[k] =X Up~pD, , Py
where D; o C Py, is the zero section in the first copy of P, and

D[k‘] = Dk,oo



is the infinite section in the k-th copy of P in P;. In the case k = 0 we set (X[0], D[0]) :=
(X, D) and also say the pair is unexpanded. We call X[k] an expansion of X, and D[k] C
X|[k] the relative divisor of the expansion, and P, C X [k] the bubble of the expansion.

The 1-step expanded degeneration of (X, D) arises naturally as the special fiber of the
degeneration of X to the normal cone of D. More generally, a k-step expanded degeneration
arises naturally by iterated degeneration to the normal cone. A universal family of expanded
degeneration over a stack T of expanded degenerations was constructed in [23, 24]. The
universal family is denoted by

(X,D)—>T.

We shortly recall the definition of (X, D) — T following [25]: Let (Xp, Do) := (X, D).
Let X; be the blow-up of X x A! along D x 0, and let D; be the proper transform of D x Al
Inductively, let &,, be the blow-up X,,_; x A! along D,,_; x 0, and set D,, to be the proper
transform of D,,_; x Al. For every n > 0 we have a natural morphism

Pu: X — A"

o1 xid
given by the composition X — X, _; x A! Pn1X% A™. The fibers of pn are expanded
degenerations of X, and families of expanded degenerations are defined by pullback of this

family. More precisely, one has the following definition, see [23, Sec.4, p.567]:

Definition 2.1. A family of expanded degeneration of (X, D) over a scheme S is a pair
(Xs,Ds) where

o Xs is a scheme over S with an S-projection Xs — X x S, and
e Dg is a Cartier divisor of Xg,
such that there exists an étale open cover S, — S of S such that (Xs Xg Sa, Ds Xg Sa)

is 1somorphic to (fiX,, fiDy) for some n > 0 and morphism fo : So — A™, and the
isomorphism is compatible with the projections to X X S,.

An isomorphism between (Xs,Ds) and (X, D) is an isomorphism Xg = Xg which
sends Dg to Dy and is compatible with the projection to X x S.

We let T be the stack whose objects are family of expanded degenerations (see [23] why
it is a stack). By construction, there exists a universal expanded degeneration (X, D) — T
consisting of a universal family of expansions

X =T

given by a flat3, proper and representable morphism and a universal relative divisor D C X.
For any scheme S and morphism S — T we let denote the pullback of the universal expanded
degeneration by (Xg,Dg) — S, that is we have the fiber diagram:

Ds —— D

L

XS*>X

|

S —— T.

By construction, every geometric fiber of (Xg,Dg) — S is isomorphic to some k-step ex-
panded degeneration (X [k], D[k]).

3The morphism X,, — A" is flat (e.g. use miracle flatness).



Remark 2.2. The stack T can be also directly constructed from the pairs (X,,D,,) as a limit
as follows. Consider the standard action of G}}, on A" given by

o (x1,...,Tn) = (0121, ..., OnZy), o= (01,...,0,) €GN

The action lifts to an action of GJ;, on A),. Scaling by G} -certainly yields isomorphic
expanded degenerations, so we certainly need to quotient by this group. However, the
stack X, — A" also comes with a choice of ordering in which the degenerations are taken,
i.e. the restrictions of X, to {t; # 0|j € J} and {t; # 0|j € J'} for any two subsets
J,J" C {1,...,n} of the same size are G”,-equivariantly isomorphic, so we need to quotient
out by this equivalence relation as well. Here t1,...,t, are the coordiantes on A™. The
stack 7 is then constructed by taking the limit over n of the the quotients of A™ by the joint
equivalence relation given by translating by G}, and reordering of non-zero coordinates. The
universal family X is likewise constructed as limits of the quotients of A,.

When working over schemes of finite type, the naive picture of viewing T as a quotient
of A" and the universal family as a quotient of X, hence suffices.

2.2 Cotangent line classes on stack of expansions
Let ¢ : T x D =2 D — X be the inclusion of the universal relative divisor. Following [34,
Sec.1.5.2] we define the cotangent line bundle on 7 corresponding to D by

Lp = pr«(Np,x ® PpNp/x)

where p7 and pp are the projections of 7 x D to its factors. Note that in P we have
Np,p & NI\SOO/P’ so so that N%/X ®ppNp,x restricted to a fixed expansion X [k] is simply
the product of two normal bundles Np,x ® Np, /p (where P’ C Py, is the first component).
Since the zero section has normal bundle N]}/) x we see that Np,x ® Npp: is trivial, so Lp
is in fact a line bundle. We define the cotangent line class of the divisor D to be

Yp = c1(Lp).

The line bundle Lp on T admits a natural section with vanishing locus parametrizing
non-trivial expansion. Consider the universal contraction:

TX © X — X x T
Taking the differential along D yields a morphism of line bundles on D =T x D,
S ND/X — ND/X

On a fiber X[k] the morphism s’ is an isomorphism if k = 0, and zero if k¥ > 0. Hence the
dual morphism

vanishes precisely on the locus of non-trivial expansion. Pushing fordward by p7, we obtain
the section

sp =pp«(s): O = Lp
vanishing non-trivial expansions.

Example 2.3. Consider the family of expanded degenerations:
p: Xp1 = Blpyo(X x PY) — PL.

We have the fiber p~1(0) = X Up~p, P(Np,x ® O). The relative divisor Dp1 = D x P!
is the proper transform of D x P! ¢ X x P!. In the total space Ap: we have the rational
equivalence

[Dp:1] = 7n*([D]) — [P(Np/x @ O)].

10



where 7 : Xp1 — X x P! is the blow-down map (or equivalently, the canonical projection).
Hence we find that

Np,, jx, = O(Dwi)|p,, = O(x"D) @ O(P(Np,x ® 0))"|p,, = prp(Np/x) @ pri: (Op1 (1)),
where we used that

OP(Np/x @ O))|p = 7 (Op1(0))|p,, = prs: (Op1(1))-

We see that for the classifying morphism f : P! — T of the family we have
[*Lp = prp: (N%Wl/xle ® ND/X) = Opi(1)

and f*sp is the section of Op:(1) vanishign at the origin.

Example 2.4. Consider p, : &, = A”. Then one has a G} -equivariant isomorphism
Lp 20sn(D1+...+Dy)

where D; = {t; = 0} is the i-th coordinate hyperplane. We have sp =1 -+ - t,.

2.3 Moduli of ordered points
2.3.1 Definition

Let (X, D)" be the moduli space of r ordered points on the relative pair (X, D), which
appeared crucially in [54] and [2] and many other places. It is defined as follows:

Definition 2.5. A family of r ordered points on (X, D) over a scheme S consists of a tuple
((Xs,Dg) = S,p1,...,pr) where

o (Xs,Dg) — S is an expanded degeneration of (X, D),

® p1,...,pr: S — Xg are sections
such that for every geometric point s € S with Xg ¢ = X[(]

(1) the points p;(s) € X[¢] do not lie on the relative divisor or the singular locus,

(i1) The automorphism group Aut(Xgs,p1(s),...,pr(s)) of all automorphisms of Xx s fiz-
ing X and preserving the markings is finite.

An isomorphism of (Xs,p1,...,pr) and (Xs,pl,...,pl) is a isomorphism ¢ : Xs — Xs such
that mx oo = wx and @ o p; = pj, where Tx : Xs — X — X is the canonical projection.

The universal target X, := (X, D)" x5 X over the moduli space fits into the diagram

PLyoPr (lw i . (3)

Proposition 2.6. (i) The functor (X, D)" is a smooth proper variety of dimension r dim(X).
(i) For any r > 0 there exists flat morphisms

7o (X, D) — (X, D)"

given by forgetting the i-th marking and contracting unstable components.
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Proof. The functor (X, D)" may be viewed as a special case of the construction of relative
stable maps of Jun Li [23]. Indeed, (X, D)" is naturally isomorphic to the moduli stack of
relative stable maps to (X, D) of degree 0 with the requirement that every domain curve
has r connected components each of genus 0 and carrying 3 markings. By the main result
of [23] the functor (X, D)" is hence a proper Deligne-Mumford stack. Moreover, since T
is smooth and the relative cotangent complex of the classifying morphism (X, D)" — T is
concentrated in degree 0, the stack (X, D)" is smooth (an overkill for this argument is to
use the deformation theory of relative stable maps discussed in [24] and [13]. In particular
it is easy to see that the obstruction space relative to 7 as given in [13, (2)] vanishes.) Its
also immediate to see that any object in (X, D)" has automorphisms only the identity.

To construct the forgetful morphism, let (Xs — S, p1,...,pr41) be an object of (X, D)"+1.
By forgetting the last section we obtain an r-pointed family but which may have infinitely
many automorphism over geometric points. As explained in [23, Sec.3.1] there exists a line
bundle (called the standard line bundle associated to the stable map in [23]) associated to
the tuple (p1,...,p,) whose restriction to a fiber X[¢] is ample on X and all the bubbles
P containing a marking, while for components without a marking it is pulled back from an
ample line bundle on D. For the contraction associated to this line bundle,

q:Xs — Xsg, (4)

the tuple (Xs,qop1,...,qop,) is an element of (X, D)". This yields the forgetful functor
7Tr+1(Xa D)TJrl - (X7 D)T
To prove the rest of the proposition the idea is to construct a natural isomorphism

/i (X, D)yt 5, (5)

such that 7,1 = 7o f. Indeed, this implies that (X, D)" is a variety whenever (X, D)" 1 is
one (since X — T is representable), so we may apply induction for the first part. Moreover,
since 7 is flat and f is an isomorphism, we also see that m,; is flat.

To obtain the isomorphism (5) we construct a morphism f : (X, D)™ — X, as fol-
lows. Let 7,41 : (X, D)™™ — (X, D)" be the forgetful morphism and consider the natural
commutative diagram

q
Xy — 2 A,

wll

(X, D)+t ™ (X, D).

where ¢ is the composition of the contraction morphism ¢ : X1 — 7,1 (X,) of (4) with
the natural map 7, | (X,) = X,.. We define

fi=dopar s (X, D) = A,

It is easy to see that f is an isomorphism on closed points. Indeed, consider a C-point
(X[k],p1,...,pr) of (X,D)", and let a € X[k] be a point. If a does not lie on a relative
divisor D[k] or the singular locus, then a € (X.)(x[x],pi,....p,) is the image of the unique
point (X[k],p1,...,pr,a) under the morphism f. If a lies on the relative divisor D[k], then
it is the image of the unique point (X [k + 1],p1,...,pr, @) where a is the unique point (up
to scaling) on the (k + 1)-th bubble which does not lie on the zero or infinite section and
projects to a on D. The case a lying in the singular locus is similar (we glue in an extra
component). Finally, to check that f is also scheme-theoretically an isomorphism can be
checked by a local computation. Alternatively, it also follows by the case considered in [27].
Indeed, near the relative divisor, the pair (X, D) is étale locally isomorphic to an open in
(A,0) x U for some smooth variety U, and hence étale locally (X, D)" is isomorphic to
(products of) (Al,0)" x U”. In this case, the isomorphism of (A',0)” with the universal
family over (A',0)"~! was shown in [27, Sec.1] by writing down an explicit inverse. O
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Example 2.7. As a variety (X, D)! is isomorphic to X (via the canonical projection X — X),
and (X, D)? is the blow-up Blpxp(X x X). We refer to [2, Sec.3.4] for more discussion and
a beautiful self-explaining figure illustrating this case.

Example 2.8. Let Y be a smooth projective variety. Let C be a smooth curve and let
z = (z1,...,2n) be a tuple of distinct points z; € C such that

(072’1,...,21\[)

is stable. Consider the relative pair
(X,D)= (Y xC,Y), Yoi=| |V x{z}.

Following [13], see also [1], the stack of target degenerations 7 of this pair is described
very concretely. Let st : My v — Mgy n be the stabilization map from the moduli space of
N-marked genus g nodal curves to the moduli space of stable curves. The fiber

Mc.) = st~ ([C,2])
parametrizes nodal degenerations of (C, z). Let
misc’z) C Dﬁ(c’z)

be the open substack parametrizing semi-stable curves, i.e. those marked curves such that
every connected component of the nomralization of genus 0 carries at least 2 special points.
Concretely, we allow chains of P!’s attached to C but the last component in the chain must
carry one of the marked points z;. Then one has

T =Mc.q-
Moreover, let Mc7(1N767-) be the moduli space parametrizing nodal curves ¥ together
with N + r markings p1,...,P~n,q1, - - -, ¢, such that:
e The stabilization (X, p1,..., Py) is (C, 21,...,2N)

e The points p;, g; lie in the smooth locus, the p; are pairwise distinct and distinct from
qj, but the ¢; may coincide,

e Stability condition: Every connected component of the normalization of 3 has at least
3 special points (a special point is either the preimage of a marking or a node).

This is a special case of Hassett’s construction of moduli space of weighted s table curves
[16]. Then one has o
(X, D)T = MC7(1N7€7~) xY".

2.3.2 Forgetful morphism
By Proposition 2.6, for any I C {1,...,r} we have contraction maps
7 : (X,D)" — (X, D)MI

given by forgetting all markings except those labeled by I and contracting the unstable
components. Given a class v € (X, D)'I| we write

i =77(7)
for the pullback. A special case is given by the joint projection:
m XX (X, D) — X7

Given a class & € H*(X") we will denote the pullback ([, m;)*(«) simply by «, that is any
cohomology class on X" will be viewed as naturally defining a class on (X, D)".
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2.3.3 Diagonal
There exists also a natural diagonal morphism
X = (X,D)! - (X,D)"

given on points by (X[k],p) — (X[k],p,...,p). We will be particularly interested in the
class of the relative diagonal
A% py C (X, D)%

Under the isomorphism (X, D)? = Blpyp(X x X) it is the proper transform of the usual
diagonal Ax C X x X. Consider the blow-up diagram

P(N) —— (X, D)?
Pk
DxD —"— X2

where N = O(D)|D @ O(D)|D is the normal bundle of D x D C X x X. The following
describes the class of the relative diagonal:

Lemma 2.9. In A*((X,D)?) we have A(%’D) =1*(Ax) — j.g"(Ap).

Proof. This is immediate from the classical blow-up formula [11, Thm.6.7]. O

2.4 Rubber target
Let D C X be our smooth connected divisor and recall the projective bundle:
P =P(Np,x ®© Op).
We consider the expanded target expansions associated to the rubber target
(P,Dox)~, Dooco=DoUDs,

where we write ~ to denote the rubber.
The easiest way to define the corresponding stack of target degenerations is as the closed
substack

T CT,

where T is the stack of target expansions of (X, D), parametrizing expansions which are
non-trivially expanded. We let

(X™ Dy UDye) — T
be the universal family. Here X™P can be defined as the complement of the open substack
(X\D) X 7-TUb C X|Trub.

The infinite divisor is simply Ds, = D|7+uw and Dy is the intersection AP N (X x TrP).
The moduli space of r ordered points on the rubber (P, Dy o)™

(P7 DO,OO)T’N
parametrizes tuples
(Pfapla s 7pr)
where Py = PU...UP is a chain of copies of P glued as usual, and py, ..., p, are point on py

not incident to the singular locus or the divisors Dg[f] = D1 o (the zero section in the first
copy) and Doo[f] = Dy oo (the infinite section in the last copy). Two tuples (P¢,p1,...,pr)
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and (P, p},...,p.) are identified if they differ by an element of G¢, , where the i-th copy of
Gy, acts on the i-th copy of P by the natural scaling action on the fibers of P — D. The
definition of a family of r-ordered points on the rubber over a scheme S is parallel.

As before the moduli space (P, Dg o)™ is smooth and proper, it admits forgetful and
diagonal morphism. Because of the scaling action it is of dimension rdim(IP) — 1. There
exists a closed embedding

(P, Do,00)"™ — (X,D)"

which defines a non-singular divisor on (X, D)".

Ezample 2.10. We have (P, Dy o)"'™~ = D where the isomorphism is given by the projection
P — D. For two markings under the isomorphism

(X,D)?> = Blpxp(X x X)
the space (P, Dy o, )>" is the exceptional divisor of the blow-up:
(P, Do,0c)*™ = Ppxp(Np/x & Np)x) = D x D x PL.

The P! records the relative position of the two markings on the bubble.

Ezample 2.11. In the case of the relative pair (X, D) = (Y x C,Y,) we have
P=Y xP!, Dy=Y x{0}, Do =Y x Dy.

The stack of target expansions is 7P = IMNGe. To describe the space (Y x PLYp oo)™™, we
can use the rigidification arguments of [31, Sec.3.2] and [49, Sec.4.9]. The idea is as follows:
Given a tuple (P, p1,...,p,) we can single out a distinguished component P;, C Py of the
chain Py, namely the one that carries the marking p;. By the G,,-action we can further
assume that on the distinguished component P;, = P! x Y the point p; lies over the point
1 € P'. We hence view it as an element

(Y x PNk, ko], p1s - -y pr) € (V X PYY) 00)"
where p; is fixed over 1 and

(Y x PY)[ky, ko] =PU...UP U Y xP' U PU...UP.

k1 times P ko times

1
Fixing the point over 1 € P! essentially fixes a slice of the G,,-automorphism on p;, , hence
also the isomorphisms data are the same. This identifies (Y x P!, Yj o)™ with the closed
substack of (Y x P!, Yy o))" where the first marked point p} lies on the main component
Y x P! over the point 1 € P!. In other words, we have the fiber diagram

(Y xPLY) o)™ —— (Y X P Y) 00)"

l lprl

Y x {1} —————— YV x P!

where the right hand vertical arrow is given by the composition of the forgetful morphism
1 with the canonical projection to Y x P!, O

The moduli of ordered points on the pair (P, Dy ) and the moduli spaec of rubber
points (P, Dy )™ are naturally related. In the former the points lie also on a chain P, but
with a distinguished component for which we do not identify points by G,,-automorphism;
in the latter there is no distinguised component, all are treated equally. Forgetting the
distinguished component yields a morphism

f : (]P, DO’OO)T — (]P, Dopo)T’N.
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More precisely, for a point x = ((Y x P1)[ky, k2], p1,- . .,pr) it is defined as follows: If one of
the markings p; lies on the distinguished component Y x P!, we send z to its isomorphism
class under the natural G,,-action on this component (and hence forgetting the distinguished
component). On this locus f is a quotient map by G,,. The second case is if none of the
markings p; lie on Y x P!, or equivalently, that z is fixed by the G,,-action; the image point
is then obtained by contracting the distinguished component.

We have the following rigidification lemma:

Lemma 2.12.
[(P, Do,00)"~] = fu(mi ([Do]) N [(P, Do,oc)"])
= fo(m1([Dec]) N [(P, Do,0)"])
where w1 : (P, Do oo)” = (P, Do .oo) = P is the forgetful morphism.

Proof. In both cases the right hand side is of degree 0 hence a multiple of the fundamental
class. Integrating over the fiber of a generic point yields the result. O

Remark 2.13. A second connection between (P, Dy o) and (P, Dy )™" is given by present-
ing the second as a G,, quotient. Let

UcC (P,Dyoo)"

be the open subset corresponding to points where there is no expansion over D.,, and
which are not fixed by the G,,-translation action on the main component P. Then one has
(P, Do,00)”™ =2 U/Gy,. (The inverse is provided by viewing (P[], p1,...,r) in (P, Dy o)™
as marked points on P[k — 1,0], with the main component in P[k — 1,0] taking the role of
the k-th component in Py.) O

We can prove also the following generalization of Lemma 2.9 which will be important
later on. Let (X, D) denote the moduli space of ordered point on (X, D) labelled by a finite
set I, and similarly in the rubber case. Consider the fiber diagram:

W — (X,D)

L

P(N) 2" (X, D)?

where P(N) = P(Np2,x2) C Blpxp(X x X) = (X, D)? parametrizes the locus where both
points lie on a bubble.
For any decomposition {1,...,r} = I UJ consider the gluing morphism

€r.7: (P,Dg o)™ x (X, D)) = (X,D)".

Lemma 2.14. The gluing morphism

|| || (P.Dooo)"™ x (X,D)) —— W C (X,D)"
{1, ry=I0J
1,2€1
is birational.
Proof. This can be checked locally [27] and is also implicit in [23, 24, 22]. O

Recall the class of the locus where the first two markings coincide:
AT = mfp(A).
We also have the absolute diagonal,

Ajp = (m x m2)"(Ax)
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where m; : (X, D)" — (X, D)! 2 X forgets all but the i-th point.
In (P, Dy, )*"™ consider the diagonal

Ap12 = (m1 x m2)*(ADp)
where 7; : (P, Do ,o0)®™~ — (P, Dp oo)b™~ = D.

Corollary 2.15. We have

Al =An— Y &(Apaa).
{1,...,r}=11J
1,2€1
Proof. This follows from Lemma 2.9 and Lemma 2.14. O

For later on we also record the following immediate computation:

Lemma 2.16. For any decomposition {1,...,r} = I U J and elements a,b € {1,...,r} we

have
0 if(acl,beJ) or(ac Jbel)
& (A =priAl L, dfabel
pr;AE?xlf,D),ab if a,b € J.

2.5 Simple degenerations

Let W be a smooth variety, B be a smooth curve with a distinguished point 0 € B. A simple
degeneration (also denoted Wy ~~ X; U X for some ¢t € B\ 0) is a flat projective morphism

e:W—1B
such that the fibers W), = e~1(b) satisfy:
(i) W, is smooth for all b € B\ {0},

(ii) Wy is the union of two smooth irreducible components X7, X5 glued along a smooth
connected divisor D.

An k-step expanded degeneration of the central fiber Wy is the variety
Wo[k] =X, UP, UX>

where P, = PU...UP is the chain of k copies of P = P(Np,x, ®O) from before, X; is glued
along D to the zero section of the first component of P, and X5 is glued to the infinity
section of the last component of P. We have

ND/Xl = NBz/X

so that for every singular divisor, the two normal directions are normal to each other, in
particular the infinite section of the last copy has normal bundle Np__ p = Np,x, = Ny /Xs
which is dual to Np,x,. By [23, 24, 22] there exists a stack of target expansions

T.— B

and a universal expansion YW — 7T, such that for a morphism S — 7. the pullback family
Ws has fibers W whenever s does not lie over 0 € B and Wy[k] for some k if s lies over 0.

We let (W/B)" be the moduli space of r ordered points on W — T.. concretely, an
object in (W/B)" over a scheme S is a tuple

(f:S_>7;7p17"'>pr)
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where pq, ..., p, are sections of the pullback family Wg — S,

with the property that for every geometric point s € S lying over a 0 € B and with fiber
Ws & Wy[k] we have:

(i) p1(8),...,pr(s) do not meet the singular locus or the relative divisor,

(ii) the automorphism Aut(Wy[k], p1(s),...,pr(s)) is finite, where we the automorphism
group consists of the elements in G¥, acting on P;, which fix the markings.

Then (W/B)" is a smooth proper variety, and ¢, : (W/B)" — B is flat. The fiber over
a point t € B\ {0} is simply
ety =wr.

r

Consider the fiber of €, over 0,

which is finite. The diagonal and forgetful morphisms of (W/B)" are defined similarly to
before.

2.6 Relative Hilbert scheme of points

Let S be a smooth projective surface and let D C S be a (connected) non-singular divisor.
For an integer d > 0 let
(S, D)t

be the Hilbert scheme of d points on the relative pair (S, D) which parametrizes length
d zero-dimensional subschemes on expansions S[k], which do not meet the relative divisor
or the singular locus, and have finite automorphism, with automorphisms given by the
scaling-action of G¥, on the fibers of the bubbles. The Hilbert scheme (S, D) is a smooth
Deligne-Mumford stack and is a special case of the construction in [22]. We also refer to
[58] for a study of its cohomology.

Ezample 2.17. We have (S, D)1l 2 (S, D) = S. For two points consider the Zs-action on

BIA!(FZ‘I,D) (BIDXD(S X S))
that switches the two factors. It has fixed locus equal to the exceptional divisor of the blow-
up (a P-bundle over Afesl py) as well as the (the preimage of the) dimension 1 locus X in
P(N) corresponding to pairs of points which are interchanged by the action of the involution
(—1) € G,, on the bubble (the Zy action restricted to P(N) = P! x D? is the product of the
action on D?-switching the two factors and an involution on P!. Any involution on P! has
two fixed loci, which correspond here to the intersection of the relative diagonal with P(N)
and the locus ¥ 22 D.) The Hilbert scheme (S, D)[? is then given as the quotient

(S, D)) =~ (Blasa | (Blpxn(S x 5))/Zs
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where we take the ordinary scheme-theoretic quotient along the exceptional divisor, and the
stack quotient along 3. In particular, (S, D)[Q] is a smooth Deligne-Mumford stack with
singular coarse moduli space. O

We recall the construction of Nakajima cycles on the relative Hilbert schenme (S, D)l
following [54, Sec.5.4]. Given a partition A = (A1,...,\¢) let
Z(s,p)x C (8, D) x (8, D)

be the closure of the locus of distinct points in (S, D)? carrying punctual subschemes of
length Ay, ..., A\, For any v € H*((S, D)’) we then define

Nakx(7) = pra, (pri(7) - [Z(s,0),0]) -

where pr; are the projection of (S, D)’ x (S, D)l to the factors.

Ezample 2.18. Assume that D is empty, so that (S, D)[d] is simply the ordinary Hilbert
scheme of points S on the surface S. For i > 0 and a € H*(S) recall the Nakajima
operators

qi(a) : H*(S1) — H* ("), 5 = pau(pi(7) - 4" (o)

with p1,q, p2 the projections to the factors of the incidence scheme:
Slaatil — £(1), 2, 1,) € S19 x § x S+, © I, Supp(la/) = {z}}.

Then by [39] (see also [8]) the cycle [(S, @)M] is precisely the class of qy, - - - qx, (=) viewed
as a cycle in S* x Sl¥. Hence in this case, with v =, ® ... ® ¢ € X* we have

/4

Naka(7) = [T an, ()1

i=1
O

Given a simple degeneration € : W — B of the surface S into the union Sy Up Ss, we
also have the relative Hilbert scheme of points on the fibers of €

w/B)4 - B

which parametrizes 0-dimensional subschemes on the fibers W;[k] for ¢ € B which do not
lie on the singular locus, where we identify subschemes modulo the usual scaling action on
the bubbles. We can again construct relative Nakajima cycles in a straightforward way as
follows: Let

Zyw/pa C (W/B)" x (W/B)H

be the closure of the locus of distinct points in (W/B)*®) carrying punctual subschemes of
length Ay, ..., \p. Given v € H*(W/B)*) we define

Nakx(7) = pra. (pri(7) - [Zw/sp]) € H*(W/B)1).

Over 0 € B for any i + j = d we have a natural finite gluing morphism:
&+ (81, D) x (S2, D)V = ((W/B)!)

Lemma 2.19. We then have:

& (Naka (7)) = > Naky, (01,s) ® Naky, (07 ),
(1, b0} =107
[Arl=i,IAs|=j

where
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o \; = (\)ier is the partition formed from the I-parts of A,

e we have used the Kinneth decomposition
&) =Y b1, ®7, € H*((S1,D)" x (82, D)”)
where &1 : (S1, D) xp (S2, D)’ — (W/B)!™ s the gluing morphism.
Proof. We have the diagram

UI,J(SDD)I X (S2,D)J T |_|I,J Z(Sl,D)J\I X Z(327D)’>\J L (Sl’D)i X (S27D)j

J | J

(W/B)*™ oo Zw /B = (W/B)l

where I, J runs over the same data as in the claim. The left square is commutative and one
checks that the right square is fibered. The claim follows by a diagram chase. O

2.7 Logarithmic tangent bundle

For use later on we also introduce the logarithmic tangent bundle. Let D C X be a simple
normal crossing divisor in a smooth variety X, that is D = ). D; for smooth irreducible
divisors D; and, étale locally D is the union of hypersurfaces with local equation z; - - - 2z, = 0,
where z1,...,z, are the local coordinates of X. Let Qx[D] be the locally free sheaf of
differential forms with logarithmic poles along D. If D is locally given by 27 - - - 2 = 0, then
the stalk Qx[D] at z; = ... =2, =0 is

dz dz
Qx ,[D] = OX’pzill DD OX’pT: O Oxpdzpy1 @ O Ox pdzp.

In particular, we have the exact sequence:
O—)QxﬁQx[D]%@Li*ODi—)O (6)
i
and the restriction to the i-th divisor is
Qx[D]|p, = Op, ®Qp, |> (DiND;)
J#i
The logarithmic tangent bundle is defined to be

Tx[-D] = Qx|[D].

3 Relative Pandharipande-Thomas theory

Let X be a smooth projective threefold and let D C X be a smooth connected divisor.
(Again, the case of non-disconnected D is not more difficult.)

3.1 Moduli spaces

Let (X,D) — T be the universal family over the stack of expanded degenerations. For a
morphism S — T let (Xs,Dg) = (X x75,D x1.5) = S denote the pull-back family.

Definition 3.1 ([22]). A relative stable pair on (X, D) over a scheme S is a triple (Xs,Ds) —
S, F, o) where
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e (X5,Dg) — S is an expanded degeneration of (X, D) over S,
e F is a coherent sheaf on Xg flat over S,
e 0 € HYXs, F) is a section,

such that on every geometry fiber Xg s = X[{] the restriction (Fs,0,) satisfies the following
conditions:

(i) Fy is pure 1-dimensional,
(ii) the cokernel of o4 is zero-dimensional,

(i) the sheaf Fs is normal to the relative divisor D[¢] C X[{] and the singular locus, and
the cokernel of o is disjoint from the relative divisor D[l] and the singular locus,

(iv) the automorphism group Auty, (Fs,05) is finite.
An isomorphism between relative stable pairs ((Xs, Ds) — S, F, o) and ((Xs,Ds) — S, F',c’)
is an automorphism ¢ : (Xs,Dg) — (Xs, Dg) together with isomorphisms ¢*(F) = F' and
©*(0) = o'. In particular, we identify relative stable pairs if they differ by a scaling auto-
morphism of the bubble.

Let § € H2(X,Z) is a curve class and n € Z. We will write
PF(XaD)7 F:(n7ﬂ)

for the moduli space of relative stable pairs Ox g Z; F with numerical conditions

B=pcha(F), n=X(F)=ehs(F) + 5 [ en(r),

where p : X[{] — X is the canonical projection map contracting the bubbles. By [22]
Pr(X, D) is a proper Deligne-Mumford stack.

We will be interested to import cohomology classes from (X, D)" to the moduli space
Pr(X, D). For that we require a version of Pr(X, D) which involves marked points.

Definition 3.2. A r-marked relative stable pair on (X,D) over a scheme S is a tuple
(S—>T,F,0,p1,...,pr) where

e (X5,Dg) — S is an expanded degeneration of (X, D) over S,
e F is a coherent sheaf on Xg flat over S

e 0 € HYXs, F) is a section,

® p1,...,p: S = Xg are sections

such that on every geometry fiber Xg s = X[{] the restriction (Fs,05,01(5),...,pr(8)) satis-
fies conditions (i-iii) above as well as

(iv) p1(8),...,pr(s) do not lie on the relative divisor or in the singular locus of X[¢],

(v) The automorphism group respecting the markings Autx, (Fs, 05, p1(5),...,pr(s)) is fi-
nite.

Isomorphisms are defined as isomorphisms of relative stable pairs as before but with the
additional assumption that o commutes with the sections: p; o p; = p;.

We write Pr (X, D) for the moduli stack of r-marked relative stable pairs with numerical
conditions fixed by I' as before. The universal target

X = PF,T(XvD) XTX - PFJ’(X’D)

over the moduli space fits into the diagram



Proposition 3.3. (i) The functor Pr (X, D) is a proper Deligne-Mumford stack.
(i) For any r > 0, there exists flat morphisms

i Pry+1(X,D) = Pr,(X,D)
given by forgetting the i-th marking and contracting unstable components.

Proof. Similar arguments already appeared in [49, Sec.4.9] or [31, Sec.3.2] in the context of
rigidification. To construct the forgetful morphism one argues precisely as in the proof of
Proposition 2.6: Given an (r + 1)-marked stable pair over a scheme S,

(XS — S7F70—7p17"'1p’r+1)7

consider the tuple where the (r 4+ 1)-th marking is forgotten. By using the standard line
bundle of [22] twisted by the markings one obtains then an associated contraction

q:Xs—)?S

such that on geometric fibers the map ¢ contracts all bubbles which do not contain any
markings and on which the stable pair is G,,-equivariant. It follows that on Xg we have

(F,0) = (q"F,q" (7))
for a unique stable pair (F,7) on Xs. The morphism
Tnt1 : Prr+1(X, D) = Pr (X, D)
is defined by
(Xs = S, F,o,p1,...,pre1) — (Xs = S, F,5,qop1,...,q0Dr).

Consider the diagram

q
XYy —— &,

| |

Pro1(X,D) =% Pr (X, D).
Then as in the proof of Proposition 2.6 one argues that
fi=qopps1: Prpp1(X,D) = X,

is an isomorphism (it is an isomorphism on closed points and the fiber of closed points are
closed; for the latter the stable pair does not play a role and hence this can be argued as in
Proposition 2.6). Since X, — Pr (X, D) is flat, proper and representable (as a base change
of X — T) we conclude Claim (ii) directly, and Claim (i) by induction on r. O

Ezample 3.4. In case that D is empty, we have Pr (X, D) = Pp(X) x X".

Remark 3.5. Contrary to the moduli space of r-marked stable maps here we do not require
the markings to be distinct here. The intuitive reason is that they correspond on the
Gromov-Witten side to the images of the marked points in the target, which also do not
have to be distinct. O

Remark 3.6. Consider the classifying morphism of the universal target over Pr (X, D),
fo:Prp(X,D)—=T.

Note that these maps usually do not commute with the morphisms forgetting the i-th mark-
ing, that is f,_1 o m; and f, are not isomorphic in general. The reason is that the forgetful
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morphism is defined by contracting unstable components which changes the universal target
(and hence the map f,). The natural morphism

7T1X""/TT:PF,T(Xv-D)_)PF(X7D) XTXXTXTX
—_—

T times

is almost always not an isomorphism. This is similar to the case of Gromov-Witten theory.
The morphism to the Artin stacks of prestable curves do not commute with the forgetful
morphisms on M, (X, ) since we contract curves. O

By [22] the moduli space Pr(X, D) carries a virtual fundamental class [Pp(X, D)]I" of
dimension fB c1(Tx). Let 7 : Pr(X,D) = Pr(X, D) be the map forgetting all the markings
and contracting unstable components, which by Proposition 3.3 are flat and proper. We
define the virtual class of Pr (X, D) by

[Pr (X, D)]" = 7*[Pr(X, D) € A.(Pr (X, D))

which is of dimension [, e1(Tx) + 3r.

Remark 3.7. This is similar to the case of Gromov-Witten theory, where for the forgetful
morphism 7 : M, (X, 8) = M4(X, 3) we have that

(Mg (X, B = " [My(X, B

3.2 Marked relative Invariants

For every r > 0 we have an evaluation map at the relative divisor
evis': Pr(X,D) = DY 1=D.p

ol

defined by sending a point (X[k], F,0,p1,...,p,) to the intersection Opj RALUN Flp
viewed as an element in the Hilbert scheme of ¢ points on D.
On the moduli spaces of r-marked stable pairs we also have interior evaluation maps:

ev: Pr.(X,D)— (X,D)"

whose image of a point (X[k], F,s,p1,...,pr) is obtained by forgetting (F,s) and then con-
tracting all unstable bubbles (precisely those P that do not contain any marking). Let

X, — Pr.(X,D)
be the universal target over the moduli space, and let
pi,..,0r Prp(X,D) = X,

be the universal sections, see (7). Let (F, o) be the universal stable pair on X,.
For any A € H*(DW) and v € H*((X, D)") and integers ki, ..., k. € Z we define:

Definition 3.8. The marked relative Pandharipande-Thomas invariants are defined by

X,D),PT,marked
(ATy T, (1))

= / evis(A) - P (chag, (F) - pr(chak, (F)) - ev* (7).
[Pr. (X D)}

Consider a partition
{1,...,r} =L U...Ul
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and write I; = (i 7b)b( 1) If  is of the form
5 =TI 00
J
for some classes v; € H*((X, D)%) then we will also write

Tk "'Tk,r(’}’) = (Tkil,l -~-Tki1’£<11) (71)) s (7’1%71 "'T’“is,ms> (’Ys)) .
For example, if v = 7§ (y1) - - -7 () € H*((X, D)") for some v; € H*(X), we write
Ty T (V) = T (71) -+ T, ()

3.3 Comparision with standard definition

Recall the usual definition of descendent invariants in relative Pandharipande-Thomas the-
ory. Let Pr(X, D) be the moduli space of (unmarked) stable pairs on (X, D), and let (T, s)
be the universal stable pair on Pr(X, D) x7 X. Consider the diagram

Pr(X,D) x7 X

Pr(X, D) X

where 7y is the projection to X followed by the universal contraction morphism X — X.
Given k > 0 and a class v € H*(X) we define the descendents

k() = pa(cha 1 (F) Uk (7)) € H* (Pr(X, D)),

viewed here in operational cohomology.
Let \ € H*(D[B'D]) be a cohomology class, and let k; > 0 and v; € H*(X).

Definition 3.9. The descendent Pandharipande-Thomas invariants are defined by
(Nl (10) o (2T V) (AU Hm %),
[Pr(X-,D)]V"
We have the following comparision result which says that for
v=m1(n)---mi(w) € H((X, D))

for m; : (X, D)" — (X, D) = X the forgetful morphism to the i-th point, the marked relative
invariants specialize to the usual invariants:

Proposition 3.10. If vy =7f(y1) - 75 () € H*((X,D)"), then

X,D),PT,marked X,D),PT,std.-d
<)‘|Tk1"'TkT(’Y)>( ), arke <>\|Tk1(’)/1) (7r)>( ) t esc.

By the Proposition the marked relative invariants generalize the classical descendent
invariants. Hence we will drop ”marked” and ”std.-desc.” from the notation.

Proof. Let P, = Pr (X, D) with universal target X, — P,. Consider the diagram

Po—— 1 s Xyxp, - Xp, X

\/
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where the map to the i-th factor is given by P, 2% X, 4 Xp. By construction we have that
[PV = 7*[Py]"'"" and hence that

0[P = [P

We show that also the integrand appearing in the marked-relative invariants is pulled-
back by ¢. Clearly, (evis))*()) is pulled back from Py, and similarly, we have

ev*(my (v;)) = 7 (primx (1))

where pr; : Xy Xp, -+ xp, Xy = Xp is the projection to the i-th factor. To deal with the
Chern characters of the universal stable pair, consider the commutative diagram

X, — 1 L x,

]

P, 7 Xo Xp, -+ Xpy Xp.
By construction we have that the universal stable pair (F,.,0,) on X, — P, is given by

(Fr,o0r) =q*(F,o0).

Hence we find that
i (chay, (Fr)) = 7 pr} (chayi, (F)).

In conclusion we find that:
X,D),PT,marked
(Al 7ay =i ()T

:/ . evgl* ()\) . p*l‘(chkl (IE‘)) .. 'p:(Chkr (F)) . ev* (’7)
[Pr.(X,D))r
:_/Xoxpo___xpo% o ([Po]vir(EV%I)*O\)) 21;[1 pri(choyr, (F)m% (7))

= \/[ (eVrDCI)* (/\)pr* (H Prf (Ch2+ki (F)ﬂ';( (71)))

Pg]vir =1
S A NEN § EED
[Po]r i=1
which completes the proof. O

3.4 Degeneration formulas

Consider a simple degeneration ¢ : W — B which degenerates a smooth fiber X into the
union Xy Up X5 where D is a smooth connected divisor,

XWXl UD X2.
Let 8 € Hyo(W,Z) be a curve class, and write
L X =W, 11: X1 ->W, 19:Xo > W

for the inclusions.
Recall the moduli of r-ordered points €, : (W/B)" — B, and fix a class

v € H((W/B)").
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Since for t € B\ {0} we have
e (1) =Wy

the class v induces a class on W) by restriction. Over the origin we have the gluing map
6 |_|€I |_| X17 ) X (XQaD)J%(W/B)B

where I runs over all subsets of {1,...,r} with complement J. The Kiinneth decomposition
of the pullback to the I-th component will be denoted by

N =014, €H((X1,D) x(Xz,D)”).
£

Proposition 3.11 (Degeneration formula for marked relative invariants). For any S €
H2(VV7 Z)7

X,PT
Z <Tk1 "'Tkr(’Y'XT»n,ﬂ’ =

B'€H2(X,Z)
1 B'=B

> > (A [Lerm) Gro s T (A (iesms) G

Bi€H5(X;,Z) n=ni+ns—(D-B1)
t1xf1+t2.P2=6 {1,...,r}=I0J

B1-D=p2-D 14
where (following our convention of Section 1.9) Ay, Ag stands for summing over the Kinneth
decomposition of the class of the diagonal Apw C (D¥)? with ¢ = 31 - D

Proof. The argument is a straightforward generalization of [22, Sec.6]. For I" = (n, 8), let
€: Pr,(W/B) — B be the moduli space of r-marked stable pairs on the degeneration
€ : W — B, which over t # 0 simply parametrizes r-marked stable pairs on Wy, and over
0 parametrizes relative stable pairs on expansions Wy[k] together with r marked points
D1, .., pr € Wolk] not lying on the singular locus. In particular, for ¢ # 0 we have

= L PuseW),
B'€Hz(X¢,2)
Lt*ﬁlzﬁ

and over 0 € B we have a natural gluing morphism

£: | | Py, g, 1(X1, D) X pia Py py,0(X2, D) = Pr.(W/B)o. (8)
Bi€Ha(X;,2)
L14B1+124B2=p
B1-D=p2-D
n=ni+nz—(D-f1)
{1,...,r}=1J

By pulling back the virtual class and splitting formulas of [22] via the forgetful morphism
Pr,(W/B) — Pro(W/B), the moduli space Pr,(W/B) carries a virtual fundamental class
[Pr.-(W/B)]VI" with the property that for the inclusion j; : {t} — B we have over t # 0 the
intersection _ _

GPPOV/B =3 [Par (X)),
L B'=p
and over ¢t € B we have

3P VB = 37 €0 Al ([P (X1, DI X [Py s (X2, DY), (9)
where the sum is over the same data as in (8) and we used the diagram:

Po, gy, 1(X1, D) X pie) Po, p,0(X2, D) —— Ppy gy, 1(X1, D) X Py, g, 7(X2, D)

pla 2ol Dl « pla
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We also have an evaluation morphism ev : Pr,.(W/B) — (W/B)" to the moduli space
of r ordered points on the fibers W — B which fits into the commutative diagram

Py 0, 1(X1, D) X it Pay .0 (X2, D) — Pr.(W/B)g
lev, X vy Jev (10)
(X1, D)" x (Xa, D)’ ———— (W/B)"); -
It remains to consider the Chern characters of the universal stable pairs. Let
Xy — Pr.(W/B), X1 — Py, 5.1X1,D), Xo— Py, s, (X2,D)

be the universal targets and consider the commutative diagram:

pridy U pr3(&2) - X

l !

3
Py 61.1(X1, D) Xpta Py g, (X2, D) —— Ppr(W/B).
where v is induced by the natural inclusion pri(X;) < £*(X,). Then for i € I we have

pic{=vo ((Piopﬁ) X Prz)

and since v*(F,.)[prr 4, = pri(F1) (with F,.,Fy the universal sheafs on &, X1) we see that

& (pichayk(Fr)) = pri(pi (chayr(F1))). (11)

The case j € J is similar.
Consider now the class

€ (pi(ch, (F)) - py(chy, (F)) - ev*(7) N [Pr(W/B)]™") € A*(B).

Restricting this class over ¢t € B yields the left hand side of Proposition 3.11. Restricting this
class over 0 € B and using (9), the commutativity of (10), and (11), then yields precisely
the right hand side. This completes the proof. O

3.5 Rubber stable pairs

Consider the projective bundle,
P= IP)(ND/X ® Op),
and the rubber target
(P, Do,o0)™,  Do,oc = Do U Deg.
An r-marked rubber stable pair on (P, Dy o) is a tuple (F, o, p1, ..., pr) where F'is a pure

1-dimensional sheaf on a chain Py, the element o € HY(F) is a section with zero-dimensional
cokernel, and p1,...,p, € Py are points satisfying the following properties:

e F is normal to the relative divisors Dg[f], D [¢] and the singular locus,

® p1,...,pr € Py do not lie on the relative divisor or the singular locus,

e there exist only finitely many ¢ € G, acting fiberwise on P, such that p*(F, s) = (F, s)
and ¢(p;) = p;.
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And we have the rubber condition: Two such tuples (F,o,p1,...,pr), (F',0’,p},...,p..) are
considered isomorphic if they differ by an element ¢ € GJ,.
Given I' = (n, (o, d)) for a curve class « € Ho(D,Z), d > 0, and n € Z we let

PF,T(P7 DO,oo)N

be the moduli space of rubber stable pairs (F,o) on (P, Dy )"~ satisfying the numerical
conditions
X(F)=n, wp«cha(F)=ca, ¢FNDy[{)=d, (12)

where wp : P, — D is the projection. In the case r = 0 we recover the usual moduli space
of rubber stable pairs [22].
Since on P we have that

Do = Do+ 7p(c1(Np,x)) € A*(P)

we see that (12) implies that

do ::E(FﬁDo[é]):E(FﬁDOO)—/cl(ND/X) :d—/cl(ND/X).

[e3 [0

The moduli space Pr (P, Do)~ carries a virtual fundamental class, and there are
relative evaluation maps both over the divisor Dy, D

evis! : P (P, Dooo)™ — D!
evis' i Pr (P, Do)~ — DY

o0

given by send (F,0,p1,...,Ps) on some Py to F'N Dy[¢] or F'N Do [¢] respectively. We also
have interior evaluation maps

ev:Pr,(P,Dyo)” = (P,Dyoo)"”™
where the moduli space (P, Dg )"~ was introduced in Section 2.4. Let
Xy = Pr (P, Do.oo)™
be the universal target over the moduli space, let (F, o) be the universal stable pair, and let
P1y--sDr Prp(P,Dooo)™ = Xy

be the universal sections. (By definition, the tuple (F, o, p1,...,p,) is canonical only up the
action of Gj,, but we can always make one choice of it. The invariant below does not depend
on the choice.) Let v € H*((P, Dy.oo)™™), as well as A € H*(SI%l) and p € H*(SI) be
cohomology classes for some a,b > 0. We define the marked-relative rubber invariants:

<)\ ) 1 ’ Thy """ Th, (7)>;P’D°’°°)’PT’N

= / (evisy) (M) (ev'SL ) (1) - pi(chg, (F)) - - pi(chy, (F)) - ev* (7).
[Pr,(P,Do, 00 )™~ ]VIr

3.6 Rigidification

We can compare the rubber invariants with the (usual) relative stable pair invariants of the
pair (P, Dy ). We will use the identification

Ho(P,Z) = Ho(D,Z) & 7
given by sending («, d) € Ho(D,Z) ® Z to

Lpox (@) + dF
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where F' is the class of a fiber of 7p : P — D, and tp, : Dy — P is the inclusion. Note that
this matches nicely the convention for the rubber stable pairs:

(Oé,d)'DOO:d, (O[,d)'DOZd—/Cl(ND/X).

[e3

Given I' = (n, (o, d)) we have a natural morphism
f : PF,’I"(IED7 DO,oo) — PF,T’(IEDu DO,oo)N

that for a relative stable pair (F,o,p;) on (P[k1, k2], Do ) does the following: If the pair
is not fixed by the natural G,,-action induced from the fiberwise scaling of P, we simply
view it as a stable pair on the chain P, = P[k, ka] (in the process hence forgetting the
distinguished component, and identifying the stable pair with all its G,,-translates). If the
pair is G,,-fixed, the stable pair (F,o,p;) is isomorphic to the pullback of a stable pair
(F',0’,p}) under the map c : Plk1, k2] — Pk, 4k, that contracts the central fiber. The map
then sends (F,o,p;) to (F',o’,p}).
We have the following comparision of virtual classes:

Proposition 3.12 (Rigidification).

[Pr,+(P, Do)~ " = fu (evi(Do)[Pr+(P, Do,o0)~]"")
= f. (ev1(Doo) [Pr (P, Do.o0)™]"")

Proof. The proof is identical to [34, Sec.1.5.3]. We sketch the idea for convenience. The
map f is G,,-equivariant with respect to the induced action by the fiberwise scaling ac-
tion of G,, on P, and the trivial action on the target. One computes the pushforward of
ev}(Do)[Pr.(P, Do o)~V by virtual localization [12] (the other case is similar). The G,,-
fixed locus parametrizes relative stable pairs with expansions at Dy and/or Dy,. If we have
expansion at both Dy and D, then the virtual dimension of the fixed virtual class is one
less than the dimension of

e (evi(Do)[Pr,(P, Do,oo)™~]"") .

Hence it does not contribute. If there is no expansion over Dy, the marking p; has to lie in
the expansion at D, but then the restriction of evi(Dy) to this component vanishes. One
finds the remaining contribution coming from the expansion over Dy to be

t—c1(Npyx)

N [Pr (P, Do o)~V
T [Prr(P, Do,o)™]

where ¥p__ is the cotangent line class? of the relative divisor Do, in the rubber geometry
(P, Do,o0)™, and t is the tangent weight of the G,,-action on the fiber of Np /p|, for some
x € Dy (in particular, we have the equivariant Chern class ¢1(Op,(Do)) = c1(Np,/p) + t).
The result now follows from pushforward. O

Corollary 3.13. Letr > 1. For any v € (P, Do,00)™"™ we have

(X | 7oy - T, (’Y)>(FP7DO"OO)7PT’N = (A Ty T, (WT(Do)f*(7))>(FP’DO’N)’PT

where f: (P, Dy o0)” = (P,Do,00)”" is the natural morphism.

4The class Yp,, is the pull-back of the first chern class of the line bundle Lp_ on %u%OUDoo>' Note
that the line bundle Lp on T x p) restricts to Lp, = ]LY)oo on T&}f%ouD(}o). The term in the denominator

is the contribution from the virtual normal bundle which is here the product of the two normal bundles at
the divisor where the stable pairs splits.
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Proof. We have the commutative diagram

evy

m

PF,T(]P; DO,oo) — (]Pv DO,OO)T

| b

PF,'I’(Pa DO,oo)N — (]Pa DO,OO)T’N

P

from which the claim follows by Proposition 3.12 and the definition. O

3.7 Splitting formula

For any decomposition {1,...,r} = I U J consider the gluing morphism
¢r: (P, Dooo) ™ x (X, D) — (X, D),

where we suppress J from the notation because it is determined by I via J = I°¢.
Let 712 : (X, D)” — (X, D)? the morphism that forgets all but the first two points, and
recall that we write
A = nip(a)
for the relative diagonal, which is the class of the locus where the first two points coincide.
We also have the absolute diagonal,

Alg = (7'('1 X 7T2)*(A) S H*((X,D)T)

where 7; : (X, D)" — (X, D)! — X is the projection to the i-th factor.
We prove here the following splitting formula (which is an analogue of [2, Thm.3.10]):

Proposition 3.14. Letd= - D. We have

(] 7oy = 7, (AL 7)>55;D)7PT = (| 7oy - T, (Ar2 '7)>S)2D)’PT*
> > (A ([ier ) (Andr0)y v ™™ (Ba| (Ties ) 0.0

teat+pB'=8 {1,..r}=IuJ
ni+no=n+do with 1,2€l
¢

where A1, Ao runs over the Kiinneth decomposition of the diagonal A pag in (D92 with
do=d— fa c1(Np)x) and we used the Kiinneth decomposition

(M=) 0re®d, €H((P,Doso)"™ x (X,D)”).
£

Proof. By Lemma 2.9 in H*((X, D)?) we have
Al% py = (m1 x m)*(Ax) — ji(9%(AD)),

where j : P(N) — (X, D)? is the natural inclusion and g : P(N) — D x D is the projection.
Consider the space

RiPr,(X,D)= || Puuiaa).s(P,Doso)™ X Py pn.s(X, D).
Leatp'=p

ni+ne=n+p3-D
and its virtual class, defined by

[RIPFJ"(Xv D)]Vir = Z A!D[e] ([P(nh(a,d)),I(P, D(),oo)N} ® [P(nz,ﬁ/),J(X7 D)]Vir) .

tat+B'=p
ni+ne=n+p-D
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We then have a commutative diagram

m

Ll,....ry=105 RiPr (X, D)

1,21
levl X evy J{

Ut,....rp=1u00 (P, Do oo )t~ x (X, D)7 UL W (X,D)"

1,2€1
J{ﬂ'12

where the square on the right are fiber (and so define W and W) and ¢ is birational (by
Lemma 2.14). By the arguments of [22] (compare also [2, Thm.3.9]) we have

J'1Pr. (X, D)] = Z &R Pr (X, D).
1,Iéé1

‘We obtain:

(A | Ty Th, ((J+9"AD)12 "Y)>£$D)’PT

- / evia(N) ev (1) evia(ag® (Ap)) - [T 17 (chi, (F))
[Pr (X,D)]vr p

— Iz; /[RIPF,T(X,D)]” evi_ (N)(evr x evy) (€ (7)) evis(Ap) - pr(d‘ki (F)).

1,2€1

Using a similar observation as (11) this completes the proof. O

4 Relative Gromov-Witten theory

Let X be a smooth projective variety and let D C X be a smooth connected divisor.

4.1 Moduli space
Let 8 € Hy(X,Z) and let X = (A1, Aa,..., A\r be an ordered partition of size and length

N:=> XN=8-D, L)) :=L

We consider the moduli space introduced by Jun Li [23, 24]

_ -

MQ,Tﬁ((X’ D)’ )‘)

which parametrizes r-pointed genus g degree (3 relative stable maps from connected curves
to the pair (X, D) with ordered ramification profile A along the divisor D. By definition, an
element of the moduli space is a map

f:C— X[K]

to an expansion of (X, D) such that (i) no component is mapped entirely into the singular
locus, (ii) f is predeformable, (iii) the relative multiplicities with divisor D are as specified
(the intersection points are marked), and (iv) has finite automorphism. We refer to [25] or
the recent [2] for an introduction. The degree of the map f is fixed to be p, f.[C] = 8 where
p: X[k] — X is the canonical map that contracts the expansion.
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The moduli space has relative evaluation maps
evlg{i : MQW;B((X? D)7 X) — D
which send a stable map to the i-th intersection point with the divisor D (according to the
fixed ordering). We also have an interior evaluation map:

ev: Mgy, 3((X,D),X) = (X,D)"

Given a subset I C {1,...,7} we write ev; = 7y o ev where 77 : (X, D)" — (X, D)! is the
morphism which forgets all points except those labeled by I.

4.2 Cohomology weighted partitions

A H*(D)-weighted partition A (or simply cohomology-weighted partition if D is clear from
context) is an ordered list of pairs

(()\1,51),...,()\5,54)), 0, € H*(D), XN >1 (13)

such that X = (A1, A2y ..., Ag) is a partition (called the partition underlying ).

While the §; can be arbitrary cohomology classes on D, we often take them to be ele-
ments of a fixed basis B of H*(D). In this case we also talk of a B-weighted partition. Given
a B-weighted partition A, the automorphism group Aut(\) consists of the permutation sym-
metries of A, i.e. those o € S, such that A7 = A.

4.3 Gromov-Witten invariants

Given a H*(D)-weighted partition A and a class v € H*((X, D)") we define relative Gromov-
Witten invariants by integration over the virtual fundamental class of the moduli space:

X D).aw r £(X)
(M7 7, ()P /[

ev' () [Jwl [T evishi(6),  (14)
=1 =1

M.L]=7"113((X7D)’X)]Vir

where 1); are the cotangent line classes at the interior markings.
The discussion also applies when we allow the source curve of our relative stable map to
be disconnected. More precisely, we let

M;,r,ﬁ((X’ D)7 )‘)
denote the moduli space of relative stable maps to (X, D) as above except that we allow
disconnected domain curves subject to the following condition:

(o) For any relative stable map f : C — X[k] to an expansion of (X, D) the stable map
f has non-zero degree on every of the connected components of its domain.

We define Gromov-Witten invariants in the disconnected case parallel as in (14). The

brackets on the left hand side will be denoted with a supscript e, as in (..)(X:P),GWe,

4.4 Degeneration formula

We state for completeness the degeneration formula in Gromov-Witten theory. We use the
same notation as in Section 3.4.

Proposition 4.1 ([23, 24]). For any 8 € Hy(W,7Z),

Yoot (xSt =Y > >

B'€H>(X,Z) Bi€H2(X;,Z) g1+ga=g+1—L(p) p,t
. B'=p tixfB1te2.B2=B  {1,..,r}=IUJ
1-D=pB2-D
[L; pi (X1,D),GW,e , (X2,D),GW,e
Aut() A [lierm) Ore))g, s (1’| (TLieam,) 01.0),, 5
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where p runs over all cohomology weigted partitions p = {(ui,%i)} of size By - D with
weights from a fized basis B = {v;} of H*(D), and we let p¥ = {(us,7y,)} be the dual
partition with weights from the basis {v,} which is dual to {v;}. Moreover, we used the
Kiinneth decomposition

=> Sre®67, €H'((X1,D)' x(Xa,D)).
l

4.5 Rubber moduli space
Recall the projective bundle P = P(Np,x © Op) with sections Dy, Do, C P. Let

Mgra((IP D0|—|D ))‘ )
be the moduli space of genus g degree a € Ho(D, Z) rubber stable maps with target (P, Do o)
with oredered ramification profiles X, i1 over the divisors Dg and D, respectively. Elements
of the moduli space are maps f : C' — P, satisfying the usual list of conditions (finite auto-
morphism, predeformability, no components mapping entirely mapped to the singular fibers,
relative multiplicities as specified), and where two maps are considered to be isomorphic if
they differ by an action of the natural scaling automorphism G!, of P;. The degree of the
map is fixed to be mp. f«[C] = o where 7p : P; — D is the natural projection. In our defini-
tion above the source curve is assumed to be connected. If we allow disconnected domains
subject to condition (e), we decorate the moduli space and invariants with the supscript e.
We have evaluation maps at the relative markings over both Dy and D,

evig i+ M, (P, Do U D),
evis i My, o((P, Dy U D),

X ) = Do, i=1,...,0(X)
Xji) = Deo, i=1,...,0(0)
and an interior evaluation map

ev:M,, ((P,DoUDuy),X, i) — (P, Dg,oc)™".
Given H*(D)-weighted partitions A = (\;, ; )f )‘1), 0= (/41,6’)Z { and v € H*((P,Dy,o0)")
we define:

<)\7 I | Thy " Th, (7)>(P7Do,oo),GW,~

g,x
TS o)
- /ﬁ ev () [T T evist )00 T (evis. )" (3.
(M5, ((P,DoUDoo ) X, )] i=1 i=1 i=1

There is a rigidification statement parallel to Proposition 3.12, see [34, Sec.1.5.3].

4.6 Splitting formula
We state the splitting formulas we will need. Let ¢ : D — X denote the inclusion.

Proposition 4.2. Let d = -D. We have

)>;XB,D),GW,0 _ <>\ | o, - (A12 )

i 0,00 ,0,~
S T Z|H (A1) (TTues 70.) (A, )) 20 &Y

Lea+pB'=p {1,e.,ry=IUJ p,l
g1+g2=g+1—€(n) with 1,2erl

(| a7, (A P

(X,D),GW,e

<A2| (Hie.] Tki) (5/1,6»92,:8'
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where p runs over all cohomology weigted partitions p = {(ui,7vs,)} of size dy = d —
J., c1(Np/x), with weights from a fized basis B = {~;} of H*(D) and we used the Kinneth
decomposition

E() =) 0re®d, € H (B, Doco)"™ x (X,D)”)
L

where &1 : (P, Do oo)!™ x (X, D)? — (X, D)" is the gluing morphism.

Proof. This is a special case of [2, Theorem 3.10]. Essentially, the argument is to start with
Lemma 2.9 and then one observes that P(N) C (X, D)? is the pullback of the Cartier divisor
on the stack of target degenerations 7 which parametrizes non-trivial expansions. The one
uses the splitting of the virtual class of [23, 24]. O

5 GW/PT correspondences

Let X be a smooth projective threefold and let D C X be a smooth connected divisor, which
is hence a smooth surface. We discuss here GW/PT correspondence for the pair (X, D) and
in particular consider the case of marked relative invariants.

5.1 Cohomology weighted partitions
Consider a H*(D) weighted partition

A= ((A1,01), -, (Aer)s deny)),  0: € H*(D)
We can associate to A a cohomology class in H*(D[I*) as follows. For i > 0 let
qi(e) : H* (D) — H* (D))

be the i-th Nakajima creation operator with cohomology weight o € H*(D), see [39] (we
refer to Example 2.18 for the convention that we follow here).

Definition 5.1. The class in H*(DIM) associated to X is

1
A= TT, i HQi(5i)1- (15)

A given class in the Hilbert scheme can have several representations as a cohomology
weighted partitions. Nevertheless, we will also write A for the associated cohomology class,
because the formulas where it will appear will only depend on the class.

Lemma 5.2. In H*(D™ x DI™) we have the Kiinneth decomposition of the diagonal

A = 1 n—~L(p) Hzp’l -imna 1
Din] Z#:( ) TAut ()] p (16)

where p runs over all cohomology weigted partitions u = {(ui,7s,)} with weights from a fized
basis B = (71,...,m) of H*(D), and " = {(n:,7y,)} is the dual partition with weights from
the basis (v;') which is dual to B. Moreover we have used (15) to associate a cohomology
class to a cohomology weighted partition.

Proof. For B-weighted partitions p, v one has

/ - W= (71)n+l(p) |AUt(/1‘)‘ )
Dl g IL; i
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5.2 Partition functions

Let 8 € Ho(X,Z) be a curve class and define the integer

dg—/ﬁcl(Tx).

Let A be a H*(D)-weighted partitions of size 5- D, let v € H*(X, D)", and let kq, ..., k. > 0.
Definition 5.3. The partition function of Pandharipande-Thomas invariants is defined by
X,D . (X,D),PT
Zgrs) Nmy -7, () = D "™ (A 771, (D) 4 5
mE%Z
where 1 = /—1.

We index here the stable pairs series by the third Chern character of the stable pair,
that is if chg(F) = m, then x(F) = m +dg/2.

Definition 5.4. The partition function of Gromov-Witten invariants is defined by

Z5w N, i, (7))

. _ _ _ _ ,D),GW,e
= (—i)% (= 1)PN A HE =N ()9 1,202 (X | 7y o () S5O0 (1)
gEL

Our variables z and p here are related to the standard genus and Euler characteristic
variables u and ¢ of [54] by the variable change z = iu and ¢ = —p.
Since the Gromov-Witten bracket is invariant under permutations of relative markings

=

that preserve the ramification profile (i.e. under Aut(\)), the partition function (17) only
depends on the associated class A € H*(DII*). Hence the above defines a morphism:

ZEwD) (<l -1, (1)) - HY(DPPY) = Q((2)),

We will also require the partition functions of rubber invariants. Let v € Ho(D,Z) be a
curve class, and let A\, u be H*(D)-weighted cohomology partition of size®

(A =dp:=d— / a(Npyx), |ul=d.

Let v € H*((P, Dg,00)™") be a class. We have

d(a,q) :/ c1(Tp)
(cv,d)
=d+do+/01(TD)-

Definition 5.5. The partition functions of rubber PT and GW invariants is defined by

P, Do, o0 )~ . (P,Do,00),PT,~
Zog o Omlmy e () = 3 PO T D)
mE%Z

and
e ™" Ol =i, (1)) = (i) (1) P 7l

. 29ca.ay H ) = IA (1) = [ul Z(_l)g—lz29—2 (N | Thy - T, (7>>;P&Do,oo)7GW,-,~. (18)
gEL ’

Here we choose the signs and prefactor in the rubber generating series to match those of
the non-rubber pair (P, Dy o). This will yield a clean statement of rigidification.

5By our convention, A records the ramification conditions with Dg, and the fiberwise degree is measured
against Do .
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5.3 Properties

The GW and PT partition functions are choosen so that the degeneration formula, the
rigidification and the splitting formulas takes for them exactly the same form and moreover

that there are no extra factors appearing. For convenience we present here the form of these

formulas for the partitions functions Z,((if(G,V[\)/}PT(' -+). We will use the following convention:

If we write x.)
Zﬁ L)

without specifying PT or GW, the statement will hold for both GW and PT partition
functions. We then have the following (with the notation of the corresponding sections).

Degeneration formula (Propositions 3.11 and 4.1): We have

S ZE (o (X)) =
B'€H2(X,Z)
wpB'=p

> > 2P (A (i) 6r0) 25> (s (Tie ;) (57,0))
Bi€Ho(X;,2) {1,...,r}=IUJ
Ll*ﬁ'l+L2*ﬁ.2D:5 Y]

B1-D=p2
where A1, Ay runs over the Kiinneth decomposition of Aps,.00 C (DIP1P1)2,

Proof. Let W — B be the total space of the degeneration and consider the logarithmic
tangent bundle Ty [—W)], see Section 2.7. For ¢ € B\ {0} we have the restriction

Tw [-Wollw, = Tw, ® O
and over 0 we have the restrictions
Tw([-Wollx, = Tx,[-D], Tw[-Wol|x, = Tx,[-D].

Hence given 3, 81, 32 as in the claim we find that
dy = [ exwl-m)
~ [ atwl-w)
B
- [ a@u[-D)+ [ a@wl-D)

=d51+d52—D-51—D-ﬁ2.

where we use the exact sequence 0 — Qx, — Qx,[D] = t.Op — 0 in the last step.
The statement on the PT side follows from the fact that for n = ny +ns — D - 8 we have

1 1 1
n— §d5/ = (’I’Ll — 2dﬂ1> + <7’l2 — 2d52) .

The GW side follows since for g = g1 + g2 + £(1) — 1 we have
(,i)dgf LRy (71)97122972 — (fi)dzal (,1)€(u)f\u\ (,1)91712291f2+f(#)flﬂl+dm
(=) (=)~ Il (1) 921 ;202 =24~ |l Hdp,
. (,1)5(H)*|H|

and the last sign together with the splitting factor [, p;/[Aut(u)| yields precisely the
Kiinneth decomposition of the diagonal as in Lemma 16. O
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Rigidification (Corollary 3.13). For any « € (P, Dy o)™ for r > 1,
ZLFPoe) (Nl -1, (1) = 26570 (Al -7, (Do) (7))
where f: (P, Dg,00)” — (P, Dg,00)™"™ is the natural morphism.

Splitting formula (Propositions 3.14 and 4.2).

ZE5P) (N iy o (A5 ) = 2557 (M 7y e, (B2 ) —

S 28 (AL (e ) (A061.0)) 2557 (Bo| (Ties 7,) (57,0))
teat+pB'=p{1,. . r}=IUJ
1,2@61

whered = 5-D and dy = d— fa c1(Np,x) and Ay, Ay runs over the Kiinneth decomposition
of the diagonal A ).

Proof. One argues as before. To show that dg = dg/ + d(4,q) — 2dp one can use the same

argument as before for the degeneration of X to the normal cone of D. O

5.4 Standard correspondence

By [53] there exists a universal correspondence matrix®

Koc,& € Q[i761762763]((2))

indexed by partitions a and «a of positive size. The ¢; are formal variables that in the
formulas below will be specialized to the Chern classes of the logarithmic tangent bundle,

¢i == ¢;(Tx[-D)).

We have the basic vanishing _
Ka.g =0 for all |a| < |a. (19)

This ensures that in the sums below all except finitely many terms are zero.
Let o = (a1, a, ..., ;) be a partition, and write

T[a] = Tocl—l . '7'047‘_1.

Let P be a set partition of the index set {1,...,r}. For any part T € P given by a subset
T c{1,...,7} we can form a partition from the T-indices of «:

ar = (a;)ier

Definition 5.6 ([54], Section 1.3). For any classes y1, ...,y € H*(X) define the descendent
transformation:

Tar—1(71) + Tap—1(7e) = > 11 [Z "l (Af.l..,z(a) -7 Koz || %))] :

P set partitions TEP & €T
of {1,...,r}

where & runs over all partitions, 71 : (X, D)"® — (X, D) = X is the forgetful morphism
and Af.l..,z(a) denotes the (class of the) small diagonal in (X, D)@,

6The universal GW/PT correspondence matrix is denoted by f(a’a in [53, 54], and related to our matrix
Kq,a by the variable change:

Ka,& =Kq &‘ L
uU=—11z
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We state the main GW/PT correspondence for relative geometries in the form of [54].
Conjecture 5.7 ([54, Conjecture 4]). Let v1,...,v € H*(X). We have that

Zé’)T(:/JBD) (M 7ar—1(71) T —1 ()

is the Fourier expansion of a rational function in p, and

X.D X,D
ZS R A Tara(n) -+ Ta, 1 (0)) = 263 (A

Tt (1) Tar100))  (20)

under the variable change p = e*.

Remark 5.8. From [53, Sec.7] it follows that

Tar—1(M) " Tap—1(%r) = Zé(a)_‘alTalfl('Vﬁ o Tap—1 () + (1) (21>

where the dots stand for terms 7(4(---) with |&| < [a|. Hence, by an induction on |af,
the correspondence of Conjecture 5.7 can be be inverted and can be used to express all PT
invariants in terms of GW invariants.

(To prove (21) one uses (19) and shows that Ka,s = 6a,a0¢(a),12°*) 7% whenever |a| =
|&|. The latter follows from [53, Prop.24] and a direct evaluation of the non-vansihg term
via [53, Eqn. (59)] and basic properties of the Sterling numbers of the second kind.) O

5.5 Generalized correspondence

The conjectural GW/PT correspondence of Conjecture 5.7 apples to the usual descendent
PT invariants, and hence by the comparision of Proposition 3.10 to all marked relative
invariants for insertions of the form v = 7f(y1) -7 (y) on (X,D)". We will need a
generalized form of the correspondence, valid for all v € H*((X, D)")

Let o = (a1, 9, ...,a,) be again a partition, and let P be a set partition of the index
set {1,...,r}. For any T € P let a partition &r be given. We write

&= (ar)rep, Ua) =) l(ar).
T

Consider any set partition

{L,...omr+ 1,4+ @) ={1,...,ryu| | Ir.
T
We define the cycle )
To.pa € A*((X, D) @)

by

FQ’P@ = H W;‘ulT (WT(KQT@T) . A?’sluIT) )
TeP

where A
Trur (X, D)@ (X, D)TYIT

is the forgetful morphism to the indices labeled T' Ul I,
m (X, D)THIT (X, D)= X
is the map forgetting all but the first marking, and
Affly, C (X, D)THr

is the small diagonal (the image of the diagonal (X, D) — (X, D)),
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We view the cycle I'y, p 4 as defining a morphism on cohomology in the usual way:
Ta,pa: H'((X,D)") — H*((X,D)"®)
v = p2«(p1(7) - Ta,pa)

where the maps p1, po are the natural projection maps:

X D)r-i—ﬁ( &)

/ \XD

The main definition is the following:
Definition 5.9. For any v € H*((X,D)") we have

Tar—1""" Tar*l('Y) = Z Z (HT T{dT]) (Fa,p,@(’y))

P set partition of {1,...,} for all TeP
a partition &r

(X,D)" )@,

In the special case where « is pulled back from X" we recover Definition 5.6.

Lemma 5.10. Assume that v = wf(y)-- -7 () € H*(X,D)") for some v; € H*(X).
Then the transformation of Definition 5.9 yields:

Ton—1(71) -+ Tay—1(70) = > 11 [Z Tla] (Af.l..,aa) -7} (Kara - [ ] 71))] :

P set partitions T€EP & €T
of {1,...,r}

where & runs over partitions, and A (@) is the small diagonal in (X, D)Z(a).

Proof. If v = w5 (y1) - 75 (), then we have

P iy (M1 (Kapar) - AfLr,) = 71 () 7 () - 7rur, (71 (Kagar) - Aflr,)

= | ECORS (H m; (i) - 71 (Kar,ar) - AEF’LIT>

i¢T ieT
= I ECORE (ﬁ (Karar - TT) - Am> .
i¢T ieT

Taking the product over 1" we hence find that

rl
,0 aPa = H 7TT|_|IT (71— ( ar,&r Hlyl) FuIT> :

TeP €T

This implies the claim by pushforward by ps (Use that if § € H*(X) is a class, and given
any partition {1,...,s} = I U.J, then in H*((X,D)”’) we have

T (1 (6 )ArleulJ) =77 (9) - Af#- )
O

We can now state the general form of the GW/PT correspondence for marked relative
insertions.

Conjecture 5.11. For ally € H*((X,D)") we have that

Z5 ) (M| Tar—1 - Tar—1(7))

1s the Fourier expansion of a rational function in p, and
X,D X,D
Zé,-l—ﬂ)()\|7—o¢171"'7—ar—1( ) = Zéwﬁ)(A

under the variable change p = e*.

Toi—1""" Ta,«fl(’y))
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5.6 Compatibility with the splitting formula
We derive the compatibility with the splitting formula. Consider the subring”

DH*((X, D)) € H*((X, D)")
generated by all

e big diagonals A'S! = 7*(A,) for all a,b € {1,...,7},
e classes 77 () for alli € {1,...,r} and v € H*(X), where 7; : (X,D)" — (X,D)! = X
is the map forgetting all but the i-th marking.

Proposition 5.12. Assume that Conjecture 5.7 holds for (X, D) and (P(Np,x ©0), Do c0)-
Then Conjecture 5.11 holds for (X, D) and all v € DH*((X,D)").

Proof. For r = 0 the claim is trivial, and for » = 1 it holds since (X,D)! = X and
by Proposition 3.10. In general, we write v as a monomials in diagonal classes A and
pullbacks 7} (~;), and argue by induction on the number of diagonal factors. If there are no
diagonal factors the claim follows by Proposition 3.10, this is the base. In general, let v be
written as a product of L > 0 diagonal factors and assume the statement whenever there
are less than L factors. Without loss of generality, we may write

v =AY
where 7/ is written as a product of (L—1)-diagonal factors. Write also oo = (k1 +1, ..., k.+1).
Rationality. We consider the PT side and apply the splitting formula. The result is:

ZE (M 1y (A3 0)) = Z55 8 (A Tk -+ Ty (D12 - 7))

- > Z80 T (Apuao A (Tiea ) (Ap6ae) ZE55 (Apuaol o] (iep 7.) (04.0))
o j}ﬂziﬁ B
12e4

(22)

where d = - D and dy = d — [ ¢1(Npyx) and Apiae) 1, Apiagl o Tuns over the Kiinneth
decomposition of the diagonal A pa,. Moreover, we used the Kiinneth decomposition

€40 =) 0as®8y, € H (B, Doos)™ x (X,D)"). (23)
L

where for any decomposition {1,...,r} = ALl B we have the gluing morphism
€a: (P, Dooo)™™ x (X,D)B = (X,D)".

By Lemma 2.16 all terms on the right are again product of big diagonals and =} (~y;) for
some ;. We can further apply rifidification to conclude that:

Zotiws ™ (DA ([lieam) (Apdae) = Zor(25) (A (Tiea ) (i (Do) A (34.0))) -
where
f : (]Pv DO,OO)T — (]Pv DO,OO)T’N

is the forgetful morphism.
By induction applied to both (X, D) and (P, Dy ) we find that all terms on the right
of (22) are the Fourier expansion of a rational functions in p, hence so is the left hand side.

"It would be interesting to know whether this subring is equal to the full cohomology ring H*((X, D)").
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GW/PT relation. Recall the diagram

P(N) — (X, D)?

Pk

DxD —"— X2
where N = O(D)|D ® O(D)|D is the normal bundle of D x D C X x X, and the splitting
Al%.py = T (Ax) = jug* (Ap).
Inserting we hence find
Z505 (A 7y o7, (A3 - 91)) =
Zery) (Mmoo m (B2 ) = Zer ) (A 7w, o7, (g™ (D)2 7))

By induction we have

25D (M m (i) = 257 (M e 7 B )

hence it suffices to prove that:

255 (M 7y -, (Geg™ (D012 7)) = 26w (A7 -7, (Gog" Bp))1z 7))
(24)
We consider the term 75, - - 75, ((4.9*(Ap))12 - 7). For any set partition P of {1,...,r}
and for every list of partltlons ( T)Te p we need to understand

[N Pa(( (AD))H "Y’)~

Lemma 5.13. In H*((X, D)%) we have the equality

Foura(li-g" Aphay) = 3 €ar(id). (P paa (A01275 (Do) F* (04,6) ¥ s i (9.

where the sum runs over all decompositions {1,...,r} = AU B such that

(i) 1,2¢€ A
(i) TCAorT CB foralT e P.

Moreover, we used the Kiinneth decomposition (23) and

e a4 are the parts of a labeled by I,
e Py ={T € P|T C A} is the partition of A induced by P,
e and & = (Or)rca,

and similarly for B. The pushforward is along the map:

fxid

(P, Do o )T ATt x (X, D)Hrcelr L9 p py urcalr o (x, pydreelr S, (X, D)U@)

Proof of Lemma 5.13. Consider the diagram

LI (P, DO,OO)A’N X (X,D)B Hali (X, D) +4(@)

L

P(N) —— (X, D)?
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where the right square is fibered (defining W), and A runs over subsets {1,...,r 4+ (&)}
containing 1,2 with complement B. By Lemma 2.14 the gluing map £ is birational, so that

=) &, Do.o)™™ x (X, D)P].

1,2€A

For every T' € P we have

e )= {Agﬂh i TUIpcAor TUIp C B
Al\Rrhr) =

. (25)
0 otherwise.
The decompositions {1,...,7 + (@)} = AU B with 1,2 € A and satisfying the first
condition in (25) are in 1-to-1 correspondence with decompositions {1,...,r} = AU B
satisfying (i) and (ii). Indeed, to the decomposition {1,...,r} = AU B satisfying (i,ii) we
can associate
A=AU |_| Ir. (26)

TeP
TCA

With p : (X, D)r”(&) — (X, D)" the projection to the first r factors, we hence have

p1 ((J+g"Ap)12+7) ‘Tapa =

ZZfA*< 1 (Ap,1204,0) H TTULr (Trl(KaTyOéT

TeP
TCA

ci=c; (TD ) )Ag?\l_’IT)

< p//* 5372) H W;’I_IIT (FT(KQT,OQT) B?I]_IIT) ) (27)
TepP
TCB

where A is given by (26) and we used the forgetful morphisms
(]P) DOoo) (P DOOO) ’ plll:(X7D>B_>(XaD)B

as well as ¢;(T'x [7DA]|D) = ¢i(Tp), see Section 2.7, and the Kiinnet decomposition (23)
Write A = AU A and B = B B and consider the commutative diagram

f><1d 3

(P, DO,oo) (X D) (]P) DO OO)AN (Xv l))E *;> (X)D)é(d)

P XPIQIT P X /JZT PJ

(P, Do o)™ x (X, D)8 L% (B Dy ) A~ x (X, D)B A (X, D)r+0(@

pixl | oixot| al

(P, Do.oc) x (X, D)8 2L (P, Dy oo)™™ x (X, D)E —4 (X, D).

By Rigidification (Lemma 2.12) and Lemma 5.14 we have that

/% *
P (Apazdae) [T mrur, (W’I(Kw,é@
TeP
TCA

rel
Ci=—C; (TD) )ATUIT)

= [ | P17 (71 ([Do))Ap,12f"(d4,0)) H LA (WT(KaT,&T)Ag%IT) (28)

TeP
TCA

where we used the standard insertion ¢; = ¢;(Tp[—Do,0]) fof Kayap. The claim of the
lemma now follows from (27) and (28) by pushing forward to via ps O
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We now prove the desired equality:

250 (M= 7, (Geg (D012 7)) = Z6) (M 7 (Geg” B2 7))

The left hand side we computed in the Rationality part of the proof to be

Z5 D) (M) iy -1 (9" (Ap))1z - 7)) =

P, Do, o \ .
S 2500 (Bpw A (Thiea ) (75 (D0)Ap £ (34.0))) -
ea+pB'=p
{1,...,r}=AUB
1,2€A
4

. Zéfﬁjﬁ) (AD[do],2| (HiEB Tk‘z‘) (6;\7@))

For the right hand side, we apply the claim and the usual splitting law of [23, 24] which
gives that

Zé)vf/,g) ()‘ | Ty -+ Th, ((G29* (AD))12 '7/))
= Z Zg&/l,)((:x?;)) (AD[do],la )" (HiGA Tki) (WI (DO)ADf* (§A’£))) .

Lea+p'=p
{1,...,r}=AUB
1,2€A
¢
X,D
‘ Z((;W,B’) (AD[dO],2|(Hz’eJ Tk) (5/A,e)) :
We conclude the claim by the induction hypothesis. O

Lemma 5.14. Let mp : P — D be the restriction. Then we have
¢i(Te[=Do,c]) = 71 (ci(TD)).
Proof. The claim follows from the computation:

ch(Qp[—Dy — D]

= ch(Qp) + ch(Op,) + ch(Op_,)

=7pch(Qp) + Ch(QP/D) + Ch(ODO) + Ch(ODOQ)

=mpch(Qp) + ch(Np x ® Op(—1)) 4 ch(Op(—1)) — 1 + ch(Op,) + ch(Op., )

= hch(Qp) + 1

where in the first step we used the exact sequence (6), in the third step the dual of the Euler
sequence 0 — O — 75 (Np,x @ Op) ® O(1) — Tp;p — 0. For the last step one uses that

§=c1(0(1)) = Do

so that
ch(Op(—1)) = ch(O) — ch(Op,) =1 —ch(Op,),

and similarly,
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5.7 Compatibility with degeneration formula

Consider a simple degeneration
X ~ X1 UD X2.

over a smooth curve B with total space W — B. Consider a fixed class
v € H*(W/B)").
Recall the gluing map
=g || (X1,D) x (Xa,D) — (W/B);.
{1,...,r}=10J

The Kunneth decomposition of the pullback to the I-th component will be denoted by

(=) dre®dy, € H((X1,D) x (X2, D)”).
L

We show that Conjecture 5.11 is compatible with the degeneration formula, in the sense
that the following two operations yield the same result:

(i) Apply the correspondence on X for 7|x- (which reduces to the standard correspon-
dence of Conjecture 5.7 by Kiinneth decomposition and Lemma 5.10) and then apply
the degeneration formula.

(ii) Apply the degeneration formula and then apply the correspondence of Conjecture 5.11
to both (X7, D) and (X2, D).

This compatibility statement then boils down to the following condition on the GW partition
function:

Proposition 5.15 (Compatibility with the degeneration formula).

> Zws (Tkl "'TkT(WIX'r)> =
B €H>(X,Z)
tB'=8

> S z28u) (8| 6r0)) 28 (82| (esm,) (97.0))
Bi€H2(X;,2) {1,...,r}=IuJ
l

L1x 1 +12+P2=0
B1-D=B2-D

where Ay, Ay runs over the Kinneth decomposition of Apis, p) C (D[Bl'D])Q.

Proof. This boils down to defining the correspondence I'y p 4 relatively on (W/B)", and
then showing that it restricts accordingly. The methods are similarly to what was used in
the proof of the claim for Proposition 5.12. The key point is that the Chern classes of the
log tangent bundle restrict as desired. Indeed, we have

ci(Tw[-Wol)lw, = ci(Tw,)
ci(Tw [=Wol)lx, = ci(Tx,[-D])

forallt#0and i =1,2. O

Remark 5.16. In case v = 7} (1) - - - () Proposition 5.15 was obtained in [54, Sec.1.4].
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5.8 Chow-theoretic correspondence

It would be very interesting to understand the geometric origin of the Gromov-Witten /
Pandharipande-Thomas correspondence. As such one may ask for the most general frame-
work in which it holds. Is it just a numerical correspondence or is it obtained by an algebraic
correspondence on some (possibly infinite-type) moduli space defined in terms of the geom-
etry of the target X7 In the later case one would expect that the GW/PT correspondence
lifts naturally to the cycle level, that is holds in the Chow group of algebraic cycles modulo
rational equivalence. We formulate here a cycle-theoretic version of the GW /PT correspon-
dence. It requires further investigation whether such a correspondence should hold (that
the numerical correspondence of [54] admits naturally a formulation on a cycle-level is not
automatic and may be seen as a positive sign).

Consider the GW and PT theory of the threefold X (without relative condition) for
simplicity. Define the partition function of Gromov-Witten classes:

GW3 (ry--7i,) = (—iz) Y (~1)9712% e [Hw N[ Xﬁ)]v'r]

gEZ

Consider also the partition function of Pandharipande-Thomas classes:®

PTX () = Y 27570 |1 (1P 0, s (CON) [ chasa, M
i=1

mG%Z

where we used the diagram
Pog(X)x X" —L X7
P p(X)

and (F;, 0;) is the pullback of the universal stable pair (F, o) from P, g(X) x X via 7 times
the projection to the i-th factor of X".
We work here with algebraic cycles, so both series lie in the Chow ring;:

WS (11 -+ m,) € A*(X7) & C((w)
PTS (11 7,) € A*(X") @ C((p)).

For any set partition P of {1,...,r}, and for any set of partitions d&r index by T € P,
recall the correspondence cycle defined by

Tora = || mrure (7 (Karar) - Arur,) € A(XTH),
TEP
We view the cycle as defining a morphism
Tapa: A"(XAY) = A*(X7), v = p1a(pi(7) - Ta,pa);
where py : X™H(&) 5 X7 and py : X7H(@) 5 X are the projections.
Question 5.17. Is it true that we have the following equality

PTg(ﬁ S TR,) = Z Z TFa,pa (GW? (ITr 7ia27) )

P set partition of {1,...,r} forall TeP
a partition &rp

in A*(X7) 7

8We could have defined this class also via the moduli space of r-marked stable pairs by

PT?(Tl Tk ) = Z “Mp™ evy |:sz(¢|124,4€ )[P 41 dgﬁﬁr(X)}Vir:| )
mEIZ
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For a different type of cycle-theoretic correspondence comparing homology classes on the
Chow variety Chowg(X) of curves on X see [33, Conjecture 1] (proven there for toric three-
folds). If one is very optimistic, one could even combine Question 5.17 with the conjecture
of [33] by asking for a Chow-theoretic correspondence on Chowg(X) x X" by pushforward
of the relevant cycles along the natural maps:

M, .(X,8) = X" x Chowg(X)
Pn’g,T(X) — X7 x ChOW@(X).

Without concrete evidence all this remains pure speculation for now.

6 Fano complete intersections

Let X C P" be a Fano complete intersection.” The goal here is to prove the GW/PT
correspondence for X. By the Lefschetz hyperplane theorem the even cohomology of X is
generated by the ample class H = ¢1(Ox (1)), and hence non-vanishing under any projective
degeneration. In particular, we can identify curve classes on X by their degree:

Hy(X,Z2) =7, 5'—>/H.
B
The odd cohomology is concentrated in the middle degree H3(X,Z).

6.1 Reduction to diagonal insertions

Proposition 6.1. Let vy € H*(X") and 8 > 0. The set of all invariants of the form

Zor (Thy 7, (7)) (29)

can be effectively reconstructed from the subset of invariants (29) where

T

Yy=Ax12...AXx2q-12a H 7 () (30)
i=2a+1

for any even v; € H*(X).
Similarly, the set of all invariants

Zew s (Tkl "'Tkr(')’))

can be effectively reconstructed from the subset of v of the above form and the reconstruction
algorithm is the same as for PT invariants. In particular, the Gromov- Witten/Pandharipande-
Thomas correspondence is compatible with this reconstruction, that is if Theorem 1.1 holds
for the invariants (29) where v of the form (30), then it holds for any 7.

Proof. This proof is exactly as in [2, Thm.4.27] with the obvious modification for notation.
To sketch the idea, let V := H3(X,C) be the middle cohomology endowed with the skew-
symmetric inner product «- 8 := f + @UpB. The monodromy group of X (defined here as the
group generated by all parallel transport operators) acts on V' and by the results of Deligne
[9, 10] its closure is equal to the symplectic group Sp(V). By the deformation invariants

9The list of these cases is relatively short: X can be a degree 2, 3,4 hypersurface in P4, a degree (2,2)
or (2,3) complete intersection in P®, or a degree (2,2,2) complete intersection in P®. Nevertheless, the
discussion should be viewed as a special case of a general strategy that can be applied to any situation where
vanishing cohomology is present.
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of GW and PT invariants and since the Chern classes of X are monodromy invariant we
obtain hence for all g € Sp(V) that:

Z85 5 (Toy T, () = 2855 (Thy -+ T, (9 @ - .. ® g)7))

28w (T 70 )) = Zéws (T 7 (98 - 2 9)7)) o

Let B be a homogeneous basis of H*(X). Consider a general invariant of the form (29)
where v is of the form (30) but with ~; arbitrary classes in B. We assume that the first
f factors of 7; lie in V', and the remaining factors lie in H®V**(X). We then consider the
invariant (29) as a function Z : V®/ — C((p)) given by

VI R...QUf — ZF)fTﬁ (They * T (7))

Y2a+i=v; for i=1,..., f.
By the monodromy invariance (31) we find that
= ((V*)®f)SP(V).
Hence f = 2k is even, and by the basic representation theoretic fact explained in [2, Sec.4.6)
the class Z is determined by its pairings with all big-diagonal classes:
O’(AV R Ay ®"'®Av) € y®2%k,
where o runs over all permutations of 2k, and Ay € V ® V is the bi-vector dual to the
symplectic pairing w € VV ® VV. We have
3

_ 1 7 3—1
AX_AVJF*UXHS);H ® H37,

Hence by an induction on f the invariant (29) is determined when 72441 ® ... ® Y2q4f runs
over the classes
o(Ax @ Ax ®---© Ax) € (H*(X))®2.

This completes the first part. The relations we obtain from this process are identical for the
Gromov-Witten invariants, hence the algorithm is compatible with the GW/PT correspon-
dence. This proves the second part. O

6.2 Invertibility

Let S be a smooth projective surface and let L € Pic(S) be a line bundle. We consider the
projective bundle
Ps =P(L®O) == S.

The projection has two canonical sections
SQ, Seo CP

called the zero and infinite section specified by the condition that the zero section has normal
bundle LY and the infinite section has normal bundle L. We use the identification

Hy(Ps,7) = Hy(S,2) ®Z, B+ (ms5:(6), [;Doc)-

We will need a certainly invertability statement for the GW and PT invariants of (Pg, Seo)-
Given a H*(S)-weighted partition

£ *
H= (ui7ai)i(zul)7 pi > 0,05 € H*(S)

define the monomial of descendents

£(p)
Tl = H Tpi—1 (8o (i)

where vg, : So — Pg is the inclusion. Let B be a basis of H*(.5).
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Lemma 6.2 ([52, Proposition 6]). Let d > 1. The matrixz indezed by B-weighted partitions
of d with coefficients

Ps,Se0
250 (Al [u))

1s invertible.

Proof. The proof in [52] is stated for K3 surfaces, but as noted right before Section 4.2 it
works for arbitrary surfaces as well. O

We will require also the analogue of Lemma 6.2 on the Gromov-Witten side.

Lemma 6.3. The matrixz indexed by B-weighted partitions of d with coefficients
Ps,S00
Z&w ) Alrlul) (32)
1s invertible.

Proof. For S a toric surface or a K3 surface the statement follows from Lemma 6.2 and the
GW/PT correspondence of [54, Thm.3] or [53, Prop.26] respectively. However, it is also
not difficult to give a direct argument in the general case, parallel to the case of the local
geometry (C? x P, C2%)) discussed in [53, Sec.2.2]. The idea is to show the matrix is upper-
triangular with respect to an ordering on B-valued partitions (namely the lexicographic
ordering associated to two natural order functions) and then show that the diagonal blocks
are invertible. This proceeds in several steps:
Let us write throughout

A= (()\1,(51),...,()\@,(5@)), 516H*(S)
By assumption || = |u| = d.
Step 1. If £(X\) < £(p), then the coefficient (32) vanishes.

Proof. Since (32) vanish if the degree of the integrand does not match the virtual dimension
we can assume the dimension constraint:

0N + () = Z deg(yi) + Z deg(d;).

Evaluating a relative stable map f : C — Pg[k] at the relative markings defines an
element in S‘™. For maps f which are incident to topological cycles representing the
classes d; and ~;, the i-th relative marked point of f has to both lie on the cycle dual to d;
as well as on all the cycles dual to v;;, where i; runs over the interior markings lying on the
connected component of the stable map incident to the i-th relative marking. In particular,
the point in S must lie on a subspace of dimension

20(\) — > deg(d;) — > deg(yi) = L(\) — €(p).
If £(A\) < £(u), then this subspace is empty so (32) vanishes. O

Step 2. If £(N) = €(u) but £y (N) > €4 (p), then (32) vanishes. Here ¢4 (\) is the number of
parts A; with A\; > 1.

Proof. By the proof of Step 1 we can represent §; and 7; by topological cycles such that
every stable map incident to the given constraint has to meet S in a finite number of points
(1,...,2000) € SN where the z; are pairwise distinct. It follows that each connected
component of the domain of such a stable map must carry precisely one relative marking,
lets say with tangency k to So. The corresponding moduli space (with incidence to the
topological cycles imposed) is then of dimension 2k — (k —1) — 2 = k — 1. Hence if k > 1,
the connected component has to carry an interior marked point g; such that the integrand
involves a psi-class 1;, i.e. such that p; > 0. In particular, there has to be as many j with
p; > 1 as there are ¢ with A; > 1. This shows the claim. O

48



Step 3. Let B be a homogeneous basis. Let A be a B weighted partition and let u be a
BY-weighted partition such that £(A\) = ¢(u) and €4 (\) = £ (p). Then the series

Ps,Seo
Z&w ) Alrlul)

vanishes unless A = (") for some permutation of {1,...,n}, in which case it is non-zero.
ll’ p ) ) )

Proof. Since every component which carries a relative marking with A; > 1 must also carry
an interior marking, we see for dimension reasons that there exists a permutation o of
{1,...,4(\)} such that the connected component carrying the i-th relative marking must
carry precisely one interior marking ¢, (;) with ;) = A;. Moreover, the number of parts of
A labeled 1 is equal to £(A) — £4(\), and hence must be equal to the number of parts of p.
Hence o(fi) = X. This also implies that

’7;/(1') = 0;

whenever \; > 1, and by a similar argument also whenever d; # p. But then for dimension
reasons we must have A\ = o(u"), otherwise the series (32) vanishes. The last step, the
non-vanishing now follows from the concrete evaluation of relative invariants:

SxP!, S0 1
(O (D)™ = = /S 5U,

see [53, (16)] and [51, Lemma 7]. O

To conclude the claim, define A < p if

(N <L) or L) = L), L) > La(p).

Then the matrix (32) is upper-triangular in this ordering. By Step 3 the diagonal blocks are
conjugate to diagonal matrices with non-zero diagonal entries. This completes the claim. [

We also recall the following basic result:

Theorem 6.1 ([54]). Let S be a toric surface or a K3 surface. Then the GW/PT corre-
spondence of Conjecture 5.7 holds for both (Ps, Sp,00) and (Pg, Se).

Proof. For toric surfaces this is [54, Theorem 3] and for K3 surfaces this is [54, Sec.3.8] (note
the typo in [54, Prop.10]; the correct statement is v; € H*(Pg)). O

6.3 Proof of Theorem 1.1

We only discuss the case where X is a hypersurface in P* of degree d for d € {1,2,3,4}.
The general case is completely parallel, see for example [2, Sec.4.8]. We argue by induction
on d. In the base case d = 1 we have X = P3 which is toric, so the result is known by [53].
For d > 1 following [34, Sec.0.5.4] one considers a simple degeneration

X ~ Xl UD Xg
where

(i) X; C P*is a hypersurface of degree d — 1,
(i) D C P? is a hypersurface of degree d — 1, and

(iii) X, is the blow-up of P? along a complete intersection curve of degree (d,d—1).
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We analyze now all terms which appear in the degeneration formula.

Step 1. By induction the GW/PT correspondence is known for X;. Consider the degener-
ation to the normal cone
X, ~ X1 Up ]P(ND/Xl (&) O)

Since there is no vanishing cohomology for this degeneration, all GW and PT invariants of
X are determined in terms of the invariants of the relative theories of (X3, D) and (Pp, Do)
where Pp = P(Np,x, ® O). Following [54, Sec.7.3] we write this schematically as

Z(Xl) ~ Z(Xl,D) and Z(PD,D())

meaning that it applies both to the GW and PT theory. By the invertibility statement of
Lemma 6.2 and Lemma 6.3 and an induction argument this relation can be inverted (see
[54]) to give that the GW/PT theories of X; and (Pp, Dy) determine the GW/PT theory
of (X1, D). We write:

Z(Xl,D) ~ Z(Xl) and Z(PD,D()).

The GW/PT correspondence is known for X7 by induction. Since D is either isomorphic

to P2, P! x P! or a cubic surface (which is deformation equivalent to a toric surface) it is also
known for (Pp, Dg) by Theorem 6.1. By the compatibility of the GW/PT correspondence
with the degeneration formula, we conclude that the GW/PT correspondence holds for
(X1, D) for all cohomology classes.
Step 2. Let Z5; (X1, D) denote the list of all the marked relative PT invariants of the pair
(X1, D) with interior insertions given by big diagonals, i.e. from DH*((X27 D)™). Similarly,
let Z&y (X1, D) the corresponding Gromov-Witten invariants. In Section 5.6 we proved that
these invariants are determined by those of (X1, D) and (Pp, Do o),

Z2(X1,D) ~ Z(X1,D) and Z(Pp, Dy o).

Since the GW/PT correspondence is known for both theories on the right by Step 1 and
Theorem 6.1, by Proposition 5.12 we conclude that the generalized GW /PT correspondence
of Conjecture 5.11 holds for Z&-(X1, D).

Step 3. By [54, Sec.7.3.3] the GW/PT correspondence (in the form of Conjecture 5.7) is
known for (Xo, D) for all cohomology classes. Moreover, by Theorem 6.1 again the GW/PT
correspondence is known for the pair

(P(Np, 5, ® O), Do,oc)-

Hence by Proposition 5.12 the generalized GW /PT correspondence of Conjecture 5.11 holds
for (X2, D) for all insertions from DH*((X2, D)"),

Z%(X5,D)  ~  Z(X5,D) and Z(P(Np, ¢, ® O), Do oo)-

We conclude the generalized GW/PT correspondence for Z2(X,, D).

Final Step. By applying Proposition 9.3 and the degeneration formula for diagonal inser-
tions given in Proposition 3.11 and 4.1 we obtain the reduction:

Z(X) ~  Z%(Xa)
~  ZB(X1,D) and Z2(X,, D).
Since the GW/PT correspondence is compatible with the first reduction step by Propo-
sition 9.3, with the degeneration formula for marked-relative invariants by Proposition 5.15,

and is known for both endpoints of the reduction by the Step 2 and 3 above, we conclude
the GW/PT correspondence for X. O
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7 Bi-relative residue theory

7.1 Overview

Let R — B be a rational elliptic surface, let £ C R be a smooth elliptic fiber. We consider

here the relative geometry
(R x P R..)

and the bi-relative geometry
Y = (RxP', R x {oc} U(E x Ph)). (33)

These geometries arise naturally when degenerating (S x P!, S.)) via the degeneration
S ~» Ry Ug Ry of an elliptic K3 surface into the union of two rational elliptic surfaces glued
along a smooth elliptic fiber, and will be used in Section 9. The full GW and PT theory
of the bi-relative geometry (33) does not fit the framework of [23, 24, 22]. Fortunately, we
only have to consider here capped invariants for which one only works with the part of the
theory which avoids the intersection E x {oo} of the two relative divisors. The construction
of the required moduli spaces for capped invariants was carried out ’by hand’ in Section 5
and 6 of [54] based on the known constructions [23, 24, 22]. A more general treatment of
bi-relative GW and PT theory uses log geometry. We refer to the recent work [37] on log
Donaldson-Thomas theory and to [15, 7, 57] for log Gromov-Witten invariants.

7.2 Capped descendents

Let S be a smooth projective surface (we specialize to a rational elliptic surface later).

Consider the relative geometry
(S x P!, S..).

We identify curve classes via the Kiinneth decomposition
Hy(S x P!, Z) = Hy(S,7) @ Z[P].
Let I' = (n, (8,d)) for a curve class 8 € Ha(S,Z). We have

dig,a) = 2d + / c1(Ts).
B
Consider the open subset
Ur C Pr(S x P!, S,.)

corresponding to stable pairs which do not carry components of positive S-degree in the
rubber over So,. The open set Ur is invariant under the action of the torus

T =G

which we let act on P! with fixed points 0,00 and tangent weight ¢ at 0. (Here ¢ is the
weight of the standard representation, i.e. t = ¢;(Opg,,(—1)).) The T-fixed locus of US™
is proper, because it is the union of components of the fixed locus Pr(S x P!, S, )%= with
no S-degree over an expansion at S.

Given a partition and classes

/‘L:(Mla"'vp’T)v F:71®"'®’YTGH*(S)®T,
we define the T'-equivariant insertion:

()

T[L(FO) = H T,uqt—l(fyi . [SO])
i=1

= (Tt Te1) (7 71 (0S0]) -+ i ([S0])

where [Sp] € H4(S x P1) is the class of the fiber over 0 € P! in T-equivariant cohomology.
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Definition 7.1. The capped descendent Pandharipande-Thomas invariants are defined by

Chviaan™ (o) = 3 2 (ev5L)" WTo) - € QU)())

melz [Um+%d(g,d>w.,d)]w

where X € H*(S4) and the integral is defined by the virtual localization formula.

Similarly, consider the open subset of the moduli space of relative stable maps

U

o5 pd) C Mgr(Sx P Sy, 2)

corresponding to relative stable maps for which no connected component of the domain is
mapped into a bubble over S, with positive degree over S.

Definition 7.2. The capped Gromov-Witten invariants lie in Q(t)((u)) and are defined by

SXP, S
Céwx(ﬁd " (AI7u(To))

= (-1 é()\) d—H’()\)Z )9~ 1,29-2 ) Hev (7:[So] wuz—ll_[ rel )*(5:)-

gEL Wy 5,8,a"™

where X = (A, 0; )e(/\) is a H*(S)-weighted partition of size d.

A main idea behind these capped invariants is that they are the correct linear combination
of localization terms for which we have the GW/PT correspondence, see [33]. We state the
result for the rational elliptic surface that we need.

Proposition 7.3 ([54, Prop.3]). Let R be a rational elliptic surface. We have that the series
C(RXJP’ ,Roo)

PT.(5.d) (A7u(To)) is the Laurent expansion of an element in C(q,t) and

(RxP',R) (RxPY.Ro) (|7~
Cpr .(8,d) (Al7u(To)) = Cew (8,d) ()“TM(FO))
under the variable change p = e*.

Proof. This follows directly from Proposition 3 of [54] because any rational elliptic surface
is deformation equivalent to a toric surface (A rational surface is the (iterated) blow-up of
9 points on P? so by moving these 9 points to the fixed points of the standard (G,,)?-action
on P2, the surface becomes toric). O

Remark 7.4. The correspondence 7,(I'g) is applied here for the relative geometry (R X
P!, R..). However, since all insertions are supported over Ry away from the relative divisor
this correspondence is equivalent to the correspondence for the absolute geometry R x P!
(we may use ¢;(Trxpt) and (R x PY)" instead of ¢;(Trypt[~Roo]) and (R x P, Ry.)")

7.3 Vertex term of the bi-relative theory
Let T' = (n, (B,d)) for a curve class (3,d) € Ha(R x P1,Z). Let dg = 8- E. Let

Vi, C Pr.(RxPLE xP)

be the open locus corresponding to r-marked stable pairs on (R x P')[k] which meet the
divisor Reo = p~!(c0) transversely, where p : (R x P1)[k] = R x P! — P! is the projection.
The fixed locus of the T-action on Vr . is compact. Via intersecting a stable pair with R,o
we obtain an evaluation morphism

ev};’l Ve = (R, E)[d].
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We also have an evaluation morphism at the relative divisor E x P'. Since stable pairs
parametrized by Vr , never meet this relative divisor at E/ x 0o, it takes values in

evisl o Ve, = (B x Al ¢ (B x P B, )l
Finally, we have interior evaluation maps:
ev:Vr, = (Rx P E x P
obtained from restricting ev : Pr (R x PL, E x P!) — (R x P, E x PY)" to Vi,
For any I' € H*((R, E)") and partition p = (u1,. .., ty) let

7(T0) = g1 -+ -1 (Y U ((Ro]) -+ 7 ([Ro]) )
where we have suppressed the pullback by (Rx P!, ExP!)" — (R, E)". Consider also classes
Ae H((R,E)), pe Hy((E x C)ld=])
We define the vertex term
VT (| u(re)) = S [ 7u(To) - (viEkp )" (0) - (e )" ()
m Vim+ 3.y 8ean]™
which lives in C(¢)((p)), where i = /—1 and as in Section 5.2 we have taken the holomorphic

Euler characteristic of a stable pair to be valued by

1 1
n:m+fd(57d):m—i—d—i—f/cl(TR).
2 2 J,

7.4 Rubber term of the bi-relative theory
We now consider stable pairs on the relative geometry
(RxP', Ry U R, U(E xP))

in the curve class (0, d), taken in the rubber sense with respect to the T-action on P!. Since
the stable pairs have degree 0 over R, they never meet the relative divisor E x P!, and the
moduli space of these stable pairs, denoted

Pl 0,0 (R X P', Ry U R U (E x PY))™~, (34)

can be constructed with the usual tools, see [54, Sec.5.4] for a discussion. We have evaluation
maps at the relative divisors Ry and R,

evish © Py 0.0 (R X PY,Rg U Rog U (E x PY))~ — (R, E)¥),
evis! 1 Pl 0. (R x P Ry U Rog U(E x P'))~ — (R, E)l).

Let also Ug,, Ui__ denote the pull-back of the cotangent-line classes of the divisors 0, 0o € P!
via the classifying morphism

P(n,(O,d))(R X Pl,RQ UR U (E X ]P)l))N — 7—(‘%}}1?0,00)~
given by collapsing the R-factor. Given classes
A1, A2 € HY((R, B)I)

we define the rubber term

1
RI(DO-I:d) (Al,)\g %) ’—\I}DHTM(FO)> =
0

-2m, . m rel \* re * 1
S emy /[P (Vi) () (evish )" (Aa)
m (

mtd.(0.d)) (BXPL, RoUR oo UEXP)~] —Wp, +t

Here we have the empty insertion @ in the middle factor, because the curve does not meet
the divisor E x P
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7.5 Definition of the bi-relative theory

Given classes of the form (see Section 2.6 for the notation)

..... A (0) € H (R, B)), 6 € H*((R,E)")
p=Nakg,  ,.(€) € Hix((Ex C)ldel), e Hy((ExC)").

we define the bi-relative capped descendent residue theory of Y by
CYPT()“p‘TMFO) (,Bd()‘|p’7ur0)

+Zv 1 (i | p] 7u(To)) - R ()\ o) | o

1
—Wp, +1

7)) (9

where we sum over the Kinneth decomposition of the diagonal

Al = Z@ ® ¢ € H*((R,E)[d] « (R’E)[d]).

The definition of these invariants on the Gromov-Witten side goes completely parallel,
we just need to interpret the insertions A and p as partitions of d,dgr weighted by the
cohomology of (R, E)? and (E x P!, E,) respectively. Moreover, the invariants of the
genus ¢ invariant, degree (3,d) moduli space of stable maps is weighted according to the
conventions of Section 5.2, that is by

(—i)de (_1)5(/\)—\/\|+€(P)—\p\ 2d(8,0) TEA) = A +E(p) = ol (—1)9712%972,

This yields cappend descendent invariants.

Y,GW
C(Bﬂi) ()\ ’ p ’ TM(FO)) € C(t)((u)).

Remark 7.5. The definition (35) has one more term than the definition in [54, Sec.5.5]. This

is because for n = d, the rubber moduli space (34) is empty according to our definition

(all stable pairs in this class are pulled back from (R, E)!¥, so have infinite automorphism

groups). This degenerate term is included in [54] in the definition of R.

Remark 7.6. For K3 surfaces S non-trivial GW and PT invariants for S x P! and class (3, d)
can only occur in case 8 = 0 and where the Euler characteristic n is minimal (see Section 8
below). One has something similar for rational elliptic surfaces, see [45, Proof of Lemma
27]. Using a log-symplectic form, one can show that all invariants of (R x P!, E x P!) vanish
for all curve class (8,d) where 5+ E = 0 and the Euler characteristic n is not minimal. In
particular, for the rubber term the only term that can contribute is where n is minimal,
that is n = d, but here the moduli space is empty. Thus we see that:

1
— 7, (T =0.
‘ —VUp, +1 TM( 0)>

However, on the Gromov-Witten side, the rubber term is non-trivial and to make our
discussion as parallel as possible we have included this term also on the PT side. (We will
do the same in Section 9.3 below, when we talk about capped descendents of (S x P!, S,.).)

0 d) (A17 AQ

7.6 GW/PT correspondence

Let B be the class of a section of R — P!, and let F be the fiber class. We specialize the
discussion now to the curve class

Bn = B+ hF € Hy(R, 7).
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Then (see e.g. [5]) every curve on R in class [, meets the elliptic fiber in the point O :=
B N E. Therefore the stable pairs parametrized by

Vo ondyr C Pr(gpayr (R x PUE x P

meet the relative divisor E x P! in the single point (0g,0p1). We hence specialize our
insertion on the divisor (E x P!, E..) to be

p=1
We have the following:
Theorem 7.1. For any insertions A = Nak(y, ... x,)(0) and 7,(T'o) with

14
0= AE%ELH e AE%,E},Qa—l,Qa H 77 (6:)
1=2a-+1 (36)

T

I'= A]E%,E),w T AE%,E),%—L% H m; (i)
i=2b+1

for é;,v; € H*(R) and a,b > 0, we have that C(};idT) (A ’ 1| 7.(To)) lies in C(p,t) and

CEPT (A 1] 7u(T)) = O (| 1] 7,.(To)

under the variable change p = e*.

Remark 7.7. Theoretically one should use here the generalized correspondence of Section 5.5
for the birelative geometry (R x P!, R, U (E x P!)). However, because all descendent
insertions are supported over Ry it suffices to use the correspondence for (R x P!, E x P),
see also Remark 7.4

Proof. Assume first that A, are of the form

0=[ImG), T =100
‘ i=1
so that in particular
7u(To) = [T 7ue=1([Ro] - 7).
i=1
By Proposition 3.10 the capped bi-relative residue invariants

oy (Mo | 7(To)

specialize precisely to the theory discussed in [54, Section 5.8]. Moreover, the claimed
correspondence is then precisely Conjecture 5 of [54] for S the rational elliptic surface, in
the case of curve class 3.

Consider the cappend descendent series of the relative geometry (R x P!, R.,), Consider
the degeneration to the normal cone of the elliptic fiber £ C R,

R~ RUpQ, Q=FExP.
where we take E C @ to be the fiber over Op1 € P'. We use the Kiinneth decomposition

Hy(Q,7) = Hy(E,Z) ® Hy(P,Z) 2 Z D Z.
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By the degeneration formula for cappend descendent invariants in [54, Sec.5.8] we have

G T (M mu(ro) =

(RXP',Roo U(EXP)),PT
D A O
h=h1+hs {1,...,@}:A1HA2

{1 ,,,,, T‘}:BluBg

% C(((Qxﬂ1>1 , Qoo U(EXPY)),PT <)\A2

1

11 m_lqRom>

1€B1

h2, 1), A ap)) (1, [0g])

II Tml([QO]%)) » (37)

i€B>

where the ¢ factor comes from the restriction A1 ) to the point (Op1,0p1) € (P, 00)?.
In Section 6.6 of [54], precisely the bi-relative residue theory of

(@ xPY, Qo U(E x PY))

10

was proven to satisfy the GW/PT correspondence. Moreover, by Proposition 7.3 the

GW/PT correspondence holds for the capped theory:

c((;fg”%w)“@ | 7,.(T0)).

We can write the degeneration (37) as

C(RX]PI,ROQ)»PT ()\ | T;L(FO)) _

(Bhvd)
(RxP',Ro.),PT (QXP',QuUEXPY),PT

tC g, a) (A ’ 1 | 7u(To)) x C(0.1),0) (L1, 0sD]) + ...
where the dots stand for terms which are lower in an ordering by a lexicographic ordering
on h, d, and the degree of 7,(I'g). It is straightforward to see that'!

1 1
Cey =P (1, og])]) # 0.
A similar degeneration applies on the Gromov-Witten side. By the compatibility of the
GW/PT correspondence with the degeneration formula (as stated in [54, Sec.5.8, p.436]) we
conclude that the claim holds.

We now consider the case of § and T" as in the (36). Whenever all T are of the form
75 (1) - - 75 (), we know that the GW/PT correspondence holds for the cappend descen-
dent residue invariants of (Q x P!, Q. U (E x P')) by [54, Sec.6.6], and also for Y in curve
classes B;, by the above. The general case hence follows by the compatibility of the splitting
formula with the generalized GW/PT correspondence proven in Proposition 5.12: Indeed,
the insertion TM(F()) is supported over Ry and hence does not interact with the divisor R,
hence the splitting formula only takes place relative to the single divisor £ x P!. (This is
also reflected that the relative part of our insertions is pulled back from (R, E)".) O

8 K3 x Curve: Primitive case

Let S be a smooth projective K3 surface, let C be a smooth curve and let z = (z1,...,2n)
be a tuple of distinct points z; € C. We consider the relative geometry

(SxC,S.), S.=|]9x{z} (38)

10Tn fact, we only need Conjecture 5 of [54] for even cohomology on the elliptic curve, which is proven in
[54, Sec.6.4].

11 For the minimal Euler characteristic n = 1 the moduli space is isomorphic to E x P!, and the equivariant
integral over [0g] yields the invariant %
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The curve classes will be denoted by
(8,d) = .8+ d[C) € Ho(S x C,Z) = Hy(S,Z) ® Z[C).
We have
dinay = [ erlToxc) = d(2 - 2(C)).
(8,d)

8.1 Pandharipande-Thomas theory

Let T = (n, (8, d)) and consider the moduli space Pr(S x C,S,) of relative stable pairs on
(38), which is of virtual dimension

vd =d(g,a) = 2d(1 — g(C)).

Since the K3 surface S carries a everywhere non-vanishing holomorphic 2-form, the obstruc-
tion sheaf on Pr(S x C,S,) admit naturally a cosection. We refer to [36] for the construction
in case 8 # 0 and to [52, Sec.4.3] in case § = 0, see also the recent treatment of Nesterov
[41]. As these references show, the cosection can be choosen to be everywhere surjective
unless we are in the minimal case

=0, n=dpa=dl—g(C)). (39)

in which case the moduli space parametrizes stable pairs which are obtained by pulling back
a length d subscheme of S. In the non-minimal case (8,n) # (0,d(1 — g(C))) we obtain by
the results of Kiem and Li [19] the the standard virtual class vanishes,

[Pr(S x C,S,)]"" =0,
as well as that there exists a reduced virtual fundamental class:
[Pr(S x C,8,)]" € Ang(Pr(S x C,S,)), rvd=vd+ 1.

We will need here both the standard and the reduced virtual class. The reasons is that
they interact with each other in the degeneration formula, the splitting formulas, etc. To
capture this interaction it is handy to introduce a formal variable € living in the ring of dual

numbers
Qlel/(€),

see [43] for the origins of the idea. We also extend the definition of the reduced virtual class
to the minimal case as follows:

[Pr(S x C,8.) =0, if (8,n) = (0,d(1 - g(C))).
One defines the full virtual fundamental class for all n, 8 by:
[Pr(S x C,8,))"M" = [Pr(S x C, S)]"" + €[Pr(S x C, S,)]™

in A.(Pr(S x C,S,)) ® Q[e]/€2. By a basic check (see e.g. [36, 43] and Remark 8.1 below)
the full virtual class satisfies exactly the same splitting rules and degeneration formulas as
the standard virtual class. We will denote the Pandharipande-Thomas brackets, partitions
functions defined using the reduced virtual class [—]™¢ and the full virtual class [—]™" with
the supscripts red and full respectively. If we want to stress that our invariants are defined
using the standard virtual class, we will add the supscript vir.

Remark 8.1. Let 7 : S — P! be the (non-algebraic) twistor family of the K3 surface S, and
let E = m,Qg/p be the Hodge bundle with fiber HO(S,, Qsz) Then we may identify e with
the first Chern class ¢;(E) € A'(P!). Under this identification, the full virtual class can
then be viewed as the virtual class of the moduli space of stable pairs on the total space of
the family X x C' — P!. The invariants are defined by pushforward to P! and hence take
value in Q[e]/e2. This gives a conceptual proof for the basic check’ alluded to above, and
also connects to the origins of the reduced Gromov-Witten invariants in the work of Bryan
and Leung [5], see also [20] for an algebraic treatment. O
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The partition functions take on the usual form: Since the relative divisor S, has N
connected components, we need to specify the relative conditions

ALy Ay € H* (S,
Let also v € H*((S x C,S;)") be a class. We then define:

Z(SXC,SZ),vir/red/full ()\1’

PT,(8,d) SANTR T, (7))

(SxC,S.),PT,vir/red /full
_ Z )\1, ceey )\N ‘ Tkl e Tk"'(,y)>m+d(lfg(c)),(ﬁ,d)

meZ

Since for the vir-invariants, only the minimal degree (3,n) = (0, %d ) contributes, we have

2SS (A Al T () € Q.

To give an example how to work with the full invariants, we state the degeneration
formula: Let C ~» C7 U, C5 be a degeneration of C'. Let

{1,...,N}:A1|_|A2

be a partition of the index set of relative divisors, and write z(A;) = {z;|7 € A;}. We assume
that the points in A; specialize to the curve C; disjoint from z.

Proposition 8.2. For any curve class 8 € Hs(S,Z) we have:

<‘>)={1 > ¥

y..esT}=B1UBs B=p1+p2

(SxC,8.),full
Z5 (Ah CA

?
(SxCa,8, full
H Tk, Oz2> PT (522’ (Az),x)fu (H A Ay

1€B, i€AS

(SXCl, z(A )9 )full
ZpT (Brm) <H Ay B
i€EAL

i€ By

where (A1, As) stands for summing over the Kinneth decomposition of the diagonal class
Agm € H*((S")?),

Remark 8.3. By taking the ¢ and €' coefficient the degeneration formula for the standard
and reduced invariants respectively.

Non-reduced case:

(SxC,S.),vir
75758 <>\1, AN

-,>> -y
{17...,T}:B1HBQ

(SxC2,S 2( )1),V|r
11 7 (e ) Zotom <H Air B2

i€B; 1€As

(SxC1,S.(a,),2)Vir
Zpt ,(0,n) ' (H Aiy A1

1€A,

I (o)

1€ By

Reduced case:

(SxC,S.),red
ZeT (3m) <A1’ o

QUSRI

{1 ..... T’}:BluBz

H Thk; az ) Z(((f;f% #(42), =) vir (H >\7,7A2

I o)

(SXCl, 2(A )z) red
Z(B n) ' (H Aiy A

i€A, i€ By i€As i€ By
(SXCl, (A1), T),VII’ SXCz, 2(Ag),x red
Z(O n) H )\mAl H Tk, az Bn) H )\“AQ H Tk; O[2 .
i€A, 1€ B, €Ay 1€ By
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8.2 Gromov-Witten theory
For i € {1,..., N}, consider H*(S)-weighted partitions

L(A;
Ai = ((Azyjafsz',j))j(:l)

of size d with underlying partition XZ
The discussion of the reduced classes on the Gromov-Witten side is very similar to the
stable pairs case. By [34, 36] the obstruction sheaf of the moduli space of relative stable

maps Mgm(gyd)(S x C,S,, Xl) has a surjective cosection whenever 8 > 0. By [19] we obtain
a reduced virtual class, and reduced invariants. For § = 0 we define the reduced virtual
class to be the zero class. The full invariants are then identical to before, and satisfy the
same degeneration formula and splitting rules as ordinary Gromov-Witten invariants.

The partition function takes the usual form:

SxC,S,),vir/red/full
ZE GV (A Ty T (7))
— (_1)d(1—9(0))+2i(f(/\i)—lz\z‘DZ?d(l—g(C)HEi(f(/\z)—lz\i\)

S0 (g, A Ty T ()5 (40)
gEZL

corresponding to the standard (i.e. non-reduced), the reduced, or the full invariants.

8.3 GW/PT correspondence (primitive case)
Given a class o € H*(S) and o € H*(C') we use the shorthand
a-al = mya)  mh(a)
where g, mo the projections of S x C' to the factors. Let also
we H*(C,7)

be the class of a point.
We will prove the following GW/PT correspondence in the primitive case:

Theorem 8.1. Let A\q,...,An be H*(S)-weighted partition, let o; € H*(S), and let § €
Hy(S,7Z) be a primitive effective curve class. Then

(SxC,S,),red
VSl (Al, AN

H Tk, (aiw)>

18 the Laurent expansion of a rational function in p and we have that

H Tk; (aiw)> = ZéﬁVf(Cﬁv,iz))Jed (Ala AR )‘N

under the variable change p = e*.

(SxC,S,),red
75565 (Al, A

HTki(aiw)>

9 Proof of Theorem 8.1

9.1 Strategy
For the proof of Theorem 8.1 we will argue in the following 4 steps:
1. By the invertibility (Lemma 6.2, Lemma 6.3) and the degeneration formula we reduce

to the case (S x P, S).
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2. By a dimension induction argument we reduce to the GW/PT correspondence for
capped descendents of (S x P!, S.).

3. Use the monodromy of the K3 surface S and the arguments of [2] we reduce to capped
descendent invariants on an elliptic K3 surface S where all the insertions given by
diagonal, unit, point, section or fiber classes.

4. We apply the degeneration formula for the degeneration S ~~ R; Ug Ry of S into the
union of two rational elliptic surfaces glued along an elliptic curve. We are reduced to
the marked relative invariants on the birelative residue theory of (R x P!, R, UE x P1)
for R € {R1, Ra}, which have been studied in Section 7.

9.2 Step 1: Reduction to (S x P!, S,)

Let 8 € Ha(S,Z) be an effective curve class and assume first that g(C) > 0 or N > 0. All
Gromov-Witten and Pandharipande-Thomas partition functions of the form

14
Z((g;)c’SZ)’red(I‘)\l, ey )\N), 1= H Tk, (wal) (41)
i=1

can be expressed in terms of the invariants of (S x P!, S..) of the form

Z£§Z§P17Sw),red(1/|>\l)’ I/ — HT]C;(WO[;), (42)

where we have used again the convention that if we do not have a GW or PT subscript,
the claim should hold for both theories. The idea for this reduction goes back to work of
Okounkov and Pandharipande, e.g. [49, 50].

Reduction scheme: We reduce the general invariants (41) to invariants (42) by induction
on the genus g(C) of the curve C' and the number of relative markings k, ordered lexico-
graphically. If g(C) > 0 we degenerate C' to a curve with a single node, and apply the
degeneration formula in this case. This reduces the genus. If g(C) = 0 and k > 2, consider

the invariant

(SXPY,S21, 2 1)
Gy T AL A)- (43)

where we let
@)
T[N = H T —1(0; - w)
i=1

for an arbitrary H*(.S)-weighted partition A = (\;, 6Z)f(:/\1)

The invariant (43) is known to reduce to (S x P!, S.) by the induction hypothesis.
Applying the degeneration formula in the reduced case (Proposition 8.2) yields:

(SXP175Z1 ,,,,, 2.4 )red
(ﬁ,d) Bt (IT[A]CH)\l?"'?)\k—l) =
(SxP',S.,,. ., 2 1.@)sred LS. vi
Gy (T2 Ak, A1) Zp 275 (2] Ag)
(SX]P’I,Szl,___,z _qam)Vir 1g,
tZ(0.a) * (I|/\17--~7/\k—1,A1)Z((§7§;P Sehred (2 In]|Ag).

Subtracting the second term on the right of the equality, and using the invertibility of the

relative cap matrix (Lemma 6.2 and Lemma 6.3 for the GW and PT side respectively) we see

that (41) is a (Q-linear for PT, and Q((u))-linear for GW) combination of terms which are

lower in the ordering. Since the base case is (¢(C), k) = (0, 1), this concludes the scheme. O
We obtain the following:

Proposition 9.1. If Theorem 8.1 holds for (S x P, S..), then it holds for all geometries
(SxC,8S,).
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Proof. Tt g(C') > 1 or N > 0 this follows by the compatibility of the GW/PT correspondence
with the degeneration formula (Proposition 5.15) and the above reduction scheme. For the

case of the absolute theory of S x P! we apply the degeneration formula for the degeneration
P! ~» P! UP!, which reduces us again to (S x P1,S..). O

9.3 Step 2: Reduction to capped invariants of (S x P!, S.)

Let ' = (n,(B,d)) for f € Ha(S,Z). We define the capped descendent invariants as in
Section 7.2. Concretely, for both x € {vir,red} we let

Coro™" Olmlo)) = 3 (01" /[U R T € Q)

on the Pandharipande-Thomas side, and

SXPY,S00), %
Caway Nmu(To))

_ (71)€(>\)2d+l()\) Z(,l)g7122972 / Hev? (’Yl[SO])wéhil H(evgzld)*((;i).

gEZ Wy 5,80l i J

on the Gromov-Witten side.
In Section 9.6 below we will prove the following:

Theorem 9.1. For x € {vir,red} we have that

SXPY,S00),*
Cé-r,x(g,d) ) ()‘lTM(FO))

is the Laurent expansion of a rational function of p,t (i.e. lies in Q(p,t)) and
CEE= (o)) = CSErs= (A7)
under the variable change p = €*, under the following conditions:
(i) B € Ho(S,Z) is effective and primitive and = = red, or
(i) B =0, and * = vir.
In this section we prove the following reduction:
Proposition 9.2. Theorem 9.1 implies Theorem 8.1 for (S x P, S..).

Proof. The argument in the non-reduced case is precisely given in [54, Sec.2.4], see also
Sec.2.5 of loc.cit for a discussion. The argument in the reduced case works like-wise: One
uses the ’full partition functions’ introduced in Section 8.1, which have the same formal
properties as the non-reduced invariants, and then follows Section 2.4 of [54]. Since we can
hardly achieve a better presentation here than given there, we simply refer to [54, Sec.2.4]
and note that one needs the following slightly modified cases in Section 2.4.6:

Case I: |a] — 20(a) + deg(T) > dg — 0(v) — O(u) + 1
Case II: |&| — 20(&) + deg(T) < dg — O(v) — O(p) + 1.
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9.4 Step 3: Reduction to non-vanishing cohomology

By deformation invariants of GW and PT invariants we can assume that S is an elliptic K3
surface with section, and that
8=B+hF

where B, F' is the section and fiber class respectively. Our goal in this step is to reduce
Theorem 9.1 to the case where all cohomological insertions on the K3 side are given by
1,p, F, B and Ag. This will be useful in using the degeneration formula in Step 4.

Proposition 9.3. Let § € Hy(S,Z) be any curve class and x € {vir,red}. Let

)\:qu...q/\Z((S)EH*(S[d])7 6€H*(S€(>\))
TH(FO) = (T/h—l . "Tuz—l) (fy . Wi‘([so]) . W;([SOD)7 = H*(SF)

The set of all invariants of the form

SXPY,S00),*
Cor ™ (Nmu(To)) (44)

can be effectively reconstructed from the subset of invariants (44) where

o)
0=0A0512A534...A82q-1,2a H 7 (0:)
i=2a+1
¢
I'=As12...As2p-1,2 H 7 (Vi)

for any a,b and 0;,v; € {1, F, B, p} together with their permutations.
Similarly, the set of all invariants
(SXP!,So0 ), PRI
Cow,5,4) (A’Tu(ro))
can be effectively reconstructed from the subset of A,y of the above form, and moreover,
the reconstruction algorithm is the same as for PT invariants. In particular, the Gromov-

Witten/Pandharipande-Thomas correspondence is compatible with this reconstruction, that
is if Theorem 9.1 holds for all invariants for \,T of the form (45), then it holds for all \,T.

As preparation we have to recall basic statements about the monodromy of K3 surfaces.
Assume that 8 € Hy(S,Z) is a effective curve class (the case § = 0 is parallel).

Let Mon(S) € O(H?(S,Z)) be the subgroup generated by all monodromy operators. By
the global Torelli theorem for K3 surface (see [17] for an introduction) we have

Mon(S) = O(H?(S,Z))

where O(H?(S, Z)) is the subgroup of orientation-preserving!? lattice isomorphisms of H2(S, Z).
We are interested here in the stabilizer of 8 in the monodromy group

Mong(S) = O(H?(S, 7).

Using the Torelli theorem again, it is generated by monodromies for which the class § stays of
Hodge type on all fibers. By the deformation invariants of reduced Pandharipande-Thomas
invariants for deformations of (5, 8) for which 8 stays algebraic on all fibers, we have that

SxP,5.),red SxP,S.),red
¥p € Mong(8) 1 CEE " (Amu(To)) = Cpy 5.y (e Imu((D)o)),  (46)

2Let C = {x € H?(S,R)|(z,x) > 0} be the positive cone. Then C is homotopy equivalent to the 2-sphere
S2. An automorphism is orientation preserving if it acts by +1 on H2(C) = Z.

62



where ¢ acts factorwise on A and I', that is
PA) =ax - an(p®@ ... @ 9(6))
M =p®...0¢)

(The first line matches the induced action of ¢ on H*(Sl).). Since Mong(9S) is an arithmetic
subgroup of O(H?(S,C))s = O(B+ ® C) it is Zariski dense in O(B1). We find that (46)
holds for all p € O(8+ ® C).

Similarly, since ¢(Ts) is monodromy invariant, we have that:

Ve 0Bt o0 Corin" (\rTa) = Chvta= " (¢()[mleM0)

Proof. The proof follows again closely the ideas of [2, Section 4], and we refer to loc.cit. for
further details and references on the representation theory that is used below.
Consider the ortogonal complement,

V = Span(B, F)* c H*(S,C).
Let {e;}2%; be a basis of V and consider the basis
B= {13 paBaF} U {61}1221
We weigh our cohomology partitions by elements of B. Consider a general invariant
SxP,S.0),
CE =" (Amu(To)) (47)

where A, p are of the form (45) but with J; and ~; arbitrary elements of the basis B. Assume
that the first f; of the elements ¢; lie in V, and the remainder are in {1,p, B, F'}, and
similarly, that the first fo factors of v; are taken from V', and the remainder not. We then
consider the invariant (47) as a function

C: VEITR) = Q1) ((p))

given by

(SXP!,S00),*
V1 ®... O Ufi+fa CPTﬁ(ﬁ,d) ()\|T#(FO)) 82a+i=v; for i=1,...,f1

Yob+i=v4 for i=1,...,f2"

By the monodromy invariance (46) (in case 8 = 0 the invariant (47) is invariant under
O(H?(S,C))) we find that
Ce ((V*)®(f1+f2))O(V).

Hence by standard invariant theory of the orthogonal group, C lies in the subring of

generated by the pullbacks
Qij = (pr; ®@ pr;)(Q)
by the projection pr; @ pr; : (V*)®" — VY @ V¥ of the class of the inner pairing:

QeViaV:, QU w)=(vuw)

In particular 2k = f; + fo is even. Moreover, a basic representation-theoretic fact (see [2])
is that the class C' is then determined by its intersections agains all big-diagonal classes:

oAy @Ay @--- @ Ay) € VOE,

where o runs over all permutations of 2k, and Ay = QY € V ® V is the dual of Q.
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‘We have
As=Ay+pR1+10p+(B+F)F+F®(B+F)

Hence by the induction hypothesis, the invariant (47) is determined when
0204+1 ® ... ® 024, @ V2641 @ .. @ Yobt £y

run over the classes
o(As®Asg @ ® Ag) € (H*(5))¥%.

This completes the first part. The relations we obtain from this process are identical
for the Gromov-Witten invariants, hence the algorithm is compatible with the GW/PT
correspondence. This proves the second part. O

9.5 Step 4: Degeneration formula

Let S be the elliptic K3 surface with section, and consider the degeneration
S ~ Ri{ Ug Rs (48)

of S to the union of two rational elliptic surfaces R; — P! glued a long a smooth elliptic
fiber £ C R;. The degeneration can be choosen such that the total space of the degeneration
W — A admits an elliptic fibration with section which restricts to the given section on S:

m: W —=>BxA, j:BxA—->W, woj=id
In particular, there exists cohomology classes
F,B,p,1¢€ H*(W)
such that _ B _
Fls=F, B|s=DB, pls=p, 1lls=1¢€H"(S).

The degeneration (48) is famously used in [36] to prove the GW/PT correspondence for
S x C. Here we will use it also. We also refer to [14] for a study of the Hodge structure
of the degeneration (it is a standard type 2 Kulikov degeneration), and to [4, Sec.4.3.2] for
an explicit presentation of the degeneration in terms of equations. One can show that the
image of

H?*(W,C) — H?*(S,C)

is a sublattice of rank 20 (so has codimension 2), hence there exists vanishing cohomology
in H2(S,C) for the degeneration.

The degeneration (48) induces a degeneration

S x P! ~s (Ry x PY) Ugyp (Ry x P).
We obtain the degeneration of relative theories:
(S x P!, Su) ~ Y1 Upxpt mxoo) Y2 (49)

where
Y;=(R; xP' R, . UE x P!)

For i € {1,2}, let B; = B
classes

g, and let F; be the fiber class on R; — P* We use the curve

Bn =B+ hF € Hy(S,Z), Bii =B, +hF;, € Hy(R;,Z).

When clear from notation we drop the supscript R;.
We want to apply the degeneration formula for the degeneration (49) to the invariants:

SxP,S.),red SxP,S.),red — =
CF(’T?EBh,d) bre ()“TN(FO))a C((;Wf(ﬁh,d)) ¢ (A’TM(FO)) (50)
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where

A=qx -0, (0)1 € H(SH), §e H*(S'W)
T,LL(FO) = (7'#171 . '~T,ugfl) ('y ’n’f([SO]) .. WZ([SO])); = H*(SZ)

with
L(X\)
0 =Ag120834...-Ag24-124 H 7 ()
;:2a+1 (51)
I'=Ag12...Agap—1,2 H 7 (i)
i=2b+1

for any a,b and ¢;,7; € {1, F, B, p} together with their permutations.
We consider the lifts:

X = Nakg(8) € H*((W/A)O]y

¢
= A%y ay1z- - Ay a).20-1.26 H 7 (%:)
i=2b+1
where X = (A1, ..., Ar) is the partition underlying A, and
e
6= A?l?/lv/A),lZ e AE%/A),Qa—l,Qa H m; (0;) € H*((W/A)Z(/\)
i=2a-+1

Given a splitting {1,...,¢} = By U By recall the gluing morphism
€a, : (R1, B)P' x (Ry, E)P2 — (W/A)-.
We then have

Ip, @Tp, ifVie{l,....b}:2i —1,2i € By or2i —1,2i € By
531( )= 0 else .

where for t € {1,2} we have:

H ArRt E),2¢c—1,2¢ H W;(A'Yij‘Rt).

1<c<b 2b41< <t
2c—1€A; JEB

Similarly, for any splitting £(A\) = k1 + ko recall the gluing
&k, (R, B)F x (Ry, E)F2l — (/A
By Lemma 2.19 we then have:

&)=Y Naks, (04,) @ Nakg, (d4,),
Ap,A

where the sum runs over all splittings {1,...,4(A\)} = A; U Ay such that

o |Xa,| =k fort =1,2, and
e forallie {1,...,a} we have 2i — 1,2i € Ay or 2i — 1,2i € As.
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Moreover, d4, is defined similar to I'g,, that is

_ rel xS
5At - H A(Rt,E),Qc—l,Qc H T (6]|Rt)‘
1<c<a 2b+1<5<0
2c—1€A; JEAL
We write
)\At = NakXAt ((5At), t:1,2

We now apply the degeneration formula of [23, 24, 22, 36|, adapted to the setting of
capped descendents as discussed in [54] for the invariant

SxP!,S.),red
CSv 5 (A 7u(To))

As shown in [36] the reduced virtual class of the moduli space splits here into the product
of two usual virtual classes associated to the factors R;, R, but with a modified diagonal
splitting. Concretely, on the elliptic curve factor one replaces the diagonal Ay € H*(E x E)
by the insertion 1p ® 1 € H*(E x E).!> Hence on the product (E x P!, E,,) we replace
the diagonal term AfleEllel,Eoc) = Ag - A’(r]‘fvll_yoo) by the class AE%H)OO), where we suppressed
the pulled back by the projections from (E x P!, Es.)? to E? and (P!, 00)? respectively. The
curve components which meet the relative divisor (E x P, E,) have non-trivial degree over
Ry or Rs, hence for the capped invariants they must meet the relative divisor in the fixed
point 0 = (0p,0p1) € E x P, We hence find the diagonal splitting term contributes

rel

A(Pl,oo)|0»0 =1.
In total, the result is the following:

SxP!,S.),red
CET b, 5™ (A7u(To)) =

toy] > Clon, (AAI

h=h1+hs {1,...,@(}\)}:A1L|A2
{1,....8(n)}=B1UB2

U T, (T500) )O3y (Mt [ 1] s, (T)0) ).

The discussion on the Gromov-Witten side is completely parallel. As we have seen in
Proposition 5.15 the ( — ) operation is compatible with the degeneration formula. Hence
(with the obvious notation for Aa,, Aa,) one obtains:

(SxP',S.),red =\ _
Con s (A‘Tu(ro)) _

ty > Clon, (/\Al

h=h1+hs {1,...,6(}\)}:A1|_|A2
{1,....8(n)}=B1UB2

U T, (T00) )O3y (Mt | 1] s, ((T2)0) ).

9.6 Proof of Theorem 9.1 and conclusion

The above steps established Theorem 8.1 as follows: By Proposition 9.1 and Proposition 9.2
(Step 1 and 2) we reduced the proof of the theorem to the GW/PT correspondence for
the capped invariants stated in Theorem 9.1. To prove Theorem 9.1, by Proposition 9.3
it suffices to only consider capped descendents with non-vanishing cohomology. By the
degeneration formula in Step 4 finally, the GW/PT correspondence for these invariants are
reduced to the GW/PT correspondence for the birelative theory (R x P!, Ro, U (E x P1).
This correspondence was established in Theorem 7.1.

This finishes the proof of Theorem 9.1 and Theorem 8.1. O

13 Any curve on R; in class fy, is a comb curve (i.e. as a divisor of the form B;+ Fy +. ..+ Fj, for some fibers
F; of R; — P!, see e.g. [5]). That means for curves C; C R; in class Bh, the condition that C1NE = CoNE
is automatically satisfied, or in other words that the Gysin pullback by A’E has a 1-dimensional trivial excess
contribution. Maulik, Pandhariande, and Thomas in [36] show then that this excess contribution precisely
matches the trivial piece in the obstruction sheaf on the K3 side, hence that when working with the reduced
virtual class the Gysin pullback A!E is not applied.
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10 K3 x Curve: Imprimitive case

Let S be a K3 surface. We consider here again the GW/PT correspondence of the pair
(SxC,8.), S.=|]8x{x} (52)

but for curve classes (8, d) where 8 is allowed to have arbitrary divisibility.

10.1 Rationality

By [46, Thm.5.1] the Pandharipande-Thomas invariants of (52) satisfy the following multiple
cover formula:

SxC,S,),red SxC,S,),red
ZE S O ) = D0 25O (k). ee() (0F).(53)
k|r

By the first part of Theorem 8.1 we immediately obtain:

Lemma 10.1. For any curve class € Hy(S,Z) the series

SxC,S,),red
ZéT’X(ﬂ’n)) Ay AN)

is the Laurent expansion of a rational function in p.

10.2 Multiple cover formula for K3 surfaces

Consider the reduced Gromov-Witten invariants of a K3 surface:

,
(taut;y1, ... 77T>j_’gw’red = /7 ) 7* (taut) Her(%‘).
’ Mg r5(S)]re i=1

where we have twisted by a tautological class taut € R*(M,,) pulled back by the forgetful
morphism 7 : MQ’T(S, B) — ngr, and with the convention that in the unstable case 2g —
2 4+ r < 0 we define 7 to be the projection to the point and R*(pt) = H*(pt).

For every divisor k| let Sy be a K3 surface and let

i 2 H*(8,C) — H?(Sk,C)

be a complex isometry such that ¢ (5/k) € H2(Sk,Z) is a primitive effective curve class.
We extend ¢y, to the full cohomology lattice by @i (p) = p and (1) = 1.
The following was conjectured in [44, Conj.C2]:

Conjecture 10.2 (Multiple Cover Formula).

S,GW, red

B

<Tk1 (1) Tkr(%»j’,gw,red _ Z E29-3+32; deg(%)<7k1(%(%)) o T’“T(@’“(%)»g,w(z)

k|p

Remark 10.3. The (ordinary) virtual class of the moduli space of stable maps to a K3 surface
satisfies

[MO’TXS] lfg:0
My, (S0 = ea(S)N[M1, x S] ifg=1
0 if g > 2.

It follows that the Multiple Cover Formula of Conjecture 10.2 is equivalent to the same state-
ment but where we worked with the disconnected Gromov-Witten invariants (- - - )5CWse,
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10.3 GW/PT correspondence
We prove here the following:

Proposition 10.4. Assume the multiple cover formula of Conjecture 10.2 holds for an
effective curve class 5 € Hy(S,Z). Then we have

SxC,S,),red (S CS red
ZGr G O ) (2) = 30 Zo S5 (on(), - (M) ()
k|B

for any H*(S)-weighted partitions A; = (X j, 5i’j)£,(j"’) where ©r(Ai) = (N, or(di5)).

Jj=1

Proof. Recall the partition function
7(S%C,5z),red ALy, An) = (=1)30-9ON+E ()= il) 2d(1=g(O)+E, (¢) —As)

GW,(8,d)
. Z(_l)g7122972 <>\1’ o AN >g’5(>ﬁ<’cd,)sz),o,red
gEZ

We derive the multiple cover formula for the invariant (Aj,..., Ay >S]S(Z%)SZ)’°’rEd. By an

argument parallel to Remark 10.3 it suffices to consider connected invariants. Then by the
product formula of [21] we find that

SxC,S,),red S,GW,red
(AL AN DS = (tant; (83)i.5)2S

for some tautological class taut € R* (ngzi ¢(r))- Assuming that Conjecture 10.2 holds for
the class [ this becomes:

<taut; (5ij)i7j>S,GW,red = Z k-29 3+Z; j deg( i ]) <taut (@T(éij))i,j>S’GW’red

B 9,01 (B/k)
k|r
= DRI ) (o ), o) ) (B0
k|r

The claim now follows from the dimension constraint (the invariants are zero if it is violated,
SO we may assume it):

2d(1 — g(C)) + Ze(m — il +1= Zdeg(am.

O

Proof of Proposition 1.4. The first part is Lemma 10.1. The second claim follows from
Proposition 10.4, equation (53) and the primitive case of the GW/PT correspondence given
by Theorem 8.1. O

A Higher descendents invariants

The paper [2] introduced nodal Gromov-Witten invariants which count stable maps with
prescribed nodes on the domain curve. These counts can be computed by resolving the nodes
and inserting (relative) diagonals. We introduce here a corresponding notion for stable pairs
which we call ’higher descendents’. As for nodal GW invariants, they can be computed
through our marked relative invariants by inserting (relative) diagonals, and at least very
naively, they carry information on stable pairs whose underlying curve has nodes.
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A.1 Definition
Let (F, s) be the universal stable pair on Pr(X, D) x+ X and consider the diagram

Pr(X,D) xr X

/ X
Pr(X,D) X
where 7y is the projection to X followed by the universal contraction morphism X — X.

Given a sequence a = (ay,...,a,) € Z" and a class v € H*(X) we define the higher
descendents

7a(7) = 7 (chosa, () - - chapa, (F) Uk (7)) € H* (Pr(X, D).

Let A\ € H*(DY) be a cohomology class, and for i € {1,...,s} consider tuples a; =
ai;) € Zé(a‘i)7 and classes v; € H*(X).
J v

Definition A.1. The higher descendent Pandharipande-Thomas invariants are defined by

(AlTas (1) - - T (1)) 5D PT b s, / v (\) U HTai ().
[Pr (X, D) i

A.2 Comparision result

We have the following comparision result which essentially says that we can trade higher-
descendent insertion for marked relative insertions (considered in Section 3.2) by the rule

Tar,ar(0)  ~ TayTay " Ta, (A:«il(‘s))
where
A X =~ (X, D) = (X,D)"
is the relative diagonal.

£(a;)

Proposition A.2. For everyi € {1,...,s} let a; = (a;;);2;" € 742 Then

(X,D),PT,hi.-desc.
<A HTai(%)> :</\

r
Proof. Write P, = Ppr (X, D). Consider the relative diagonal map:

AL tan (X, D) — (X, D)"

(X,D),PT,marked
rel
H Tain " Taig(ay) (Aé(ai)* (71)>
i r

given by sending (p1,...,ps) € X[{]® to

(plv"'vplap27"'7p27"'7psa"'7p5) eX[é]T
—— —— ——
{(a1) times £(az) times £(a1) times

where 7 =, {(a;). We have

AZ?lal)<~~Z(as)*(71 ®...0%w) = H 2?;)*(%)'

7

Moreover we have the fiber diagram

e
S

Ts oS

—

A
_—
A
_

T —

»

ev

A;E(da )--l(ag)
(X, D)s —Se e (x pyr

ev

—
T
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Let (., 0,.) denote the universal stable pair on X, — P.. We have Z*(IFT) =, because
both are pulled back from Xy — P, and the universal targets agree. This shows that for
every b € {1,...,r} we have that

g*pZ(Chk(Fr)) = p:(b)Chk(A*(Fr)) = p;‘k(b)Chk(Fs)

where i(b) € {1,...,s} is the index such that pr;,y = pr, o AE‘ELl),,,Z(aS). We hence get

<A

(X,D),PT,marked
1
H Tajn " Tazpa,) (AZ?ai)* (’72))>
7

T
s [L(a)
= eVrel«(A) - pi (cha,; (Fs)) | -evi(1n ®...®@7s). (54)
J e T

Arguing now precisely as in the proof of Proposition 3.10 (i.e. using push-pull for the
morphism 7 : Py — Xy X p, - -+ Xp, Xp this becomes

s fL(ay)
/ evia T { T # (ch, (B0 () | )
X0 X Py X Py Xo i=1 \ j=1
which is precisely (A|[]; 7a, (7¢)>§X’D)’PT’hi'deSC' as desired. O
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