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ABSTRACT. We provide an inductive algorithm computing Gromov—Witten
invariants in all genera with arbitrary insertions of all smooth complete inter-
sections in projective space. We also prove that all Gromov—Witten classes of
all smooth complete intersections in projective space belong to the tautological
ring of the moduli space of stable curves. The main idea is to show that in-
variants with insertions of primitive cohomology classes are controlled by their
monodromy and by invariants defined without primitive insertions but with
imposed nodes in the domain curve. To compute these nodal Gromov—Witten
invariants, we introduce the new notion of nodal relative Gromov-Witten in-
variants. We then prove a nodal degeneration formula and a relative splitting
formula. These results for nodal relative Gromov—Witten theory are stated in

complete generality and are of independent interest.
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0.1. Overview. Let X be a smooth projective variety over C. The Gromouv—

Witten invariants of X are rational numbers defined by intersection theory on

the moduli spaces of stable maps to X. For all

g,nEZzo, BEHQ<X7Z), al,...,anGH*(X), and kl;--

-;kn62207
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there is an associated Gromov—Witten invariant

n X n
<Hm<m>> = / [T ¢kevi() € Q. (0.1)
i=1 [Mg,n,,B(X)}Vir i=1

g,n,B3

where the integration is over the virtual fundamental class of the moduli space of
genus g, n-pointed stable maps to X of class 3, ev; is the evaluation morphism
at the marked point ¢, and 1); is the first Chern class of the cotangent line bundle
at the marked point i. We refer the reader to [18, 28, 42] for an introduction to
stable maps and Gromov-Witten theory.

If 2g — 2+ n > 0, Gromov-Witten classes of X are defined in the cohomology
of the moduli space ﬂg,n of genus g, n-pointed stable curves:

[H Tki<ai)]

where the push-forward is along the forgetful morphism

X

= (H YHevi(as) N WMXW) € H*(M,.), (0.2)

g,m,8

I ./\_/lgm’g(X) — Mg’n .

Taken all together, the Gromov-Witten classes define the Cohomological Field
Theory associated to X.

Though the Gromov—Witten invariants of a variety X are of great interest,
providing an effective algorithm to compute them is generally challenging. So
far, such algorithms have been obtained only in a handful of cases. For instance,
the Gromov-Witten invariants of a point are determined by Witten’s conjecture
[72], proved by Kontsevich [40]. The Gromov-Witten invariants of projective
spaces, or more generally of homogeneous varieties, can be computed using the
localization formula [30] and the calculation of Hodge integrals on the moduli
spaces of curves [21]. Gromov—Witten invariants of curves have been computed
by Okounkov—Pandharipande using degeneration techniques, monodromy con-
straints, and Hurwitz theory [58, 59, 60]. An algorithm' for the Gromov—Witten
invariants of the quintic 3-fold hypersurface in P* has been given by Maulik-
Pandharipande, based on degeneration techniques and a systematic study of uni-
versal relations in relative Gromov-Witten theory [54]. The degeneration scheme
was used to prove the GW /DT correspondence for the quintic 3-fold in [63].

The main result of this paper is an algorithm computing all the Gromov—Witten
invariants of all smooth complete intersections in projective space. Moreover, this
algorithm can be lifted to the level of Gromov-Witten classes, and we prove, as

ISee [13, 33] for more recent progress related to the holomorphic anomaly equation.
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a corollary, that all the Gromov-Witten classes of all complete intersections in
projective space are elements of the tautological ring of M,,,.

The rest of the introduction is organized as follows. In §0.2, we review the
main obstruction to extending previously known techniques to the case of gen-
eral complete intersections: the existence of primitive cohomology classes, which
are not obtained by restriction of cohomology classes of the ambient projective
space. In §0.3, we describe a new idea to overcome this obstacle: trading prim-
itive cohomology classes for nodes in the domain curves. To combine this idea
with existing degeneration techniques, we develop new foundational results in
nodal Gromov—Witten theory: we present in §0.4-0.5 a definition of nodal rela-
tive Gromov—Witten invariants, a degeneration formula, and a splitting formula.
We summarize in §0.6 how these new tools are used to address the original ques-
tion of computing Gromov-Witten invariants of complete intersections. Finally,
we explain in §0.7, as an the application of the proof, that the Gromov-Witten
classes of complete intersections are tautological.

0.2. Complete intersections and primitive cohomology. Let X C Pt
be an m-dimensional smooth complete intersection of r hypersurfaces of degrees
(dy,...,d,) in the complex projective space P""". According to the Lefschetz
hyperplane theorem, the restriction map in cohomology

H' (P™") — H'(X)
is an isomorphism for 7 # m and 0 < 7 < 2m, and we have a decomposition
H™(X) = H"(P™") & H™(X)prim

where H™ (X )prim 1s the primitive cohomology of X. A class a € H*(X) is simple
if o lies in the image of H*(P™*") and primitive if & € H™(X)prim. Following
[54, §0.5.2] we say that a Gromov—Witten invariant of X

<H Tk, (al> >
i=1 g,n,8

as in (0.1) is simple if all the cohomology insertions «; are simple.

A variety of methods have so far been used to study simple Gromov—Witten
invariants of X. For instance, genus 0 simple Gromov-Witten invariants can be
expressed as twisted Gromov—Witten invariants of P"*" and then computed by
torus localization [29, 41, 49, 75]. This approach has recently been extended to
study also higher genus? Gromov—-Witten invariants [14, 25, 33]. Another powerful

approach is to consider a degeneration of X to a singular subvariety of P™*". As

2See also [64, 74] for genus 1.
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simple cohomology classes on X extend to the total space of the degeneration,
we can apply the degeneration formula [48].

Unfortunately, these tools cannot be applied to study Gromov—Witten invari-
ants with primitive insertions. Indeed, by definition, primitive classes do not
come from the ambient projective space P™*", and so it is unclear how to di-
rectly reduce Gromov—Witten invariants of X with primitive insertions to some
theory of P™". We cannot directly use the degeneration formula either: if we
degenerate X to a singular subvariety of P"*", then primitive cohomology classes
often do not extend to the total space of the degeneration as the monodromy
action around the special fiber typically acts non-trivially on them.

Due to the absence of tools, studying Gromov—-Witten invariants of complete
intersections of dimension strictly larger than 1 with primitive insertions has
been challenging: the only results so far are for genus 0 invariants, obtained by
studying the monodromy constraints and the WDV'V equation. In fact, the genus
0 results are restricted to either 2 or 4 primitive insertions for general complete
intersections [6, 16, 36], or to specific examples such as cubic hypersurfaces and
complete intersections of two quadrics [36, 37]. Primitive insertions in genus 0 also
play a role in the Tevelev degree calculations of complete intersections [12, 50].

The poor understanding of primitive insertions has also limited our under-
standing of Gromov—Witten invariants with simple insertions. To apply the de-
generation formula, we consider a degeneration of X into a union of two smooth
varieties glued transversally along a smooth divisor D. Following [54], we select
one of the hypersurface equations f defining X and a product of polynomials g g
of positive degrees such that

deg(f) = deg(g1) + deg(gz).

The family of varieties obtained by replacing f with tf + g, ¢g2 is degeneration of
X over t € A! into a union X; Up X, of two complete intersections. However, the
total space of this family is, in general, not smooth. To desingularize the total
space, we blow-up along X5. We then obtain a degeneration with smooth total
space, and with general fiber X and special fiber X; Up )N(Q,

X ~ X1 Up Xy,

where X; and D are complete intersections and )?2 is a blow-up of a complete
intersection along a complete intersection.
In the degeneration formula, the gluing condition for curves in X; and X, along
D involves the insertion of the cohomology class
[A] = 6;®06) € H(D x D) (0.3)

J
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Poincaré dual to the diagonal A C D x D. In the Kiinneth decomposition (0.3),
(65); is a basis of H*(D), and (0;); is the dual basis with respect to the Poincaré
pairing. All of the cohomology of D (including the primitive cohomology) appears
in (0.3). Therefore, although we can apply the degeneration formula to compute
simple Gromov—Witten invariants of X, the result is in general expressed in terms
of relative Gromov—Witten invariants of X; and )Z'Q with insertions of primitive
cohomology classes of D [47]. In sufficiently low dimensions, the primitive coho-
mology can sometimes be avoided, as shown in [54] for the quintic 3-fold, but in
general, it cannot.

Our first step to compute the Gromov-Witten invariants of complete inter-
sections with primitive insertions is to reduce the problem to computing nodal

invariants of complete intersections with only simple insertions.

0.3. Nodes and monodromy. A key idea of the paper is to trade primitive
insertions against nodes in the domain curves by inverting the relations given by
the splitting axiom for invariants with imposed nodes.

For every graph I' decorated by genus and curve class data on its vertices,
there is a moduli space Mp(X) parameterizing stable maps to X together with
the data of a contraction of the dual graph of the domain curve to I'. In other
words, edges of I' correspond to nodes imposed on the domain curve. The nodal

Gromov-Witten invariants of X are defined by integration over Mp(X):

<HTki(@i)HTkh> = / Hwﬁ“"er(ai)Hw’;h, (0.4)

X
r (Mr(X)]ir 55

where the second product runs over the marked points A on the normalization of
the domain curve created by the splitting of the imposed nodes.?

The nodal Gromov-Witten invariants can be computed in terms of ordinary
Gromov—Witten invariants by the splitting axiom. Imposing a node in the domain
curve is equivalent to requiring the two marked points obtained by normalizing
the node to map to the same point of the target X. The condition can be easily
written as the pull-back of the diagonal class [A] in X x X under the evaluation
map at the two marked points to X x X. For example, if I" is the graph with a

single vertex decorated by ¢,n, 5 and a single loop, then

< (H Tki(ai)) Tkhl Tkh2> - Z < <H Tkz‘(ai)) Tkhl (61')7—/%2 (5]\/>> )
i=1 r J i=1 gn+2,8

(0.5)

3As before, 1y, is the first Chern classes of the corresponding cotangent line bundle, and
kp, € ZZO'
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where we have used the Kiinneth decomposition (0.3) of [A].

The basis (d,); of H*(X) may be chosen to contain a basis of the primitive co-
homology of X. So even if we start with simple nodal Gromov—Witten invariants
of X, that is, nodal Gromov—Witten invariants with only simple insertions, the
splitting axiom expresses these invariants in terms of Gromov—-Witten invariants
with possibly primitive insertions. The first non-trivial result of our paper is that
these relations given by the splitting axiom can be inverted: Gromov-Witten
invariants with possibly primitive insertions can be reconstructed from simple

nodal Gromov—Witten invariants.

Theorem A. Let X be a complete intersection in projective space which is not
a cubic surface or an even dimensional complete intersection of two quadrics.
Then, the Gromov—Witten invariants of X can be effectively reconstructed from

the simple nodal Gromov—Witten invariants of X.

We give a brief sketch of the proof here (for details see §4):

e The first step is to use the constraints given by the monodromy action on the

primitive cohomology. Let

Uc[PE P, 0d)))
i=1
be the open subset parameterizing m-dimensional smooth complete intersections
of degrees (dy,...,d,) in P™*" and let v € U be the point corresponding to
X. The fundamental group m1(U,u) of U based at u acts on the primitive co-
homology H*(X )pim and the (algebraic) monodromy group is by definition the
Zariski closure of the image of (U, u) in the algebraic group Aut(H*(X)prim)
of linear automorphisms of H*(X)pnim. As the Gromov-Witten invariants are
deformation invariant, they are invariant under the action of the monodromy
group on the insertions. For all complete intersections (except for the exceptions
in the statement of Theorem A), the monodromy group is as large as possible
[5, 19, 20]: it is the group of linear automorphisms of H*(X)ym preserving the
non-degenerate bilinear form induced by the Poincaré pairing (an orthogonal
group if m is even and a symplectic group if m is odd). Using the theory of in-
variants of orthogonal/symplectic groups, we express Gromov—Witten invariants
as linear combinations with coefficients to be determined in a basis of invariant

tensors.

e The second step of the proof of Theorem A is to show that these coefficients
of invariant tensors are solutions of a system of linear equations obtained by
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applying the splitting axiom to simple nodal Gromov—Witten invariants, as in
(0.5). We then prove that this system of equations is invertible. Concretely, we
have to show that an explicit matrix defined in terms of the combinatorics of
ways to form n pairs out of 2n objects is invertible. This matrix has appeared
previously in mathematics?, in particular in the theory of zonal symmetric func-
tions [52, §VII.2], and we apply existing results in representation theory to prove

invertibility (other proofs can be found in the literature).

0.4. Nodal relative Gromov—Witten theory: degeneration. Theorem A is
clearly progress: it allows us to trade Gromov—-Witten invariants with possibly
primitive insertions, which cannot be used in the degeneration formula, against
nodal Gromov-Witten invariants with only simple insertions. To compute such
nodal Gromov-Witten invariants, we first provide an extension of the degenera-
tion techniques in Gromov—Witten theory to the nodal setting.

In the usual setting, the degeneration formula of Jun Li [48] is formulated using
relative Gromov—Witten invariants, based on the moduli space of relative stable
maps [47] (motivated by earlier work in symplectic geometry by [46]). Given a
smooth projective variety Y over C and a smooth connected divisor D C Y, the
moduli space of relative stable maps is a (virtual) compactification of the moduli
space of stable maps to Y with fixed tangency conditions along D. In general, a
relative stable map is a map from a curve to an expanded target Y[l] for some
| € Z>o. Here, Y[l] is the I-step expanded degeneration of Y along D obtained
by attaching to Y along D a chain of [ copies of the P'-bundle P(Npy & Op),
where Npjy is the normal line bundle to D in Y.

To extend the degeneration formula to the nodal setting, for every graph I’
decorated by genus, curve classes, and contact orders, we define in §1.5 a mod-
uli space Pr(Y, D) parameterizing relative stable maps to (Y, D), with the data
of a contraction of the dual graph of the domain curve to I', and with the ex-
tra condition that the nodes of the domain curves imposed by the edges of I’
are not mapped to the singular locus of the expanded targets Y[l]. We prove
that Pr(Y, D) is a proper Deligne-Mumford stack which admits a virtual class
[Pr(Y, D)]V*. We define the nodal relative Gromov—Witten invariants of (Y, D) by
integration against the virtual class [Pr(Y, D)]"". These are the correct invariants
for the degeneration formula for nodal Gromov—Witten invariants.

4The closest appearance is related to the computation of the tautological ring in cohomology
of a fixed smooth curve of genus g. In this context, invertibility implies the Gorenstein property,
see [68].
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Theorem B.° Let W — B be a projective family with smooth total space over a
smooth connected curve B with a distinguished point 0 € B such that

(i) the fibers Wy over t € B\ {0} are smooth varieties,
(i) the fiber Wy over O € B is the union of two smooth irreducible components

Y1 and Ys glued along a smooth connected divisor D.

Then, there is a degeneration formula expressing nodal Gromov-Witten invariants

of the general fiber Wiy with insertions in the image of the restriction map
H*(W) — H* (W)
in terms of the nodal relative Gromov-Witten invariants of (Y1, D) and (Yz, D).

The proof of Theorem B is presented in §2 and consists in starting from the
usual case of Jun Li’s degeneration formula, and studying carefully the effect of

imposing nodes on both sides of it.

0.5. Nodal relative Gromov—Witten theory: splitting. Finally, in order
to make practical use of the nodal degeneration formula given by Theorem B,
an efficient way to compute nodal relative Gromov-Witten invariants is needed.
As already reviewed in §0.3, nodal Gromov—Witten invariants can be reduced to
ordinary Gromov—Witten invariants using the splitting axiom. We prove a similar
result for nodal relative Gromov—Witten invariants.

Theorem C. Let Y be a smooth projective variety over C and D C'Y a smooth
divisor. Then, the nodal relative Gromov—-Witten invariants of (Y, D) can be
effectively reconstructed from the Gromov—Witten invariants of Y, the Gromouv—
Witten invariants of D, and the restriction map H*(Y) — H*(D).

The proof of Theorem C is given in §3. Unlike what happens in the absolute
case, splitting a node is not simply equivalent to the insertion of the class of
diagonal. Indeed, in the relative case, there is a correction term coming from
the possibility for the node to fall into the divisor D and then forcing the target
to expand. The correction term is expressed in terms of rubber Gromov—Witten
invariants of the P-bundle P(NN ply ® Op). In other words, we obtain a splitting
formula expressing nodal relative Gromov—Witten invariants of (Y, D) in terms of

5As in the usual degeneration formula of Jun Li, the precise statement is in general more
complicated when the monodromy around 0 € B acts non-trivially on Ha(Wizo) [51]: in com-
plete generality, the degeneration formula computes finite sums of Gromov—Witten invariants

of the general fiber, and not individual invariants. See Theorem 2.3 for details.
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relative Gromov-Witten invariants of (Y, D) and rubber Gromov-Witten invari-
ants of P(Npyy ® Op), see Theorem 3.10. Finally, by [54], the relative Gromov—-
Witten invariants of (Y, D) and the rubber invariants of P(Npjy @ Op) can be
effectively reconstructed from the Gromov—Witten theory of Y and the Gromov—
Witten theory of D.

0.6. The algorithm for complete intersections. Our main result is the fol-
lowing.
Theorem D. Let X be an m-dimensional smooth complete intersection in P™*"

of degrees (dy, . ..,d,). Then, for every decomposition
dr = dr,l + dr,Q with dr,h dr,2 € ZZI )

the Gromouv—Witten invariants of X can be effectively reconstructed from:

(i) the Gromov—-Witten invariants of an m-dimensional smooth complete in-

tersection X, C P of degrees (dy,...,dr—1,d,1),

(i) the Gromov-Witten invariants of an m-dimensional smooth complete in-
tersection Xo C P of degrees (di, ..., d,—1,d,2),

(iii) the Gromov-Witten invariants of an (m—1)-dimensional smooth complete
intersection D C P™*" of degrees (dy, ..., dy—1,dy1,d;2),

(iv) the Gromov—Witten invariants of an (m—2)-dimensional smooth complete
intersection Z C P of degrees (du, ..., dr—1,dr,dr1,dy2).

To prove Theorem D, we consider, following [54, §0.5.4], a degeneration with
general fiber X and special fiber X; Up X5 obtained by factoring the degree d,
defining equation of X into factors of degrees d,; and d, 2,

X ~ X Up Xs. (0.6)

Here, )?2 is the blow-up of X, along Z, and X; Up )?2 denotes the union of X;
and X transversally glued along a copy of D.

By Theorem A, when X is not a cubic surface or an even dimensional complete
intersection of two quadrics, the Gromov—Witten invariants of X are determined
by the simple nodal Gromov—Witten invariants of X. By the nodal degeneration
formula of Theorem B applied to the degeneration (0.6) the simple nodal Gromov—
Witten invariants of X can be computed in terms of the nodal relative Gromov—
Witten invariants of (X1, D) and (X5, D). By the splitting formula of Theorem
C, these nodal relative Gromov—Witten invariants can be reconstructed from the
Gromov—Witten invariants of X, D, and X,. F inally, Gromov-Witten invariants
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of X, are determined by the Gromov—Witten invariants of X5 and Z by the blow-
up result® of [24, Theorem B].

For the special cases when X is a cubic surface or an even dimensional complete
intersection of two quadrics, we show by a direct topological study, that there is
actually no monodromy acting on the cohomology in the degeneration (0.6) and
so the usual degeneration formula can be applied.

As Theorem D computes Gromov—Witten invariants of a complete intersection
in terms of Gromov—Witten invariants of complete intersections of either smaller
degree or smaller dimension, it can be used recursively to compute Gromov—
Witten invariants of all complete intersections in terms of Gromov-Witten in-

variants of projective spaces, which are known by localization [30].

0.7. Tautological classes. For every g,n € Zxq such that 29 —2 +n > 0, the
moduli space ﬂgyn of n-pointed genus ¢ connected stable curves is a smooth
proper Deligne-Mumford stack of dimension 3g — 3 + n. In particular, one can
use Poincaré duality to identify H,(M,,) with H2G9=3+M=*(M, ) and define
push-forward maps in cohomology.

The (cohomological) tautological rings RH*(M,,,) are most compactly de-
fined [22] as the smallest system of subrings (with unit) of the cohomology rings

H*(M,,,) stable under push-forward and pull-back by the maps

(i) Myni1 — M, forgetting one of the markings,
(i) Mg, 11 X Mgympr1 = Myt gsmiiny gluing two curves at a point,
(ili) My_1nt2 = Mg, gluing together two markings of a curve.

Elements of the tautological rings are referred to as tautological classes. For
example, ¥, k, and A classes are tautological [21, 57]. We refer to [23, 62] for a
review of the great amount of recent activity on the structure of the tautological
rings.

For every smooth projective variety X, the Gromov—Witten classes (0.2) are
elements of H*(M,,), and so it is natural to ask whether these classes are tauto-
logical [22]. There are currently no known counterexamples to the bold conjecture
that Gromov—Witten classes are always tautological. As the tautological rings
are generated by classes of algebraic cycles, the conjecture implies, in particular,
that Gromov—Witten classes in odd cohomological degree or, more generally, of
Hodge type (p, q) with p # ¢ should vanish. Prior to the present work, there were
only two main families of varieties whose Gromov-Witten classes were known to

be tautological (and nontrivial):

5The more basic blow-up result of [54, Lemma 1] could also be used (including the Gromov-

Witten invariants also of D).
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(i) Toric and homogeneous varieties G/P, for which the result follows from
the localization formula [30] and the fact that A classes are tautological
[57].

(ii) Curves, for which the result has been shown by Janda [38] using the
Okounkov—Pandharipande study of Gromov-Witten theory of curves [58,
59, 60)].

The Gromov-Witten classes of other families of varieties can be seen to be tau-
tological using (i) and (ii):

(iii) Calabi-Yau varieties of all dimensions (the only nontrivial case is for el-
liptic curves covered by (ii)).

(iv) Rational surfaces and birationally ruled surfaces (using deformation in-
variance and (i) for rational surfaces and localization and (ii) for the ruled
case).

(v) Products X = X; x X3, where both X; and X5 have tautological Gromov-
Witten classes, also have tautological Gromov-Witten classes by [8].

Finally, various sporadic examples of tautological Gromov-Witten theories are
known. For example, the Gromov-Witten theory of Enriques surfaces is tauto-
logical by the degeneration method of [55], the reduced theory of K3 surfaces in
primitive curves classes is tautological by [56], and the Gromov-Witten theory
of even dimensional complete intersections of two quadrics is tautological by the
combination of the recent result of Hu [37] showing the quantum cohomology
is generically semisimple with the Givental-Teleman classification of semisimple
cohomological field theories [70].”

By lifting the algorithm described in §0.6 to the level of Gromov-Witten classes,
we are able to add a fundamentally new family to this list.

Theorem E. Let X be a smooth complete intersection in projective space. Then,

the Gromouv—Witten classes of X are tautological.

We also obtain a slightly different proof using nodal Gromov—Witten theory of
the result of Janda [38] for curves: by degeneration, the study of a genus g curve
can be reduced to the study of a genus 1 curve, which is a cubic curve in P? and
for which Theorem E applies (see Remark 4.30).

"Work in progress by D. Maulik and D.Ranganathan using logarithmic degenerations shows
the push-forward to the moduli of curves of the fundamental class of the moduli space of stable

maps is tautological for a large class of surfaces.
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More generally, the methods of this paper can be applied to the study of the
Gromov-Witten theory of varieties X which vary in families with good degener-
ations and large monodromy. A natural question is to consider complete inter-
sections in toric varieties and homogeneous spaces. Further results along these
lines will be presented in [4].
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1. NopAL GROMOV—WITTEN THEORY

Throughout the paper, unless explicitly specified, homology and cohomology
groups are taken with Q coefficients. We systematically use intersection theory
as developed in [26], extended to Deligne-Mumford stacks in [71], and to Artin
stacks in [43].

We start by reviewing the notation for graphs which we will use for studying
nodal Gromov-Witten invariants in what follows.

1.1. Graphs. A graph I" consists of the following data:
(i) Vr : a finite set of vertices.
(ii) Hr : a finite set of half-edges equipped with a vertex assignment

v:Hr = Vp

and an involution ¢. The set Er of 2-cycles of ¢ is the set of edges of T,
and the set Lp of fixed points of ¢ is the set of legs of I'. We denote by np
the cardinality of Lr.

(ili) ¢r : a bijection between the set of legs Lr and an ordered set of markings.

The graph I' is not required to be connected.
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r r

v Vo v

g(v1) g(v2) 9(v) = g(v1) +g(v2) +1
B(v1) B(vg) B(v) = B(v1) + B(v2)

FIGURE 1.1. An X-valued stable graph I' and the contraction T’

For every variety X over C, we denote by H, (X) C Hy(X,Z) the monoid®
generated by effective curve classes in X. We recall the definition of X-valued
stable graphs® below, following [39, §0.3].

Definition 1.1. An X -valued stable graph is a graph I' equipped with

(i) a genus function g : Vp — Z>,
(ii) a map B : Vr — Hy (X) assigning a curve class to each vertex of T,

satisfying the stability condition: if (v) = 0, then
2g(v) —2+n(v) >0, (1.1)

where n(v) = [v7!(v)| is the valence of T' at v, that is, the number of half-edges

adjacent to v, which by definition are formed either as part of an edge or a leg.

O

The following definition will be used systematically in the upcoming sections

for comparing general graphs with both edges and legs to much simpler graphs
without any edges, but just with legs.

Definition 1.2. Given an X-valued stable graph I', we denote by I' the X-valued
stable graph without edges obtained from I' by contracting all edges. Explicitly,
for every connected component v of I', with set of vertices V,, we have a vertex
vy in T, with genus

g(vy) ==Y gv)+h'(7),

veVy
where h'(v) is the first Betti number of ~, and class

Blo,) = 3 Blv). 0

veVy

8n particular, we consider 0 € Hy (X,Z) to be an effective curve class.
9Such graphs also appear in [10], where for an X-valued stable graph, the terminology stable
A-graph is used, where A = H; (X)).
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1.2. Nodal curves. An H, (X)-stable curve is a prestable curve C' with a de-
coration B(C") € Hy (X) for each irreducible component C’ of C, which further
satisfies the H. (X)-stability condition:

(i) if a genus 0 component is decorated by the curve class 0, then it contains
at least 3 special points, and
(ii) if a genus 1 component is decorated by the curve class 0, then it contains

at least 1 special point,

where a special point is either a node or a marked point. In the situation when we
consider a family of H; (X)-stable curves, if an irreducible component C’ degen-
erates into a union of several irreducible components C1,. .., C}, the decorations
are required to satisfy g(C") = >_ 5(CY).

For every g,n € Z>o and 8 € Hy (X), we denote by 9, ,, 5 the moduli stack of
genus g, n-pointed connected H; (X )-stable curves. It is shown in [17, Proposition
2.0.2] that the stack 9, g is smooth and the natural morphism forgetting the

curve class decorations
mg,nﬁ —> mgvn (1'2)

to the moduli stack of n-pointed genus g prestable curves is étale.

Definition 1.3. Let I' be an X-valued stable graph. A T'-curve (C, — S)pen
over a scheme S is the data, for each vertex v of I', of an S-point C, — S of
My (v).n(v),8(v) and a one-to-one correspondence between its n(v) sections of marked

points and the half-edges of I' adjacent to v. O

Definition 1.4. Let (C, — S)yev be a I'-curve over a scheme S. The prestable
curve C' — S formed by (C, — S)yevr is the prestable curve obtained from
Uvevp C, by gluing for each edge e of I', the sections of marked points corre-
sponding to the half-edges composing e. O

Definition 1.5. A T'-marking of a prestable curve C' — S is the data of a I'-
curve (C, — S)yevp, such that C' — S is formed by (C, — S)pevi.. A prestable
curve C' — S endowed with a ['-marking is called I'-marked. For every edge e of
I', the family of nodes I'-marked by e is the section of C' — S obtained by the

identification of the two sections corresponding to the half-edges of e. O

Figure 1.2 represents an X-valued stable graph I' and a ['-marked prestable
curve. A I'mmarking automatically endows a prestable curve with the structure
of an Hy (X)-stable curve.
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g(v1) g(v2) =3
B(v1) B(va)

FiGURE 1.2. An X-valued stable graph I' and a I'-marked
prestable curve

Let M be the moduli stack of I'-marked prestable curves. By Definition 1.5,

we have a natural isomorphism

Me = [T Moy o0 -
veVr
As the stacks Mg (y)n(v),8(0) are smooth, the stack My is also smooth.
Note that a I'-marked prestable curve has nodes imposed by the edges of I'. Let
T be the X-valued stable graph without edges, obtained from I' by contraction
of all edges, as in Definition 1.2. Then, there is a canonical morphism

lr : ﬂﬁp — Sﬁf, (13)

as a [-marked prestable curve is naturally I'-marked. The morphism ¢ is finite,

unramified, local complete intersection (lci) of codimension |Er|, with normal
bundle
Ny = 01Tom /T, = @ Ly oLy, (1.4)
e={h,h'}€Er
where Toy_ and Ton. denote the tangent bundles to My and My respectively, and
for every half-edge h of I', we denote by L the line bundle on 9 given by the
cotangent line at the marked point corresponding to h. Indeed, the summand in
(1.4) indexed by the edge e of I is the contribution of the smoothing of the node
which is I'-marked by e to the normal bundle N,,..
As ip is local complete intersection of codimension |Er|, for any stacks My and
My fitting into a fiber diagram

Mr—)Mf

L

ml‘ L) Sﬁf,
there exists a well-defined Gysin pull-back [26, Chapter 6]

tpt Ho(Mr) — Hoosjpy(Mr) -
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1.3. Nodal Gromov—Witten theory. Let X be a smooth projective variety
over C. For every g,n € Z>q and 8 € Hy (X), let M, ., 5(X) be the moduli stack
of genus g, n-pointed, connected stable maps to X of class 8 [28, 41], and let
[Myns(X)]'™ be its virtual class given by Gromov—Witten theory [7, 9]. The

natural morphism

Mg,nﬁ()o — fmgm
remembering the domain curve factors through the morphism in (1.2) via a mor-
phism
€: Mynp(X) — Mys (1.5)
remembering the domain curve and the curve class of each irreducible component.

Definition 1.6. For every X-valued stable graph G without edges, we define a
moduli stack of (possibly disconnected) stable maps

Ma(X) = [] Mewyne) s0)(X) (1.6)
veVg
with a virtual class
(Ma(X)]™ = T D) n0w).50) (X)) (1.7)
veVa
We denote by
€G- MG(X) —>E)JIG (18)
the morphism induced by the morphisms (1.5). O

Definition 1.7. For every X-valued stable graph I', we define the moduli stack
Mr(X) of T-marked stable maps to X by the fiber diagram

Mrp(X) —— Mzp(X)

L
gﬁr —F> gﬁf,

where I is the X-valued stable graph without edges obtained from I" by contrac-
tion of all edges, as in Definition 1.2, and Mz(X) and e are defined by (1.6) and
(1.8) applied to G = T'. In other words, a I'-marked stable map is a stable map
with the data of a I-marking of its domain curve.

We define a virtual class on Mr(X) by

M (X o= op [Mp(XO]™ (1.9)
where [Mz(X)]"" is defined by (1.7) applied to G = T. O



18 H.ARGUZ, P. BOUSSEAU, R. PANDHARIPANDE, AND D.ZVONKINE

Definition 1.8. Let I' be an X-valued stable graph. Nodal Gromov—Witten
invariants of X of type I' are

<Hm(0zi) H Tkh> /M X)]me evi(ay) H w (1.10)

heHp\Lr heHp\Lr
where:

(i) for every 1 < i < np, ev; is the evaluation morphism at the i-th leg of T,

k; is a nonnegative integer, oy; € H*(X), and

Vi = ci(Ly)

where LL; is the line bundle over Mp(X) formed by the cotangent lines at
the i-th marked point of the domain curves,
(ii) for every half-edge h of I" which is not a leg, adjacent to a vertex v, ky, is

a nonnegative integer and

Yn = c1(Lp)

where L, is the line bundle over My (X) formed by the cotangent lines at

the marked point of the curve C, corresponding to h.

A nodal Gromov-Witten invariant of X is by definition a nodal Gromov—
Witten invariant of X of type I' for some X-valued stable graph I'." When I’
has a single vertex, nodal Gromov—Witten invariants of type I' are just ordinary
(connected) Gromov-Witten invariants. O

As (1.10) is a linear function of each «;, we may assume without loss of gen-
erality that a;’s in (1.10) are elements of a fixed basis of H*(X). More general
nodal invariants can be defined by allowing evaluation classes at the markings
h € Hr \ Lr. However, for our study, only the more restrictive invariants of Def-

inition 1.8 are needed.
1.4. Review of relative Gromov—Witten theory.

1.4.1. Graphs for the relative theory. Let X be a smooth projective variety over
C, and let D C X be a smooth divisor with connected components (D;), e

Definition 1.9. An (X, D)-valued stable graph T' is an X-valued stable graph as
in Definition 1.1 with the additional data of:

(i) a partition Lp = Lp; U |_|j€J Lr p, of the set of legs into a set Lp; of
interior legs, and sets Lr p, of relative legs associated to the divisors D;.

(ii) a relative multiplicity function ur: | |;c; Lrp, — Zso-
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Given an (X, D)-valued stable graph I', we denote the number of interior and
relative legs by
nry = |L1’*}[‘ and nr.p = Z |LI‘,Dj|
jed

respectively. The total number of legs is nr = nr; + nr p. O

Given an (X, D)-valued stable graph I', we use the notation ' to denote the
(X, D)-valued stable graph without edges obtained from I' by contraction of all
edges, analogously as in Definition 1.2.

For every (X, D)-valued stable graph G without edges, there is a moduli stack

Mq (X, D) (1.11)

defined by Jun Li [47, 48] of G-marked relative stable maps to (X, D). The
connected components C,, of the domain curve of a G-marked relative stable map
are indexed by the vertices v € V5. The relative stable map restricted to C, is
of genus g(v) with n(v) marked points and class 5(v). In addition, the relative
multiplicities along D are prescribed by ug. We denote by [Mg(X, D)]''" the
virtual class defined by relative Gromov-Witten theory [47, 48].

1.4.2. Relative stable maps. We briefly recall here the basics of the theory of
relative stable maps [47, 48], in particular the notion of expanded degeneration
and the predeformability condition, which will play a crucial role here. To simplify
the exposition, we assume that D is connected. To treat the general case of
a possibly disconnected divisor D, the only change is that different orders of
expansions along each connected component of D are permitted.

Let P be the P!-bundle over D given by

P .= P(ND‘X EBOD),

where Npx is the normal line bundle to D in X. The bundle P has two natural
disjoint sections; one with normal bundle N[V)| «» called the zero section, and the
other with normal bundle Np|x, called the infinity section. For every | € Zx,
let P; be the variety obtained by gluing together [ copies of P, where the infinity
section of the ith component is glued to the zero section of the (i + 1)st for all
1 <4 < 1. We denote by Dy C P; the zero section of the first copy of P and
by D[l] C P, the infinity section of the last copy of P. The I-step expanded
degeneration of the pair (X, D) is the pair (X[I], D[l]), where X[{] is the variety
obtained by gluing X along D to P; along Dy. The subvariety P, C X[] is called
the expansion, and each component P C P, is called a bubble. We illustrate the
2-step expanded degeneration in Figure 1.3.
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D =D,

o
— e

X/
S

Py

FIGURE 1.3. The 2-step expanded degeneration X 2] of (X, D)

In [47], Jun Li defines through explicit constructions of versal deformations of
the spaces X[, a notion of a family of expanded degenerations and constructs a
moduli stack 7 of expanded degenerations, along with a universal family X — 7.
This universal family has the property that for every scheme S and morphism
S — T, the pull-back family

Xg =X xr5—=8

is a flat and proper morphism with every geometric fiber isomorphic to X[l] for

some .

Definition 1.10. A relative stable map to (X, D) with relative multiplicities u

over a scheme S is a commutative diagram

C — X

L

S —— T,

where C' — S is a prestable curve, X — T is the universal family of expanded
degenerations of (X, D), and such that the following conditions are satisfied:

(i) Let f: C — Xg := X x7 S be the induced S-morphism. Then, for every

geometric fiber,
fo: Cs = Xss ~ X1,

over s € S, no irreducible component of C is entirely mapped by f, into
the singular locus of X[I] or the divisor D[l] C X[I]. In addition, the
relative multiplicities along D[l] are fixed to be given by pu.

(ii) Every geometric fiber fs: Cs — Xg s over s € S is stable in the sense that
there are finitely many pairs (r1,72), where 71 is an automorphism of Cj,
r9 is an automorphism of Xg, fixing X, and fsor; =rp0 fs.
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(iii) For each point s € S and p € Cy such that fy(p) is contained in the
singular locus of Xg, ~ X[l], f is predeformable at p, that is, p is a node
of s, and étale-locally on C, and smooth-locally on Xg, the morphism f
admits the following form:

Spec Alz,y]/(zy — t) — Spec Alu, v]/(uv — w)

over Spec A, for some algebra A and t,w € A, where w = t", u + 2", and

v +— y" for some n € Z>;.

The nodes of the domain curve of a relative stable map which map to the singular
locus of the expanded target (as described in (iii)) are called distinguished nodes.
An isomorphism between two relative stable maps is an isomorphism between the
corresponding diagrams, which is the identity on S and 7, and an automorphism
fixing X on X. O

Definition 1.10 in particular implies that two relative stable maps with target
XTI} which only differ by the action of G!, on X[I] by scaling of the fibers of the
bubbles are isomorphic.

1.5. Nodal relative Gromov—Witten theory. Throughout this section X de-
notes a smooth projective variety over C, and D C X a smooth divisor. Forgetting
the relative information (the data (i) and (ii) of Definition 1.9), we view every
(X, D)-valued stable graph I" as an X-valued stable graph. Recall that, we denote
by 9Mr the graph obtained by contracting all edges of I', and we have a natural
morphism ¢p: M — My defined in (1.3), where M and My denote the moduli
stacks of I'-marked and I'-marked prestable curves respectively. We denote by

€r: HF(X, D) — Sﬁf, (112)
the morphism defined as in (1.8), applied to G =T.

Definition 1.11. For every (X, D)-valued stable graph I', we define the moduli
space Mrp (X, D) of T'-marked relative stable maps by the fiber diagram

Mr(X,D) —— Mx(X, D)
‘| I+

v
My — My,

where T is the (X, D)-valued stable graph obtained from I' by contraction of all
edges as in Definition 1.2, My(X, D) and e are defined by (1.11) and (1.12). We
define a virtual class on the moduli space Mr(X, D) by

[Mrp(X, D)™ = 1. [Mg(X, D). (1.13)
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A T'-marked relative stable map is a relative stable map to (X, D) with the data

of a I'-marking on its domain curve. O

Integration over [Mp(X, D)]'™, however, does not give a good notion of nodal
relative Gromov—Witten invariants, which for example should appear in a degen-
eration formula for nodal absolute Gromov-Witten invariants. This will become
clear in our discussion of the degeneration formula in §2. To obtain a good no-
tion of nodal relative Gromov—Witten invariants, we add the extra condition that
the nodes of the domain curve imposed by I' remain away from the singular lo-
cus of the expanded targets. We show below that the extra condition on nodes
defines a moduli stack Pr(X, D) which is a union of connected components of
M-r(X, D). Nodal relative Gromov-Witten invariants are then defined in what
follows by integration over the virtual class [Pr(X, D)]*'" obtained by restriction
of [mr(X, D)]Vir to PF(X, D)

Let f: C' — Xg be a I'-marked relative stable map over a scheme S, where Xg
is as in Definition 1.10. By Definition 1.5 of the I'marking, for every edge e of
I', we have a section o, of C' — S with image in the singular locus of C'. In other
words, for every point s € S, the point (o.)s is a node of the curve Cy, and we
can then ask if this node is distinguished or not in the sense of Definition 1.10,
see Figure 1.4 for an illustration of distinguished and non-distinguished nodes.
The following result is essential for our paper.

Lemma 1.12. Let S be a connected scheme, and let f: C — Xg be a I'-marked
relative stable map over S. Let e be an edge of I' and o, the corresponding section
of C' — S given by the I'-marking. Then, we have the following alternative:

(i) either the node (0.)s of Cs is distinguished for every point s € S, or
(i) the node (0.)s of Cs is distinguished for no point s € S.

Proof. We prove that the subset Z C S of points s € S such that (o.) is a
distinguished node of Cj is closed and open in the complex analytic topology.

First of all, Z is closed. Indeed, its complement S\ Z is open: if s € S\ Z
f((o¢)s) is a smooth point of Xg,, then, as the morphism Xg — S is flat and
locally of finite presentation, it is smooth in restriction to an open subset of Xg
containing (a.)s, see for example [66, Tag 01V9]. So o, }(U) is an open subset of
S (by continuity of o), containing s and contained in S\ Z.

It remains to show that Z is open. Let s € Z, so that (0.), is a distinguished
node of Cs so f((o¢)s) is a singular point of Xs,. By the predeformability con-
dition in Definition 1.10(iii), locally on C for the complex analytic topology, and
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pr(l)  pr(le) pr(6r) pr(£2) pr(l)  pr(l)

3 T

2

FIGURE 1.4. The left figure is an (X, D)-valued stable graph I'
with two relative legs ¢, {5 of multiplicities ur(¢;) and ur(fs) re-
spectively. In the middle and on the right, there are two I'-marked
relative stable maps. While in the middle the two nodes o, o,
corresponding to the edges e; and ey are distinguished, on the right
they are not distinguished.

smooth-locally on Xg, the morphism f admits the following form:
Spec Alz,y]/(zy — t) — Spec Alu, v]/(uv — w)

over Spec A, for some t,w € A, in which, w = t", u — 2", and v — y" for
some n € Zs;. As the image of o, is contained in the singular locus of C' (so
o, is a section of nodes), we deduce that ¢t = 0 and z((0.)s) = y((0e)s) = 0 for
every s € Spec A. From the form of f, we deduce that w = 0 and u(f((c.)s) =
v(f((oe)s) = 0 for every s € Spec A, and so that f((c.)s) is contained in the
singular locus of Xy for every s’ € Spec A. We conclude that Z is open. ¢

Definition 1.13. For every (X, D)-valued stable graph I'; we define Pr(X, D)
as the substack of Mp(X, D) whose S-points for every scheme S are I'-marked
relative stable maps f: C' — Xg such that for every edge e of I' and every point
s € S, the node (o), of Cs marked by e is not distinguished. O

By Lemma 1.12, Pr(X, D) is a union of connected components of Mp(X, D)
and is therefore well-defined and proper. We denote by Nr(X, D) the comple-
ment of Pr(X, D) in Mp(X, D), which is also a union of connected components
of Mp(X, D) and also proper. In other words, we have a disjoint union decom-
position

MF(X,D) :PF(X,D)UNF<X,D). (1.14)

An explicit and non-trivial example of the decomposition (1.14) is given at the
end of Appendix A.
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Definition 1.14. We define the virtual classes
[Pr(X,D)|"™ € H,(Ppr(X,D)) and [Nr(X,D)]"™ € H,(Nr(X, D))

as the classes obtained by restriction of the virtual class [Mp(X, D)]*'* to Pr(X, D)
and Nr(X, D) respectively. O

Nodal relative Gromov-Witten invariants are then defined by integration over
the virtual class [Pr(X, D)]"".

Definition 1.15. Given an (X, D)-valued stable graph I', the nodal relative
Gromov—-Witten invariants of (X, D) of type I' are

nr,r nr,p (X,D)
<H Tki<05i) H Tk, H 5J> =
i=1 j=1 r

hGHp\LF
nr,r nr,p

kn, w(s

hEHF\LF

where:

(i) for every 1 <i < nr, ev; is the evaluation morphism at the i-th interior
leg of I, k; is a nonnegative integer, o; € H*(X), and

Y = Cl(]Li) )

where LL; is the cotangent line bundle over M (X) associated to the i-th
marked point of the domain curve,
(i) for every half-edge h of I" which is not a leg, adjacent to a vertex v, ky, is

a nonnegative integer, and

wh = CI(H“h) )

where Ly, is the cotangent line bundle over Mp(X) associated to marked
point of the curve C, corresponding to h, and;

(iii) for every 1 < j < np p, ev; is the evaluation morphism at the j-th relative
leg of I', and 0; € H*(D). O

As (1.15) is a linear function of each «; and d;, we may assume without loss of
generality that the o;’s are elements of a fixed basis of H*(X) and the 4,’s are
elements of a fixed basis of H*(D).

When I' has no edges, nodal relative Gromov-Witten invariants of type I' are
just ordinary (possibly disconnected) relative Gromov—Witten invariants. A nodal
relative Gromov—Witten invariant of (X, D) is a nodal relative Gromov—Witten
invariant of (X, D) of type I' for some (X, D)-valued stable graph I'.
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In Definition 1.15, we do not include insertions of i-classes at the relative
markings for nodal relative Gromov-Witten invariants. The reason is that we
restrict our study here to the relative invariants which appear in the degeneration

formula for absolute invariants.

2. DEGENERATION FORMULA FOR NODAL GROMOV—WITTEN THEORY

After reviewing the standard degeneration formula in relative Gromov-Witten
theory in §2.1, we state a new nodal degeneration formula in §2.2. The proof of the
nodal degeneration formula is given in §2.3-2.4. The nodal degeneration formula
follows from the standard degeneration formula after intersection with the nodal
locus in the Artin stack of curves. The main subtlety in the argument concerns
the location of the node (and requires the vanishing of certain contributions to
the intersection product).

2.1. Jun Li’s degeneration formula. Let W — B be a flat projective mor-
phism from a smooth variety W to a smooth connected curve B with a distin-
guished point 0 € B such that

(i) the fibers W, over t € B\ {0} are smooth varieties,
(ii) the fiber W over 0 € B is the union of two smooth irreducible components

Y) and Y5 glued along a smooth connected divisor D.

We write the degeneration as
Wi~ Wy=Y UpYs.
The inclusions Wy, Y7, Yo C W induce maps
pwe: HE (W) — HF (W), py, « Hf (Vi) = Hf (W), py, : Hi (Ya) = Hf (W).

Jun Li’s degeneration formula [48] relates the Gromov—Witten theory of the
general fibers W, for t # 0 to the relative Gromov-Witten theories of the pairs
(Y1, D) and (Ys, D) given by the components of the special fiber relative to their
common intersection. We review below the degeneration formula, first at the
level of virtual cycles, and then at the level of numerical invariants.

We first recall the notion of an expanded degeneration of the special fiber Wy,
which is parallel to the notion of expanded degeneration of a pair (X, D) reviewed
in §1.4. Let P be the P!-bundle over D defined by

P = ]P)(NDlYl D OD)

where Npjy, is the normal line bundle to D in Y;. The normal line bundle to D
in Y, satisfies

~ \Y
NDlYQ — NDIYI .
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The bundle P has two natural disjoint sections: one with normal bundle NI%IYN
called the zero section, and another with normal bundle Npyy,, called the infinity
section. For every | € Zxy, let P; be the variety obtained by gluing together [
copies of P, where the infinity section of the ith component is glued to the zero
section of the (i + 1)st for all 1 <4 <[ — 1. The [-step expanded degeneration of
the special fiber Wy along D is the variety Wj|[l] obtained by gluing Y; along D
to P; along the zero section of the first copy of P, and gluing Y5 along D to P,
along the infinity section of the last copy of P.

In [47], Jun Li constructs a moduli stack ¥ — B with a universal family W — ¥
such that for every section o: B — %, the pull-back family W, — B is isomorphic
to W — B away from 0 € B, and has a special fiber over 0 € B isomorphic to
Wy [l] for some I.

The definition of a stable map to a degeneration [47, 48] is parallel to Definition
1.10 of a relative stable map to a pair (X, D).

Definition 2.1. Let S — B be a scheme over B. A stable map over S to the
degeneration W — B is a commutative diagram

:

— W

e

where C' — S is a prestable curve, W — % is the universal family of expanded
degenerations of W — B, and such that the following conditions are satisfied:

(i) Let f: C — Wg := W X< S be the induced S-morphism. Then, for every
geometric fiber

fS: Os — W&S

over a point s € S, no irreducible component of C is entirely mapped by
fs into the singular locus of Wg .

(ii) Every geometric fiber fs: Cs — Ws s over s € S is stable in the sense that
there are finitely many pairs (r1,72), such that r; is an automorphism of
(s, rp is an automorphism of Wg , fixing W;, where t € B is the image of
s€SbyS— B,and fyor; =ryo f,.

(iii) For every s € S and p € C, such that f,(p) is contained in the singular
locus of X, f is predeformable at p as in Definition 1.10(iii).
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The nodes of the domain curve of a relative stable map which map to the
singular locus of the expanded target (as described in (iii)) are called distinguished
nodes. O

For every W-valued stable graph G without edges, let
Ma(W/B) - B

be the moduli stack of G-marked stable maps to the degeneration W — B.
Connected components C, of the domain curve of a G-marked stable map are
indexed by the vertices v of G, and a G-marked stable map restricted to C, is
n(v)-pointed, of genus g(v) and class 5(v). We assume further that G is vertical,
in the sense that for every vertex v of G, the push-forward to B of the curve class
B(v) is zero.

For every t € B, denote by ¢; the inclusion of the point ¢ in the curve B, and
by Mg(W;) the fiber of Mg(W) over t. Given a W;-valued stable graph G, we
denote by pw, .G the W-valued stable graph obtained from G, by replacing all
the curve classes 3(v) € Hy (W;) by pw,.(v) € HYf (W) (if B(v) # 0, then 5(v)
has a non-zero degree with respect to a relative polarization of W — B, and so
pw, «B(v) # 0 and the graph pw, .G; is indeed stable). For ¢t € B\ {0}, stable
maps to the degeneration W — B with image contained in W, are ordinary stable
maps and so

Moy = || M (W), (2.1)

where the disjoint union is over the W;-valued stable graphs G, satisfying the
condition pw, .Gy = G, and Mg, (W,) is the moduli stack of Gy-marked stable
maps to W;. There are finitely many such graphs G; as the degrees of the curve
classes with respect to a relative polarization of W — B are fixed by G.
Jun Li constructs in [47, 48] a virtual class [Mg(W/B)]"™ on M (W/B) such
that, for every t € B\ {0},
dMa(W/B™ = Y g, [Ma, (W)™, (2.2)

Gy
th Sk Gt =G

where (¢, is the inclusion of Mg, (W;) in Mg(W;) given by (2.1). The degener-

ation formula expresses the virtual class
o[ Ma(W/B)]™

on Mg (W) in terms of the virtual classes in relative Gromov—Witten theory of
(Y1, D) and (Y3, D). To state the formula, we first introduce some terminology
about splittings.
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Definition 2.2. Let I' be a W-valued stable graph. A splitting o of I' is an
ordered pair (1, 72) where 74 is a (Y7, D)-valued stable graph and -, is a (Y5, D)-
valued stable graph. Moreover, we require (71, 72) to satisfy the following condi-

tions:

(i) 7 and v have the same number /(o) of relative legs,
(i) For each relative leg 1 <1i < {(0), the relative multiplicity p., (i) attached
to the i-th leg of 7 is equal to the relative multiplicity ., () attached to
the i-th leg of 7».
(iii) The labelling of the interior legs of 71 and ~, forms a partition of the
labelling of the legs of I'.

Furthermore, a splitting carries the the extra data of an isomorphism between
[' and the graph obtained by first gluing for all 1 < i < /(o) the i-th relative
leg of py, .71 with the i-th relative leg of py, .72, and then contracting the ¢(o)
newly created edges. Here py; ,v; is the graph obtained from ~; by replacing all
the curve classes 3(v) € Hy (i) by py..3(v) € Hy (W).

Two splittings (71,72) and (7], 74) are isomorphic if there exist isomorphisms
7 =~ 7] and 7, >~ ~4 compatible with the data of the isomorphisms between I' and
the glued contracted graphs. We denote by € the set of isomorphism classes of
splittings of I'. We say that two splittings oy and o9 are equivalent if they differ
by a permutation of the labelling of the relative legs. We denote by Qp the set
of equivalence classes of splittings of I'. For every o € Qr, we denote by |Aut(c)|
the order of the group of permutations of the labelling of relative legs fixing a

splitting representative of the class o, and by

(o) (o)
m(a) i= [ (@) = [T a0 (2.3)

the product of the £(o) relative multiplicities. We refer to m(o) as the multiplicity
factor. O

Let n = (G1,G3) € Qg be an equivalence class of splittings of G, as in Defi-
nition 2.2. As G does not have any edges, the same is true for G; and Gs. The
(Y1, D)-valued and (Y2, D)-valued stable graphs G; and G5 define moduli stacks
Mg, (Y1, D) and Mg, (Ys, D) of relative stable maps to (Y3, D) and (Y, D) re-
spectively, as (1.11). The evaluation at the relative marked points corresponding

to the relative legs of G; and G5 defines a morphism

mG1(leal)) X HGQ(Y'Q,D) — (D X D)f(r]) )
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We denote by A, the diagonal morphism
A,: D' — (D x D)“™
and we form the fiber product

Mg, (Y1, D) X peey Mg, (Yo, D) —— Mg, (Y1, D) x Mg, (Ys, D)

| |

50 = s (D x D).

For every scheme S, an S-point of the above fiber product is the data of a stable
map over S to an expansion Yi[l;] of Y7 along D and a stable map over S to an
expansion Y3 [lo] of Y5 along D, such that the images of the relative marked points

DIlly] = D|[ly) ~ D

match. As the contact orders also match, one can glue these two stable maps
together to obtain a stable map over S to the expansion Wy[l; + l3] of Wy. In
other words, we have a gluing morphism

(I)ni MGl (1/1, D) X pem) MGQ (}/2, D) — mg(W()) . (24)

We can finally state Jun Li’s degeneration formula at the cycle-level [48]:

WMOV/BIT = 3T 0 Al (M (0, D)) X (M (Ve D).

n=(G1,G2)€0¢
(2.5)

Combining (2.2) with (2.5) and using the Kiinneth decomposition of the class of
the diagonal A,, we obtain the numerical version of the degeneration formula: for
every k; € Z>o and cohomology classes o; € H*(W) indexed by the legs i € L¢
of G, we have for every t € B\ {0}:

> (11 m(%)>m -

PWt,*GétZG ke Gt
( ) £(n) (V1.0)
m
> gty = o { I welIfo)
n=(G1,G2)€0¢ JtsesJe(n) i€l =1 G1
) (2.0)
< or| 11 Tki<ai)> ,
i=1 i€Lg, 1 -
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where by abuse of notation we still denote by «; the restrictions of «; to W, Y7,
and Y3 respectively, (d;); is a basis of H*(D), (0;); is the Poincaré-dual basis,
and (—1)¢ is the sign determined formally by the equality

H a; = (—1)° H o H ;.

i€Lg i€Lgy,,r  i€Lgyr
2.2. Statement of the nodal degeneration formula. Let I' be a W-valued
stable graph and I the W-valued stable graph obtained from I' by contracting all
edges, as in Definition 1.2. We assume further that I" is vertical, in the sense that
for every vertex v of I', the push-forward to B of the curve class f(v) is zero. We
define the moduli space Mp(W/B) of I'-marked stable maps to the degeneration
W — B by the fiber diagram

Mr(W/B) —— Mr(W/B)

| |

Mr x B ——— M x B.

In other words, a I'-marked stable curve is a stable map with the data of a I'-
marking on its domain curve. Using the predeformability condition (iii) in the
Definition 2.1 of a stable map to the degeneration W — B, we obtain a version

of Lemma 1.12, ensuring that we have a disjoint union decomposition
Mr(W/B) = Pr(W/B) UN:(W/B),

where Pr(W/B) — B is the substack of Mp(W/B) — B whose S-points are
[-marked stable maps to the degeneration f: C' — Ws such that for every edge
e of I and every point s € S, the node (o.)s of Cs marked by e is not distin-
guished (the image lies away from the singular locus of the target Ws ). The
complement substack Nr(W/B) — B parameterizes stable maps having at least
one ['-marked node mapped to the singular locus of the target. As the target
remains unexpanded over B\ {0}, the stack Nt(W/B) is entirely over 0 € B.
We define a virtual class on Mp(W/B) by

[Mr(W/B)]"™ = o [Mr(W/B)]"™", (2.6)

and virtual classes [Pr(W/B)]"™ and [Np(W/B)]¥" by restriction to Pr(W/B)
and Nr(W/B) respectively.

For every t € B\ {0}, the fiber My (W;) of Mr(W/B) — B over t is given as
in (2.1) by

MWy = || Mr,(W), (2.7)

Iy
th,*Ft:F
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where the disjoint union is over the W;-valued stable graphs I'; satisfying the
condition py, .y = ', and Mr,(W;) are moduli stacks of nodal stable maps to
W;.

By [26, Theorem 6.4] applied to the fiber diagram

Mr(W,) — Mp(W/B) — DMy

| Lk

Me(Wy) — Mp(W/B) — My (2:8)
t —* - B,
the Gysin pullbacks ¢k and ¢, commute. Then, by using (2.2), we have
GMe(W/B)™ = Y i M, (W) (2.9)
th,ff‘t:F

where (r, is the inclusion of Mp,(W;) in Mr(W,) given by (2.1).
The degeneration formula for nodal Gromov-Witten theory expresses the vir-
tual class
o[ M (W/B)™
in terms of the virtual classes in relative Gromov—Witten theory of (Y7, D) and
(Y, D). As the component Nr(W/B) is entirely over 0 € B and the normal
bundle to 0 in B is trivial, we have

N (W/B)™ =0 (2.10)
by the excess intersection formula [26, Theorem 6.3|, and so
to[Mr(W/B)™ = i [Pr(W/B)]™

is entirely supported on the fiber Pr(W) of Pr(W/B) over 0 € B. The vanishing
(2.10) plays an essential role in the proof of the nodal degeneration formula given
in §2.4.

We introduced the set Qp of equivalence classes of splittings of I' in Definition
2.2. Let 0 = (71,72) € Qr. The (Y3, D)-valued and (Y3, D)-valued stable graphs
v1 and v, define as in Definition 1.13 the moduli stacks P, (Y1, D) and P., (Y3, D)
of y1-marked and 7p-marked relative stable maps to (Y3, D) and (Y3, D) with the
condition that no v;-marked node is mapped to the singular locus of the expanded
target. The evaluation at the relative marked points corresponding to the relative
legs of v, and 5 defines a morphism

PVl(}/iaD) X 73’72<}/2>D> - (D X D)K(U)'
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We denote by A, the diagonal morphism
Ay: DU — (D x D)4,
and we form the fiber product

P’Yl(}/hD) X pe(o) /PWQ(YVQvD) B— P%(Yl?D) X ,PW(YV%D)

| |

D) 2 » (D x D))

For every scheme S, an S-point of this fiber product is the data of a stable map
over S to an expansion Yi[l;] of Y} along D, and of a stable map over S to an
expansion Ys[ls] of Y3 along D, such that the positions of the relative marked

points on
D[ly] = D[ly) ~ D

match. As the contact orders also match, we can glue these two stable maps
together to obtain a stable map over S to the expansion Wy[l; + 5] of Wy. This
stable map is naturally I'-marked, and no I'-marked node is mapped to the sin-

gular locus of Wyl + ls]. Hence, we obtain a gluing morphism
D, : 'P%(Yl, D) X pen) 7772 (YQ, D) — 'PF(WO) . (2.11)
We can finally state the degeneration formula for nodal Gromov—Witten theory:

Theorem 2.3 (Theorem B). Let W — B be a flat projective morphism from

a smooth variety W to a smooth connected curve B with a distinguished point
0 € B such that

(i) the fibers Wy overt € B\ {0} are smooth varieties,
(i) the fiber Wy over O € B is the union of two smooth irreducible components

Y1 and Ys glued along a smooth connected divisor D.

Then, for every vertical W -valued stable graph T,

SR E =S T AP, (05, DI (v D)),

o=(v1,72)€Qr

(2.12)
where m(o) is the multiplicity factor of the splitting o as in (2.3), and the virtual
classes [P., (Y1, D)™, [P.,(Ya, D)™ are given by Definition 1.14.

At the numerical level, for all k; € Zso and cohomology classes a; € H*(W)
indexed by the legs i € Ly of I', and for all ky, € Z>o indexed by the half-edges
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h € Hr \ Lr of I which are not legs, we have for every t € B\ {0}:

Wi

> (Ot TT ) =

Iy i€Lp heHr\Lr Tt
th,*Ft:F

(Y1,D)
m(o) e i

> TAwt(0)] S0 I ) I | 110

o=(v1,72)€0r J1ssde(o) 1€Ly 1 h€Hy  \L~, i=1

Q

£(o)
(it
1=1

where the nodal relative Gromov—Witten invariants on the right-hand side are as

HTki<@i) H Tkh> )

€Ly 1 h€Hqy\ L+,

(2.13)

in Definition 1.15, «y; denotes the restriction of a; to Wy, Y1, and Y respectively,
(65); is a basis of H*(D), (0)); is the Poincaré-dual basis, and (—1) is the sign
determined formally by the equality

Hai:(—l)e H (807 H (673N

i€Lr ieL’YlJ Z'GL.\QJ

The proof of (2.12) in Theorem 2.3 is given in §2.3-2.4 below. The numerical
version (2.13) follows immediately from (2.9), (2.12), and the Kiinneth decompo-

sition of the class of the diagonal A,.

2.3. Preliminary results. We prove here a number of technical results which
will be used in §2.4 to prove Theorem 2.3.
For every splitting n = (G4, G) € Qf, we define

MéhGg (WO) = Mcl (}/1’ D) XDE(”) MG2 (}/27 D) 9
Me,.a,(Wo) = Mg, (Y1,D) x Mg,(Ys, D),

We define the moduli stacks Mg, @, r(Wo) and Mg, g, r by the fiber diagram

M, cor(Wo) —— May.a,(Wo)

| |

fmghgﬂ ‘.Gt gﬁgl Xgﬁ(;2 (2'14)
Mr T > SJTF,

where the morphism Mg, XM, — Mg is defined by gluing together a G;-marked
stable curve and a Go-marked stable curves along their relative marked points.
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We have a disjoint union decomposition

mGl»G%F = mGhGQI U mGl,GQT )

where B, @,,r is defined by the condition that the I-marked nodes are not nodes
created by the gluing of the Gi-marked and Gs-marked stable curves. Using the
predeformability condition, we obtain a version of Lemma 1.12, ensuring that we

have a disjoint union decomposition
mGl,GmF(WO) = PG17G27F(WO) U NGl,Gz,F<WU> .

Here, Pg,.¢,.r(Wo) is defined by the condition that the I'-marked nodes are not
distinguished: the I'marked nodes are distinct from the nodes mapped to the
singular locus of the expansions of Y] or Y5 and distinct from the nodes newly
created by the gluing of the relative marked points. In particular, the morphism
Mg, a,r(Wo) = Mg, g, Testricts to a morphism Pg, ¢, r(Wo) = Ba,.gor-

We define similarly

—A
MGLGQ,F(WO) = Pél,GQ,F(WO) U NGAl,Gg,F(WO)

by replacing Mg, a,(W) by Méhag(WO) in (2.14). The definition of the gluing
morphism P, : MQLGQ(WO) — Mg(W)) extends to define a gluing morphism

Py /Vél,(;g,r(wo) — Mrp(Wp). (2.15)
Lemma 2.4. For every cycle a on MéhGQ(WO), we have
i ®, = @, 1 ra
on Mél,ca,r(wo)-

Proof. The result follows from the compatibility of the Gysin pull-back and proper
push-forward [26, Theorem 6.2 (a)] applied to the fiber diagram

—A —A
MGl,Gz,F(WO) B— Mcl,GQ(WO)

(Dn,l"l lcb"l

Mr (W) ——— Mi(Wo) (216)
| |
Mr L > Mr .
¢

Lemma 2.5. For every cycle 8 on Mg, ¢,(Wy), we have

L!FAlnﬁ = A!,]L!Fﬁ
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—A
on MGLGQ,F(WO) .

Proof. The Gysin pullbacks ¢} and A% commute by [26, Theorem 6.4] applied to
the fiber diagram

Mg, 6,0 (Wo) — Mg, g, (Wy) — D'

| | [

Mg, aor(Wo) — Ma,.q,(Wo) — (D x D) (2.17)
My ———— M.
¢

Lemma 2.6. There are disjoint union decompositions

%Gth,F = |_| m'Yl X m’vz ) (2'18)

o=(y1,72)€0r
F¥1=G1,72=G2

PGLGZ;F(WO) = |_| P’Yl (YL D) X P72 (Y27 D) ) (2'19)

o=(71,72)€Qr
7¥1=G1,72=G2

where we denote by 7, (resp. ¥y) the graph without edges obtained from ~, (resp.
v2) by contraction of all edges, as in Definition 1.2.

Proof. We explain how to prove (2.19). The proof of (2.18) is similar and in fact
simpler. For every splitting o = (v1,72) € Qr such that 7, = G| and 7, = Go,

there is a natural morphism
P’Yl (Yia D) X P’yz (}/2’ D) — PG’l,GQ,F(WO) :

Indeed, a curve with v,-marking has in particular a I';-marking, and a curve
obtained by gluing two curves with v; and y,-markings along their relative marked
points has a natural ['-marking by Definition 2.2 of a splitting of T'.

Conversely, a point of Pg,.¢,(Wp) consists of the data of relative stable maps

Cy — Yl[ll] , Cy— }/2[12]

together with a ['-structure on the curve C' obtained by gluing C; and C along
their relative marked points. The data must satisfy the following condition: every
[-marked node of C' is distinct from the nodes of C'; or C; mapping to the singular
locus of Y1 [l;] or Y[l5] and distinct from the nodes in C1NCY, created by the gluing.
In particular, no I'marked node of C' is a node created by the gluing. Hence,
splitting C' into C; and Cy induces a splitting o = (71, 72) of I and 7;-structures
on C;. ¢
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Lemma 2.7. Under the identification (2.19), the following equality of cycles holds
on PGl,GQ,F(WO)-'

L!I‘([MG1<Y17 D)]Vir X ['A_AGz (Y27 ‘D)]Vir)|PG1,G2,F(WO)
= ) [P, D) X [Py, (Ya, D)

o=(v1,72)€0r

Y1 :Gl sY2 :G2

Proof. As (2.14) is a fiber diagram, we have (. = tg, g, ¢ by [26, Theorem 6.2
c¢)]. Under the identification (2.18), the restriction of tq, g, r to M, x M., is
(v, Ly, ). Then, using the identification (2.19), the restriction of

L!F ([MGI ()/17 D)]Vir X [mGz (YQv D)]Vir)
to P,, (Y1, D) x P,, (Y2, D) is equal to the restriction of
L!% [HCH (Yh D)]Vir X L{yg [mGz (}/2’ D)]Vir

to P, (Y1, D) x P, (Ya, D), and so is equal to [P,, (Y1, D)™ x [P, (Y2, D)]"" by
Definition 1.14 and (1.13). ¢

2.4. Proof of the nodal degeneration formula. We will prove (2.12) in The-
orem 2.3 by applying ¢ to both sides of Jun Li’s degeneration formula given
by

L! A vir _ (77) VA A V1r vir
O[MF<W/B)] (GIZGQ) Q |Aut(n)|q)'f] *An([MGl(lfh )] [MGQ<YQ7D>] )7

(2.20)
as reviewed in §2.1. By [26, Theorem 6.4] applied to the fiber diagram (2.8) for
t = 0, the Gysin pullbacks & and ¢, commute. Then, via using (2.6), we obtain

tpto[Me(W/B)]™ = [Mr(W/B)"™ . (2.21)

In other words, ¢} applied to the left side of (2.20) is the left side of (2.12). It
remains to match the right sides of the formulas.

We observed in (2.10) that «j[Mp(W/B)]' is supported on the component
Pr(Wo) of Mr(Wp). Hence, by (2.21), the result of ¢} applied to the right side
of (2.20) is also supported on Pr(Wy). To prove (2.12), it is therefore enough to
compute the restriction

(1@, A (Mg, (Vi D)™ x Mgy (Ve D)™)) [y

to Pr(Wy) for every n = (G, Gs) € Q.
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Using Lemmas 2.4 and 2.5, we have

L!F(I)U*A;([m(h (Y'l’D)]vir « [/VGQ (YVQ,D)]VH)
= (I)ﬁﬂr’*A!nL!F([MGH (}/17 D)]Vir % [WGQ ()/2’ D)]vir) '

A simple observation is the following: for every cycle a on Mg, g, r(Wo) sup-
ported on Ng, g, r(Wo), the cycle A o is supported on NG, g, r(Wo). By applying
the observation to the part of

ir([Me, (Y1, D)™ x [M, (Ya, D))

supported on Ng, g, r(Wo), we obtain

(@ornAyir (M, (Y1, D)™ x [Ma, (Ya, D)™)) lpecive)

= @777F,*A!n (L!F([MGI (}/17 D)]Vir X [ﬂGz (Yév D)]Vir) |PG1,G2,F(WO)> .

Finally, by Lemma 2.7, we have

L!F([HG1 (Yh D)]Vir X [MC& (YQa D)]Vir) |PG1,G2,F(WO)
= Z [P’Yl (Y1, D)]Vir X [P’m (Ya, D)]Vir )

o=(71,72)€0r

71:G1772:G2
which completes the proof that ¢ applied to the right side of (2.20) is equal to
the right side of (2.12). ¢

3. SPLITTING FORMULA FOR NODAL RELATIVE GROMOV—WITTEN THEORY

We prove here a new splitting formula for nodal relative Gromov-Witten theory
which differs from the standard splitting formula for nodal absolute Gromov-
Witten theory by certain rubber terms.

We review the construction of the virtual class in relative Gromov-Witten
theory in §3.1 and we describe the virtual class in nodal relative Gromov-Witten
theory in §3.2. After a review of the statement of the splitting formula for nodal
absolute Gromov-Witten invariants in §3.3, the splitting formula in the nodal
relative case is proven in §3.4 and recast in a more explicit form in §3.5. In §3.7,
we combine the splitting formula with the nodal rubber calculus of §3.6 to prove
that nodal relative Gromov—Witten invariants can be effectively reconstructed
from absolute Gromov—Witten invariants.
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3.1. Relative Gromov—Witten theory. We review here the construction'® of
the virtual class in relative Gromov—Witten theory based on working relatively
to the moduli space of maps to a universal target. For details we refer to [2, §5]
and [3, §3.2].

In absolute Gromov—Witten theory, we use the perfect obstruction theory rel-

ative to the forgetful morphism

€: ./\/lgﬂﬁ(X) — mg,nwg

defined in (1.5), given by
(Rﬂ'*f*Tx)v s

where 7: €' — M, 5(X) is the universal curve, f: C' — X is the universal
stable map, and T is the tangent bundle of X, see [9, Proposition 6.2] and [7,
Proposition 5]. The virtual class is defined by the corresponding virtual pull-back

[53] of the ordinary fundamental class on the equidimensional stack 91, , s:

[Mgm,B(X)]Vir = e!pﬁg,n,ﬁ] ‘
Let X be a smooth projective variety over C,
DcX

a smooth divisor, and G an (X, D)-valued stable graph without edges. In relative
Gromov-Witten theory, Jun Li [48] defined the virtual class [Mq(X, D)]*"" using a
perfect obstruction theory which can be viewed as being relative to the morphism

€q: Mg(X, D) — gﬁg,

defined in (1.8). The definition of this perfect obstruction theory is quite compli-
cated due to the subtle nature of the predeformability condition (see Definition
1.10 (iii)). Generally, perfect obstruction theories become easier to describe when
taken relative to the largest available smooth geometry. For example, Graber—
Vakil gave a more compact description of the virtual class by defining a perfect
obstruction theory relative to 9 x T, where T is the stack of expanded de-
generations [31, §2.8]. More recently, Abramovich-Cadman-Wise have provided
an alternative description obtained by working relatively to the space of maps
to a universal target [2, §5], see also [3, §3.2]. We follow here the Abramovich-
Cadman-Wise approach which is technically simpler.

0T here are by now many approaches to the foundations of relative Gromov-Witten theory.
A unified presentation with all of the comparison results (which show equivalences of the virtual

fundamental classes) can be found in the upcoming paper [35].
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When working with pairs (X, D), where D is a smooth divisor, the universal
target is the pair of stacks (&7, Z), where

o = [A')G,,)

is the classifying stack of line bundles with sections and 2 := [0/G,,]. For every
pair (X, D), we have a canonical morphism of pairs

(X,D) = (,2), (3.1)

induced by the line bundle Ox (D) with its section vanishing on D.

Let M (o, Z) be the moduli stack of relative prestable maps to (<7, 2), de-
fined as in Definition 1.10 using expanded degenerations and the predeformability
condition, but without the stability condition (Definition 1.10(ii)). The crucial
point is that Mg (7, Z) is equidimensional by [2, Lemma 4.1.2] and thus admits
an ordinary fundamental class [ (o7, Z)|. The natural morphism (3.1) induces
a morphism

ng: Mg(X,D) = Ma(e, D).

By [2, §5], the virtual class in relative Gromov-Witten theory can be defined
using the perfect obstruction theory relative to ng given by

(R f*Tix.))" (3.2)

where m: C — Mg(X, D) is the universal curve, f: C — X — X is the compo-
sition of the universal relative stable map with the contraction of the expanded
target on X, and 7{x, p) is the log tangent bundle of the pair (X, D). The virtual
class is then defined by

(M (X, D)™ = ng[Me (o, 2)], (3.3)
where 7, is the corresponding virtual pull-back [53].

3.2. Nodal relative Gromov—Witten theory (revisited). The virtual class
in nodal relative Gromov—Witten theory was defined in Definition 1.14. A second
approach to the nodal relative theory is provided by the geometric perspective of
Abramovich-Cadman-Wise. We show here that the two definitions agree.

In Definition 1.13, for every (X, D)-valued stable graph I', we introduced the
stack Pr(X, D) of I'-marked relative stable maps whose I'-marked nodes are not
distinguished (the I-marked nodes are not mapped to the singular locus of the
expanded target). Let M (o7, Z) denote the moduli stack of I'-marked prestable
maps to (&, 2). Let Pr(, ) be the substack of I'-marked prestable maps to
(o7, P) whose I'-marked nodes are not distinguished. The latter requirement on
nodes ensures that the proof of [2, Lemma 4.1.2] applies to Pr(</, Z). Hence,
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Pr(o, Z) is equidimensional and has an ordinary fundamental class [Pr (<, 2)].
Moreover, the forgetful morphism

Pr(, 7) = My(, V)
is a local complete intersection of codimension |Er|, so
(1M, D))l (er.2) = [P (', D). (3.4)
The natural morphism (3.1) induces a morphism
nr: Pr(X, D) — Pr(, D).

By pulling-back (3.2), we obtain a perfect obstruction theory relative to npr. We
have a fiber diagram

Mp(X,D) —— Mz(X, D)

I I»

gﬁr(ﬁ{, .@) E— mf(ﬂ, .@)

! |

v
Mr ——L 5 M,

where Pr(X, D) and Pr (.7, ) are unions of connected components of M (X, D)
and Mr (o7, 2) respectively. By (3.3), property (1.13), and the pull-back relation
(3.4), we conclude the following result.

Lemma 3.1. We have [Pr(X, D)]'' = ni.[Br(+, 2)] .

3.3. Splitting formula for the nodal absolute theory. Let X be a smooth
projective variety over C, and let I" be an X-valued stable graph. Let e = {h, h'}
be an edge of I' connecting the half-edges h and h’. Cutting I' along e defines a
new X-valued stable graph I' \ e in which the half-edges h and h’ become legs.
Cutting a I'-marked stable map along the node marked by e defines a splitting

morphism
Se: Mp(X) — HF\B(X) )

The evaluations at the two legs of ' \ e defined by h and h' define a morphism
eve: Mpy(X) = X x X

Denote the diagonal morphism by

A X - X xX.
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As a node in the domain curve of a stable map can be created by gluing two
marked points mapped to the same point, we have a fiber diagram

Mrp(X) = Mp(X)

l lew

X —2 s XxX,
The splitting formula of Gromov-Witten theory is
(M (X)) = A M (O] . (3.5)

Splitting is a basic property of the virtual class of the moduli space of stable
maps, see [7, Axiom III] for the proof.

3.4. Splitting formula for the nodal relative theory. Let X be a smooth
projective variety over C with a smooth divisor D C X. Let " be an (X, D)-
valued stable graph, and let e = {h, i’} be an edge of T, connecting the half-edges
h and h'. Cutting I' along e defines a new (X, D)-valued stable graph I' \ e in
which the half-edges h and A’ become legs. Cutting a I'-marked relative stable
map along the node marked by e defines a splitting morphism

Se: PF(X, D) — Pp\e(X,D) .

Let (X, D)? be the moduli space parameterizing ordered pairs of points in the
pair (X, D): X expands along D when the points approach D. The configurations
of points in the bubbles are considered up to the scaling action of G,, on the P!-
fibers of the bubble. As a variety, (X, D)? is the blow-up of X x X along D x D.
The space (P!,0)? is illustrated as an example in Figure 3.1.

The space (X, D)? and the natural n-pointed generalization (X, D)™ have pre-
viously appeared in relative Gromov—Witten theory in the formulation of the
Gromov—Witten/Pairs correspondence for relative theories [63, §1.2].

Let Awp: X — (X, D)? be the strict transform in (X, D)? of the diagonal

A X - X xX.

Geometrically, A,y is the locus in (X, D)? parameterizing pairs of coincident
points in (X, D). The evaluations at the two legs of I' \ e defined by h and A’

define a natural morphism
eve: Pre(X, D) = (X, D)?,

where bubbles of the expanded target are contracted if they do not contain any
of the images of the marked points corresponding to h and h’.
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S

FIGURE 3.1. The moduli space (P*,0)? = Bl,g)(P*xP") of ordered
pairs of points in (P!, 0)

As I'\ e-marked points of nodal relative stable maps parameterized by Pr.(X, D)
and I'-marked nodes of nodal relative stable maps parameterized by Pr(X, D) are

not mapped in the singular locus of the expanded targets, we have a fiber diagram

Pr(X,D) —= Pr.(X, D)

X — 2, (X, D).

Our first version of the splitting formula in nodal relative Gromov—Witten
theory is formally similar to the splitting formula (3.5) in absolute Gromov—
Witten theory.

Theorem 3.2. For every (X, D)-valued stable graph I' and every edge e of T,
[Pr(X, D)™ = Ay[Prie(X, D)™
Proof. We will work relatively to the universal target
(o, 2) = ([A"/Gw], [0/Gn))

as reviewed in §3.1. The first step is to prove that the splitting morphism induces

an isomorphism

mp(ﬂ, .@) Emp\e(ﬂ, _@) (36)
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When the target does not expand, a I'\ e-marked relative prestable map to (<7, 2)
consists of a I\ e-marked prestable curve C' and a morphism,

C— o = [AG],

given by a line bundle L on C with a section ¢. The marked points of C' are
away from the divisor Z and hence are not zeros of ¢. In particular, o does not
vanish at the two marked points z; and z;, defined by the legs h and A’ of T\ e.
By gluing x5, and x;, together, we obtain a prestable curve C. We construct a
line bundle L on C' by gluing the fibers L|,, and L|, , by the unique element of
G, sending o(z;,) to o(zy). By construction, o extends to a section & of L. The
data of C, L, 5, defines a I'-marked relative prestable map to (.27, ) for which
the splitting of the node marked by e recovers C', L, and s.

When the target does expand, the proof is similar using the description of maps
to expansions of (27, Z) as collections of line bundle with sections, as sketched
in [3, Proof of Lemma A(ii)] using [1, §8.2] and reviewed in more detail below.

We recall the explicit description of the universal deformation

—_~—

(A1), DJI]) — Al

of the I-step expanded degeneration A'[l] of (A!,0). For [ = 0, we have

(A']l], DI]) = (A1,0).

For [ > 0, A1[l] is the blow-up of A![l — 1] x Al along D[l — 1] x {0}, and D[l] is
the strict transform of D[l — 1] x A'. In other words, A![l] is the subscheme of
Al x (PY)! x Al given by the equations

Woz1 = tiwy , w129 = taz1Wa, ..., W12 = tiziwy,

where wq is the coordinate on A!, w; and z; are homogeneous coordinates on the
i-th copy of P!, and ty,...,# are coordinates on A'. The divisor D[] is defined
by the equation w; = 0. We deduce that the universal deformation of the [-step

expanded degeneration of (<7, Z) is a substack of
[AY/Gr] X [P/Gr]' x [AY/Gn]'

The stack of relative prestable maps 7: C' — S to the universal deformation of
the [-step expanded degeneration of (7, %) is an open substack of the stack of
prestable curves m: C' — S endowed with the data

(i) ! line bundles with sections (1%, sr),..., (1}, s7) on S, which are pull-
backs of the tautological line bundles with sections on [A'/G,,]!,

(ii) one line bundle with section (Ly, sz,) on C, which is the pull-back of the
tautological line bundle with section on [A!/G,,],
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(iii) 27 line bundles with sections (Lio, sz, ), (Li,ecs S1;.,) for 1 <i <l on C,
which are pull-backs of the tautological line bundles with sections on the

i-th copy of [P!/G,,] induced by the equivariant line bundles with sections
<O<0)7 Zi) and <O<OO>? w’L) on Pl?

satisfying the conditions

(L[)a SLO) ® (L1,07 SLl,O) ~ 7 (T17 STI) (37)
(LLOOv SLl,oo) ® (L2,07 SLQ,O) ~ 7 (T27 5T2)

(L1005 SL1_1.00) @ (Lio, 51,0) = 7 (11, 873) -

By generalizing the gluing argument given in the case without expansion to all

these line bundles with sections, we obtain a proof of (3.6). We write

sB ::mF(%a@) :mf\e(g{w@)'
The second step is to study the obstruction theories. Consider the fiber diagram

Pr(X,D) —=— Pr\.(X, D)

lg lev@

Px X —2s 9 x (X, D)?

of stacks over . By (3.1) and (3.2), it is enough to show that the perfect ob-
struction theories (Rap . fiT(x,py)" and (Rmp\c . f;\eT( x,p))" are compatible over
Ayq. Here, mr, 7\ are the universal domain curves, and fr, fr\. are the univer-
sal relative stable maps composed with the contraction onto X of the expanded
targets.

Following the proof of the splitting formula in absolute Gromov-Witten theory
[7, Axiom III, Eq. (1)], we obtain a distinguished triangle

* * * Pk 1
(RrpveqfiveTix.0))" = (Rara fiT(x.0))" = o0 fT % (1] 4

where o, is the section of 7 defined by the node marked by e. The result is then

obtained from the compatibility of the above triangle with the cotangent complex
of Arela

LArel = T(\S(,D)[l] ) g*LArel = U:f*T(\_é(,D)[l] )

as argued in [7]. ¢
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Example 3.3. We illustrate the line bundles with sections appearing in the proof
of Theorem 3.2 in a straightforward example. Let

C%Z

ﬂl l

Al =5 Al

be a relative prestable map to a 1-parameter family v: Z — A! of expansions of
(X, D). Assume that the general fiber Z;. is not expanded and that the special
fiber Z, is the [-step expansion of (X, D),

Z():XOUP1U"'UPZ,

where we denote by Xy the copy of X in Z;. Then, the (pull-backs from the
universal case (X, D) = (&7, Z) of the) line bundles with sections appearing in
the proof of Theorem 3.2 are:

(i) for all 1 < i < I, (T;,s1,) = (Oar,s0) where sy is the section of Oy

vanishing at 0 € A!,

(i) (Lo,sL,) = [F(Oz(Pi+---+P)), sp,+..+p,), Where sp, ;... p, is the section
vanishing on P; U--- UP;, and

(iii) forall 1 <i <1, (Lio,51,,) = f*(Oz(Xo+P1+ - +Pi 1), sx04Py 4P,y )
where sx,+p,+..+p,_, is the section vanishing on XoUP;U---UP;_;, and
(Lioo: SLio) = [ (Oz(Piya + -+ + P1), sp,y 4yp, ), Where sp,, ip, I8
the section vanishing on P,,; U--- UP;.

For every 1 < i <[, we have

(Oz(Pi+ -+ P1),spgqp) @ (Oz(Xo + Pr+ -+ Pisy), sxp4P144P, 1)

= (OZ(ZO)’ SZO) )

where sz, is the section vanishing on Zy. As (Oz(Zy), sz,) = v*(Oa1,80), the
relations (3.7) hold.

3.5. Explicit form of the splitting formula.

3.5.1. The strict transform. To make practical use of the splitting formula given

by Theorem 3.2, we have to calculate A! . The crucial point is the following:

rel*
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A' #£ Al in the geometry

Pr(X,D) —= Pr.(X, D)

|k

rel

X — &9 (X, D)
\ lp

X xX.
Indeed, A,q(X) C (X, D)? is the strict transform of the diagonal A(X) C X x X
under the blow-up map

p: (X,D)* = X x X,

and not the total transform. Whereas we can use the Kiinneth decomposition of
the class of the diagonal A(X) to concretely compute A', we do not immediately
have such a decomposition for A.(X). To calculate Al , we will study how it
differs from A'.

Let R C (X, D)? be the locus in (X, D)? of pairs of points in (X, D) such that
X expands along D, both points are contained in the expansion, and both are
in the same fiber of the projection of the expansion on D. By the definition of
(X, D)2, we have

pUAX)) = A(X)UR. (3.8)
In other words, R is exactly the excess component responsible for the difference
between A' and A!

rel*

Lemma 3.4. The natural projection R — D is a trivial P'-bundle. Moreover,
the intersection Nei(X) N R = D is a section of this P-bundle.

Proof. There is an open subset U of R which parameterizes ordered pairs of points

(p1,p2) contained in a bubble
P = P(ND|X ®Op),

away from the sections Dy, Do of P, belonging to the same P!-fiber of the
projection P — D, and considered up to the G,,-action scaling the fibers of
P — D. For every such pair (p;,ps), there is a unique element g in G, such
that po = g - p1. It follows that U — D is a trivial G,,-torsor, with section sa
determined by the locus of pairs (py,ps) with p; = ps. The complement R\ U
is the union of the two sections of R — D given by having two bubbles, a point
in each bubble, and either p; or ps in the bubble attached to X. After adding
these two sections to the trivial G,,-torsor U — D, we obtain a trivial P'-bundle.
Finally, the intersection A,¢(X) N R is the section sp of R — D. ¢
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By Lemma 3.4, the inclusion Ag: R — (X, D)? is a regular embedding of
codimension dim X. Hence,

A=A = AL (3.9)

rel —

Next, we will compute AY%[Pr\ (X, D)]*". The answer, given in Theorem 3.9

below, is phrased in terms of nodal rubber Gromov—Witten invariants.

3.5.2. Nodal rubber Gromouv- Witten theory. The definition of a rubber stable map
[47, 48, 54] is similar to Definition 1.10 of a relative stable map. Over a geometric
point, a rubber stable map with target (D, Np|x) is a map

fi C — P
from a prestable curve to a chain P; of i-copies of the P!-bundle
P =P(Npx ® Op) = D

satisfying the following properties:

(i) No irreducible component of C' is entirely mapped by f into the singular
locus of P; or the divisors

DOaDOO CPla

where Dy is the zero section of the first copy of P and D is the infinity
section of the last copy of P. In addition, the relative multiplicities along
Dy and D, are fixed.

(ii)) The map f is stable in the sense that there are finitely many pairs (rq, ),
where 71 is an automorphism of C, ry € G! is an automorphism of P,
scaling the fibers of the bubbles, and for; =ry 0 f.

(iii) For each point p € C such that f(p) is contained in the singular locus of
P,, f is predeformable at p.

To such maps which only differ by the action of G! on P; are considered to be
isomorphic.

Definition 3.5. A (D, Npx)-valued stable rubber graph is a (P, DyU Dy )-valued
stable graph as in Definition 1.9 in all ways except two:

(i) the curve classes B(v) attached to the vertices v of I' are elements of
H (D), not of Hy (P).
(ii) vertices v with g(v) = 0, n(v) = 2, and S(v) = 0 are stable if there exists
at least one vertex v satisfying H, (D)-stability.
The second condition will permit multiple covers of the fibers over P — D rami-
fied over Dy and D, in the presence of other components. O
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For every (D, Np|x)-valued stable rubber graph G without edges, we denote

by
M (D, Npjx) (3.10)

the moduli stack of G-marked rubber stable maps to (D, Npx). Connected
components C,, of the domain curve of a G-marked rubber stable map are indexed
by the vertices v of G. A G-marked rubber stable map restricted to C), is of genus
g(v) with n(v) marked point and of class f(v). The relative multiplicities along
Dy and D, are prescribed by pug.

Let [Mq(D, Npix)]"™ be the virtual class given by rubber Gromov-Witten
theory [47, 48]. As in (1.12), we have a forgetful morphism

ec: Ma(D,Npix) = Mg (3.11)
remembering the domain curve.

Definition 3.6. For every (D, Np|x)-valued stable rubber graph v, we define the
moduli stack ﬂW(D, Np|x) of v-marked rubber stable maps by the fiber diagram

H:(D,ND‘X) — m;(D, ND|X)

Ly
m, > M-,

where 7 is the (D, Np|x)-valued stable rubber graph without edges obtained from
v by contraction of all edges, and M; (D, Np|x) and €5 are defined by (3.10) and
(3.11) applied to G = I'. In other words, a -marked relative stable curve is a
stable map with the data of a y-marking on its domain curve.

We define a virtual class on M;(D, Npix) by

[M:(D, ND‘X)]Vir = L;[m;(D, ND|X)]Vir . (312)

By the predeformability condition, we have a version of Lemma 1.12 for rubber
stable maps and hence a corresponding moduli stack

R,(D, Np)x) C M,(D, Np|x)

of y-marked rubber maps (with no y-marked node mapped in the singular locus of
the expanded target) which is a union of connected components of M., (D, Np|x).
We define a virtual class [R.,(D, Npx)]"™ by restriction of [M:(D, Npix)I'™ to
R,(D, Np|x). O

Definition 3.7. Nodal rubber Gromov-Witten invariants of (D, Np|x) of type
7 are defined by integration over [R. (D, Npx)|'", as in (1.15), with arbitrarily
psi-classes insertions at interior marked points but no psi-classes insertions at
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the relative marked points along Dy and D.,. A nodal rubber Gromov—Witten
invariant of (D, Np|x) is a nodal rubber Gromov-Witten invariant of (D, Npx)
of type v for some (D, Np|x)-valued stable rubber graph ~. O

3.5.3. Splitting. Additional notation is necessary to state the result of the com-
putation of A% [Pr\.(X, D)]'™ given in Theorem 3.9 below.

Definition 3.8. A boundary splitting o of '\ e is an ordered pair (71, y2), where
v is an (X, D)-stable graph and v, is a (D, Np|x)-valued stable rubber graph,
satisfying

(i) 71 and 2 have the same number ¢(o) of relative legs and relative legs to
Dy respectively,

(ii) for all 1 <14 < {(0), the relative multiplicity p,(7) attached to the i-th
leg of 41 is equal to the relative multiplicity g, (¢) attached to the i-th leg
of v, relative to Dy,

(iii) the labelling of legs of 71 and 7, form a partition of the labelling of legs
of I\ e, and the legs h and b’ of ' \ e are legs of 7s,

together with the extra data of an isomorphism between I' \ e and the graph
obtained by first gluing for all 1 < ¢ < {(o) the i-th relative leg of v; with the i-th
leg of 5 relative to Dy, then contracting the ¢(o) newly created edges, and finally
viewing the curve classes (v) € Hy (D) attached to vertices of v, as elements
of Hy (X) using the natural map H, (D) — H, (X) induced by the inclusion
D C X. In particular, we have a bijection preserving the relative multiplicities
between the set of relative legs of I' and the set of legs of v, relative to D,.

Two boundary splittings (71,72) and (7], 74) are isomorphic if there exist iso-
morphisms y; ~ 7} and 7, ~ 75 compatible with the data of the isomorphisms
between I' and the glued contracted graphs.

We denote by 0€r\. the set of isomorphism classes of splittings of I' \ e. Two
boundary splittings o, and o9 are equivalent if they differ by a permutation of
the labelling of relative legs. We denote by (‘3§p\e the set of equivalence classes
of splittings of I' \ e. For every o € dQr\., we denote by |Aut(c)| the order
of the group of permutations of the labelling of relative legs fixing one splitting
representative of the class o, and by

t(o) “(o)
m(a) = [T = L1 (0

the product of the ¢(o) relative multiplicities. O

Fix a boundary splitting o = (71,72) € 0\ of I'\ e as in Definition 3.8. As in
Definitions 1.13 and 3.6, let P, (X, D) and R.,(D, Np|x) be the corresponding
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moduli stacks of v;-marked relative stable maps to (X, D) and ~ye-marked rubber
stable maps to (D, Np|x) respectively, with the condition that no v;-marked node
is mapped to the singular locus of the expanded target. Evaluation at the relative
marked points corresponding to the relative legs of 77 and the legs of v, relative
to Dy defines a morphism

P, (X, D) x R,(D, Npix) — (D x D)“)
We denote by A, the diagonal morphism
A,: D" — (D x D))
and we form the fiber product

P’h(X?D) X pe(o) R’YQ(D’ND\X) I P’h(X?D) X R’YQ(D>ND|X)

| |

DY) 2o » (D x D)X

As in (2.4), (2.11), and (2.15), we have a natural gluing morphism
Vo Py (X, D) X puoy Ry (D, Npix) = Prve(X, D) .

Evaluation at the two marked points associated to the legs h and A’ of o

induces a morphism

€Ve ! R'yz(DaNDLX') —DxD.

For rubber stable maps, we do not have an evaluation morphism valued in P
because of the quotient by the scaling G,,-action, but the composition with the
contraction of P on D is well-defined. Finally, we form the fiber diagram

RWAQD(D’ ND\X) E— R’Y2(D’ ND|X)

| !

D 22 . DxD,

where Ap: D — D x D is the diagonal morphism.

Theorem 3.9. For every (X, D)-valued stable graph I' and every edge e of T,

AR[Pr\e(X, D) =

Z B %\Ijm*AL(W%K‘X, D)™ x A!D[R,m(D’ND'X)]Vir).

o=(71,72) €0\ ¢
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Proof. Let E be the exceptional divisor of the blow-up (X, D)? — X x X, the
locus in (X, D)? where X expands along D and both points are in the expansion.
The regular embedding

Ar: R — (X, D)?
of codimension dim X is the composition of the regular embeddings

igp: R—FE and 1p: E— (X,D)?

of codimensions dim X — 1 and 1 respectively. Remembering the projections to
D of the two points contained in the expansion defines a morphism £ — D x D,

and we have a fiber diagram

R
l l (3.13)
D -2, DxD.
We introduce the notation
OPR2(X, D) = Py (X, D) X pery REP (D, Npjx)
02(71772)6851"\5
and
OPr\o(X, D) := | ] P, (X, D) X peo) Roy (D, Npix) -

02(71772)686F\e
We claim that we have a fiber diagram

OPAD(X, D) —— OPro(X, D) — Pr(X, D)

£ | £ lew

£ (X,D)?.

LR,E

Indeed, R imposes:
(i) an expansion of the target, with the marked points associated to h and A’
mapping to the expansion.
(ii) coincident images in D of the marked points associated to h and '
The set Qﬁp\e parameterizes exactly the possible combinatorial types of such
expansions (i). Condition (ii) is imposed by the diagonal Ap: D — D x D.
To prove Theorem 3.9, we first show

tp[Prie(X, D)™ =

S

S 8 (P (X DI X (R (DN (314)

o= (71 772)6851"\5
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The proof of (3.14) is parallel to the proof of the nodal degeneration formula
given in detail in §2.3 - 2.4. Let F—\e be the graph without edges obtained by
contracting all edges of I' \ e, as in Definition 1.2. The analogue of (3.14) with
[\ e replaced by F—\e holds by the usual gluing formula in relative Gromov—
Witten theory describing the virtual divisor of the moduli stack of relative stable
maps where the target expands in terms of moduli stacks of rubber stable maps
[48]. To obtain (3.14), we apply L!F\e to the latter formula and restrict to the
locus where the I"\ e-marked nodes are not mapped to the singular locus of the
expanded targets.

Theorem 3.9 follows by applying L’RE to both sides of (3.14). On the left side,

we use

L!R,EL!E = A!R
by functoriality of the Gysin pull-back [26, Theorem 6.5]. On the right side,
we use vy p = A by (3.13) and the fact that A}, commutes with ¥, , and A,

by general properties of the Gysin pullback ([26, Theorem 6.2 a)], [26, Theorem
6.4]), similar to Lemmas 2.4 and 2.5. ¢

We state below the splitting formula in the final and most explicit form.

Theorem 3.10. For every (X, D)-valued stable graph T and every edge e of T,
[Pr(X, D)™ = A'[Pr (X, D)™

Z m(o) \ _ ‘ .

J— \Ij *A X,_D vir A ) D,N vir .

_ JAut(o)| 7 o([Pau )] X AD[Ray( pix)]"™)
o=(71,72) €00\

Proof. By Theorem 3.2, we have [Pr(X, D)]vir — A!rel[PF\e(X, D)]Vir, By (3.9),

we have
Airel = A! - A'R :
Finally, A% [Pr\.(X, D)]"" is given by Theorem 3.9. ¢

Example 3.11. We illustrate Theorem 3.10 with a basic example. Let X = P!
and D = {0} C P'. Let ' be the graph with two vertices v; and v, (of genus
g(v1) = g(vy) = 0, class B(v1) = B(ve) = 1 € Zsoy = Hy (P'), and each with
a relative leg of relative multiplicity 1) connected by an edge e as illustrated in
Figure 3.2.

A general element of Pr(P!, D) has a domain curve consisting of two P! com-
ponents connected by a node o, and each of these P'-components is mapped
isomorphically to the target X = P!. Such relative stable map is uniquely de-
termined by the position of the image of o, in P!. When the image of o, tends
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FIGURE 3.2. The (P!, 0)-valued stable graph T' and a T-marked
relative stable map bubbling as the image of the node o, tends to
D ={0}.

to D = {0}, the target expands, and the limit stable map is unique. Hence, we
have an isomorphism

Pr(P',0) ~ P*

—

given by the image of o..

On the other hand, Pr\. (P',0) is a moduli space of disconnected relative stable
maps. A general element of Pr\.(P',0) has a domain curve consisting of two
disjoint P'-components, each mapping isomorphically to P! and each with an
extra marked point. These two extra marked points p; and p, correspond to the
interior legs of '\ e created by splitting the edge e of I'. When the image of p;
or ps tends to 0, the target expands. In other words, taking the image of (py, po)
defines an isomorphism Pp\.(P*,0) ~ (P*,0)* with the moduli space (P',0)* of
pairs of ordered points in (P!,0). Via the isomorphisms

PF(Pl, 0) = ]P)l and Pr\e(Pl, 0) = (]P)l, 0)2 s
we can view Pr(P!,0) as the strict transform A, of the diagonal
A=P CcP' xP'.

The splitting formula of Theorem 3.10 reduces to the expression (3.8) of A,q as
the difference between the total transform of A and the correction term R, which
here is the exceptional divisor of the blow-up (P!, 0)?> — P! x P! at the point
(0,0), as in Figure 3.1. Concretely, R is a moduli space of rubber maps from the
disjoint union of two 1-marked degree 1 copies of P! to a bubble. The relative
position of these two marked points up to the scaling action of G,, on the bubble
induces an isomorphism R ~ P!
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3.6. Nodal rubber calculus. A (P, DyU D,)-valued stable graph ' is of mul-
tiple fiber type if o/ consists of disconnected vertices v satisfying

g(U) = 07 n(v) = 2a P*B(U) = Oa
where p: P — D is the projection.

Definition 3.12. For every (P, Dy U D, )-valued stable graph ' not of multiple
fiber type, we define a (D, Np|x)-valued stable rubber graph p.v' by the following
procedure. For every vertex v of 4/, we replace the class 3(v) € H; (P) by the
class p.3(v) € Hy (D).

Furthermore, for every (D, Np|x)-valued stable rubber graph =, let =, be the
set of (P, Dy U D, )-valued stable graphs 4" such that p,y = 7. O

Let v be a (D, Np|x)-valued stable rubber graph. For every 4" € Z,, we have
a natural forgetful morphism

Tyt PV’(P’ DO U Doo) — R,Y(D, ND\X) ,

obtained by viewing a relative map as a rubber map and stabilizing if necessary.
The morphism 7. is well-defined because components of the domain curves con-
tracted by the stabilization are P!-covers of P!-fibers of p fully ramified over D,
and D, and in particular do not contain and are not adjacent to a +'-marked

node.

Lemma 3.13. Let y be a (D, Npx)-valued stable rubber graph and ¢ an interior
leg of v. For every v € =, let
evy: Py(P,DyU D) = P
be the evaluation morphism at the marked point marked by €. Then,
[Ro(D, Nppx)I™ = 7y (evi([Do]) N [Py (P, Do U Do )]™)
Y E€Ey
= Y (i (D)) N [Py (P, Dy U D)™,

v EEy
Proof. We prove the result for evj([Dp]). The result for ev}([Dx]) will follow by
symmetry. To simplify the notation, we write R, for R,(D, Np|x) and P, for
P (P,DyU Dy,).

Let 7 be the (D, Np|x )-valued stable rubber graph without edges obtained from

7 by contracting all edges, as in Definition 1.2. There exists a unique 7' € =5

such that the moduli stack Ps is not empty. Indeed, for every vertex v of 7 with
class B(v) € Hy (D), there exists a unique class 3'(v) € H, (IP) satisfying

pfB(v) = B(v),
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and such that the intersections numbers G(v) - Dy and f(v) - Do, are equal to the
sums of relative multiplicities of legs of 7 relative to Dy and D, adjacent to v.
According to the rigidification result [54, Lemma 2], we have

[Rs]"" = 7 . (evi([Do]) N [P]"™) . (3.15)

We apply L! to both sides of (3. 15) where ¢, : M, — M5 defines the y-marking.
By deﬁmtlon the restriction of ¢\ [R<]"" to R, is [R,]"". It remains to compute
the restriction to R, of

L!yﬁ’,*(eVZ([DO]) N [P5]%).

The diagram
|_|'y 'eE 7) 1 P !

T,Y/l lTﬁ’

R, — Ry

M, — My

is the restriction of a fiber diagram to the locus where the v-marked nodes are
not mapped to the singular locus of the expanded target. Indeed, a ~-marking
of a rubber stable map obtained by the forgetful morphism from a relative stable
map naturally defines a 7/-marking of this relative stable map: for every vertex
v, define 3(v) € Hy (P) as the class of the component of the relative stable map
marked by the vertex v.

By compatibility of the Gysin pull-back with proper push-forward [26, Theorem
6.2 a)], we deduce that, after restriction to Ry,

L!VTW’,*(GVZ([DO]) Vlr Z T eVe ([Do]) N [qu]Vir)ﬂm-

v E€Ey

On the other hand, for every 7' € Z,, we have in restriction to P,
Ty (ev} ([Do]) N [Py]"™) = 7 1l (evi ([Do]) N [P5]™™)

where L}y/ is defined using the diagram

Py — Py
- ) |
m, — My .

Therefore, it is enough to show for every 7' € =, that, after restriction to P,

(¢ (evi ([Do]) N [Py ] Dlp,, = e (evi([Do]) N [P]*™).
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The claim follows from the existence, implied by (1.4) and the fact that the
components of the domains curves contracted by the stabilization do not contain
and are not adjacent to a 7-marked node, of a canonical isomorphism between
the pullbacks of normal bundles

(7’7/ o 57)*NW ~ €TY'NL~/’
on P.. ¢

3.7. Nodal relative in terms of absolute. We are now in position to prove
the main reconstruction result for nodal relative Gromov-Witten theory.

Theorem 3.14 (Theorem C). Let X be a smooth projective variety over C and
D C X a smooth divisor. Then, the nodal relative Gromov-Witten invariants of
(X, D) can be effectively reconstructed from the Gromov—Witten invariants of X,
the Gromov—Witten invariants of D, and the restriction map H*(X) — H*(D).

Proof. We prove by induction on k the following claim:

For every k € Zso, for every pair (X,D), and for every (X, D)-valued stable
graph T' with |Er| = k edges, the nodal relative Gromov—Witten invariants of
(X, D) of type T can be reconstructed from the Gromov—Witten invariants of X,
the Gromov—Witten invariants of D, and the restriction map H*(X) — H*(D).

In the base case k = 0, the claim holds by [54, Theorem 2].

If £ > 0, let e be an edge of I', obtained by gluing half-edges h and h'. By the
splitting formula of Theorem 3.10 and the Kiinneth decompositions of the classes
of the diagonals

A X 5 XxX, A:D" = (DxD)Y), Ap:D—-DxD,

the nodal relative Gromov—Witten invariants of (X, D) of type I' can be computed
in terms of nodal relative Gromov—Witten invariants of (X, D) of type I' \ e and
71, and the nodal rubber Gromov-Witten invariants of (D, Npjx) of type 72,
where 71 and 7, run over all boundary splittings (y1,72) € 9Qr.

A (D, Npx)-valued stable rubber graph of the form 7, contains the interior legs
h and h' coming from splitting the edge e of I'. Hence, we can apply Lemma 3.13
to 2 to deduce that the nodal rubber Gromov—-Witten invariants of (D, Np|x) of
type 72 can be computed in terms of the nodal relative Gromov-Witten invariants
of (P,DyU D) of types 7, € Z,,. Here, we are using the fact that the forgetful
morphism 7., in Lemma 3.13 is compatible with cotangent lines (no marked point
lies on a component contracted by stabilization from relative to rubber).

Hence, the nodal Gromov—Witten invariants of (X, D) of type I can be com-
puted in terms of the nodal relative Gromov—-Witten invariants of (X, D) of type
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I'\ e and 7, and the nodal relative Gromov-Witten invariants of (P, Dy U D)
of type 75. As |Ep\.|, |E,,| < k, by the induction hypothesis, the nodal relative
Gromov—Witten invariants of (X, D) of type I'\ e and 7, can be effectively recon-
structed from the Gromov—Witten invariants of X, the Gromov—Witten invariants
of D, and the restriction map H*(X) — H*(D). As [E,| < k, by the induc-
tion hypothesis, the nodal relative Gromov-Witten invariants of (P, Dy U D)
of types 74 can be reconstructed from the Gromov-Witten invariants of P, the
Gromov—-Witten invariants of D and the class ¢;(Npx) € H*(D). Finally, the
Gromov-Witten invariants of P can be reconstructed from the Gromov-Witten
invariants of D and ¢;(Npx) € H*(D) by [54, Theorem 1]. ¢

4. GROMOV—WITTEN THEORY OF COMPLETE INTERSECTIONS

We present here the main result of the paper: an algorithm computing Gro-
mov—Witten invariants with arbitrary insertions of all smooth complete intersec-
tions in projective space. The main idea is to trade primitive insertions against
nodes. After reviewing Deligne’s results on the monodromy of complete intersec-
tions in §4.1 and presenting basic aspects of the invariant theory of the orthogonal
and symplectic groups in §4.2 - 4.6, the precise formulation of the trading idea
is presented in §4.7. Once Gromov—Witten invariants with primitive insertions
are turned into nodal Gromov-Witten invariants without primitive insertions,
we use the general nodal Gromov—Witten theory developed in Sections 1 - 3 to
determine an algorithm in §4.8. As a consequence of the method, we prove the
Gromov-Witten classes of complete intersections are tautological in §4.10.

To illustrate this idea of trading primitive insertions against nodes, consider
the example of an elliptic curve'! E with cycles a,b € H*(E). Suppose we want to
compute Gromov—Witten invariants in genus g, degree d, with simple insertions
and two primitive insertions uia + v1b and usa + vob. Such an invariant is equal

to
uyug(a, a)? + uyva{a, b)Y + viug (b, a)® + vive(b, )7, (4.1)

where we have suppressed all the simple insertions (and almost everything else)
in the notation. A priori, we have four constants in (4.1) to determine. However,
using the deformation invariance of Gromov—-Witten, we can reduce four constants

to just one. Indeed, by a deformation of £ we can transform the cycles

(a,b) — (a,a+b).

HE may be viewed here as a cubic in P2.
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It follows that (a,a)® = 0 and similarly (b, b)¥ = 0 and (a, b)® = —(b, a)”. Hence,
the Gromov—Witten invariant (4.1) is equal to

(urve — ugvy){a, b}E.

To determine (a,b)”, we use nodal Gromov-Witten invariants of genus g + 1.
By the splitting formula, the node can be replaced by two marked points with

insertions
1 p+a®b—>bRa+pR1,

where p € H%(FE) is the class of a point. Thus, the nodal Gromov—Witten invari-
ant is equal to a sum of Gromov-Witten invariants with simple insertions (1 and
p) and 2 (a,b)?. We have expressed (a,b)” in terms of a nodal Gromov—Witten
invariant and Gromov—Witten invariants with simple insertions.

We will generalize the above discussion of E to an arbitrary number of primitive
insertions and to all complete intersections. While the monodromy on H'(FE)
played a central role in [38, 60|, the addition input there was a set of elliptic
vanishing relations. While the method of elliptic vanishing does not easily extend
to higher dimensions, trading against nodes does.

4.1. Monodromy of complete intersections. Let m be a positive integer and
(dy,...,d,) atuple of r > 1 positive integers. Let

Uc[[rPE @, 0d)))
i=1
be the open subset parameterizing smooth m-dimensional complete intersections
of degrees (dy,...,d,) in P™*". We fix a point v € U, and we denote by X the
corresponding smooth complete intersection in P,
By the Lefschetz hyperplane theorem, the restriction map in cohomology

H'(P™") — H'(X)
is an isomorphism for ¢ # m and 0 < i < 2m. We have a decomposition
H™(X)=H™"P"") ¢ H™(X)prim

where H™(X)prim is the primitive cohomology, the subspace of H™(X) annihi-
lated by the hyperplane class. A class v € H*(X) is simple if «y lies in the image
of H*(P™*") and primitive if v € H™(X)prim-

The fundamental group 71 (U, u) of U based at u acts on the primitive cohomol-
0gy H*(X)prim. The (algebraic) monodromy group G is, by definition, the Zariski
closure of the image of m1 (U, u) in the algebraic group Aut(H*(X)pim ® C) of
linear automorphisms of H*(X)pim @ C.
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We review below the known explicit description of the monodromy group G
depending on the parity of the dimension m of X. If the dimension m of X
is odd, then the intersection pairing defines a skew-symmetric non-degenerate
bilinear form w on H™(X). Moreover, as the odd cohomology of P™*" is zero,
the entire cohomology H™ (X)) is primitive. Let Sp(V') be the complex symplectic

group of automorphisms of
Vi=H"X)uim®@C=H"X)®C
endowed with w. As the monodromy preserves w, we necessarily have G C Sp(V).

Proposition 4.1. If dim(X) = m is odd, then the monodromy group G acting
on the primitive cohomology V' is as large as possible: G = Sp(V).

Proof. The result follows from [19, Theorem 4.4.1] applied to a Lefschetz pen-
cil of sections of a complete intersection of dimension m + 1 and multidegree
(dy,...,d,—1) by degree d, hypersurfaces (such Lefschetz pencils exists by [20,
XVII, Theorem 2.5.2]). ¢

On the other hand, if the dimension m of X is even, then the intersection
pairing defines a symmetric non-degenerate bilinear form o on H™(X). The
primitive cohomology H™ (X )prim is the orthogonal with respect to « of the image
of the restriction map H™(P™*") — H™(X). We also denote by « the symmetric
non-degenerate bilinear form obtained by restricting o to H™ (X )prim. Let O(V)
be the orthogonal group of automorphisms of

V= H™(X)prim ® C

endowed with a. As the monodromy group preserves a, we necessarily have
G C O(V).

Proposition 4.2. If dim(X) = m is even, then the monodromy group G acting
on the primitive cohomology V' is as large as possible, G = O(V'), except if X is
a cubic surface or a complete intersection of two quadrics. Furthermore,

(i) if X is a cubic surface, then G = W (Ej),

(ii) if X is a complete intersection of two quadrics, then G = W (Dy,3),
where W (R) denotes the Weyl group of the root system R.

Proof. We consider a Lefschetz pencil of sections of a complete intersection of
dimension m + 1 and multidegree (dy, ..., d,_1) by degree d, hypersurfaces (such
Lefschetz pencil exists by [20, XVII, Theorem 2.5.2]). We denote by G’ C O(V)
the Zariski closure of the image of the corresponding monodromy representation.
By [19, Theorem 4.41], we have either G’ = O(V') or G’ is finite. By [20, XIX,
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111 - N

(4) (3,1) (2,2) (2,1,1) (1,1,1,1)

FIGURE 4.1. Partitions of 4 and the corresponding Young diagrams

Proposition 3.4], G’ is finite if and only if the primitive cohomology V' is entirely
of Hodge type (m,m), and so, using [20, XI, §2.9], if and only if X is a quadric,
a complete intersection of two quadrics, or a cubic surface. If X is not of these
cases, we therefore have G = O(V).

If X is a quadric, then by [20, XIX, §5.2], the primitive cohomology V is of
dimension 1, and G = W(A;) = {£Id}, which is also equal to O(V).

If X is a a cubic surface or a complete intersection of two quadrics, the result
is contained in [20, XIX, §5.2-5.3]. ¢

4.2. Pairings and the representation theory of the symmetric group. As
will be described in more detail in §4.7, the Gromov-Witten invariants of a com-
plete intersection X can naturally be viewed as multilinear forms on the primitive
cohomology V of X. Deformation invariance implies that these multilinear forms
are invariant under the action of the monodromy group G on V. By Propositions
4.1-4.2, G is in most cases a symplectic or orthogonal group. After a discussion
of the representation of the symmetric group, we will review the invariant theory
of orthogonal and sympletic groups in §4.3 and §4.4 as preparation for §4.7. For

a more comprehensive review, see [27, 61, 73].

Definition 4.3. A partition of a positive integer n is a sequence of positive

integers

A= (A, \) (4.2)
satisfying A\ > --- > ANand n = A\ 4+ --- + \p. We write A = n to indicate that
A is a partition of n. Let £(\) = ¢ be the length of . O

Definition 4.4. A Young diagram is a finite collection of boxes arranged in
left-justified rows, with the row sizes weakly decreasing'?>. The Young diagram
associated to the partition A = (Ay, Ag,..., A¢) has £ rows and \; boxes on the
i-th row, see Figure 4.1. O

12Apart from the English convention which we use here, in recent references one can also

find the French convention, which is the upside-down form of the English convention.
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1 2 3 4 5 6 7 8
FIGURE 4.2. The arc diagram of the pairing (14)(25)(37)(68)

The conjugacy classes of irreducible representations of the symmetric group .5,
are in a natural (up to a sign) one-to-one correspondence with partitions of n
(or with the Young diagrams with n boxes). We denote by p, the irreducible
representation of S,, corresponding to the partition \. We use the convention
that the trivial representation corresponds to the partition (n), or to the Young
diagram with a single row, whereas the 1-dimensional sign representation e, which
sends every element of .S, to its sign, corresponds to the partition (1,...,1), or

to the Young diagram with a single column.

Definition 4.5. An n-pairing is a fixed-point free involution on the set {1, ..., 2n}.
We specify an n-pairing by listing the transpositions formed by an element and

its image under the involution, so
(1,2)(3,4)...(2n — 1,2n)

is an n-pairing. We can also represent an n-pairing by the associated arc diagram,

see Figure 4.2. We will often call an n-pairing just a pairing. O

We denote by P, the set of n-pairings. Let CP,, be the vector space

CP, = €p CP. (4.3)

pPcPy,

The number of n-pairings is
@n—Dl=02n—1)x (2n—3) x---x3x 1,

so CP, is a vector space of dimension (2n — 1)!l. There is a natural permutation
action of the symmetric group Ss, on P, inducing a representation of Sy, on
CP,,, which we denote by p,. By [65, Theorem (6.2.1)], see also [67, A.2.9] or
(52, VIL.2, (2.4)]), the decomposition of p,, into irreducible representations of Sy,
is given by

m= B (4.4)

A-2n
A has even rows



62 H.ARGUZ, P. BOUSSEAU, R. PANDHARIPANDE, AND D.ZVONKINE

FIGURE 4.3. The loop number of pairings (14)(25)(37)(68) and
(12)(34)(57)(68) equals 2.

Each representation appears in the decomposition with multiplicity 1. We denote
by

cP.= P M (4.5)

AF2n
A has even rows

the underlying canonical decomposition of vector spaces.

Example 4.6. For n = 2, we have
Py = {o- [(12)(3)] +y- [(13)(24)] + 2 [(14)(23)] }

which is the direct sum of the trivial representation p() of Sy on the linexr =y = 2
and the representation p ) on the plane x +y + 2z = 0. In general, p, always
contains a copy of the trivial representation pa,) of Sa,, generated by > pep P,

and the corresponding Young diagram has a single row with 2n boxes.

Definition 4.7. We associate the following numbers to n-pairings:

e Two pairs in an n-pairing form a crossing if they can be written as (i, k)
and (j,¢) with i < j < k < £. We denote by ¢(P) the total number of
crossings in an n-pairing P.

e The loop number L(Py, P,) associated to two pairings P; and P, is the
number of loops in the union of their arc diagrams. The product of per-
mutations P, P, has 2L cycles. O

Example 4.8. Consider the pairing P, = (14)(25)(37)(68) from the previous
example and the pairing P, = (12)(34)(57)(68). Then ¢(P1) =4, ¢(P,) = 1, and
L(Py, Py) = 2, see Figure 4.3.

4.3. Invariant theory for the orthogonal group. Let V be a k-dimensional
complex vector space endowed with a non-degenerate symmetric bilinear form «,
and let

O(V) c GL(V)

be the corresponding orthogonal group.
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For every 1 < 1,5 < 2n, define
i V' — C
(V1, ..., v2,) —> a(v;,v5) .
For a pair p = (i, ), we write a, := ;. For an n-pairing P € P,,, we define

ap = H a, € (V)& (4.6)
peEP
by multilinearity. As ap lies in the invariant subspace ((V*)®2)0(V) c (1/*)®2n
under the action of O(V'), we obtain a linear map
@: CP, — ((V*)®2m)0) (4.7)
P— ap,
which is a morphism of representations of the symmetric group S, since «a is
symmetric. The action of Sy, on CP, is defined by the representation p,, in (4.4),
and the Sy,-action on ((V*)®27)9(V) defined by the permutation of factors.

Basic results in the invariant theory of O(V') characterize the invariant subspace
((V*>®2n)O(V) C V®2n‘

Theorem 4.9 ([65]). For every n € Z>q, the map
©: CPn N ((V*)®2n>O(V)

of (4.7) is surjective with kernel

Keo= @ M\ c CP,= & M. (4.8)
A+
A has e’u2ez rows A has)\e';zez rows
L(A)>k+1

In other words, the map ¢ induces an isomorphism

(V)= V~ @ M, c CP,. (4.9)

AF2n
A has even rows
LN <k

Moreover, for every n € Zso, the space ((V*)22+1)OWV) equals 0.

Proof. The surjectivity of p follows from the first fundamental theorem of invari-
ant theory for the orthogonal group, see [65, §11.2.1, Thm, p390]. By the second
fundamental theorem of invariant theory for the orthogonal group in the form of
(65, §11.6.3.1, Theorem 1, p413], the kernel of ¢ is given by (4.8).

The vanishing of the invariant subspace of (V*)®2*1 follows from the fact that

—Id € O(V)

acts as —Id on (V*)®2"1 5o the only invariant vector is 0. ¢
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Example 4.10. According to Theorem 4.9, every O(V)-invariant element of
(V*)®4 has the form

T - Qo034 + Y - Q13024 + 2 - Qt14Q03 .

If £ > 2, then z,y, z are simply the coordinates on the invariant space. Indeed,
the two partitions of 4 into even elements are (4) and (2,2), and none of them
has > k + 1 elements.

The case k£ = 1 is special, since then 2 > k£ + 1. By Theorem 4.9, the space
M2,9) must lie in the kernel of ¢. To check this claim directly, we denote by u;
the coordinate in the ith copy of V. Then, o;; = u;u;. Thus

(2034 = (13024 = (X423 = U U2U3UY -
The relations span the kernel x +y + 2z = 0 of ¢, which is precisely M3 ).

4.4. Invariant theory for the symplectic group. Let V' be a 2k-dimensional
complex vector space endowed with a non-degenerate skew-symmetric bilinear
form w. Let
Sp(V) Cc GL(V)
be the corresponding symplectic group. The invariant theory for the symplectic
group is very similar to the orthogonal case, but care must be taken with the
signs.
For every 1 <14, < 2n, define

Wij V®2n — C
(V15 .+, V2) —> w(v;,05) .
For a pair p = (7,7) with i < j, we write w, := w;;. For an n-pairing P € P,,, we
define
wp = (=) [ w, € (V)= (4.10)
peP
where ¢(P) is the number of crossings in P (see Definition 4.7). Clearly, wp lies
in the invariant subspace ((V*)®27)5(V) 5o we obtain a linear map
P CP, — ((V*)&2)SeV) (4.11)
Pr+—— wp.

The sign convention involving the number of crossings in the definition of wp
in (4.10) is necessary for the following result to hold.

Lemma 4.11. The map : CP, — ((V*)®2)5(V) of (4.11) is a morphism of
representations of So,, where
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(i) the action of Sa, on CP, is given by p, ® €, where p, is as in (4.4) and
€ is the sign representation,
(ii) the action of Sa, on ((V*)®27)S°(V) s given by permutations of the 2n

factors.

Proof. 1t is enough to show, for every elementary transposition 7 = (i,i+1) € Sa,,
we have

Wrp = —T Wp. (4.12)
o If (i,i + 1) is a pair of the pairing P, then 7 - P = P, s0 w,.p = wp. On the
other hand, 7-wp = —wp, because w is skew-symmetric, and (4.12) holds.
e If i and 7 + 1 belong to two different pairs, then let 7- P = P’. We have
wr;.p = wpr. The pairing P’ has exactly one crossing more or less than P. If we
sort the elements of each pair of P in increasing order and then permute ¢ and
i + 1, the elements of every pair of P are still sorted in increasing order. Thus

we have 7 - wp = —wpr, so (4.12) holds again. ¢

Basic results in the invariant theory of O(V') characterize the invariant subspace
((V*)(X)Qn)Sp(V) C (V*)®2n_

Theorem 4.12 ([65]). For every n € Z>q, the map
: CP, — ((V7)®2m)3elV)
of (4.11) is surjective with kernel
Kerp= P My C CP,. (4.13)

AF2n
A has even rows
A1 >2k+2

In other words, the map v induces an isomorphism

(v~ @y My, C CP,. (4.14)

AF2n
A has even rows
1<

Moreover, for every n € Zsq, the space ((V*)®2+1)5P(V) equals 0.

Proof. The surjectivity of 1 follows from the first fundamental theorem of invari-
ant theory for the symplectic group, see [65, §11.2.1, Thm, p390]. By Lemma
4.11, we can apply the second fundamental theorem of invariant theory for the
symplectic group in the form of [65, §11.6.3.2, Theorem 2, p414]. The kernel of
1 is then given as a subrepresentation of p, ® € by

@ Dx . (4.15)

AF2n
A has even columns
L(N)>2k+2
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As py ® € = py, where X' is the transposed Young diagram, the kernel of 1,
viewed simply as a linear subspace of CP,, is given by (4.13).
The vanishing of the invariant subspace of (V*)®?"*1 follows from the fact that

—Id € Sp(V)
acts as —Id on (V*)®?"+1 50 the only invariant vector is 0. ¢

Example 4.13. According to Theorem 412, every Sp V)-invariant element of
g
([/ *>g4 has the form

T - WiaW3g — Y - W13Wog + 2+ W1aWaz .

If £ > 2, then z,y, 2z are simply the coordinates on the invariant space. Indeed,
the two partitions of 4 into even elements are (4) and (2,2), and none of them
has elements > 2k 4+ 2.

The case k = 1 is special, since 4 > 2k + 2. By Theorem 4.12, the space My,
must lie in the kernel of . To check this claim directly, we denote by u;, v; the
coordinates in the ¢th copy of V. Then, w;; = u;v; — vju;. These polynomials

satisfy the well-known Pliicker relation
W12Ws3q4 — Wigwag + wigwoz = 0.
This relation spans the kernel x = y = 2 of 1, which is precisely M ).

4.5. The loop matrix. Building on the representation theory reviewed in §4.2 -
§4.4, we describe here a family of matrices which will be used in §4.6 -§4.7 to show
that primitive insertions in Gromov—Witten theory of complete intersections can
be traded against nodes. Such matrices have also appeared in various places in
the literature, particularly in [34, §3|, [52, §VIL.2], [76, §3], and, in the study of
the tautological ring, in [68].

Definition 4.14. For every n € Zsq, the loop matriz M(n, z) is the (2n — 1)!! x
(2n — 1)!! matrix with entries indexed by pairs of n-pairings P, P' and given by

M(n, x)ppr = 2HEE

where L(P, P') is the loop number of the pairings P and P’ (see Definition 4.7),
and x is a formal variable (which will be eventually specialized to integer values).
The matrix M(n, z) canonically acts as an endomorphism of the vector space

CP, = B pecp, CP. O

Proposition 4.15. The direct sum decomposition

cr.= P M.
A2

n
A has even rows
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given in (4.5) is an eigenspace decomposition for the loop matrix M(n,z). More
precisely, for every partition A b 2n with even rows, the subspace My C CP, is

an eigenspace of M(n, ) for the eigenvalue

I[] @-i+2i-1), (4.16)

(i,5)E€FA

where %)\ is the partition whose parts are half of those of A. The product (4.16)
15 over the boxes of the Young diagram of %/\, where 1 is the row index, starting
at 1 and increasing when going downwards, and j is the column index, starting
at 1 and increasing when going from left to right.

Proof. There are several existing proofs in the literature. Following Zinn-Justin
[76, §3], there exists a lift of M(n,x) to an element of the group algebra of Sy,
expressed in terms of Jucys-Murphy elements [76, Lemma 1]. The final result
can be found in the paragraph above [76, Proposition 5]. An alternative proof by
Hancon-Wales can be found in [34, Theorem 3.1]. A more expository presentation
with the same approach is contained in §VII.2 of Macdonald’s book [52], where
a more general result follows from the theory of zonal symmetric polynomials.

We summarize here the approach taken in Macdonald’s book. Let P and P’
be two n-pairings. Each loop in the graph obtained by gluing together the arc
diagrams of P and P’ has even length. The half-lengths of these loops define a
partition A(P, P') of n. In particular, the loop number L(P, P’) is exactly the
length of this partition: L(P, P") = {(A(P, P")).

Let M(n,zy,...,2y) be the (2n — 1)!! x (2n — 1)!! matrix whose entries in-
dexed by pairs P and P’ of n-pairings are given by the power-sum symmetric
polynomials pxp,p) (71, - ,2x) in some number N of variables. According to
(52, VIL.2, Example 5], for every A I 2n with even rows, the subspace M, C CP,
is an eigenspace for M(n,xy,...,zy), and the corresponding eigenvalue is the
zonal symmetric polynomial Z 1 y(x1,-++ ,xn). We now consider the specializa-

tionxzy =---=xzn5 =1. As

)

paepy(l,..., 1) = NIXPP)) — NL(PFP)

we have M(n,1,...,1) = M(n, N). On the other hand, we have
L,

).
(1....0)= J] W—i+2i-1)

.. 1
(1.7)€5A

by [52, VIL.2, Eq (2.24)-(2.25)], which proves Proposition 4.15 for x specialized

to a positive integer N. As the dependence of M(n,z) on x is polynomial, the
argument actually proves Proposition 4.15 in general for any . ¢
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Corollary 4.16. For every k € Zsq, the endomorphism M(n, k) preserves the

direct sum decomposition

cr.= € M.

AF2n
A has even rows

Moreover, M(n, k) is zero when restricted to the subspace

@ M, c CP,

AF2n
A has even rows
L(A)>k+1

and invertible when restricted to the subspace

b mccr.
n
A has even rows
LN <k

In particular, for every k-dimensional complex vector space V' endowed with a
non-degenerate symmetric bilinear form o, the endomorphism M(n, k) preserves
the subspace of invariants ((V*)®2")°V)  wviewed as a subspace of CP, via (4.9),

and the restriction of M(n, k) to the subspace of invariants is invertible.

Proof. By Proposition 4.15, M, C CP,, is an eigenspace of M(n, k) for the eigen-
value
ak)= J] k—i+2j-1).
(i,J)€LN
We have ((3X) = €(X). If £(X) > k+ 1, there exists (i,7) € A with i =k + 1 and
j =1, and so ¢x(k) = 0. If £(\) < k, then, for every (i) € 3A, we have i < k.
As j > 1, we obtain k —i+ 25 — 1> 1, and so ¢y (k) # 0. ¢

Corollary 4.17. For every k € Z>q, the endomorphism M(n, —2k) preserves the

direct sum decomposition

CP,.= @ M.

AF2n
A has even rows

Moreover, M(n, —2k) is zero when restricted to the subspace

b wmccr,
AF2n

A has even rows
A1 >2k+2

and invertible when restricted to the subspace

@ M, c CP,.

AF2n
A has even rows
152
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In particular, for every 2k-dimensional complex vector space V' endowed with a
non-degenerate skew-symmetric bilinear form w, the endomorphism M(n, —2k)
preserves the subspace of invariants ((V*)%2")5P\V) viewed as a subspace of CP,
using (4.14), and the restriction of M(n,—2k) to the subspace of invariants is
invertible.

Proof. By Proposition 4.15, the eigenvalue of M(n, —2k) restricted to M, C CP,
is
da(k):= [ (-2k—i+2j-1).
(i,5)ELN

If \y > 2k+2, then 2 > k+ 1. There exists (4, j) € A with i =1 and j = k+1,
and so dy(k) = 0. If Ay < 2k, then & < k, and for every (i,j) € 1\, we have
j <k,and as i > 1, we obtain —2k —i+2j — 1 < —2, and so d,(k) # 0. ¢
Example 4.18. For n = 2, we have 3 pairings: P, = (12)(34), P, = (13)(24),
and P3 = (14)(23), as in Example 4.6. Computing directly the loop numbers, we
find

2

2 x =z
M2,z)=| a2 22 x|,
r x 2

which has a simple eigenvalue x(x + 2), corresponding to A = (4) in Proposition
4.15 (the Young diagram of £\ is a row of two boxes, with (¢,7) = (1,1) and (1,2)),
and a double eigenvalue z(x — 1), corresponding to A = (2,2) in Proposition 4.15
(the Young diagram of X is a column of two boxes, with (i,j) = (1,1) and
(2,1)). The eigenspace for the eigenvalue z(x + 2) is the line z = y = z, and the
eigenspace for the eigenvalue z(x — 1) is the plane x +y + z = 0, as predicted by
Proposition 4.15 and Example 4.6.

We leave as an exercise for the reader to write explicitly the 15 x 15 matrix
M(3, x) and to check directly that the eigenvalues are z(x+2)(x+4), z(x+2)(x —
1), and z(z — 1)(x — 2) with multiplicities 1, 9, and 5 respectively.

4.6. The matrix of diagonal insertions. In §4.7, we will invert a system of
relations obtained by applying the splitting formula (3.5) to nodal invariants. To
write these relations explicitly, we must first effectively compute the effect of the
insertions of the class of the diagonal in the splitting formula.

Let X be an m-dimensional complete intersection in projective space, and let
V= H"™(X)pim ® C be the primitive cohomology. As in §4.1, let a be the
non-degenerate symmetric intersection form on V' if m is even, and let w be the

non-degenerate skew-symmetric intersection form on V' if m is odd.
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For every n € Z>( and every n-pairing P € P,, we define a test multivector
A pEc V®2n
as follows.

e Test multivectors, symmetric case. If m is even, the intersection form «
on V is symmetric. Denote by a~! the inverse symmetric bi-vector in V ® V. For
a pair p = {1, j}, denote by a, ! the same bi-vector lying in the tensor product of

the ith and jth copies of V. For an n-pairing P, we define

Ap:=Q)a,". (4.17)

peP

e Test multivectors, skew-symmetric case. If m is odd, the intersection

1

form w on V is skew-symmetric. Denote by w™", the inverse skew-symmetric

bi-vector in V ® V. For a pair p = {i,j}, ¢ < j denote by wp_l the same bi-
vector lying in the tensor product of the jth and ith copies of V' in that order (in
decreasing order of elements of the pair). For an n-pairing P, we define

Ap= (1) Rw,", (4.18)
peP

where ¢(P) is the number of crossings (defined in Definition 4.7).

Definition 4.19. The matriz of diagonal insertions M?(n, V') is the (2n — 1)!! x
(2n — 1)!! matrix with entries indexed by pairs of n-pairings P, P’ and given by

MA(n, V)ppr = ap(Ap:)
if m is even, where ap € (V*)®?" is as in (4.6), and
M (n, V) ppr = wp(Apr)
if m is odd, where wp € (V*)®?" is as in (4.10). O

The following result explicitly computes the matrix M?(n, V) in terms of the
loop matrix of Definition 4.14.

Theorem 4.20. There are two cases:

(i) If m is even, we have M*(n, V)

= M(n, k), where V is of dimension k.
(ii) If m is odd, we have M*(n, V) = M(

n, —2k), where V' is of dimension 2k.

Proof of Theorem 4.20 for m even. Let (e,)1<,<; be an orthonormal basis
of (V,a). We denote by 2 the corresponding linear coordinates on the i-th copy
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of V in V®2"_ For every 1 < i,j < 2n, we define

A= ~ 0 0 4.19
H:
k

Qi = Z dx™ @ dxi* . (4.20)

pn=1
In particular, for every pair p = (,7), we have o' = Ay, and o, = ;.

Lemma 4.21. We have

(i) for every 1 <i,j <2n, a;j(Ay;) =k,
(ii) for every 1 <1,7,p,q < 2n, (up @ agj)(Dyg) = Q.

Proof. The claim follows from (4.19) and (4.20) by a direct calculation. ¢
To prove Theorem 4.20 for m even, we must show
OéP(AP/> = ]i]L(P’Pl) (421)

for all n-pairings P and P’. Equation (4.21) follows from Lemma 4.21 and by
viewing graphically the contractions of tensors in terms of the arc diagrams of P

and P'. ¢

Proof of Theorem 4.20 for m odd. The argument is parallel to the m even
case, but some care with signs is required.
Let (ey, fu)i<u<k @ symplectic basis of (V,w):

V,u, v, w(ew 61,) - W(f;ufl/) =0,
Vi # v, w(ewfu>:0>
V[L, w(elhfu) = _w(f;ueu) =1.

We denote by z* and y™ the corresponding linear coordinates on the i-th copy
of V in V®2*_ For every 1 <1, j < 2n, we define

k
9, d 0 9,
Aij=>" ( 527 © g~ 5o © c‘hﬁ“) , (4.22)
p=1
k
wij = Z(dwi’” ® dy’* — dz’" @ dy™) . (4.23)
p=1

In particular, for every pair p = (i, j) with i < j, we have w, ' = Aj; and w, = wj;.

Lemma 4.22. We have
(i) For every 1 <i,j <2n, w;j(Aj;) = —2k.
(i) For every 1 <i,7,p,q < 2n, (wip @ wgi)(Dpg) = wji-
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FIGURE 4.4.

Proof. he claim follows from (4.22) and (4.23) by a direct calculation. ¢

Remark 4.23. The sign rule in the last equality is to choose a cyclic order on the
set {i,p,q,j} and follow it for the 2-forms w and the bi-vector A: w;,, then A,
then w,;, and we get wj;.

Lemma 4.24. Let iy, ..., io, be pairwise different indices among 1,...,2n. Then,
(Wiriy ® Wigiy @+ @ Wigy,_yins ) (Digiy @ iy ® - Nggiy) = (=1)"(2k) .
Proof. The result follows from Lemma 4.22 by induction. ¢

Lemma 4.25. Consider a simple closed oriented curve crossing a horizontal line
at 2n points. Then, the number of arcs oriented from left to right and the number
of arcs oriented from right to left are both odd.

Proof. Assume for simplicity that the curve is oriented clockwise. The line cuts
the region surrounded by the curve into n + 1 parts of which a lie above the line
and b below the line. Consider the bipartite tree whose vertices correspond to
these parts: two vertices are are joined by an edge if the corresponding parts are
adjacent, see the example in Figure 4.4.

Each region above the line contains exactly one left-to-right arc. A region below
the line contains d—1 left-to-right arcs, where d is the degree of the corresponding
vertex in the tree. After summing over all vertices, we obtain a+n—b left-to-right
arcs. Modulo 2, we have

a+n—b=a+n+b=n+(n+1)=2n+1,
which is always odd. ¢

Lemma 4.26. Consider L closed oriented curves with € simple intersections or
self-intersections crossing a horizontal line at 2n points. Let s be the number of
arcs joining one of these 2n points to another and oriented from left to right.
Then L +{ + s is even.
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Proof. Any intersection or self-intersection can be uniquely resolved so that the
orientations of the arcs are preserved. The resolution decreases ¢ by 1, changes L
by 1, and leaves s invariant. The parity of L 4 ¢+ s does not change. When there
are no intersections left, we have L independent closed curves, so the assertion
follows from Lemma 4.25. ¢

To prove Theorem 4.20 for m odd, we must show
WP(AP’) _ (_2k)L(P,P/)

for all n-pairings P and P’. We represent P and P’ by arc diagrams with arcs
respectively above and below a horizontal line with 2n dots. The arcs above the
line are oriented from left to right as the pairs in wp, while the arcs below the
line are oriented from right to left as the pairs of Ap/. We obtain a collection of
L(P, P') intersecting loops. The total number ¢ of intersections equals the total
number of crossings ¢(P)+ ¢(P’) in both pairings. By definition of wp and Aps in
(4.10) and (4.18), we have a factor (—1)“")(—1)4") = (—1)* before the product
of wy’s and w, s

Now we change the orientation of some of the arcs so as to obtain a union of
oriented loops. We change the signs of w;;’s and A;;’s corresponding to these arcs
accordingly. Let s be the number of arcs in the new collection of oriented curves
oriented from left to right. Then the change of orientation changes the sign by
(—1)"=*, which by Lemma 4.26 is equal to (—1)"**L(F) Now, by Lemma 4.24
every closed loop of length 2h contributes a factor of (—1)"(2k) to the contraction.

h

The product of signs (—1)" over all loops gives (—1)". Finally, we obtain

WP(AP/) — (_1)€ . (_1)n+€+L(P,P’)(_1)n(2k)L(P,P’) _ (_Zk)L(P,P’) ) ‘

4.7. Trading primitive insertions against nodes. Using the algebraic results
of §4.1-4.6, we are now able to trade primitive insertions in Gromov-Witten
theory of complete intersections for nodes, as illustrated in the example of the

elliptic curve given at the beginning of §4.

Theorem 4.27 (Theorem A). Let X be a complete intersection in projective
space which is not a cubic surface or an even dimensional complete intersection
of two quadrics. Then, the Gromov-Witten invariants of X can be effectively

reconstructed from the simple nodal Gromov—Witten invariants of X.

Proof. We prove Theorem 4.27 by induction on the number of primitive insertions.
Let V. C H*(X) ® C the primitive cohomology. For a,b € Zs, let I be an X-
valued stable graph with a single vertex, no edges, and a + b legs divided in two
groups labeled from 1 to a and from 1 to b. We consider the Gromov—Witten
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b — (s ¥ 2n legs R b _— (< L% n loops

FIGURE 4.5. Trading 2n primitive insertions for n nodes

theory of X of type I' with a primitive and b simple insertions. More precisely,
we fix integers ki, ..., ky € Z>o, l1,...,0, € Z>(, and simple classes (i, ..., [,
and we define the map

Q: Ve — H,(Mr(X)) (4.24)
a b
1 ® - @ aq — [[efevi(a) [ vy evi(8) N IMe(X)]™ (4.25)
i=1 j=1
obtained by considering all possible primitive insertions aq,...,a,. Our goal is

to compute €.

By deformation invariance of the virtual class in Gromov-Witten theory, the
class () is invariant under the action of the monodromy group G on V. By
Propositions 4.1-4.2, the monodromy group is G = O(V) if dim X is even and
G = Sp(V) if dim X is odd (since X is not a cubic surface or an even dimensional
complete intersection of two quadrics). In particular, 2 = 0 if a is odd by
Theorems 4.9 and 4.12. From now on, we assume that a is even and we write
a = 2n with n € Zsg. Then,  is an element of ((V*)¥?")¢ @ H,(Mry(X)), which
can be viewed as a subspace of CP,, ® H.(Mr(X)) by (4.9)- (4.14).

For every n-pairing P € P, let I'p be the X-valued graph obtained from I" by
gluing together the legs i and j for every pair (i, 7) of P. The graph I'p contains
one vertex, n loops, and b legs, see Figure 4.5.

Using the moduli stack Mrp,(X) of I'p-marked stable maps to X, we define
the class

2n b
Qp = [ [ui [T vy ev;(8) 0 M, (X)) € Ho(Mr,. (X)).
i=1  j=1
Splitting the n loops of I'p defines a morphism
Sp: MFP(X) — MF(X) .
By the splitting formula (3.5), we have

Sp’*Qp = ZEQ(AP> + Q/, (426)

where the insertion of the multivector Ap defined in §4.6 results from the terms in
the Kiinneth decompositions of the diagonals containing only primitive classes,
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and € results from the other terms in the Kiinneth decompositions of the di-
agonals and so contains at least one simple class insertion. The class s,{p is
defined by simple nodal Gromov-—Witten theory of X, and the class §' is defined
by Gromov—Witten theory of X with fewer than 2n primitive insertions. It is
therefore sufficient to show that € can be recovered from the data of the classes
Q(Ap) for P € P,.

Let M2(n, V) be the endomorphism of CP, defined by the matrix of diagonal
insertions of Definition 4.19. It follows from Definition 4.19 that

M2 (n, V) Q = (QAp))pep, € CP, ® H,(Mp(X)). (4.27)

By Theorem 4.20 expressing M2 (n, V) in terms of the loop matrix, and Corollaries
4.16-4.17 on the spectral properties of the loop matrix, M2 (n, V) preserves the
subspace of invariants ((V*)®?")¢ and is invertible in restriction after restriction
to this subspace. It follows that €2 can be recovered from (2(Ap))pep, -

As the relations (4.26) and (4.27) are linear, the statement of Theorem 4.27
for Gromov—Witten invariants follows by taking the degrees of the classes {2 and

Q(Ap). ¢

4.8. Gromov—Witten invariants of complete intersections. We are finally
ready to state the main goal of the paper:

Theorem 4.28 (Theorem D). Let X be an m-dimensional smooth complete
intersection in P™1" of degrees (dy, . ..,d,). Then, for every decomposition

dy = dyy +dro  with dyi,dpo € Z>q,

the Gromouv—Witten invariants of X can be effectively reconstructed from:

(i) the Gromov—Witten invariants of an m-dimensional smooth complete in-

tersection X1 C P of degrees (di, ..., d,—1,d,1),

(ii) the Gromov-Witten invariants of an m-dimensional smooth complete in-
tersection Xo C P of degrees (di, ..., d,—1,d,2),

(iii) the Gromov—Witten invariants of an (m—1)-dimensional smooth complete
intersection D C P of degrees (d, . ..,dr—1,dr1,d;2),

(iv) the Gromov—Witten invariants of an (m—2)-dimensional smooth complete
intersection Z C P of degrees (du, . ..,dr—1,dr, dr1,dy2).

Proof. To prove Theorem D, we consider, following [54, §0.5.4], the degeneration
X ~ X; Up X, obtained by factoring the degree d, defining equation of X into
factors of degrees d,.; and d,5. Here, )?2 is the blow-up of X5 along Z, and
X, Up )?2 denotes X; and X transversally glued along a copy of D.
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To construct such a degeneration, we start with the equations

of X, with f; of degree d;, and we write a product g, = f, 1 f,2 of generic polyno-

mials f,; and f, o of degree d,.; and d,» respectively. Then, the equations

flz"':frflzfr,l:tfr_gr:()

define a 1-parameter flat family X — Al
The fibers X, for general ¢ # 0 are smooth complete intersections of degrees
(di,...,d,) and so deformation equivalent to X. The fiber 0 € A! is given by

Xo = X5 Up Xy,

where X is the m-dimensional smooth complete intersection with equations

flz"':frflzfr,lzo
of degrees (dy,...,dy—1,d,1), Xs is the m-dimensional smooth complete intersec-
tion of with equations,

fi==fici=fr2=0

degrees (dy,...,d,,,d,2), and X; Up Xy is the union of X; and X, glued along
their common intersection D, which is the (m — 1)-dimensional smooth complete
intersection of degrees (dy, ..., d,_1,d,1,d,2) with equations

h=--=fia=fra=fr2a=0.

The total space X of the family over Al is singular with singular locus Z, the
(m—2)-dimensional smooth complete intersection of degrees (dy, . .., d,—1,d, dy1,d,2)
with equations

fr=-=fra=fr=fo1=fra=0.

Locally analytically and transversally to Z, the singularities of the total space are
ordinary 3-fold double points. Blowing-up X, in X resolves these singularities:
we obtain a new degeneration over A! with smooth total space and special fiber
over 0 given by X; Up )?2, where )Z'g is the blow-up of X5 along Z.

e Large monodromy: We first prove Theorem 4.28 when X is not a cubic sur-
face or an even dimensional complete intersection of two quadrics. The Gromov—
Witten invariants of X are then determined by the simple nodal Gromov—Witten
invariants of X by Theorem 4.27. By the nodal degeneration formula of Theorem
2.3 applied to the degeneration of X ~» X; Up )N(Q, the simple nodal Gromov—
Witten invariants of X can be computed in terms of the nodal relative Gromov—
Witten invariants of (X1, D) and (X,, D).
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More precisely, for the latter claim, we much show that the finite sum on the
left side of the degeneration formula (2.13) actually reduces to a single possibly
non-zero term. In general, the finite sum arises when the monodromy around the
special fiber acts non-trivially on the curve classes of the general fiber. Then,
different curve classes of the general fiber can specialize to the same curve class
in the special fiber. If dim X = m # 2, there is no such monodromy since every
curve class 8 € Hy (X) is pulled back from the ambient P™'" by the Lefschetz
hyperplane theorem. If dim X = m = 2, and X is a quadric surface, one can check
directly that the monodromy action on curve classes is trivial. If dim X = m = 2,
and X is not a quadric surface, then, as we are also assuming that X is not a
cubic surface, or a complete intersection of two quadrics, the Noether-Lefschetz
theorem [45][20, XIX, Theorem 1.2] implies that the only effective curve classes
on a very general deformation of X are pull-back from the ambient P™*". By
deformation invariance of Gromov-Witten invariants, we conclude that the only
possibly non-zero Gromov—Witten invariants of X are for curve classes pull-back
from P+,

By Theorem 3.14, the nodal relative Gromov—Witten invariants of (X3, D) and
()N(Q, D) can be reconstructed from the Gromov—Witten invariants of X;, D, and
Xo. Finally, Gromov-Witten invariants of X, are determined by the Gromov—
Witten invariants of X, and Z by the blow-up result of [24, Theorem B].

e Small monodromy: It remains to prove Theorem 4.28 when X is a cubic
surface or an even dimensional complete intersection of two quadrics. We claim
that, in these cases, all cohomology classes of X extend across the special fiber
X1UpX; of the degeneration: the monodromy is trivial and there are no vanishing
cycles. Assuming the extension claim, the result follows by the degeneration
formula, the reconstruction of relative Gromov-Witten invariants of (X7, D) and
()22, D) in terms of Gromov—Witten invariants of X, D, and X, [54, Theorem
2], and the reconstruction of the Gromov—Witten invariants of the blow-up X, in
terms of the invariants of Xy and Z [24, Theorem B].

To prove the extension claim, we first note that, for X a cubic surface or an
even dimensional complete intersection of two quadrics, the monodromy around
the special fiber of the degeneration is finite by Proposition 4.2. On the other
hand, the degeneration of X to X; Up )?2 is semi-stable and so has unipotent
monodromy by the local monodromy theorem [44, Theorem 1°|[32, Corollary
3.4]. Hence, the monodromy, being both finite and unipotent, is trivial. Finally,
triviality of the monodromy implies the absence of vanishing cycles by the local
cycle invariant theorem [15, §3].
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We give below an alternative proof of the absence of vanishing cycles by an
explicit study of the topology of the degeneration X ~~ X; Up )?2. The explicit
study can be used to concretely extend cohomology classes across the special fiber
for effective computations of Gromov-Witten invariants.

We denote by Sy, D and Sx,D the S'-bundles in the normal line bundles
Npix, and Np|x, respectively. The space X is obtained topologically by gluing
the complements of tubular neighborhoods of D in X; and X, by an orientation-
reversing diffeomorphism of their boundaries Sx, D and Sx,D. Hence, we have
a natural commutative diagram of Mayer-Vietoris cohomology sequences (as in
the proof of [69, Lemma 4.11]):

H™ (D) —— H™(X, Up Xy) —— H™(X;) ® H™(Xy) —— H™(D)

| | I l

H"Y(SD) —— H™(X) —— H™(X;\ D) ® H™(X,\ D) —— H™(SD),

where we denote'® by SD the space Sx,D ~ Sy, D. On the other hand, Mayer-
Vietoris for the decompositions X; = (X; \ D)U D and X, = (X2 \ D) U D gives
exact sequences

H™(SD) —— H™(X,) —— H™(X,\ D) ® H"(D) —— H™(SD),

H™Y(S8D) —— H™(X,) — H™(X,\ D) @& H™(D) — H™(SD).

Hence, to prove that H™(X; Up X,) — H™(X) is surjective, it suffices to show
that H™(SD) =0
The Gysin exact sequence for S'-bundles yields

H™ (D) —— H™(D) —— H™(SD) —— H™ (D),

where H™2(D) — H™(D) is given by the cup-product with the Euler class of
SD. The key point is that for X a cubic surface or a complete intersection of
two quadrics, D is a (m — 1)-dimensional quadric, so for m even, H™ (D) = 0
and H™%(D) = H™(D) = Q [20, XI, 2.6]. On the other hand, as D is an ample
divisor of X1, we also have ¢;(Np|x,) # 0, so the map H™2(SD) — H™(D) is an
isomorphism. We conclude H™(SD) = 0, so the natural map H™(X; Up X,) —
H™(X) is surjective. ¢

136y, D ~ Sx,D is an isomorphism of S'-fiber bundles but not of oriented (or principal)

S1-bundles as it reverses the orientation.
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4.9. The algorithm. We now explain how to use Theorem 4.28 to recursively
compute all Gromov-Witten invariants of a smooth complete intersection X in
projective space. The computation is done by induction on the dimension and
the degrees. The initial cases of the induction are projective spaces, X =~ P™,
whose Gromov—-Witten invariants can be determined by the localization formula
[30] and the calculation of Hodge integrals on the moduli spaces of curves [21].

For the induction step, let X be an m-dimensional smooth complete inter-
section in projective space of degrees (dy,...,d,) such that X # P™. One can
assume without loss of generality that d; > dy > -+ > d, > 2. By Theo-
rem 4.28 applied to the decomposition d, = (d, — 1,1), the Gromov—Witten
invariants of X can be reconstructed from the Gromov-Witten invariants of X7,
X5, D, and Z, which are complete intersections of dimension m, m, m — 1,
m — 2, and degrees (dy,...,d.—1,d, — 1), (dy,...,dv_1,1), (dq,...,dv_1,d. — 1, 1),
(dy,...,dv—1,d.,d, — 1,1) respectively. The complete intersections X; and X,
have degrees strictly smaller than X. The complete intersections D and Z are
of dimension strictly smaller than X. Therefore we can apply the induction
hypothesis to Xi, Xo, D, and Z.

4.10. Tautological classes. We gave in §0.7 a brief introduction to the gen-
eral question of whether Gromov—Witten classes (0.2) are tautological classes in

H*(Mg,n).
Theorem 4.29 (Theorem E). Let X be a smooth complete intersection in pro-

jective space. Then, the Gromov—Witten classes of X are tautological.

Proof. 1t is enough to show that the algorithm given in §4.8 - §4.9 for Gromov—
Witten invariants can be lifted to the level of Gromov—Witten classes and implies
the property of being tautological. Nodal and nodal relative Gromov-Witten
classes are defined as in (0.2) by push-forward to the moduli space of possibly
disconnected stable curves.

We go briefly through the various ingredients used in the algorithm to discuss
the lift:

(i) The Gromov—Witten classes of projective spaces are tautological by the
localization formula [30] and the fact that A classes are tautological [57].

(ii) The proof of Theorem 4.27 is formulated at the level of virtual classes
on the moduli spaces of stable maps and so implies a version of Theorem
4.27 for Gromov—Witten classes: under the assumptions of Theorem 4.27,
the Gromov-Witten classes of X can be effectively reconstructed from
the simple nodal Gromov—Witten classes of X, and are tautological if the
simple nodal Gromov—Witten classes of X are tautological.



80 H. ARGUZ, P. BOUSSEAU, R. PANDHARIPANDE, AND D.ZVONKINE

(iii) There is a version of Theorem 3.14 for Gromov-Witten classes: under the
assumptions of Theorem 3.14, the nodal relative Gromov-Witten classes
of (X, D) can be effectively reconstructed from the Gromov-Witten classes
of X and D, and are tautological if the Gromov—Witten classes of X and
D are tautological. Indeed, the splitting formula of Theorem 3.9 and the
rigidification result of Lemma 3.13 are stated at the level of virtual classes
on moduli spaces of stable maps and so can be applied to study Gromov—
Witten classes. In addition, we need to know that the reconstruction
results of [54] have a version for Gromov—Witten classes preserving the
property of being tautological. This is the case because all the proofs in
[54] are principal terms arguments following from the degeneration and
localization formulas and so work at the level of Gromov—Witten classes.
An explicit example of such principal terms arguments done at the level
of Gromov-Witten classes can be found in [22], where it is shown that
relative Gromov-Witten classes of P! are tautological.

(iv) There is a version of Theorem 4.28 for Gromov-Witten classes: under
the assumptions of Theorem 4.28, the nodal Gromov-Witten classes of
X can be effectively reconstructed from the Gromov-Witten classes of
X1, Xy, D, and Z, and are tautological if the Gromov—Witten classes of
Xy, Xo, D, and Z are tautological. Indeed, the degeneration formula of
Theorem 2.3 is stated at the level of virtual classes on moduli space of
stable maps and so can be applied to study Gromov—Witten classes. In
addition, the blow-up result of [24] also admits a version for Gromov—
Witten classes preserving the property of being tautological because its
proof consists of principal terms arguments based on degeneration and

localization formulas, as the results of [54] mentioned in (iii).

The proof using (i)-(iv), in fact, provides an algorithm to calculate the Gromov-
Witten classes of complete intersections. ¢

Remark 4.30. Using Theorem 4.29, we can give a slightly different proof of the
result proved in [38] that the Gromov—Witten classes of curves are tautological.
Indeed, by degeneration, it is enough to prove that the relative Gromov—Witten
classes of a genus 1 curve are tautological. By the results of [54] expressing relative
Gromov—Witten theory in terms of absolute, and lifted to the level of Gromov—
Witten classes as discussed in (iii) of the proof of Theorem 4.29, it is enough to
show that the Gromov—Witten classes of a genus 1 curve are tautological. But
this follows from Theorem 4.29 because a genus 1 curve is a cubic in P2,
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€

FIGURE A.1. The graph I" on the left and I"\ e on the right.

APPENDIX A. NODAL CUBICS: DEGENERATION AND SPLITTING

We provide here an explicit example of the nodal degeneration formula and the
relative splitting formula to compute a nodal Gromov-Witten invariant.

Let X = P? be the complex projective plane, and let I' be the X-valued graph
consisting of a single vertex v with a loop e and 8 legs, as illustrated in Figure
A.1. Furthermore, let g(v) = 0 and B(v) = 3 € H (P?) = Z>,. We first directly

compute the nodal Gromov—Witten invariant

<Hm<p>> , (A1)

r
where p € H*(P?) is the class of a point. Afterwards, we apply the nodal degen-
eration and the relative splitting formula to find the same result.

The Kiinneth decomposition of the class of the diagonal P? x P? is

Al=1®p+HH+p®1,

where H € H?(PP?) is the class of a line. Hence, by the splitting formula (3.5),
we obtain

3 P2 8 P2
<H To(p)> = <(7‘0(1)To(p) +70(H)mo(H) + mo(p)o(1) | | To(p)>

i=1 r i=1 e
As the graph I' \ e has no edges, the right side of the above splitting formula
consists of 10-pointed, genus 0, degree 3 Gromov-Witten invariants of P?. As
there are no rational cubic passing through 9 points in general position in P2,
the contribution from the terms involving 79(1)79(p) is zero. After applying the
divisor equation to remove the two insertions of 79(H) and using the general fact
that there are 12 rational cubics passing through 8 points in general position in
P?, we obtain

8 p?
<HT0(]))> —3x3x12=108.
=1

r
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FIGURE A.2. A cubic in P? degenerating to the union of a conic
in P? and a curve of class Dy + 3F in F;.

We consider next the degeneration of P? to the normal cone of a line L, so that

the special fiber is given by the union of P? and the Hirzebruch surface
Fl = P(Opl D O[pl(].))

formed by identifying L C P? with the section Dy of F; with self-intersection
—1. We distribute 4 of the 8 point constraints on the general fiber to the P2-
component, while the other 4 point constraints are sent to the F;-component of
the special fiber.

In the chosen degeneration, the curves in the special fiber which contribute to
the nodal degeneration formula can only decompose as a (possibly singular) conic
in the P2-component and a curve of class Dy + 3F in Iy, as illustrated in Figure
A.2. Indeed, on the P? component, we have 4 point constraints, and there is no
line through 4 general points. Moreover, if we had a cubic in P?, then on the
F; component, we would have a curve whose class is 3F. However, there is no
curve of class 3F passing through 4 general points in F;. Hence, the curves in the
P2-component of the special fiber contributing to the nodal degeneration formula
are necessarily conics. Then, the curves in the F;-component must be be of class
Dy + 3F, since (Dy + 3F) - Dy =2 and (D + 3F) - F = 1.

We display in Figure A.3 all possible splittings o = (71,72) of I' contributing
to the nodal degeneration formula. The contributions N, associated to each o is
computed below using (2.13) of Theorem 2.3:

(i) Let 0 = (71,72) be the splitting of I" as illustrated in Figure A.3(i) with
B(v1) = Do+ 3F and B(vy) = B(vy) = 1. We have
N,=1x2x3x1=6,

where the first factor is m(o) = 1, the factor 2 comes from the ordering
of the half-edges of e, the factor 3 is the number of (unordered) pairs of
lines in the pencil of conics passing through 4 general points in P?, and
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(i) (iii) (iv)

(i)

FIGURE A.3. All splittings o = (71, 72) contributing to the nodal
degeneration formula. The graphs above the dotted lines are the
(Fy, Dg)-valued stable graphs denoted by 7, and below are the
(P2, L)-valued stable graphs denoted by 7s.

the last factor is the number of curves of class Dy + 3F passing through
6 general points (the 4 points in the interior of F; and the 2 boundary
points on Dy which are fixed by choosing a pair of lines on the side of P?).
Let 0 = (71,72) be the splitting of I" as illustrated in Figure A.3(ii) with
B(v1) = Do+ 2F, f(v]) = F, and f(ve) = 2. We have

N,=1x2x5x1=10,

where the first factor is m(o) = 1, the factor 2 comes from the ordering
of the half-edges of e, the factor 5 is the number of reducible curves with
two components in the pencil of curves of class Dy + 3F passing through
5 given points in [y, and the last factor 1 is the number of conics passing
through 5 given points in P2. The factor 5 can be computed as follows:
the total space of the pencil of curves of class Dy+3F and passing through
5 points in F; is the blow-up Bls(FFy) of Fy in 5 points, which has Euler
characteristic 9. On the other hand, a P'-fibration over P! with k reducible

fibers with two components has Euler characteristic
2—k)x24+kx3=k+4.

The equation k + 4 =9 implies k = 5.
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(ili) Let o = (71,72) be the splitting of I" as illustrated in Figure A.3(iii) with
B(v1) = Dy + 3F and B(vy) = 2. We have

N,=2x4x2x1=16,

where the first factor is m(o) = 2, the factor 4 comes from the relative
splitting formula of Theorem 3.10 to compute the nodal invariant of type
72 in P? (the factor 4 comes from the divisor equation applied to remove
the only contributing term H ® H of the diagonal of P? in the relative
splitting formula'?), the factor 2 is the number of conics through 4 points
in P? tangent to a given line, and the last factor 1 is the number of curves
of class Dy + 3F passing through 4 points in F; and tangent to Dy at a
fixed point.

(iv) Let 0 = (71,72) be the splitting of I" as illustrated in Figure A.3(iv) with
B(v1) = Do+ 3F and S(vy) = 2. We have

N, =2x2x5x1=20,

where the first factor is m(o) = 2, the second factor 2 is the number of

conics through 4 points in P? tangent to a given line, the factor 5 comes

from the relative splitting formula of Theorem 3.10 to compute the nodal

invariant of type ~; in IF; (the factor 5 comes from the divisor equation®®
applied to remove the only contributing terms F' ® (Dy + F) + Dy ® F
of the diagonal of F;). The last factor 1 is the number of curves of class
Dy + 3F passing through 4 general points and tangent to D, at a fixed
point.

(v) Let 0 = (71,72) be the splitting of I" as illustrated in Figure A.3(v) with
B(v1) = Do + 3F and 5(ve) = f(vh) = 1, and let ¢’ be the same splitting
except that the loop is on the vertex vj. We have

Ny + Ny =1x3x(1+1)x1=6,

where the first factor is m(o) = 1, the factor 3 is the number of (un-
ordered) pairs of lines in the pencil of conics passing through 4 points in
P? the factor (1 + 1) comes from the relative splitting formula applied
to the loop e adjacent to either vy or v} (the factor 1 comes from the

divisor equation applied to remove the only contributing term H ® H of

14The correction term is zero as the contact point with Dy is already fixed, whereas the
insertion of the diagonal Ap, = 1 ® p + p ® 1 would also impose a constraint on the contact
point.

15We have (Do 4+ 3F) - F =1, (Do + 3F) - (Do + F) = 3, and (Do + 3F) - Dy = 2.
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the diagonal of P?), and the last factor 1 is the number of curves of class
Dy + 3F passing through 6 given points.

(vi) Let 0 = (71,72) be the splitting of I" as illustrated in Figure A.3(vi) with
B(v1) = Do+ 3F, and B(vy) = f(vy) = 1. We have

Ny, =1x3xbx1=15,

obtained by proceeding analogously as in (v), except that now the loop is
on ve. S0, the term F® (Do+F)+Dy® F of the diagonal of F; contributes
to the divisor equation (as in (iv)).

(vii) Let o0 = (71,72) be the splitting of I' as illustrated in Figure A.3(vii) with
B(v1) = Do+ 2F, B(vy) = F, and S(vy) = 2 as in (ii), and let ¢’ be the

same splitting except that the loop is on the vertex v;. We have
Ny + Ny =1x5x(34+0)x1=15,

where the first factor is m(o) = 1, the factor 5 is the number of reducible
curves with two components in the pencil of curves of class Dy+3F' passing
through 5 given points in F; (as in (ii)), the factor (3+0) comes from the
diagonal of F; in the divisor equation, with either 3 or 0 depending on e
adjacent to vy or v}, and the last factor 1 is the number of conics through
5 points in P2.

(viii) Let o = (71,72) be the splitting of I as illustrated in Figure A.3(vii) with
B(v1) = Do+ 2F, B(v}) = F and [(v2) = 2. We have

Ny,=1x5x4x1=20,

computed as in (vii), except that the loop is on vy, and so it is the diagonal
of P2 which contributes to the divisor equation.

After summing the above 8 contributions, we obtain
6+10+16+20+6+ 15+ 15+ 20 = 108,

as expected.

The above example clearly illustrates why it is essential for the nodal degen-
eration formula and the relative splitting formula to work with nodal relative
invariants defined using the moduli stack P (X, D), where the imposed nodes are
not permitted to lie in the singular locus of the expanded target, and not with
the full moduli stack M, (X, D).

For instance, in case (iii), we have on the P?-component the moduli stack of
genus 1 degree 2 relative stable maps to (P2, L) tangent to L and passing through
4 given general points. A general element of this moduli space consists of one
of the two conics C' in P? tangent to L and passing through the 4 given points,
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o) 67 £

FIGURE A.4. Degree 2 genus 1 relative stable maps to (P2, L)

]

to which is attached a genus 1 component contracted to a point p € C'. This is
a legitimate relative stable map as long as p is away from the tangent point of
C with L, as illustrated on the left of Figure A.4. When p goes to the tangent
point, the target expands, and the genus 1 curve contracts to a degree 2 cover
of the P!-fiber of the bubble over the tangent point, fully ramified along the two
sections of the bubble. Another possibility is that the genus 1 curve itself maps as
a degree 2 cover of the P!-fiber, as illustrated in the middle of Figure A.4. There
is a l-parameter family of such degree 2 covers (parameterized by the relative
position on P! of the two extra ramification points of the cover). When the
ramification point goes to a section of the bubble, and a second bubble appears,
creating the curve illustrated on the right of Figure A.4. In particular, this curve
has 2 non-separating nodes mapping to the singular locus of the expanded target.

Hence, M.,(P?, L) is the disjoint union of P,,(P?, L) with a set of isolated
maps corresponding to geometry of the rightmost configuration in Figure A.4. A
similar issue arises in case (iv). Including these prohibited maps would produce
an error of 16 in the nodal degeneration formula.

It is interesting to note that if we interpret (A.1) as a genus 1 Gromov-Witten
invariant with insertion of the class 20y = 24\; and apply the ordinary degenera-
tion formula with insertion of 24\, as done in [11] more generally with insertion
of (—1)9,, then these extra curves do contribute 16. However, with the insertion
of A, the cases (i) and (ii) contributing 16 in our discussion do not contribute
because \; vanishes on families of curves containing a cycle, and so we obtain the
same total answer, as expected.
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