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ABSTRACT. We study the enumerative geometry of algebraic curves
on abelian surfaces and threefolds. In the abelian surface case,
the theory is parallel to the well-developed study of the reduced
Gromov-Witten theory of K3 surfaces. We prove complete results
in all genera for primitive classes. The generating series are quasi-
modular forms of pure weight. Conjectures for imprimitive classes
are presented. In genus 2, the counts in all classes are proven. Spe-
cial counts match the Euler characteristic calculations of the mod-
uli spaces of stable pairs on abelian surfaces by Gottsche-Shende.
A formula for hyperelliptic curve counting in terms of Jacobi forms
is proven (modulo a transversality statement).

For abelian threefolds, complete conjectures in terms of Jacobi
forms for the generating series of curve counts in primitive classes
are presented. The base cases make connections to classical lattice
counts of Debarre, Gottsche, and Lange-Sernesi. Further evidence
is provided by Donaldson-Thomas partition function computations
for abelian threefolds. A multiple cover structure is presented. The
abelian threefold conjectures open a new direction in the subject.
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0. INTRODUCTION

0.1. Vanishings. Let A be a complex abelian variety of dimension d.
The Gromov-Witten invariants of A in genus g and class § € Hy(A,Z)
are defined by integration against the virtual class of the moduli space
of stable maps M, (A, ),

(7)) = [ Ui evin) - Ui evi(an)

9,8 [Mg,n(A,ﬁ)}Vir

see [52] for an introductionﬂ However, for abelian varieties of dimen-
sion d > 2, the Gromov-Witten invariants often vanish for two inde-
pendent reasons. Fortunately, both can be controlled. The result is a
meaningful and non-trivial enumerative geometry of curves in A.

The first source of vanishing is the obstruction theory of stable maps.
For dimensions d > 2, the cohomology

H*(A,C) = H°(A, Q)

does not vanish and yields a trivial quotient of the obstruction sheaf.
As a consequence, the virtual class vanishes [29] for non-zero classes f3.

An alternative view of the first vanishing can be obtained by defor-
mation invariance. A homology class § € Hy(A,Z) is a curve class
if (5 is represented by an algebraic curve on A. The Gromov-Witten
invariants vanish if g is not a curve class since then the moduli space
M, (A, B) is empty. After generic deformation of A, every non-zero
curve class 3 acquires a part of H*(A, C)V and is no longer the class
of an algebraic curve. By deformation invariance, the Gromov-Witten
invariants of A then necessarily vanish for all non-zero .

Second, an independent source of vanishing arises from the action of
the abelian variety A on the moduli space M, ,(A, 3) by translation:
most stable maps

f:C—= A

appear in d-dimensional families. Integrands which are translation in-
variant almost always lead to vanishing Gromov-Witten invariants. We
must therefore impose a d-dimensional condition on the moduli space
which picks out a single or finite number of curves in each translation
class.

IThe domain of a stable map is always taken here to be connected.
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Curve classes on A are equivalent to divisor classes on the dual
abelian variety A. Every curve class § € Hy(A,Z) has a typ

(d17"'addimA)7 dzZO

obtained from the standard divisor theory of A. A curve class B is
non-degenerate if d; > 0 for all i. Otherwise, 8 is a degenerate curve
class. The degenerateﬂ case is studied by reducing the dimension of A.

Various techniques have been developed in recent years to address
the first vanishing. The result in the non-degenerate case is a reduced
virtual class [M (A, B)]"? with dimension increased by h%°(A). Inte-
grals against the reduced class are invariant under deformations of A
for which ( stays algebraic. Up to translation, we expect the family of
genus g curves in class # to be of dimension

vdim M, (A, B) + h*°(A) — d
d(d—1)
2

= (d—3) <g+1—g>.

Hence, for abelian varieties of dimension 1, 2, and 3, we expect families

(1) =(d=3)(1-g)+ —d

(modulo translation) of dimensions 2g — 3, g — 2, and 0 respectively.

For abelian varieties of dimension d > 4, the reduced virtual dimen-
sion is non-negative only if
d
g < 5 +1<d-1.
In the non-degenerate case, a generic abelian variety A admits no
proper abelian subvariety and thus admits no map from a curve of
genus less than d. Hence, all invariants vanish.

The Gromov-Witten theory of elliptic curves has been completely
solved by Okounkov and Pandharipande in [47, [48]. Some special re-
sults are known about abelian surfaces [9) 14, 22l 57]. We put forth
here several results and conjectures concerning the complete Gromov-
Witten theory of abelian surfaces and threefolds.

2If A= By x --- x Eg, the product of elliptic curves E;, the class 8 = >, dil B
has type (d,...,ddqim ). See Section for a full discussion.

3A detailed discussion of the degenerate case is given in Section We focus
in the Introduction on the non-degenerate case.
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0.2. Abelian surfaces.

0.2.1. Basic curve counting. Let A be an abelian surface and let
B e Hy(A,Z)
be a curve class of type (di, ds) with dy,dy > 0. The moduli space
Mya(A,B)™ C Myu(A, B)

is the closed substack of M, (A, 3) parameterizing maps with image in
a fixed linear system (FLS) on A. Given a curve C in class 3, the FLS
condition naturally picks out (didy)? elements in the translation class
of C. The FLS moduli space carries a reduced virtual fundamental
class [32, [4T], 59],

Wg(A’B)FLS}red :

of virtual dimension g — 2.
Define A; to be the Chern class
)\k = Ck(E)

of the Hodge bundle E — M, (A, 8) with fiber H°(C,w¢) over the
moduli point
[f:C = A € M,n(A, §).

There are no genus 0 or 1 curves on a general abelian surface A. The
most basic genus g > 2 Gromov-Witten invariants of A are

® v | (17 .

[Mg(A7ﬁ)FLS]rcd
The integrand (—1)772),_» corresponds to the natural deformation the-
ory of curves in A when considered inside a Calabi-Yau threefold. The
invariants are therefore precisely the analogs of the genus g — 2
Gromov-Witten invariants of K3 surface which appear in the Katz-
Klemm-Vafa formula, see [41), [42] 5T].

By deformation invariance, NS,LBS depends only on the type (di, ds)
of 8. We write
FLS _ \FLS
Ngvﬁ - Ngz(dlde) :
We have the following fully explicit conjecture for these counts.

Conjecture A. For all g > 2 and dy,dy > 0,

2(—1)972 _ _

FLS  _ 2 29-1, 293

Ny (ar.ar) = (d1d)” =5 2. D Btm
k| ged(d1,d2) m\%
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The right hand side incorporates a multiple cover rule which ex-
presses the invariants in imprimitive classes in terms of primitive in-
variants[] The multiple cover structure is discussed in Section [2.3]

Theorem 1. Conjecture [A] is true in the following cases:

(i) for all g in case [ is primitive,
(i) for all 5 in case g = 2.

For part (i) concerning primitive 3, our method relies on a degen-
eration formula for Gromov-Witten invariants of abelian surfaces and
calculations in [42]. Via a version of the Gromov-Witten/Pairs cor-
respondence [50], the primitive case also yields an independent proof
of the Euler characteristic calculations of relative Hilbert schemes of
points by Gottsche and Shende [23].

For part (ii) concerning genus 2, the proof is reduced by a method of
Debarre [14], G6ttsche [22], and Lange-Sernesi [34] to a lattice count in
abelian groups. Our results reveal a new and surprising multiple cover
structure in these counts.

Conjecture [A] is parallel to the full Katz-Klemm-Vafa conjecture for
K3 surfaces. Part (i) of Theorem [l is parallel to the primitive KKV
conjecture proven in [42]. Part (ii) is parallel to the full Yau-Zaslow
conjecture for rational curves on K3 surfaces proven in [30]. While
our proof of part (i) involves methods parallel to those appearing in
the proof of the primitive KKV conjecture, our proof of part (ii) is
completely unrelated to the (much more complicated) geometry used
in the proof of the full Yau-Zaslow conjecture.

The full Katz-Klemm-Vafa conjecture is proven in [51]. However,
most cases of Conjecture [A] remain open.

0.2.2. Point insertions for primitive classes. Let p € H*(A,Z) be the
class of a point. Define the A-twisted Gromov-Witten invariants with
k point insertions by:

k
NEFLS - / (1) Ao | [ evi(p),
g7k7(d17d2) [ngk(Avﬁ)FLS]red ! g

4The class is primitive if and only if ged(dy,ds) = 1 (or, equivalently, the class
can be deformed to type (1,d)), see Section (1.2
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where 3 is a curve class of type (dy,dy). Define the function

S(z,7) = —ZZ%(JD’”—Qer‘m)qd,

d>1 m|d
considered as a formal power series in the variables

21wz _2miT

p=e and g¢g=e

Theorem 2. After setting u = 2nz, we have

d [S(z,7)k?
Z Z NFLS u29—2qd = q— < 3 '
g,k,(1,d)
e dq k+1
For k = 0, by definition
NFLS NFLS

9,0,(1,d) — "Vg,(1,d) -
Hence, by Theorem [2]
d
FLS 2 d
> D> Nt = T
922 d>1
which is a restatement of the formula of Conjecture [A] for the classes

(1,d). Theorem [2| specializes in the k = 0 case to the primitive part of
Theorem [I1

0.2.3. Quasi-modular forms. Let vi,...,v, € H*(A,Q) be cohomol-
ogy classes. The primitive descendent potential of A with insertions

Toy (71) -+ Ta, (Yn) 18 deﬁnedﬂ by
A,red
P () - T () = D (T (1) - 7)) g,

1,d
=0 9,(1,d)

where the coefficients on the right hand side denote the reduced invari-
ants of A,

n

(ras ) - ) TTevitus
Tay(M1) « - - Tay, %,> —/ evi ()i .
1 98 Ji,aaB)e i
The ring QMod of holomorphic quasi-modular forms (of level 1) is
the free polynomial algebra in the Eisenstein] series Ey(7), E4(7) and
Eg (T)v
QMOd = Q[EQ, E4, Eﬁ] .

SUnlike in the FLS setting, the degenerate type (1,0) is included here.
6The Eisenstein series are defined by

Ban(r) = 1= o 3 ity

where Bs;, is the Bernoulli number.
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The ring QMod carries a grading by weight,
QMod = @5 QMod, ,
k>0
where Fy, has weight 2k. Let

QMod,, € QMod
be the linear subspace of quasi-modular forms of weight < 2k.

The series vanish in ¢ = 0. For ¢ > 1 and arbitrary insertions, we
have the following result.

Theorem 3. The series F} (74,(11) .. Ta, (a)) is the Fourier expan-

2miT

sion in g =e of a quasi-modular form of weight < 2(g — 2) + 2n,

F? (Tar(71) -+ Tan () € QMOd§2(g72)+2n .

A sharper formulation of Theorem (3] specifying the weight appears
in Theorem [§] of Section [4l

0.2.4. Hyperelliptic curves. A nonsingular curve C' of genus g > 2 is
hyperelliptic if C' admits a degree 2 map to P!,

C — P,

A stable curve C is hyperelliptic if [C] € M, is in the closure of the
locus of nonsingular hyperelliptic Curvesﬂ An idrreducible hyperelliptic
curve of genus g on an abelian surface A,

CCcA,
is the image of a stable map
f:C—CcA
satisfying the following two conditions:

e C is an irreducible stable hyperelliptic curve of genus g,
e f:(C — ( is birational.

By [53], for any abelian surface A and curve class 3, the number
of irreducible hyperelliptic curves of genus ¢ in a fixed linear system

of class [ is ﬁm’te. We write h;’gLS for this finite count. Unlike all
’ HAFLS
9,8

other invariants considered in the paper, is defined by classical

counting.
"The closure can be described precisely via the theory of admissible covers [27].

80n the other hand, generic abelian varieties of dimension > 3 contain no hy-
perelliptic curve at all, see [53].
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Since every genus 2 curve is hyperelliptic, for generic A and S of type

(1,d) we have
AFLS
hos' > =d*y m
m|d
by the genus 2 part of Theorem [I} The following result calculates the
genus 3 hyperelliptic counts in generic primitive classes.

Proposition 1. For a generic abelian surface A with a curve class [
of type (1,d),
A,FLS m(3m2 +1-— 4d)
hip® =d>> . :

m|d

Let H, be the stack fundamental class of the closure of nonsingular
hyperelliptic curves inside Mg. By [18], H, is a tautologica]ﬂ class
of codimension g — 2. While the restriction of H, to M, is a known
multiple of \,_9, a closed formula for H, on Mg in terms of the standard
generators of the tautological ring is not known.

For 3 of type (d1, ds), we define a virtual count of hyperelliptic curves
in class 0 by

3) HELS /[ T (H,),

Mg (Avﬁ)FLS]er

where 7 is the forgetful map
T My(A,B) — M,.

Because the integral is deformation invariant, the left side depends
only upon g and (dy, dz).

For irreducible curve classes § of type (1,d) on an abelian surface A,
consider the following property:

(1) Every irreducible curve in P! x A of class
(2,8) = 2[P'] + 8 € Ho(P! x 4,Z)
18 nonsingular.

We will prove property (1) for curves of genus 2 in case A and /5 are
generic. Together with the explicit expression [27] for

HS € H2<M37Q> y

9See [T9] for an introduction to tautological classes on the moduli spaces of
curves.
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we can deduce Proposition |1, The existence of classes /5 of type (1,d)
satisfying (1) is not known for most d, but is expected generically for
dimension reasons.

Define the Jacobi theta function [12]

. ’L'191(Z,T> . (—1)kng 9
4)  K(z,7)= TT)?’ = U exp (;WE%(T)U k) ,

where v = 27z.

Theorem 4. Let  be an irreducible class of type (1,d) on an abelian
surface A satisfying (). Then we have:

() D hos ™ (2sin(u/2))72 = 37 HEE ) w2
922 g>2

2miT

(ii) After the change of variables u = 27z and q = e*™7,

d\’K(z,7)
Z Hy () u*** = Coeffy [<qd_q) EEE

922

where Coefla denotes the coefficient of q.

Enumerative results on hyperelliptic curves via Gromov-Witten the-
ory were first obtained for P? by T. Graber [24] using the Hilbert scheme
of points Hilb*(P?). The hyperelliptic curve counts on abelian surfaces
were first studied by S. Rose [57] using the orbifold Gromov-Witten
theory of Sym?(A) and the geometry of the Kummer. Rose derives his
results from the crepant resolution conjecture (CRC) [7, 58] and certain
geometric genericity assumptions. While our approach is similar, the
closed formula (ii) for Hy ) via the theta function K (z,7) is new,

Proposition [1f for hﬁgLS and the formula of Theorem | for h;’ﬂFLS in
higher genus (obtained by combining parts (i) and (ii)) do not match
Rose’s results. The errors in Rose’s genus 3 counts can be repaired to
agree with Proposition [I We hope the CRC approach will be able to
arrive exactly at the formula of Theorem {4| for hﬁbFLS.

The values of hﬁgLs in low genus and degree are presented in Table
below. The distribution of the non-zero values in Table [I] matches
precisely the results of Knutsen, Lelli-Chiesa, and Mongardi in [31],
Theorem 1.6]: hﬁgLS is non-zero if and only if

© -0+ | (e-n-2 2 -2) <a

The entry for g = 4 and d = 3 has recently been confirmed in [5].
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p di1]23| 4| 5 6 7 8 9 10
2 [ 1]12[36 112 150 | 432 | 392 | 960 | 1053 | 1800
3 10| 6 [90|456 | 1650 | 4320 | 9996 | 20640 | 36774 | 67500
4 10| 0|9 |192]1425 | 6732 | 23814 | 68352 | 173907 | 387900
5 0] 0] 0| 4 | 150 | 1656 | 10486 | 48240 | 174474 | 539200
6 |0]0]0| 0| 0 | 36 | 735 | 6720 | 41310 | 191400
7 lolojo] o] o 0 0 96 | 1620 | 14700
g lololol o] o 0 0 0 0 100

TABLE 1. The first values for the counts h BF LS of hy-
perelliptic curves of genus ¢g and type (1,d) in a FLS of
a generic abelian surface A as predicted by Theorem

0.3. Abelian threefolds.

0.3.1. Donaldson-Thomas theory. Let X be an abelian threefold and
let B € Hyo(X,Z) be a curve class. The Hilbert scheme of curves

Hilb"(X, 8) = {Z C X | [2) = B, \(Oz) = n}

parameterizes 1 dimensional subschemes of class 8 with holomorphic
Euler characteristic n. The group X acts on Hilb™ (X, §) by translation.

If n # 0, no assumption on g is made. If n = 0, we assume that [
is not of type (d,0,0) up to permutation. Then, the action of X has
finite stabilizers and the stack quotient

Hilb"(X, 8)/ X
is a Deligne-Mumford stack.
We consider here two numerical invariants of Hilb™(X,3)/X, the
topological Euler characteristic
—~ X . n
DT, 5 = e(Hilb"(X, 8)/X),

and the reduced Donaldson-Thomas invariant of X defined as the
Behrend function weighted Euler characteristic

DT, 5 = e( Hilb"(X, 8)/X,v)

:Zk:-e(l/ !

kez
While the Behrend function

v Hilb"(X, 8)/X — Z
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is integer valued, the topological Euler characteristic e is taken in the
orbifold sense and so may be a rational number. Hence,

—~ X
DT, ; € Q, DT, €Q.

By results of M. Gulbrandsen [26] DTi 5 1s invariant under deforma-
tions of the pair (X, ) if n # 0. For n = 0 Gulbrandsen’s method
breaks down, but deformation invariance is still expected. The num-

X
bers DT, 5 are not expected to be deformation invariant.

By deformation equivalence, we may compute DTff: 5 after special-

X
ization to the product geometry X = A x E. We compute DT, 5 for
the product geometry, and we conjecture a simple relationship there

X
between DTnXﬁ and DT, 5. We then obtain a formula for DTfﬁ.

Let A be a generic abelian surface with a curve class [y of type
(1,d > 0), and let E be a generic elliptic curve. Consider the abelian
threefold

X=AxE.
The curve class
(Bar,d) = B + d[E) € Hy(X,Z)
is of type (1,d’,d).

X
The following result determines the invariants DT, 5, 4 in the first
two nontrivial cases d =1 and d’ = 2.

Let K be the theta function which already appeared in Section |0.2.4]

Kp.) =" —p ) T _p(én )_(znt)flqm |

Theorem 5. For the topological Euler characteristic theory, we have

. —~ X n
(1) Z Z DTn,(ﬁl,d) p qd = K<p7 q>2 5

d>0 nez
. =X n 1 3p
(i) Z Z DT, (5.0 2" 0" = K(p,q)*- (5 + TR
d>0 nez p
YN kB +p M)+ 12q2d)) .
d>1 kld

Assuming Conjecture [D]in Section [6.6|below, we obtain the following
result for the invariants DT} (8.4 I the cases d' =1 and d’ = 2.
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Consider the Weierstrass elliptic function

o(p,q) = 112 S Y mp" —2+p ")

d>1 md

expanded in the region [p| < 1.

Corollary* 5. Assume Conjecture[D] holds. Then we have

) > > DTy g (—p)"¢" = —K(p,q),

d>0 n€Z

. . 3 3

(i) Y Y DToisa (—0)"a" = —5 K9 'olp.a) = KW 0)°
d>0 neZ

Part (i) of Corollary* [5| verifies an earlier prediction of BPS counts
on abelian threefolds by Maldacena, Moore, and Strominger [38].

Theorem [ concerns the Hilbert schemes of curves on X. The Euler
characteristics associated to the Hilbert scheme of points of X (via
the generalized Kummer construction) have been calculated recently
by J. Shen [60] — proving a conjecture of Gulbrandsen [26].

0.3.2. Gromov-Witten theory. Let X be an abelian threefold, and let 3
be a curve class of type (di, ds, ds) with dy,dy > 0. We consider curves
of genus g > 2.

The translation action of X on M (X, 3) has finite stabilizer. Hence,
Mg <X7 B) /X

is a Deligne-Mumford stack. In Section[7], we use methods of Kiem and
Li [29] to construct a reduced virtual class

[M,(x. )/ X
on M, (X, 8)/X of dimension 0. We define the reduced quotient Gromov-
Witten invariants of X by

e
[Mg(X,B)/X]red

By construction, Ny 5 is deformation invariant and hence only depends
on g and the type (di, ds, d3) of 5. We write

} red

Ngs = Ng,(dl,dz,dS) :
The number N, g is a virtual count of translation classes of genus g
curves in X of class # in X. In Section [7| we show that N, g determines
the full reduced descendent Gromov-Witten theory of X in genus g and
class .
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The following conjecture relates the Gromov-Witten invariants N, g
to the Donaldson-Thomas invariants DTi 5 defined above. Define the

generating series

Zg%W (u) = Z Nggu*™ and Zy"(y) = Z DTfiB y".

g>2 nez

Conjecture B. The series Z]ﬁ)T(y) is the Laurent expansion of a ra-
tional function in y and
Z5" (y) = 25" (u).

after the variable change y = —e'™.

Conjecture B| is a Gromov-Witten/Donaldson-Thomas correspon-
dence for reduced theories |39, 44]. In conjunction with part (i) of
Corollary™* |5| and the expansion , Conjecture [B| determines the in-
variants Ny (1,1,4) for all d > 0 by the formula

Z Z Ng,(lyl,d)u2g_2qd = —K?*(z, T)|ym—e2miz goe2mic

d>0 g>2

2 [T WO

To capture the invariants Ny 1 4 ) for higher d’, we conjecture an
additional structure governing the counting. Let
29—2
Flrndy (@) = No.(dy ap.y 7
g=>2

The following multiple cover rule expresses the invariants of type (1, d’, d)
in terms of those of type (1,1, d).

Conjecture C. For all d',d > 0,
1
o) = 3 g0

Ly k2
klged(d’,d)

Conjecture [C] matches the counts of genus 3 curves by the lattice
method of [14] 22, B4]. The deepest support for Conjecture |C] is a
highly non-trivial match with part (ii) of Corollary* H

Taken together, Corollary* [ and Conjectures[B]and [C|determine the
invariants N, g for all primitivﬂ classes 3. The discussion is parallel
to [44, Conjecture A] concerning the virtual enumeration of curves on

10 Recently, further evidence has been obtained in [45).
HThe class is primitive if and only if it can be deformed to type (1,d,d), see

Section
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K3 x FE in classes (f,d) where 5 € Hy(K3,Z) is primitive. The latter
has been computed for (3, 5) € {—2,0} in Donaldson-Thomas theory
in [6]. The proof of Theorem [5|in Section |§| closely follows the strategy
of [6].

For Theorem[§land Conjecture[B] the Hilbert scheme of curves can be
replaced by the moduli space of stable pairs [50]. For technical aspects
of the proof of Theorem [5, ideal sheaves are simpler — but there is no
fundamental difference in the arguments required here.

A multiple cover formula for BPS counts in classes (1, d, d’) was pro-
posed in [38]. However, the formula in [38] is different from ours and
does not match the genus 3 counts or Corollary™* [5

An extension of Conjecture [C] to all curve classes is discussed in
Section

0.4. Plan of the paper. In Section 1, we recall several classical facts
concerning divisors and curves on abelian varieties. Polarized isogenies,
which play a central role in the enumeration of low genus curves, are
reviewed. Reduced virtual classes are discussed in Section 1.4. Degen-
erate curves classes are analyzed in Section 1.5.

Part I of the paper (Sections 2-5) concerns the enumeration of curves
on abelian surfaces A. In Section 2, the genus 2 part of Theorem [I] is
proven. In Section 3, the proofs of Theorem [I] and Theorem [2| for prim-
itive classes are completed. A connection with the Euler characteristic
calculations of stable pairs moduli spaces on A by Gottsche and Shende
[23] is discussed in Section 3.7. The quasi-modularity of the primitive
descendent potentials of A is studied in Section 4 where a refinement
of Theorem [3|is proven. A parallel refined quasi-modularity result for
the reduced Gromov-Witten theory of K3 surfaces is presented in Sec-
tion 4.6. The enumeration of hyperelliptic curves on A and the proof
of Theorem [ is given in Section 5.

Part II of the paper (Sections 6-7) concerns the enumeration of
curves on abelian threefolds X. In Section 6, the topological and
Behrend weighted Euler characteristics of the Hilbert scheme of curves
in A x E are studied. For d’ € {1, 2}, the topological Euler character-
istic theory is calculated and Theorem [5|is proven (except for genus 3
lattice counts which appear in Section 7.4). Conjecture @ relating the
two theories is presented in Section 6.6. In Section 7, the foundations
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of the quotient Gromov-Witten theory are discussed and the full de-
scendent theory is expressed in terms of the invariants Ny (4, d,,q4,). The
relationship between Theorem [5]and Conjectures [Bland [C]is studied in
Section 7.5. Finally, a multiple cover formula for imprimitive classes is
proposed in Section 7.6.
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1. ABELIAN VARIETIES

1.1. Overview. We review here some basic facts about divisor and
curve classes on abelian varieties. A standard reference for complex
abelian varieties is [3]. A treatment of polarized isogenies is required
for the lattice counting in Sections [2] and [7.4] Using results of Kiem-Li
[29], we define reduced virtual classes on the moduli spaces of stable
maps to abelian varieties. Finally, we show that the (reduced) Gromov-
Witten theory of abelian varieties of arbitrary dimensions is determined
by the (reduced) theories in dimensions up to 3.

1.2. Curve classes. Let V = C". Let A C V be a rank 2n lattice for
which

A=V/A

is an n-dimensional compact complex torus. Let L be a holomorphic
line bundle on A. The first Chern class

ci(L) € H*(A,Z)
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induces a Hermitian form
H:VxV —=C
and an alternating form
E=ImH:AxA—7Z.

By the elementary divisor theorem, there exists a symplectic basis of A
in which FE is given by the matrix

(%2

where D = Diag(dy, ..., d,) with integers d; > 0 satisfying
di|ds]| -+ |d,.

The tuple (di,...,d,) is uniquely determined by L (in fact by ¢ (L))
and is called the type of L.

A polarization on A is a first Chern class ¢;(L) with positive definite
Hermitian form H (in particular d; > 0). The polarization is principal
if d; = 1 for all 7. The moduli space of polarized n-dimensional abelian
varieties of a fixed type is irreducible of dimension n(n + 1)/2.

Let € Hyo(A,Z) be a curve class on A. The class corresponds to
f=all)e (A1),

where A = Pic®(A) is the dual complex torus of A and L is a line
bundle on A. We define the type (dy,...,d,) of 8 to be the type of
L. The class [ is primitive if and only if d; = 1. For abelian surfaces,
we may view  as either a curve class or a divisor class: the resulting
types are the same.

If G is of type (dy, ..., d,) with d; > 0 for all 7, then Bis a polarization
on A. Hence, all curve classes of a fixed type (di,...,d,) with d; > 0

for all 7 are deformation equivalent.

If d; = 0 for some i, then we say that § is of degenerate type. Write
k = max{i|d; # 0}. By [3, Theorem 3.3.3], there exists a subtorus
B C A of dimension n — k with quotient map
p: Ao A= A\/ B,
and a polarization
B=cl(l) e H (A Z)
of type (d1,...,dy), such that 3 = p*(B). The deformation of 3 is then

governed by the deformation of 5. As a result, curve classes of a fixed
type (di,...,d;,0,...,0) are also deformation equivalent.
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Let A be the product of n elliptic curves £ x --- x F,. For integers
ai,...,a, > 0, consider the curve class

B=a[Ei] + - +an[E,] € Hy(AZ).

The type (di, ..., d,) of § is given by the rank and the invariant factors
of the abelian group associated to (ay,...,a,):

n k
Pz/a=z" 0o Pz/d;.
i=1 j=1

Here, k,m <n and

(i, d)=(1,...,1,d,,...,d,,0,...,0).
—k— m

Later we shall also say that  is of type (ay,...,a,) without requiring
ailag| -+ |an.

Two tuples (ay,...,a,) and (by,...,b,) are deformation equivalent
if and only if

i=1 i=1

The primitivity of 5 is determined by ged(ay, ..., ay).

1.3. Polarized isogenies. The following discussion is based on [14]
22, 134]. Let

f:C— A
be a map from a nonsingular curve of genus g. Suppose the curve class
B = flC]
is of type (di,...,d,) with d; > 0 for all . The map f factors as
c3J5 A,
where J is the Jacobian of C' and aj is the Abel-Jacobi map, defined
up to translation by J. By duality, m corresponds to

7:A— J such that B:A*Q,
where 6 is the theta divisor class on J (here we identify J with J).
When g = n, the map 7 is a polarized isogeny.

More generally, consider the isogeny

~

¢B:g—>g’£/l, x»—>t;L®2_1,
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where 3 = cl(z\) for some line bundle L and ¢, : A — A is the transla-
tion by z. The finite kernel of ¢3 admits a non-degenerate multiplica-
tive alternating form

() Ker(gg) x Ker(¢z) — C*,

called the commutator pairing. By [3, Corollary 6.3.5], there is a bijec-
tive correspondence between the following two sets:

-~

e polarized isogenies from (,21\7 ) to principally polarized abelian
varieties (B, 0),
e maximal totally isotropic subgroups of Ker(qﬁg).

The cardinality of both sets depends only on the type (di,...,d,) of
[, and is denoted by

l/(dl, ce ,dn) .
In fact, under a suitable basis of A we have
(6) Ker(gbg) > (Z)dy x - x Z)d,)?,

and in terms of standard generators ey, ..., ey, fi,..., fn of @,

(er, fo) = €™k .

The number v(dy, ..., d,) can be computed as follows.
Lemma 1 (Debarre [14]). We have

(7) v(dy,. .. d,) = > # Hom™™ (K, K)
K<Z/di1X-XZ]dn

where K = Hom(K,C*) and Hom™™ stands for symmetric homomor-
phisms.

A straightforward analysis yields

(8) v(l,... . 1,d)=0(d)=> k.

kld
A list of values of v(dy,...,d,) can be found in [34], but some of the
entries are incorrect. For example, the number v(2,4) should be 39
and not 5H1.

The counts of polarized isogenies are closely related to the counts of
the lowest genus curves on abelian surfaces and threefolds. Moreover,
this lattice method is also important in counting higher genus curves

in class of type (1,2, d), see Sections [2] and [7.4]
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1.4. Reduced virtual classes. Let A be an abelian variety of dimen-
sion n > 2, and let § € Hy(A,Z) be a curve class of type
(dy,...,d,0,...,0)
——

m

with d; > 0 for all <. Here, £ > 0, m > 0, and kK +m = n.

By the discussion in Section [1.2] there exists a subtorus A’ C A of
dimension k and a curve class 5’ € Hy(A',Z) of type (d,...,d;) such
that ( is the push-forward of 5. Write

T A— A"=A/A
for the quotient map.
Consider the moduli space of stable maps Mg(A, B). Using the co-

section localization method of Kiem-Li [29], we define a (maximally)
reduced virtual class

[M,(4, B)]"™

on M,(A,B). The case with marked points is done similarly. The
result provides a foundation for the reduced Gromov-Witten theory of
abelian varieties.

By [29, Section 6], every holomorphic 2-form 6 € H°(A,Q?) induces
a map

70 Obz,a8) = Oftya)
where Obgz, (4 4) Is the obstruction sheaf of M, (A, B).

Lemma 2. The map oq is trivial iof
6 cn H(A" Q%)
and surjective otherwise.
Proof. Let [f : C — A] € M,(A, B) be a stable map in class 3. After
translation, we may assume Im(C') C A'.
By [29, Proposition 6.4], the map oy is trivial at [f] if and only if the

composition

(9) Tc,., s 114 Creg LN

Crcg

is trivial. Here C\¢g is the regular locus of C' and 0 Ty — €2y is the
map induced by 6. Since Im(C) C A, it is clear that (9) is trivial if
6 e mH (A", Q%4,).

For the surjectivity statement, we identify the tangent space T4 , at
x € A with Ty, by translation. Since 8 is of type (dy, ..., d;) with
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d; > 0, the curve Im(C) generates A" as a group. By [15, Lemma 8.2,
there exists an open dense subset U C Im(C);eq, such that Tap,, is
spanned by

TIm(C)reg,x for zeU.

It follows that for any 0 € H°(A, Q%) \ m*H(A”,Q%,), there exists a
point z € U with @ non-trivial at x. O

Hence, by taking a basis of the quotient H(A, Q%)/m*H°(A”, Q%,),
we obtain a surjective map

@r(k,m)
Mg (Azﬁ)

r(k,m) = (“;") - (Z‘) —@—H{;m.

Then, by the construction of [29], the map o yields a reduced virtual
class [M,(A, 8)]*? of dimension

g . ObMQ(A,B) — (9

with

k(k—1)

vdim Mo (A, B) +r(k,m) = (k+m = 3)(1 - g) + =

+ km.

1.5. Gromov-Witten theory in degenerate curve classes. We
now explore the possibilities of obtaining non-trivial reduced Gromov-
Witten invariants for A and . By deformation invariance, the invari-
ants depend only on the type

(dy,...,dg,0,...,0).
——

We may then assume
A=A x A"

with A’ generic among abelian varieties carrying a curve class of type
(dy,...,dy), and A" a product of m elliptic curves,

A'=FE, x---x BE,,.
By the genericity of A’, there are no stable maps of genus less than
k = dim A’ in class §. Hence, all invariants in genus < k vanish.

We list the following four cases according to the number k of non-zero
entries in the type of .

Case k = 1. For g > 1, stable maps [f : C — A] € M (A, 3) come in
m-dimensional families via the translation action of A”. On the other
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hand, the translation by the elliptic curve A’ fixes Im(f). The expected
dimension modulo the translation by A” is

vdim M (A, B) +r(1,m) —m = (m —2)(1 —g).

Integrals over the reduced class [M,(4, 8)]"¢ can be evaluated by
eliminating the E-factors. In each step from
AXE x---xE_ to AxE x---xEj,
we find a surjective map EY — O where E is the Hodge bundle. We
then obtain a copy of the top Chern class of
Ker(EY — O)

which is (—1)97'A,_;. This follows from a close analysis of the obstruc-
tion sheaf and the definition of the reduced class. In the end, we arrive
at integrals over [M,(A’, 8)]''' with
((_1)9_1)‘971)m
in the integrand.
For m = 1 (dim A = 2), the theory becomes the study of \,_i-
integrals on the elliptic curve A’. Such Hodge integrals may be ex-

pressed [I7] in terms of the descendent theory of an elliptic curve
[47, 48] .

For m > 2 (dim A > 3), all invariants in genus g > 2 vanish. By
Mumford’s relation for g > 2,
)\371 = 2Xg A2,

and A\, annihilates the virtual fundamental class of non-constant maps
to the elliptic curve A’. In genus 1, all invariants are multiples of

(10) / - ol
[MI(A/7BI)]Vir dl

for 5’ of type (dy).

Case k = 2. For g > 2, stable maps in M,(4, 3) come in (2 + m)-
dimensional families via the translation action of A. The expected
dimension modulo translation is

vdim M (A, B) +7(2,m) — (2+m) = (m —1)(2—g).

Similar to the £ = 1 case, by eliminating each F-factor we find a
surjective map EY — O%2 and obtain a copy of the top Chern class of

Ker(EY — O%?)
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. . —9
which is (—1)97%A,_s.

The reduced Gromov-Witten theory of the abelian surface A’ is the
subject of Part I of the paper. For m =1 (dim A = 3), we find integrals

/ (<1720, 5 ...,
[Mg(A/7B/)]er

where the dots stand for further terms in the integrand. Our interest in
Ag—o-integrals on an abelian surface (see (2) and Theorem |1)) is directly
motivated by Gromov-Witten theory in degenerate curve classes on
abelian threefolds.

of the form

For m > 2 (dim A > 4), all invariants in genus g > 3 vanish for
dimension reasons. We are then reduced to the genus 2 invariants of
A’ and .

Case k = 3. Similar to the £ = 2 case, for ¢ > 3, the expected
dimension modulo translation is
vdim M, (A, 8) +7(3,m) — (3+m) =m(3 —g).
Here by eliminating each E-factor we find a surjective map EY — O%3,
and obtain a copy of the top Chern class of
Ker(EY — O%3)

which is (—1)97%\,_3.

The reduced Gromov-Witten theory of the abelian threefold A’ is
studied in Part IT of the paper. For m > 1 (dim A > 4), all invariants

in genus g > 4 vanish for dimension reasons. We are reduced to the
genus 3 invariants of A" and .

Case k > 4. For g > k, the expected dimension modulo translation is
(11) vdim M,(A, B) + r(k,m) — (k +m)
k

The right hand side of is always negative for ¢ > k > 4. Hence,
all invariants vanish.

In conclusion, the (reduced) Gromov-Witten theory of abelian vari-
eties of arbitrary dimensions is completely determined by the (reduced)
Gromov-Witten theories of abelian varieties of dimensions 1 < d < 3.
The analysis here justifies our focus on these low dimensions.
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Furthermore, for abelian varieties of dimension at least 4, only genus
1 < g < 3 invariants can possibly survive. Exact formulaﬂ are avail-
able for the genus 1 < g < 3 invariants which arise for abelian varieties
of dimension at least 4.

R2Fpor genus 1, the formula is . For genus 2, the formula is given by Theorem
For genus 3, the formula appears in Lemma
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Part I. Abelian surfaces

2. THE GENUS 2 CASE

2.1. Quotient Gromov-Witten invariants. Let A be an abelian
surface, and let § € Hy(A,7Z) be a curve class of type (di,ds) with
di,dy > 0. In Section [0.2.1, we defined invariants

FLS _ p\IFLS
Ngﬂ - Ng,(dhdz)

counting genus g curves in a fixed linear system. It is sometimes more
natural to count curves up to translation. A reasonable pathH to the
definition of such invariants is by integrating over the quotient stack

(12) My(A B)/A.

Classically, people have taken a simpler course. Let
p:My(A B) = Pic’(4) = 4,

be the morphism which sends a curve [f : C' — A] to the divisor
class associated with its image CUYVG.E The map p is equivariant with
respect to the actions of A on M (A, 3) by translation and on A by
the isogeny

¢5 A — A\ .

An element = € A fixes a linear system of type (di, ds) if and only if
is an element of
(13) Ker(dg: A — A) 2 (Z/dy x Z]dy)?.

The quotient space equals the quotient of M, (A, 3)¥LS by the finite
group with (dydp)? elements. Therefore, we define the invariants
counting curves up to translation by

1
Q _ FLS
(14) Ngy(dhdz) - (d1d2)2 9,(d1,dz2) *

In genus 2, the invariants are related to the lattice counts considered
in Section [L.3

Lemma 3. For all di,ds > 0,

Q _
N2,(d1,d2) = l/(dl, dg) .
13Gee Section for such a treatment for abelian threefolds.

1The construction of p relies upon the Hilbert-Chow morphism.
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Proof. Let 8 be of type (dy,d2) and assume Endg(A) = Q. In partic-
ular, A is simple (contains no elliptic curves) and Aut(A) = {+1}. Tt
follows that every genus 2 stable map

Fi0— A

in class § has a nonsingular domain C. As discussed in Section [I.3] to
such a map f, we can associate a polarized isogeny

-~

(A,B) = (J,0),
where J is the Jacobian of C.

Conversely, every simple principally polarized abelian surface (B, 6)
is the Jacobian of a unique nonsingular genus 2 curve C. Hence, each

~

polarized isogeny (A, //8\) — (B, 0) induces a map
03B A,

The map f is unique up to translation and automorphism of A. More-
over, the automorphism —1 of A corresponds to the hyperelliptic invo-
lution of C.

The abelian surface A acts freely*’ on My (A, 3) by translation. To
prove this, we decompose a genus 2 map f: C — A as
o375 4.

First, since [aj(C)] is a divisor class of type (1,1), the only element in
J fixing aj(C') is 0;. Second, the preimage 7' (f(C)) is the union

(15) U t@Ei©),
x€Ker(m)

where t, : J — J is the translation by z. Suppose a point a € A fixes
f(C), and let b € 7~ '{a}. By (15)), we have

t(aj(0)) = t.(aj(C))

for some = € Ker(w). In other words, the element b —x € J fixes aj(C).
Hence, b—2 =0, and a = 7(b) = 7(b—z) = 04.
It follows that My(A, B3)/A is precisely a set of v(d,ds) isolated

reduced points (or equivalently, My(A, B)F™S is a set of (didy)?v/(dy, dy)
isolated reduced points). 4

5The action is in general not free in genus > 2. For example, maps from
nonsingular genus 3 hyperelliptic curves in class of type (1,2) have Z/2-stabilizers,

see Sections and
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2.2. Genus 2 counts. For genus 2, the following result determines
the counts in all classes.

Theorem 6. For all dqi,ds > 0,

(16) Ng(dl,dz) - Z Z kL.

k| ged(d1,d2) /| di‘212

The primitive case (where ged(dy,ds) = 1) was proven in [14, 22,
34] via the lattice method discussed in Section and in [9, 57] via
geometric arguments. A closer look at the lattice method actually
yields a proof of Theorem [6] in the general case.

Proof of Theorem[6 To prove for v(dy,dy), we are immediately
reduced to the case v(p™,p") where p is a prime number and m < n.
For m = 0, we have, by ,

v(l,p") =o(p") = Zpk.
k=0
It suffices then to prove the following recursion:
(17) v(p™,p") = v(1,p") + (" ")
for 1 <m <n.
The proof uses . Consider the quotient map
T L/p™ X L)p"t — Z/p" T x Z/p"

For 1 <r <'s, the map 7 induces a bijective correspondence between
the following two sets:

e subgroups of Z/p™ x Z/p" isomorphic to Z/p" x Z/p®,
e subgroups of Z/p™~! x Z/p"~! isomorphic to Z/p" ! x Z/p*~t.

We also have
#Hom™™(Z/p" x Z/p*, Z/p" X Z]p*)
= pP# Homsym(Z/pT*1 X Z/psfl, Z/p’"*l/x\Z/pS*l) .

The remaining subgroups of Z/p™ x Z/p"™ are cyclic and isomorphic to
Z/p"* for some 0 < k < n. Moreover,

# Hom™™ (Z/p", Z/pF) = # Hom(Z/p", Z/p") = p.
Applying , we find

v(p™ ") = D 0L/ < T/ X 2"+ (o™ )
k=0
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The numbers of cyclic subgroups can be deduced from classical group
theory (see [11, Lemma 1.4.1]):

#LZ/ <Zfp" < Ty = > e,

0<i<m,0<j<n
max(%,j)=k

where ¢ is Fuler’s phi functionm We have

SO < 2/ x Ty

_ Zpk Z gO(pmin(i,j))
k=0

0<i<m,0<j<n

max(i,j)=k
m k n m m k-1
= " e+ D0 ) e+ 0 e)
k=0 i=0 k=m+1 =0 k=1 j=0
_ Zp2k+ Z pm+k+zp2k—l
k=0 k=m+1 k=1
m+n
= pr=v(prt),
k=0

proving the recursion . Theorem |§| then follows from Lemma . O

Since g = 2 is the minimal genus for curve counting on abelian sur-
faces, Theorem [6] may be viewed as the analogue of the Yau-Zaslow
conjecture [64] for ¢ = 0 counting on K3 surfaces. In the K3 case,
primitive classes were handled first in [I, 10]. To treat the imprimi-
tive classes, a completely new approach [30] was required (and came a
decade later). For abelian surfaces, the lattice counting for the prim-
itive case is much easier than the complete result of Theorem [0l The
perfect matching of the lattice counts in all cases with formula of The-
orem [6] appears miraculous.

2.3. Multiple cover rule. A multiple cover formula in ¢ = 2 can
be extracted from Theorem [Bl The result follows the structure of the
complete multiple cover formula for K3 surfaces [51]. We state here
the multiple cover conjecture for the invariants NS( d1.da) for all g.

For dy,d; > 0, define the generating series of the quotient invariants:

o Q 2g—2
f(d1,d2)<u) - Z Ng,(d17d2)u .

g>2

16<p(1) =1 and p(p*) =p* — pF~! for k > 1.
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The quotient invariants are defined in terms of the FLS invariants in

@.

Conjecture A’. For all dy,dy > 0,

f(dl,d2)(u) = Z kf(lv%)(ku) .

k| ged(di,d2)

Theorem [6]implies the g = 2 case of Conjecture A’. By an elementary
check, Conjecture [A]is equivalent to Conjecture A’ plus the k = 0 case
of Theorem [2} Since Theorem [2]is proven in Section [3, Conjectures [A]
and A’ are equivalent.

3. PRIMITIVE CLASSES

3.1. Overview. Let A be an abelian surface, let ¢ > 2 be the genus,
and let 5 € Hy(A,Z) be a curve class of type (di, ds) with dy, ds > 0.
The class ( is primitive if ged(dy, ds) = 1.

The proof of Theorem [2|is presented here. We proceed in two steps.
First, we relate the FLS invariants to the reduced Gromov-Witten in-
variants of A with pure point insertions and A classes in Sections [3.2
and 3.3 Next, we degenerate an elliptically fibered abelian surface A.
Using the degeneration formula in Sections [3.4] and [3.5] we reduce the
calculation to an evaluation on P' x E. The proof of Theorem [2] is
completed in Section (3.6

We conclude with an application in Section [3.7 a new proof is pre-
sented of a result by Gottsche and Shende [23] concerning the Euler
characteristics of the moduli spaces of stable pairs on abelian surfaces
in irreducible classes.

3.2. Notation. Let o € H*(M,,,Q) be a cohomology class on the
moduli space of stable curves Mg,n, and let

M- € HY(A, Q)

be cohomology classes on A. The classes o and ~; can be pulled back
to the moduli spaces

via the forgetful map 7w and the evaluation maps evy, ..., ev,.
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For each marking i € {1,...,n}, let L; be the associated cotangent
line bundle on M, (A, ). Let

1/11' - Cl(Li) S Hz(Mg,n(A7ﬁ)7 @)
be the first Chern class. Since
M, (A,B)™ C Mya(A,B),

the classes v; restrict to M, (A, B)FLS.

The reduced Gromov-Witten invariants of A are defined by:

(7o) o)) = [ w(@) [Tevito v

9,8 (M g, (A,B)]red

The FLS invariants of A are defined by:

AFLS . ., o
(i mut) o n)) = w*(a) [Jevitnvs.
g,8 [ (A,B)FLS]red i1

Mgn

The FLS invariants can be expressed in terms of the usual invariants
by a resulf| of Bryan and Leung [0] as follows. Let

gla 627 637 £4 € Hl(AﬂZ)
be a basis for which the corresponding dual classes
&, 6,6, & e HY(AZ) = Hi(AZ)

satisfy the normalization
J&vgEuEUE-1.
A

By first trading the higher descendents 74(7y;) for classes pulled back
from Mg,n up to boundary terms, we may reduce to non-gravitational
insertions 79(y;). Then

A,FLS A,red

(18) <Oz;f[70(%)>gﬂ =<0<;f[70(&)-ﬁ70(%)> L

9,

where « on the right side of is viewed to be a cohomology class on

M 4 n+4 via pull-back along the map which forgets the four new points.

17See [32, Section 4] for an algebraic proof.
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3.3. Odd and even classes.

3.3.1. Trading FLS for insertions. We prove here the following sim-
ple rule which trades the FLS condition for insertions in the reduced
Gromov-Witten theory of A.

As in Section [0.2.2] let p € H*(A,Z) be the class of a point.

Proposition 2. For g > 2 and dy,dy > 0, we have
AFLS d.d A,red
, k _ 102 < . k+2>
Q] - a g
< TO(p) >9»(d1,d2) (k? + 1)(l€ + 2) TO(p) 9,(d1,d2)
for all « € H*(M,,Q) and k > 0.

The proof uses the action of A on the moduli space Mg,n(A, B) to
produce relation among various Gromov-Witten invariants. The argu-
ment is a modification of an elliptic vanishing argument introduced in
[48].

3.3.2. Abelian vanishing. Let 5 € Hy(A,7Z) be any curve class. For
n > 1, let
evy i M,a(A,B) — A
be the first evaluation map. Denote the fiber of the identity element
04 € A by
Mo, (A,B) = evi(04).

We have the product decomposition

(19) My, (A,B) =M, ,(A,B) x A.

The reduced virtual class on M, (A, ) is pulled back from a class on
M;n (A, B). Consider the commutative diagram

Mgm(A, B) —s A
lpr ‘p
570 n—1
Mgm(A, p)—=A
where pr is projection onto the first factor of and
p(ry,. .., xn) = (X — X1, ..., Ty — 1) .

Lemma 4. Let « € H*(M,,,,Q) and v € H*(A"1,Q) be arbitrary
classes. For any v1 € H*(A, Q) of degree deg(v1) < 3,

/ () Uevi(y) Uev p*(y) =0.
[Mg,n(Avﬂ)]red
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Proof. The class
(7*(@) Uev' 5 (3)) N [M (4, B))

is the pull-back via pr of a class € on M;H(A, B). Using the push-pull
formula, we have

pr, (ev’{ (m1) N pr*(Q)) =pr,evi(y1)Ne=0.

The last equality holds for dimension reasons since v, € H=3(A, Q)
and the fibers of pr are A. O

3.3.3. Proof of Proposition[3. We study the split abelian surface
A= E1 X EQ,

where EF; and E, are two generic elliptic curves. Consider the curve
class
(d17 dg) = dl[El] + dQ[EQ] c HQ(A, Z) .

For i € {1,2}, let w; € H?(E;,Z) be the class of a point on Ej;, and
let
a;,b; € H'(E;,Z)
be a symplectic basis. We use freely the identification induced by the
Kiinneth decomposition

H*(Ey X Ey,Z) = H*(FE1,Z) @ H*(Es,7Z) .
The proof of Proposition [2| follows directly from and the follow-

ing two Lemmas.

Lemma 5. For o € H*(M,,Q), we have
dy <a; To(p)k+2>

Ared

9,(d1,d2)

= (k+2) (o TO(aIWZ)TO(bM)To(p)kH>A’red

g.(d1,d2)
Proof. Consider the class
v = biwy ® pPTt € H* (A2 Q).
In the notation of Section for n = k + 3, we have
(20) p*(1®i—1 Qv 1®k+2—i) @ 18k 2 4 18 gy g 1@k 2
foralli=1,...,k+ 2 and all v € {a1, by, as,bo}.
Denote the projection onto the first factor of A*+3 by

7T1iAk+3—>A.
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Let u = ajwy. Via several applications of ([20]), we find

T (w) Up*(y) = a1ws @ bjws @ p“*! — p ® wy @ pPF*!
k+1
—> p@biw @ p¥ ! @ aywy @ pTH T

i=1

After applying the abelian vanishing of Lemma [, we obtain
<04§ To(wz)To(P)k+2>

= (k+2) <a; To(alw2)70(b1w2)70(p)k+l>

A,red

9,(d1,d2)
A,red

gv(dlde) .
The Lemma then follows from the divisor equation. O
Lemma 6. For a € H*(M,,Q), we have

A,red

dy <04 ) To(alwz)To(blwﬁTo(P)kH>

9,(d1,d2)

— (k+ 1)<a; 7o(a10) 70 (b12) 70 (0r32) 70 (w1 b2 )70 (P) >A’red

g.(d1.d2)
Proof. Consider the class
v =wiby ®ajws @ bjwy ® P®k

and let u = wjas. We apply the abelian vanishing just as in the proof
of Lemma [f| Every term with an insertion of the form mo(vw) for
v € {ay, b1} and w € {ay, ba} contributes zero by the divisor equation.
We obtain

<a; To(w1)To(a1w2)70(b1w2)ro(p)k+1>Avred

97(d1 ,dZ)
A,red

= (k+ 1) {5 ro(arwn)mo(brece) mo(wrae)To(wiba) o(p) ) ()
g,(d1,d2

which yields the result by an application of the divisor equation. [

3.4. Degeneration formula. Let the abelian surface A
A=F, x Ey

be the product of two generic elliptic curves E; and FEs, and let
E =0g, x By

be a fixed fiber of the projection to F;. The degeneration of A to the
normal cone of ¥ C A is the family

(21) €: X =Blgyo(A xP') — P'.
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For ¢ € P!\ {0}, the fiber X = e *(¢) is isomorphic to A. For £ =0,
we have
Xo=AUg (P x E).

We will apply the degeneration formula of Gromov-Witten theory [35]
36] to the family (21)).

For our use, the degeneration formula must be modified for the re-
duced virtual class. More precisely, the degeneration formula expresses
the reduced Gromov-Witten theory of A in terms of the reduced relative
Gromov-Witten theory of A/FE and standard relative Gromov-Witten
theory of (P! x E)/E. The technical point in the modification of the
degeneration formula is to define a reduced virtual class on the moduli
space

Mgm(é, B )

of stable maps to the fibers of e. Note that every fiber X, and ev-
ery expanded degeneration )/55 maps to the abelian surface A. The
pull-back of the symplectic form of A to )?5 then yields a 2-form on
)A(g which vanishes on all components except A. With the usual ar-
guments [41), 42], we obtain a quotient of the obstruction sheaf which
only changes the obstruction sheaf on the A side. The outcome is the
desired degeneration formula. A parallel argument can be found in [42,
Section 6].

3.5. The surface P! x E. For the trivial elliptic fibrations
p:A—FE, and p:P'xE =P,

we denote the section class by B and the fiber class by E. We also
write

(dl, dg) - dlB + dgE
for the corresponding classes in Ho(A,Z) and Ho(P! x E,Z).

We will use the standard bracket notation

(oIl [+
-/ o [Turevin

[Mg,n((]Pl XE)/{Ovoo}v(lvd))M»V}Vir

PlxE

for the Gromov-Witten invariants of P! x E relative to the fibers over
0,00 € P!. The integral is over the moduli space of stable maps

Mg ((P' x E)/{0, 00}, (1,d))
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relative to the fibers over 0,00 € P! in class (1,d). Here,
pe H(0Ox E) and ve H'(cox E)

are cohomology classes on the relative divisors. The integrand contains
o € H(M,,,Q) and the descendents.

We form the generating series of relative invariants

< p ‘ o [] () ‘ v >P1XE
PIxE
=2 et (o [v), -

9>0 d>0

Similar definitions apply also to the case of a single relative divisor
and/or the case of the abelian surface A (with respect to the reduced
virtual class).

We will require several exact evaluations. Let
EY(1) = ¢(EY)

denote the total Chern class of the dual of the Hodge bundle, and let
w be the class of a point on the relative divisors of A and E x P!.

Lemma 7. We have

SECLCIEV S %»

< 1 ‘ EY(1) 70(p) ’ w >P . ZZ (23111 mu/2)>2 d

d>1 m|d
P!xE
<w ‘ EY (1) 70(p) ‘ W > —0.

Proof. The first equation is obtained by exactly following the proof of
[42, Lemma 24]. The second equation follows from [42, Lemmas 25 and
26]. For the third equality, the point conditions on the relative divisors
can be chosen to be different. Then, since the degree over P! is 1 (and
there are no nonconstant maps from P! to F), the moduli space with
the relative conditions imposed is empty. U

Lemma 8. For g >0 and d > 0,

(E(1) | w >A’red — 5,100

9,(1,d)
Proof. By dimension reasons only the term

(_1)971)‘971 = ¢y 1(EY)
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contributes in the evaluation of Lemma 8l

Case d > 0. We will prove the vanishing of A\, ; on M,(A/E,3) by

giving two linearly independent sections of E.

Let v, € H°(A,Q4) be the pull-backs to A of non-zero global
differential forms on F; and Fj respectively. Let

m:C — M,(A/E,B)

be the universal curve and f : C — A be the universal map. We have
the induced sequence

02 0 L Qs

By pushforward via m we obtain the sequence

S (’)2 — Twy = E.

9(A/E.B)

If s does not define a 2-dimensional subbundle of [E, there exists a
map fo : C' — A in class (1,d) and nonzero elements ¢, € C such
that

filey+dy) =0.
Thus fp must map to a (translate of a) 1-dimensional abelian subvariety
V inside E} X Ey. Because f has degree (1, d), the subvariety V' induces

an isogeny between E); and F,. But F; and Fy were choosen generic,
which is a contradiction. Hence s is injective and A\, = 0.

Case d = 0. Then, we have the factor R'm,(f*Tg,) inside the obstruc-
tion sheaf, which yields an additional class (—1)97\,_; after reduction.

< E\/(]_) ‘ >A,red / )\2
w = —
900 Jiz, o

For g > 2, we have )\2_1 = 2AgAg—2 by Mumford’s relation. By pulling-

Therefore,

back the global non-zero 1-form from FE), we obtain a 1-dimensional
subbundle of E. Therefore, \; = 0 and the integral vanishes.

Finally, for ¢ = 1 and d = 0 the moduli space M, (F;/0, 1) is a single
point and the invariant is 1. O

3.6. Proof of Theorem 2. We are now able to evaluate the invariants
NFk 1.d) of Section 2| and prove Theoreml By definition,
AFLS

ZZNE%CSM 29-20d _ Zzu2g2d<E\/ 1) 7 (>>”(Ld)‘

g>2 d>1 g>2 d>1
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By Proposition 2 2| the right side of (22)) equals
A,red

d :
Tdq (k+1 )(k+2) 22w d<EV Dk ()k+2>g,(1,d>'

g>0 d>0

Next, we apply the degeneration formula. Only one term satisfies the
dimension constraints:
d u? A,red P!xE
< (E@ W) (B W)y T
An application of Lemma [§] then yields

qdiq (k+1 7V)L(l<:+2 < ’ EY (1) 7(p)"™ >

We degenerate the base P! to obtain a chain of k+3 surfaces isomorphic

PIxE

to P! x E. The first k + 2 of these each receive a single insertion 7o(p).
Using the vanishing of Lemma [7| and the evaluation of the last P! x E
by [42, Lemma 24|, we obtain

d u?(k + 2) < ) ) EY(1) 7(p) ‘ . >IP’1><E

Tag k+1)(k+2)
: <u2< 1 ‘ EY(1) 70(p) ‘ w >P1XE> ' :

A further application of Lemma [7] yields

dq k+1<zz (28111 mu/2>>2 d)k+1.

d>1 m|d

Rewriting the result in the variables

p= e27rzz q= e27m'7
and u = 27wz, we obtain
k+1 d 1
) -m d) —g— —§ ’ k+1 )
qu+1< 22; +p ")q qquJrl(zr)
The proof of Theorem 2| is thus complete. O

3.7. Relation to stable pairs invariants. Let A be an abelian sur-
face and let 8 be an irreducible curve class of type (1,d). Let

P(4,B)
be the moduli space of stable pairs (F,s) on A in class 8 and with
Euler characteristic x(F) = n, see [50]. The moduli spaces P, (A, f3)

are isomorphic to the relative Hilbert scheme over the universal family
of curves in class 5. It is nonsingular of dimension 2d + n + 1.
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Consider the Hilbert-Chow map
p: Pu(A,B) — Pic?(A) = A

with sends a stable pair (F,s) to the divisor class associated to the
support of F'. The map is equivariant with respect to the action of A
and is an isotrivial étale fibration. The fiber of p over 0 is denoted by

Po(A, B) = p~(05),

We define the FLS stable pairs invariants in class g by the signed Euler
characteristic

(23) PELS = (1471 (P, (4, 6)™).

The definition agrees with the definition of residue stable pairs invari-
ants of the threefold A x C using torus localization, see [42].

By deformation invariance of the Euler characteristic under defor-
mations with smooth fibers, PS’LBS only depends on the type (1,d) of
the irreducible class 3. We write

FLS FLS
Pn,,b’ = Pn,(l,d) :

The Euler characteristics (in fact the y,-genus) have been com-
puted by Gottsche and Shende in [23]:

Theorem 7 (Gottsche-Shende [23]). We have

2
Z Z Pﬁid)(_ﬁ)nqd == Z Z %(pm —24p ™).

d>1 nez d>1 m|d

The k£ = 0 case of Theorem [2] yields a second proof of this result:
using an analog of the abelian vanishing relation (Lemma [4]) for stable
pairs, we may express the FLS condition by point insertions on the
full moduli space P, (A, 3) as in Proposition [ After degenerating the
abelian surface A to P! x E, we can apply the Gromov-Witten /Pairs
correspondence [49], which yields the result.

In [42], a parallel study of the reduced invariants of K3 surfaces was
undertaken. The Gromov-Witten/Pairs correspondence and the Euler
characteristic calculations of Kawai-Yoshioka [28] were together used to
evaluate the Gromov-Witten side to prove the primitive Katz-Klemm-
Vafa conjecture. The analogue of the Kawai-Yoshioka calculation for
abelian surfaces is Theorem [} However, for abelian surfaces we are
able to evaluate the Gromov-Witten side directly without using input
from the stable pairs side.
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4. QUASI-MODULAR FORMS

4.1. Descendent series. Let A = F; x E3 be the product of two
generic elliptic curves F; and FE,, and let

(di,d2) = di[Er] + do[Es] € Hy(A,Z) .
For i € {1,2}, let w; € H*(FE;,Z) be the class of a point on F; and let
a;, b, € H'(E;,Z)

be a symplectic basis. As before, we use freely the identification in-
duced by the Kiinneth decomposition

H*(El X EQ,Z) = H*(El,Z) X H*<E2,Z) .
A class v € H*(A, Q) is monomial if v is a product
y=alblakbl, 0,5,k 1e€{0,1}.

A Dbasis of the cohomology of A is given by monomial classes. For a
monomial class 7, we denote by v,(7y) the exponent of s € {a1, by, as, b}
in . Hence,
y= a11731(')’) bll)bl (V)a;az(v)bgm () _
Let v1,...,7 € H*(A,Q) be monomial classes, and let
Ay ...,0y € ZZO

be non-negative integers. The primitive descendent potential of A with
insertions 7, (71) - - - Ta, (V) is defined by
A,red

F;(Tal(’yl) e Tap (V) = Z <Ta1 (M) -+ Ta, ('Yn)> q".

1,d
>0 g,(1,d)

Theorem (3| states a modularityﬁ property for F/'(7q,(71) - Ta, (7n))-
The following refined result will be proven here.

Theorem 8. The primitive descendent potential satisfies the following
properties for all g > 1:

(i) F;;‘(Ta1 (M) -+ - Ta, (Vn)) vanishes unless
Zvai(’ylc) :vai(’}/k)a (S {172}
k=1 k=1

(ii) F;(Tm (1) Tan () € QMOd2(gf2)+2é Jor £ = Zzzl Vay (Vk)-

18The vector space of quasi-modular forms was defined in Section
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Part (i) of Theorem [8is a basic balancing condition. Part (ii) is a
homogeneity property which refines the statement of Theorem [3]

Having the precise weight is useful in applications. For example, by
part (ii) of Theorem [8 the series F4'(7i(p)) is a quasi-modular form of
weight 2, and hence a multiple of Ey(7). The constant coefficient is
given by

1

/ evi(p)yr = / (=A1)evi(w), = ——.
[Ma,1(A,(1,0))]red (M1 (E1,1)]vir 12

We conclude

FA(p) = —=Fa(r) = —= +2 3 o(d)".

12

For genus g = 1, both parts of Theorem [8] are easy to see. The

contributions of curve classes (1,d > 0) vanish for ¢ = 1 since the
moduli space of maps is empty: an element of

M, (E; x Ey, (1,d > 0))

would yield an isogeny between E; and Es contradicting the genericity
of By and F,. The series F{'(7,,(71) ... 7a, (7)) therefore has only a
constant term in ¢. For curve classes of degree (1,0), the moduli space
factors as

My ,(Ey % Es, (1,0)) 2 My o (Er, 1) X B .

The balancing condition of part (i) then follows by the separate bal-
ancing on the two factors. For nonvanishing invariants

Ared
CACHIENCRNI
we must have .
t= 2032(%9) =1

Hence, part (ii) correctly predicts a quasi-modular form of weight

20g—2)+20=2(1-2)+2-1=0.

4.2. Tautological classes. The first step in the proof of Theorem [§]is
to recast the result in terms of tautological classes on the moduli space
of curves. For 2g —2+n > 0, let

R (Myn) C H (Mg, Q)
be the tautological ring. Let

m:Mgn(AB) = My,
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be the forgetful map. For a € R*(M,,), we define a-twisted reduced
invariants of A by

( (@) U] evi ()
a;ﬁyl,...,fyn> :/ (o) U ev; (Vi) .
9:p [(Mg,n(A,B)]red ;

Here, [ is a curve class on A and

Y5+ Un € H*(A7Q)

are monomial classes. The associated primitive potential is defined by
A,red

F?(a;%,...,%):Z<a;fyl,...,’yn> q*.

(1,d
>0 g,(1,d)

Proposition 3. The primitive a-twisted potential satisfies the follow-
ing properties for all g > 1:

(i) Fo (71, - .-, Yn) vanishes unless
Uai<7k> = vai(’yk) ) (S {17 2} .
k=1 k=1

(ii) F?(OG V1.5 Tn) € QMOdz(g—2)+2£ for €="7370 1 va, (k)

The cotangent line classes

¢17 et 7wn € H2<Mg,n(A75)7Q)

can be expressed as pull-backs of the corresponding cotangent line
classes from Mgm up to boundary corrections Integration over the
boundary corrections is governed by the splitting formula for reduced
invariants. The boundary corrections yield integrals of lower genus
or fewer marked points. Arguing inductively, the descendent series
F'(7ay (1) - - - Ta, (7)) can therefore be expressed in terms of the series

A
{Fo (@70, }
for various o', ¢', 71, ..., 7,,. By a simple verification, the splitting for-

mula preserves the vanishing and modularity statements of Theorem
Bl Hence, Proposition [3| implies Theorem

The balancing condition of part (i) of Proposition |3 follows easily
from a Hodge theoretic argument. Alternatively, the balancing condi-
tion can be obtained inductively via the proof of part (ii) of Proposition

Bl

9The unstable g = 0 cases do not play a role. For abelian varieties, genus 0
invariants (standard or reduced) are non-vanishing only in the constant map case
where stability requires 3 special points.
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4.3. Proof of Proposition [3| (i). By [61], or by a direct Mumford-
Tate group calculation in case E; and FEj are generic, the subring of
Hodge classes on A" = (E; x Ey)",

Hdg*(A") C H*(A",Q),

is generated by divisor classes [

Hence, under the Kiinneth decomposition, the ring Hdg"(A™) is gen-
erated by pull-backs of divisors classes in

H2(Ei Q)? Hl(Ei7Q)®H1(Ei7Q)7 Hl(ElaQ)@)Hl(E%Q)a

for i = 1,2. We have H*(E;,Q) = (w;) = (a;b;). By the genericity of
E; and Fs, all divisor classes in H'(E;, Q) ® H'(E;, Q) are multiples of

ai®bi—bi®ai,
and there are no non-zero divisor classes in H'(E;,Q) @ H'(E», Q).
It follows that all classes in Hdg*(A™) are linear combinations of
01 ® - @0y

where 6, € H*(A,Q) are monomial classes as defined in Section [£.1]
such that

n n

D 0, (0k) =D ww, (), i€{1,2}.

k=1 k=1
Consider the evaluation map
ev: M, (A B) — A™.

By the push-pull formula, we have

Mg,n(A,B8)]r)

Ared
(24) <a;'71,...,7n> :/ MR @Y
9,(1,d) eva (m* (a)N[

By the algebraicity of a and [M,,,(4, 8)]"4, the integral is zero
unless

D v () = ve(w), i€ {1,2}. 0

201 particular, all Hodge classes on A™ are algebraic.
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4.4. Proof of Proposition (3| (ii): Base cases. We argue by induc-
tion on the pair (g,n), where g > 1 is the genus of the source curve
and n > 0 is the number of marked points. We order the pairs (g,n)
lexicographically: we define (¢’,n’) < (g,n) if and only if

e g <g or
e g =g, n <n.

Base cases: g =1 and n > 0.

We have already observed that Theorem [§| holds in all g = 1 cases.
Proposition |3 holds in ¢ = 1 by the same argument. We discuss the
n =0 and n = 1 cases as examples.

In case (g,n) = (1,0), the only series is
Fi(;)=0,
since the reduced virtual dimension is 1 and there are no insertions.

In case (g,n) = (1,1), the moduli space M (A, (1,d)) has reduced
virtual dimension 2. We must have either o« € RY(M,;) or 7(p) as
integrands. Such an « is a multiple of the class of a point on Ml,l.
Because a generic elliptic curve does not admit a non-vanishing map
to E1 X Fs, the integral vanishes. In the second case, we evaluate

Fi'(1;p) = (ro(p >Arff)) 1,

which is a quasi-modular form of weight 0.

4.5. Proof of Proposition (3| (ii): Induction. Consider a pair (g, n)
satisfying g > 2 and assume Proposition [3|is proven in all cases (¢’,n’)
where

(g',n") < (g;m).

Let v1,...,7 € H*(A, Q) be monomial classes, and let & € R* (Mg,n)
be a tautological class of pure degree. We must prove Proposition
holds for the series

(25) FA(Q 71,y ) -

We may assume the dimension constraint

(26) 2g 4 2n = deg(a) + Z deg(;)
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is satisfied, since the series vanishes otherwise. In the dimension
constraint , deg denotes the real cohomological degree of a class
(both on M,,, and A).

Case (i): >, deg(v) < 2n.

From dimension constraint , we find
deg(a) =2+ 2n — ) deg(v) > 2g,
or equivalently,
a€ RZ9(M,,).

Using the strong form of Getzler-Ionel vanishing proven in [18, Propo-
sition 2|, we can find a class

a € R (0M,,,)
such that 1,4 = «, where « : 9M,,, — M,, is the inclusion of the
boundary. By the splitting formula, the series

F;(a; MyoesYn) = F;‘(b*&; My yYn)
is expressed in terms of a linear combination of series
F;‘,(&; M-y Ynr) for which (¢',n') < (g,n).
The induction hypothesis for the latter implies Proposition |3| holds for
F?(O(;’)/l, R 7771)

Case (ii): >, deg(v) > 2n.

Consider the moduli space
Mg7n C Mg7n

of nonsingular genus g > 2 curves with n marked points. The tauto-
logical ring R*(M,,,) is generated by classes pulled-back from M, via
the forgetful map

p: My, — M,

and the cotangent line classes

Uy by € HX (M, ., Q).

A class o € R*(M,,,) can therefore be written as a sum of classes of
the form:

e 1. (a) for a € R (OM,,,),
o YU L U UpH(C) for ky,...,k, >0 and ¢ € R*(M,).



44 J. BRYAN, G. OBERDIECK, R. PANDHARIPANDE, AND Q. YIN

Here, we let 11, ..., 1, denote also the cotangent line classes on Mg,n-

A summand of the form ¢, (@) is expressed by the splitting formula
in lower order terms, see Case (i). Hence, we may assume

(27) a=yPi UL Ut upt(Q).

Case (ii-a): There exists an ¢ for which k; > 0.

We assume k; > 0. If deg(y;) < 3, we first apply the vanishing of
Lemma [ for v, and

T=02® .
Using the abelian vanishing relation (see also (20))), we find, that
F;“(a; Y1y7Y2s - - -5 Yn) Can be expressed as a sum of series
LR UG, Y, 70)
for various monomial classes 6,75, ...,v, € H*(A,Q) with deg(d) > 1.

The above relation increases the degree of +;. By induction on
deg(v1), we may assume deg(~;) = 4, or equivalently, v; = p.

We use next the degeneration of
A=F x E,
to the normal cone of an elliptic fiber £ = F5 of the projection to Ej,
A~ AUp (P'xE).

We choose the point class v; to lie (after degeneration) on the compo-
nent P! x E. The distribution of the remaining classes 7s, ..., , can
be chosen freely.

For classes @ € R*(M,,), £ € H*(E,Q), and 7; on A and P! x E
respectively, we define

A/ E red
FA/E( 717"'777"7 _Z< HTO /Yl ‘ > (L) qd7
(P'xE)/E
(P*xE)/E d
Fy (@1, 9 & —Z< HTO% ‘ > w1

d>0
where we use the bracket notation defined in Section [3.5

For v; = p, the degeneration formula then yields:



CURVE COUNTING ON ABELIAN SURFACES AND THREEFOLDS 45

(28) Fa;y1,... ) =
A/E PIxE)/E
Do R (8 P (L )6Y).
(g'n)<(gn—1)
The summation here is over splittings
g:g/+g//7 TZ:TL,—FTL”,

and distributions (...) of the insertions 7o, ..., 7,. The marking num-
bers n’ and n” are placed in the subscripts of the generating series inside
the sum for clarityT] The class a determines o/ and o by restriction.
Finally, there is also a sum over all relative conditions

g S {17 a9, b27 wQ}
where £V denotes the class dual to &.
Lemma 9. The primitive potential for (P! x E)/E satisfies the follow-
ing properties for all g¢" > 0:
(i) F(IP’1><E)/E

"o Y ;
e (571, .o, s €Y) vanishes unless

Vay (5\/) + Z Uaz(:};k) = Ub, (5\/) + Z Uby (:Y/k) :
k=1 k=1

.\ c(PXE)/E, ;. ~ ~
(ii) Fé,, )/ (@31, A3 €Y) € QModygi oy for

"

0= 00y (€) + D vy (i)
k=1

Proof. Because there is only algebraic cohomology on P!, the vanishing
statement (i) follows from the fact that the virtual class is algebraic.

In [40], the relative invariants of (P! x E) / E were effectively expressed
in terms of the absolute descendent invariants of P! x E through rela-
tions obtained by the following operations:

e degeneration of P! x £ to P! x EUp P! x E,
e localization on the P! factor,
e rubber calculus.

A simple verification shows the resulting relations respect modularity
of the weight specified by (ii) for each of these operations. Hence, we
are reduced to the case of absolute descendent invariants of P! x E.

21T he relative points are not included in the counts n’ and n’”.
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Then, virtual localization on the P*-factor expresses the descendents
invariants of P! x F in terms of the descendent invariants of E. Finally,
[42, Proposition 28] yields the required modularity property (ii).

For the last step, instead of localization, the product formula [2] may
be used to reduce P! x E to the case of the descendent invariants of the
elliptic curve E since the the Gromov-Witten classes of P! are known
to be tautological [25]. O

Lemma |§| controls the factor on the right inside the sum of .
Part (ii) of Lemma[J] is a refinement of [42, Lemma 30]. However, the
proof is the same as given in [42].

The factor on the left inside the sum of is more difficult to
control. We will consider the terms of the sum corresponding to

(¢',n') <(g9,m—1) and (¢',n')=(g9,n—1)
separately. Lemma (10| below shows how to apply the inductive hypoth-

esis to the terms in the sum with (¢/,n) < (g,n — 1). The case
(¢',n') = (g,n — 1) will be considered afterwards.

Lemma 10. Let (¢',n’) < (9,n —1). The primitive potential for A/E
satisfies the following properties:

(i) F;//E(CV'; My ooy Vs €) vanishes unless
Va; (é) + Zvai(:};k) = Up; (5) + vai (:\Y/k) ) NS {17 2} :
k=1 k=1
.. A ~ ~
(11) Fg//E(O{,; Y155 Vn's f) - QMOdQ(g’—2)+QZ’ fO’[’
0= Vay (5) + Z Vay (f'?k) .
k=1

Proof. We apply the degeneration formula to
(29) FgA’<a,;7y/l7 R aa;n’vwlg)

with the last point degenerating to P! x E and the specialization by
pull-back for the other insertions. Since (¢’,n’) < (g,n — 1), we have

(¢',n"+1) < (g,n)
so the induction hypothesis applies to the series .

The degeneration formula yields a relation involving the relative ge-
ometries A/E and (P! x E)/FE,
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(30) F_:]q’ (O/; :)//17 s 7;711’7 wlg) =
A/E = (P'xE)/E =
Do Rl (i) R ek () wg ).
(96,m6)<(g’,n")
The summation here is over splittings
9 =9g,+9g., n+1l=n,+n,
and distributions (...) of the insertions 7;,...,7%,. The class o/ de-

termines o, and o/ by restriction. There is also a sum over all relative
conditions £ € {1, a9, by, ws}.

We now analyse the (gi,n}) = (¢,n’) term of the sum in (30)),

~ ~ o 1 ot
(31) FY/P (03, A €) - Fo P P (i €Y)

Since genus 0 stable maps do not represent classes of type (1,d > 0)
on P! x E,

1 ~ ~ 1
Fon P (wi6Y) = (€Y | 10(@n€) )5 0oy =0

The second equality is obtained by the identification of the moduli
space of maps by the location of the relative point,

(32) Moo((P* x E)/E,(1,0)) 2 E.

Taken together, we can rewrite as simply
A/E; 1.~ ~
Fo/ P (s, A ).

We find the series F# for the absolute geometry can be expressed
in terms of the series FA/F for the relative geometry by a transfor-
mation matrix M which is upper triangular with 1’s on the diagonal.
By Lemma [J] the off-diagonal terms of M are given by quasi-modular
forms. By inverting the unipotent matrix M and applying the induc-
tion hypothesis to F4, we find that the relative invariants FA/® are
quasi-modular forms.

The weight and vanishing statement can now be deduced from a
careful consideration of the entries of M~1. Alternatively, we may argue
via a (second) induction on (¢’,n’). In case (¢’,n') = (1,1), there are
no lower order terms in , and we are done. If the statement is true
for all (¢, nl) < (¢',n'), then the statement follows directly from (30))
and the induction hypothesis. U

We now turn to the (¢',n’) = (g,n — 1) term in the sum (28):

A/FE PlxE)/E
FOE (5m, oy msw) - By P (1)



48 J. BRYAN, G. OBERDIECK, R. PANDHARIPANDE, AND Q. YIN

As we have seen above, only curves in class (1,0) contribute to the
1
series F(()ﬂj)l xE)/ E(”yl; 1). By the identification of the moduli space ({32)),

Fgf”lle)/E(’yl; 1) _ <1 | TO(P) >(]P’1><E)/E —1.

0,(1,0)
Hence, the (¢',n') = (g,n — 1) term is
A/E
(33) Fg,7/171<&; Y2y -5 Ui w) )

where the class o € R*(M,,,) is pulled-back to M,,,_1(A/E, (1,d)) via
the map

T My, 1 (AJE, (1,d)) — M,
which takes the relative point on the left to the marking 1 on the right.
We must prove the induction hypothesis implies

(i) F?ﬂ/il(a; Y2y - -+ Yn; w) vanishes unless

Uai(f) +Zvai(’7k) :Ubi<§) +vai<7k:>7 (&S {172}
k=2 k=2
(ii) F;‘n/ﬂil(a; Y255 Tns w) S QMOdQ(g_2)+2£ for
l = vy, (g) + Z Vay (’Yk;) .
k=2

We proceed by studying the cotangent lines. Let
Lia = My 1(AJE,(1,d)), L — M,,
denote the respective cotangent lines at the relative point and the first
marking.
Lemma 11. After pull-back via 7w, we have an isomorphism
Ly = 7Ly

on Mgm,l(A/E, (1,d)).

Proof. Let C be the n-pointed domain of a map
f:C— A

parameterized by the moduli space M, _1(A/E, (1,d)). The n points
consist of the relative point together with the n — 1 standard markings.
The target Aisa possible accordian destabilization of A along E. The
Lemma is a consequence of the following claim: the n-pointed curve C
1s Deligne-Mumford stable.

Since g > 1 and n > 1, to prove the stability of the n-pointed curve
C, we need only consider the nonsingular rational components P C C"
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o If f(P) C A, then f is constant on P,
f(P)e A\E,

and P must carry at least 3 special points by the definition of
map stability.

e If f(P) is contained in a rubber bubble over E, P is mapped to
a point of £ and therefore must map to a fiber of the bubble.
Stability of the bubble then requires the existence of at least 3
special points of P.

Since the n-pointed curve C' is stable, there is no contraction of
components associated to the map m. Hence, the cotangent lines are
isomorphic. O

The relative divisor £ C A is the fiber over a point Og, € F;. Let
f:C— A

be a stable map parameterized by the moduli space M, 1(A/E, (1,d)),
and let p.o € C be the relative point. Composition of the canonical
projections

e: Ao A= By

yields a map
ef :C— E;  with  €f(pre1) = O0pg, -

The cotangent line L, carries a canonical section via the differential
of ef,

s:C= TJEI(El) — Liel -

The vanishing locuﬂ of the section s is the boundary of moduli space
M, 1(A/E,(1,d)) corresponding to the first bubble over E.

Since « is of the form with k; > 0, a factor ¢y = ¢;1(L4) can be
extracted from «,

a=1-a.
After pull-back via 7, we have
(Y1) = c1(Lrel)
by Lemma [I1] Via the vanishing locus of the section s, we obtain the
following equation for the series (33)):

22The geometry is pulled-back from the Artin stack of degenerations of A/E.
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(34) FA/E (72 oy Yy w) =

g,n—1
A/E /~ Rub(P'xE) ,~,
Yo F@ ()59 Ft @ ()6 w).
(g’,n’)<(g,n—1)
The summation here is over splittings
gzg'—l-g", n—lzn'—i—n",
and distributions (...) of the insertions 7, ...,7,. Only insertions ~;
satisfying
Vay (Vi) = Vb, (7i) = 0
can be distributed to the rubber series

PR D@ ()€ w) = 3 (¢

d>0

Rub(P!xE)

&”;(...)‘w> q*.

g/l7(17d)

By stability of the rubber, either ¢” > 0 or n” > 0. The class a

determines & and " by restriction. Finally, there is also a sum on the
right side of over relative conditions &.

In the sum on the right side of , the balancing and modularity
of the first factor

AJE (~r, .
Fg,m,(o/7 (...):8)
is obtained from Lemma [I0l The balancing and modularity of the
rubber factor

FRUb(P1XE)(a//; ( . ) ;fv, w)

g//7n//
follows from the rubber calculus and an argument parallel to the proof
of Lemma @E The results together imply the required balancing and
modularity for the series .

We now control the balancing and modularity of all terms in the sum
on the right of . As a consequence, Proposition [3| holds for

Folasm, . 7).
The proof of the induction step for Case (ii-a) is complete.

Case (ii-b): a = p*(¢) for some ¢ € R*(M,).

We may assume 7; is of minimal degree:
deg(m) < deg(v;) forall i€{2,...,n}.

Below, we will distinguish several subcases depending upon deg(7;).

23We leave the details here to the reader.
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Consider the map M, (A, (1,d)) — M,.,._1(A, (1,d)) forgetting the
first marking. The coefficients of the series

(35) FAD (O e )

are integrals where all classes in the integrand, except for evi(vy;), are
pull-backs via the map forgetting the first marking.

Case deg(v;) < 1. The series vanishes by the push-pull formula
since the fiber of the forgetful map has (complex) dimension 1.

Case deg(7y;) = 2. We use the divisor equation for «; and find

F?(p*(g)ap}/?a?,}/n) if Y1 :albl
F;,“(p*(C);%, oY) = qd%Fﬁ(p*(C);vg, o Yn) if = agby
0 otherwise .

Because the differential operator
d 1 0
T4 = 2rior
preserves QMod, and is homogeneous of degree 2, Proposition [3| holds
for by the induction hypothesis.

Case deg(vy1) = 3. Since ), deg(v;) is even, we must have n > 2. We
order the classes

Y25 o5 n
so that v, . ..,y are point classes and yx1, ..., 7V, are classes of degree
3, for some 1 < k < n.

We will use the abelian vanishing of Lemma 4] for v; and

T=2® @Y.
Let s € {a1, by, as, ba} be the factor with vy(y1) = 0. Using the abelian
vanishing relation, we find

k
> FAPC)ipre P VP P Ykt - Tn)

i=1 i—1

k—1
= > EFOQip 2 i) s

i=k+1
vs(7:)=1

where 7; = ~;/s denotes the class v; with the factor s removed. The
plus signs in the terms on the left hand side require a careful account-
ing of the signs. Since the class p*(¢) is symmetric with respect to
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interchanging markings, the above equation simplifies to

E-Fr05 Qi) = Y 0P Y2 T )
i=k+1
vs(13)=1

Since 7; is of degree 2, we may apply the divisor equation to each sum-
mand on the right side. As result, the right side is reduce to terms of
lower order, see Case deg(y;) = 2 above. By the induction hypothesis,
Proposition [3| holds for (35)).

Case deg(v;) = 4. All the insertions 71, . ..,, must be point classes.
If n = 1, the dimension constraint implies deg(a) = 2g — 2 and
hence

¢ e Roi(T,)
Using the strong form of Looijenga’s vanishing

RZ97Y (M) =0
proven in [I8], Proposition 2], there exists a class

¢ € R*(0M,)

such that ¢,{ = (. After pulling back via
p: My, — M,,

p*(¢) can be written as the push forward of a tautological class on the
boundary 6Mg7n. Proposition |3 holds for by the splitting formula
and the induction hypothesis, see Case (i).

If n > 2, we use the degeneration
A~ A Ug (]PJIXE>,
which already appeared in Case (ii-a) above. We choose the point
classes v, and 7, to lie after degeneration on the component P! x E.

The degeneration formula then yields:

(36) Fa;yi,-.., ) =
A 1
S0 R (8 FO P e, ()€Y,
(9'n")<(g,m)
where the sum is as in (28)).
If ¢ = g in the sum , then the second factor is

(37) Fo o B (@, . ()5 €Y)
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Genus 0 stable maps do not represent classes of type (1,d > 0) on
P! x E, hence only the curve class (1,0) need be considered. Since
there are no curves of type (1, 0) through two general points of P! x E,
(37) vanishes. As a result, only ¢’ < g terms appear in the sum .

Proposition [3| holds for by Lemmas @ and .

The proof of the induction step has now been established in all cases.
The proof of Proposition |3| is complete. Il

4.6. K3 surfaces. Theorem [3] of Section [0.2.3] for abelian surfaces is
exactly parallel to the modularity results [42, Theorem 4 and Proposi-
tion 29| for the primitive descendent potential for K3 surfaces. Though
the argument for abelian surfaces is more difficult because of the pres-
ence of odd cohomology, several aspects are similar.

The refined modularity of Theorem [8] for abelian surfaces is strictly
stronger than the statements of [42] for K3 surfaces. In fact, the proof
of [42] also yields the parallel refined statement for K3 surfaces. The
crucial point is to use the refined modularity of Lemma |§| part (ii)
instead of the weaker modularity of [42, Lemma 30]. We state the
refined modularity for K3 surfaces below following the notation of [42].

Let S be a nonsingular, projective, elliptically fibered K3 surface,
S — P!

with a section. Let s,f € Hy(S,7Z) be the section and fiber class. The
primitive descendent potential for the reduced Gromov-Witten theory
of S is defined by

S,red

Fg (Tal (71) Tay, (7”)) = Z <Ta1 (71) Tay, <7n>> qdil

df
>0 9,5+

for g > 0.

We define a new degree function deg(y) for classes v € H*(S,Q) by
the following rules:

e vy € HS,Q) — deg(y) =0,
o v € HY(S,Q) r deg(y) = 2.
For classes v € H?(S,Q), the degree is more subtle.

Viewing the section and fiber classes also as elements of cohomology,
we define

V = Qs @ Qf C H%(S,Q).



54 J. BRYAN, G. OBERDIECK, R. PANDHARIPANDE, AND Q. YIN

We have a direct sum decomposition
(38) Qf & V* ® Qls+f) = H(S,Q)

where V* is defined with respect to the intersection form. We con-
sider only classes v € H?(S,Q) which are pure with respect to the
decomposition (38)). Then,

e 7€ Qf = deg(v) =0,
oy €V deg(v) =1,

e v €Q(s+f) — deg(y) =2

The modularity of [42, Theorem 4 and Proposition 29] is refined by
the following result.

Theorem 9. For deg-homogencous classes ; € H*(S,Q),

FS (s (1) -+ T () € @QMOdX

for =29+ 377" | deg(v;).

The discriminant modular form entering in Theorem [J] is

Alg) =g -gH*.

5. HYPERELLIPTIC CURVES

5.1. Overview. The correspondence between hyperelliptic curves on
a surface S and rational curves in Hilb?(S) has been used often to
enumerative hyperelliptic curves on S, see [24] for S = P? and [54] for
S = P! x P'. The main difficulty in applying the correspondence is the
need of a non-degeneracy result concerning curves in P! x.S. For abelian
surfaces, the required non-degeneracy, stated as (f) in Section , is
expected to hold generically, but is not known in most cases. The
above correspondence then yields only conditional or virtual results on
the number of hyperelliptic curves on an abelian surface, as pursued,
for example, by S. Rose in [57].

We proceed with our study of hyperelliptic curves in three steps.
In Section [5.2, we provide several equivalent descriptions of (1) and
a proof in genus 2 for a generic abelian surface. In Section [5.3] we
prove an unconditional formula for the first non-trivial case of genus 3
hyperelliptic curves via explicit Gromov-Witten integrals, a boundary
analysis, and the genus 2 result proven in Section [5.2
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In Section [5.4] we assume the existence of abelian surfaces A and ir-
reducible curve classes (3 satisfying property () in all genera. Employ-
ing the correspondence above, we find a closed formula for the h;’ﬁFLS.
While a similar strategy has been used in [57] assuming the crepant
resolution conjecture, our closed formula is new. Together with the
strong modularity result of Theorem [§ we obtain a formula for the
Gromov-Witten numbers H;%lS’ A which agrees with the genus 3 counts.
5.2. Non-degeneracy for abelian surfaces. We briefly recall the
correspondences between hyperelliptic curves in S, curves in P! x S,
and rational curves in Hilb?(S). For simplicity, we restrict to the case
of abelian surfaces S = A, see |20}, 24 [43] for the general case.

Let A be an abelian surface, and let
f:C—= A
be a map from a nonsingular hyperelliptic curve. Let
p:C — P
be the double cover. Since A contains no rational curves, f does not
factor through p. Consider the map
(p,f):C =P x A.

The image C' = Im(C) C P! x A is an irreducible curve, (flat) of degree
2 over P!, and has normalization C' — C.

Let Hilb*(A) be the Hilbert scheme of 2 points of A, and let
A C Hilb*(A)

denote the subvariety parameterizing non-reduced length 2 subschemes
of A. By the universal property of the Hilbert scheme, the curve C
induces a map

¢ : P* — Hilb*(A)
such that the image is not contained in A.

Conversely, let ¢ : P' — Hilb?(A) be a map whose image is not
contained in A. Since A contains no rational curves, by pulling back
the universal family

Z C Hilb*(A) x A,
we obtain an irreducible curve C' C P! x A of degree 2 over P'. The
normalization C' — C' is hyperelliptic and induces a map f : C' — A.

Hence, there are bijective correspondences between
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e maps f : C'— A from nonsingular hyperelliptic curves,
e irreducible curves C' C P' x A of degree 2 over P!,
e maps ¢ : P! — Hilb*(A) with image not contained in A.

The correspondences allow us to reformulate the non-degeneracy prop-
erty (7).

Lemma 12 (Graber [24]). Under the correspondences above, the fol-
lowings are equivalent.

(i) The differential of f is injective at the Weierstrass points of C,
and no conjugate non-Weierstrass points are mapped to the
same point on A.

(i) The curve C is nonsingular.

(iii) The map ¢ meets A transversally.

Using a recent result of Poonen and Stoll [55], we verify that property
(1) holds generically in genus 2:

Lemma 13. Let A be a generic abelian surface with a curve class 3
of type (1,d), and let f : C'— A be a map from a nonsingular genus 2
curve in class 5. Then f: C — A satisfies condition (i) of Lemma .

Proof. The condition on the differential of f is automatically satisfied
by [33, Proposition 2.2] for genus 2 curves on abelian surfaces.

Now suppose there exists a nonsingular genus 2 curve C', two conju-
gate non-Weierstrass points z,y € C, and a map f : C' — A in class [
such that f(xz) = f(y). Up to translation we may assume that f maps
a Weierstrass point ¢ € C' to 04 € A. Then f factors as

cHInA,
where J is the Jacobian of C' and aj is the Abel-Jacobi map with
respect to q. The hyperelliptic involution of C' corresponds to the

automorphisms —1 of J and A. For z,y conjugate, this implies that
f(z) = f(y) is a 2-torsion point on A.

Since C'is of genus 2 and f is of type (1,d), the map 7 is an isogeny
of degree d. It follows that both aj(z) and aj(y) are 2d-torsions on .J.

In genus 2, the assumption that A is generic implies C' is generic.
However, by [55, Theorem 7.1], a generic (Weierstrass-pointed) hyper-
elliptic curve C' meets the torsions of J only at the Weierstrass points.
Hence the points x,y do not exist. Il
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The proof of Lemma |13 works for any type (di,ds) with dy,ds > 0.
However, since multiple covered curves may arise, statement (1) is false
for imprimitive classes in higher genus. The most basic counterexample
is constructed by taking an étale double cover

03—>02

of a nonsingular genus 2 curve Cy, C A. Then, (5 is nonsingular and
hyperelliptic of genus 3, but C, contains a Weierstrass point whose
preimage in C} is a pair of conjugate non-Weierstrass points.

Furthermore, by the proof of [31l Theorem 1.6], for generic A and 3 of
type (1,d), property (1) also holds in the maximal geometric genus gg.
The value of g4 is determined by the inequality . It is also shown
that for every g € {2,...,94}, there exists at least one nonsingular
genus g curve in P! x A of class (2, 3).

5.3. Genus 3 hyperelliptic counts. We prove here Proposition [I}
We proceed in two steps. First, we evaluate Hg%ls - Then we identify
the contributions from the boundary of the moduli space.

Lemma 14. For all d > 1,

3m? — 4dm
FLS _ 12
R D
mld
Proof. On M3, let A\; be the first Chern class of the Hodge bundle, &,
the class of the curves with a nonseparating node, and d; the class of

curves with a separating node. By [27],
Hs =9\ — dp — 3071 .
The Lemma will be proven by the following three evaluations
AFLS d? A,FLS A,FLS
() =St (s) =d*ym, (a) =0
3,(1,d) 12 ” 3,(1,d) ” 3,(1,d)
The first equation follows directly from Theorem [1| For the second, we
have
AFLS 1 AFLS 1 AFLS
<50> - —<TO(A)> — .2 <1> —d-Y m,
3,(Ld) 2 2,(1,d) 2 2,(1,d) ¥
where A denotes the class of the diagonal in A x A. The divisor d; is
associated to the locus of curves which split into genus 1 and genus 2
components. Since generically A contains no genus 1 curves, the class

on the genus 1 component must be 0. Since [M;(4,0)]"'" = 0, we
obtain the third evaluation. U
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Proof of Proposition [l Let A and 3 be generic. By Lemma[13]the only
contribution to HEI@S d) from maps f : C' — A with C nodal arises from
the locus in M3 with a separating node. The maps are of the form

f:BUC — A

where B is a genus 2 curve and C” is an elliptic tail glued to B along
one of the 6 Weierstrass points of B. Under f, the curve B maps to a
genus 2 curve in A, while C’ gets contracted. By a direct calculation
(or examining the case d = 1), we find that each genus 2 curve in the

FLS contributes . )
6'—/ Cl(Ob):——,
2 e 4

where Ob denotes the obstruction sheaf. Therefore,
m(3m? + 1 — 4d)
1 )

1
W = Wity o) =
mld
5.4. A formula for all genera. Consider the composition
(39) Hilb*(A) — Sym?*(A) — A,

of the Hilbert-Chow morphism and the addition map. The fiber of
04 € Aisthe Kummer K3 surface of A, denoted Km(A). Alternatively,
Km(A) can be defined as the blowup of A/+1 at the 16 singular points.

In the notation of Section [5.2] a map
¢ : P! — Hilb*(A)
not contained in A maps to Km(A) if and only if the corresponding

hyperelliptic curve f : C — A maps a Weierstrass point of C to a
2-torsion point of A.

By Nakajima’s theorem on the cohomology of Hilbert schemes, we
have a natural decomposition

Hy(Hilb?(A); Z) = Hy(A,Z) & N°H(AZ) S Z - X,
where X is the class of an exceptional curve.

A hyperelliptic curve f : C' — A in class § corresponds to a map
¢ : P' — Hilb?(A) not contained in A, which has class

B+~ + kX € Hy(Hilb*(A), Z)
for some v € A’H;(A,Z) and with
k=x(0¢) —2=-1-g.(C),
where g,(C) is the arithmetic genus of C, see [43} Section 1.3].
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Proposition 4. Let 8 be an irreducible curve class of type (1,d) on
an abelian surface A satisfying (). Then, after the change of variables

2miz

y=—e and q = e

27rz7'

d2
Z hA FLS 1/2 —1/2)29+2 = 16 Coeffqd [4 K(z, 7')4} )

g>2

where Coeff,a denotes the coefficient of ¢*.

Proof. For every hyperelliptic curve f : C'— A in class 3, the map
(p,f):C—C

is an isomorphism by (f). In particular, the arithmetic genus of C is
equal to the genus of C.

Hence, there is a bijective correspondence between

(i) maps f : C — A from nonsingular hyperelliptic curves of
genus g and class [ for which a Weierstrass point of C is
mapped to a 2-torsion point of A,

(ii) maps ¢ : P' — Hilb*(A) with image not contained in A of
class

f+r—(g+1X

for some v € A?H;(A,Z) and with image in Km(A).

Let h;g{ﬂb be the finite number of such curves.

In every translation class of a hyperelliptic curve f : C' — A in class
3, there are d> members (up to automorphisms) in a given fixed linear
system, and 16 members (up to automorphisms) with a Weierstrass
point of C' mapping to a 2-torsion point. Hence

d2
AFLS _ 47 AHilb
9,8 16 9,8

By assumption () and Lemma , every map ¢ : P! — Hilb*(A) as
in (ii) meets A transversely and is isolated. In this situation, Graber
n [24, Sections 2 and 3] has explicitly determined the relationship

between the genus 0 Gromov-Witten invariants of Hilb*(A) and the
number of these rational curves.

Let p : Mo(Hilb?(A)) — A be the map induced by (39). Then,

Z hA Hilb((1/2 4 o =1/2)2042 _

g>0
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DY

kE€Z ~EA2HL(A,Z)

/ P*(04).
[Mo(Hilb?(A),B+v+kA)]red

The integral on the right hand side reduces to the genus 0 invari-
ants of the Kummer K3 surfaces and is determined by the Yau-Zaslow
formula. Direct calculations and theta function identities, see [43] for
details, then provide the closed evaluation

D

v /[MO(Hile(A),ﬂ+’y+kA)]red
YEN?H1(AZ)

p*(04) = Coeffa[4K (z,7)*] . O

We are now ready to prove Theorem

Proof of Theorem[] Let 8 be an irreducible class of type (1,d) on an
abelian surface A satisfying (). The only contribution to HFL]L ) from
maps f: C — A with C' nodal are of the form

(40) fIBU01U"'UCQh+2—>A
where:

e f: B— Aisamap in class # from a nonsingular hyperelliptic
curve B of some genus h < g,

e the C; are pairwise disjoint curves, that are glued to the ¢-th
Weierstrass point x; of B, and are contracted under f,

e the genera g; of C; satisfy h+ g1 + -+ - + gon12 = 9,

o if g; > 2, then C} is a hyperelliptic curve and x; is a Weierstrass
point of C;.

By stability, the case g; = 0 does not appear.

For g > 2, let
Hgq1 € Ag_l(ﬂg,l)

be the stack fundamental class of the closure of nonsingular hyperel-
liptic curves with marked point at a Weierstrass point. By convention,

we set )
Hii = §[M1,1] .

Then, the contribution of a nonsingular hyperelliptic curve f : B — A

HFLS

of genus h in class 3 to o.(La) 18

2h+2

(41) > 11 / H,,1 U c(Ob)

g1,--:92h+220 =1
g1+ +ganya=g—h 9i>0
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where Ob denotes the obstruction sheaf. Analyzing the tangent ob-
struction sequence, we obtain
c(EY)?

o(0h) = T

Define the generating series
7‘[ 1 U C )
_ 2g+1 Mga VAL )™
—ut Y u / s
g>1
Then from relation and the definition of hA’FLS, we obtain
Z hA FLSF )2h+2 Z HF(1 o 292
h>2 9>2

The series F'(u) has been computed by J. Wise using orbifold Gromov-
Witten theory [62]. The result is

1 1
F(u) = 2sin(u/2) = u — — 1 + ——u®
(u) sin(u/2) = u Vi + Tk
Together with Proposition [ the claim follows. O

HF%ls 4 1 similar to the calculations

The calculation of the invariants
of the orbifold genus 0 Gromov-Witten theory of the second symmetric
product of a nonsingular surface as pursued in [57, [63]. We expect a

connection can be made to their work.

The main step in the proof of Theorem {4 is the evaluation of the
generating series F'(u). Below we will give a second proof of Theorem
under slightly stronger assumptions. The main new input here is the
refined modularity statement of Theorem [§f Using the modularity
property, the evaluation of F'(u) will follow automatically from the
theory of modular forms.

For the second proof, we will assume the following holds:

(3t) For every d > 1, there exists an abelian surface A and an
irreducible curve class 5 of type (1,d) satisfying property ().

Second proof of Theorem under assumption (3f). For all d > 1, let
Ba be an irreducible class of type (1,d) on an abelian surface A, satis-

fying (1).

Step 1. Define the generating series

Ag4,FLS
wglq) = > hit™2q

d>1
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By Proposition [4, we have, after the change of variables u = 27z and

Yy = _6zu’
_ d\* K 2, 7)* m
(12) S o) = (a5 ) 5T = S ).
g>2 m>2

where f,,(q) are quasi-modular forms of weight 2m,

fm(Q) € QMOde .
Let r = —(y'/2 + y~/2) = 2sin(u/2), and let

1 3
=2 1 2) = — 4.
u arcsin(r/2) =r + 1" + 10 +

be the inverse transform. After inserting into , we obtain

> pglgrtr =Y (7“ + iﬁ ... >2mfm(q).

g>2 m>2

Hence, ¢4(q) is a quasi-modular form with highest weight term f,11(¢):

(43) 04(q) = for1(a) + R(q)
for R(q) € QMod.,,.

Step 2. By trading of the FLS for insertions as in (18), the vanishing
of the d = 0 term and deformation invariance,

(44) FgElXE2 (Hg, ajws, blu)g, Wiaa, wlbg) = Z Hgles’d)qd,
d>1

where we use the notation of Section[d Applying Theorem [§] the series
(44) is hence a quasi-modular form of pure weight 2¢g + 2.

Step 3. By assumption (1) and the discussion after (40]), the Gromov-
Witten invariant Hg’%i d) equals the sum

FLS Ag,FLS
(45) Ho(Ca) = Z Cg.gNyls,
2<g’'<yg
for coefficients ¢, , € Q. Summing up (45) over all d, we obtain
9,9
Z H-];v%ls’d)qd - Z Cg”ggog’ (q> .
d>1 2<g’'<yg

The left hand side is homogeneous of weight 2¢g + 2, hence must equal
the weight 2¢g + 2 part of the right hand side. Therefore, by ,

Hg,%f,d)qd = fg+1(Q> :
d>1
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By the definition of the fy41(g) this shows part (ii) of the Theorem:

d\*1
(46) Z u29+2 Z H;I(Jf’d)qd — Z u? f,(q) = (qd_q> ZK(z’ )t

92 d>1 922

Comparing with ([42)), also part (i) follows. O
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Part II. Abelian threefolds

6. DONALDSON-THOMAS THEORY

6.1. Overview. Let A be a generic abelian surface with a curve class
Ba of type (1,d" > 0), and let E be a generic elliptic curve. Throughout
Section [0} we will work with the abelian threefold

X=AxFE.

Here we compute the topological Euler characteristic of the stack
Hilb™(X, (B, d))/X in the cases d’ € {1,2} proving Theorem [f| Next,
we present a conjectural relationship between the Behrend function
weighted Euler characteristic and the topological Euler characteristic
via a simple sign change, and show how it implies Corollary* [f] We
discuss the motivation and plausibility for the conjecture.

Our computation here is parallel to the computation of the reduced
Donaldson-Thomas invariants for K3 x E in [6]. We will frequently
refer to results of [6]. The technique used was developed by Bryan and
Kool in [§].

6.2. Notation. Since the translation action of X on Hilb" (X, (B, d))
has finite stabilizer, the reduced Donaldson-Thomas invariants

DT, (3,0 = e(Hib (X, (Bo, d) /X, v) =Y k-e(v (k)
keZ

and the topological (unweighted) Euler characteristics
ﬁn,(ﬁd/,d) = e(Hilb"(X, (Ba, d))/X) .

are well-defined. We have dropped the superscript X in the notation
for the Donaldson-Thomas invariants of Section 0.3.1.

We also use the short hand notation
Hilb™®4(X) = Hilb"(X, (B, d))
and the following bullet convention:

Convention. When an index in a space is replaced by a bullet (o), we
sum over the index, multiplying by the appropriate variable. The result
s a formal series with coefficients in the Grothendieck ring.
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For example, we let
Hilb*>**(X)/X =) > [Hilb""4(X)/X] p"¢",
d>0 nezZ
which we regard as an element in Ky(DMc)((p))[[¢]], the ring of formal
power series in ¢, Laurent in p, with coefficients in the Grothendieck
ring of Deligne-Mumford stacks over C.

Define the Donaldson-Thomas partition functions of X,

DTy => ) DT s,.q (—p)"¢",

d>0 nez
DTy =Y DT, s, p"¢"
d>0 nez
By the bullet convention,
DTy = e( Hilb™*(X)/X),
where we extend the Euler characteristic

e Ko(DM(C) — Q

termwise to the ring of formal power series in p and ¢ over Ky(DMc).

6.3. Vertical and diagonal loci. Let ps and pg be the projections
of X = A x E onto the factors A and E respectively. We say an
irreducible curve C' C X is

e vertical, if pg : C' — E has degree 0,
e horizontal, if py : C'— A has degree 0,
e diagonal, if p4, pg have both non-zero degree.

The various definitions are illustrated in Figure [I}

Consider a subscheme C' C X which defines a point in Hilb™®*¢(X).
Since the class pa.|C] = Bu is irreducible, there is a unique irreducible
component of C' of dimension 1, which is either vertical or diagonal.
All other irreducible components of C' of dimension 1 are horizontal.

Consider the sublocus

(47) Hilb™44(X) ¢ Hilb™®¢(X),

vert

parametrizing subschemes C' C X with
CO X {Zo} ccC

for some zy € E and for some curve Cy C A of class By. We en-

dow Hileé‘rjt/’d(X ) with the natural scheme structure. It is a closed

subscheme of Hilb™®¢(X).
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E
20

FIGURE 1. A vertical curve (orange) contained in the
slice A x {z} (light grey), a diagonal curve (pink), and
two horizontal curves (green).

Let Hilei’jg/’d(X ) be the complement of the inclusion (A7),
Hilbje*(X) = Hilb™*4(X) \ Hilbls*(X).

n,d’,d

Hence, every point in Hilbg;, .’ (X)) corresponds to a subscheme C' C X,

which contains a diagonal component.

Since the condition defining the subscheme (47)) is invariant under the
translation action of X, we have an induced action of X on Hilb™%4(X)

and its complement. We exhibit the stack Hilb™%4(X)/X as a global

vert
quotient stack of a scheme by a finite group of order d’* as follows.

Let L — A be a fixed line bundle on A with ¢;(L) = B, and let
zo € E be a fixed point. Consider the subscheme

Hilb™ %4 (X)) ¢ Hilb:d (X))

vert,fixed vert

parametrizing subschemes C' C X with Cy x {29} C C for some

The stabilizer of Hilb™® (X) under the translation action of X is

vert,fixed

the subgroup

(49) Ker(¢p: A— A) C A,

where ¢ : a — L®t:L~' and t, : A — A denotes the translation by
a € A. By @, the subgroup is isomorphic to Zgy X Zg. Hence,
we have the stack equivalence

(50) Hilb"%4(X) /X =~ Hilb™ %4 (X)/(Zy % Zg) .

vert vert,fixed
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6.4. Proof of Theorem |5/ (i). Let L be a line bundle on A with
c1(L) = By, and let

00 € ‘L‘

be the unique nonsingular genus 2 curve in |L|. Since L has type (1, 1),
the class ¢;(L) is a principal polarization of A. In particular, A is
isomorphic to the Jacobian J of Cj,.

Step 1. Every irreducible diagonal curve C' C X in class (f;,d) maps
isomorphically to Cy and, therefore, induces a non-constant map

Co—>E.

Dualizing, we obtain a non-constant map E — J(Cy) = A, whose
image is an abelian subvariety of A of dimension 1. Hence, by the

bn,d’ ,d

genericity of A, no diagonal curve exists and Hilbj; [ “(X) is empty.

Since there are no diagonal curves, we write

Hilbl4d(X) = Hilb % (X)) .

vert,fixed
Then, by the equivalence with d' =1,
e(Hilb™ (X)) /X) = e(HilbE%4 (X)) .
Using the bullet convention, we find

DT, = e(Hilbyk3(X)) .

Step 2. Let )?Cox g be the formal completion of X along the closed
subvariety Cy x E, and let

U:X\C()XE

be the open complement. The subschemes {)?COX g, U} forms a fpqc
cover of X. By fpqc descent, subschemes in X are determined by
their restrictions to )A(COX g and U. Since subschemes parameterized
by Hile;le;jd(X ) are disjoint unions of components contained entirely in
)A(COX g or U, see Figure |2 there is no overlap condition for descent.

Consequently, we can stratify Hile;(le’dd(X ) by locally closed subsets

isomorphic to the product of Hilbert schemes of X¢ xr and U re-
spectively. The result is succinctly expressed as an equality in the
Grothendieck ring Ko(Varc)((p))][[q]]:

(51) Hilb: 3 (X) = Hilb2 ' (Xeyx ) - Hilb™®*(U)
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FIGURE 2. Subschemes in A x E up to translation.
Horizontal curves (pink) can have nilpotent thickenings
(blue), and there can be embedded and floating points
(gray). The unique vertical curve Cy € |L| (green) lies
in A x {z} and is generically reduced.

where we regard Hilb;il)’fe’dd()A(coX p) and Hilb™%¥(U) as subschemes of

Hilby: L4 (X)) and Hilb™¢(X) respectively. Taking Euler characteristics

in , we obtain

(52) DT, = e(Hilbykt (Xeyxr)) - e( Hilb*™**(U)) .

Step 3. We calculate the second factor e( Hilb®*(U)).

The E action on U induces an action of E on Hilb™*(U). This
new E action exists because the fixed condition (48]) only concerns the
Hilby: L4 (X ey x) factors and is independent of U and Hilb™*(U/).

Since a scheme with a free F action has trivial Euler characteristic,
we have

e(Hilb™*(U)) = e( Hilb"*(U)F) ,

where Hilb™*(U)¥ is the fixed locus of the E-action on Hilb™"4(U)).
Every element of Hilb™®“(U)* corresponds to an FE-invariant sub-
scheme, or equivalently, is of the form Z x E for a zero-dimensional
subscheme Z C A\ Cy of length d. Since x(Ozxg) = 0 for every such
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XCQXE CO
b
)
Qo
XT; X E ..dllh\-o"““_dll\h—,m“,-ﬂ b A; T
—
Qo
)
Q
o b
CO X {Zo}

FIGURE 3. The map p, : Hilbﬁ)’(lef()?coxE) — Sym*(Cy)
records the location and multiplicity of the horizontal
curve components.

7, we find
e( Hilb*"*(U)) = e(Z Hilb?(A \ Cy) qd>
d>0
(53) - (TTo- qm)‘l)e(A\CO)
=J[a-q¢m

We have used Gottsche’s formula for the Euler characteristic of the
Hilbert scheme of points of a surface [21].

Step 4. We calculate the first factor e( Hilbg3 (Xcox ).
Consider the constructible morphismP
(54) pa - Hilbfo (Xeywe) — Sym?(Cy) |

~

defined as follows. Let [C] € Hilbj:b¢(X¢,xx) be a scheme with curve
support Cp X 2o U; (x; X E) and multiplicity a; along x; x E. Then

pa([C]) = Za,-a:i € Sym?(Cy) .

Hence, pq([C]) records the intersection (with multiplicities) of Cy with
all horizontal components of C', see Figure

247 constructible morphism is a map which is regular on each piece of a de-
composition of its domain into locally closed subsets. Because we work with Euler
characteristics and the Grothendieck group, we only need to work with constructible
morphisms.
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We determine the Euler characteristic of Hilb L ()?COX g) by comput-
ing the Euler characteristic of Sym?(Cj), weighted by the constructible
function given by the Euler characteristic of the fibers of p;. Hence,
we write

e(Hilbp ! (Xeyxr)) = / 1 de

onld, o
Hllnged (XCOXE)

- / (pa).(1) de.
Sym? Co

where de is the measure on constructible subsets induced by the Euler
characteristic and pg.(1) denotes integration along the fiber. By writing

Sym* Co = » _ Sym” Cy ¢*

d>0

and extending the integration to the e notation termwise, we obtain
(55) (M (Repr)) = [ pu1) de

Sym® Cp
where the measureable function p,(1) is given by

pe (D) =e(p™ (X aw)) € Z()).

The following result shows that p,(1) only depends on the underlying
partition of the point in the symmetric product.
Proposition 5. We have

P*(1)<Zaz$z) _ (p1/2(1 _p)_1)e(Co) HF(az)

where

a __ (1 - qm)
> F@d =11 g ma =y

a>0 m>1

The proof of Proposition || is identical to the proof of [0, Propo-
sition 4.1 and Lemma 4.3] with e(Cy) = —2 here (instead of Euler
characteristic 2 in [0]).

We apply the following result regarding weighted Euler characteris-
tics of symmetric products.

Lemma 15. Let S be a scheme, and let Sym®(S) =3, Sym?(S) ¢“.
Let G be a constructible function on Sym®(S) such that

G( Z aixi) = Hg(ai) ,
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for a function g with g(0) = 1. Then

foes = (o)™

a>0

An elementary proof of Lemma (15| is given in [8], but see also [0,
Lemma 4.2].

After applying Proposition [5| and Lemma [15( to , we obtain

e(Hilby 3 (Rcpem) =0 (1= p)*( Y Fla) q“>_2

a>0
1 o 71 (L —pg™)*(A —p~'g™)?
=p (1—-p) :
,,gl (1—qm)?
Using (52)), (53), and the definition of K (p, q), we obtain the evaluation
of part (i) of Theorem [ O

6.5. Proof of Theorem (5] (ii). Let A be a generic abelian surface
with curve class (s of type (1,2), and let L — A be a fixed line bundle
with ¢;(L) = 3. The linear system

L] =P

is a pencil of irreducible genus 3 curves. The generic curve in the pencil
is nonsingular, but there are exactly 12 singular curves (each of which
has a single nodal), see [9].

By the disjoint union
Hilb™?4(X) = Hilb%:44(X) U Hilbh4?(X)

diag vert

and the isomorphism ([50)), we have
Hilb™*(X)/X = Hilb%% (X)/(Z)2 x Z,/2) U Hilb>4(X) /X .

vert,fixed diag

Using the bullet convention, it follows

(56) DT, = ie(Hilb"z" (X)) + e( Hilbg2* (X)/X) .

vert,fixed diag

Step 1. We begin to evaluate e( Hilb%% .4(X)). Consider the map

vert,fixed

7 Hilb%%% (X)) — |L| = P!,

vert,fixed

which maps a subscheme C' to the divisor in |L| associated to pa(C).
The fiber of 7 over a point C' € |L|, denoted

Hilb%>*(X) C Hilb%% (X)),

vert,fixed
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is the sublocus of Hilb/2%% (X ) which parametrizes curves which con-

tain the curve C' x {zo}.

As we have done in , we may write
e( Hilb) . ea (X ) = / 7.(1)de
’ IL|

where 7,(1) denotes the constructible function obtained by integration
along the fiber:

7.(1)([C]) = e(Hilbz** (X)) .

Step 2. Let C C A be a curve in |L|. Following a strategy similar to
the proof of part (i), we will compute explicit expressions for 7.(1)([C])
depending only upon whether C' is nodal or not.

Following Step 2 of the proof of part (i), we have
Hilbs?* (X) = Hilby>* (X oy p) - Hilb?* (X \ € x E) .
Using the extra E action on the second factors, we obtain

(57)  e(Hilbz**(X)) = e(Hilb&™* (Xowp)) - [J (1 — ¢™) =M.

m>1
For the first factor, we use the map
p : Hilb5?* (X oy g) — Sym*(C)

which records the location and multiplicity of the horizontal compo-
nents (and has already appeared in (54))).

Step 3. If C is nonsingular, we apply Proposition [5| with C' in place
of Cy for the integration along the fiber of p. By Lemma [I5] we have

e(Hilb2* (X)) = /S e
ym

— (p1/2(1 _ p>71)e(0)(2 F(a)qa>e(0)
oy (Ll
=p21-p)' ] T '

m>1
Using with e(A\ C') = 4, we find

(58) 7.(1)([C]) = e(Hilbg"* (X)) = K(p,q)".
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E
20

FIGURE 4. A subscheme parameterized by Hilb%™*(X)
which includes a thickened horizontal curve (green) at-
tached to the node of a nodal vertical curve (orange). For
the subscheme to have a non-zero contribution to the Eu-
ler characteristic, embedded points (blue) can only occur
on NN or on horizontal curves attached to V.
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Step 4. Let C' = N € |L| be a curve with a nodal point z € C. The
corresponding moduli space Hilb?ﬁ;zd(X ) is depicted in Figure . We

have the following result.
Proposition 6. Let xq,...,2; € N\ {z}, then

l l
(9 (b2t Y ) =71 =)' NO [ Fla)

i=1
where

Y N =] -g™"- (1+ a fp)Z +Y D k@ Y

b>0 m>1

d>1 k|d

)

The proof is identical to the proof of the corresponding statement

for contributions of nodal curves in the K3 x E geometry of [0, Section

5]. The only difference is that in our case (NN \ {z}) = —4, whereas in
the K3 case e(N \ {z}) = 0. The different Euler characteristic results
in the different prefactor p=2(1 — p)* in . The prefactor in general

is
—1\e(N\{z
(p1/2(1 _p) 1) (N\{ })'
The geometry of the term N (b) arises as the contribution

N(b) = e( Hilb***(X(,1x5)) -

In [6], the right hand side is expressed in terms of the topological vertex.

By results of [4], we obtain the closed form of Proposition [6]



74 J. BRYAN, G. OBERDIECK, R. PANDHARIPANDE, AND Q. YIN

By Proposition [6] and Lemma [I5] we obtain

e( Hilb%>* (Xnxp)) = / p.(1) de

Sym® N

=p 3 1—p) / HFa, de/ N(b) de
Sym®(N\{z}) Sym*® ({z})

(X Fae) (ZN ?)

a>0

=271 N4 (1—pg™)*(1 —p- Q)
=l p)(H (1—gm) )

m>1
-(1+ +Zka +p* )
d>1 k|d

By with e(A\ N) = 3, we find
r.(D(IN]) = e(Hﬂb"z"(X))

:K(p,CJ)4'(1+ P IP L >

d>1 k|d

(60)

Step 5. We complete the calculation of e( Hilb{% .q(X)).

vert,fixed

By and (60)), the function 7,(1)([C]) only depends upon whether
C € |L| is nodal or not. Therefore,

( Hllb\./e?'t.ﬁxed (X)) = /|L| T*(l)de

= ¢(P* \ 12 points) - K(p, q)* + e(12 points) - Tx(1)(N)

+ZZI€p +pF )

d>1 k|d

:K(p,q)4-(2+12( SH12) Y k(' +p qd)

d>1 k|d

= —10K(p,q)* + 12K (p, q)* - (1 +

Step 6. We compute the contribution e(Hﬂb;Izg'( )/X) arising from

the locus of curves with a diagonal component.

By Lemma [21] of Section there are

d
12 a 5 even
(3) 5

isolated translation classes of diagonal curves of class (fs, d). Moreover,
the translation action of X on each translation class is free.
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Choose one representative from each X-orbit of the diagonal classes.
Let

(61) Hilb:2% (X)) C Hilb2>4(X)

diag,fixed diag
be the subscheme parameterizing curves, who contain one of the chosen
representatives. The moduli space defines a slice for the action of
X on Hilb24(X),

diag
Hilb32%(X)/X = Hilb2>% (X)) .

diag diag,fixed

The contribution of such subschemes to the Euler characteristic is
computed precisely as the contribution with a genus 3 vertical com-
ponent in Step 3 above. Taking into account the number of diagonal
curves and their degree in the horizontal direction, we find

(b3 eq(X)) = e Hilbg* (X)) - (1237 3 k™)

d>1 kld

— K(p.a) (12203 ka*).

d>1 k|d

Step 7. We have calculated all terms in the sum in Steps 5 and 6.
After summing, the proof of part (ii) of Theorem [5|is complete. Il

6.6. The Behrend function. In the cases d’ € {1,2}, we conjecture
that the Behrend function weighted Euler characteristic of the Hilbert
schemes differs from the ordinary Euler characteristic by a factor of
+(—1)". Here, n is the holomorphic Euler characteristic, and the over-
all sign depends upon whether the component of the Hilbert scheme
corresponds to subschemes with diagonal curves or vertical curves.

The Behrend function on the quotient
v Hilb" (X)) /X - Z

induces, by our identification of the various components with different
slices of the X-action, constructible functions on

Hilbpld(X), Hilb5% 4(X), and  Hilbl2% (X).

vert,fixed diag,fixed

We will denote these functions by v as well and write e(-,v) for the
topological Euler characteristic weighted by v.
Conjecture D. We have
e (HIIbA(X)) = — (1) (HIbE (X))
e(Hilbl2 % g (X)) = —(=1)"e( Hilb2% (X)), V),

vert,fixed vert,fixed
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e( Hilbj% g (X)) = +(—1)"e(Hilbj2% o (X), V) .

diag,fixed diag,fixed

Assuming Conjecture [D] we prove Corollary* [5

Proof of Corollary[3 In case d’ = 1, we have, by Conjecture [D}
DT, = —DT,.
Part (i) of Corollary* [5] hence follows from part (i) of Theorem [5]
In case d’ = 2, we have, following (56)),

DT, =
Z Z (—6 Hllb\./eQrt.flxed (X)7 V) te ( Hﬂb;;z;fixed (X)7 l/)) (_p>nqd :
d>0 neZ
By Conjecture |D| the right side equals
Z Z (——6 H lb\./ezrt.ﬁxed(X)) +e ( Hilb;;zé.,fixed (X))) pnqd :
d>0 neZ

These terms have been calculated in Steps 5 and 6 of the proof of
Theorem 5| (ii). Summing up, we obtain

K(p,q)*- (—3@(19, q) - i +6) Y k(24 - qd)) ,
d>1 k|d

where

@(p,q)—112 +szp —2+4p ")

d>1 k|d

is the Weierstrass elliptic function expanded in p and ¢. Rewriting

—i + GZZ k(2¢°* — q%)

d>1 k|d
1 1
-3 (1 +243° 3 kgt - 24y Y kqd) = =710, (0)
d>1 k|d d>1 k|d
k even
where
Ip,(@) =1+24) > kg
d>1 k|d
k odd

is the theta function of the D, lattice, we find

DT, =—K(p,q)*- (3@(29, q) + iﬁm(q)) :

Hence, part (ii) of Corollary* [5| follows from Lemma [16| below. d
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Lemma 16. We have

K(p.q)*- (3@(29, q) + iﬁm(Q)) = gK(p, 0)*o(p,q) + SK(pQ,qZ)Q-

Proof. The Lemma is stated as an equality of formal power series. Since
both sides converge for the variables

_ 2miz _2miT

p=e and g=ce

with 2 € C and 7 € H, we may work with the actual functions

K(z,7),p(z,7), and 9p, (7).

The statement of the Lemma is then equivalent to

RO dp(em) = 200, (7).

(62) 90(27 T) = K(Z 7_)4 3

From the definition of K (z,7), we obtain

K(z+ A7+ p,7) = (=) 2p K (2, 7)

for all A\, u € Z. Combined with the double-periodicity of the Weier-
strass p-function, this implies

ez + AT+ p,7) = p(z,7)

for all A\, € Z. Since

K(z,7)=2miz+0(*) and g(z,7) = (27r—12,z)2 +0(1),

the function ¢(z,7) has no pole at z = 0. Because the only zero of
K(z,7) and ¥;(z,7) and the only pole of p(z,7) in the fundamental
region are at z = 0, the function ¢(z, 7) is entire. By double-periodicity,
©(z,7) is hence a constant only depending on 7.

We evaluate ¢(z,7) at z = 1/2. We have

@(%,T) = —éﬁm(ﬁ

Since K(1/2,7) # 0, but K(1,7) = 0, this shows

oer)=o(5i7) = —4 (~300n) = 2onr). C
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6.7. Discussion of Conjecture The phenomenon proposed by
Conjecture|D|is parallel to the phenomenon exhibited by the Donaldson-
Thomas invariants of toric Calabi-Yau threefolds. In the case of toric
Calabi-Yau threefolds, the only subschemes which contribute to the
DT invariants are the torus fixed subschemes, namely those which are
locally given by monomial ideals. The value of the Behrend function
at such a subscheme Z is given by +(—1)" where n = x(Oz) and the
overall sign depends only on the 1-dimensional component of Z (and
not on the embedded points) [39].

One route to prove Conjecture |D| would be to show the following two
properties.

(i) The motivic methods of the previous section are compatible
with the Behrend function, specifically that the group actions
defined on the various substrata of Hilb(X)/X respect the
Behrend function.

(ii) The value of the Behrend function at a subscheme Z which is
formally locally given by monomial ideals is given by 4(—1)"

where the overall sign is positive if Z contains a diagonal curve

and negative if Z contains a vertical curve.

7. GROMOV-WITTEN THEORY

7.1. Overview. Let X be an abelian threefold, let g > 2 be the genus,
and let § € Hy(X,Z) be a curve class of type (dy, ds, d3) with dy, dy > 0.

In Section we define a virtual fundamental class on the quotient
stack

The degree of the virtual class is the quotient Gromov- Witten invariant
of X.

The reduced Gromov-Witten invariants of X are defined by integra-
tion against the 3-reduced virtual class (defined in Section on the
moduli space M, (X, ). In Section [7.3] we prove that these invari-
ants are fully determined by the quotient Gromov-Witten invariants
and classical intersections.

In Section [7.4] we relate the quotient invariants in genus 3 to the
lattice counts of Section [I.3] We also prove the crucial Lemma
needed in Section [6] In Section [7.5] we use Jacobi form techniques to
show that Conjectures [B] and [C] are consistent with Theorem [5]
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Finally, we extend Conjecture [C] to all curve classes in Section [7.6}

7.2. Quotient invariants. Since g > 2, X acts on MQ(X, B) with
finite stabilizers. Let

(63) q: My(X,B) = My(X,5)/X .
be the quotient map.
Let Ox € X be the identity element, let
ev: M, (X, 8) = X

be the evaluation map, let 1); be the first Chern class of the cotangent
line Ly — M,1(X, 3) and let

T My1(X,8) = My(X,5)
be the forgetful map.
We define the reduced virtual class on M, (X, 3)/X by

37— (197). ((ev™(0x) Ue) N[V (X, B)]) .

The definition is justified by the following Lemma.

[My(X,8)/X]* =

Lemma 17. Let p: M, (X, 8) — M (X, 8)/X be the composition of
the forgetful with the quotient map. Then,

PrMy(X, B)/X]* = [Myn(X, B)]"

Proof. The map p factors as
P Myn(X, 8) == My(X, B) == M,(X, 8)/X
where p’ is the forgetful and ¢ is the quotient map . Since we have
p/*[MQ(X, B)]red = [Mg,n(Xv 5)]red’
it is enough to prove

¢ [My(X, B)/X] = [My(X, B)]"* .
Consider the product decomposition
— -0

(64) Mg,l(XaE>:Mg,1<X7B)XXa
where

-0 _

M, (X, 5) =ev'(0x).
Under the decomposition , write

q/ :Mg,l(Xa 6) - Mg,l(Xa ﬂ)
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for the projection to the first factor. Since the obstruction theory of
Mg,l(X ,B) is X-equivariant, we have

U N [Mya (X, B)]* = ¢"a
for some class o on MQJ(X, B).
Consider the inclusion
0 My (X,9) = My (X, 5)
defined by MZ’I(X, f) x 0x under and the fiber diagram

N q —0

Mg,l(X7 B) ~ Mg,l(Xv B)

My(X, 5) —= M,y(X,5)/X
where 7/ is the map induced by 7. Then

(29 — 2)¢"[M,(X, B)/ X

= gl (v (0x) U ) 1 [y (X, )™)
= mgd. (v (0x) U ) 1 [Ty (X, ))
= mq" v (1 0 [M (X, B)])
=mq"a
= m (V1 N [Mya(X, B)) .
The Lemma now follows directly from the dilaton equation. O

We define the quotient Gromov-Witten invariants of X by

[Mg(X,8)/X]red

7.3. Reduced Gromov-Witten invariants. Let g > 2 and let 3 be
a curve class of type (dy, ds, d3) with dy,dy > 0. Let

[M (X, B)

be the 3-reduced virtual class on the moduli space Mg,n(X ,3) con-
structed in Section [I.4] The reduced Gromov-Witten invariants of X
are defined by

X red

) (mnmb) = [ T u

9,8
for v1,...,7 € H*(X,Q) and a4, ...,a, > 0.
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By the definition of the virtual class [M,(X, 8)/X]*¢ and the quo-
tient Gromov-Witten invariants , we have

1 X,red
Ngﬁ = 29 —9 ’ <7—1(p)>g,5 )

where p € H%(X,Z) is the class of a point. The invariants N, 5 will be
shown to determine all reduced Gromov-Witten invariants of X.

We first determine all primary Gromov-Witten invariants in terms
of Ny g. Consider the translation action

(67) t: X" 5 X (a,x1,. ., 20) = (01 —a, .., —a) .

Lemma 18. For vq,...,7, € H*(X,Q),

X,red
(68) <To(71)~'70(%)> :Ng,ﬁ'/ N ... @Y.
9.8 t([X]®B%™)

Proof. Let v1,...,v, € H*(X,Q) be homogeneous classes. We may
assume the dimension constraint

> deg(vi) =2(3+n)

i=1
holdsﬂ — otherwise both sides of vanish.
For every k, let
Tt Myp(X,8) = My(X)/X

be the composition of the map that forgets all markings with the quo-
tient map. By Lemma [I7]

(Mg (X, B)]'*¢ = mp[My (X, B)/X]™
hence by the push-pull formula

(nm)cemtm)) "= [ ([Leviow).

[Mg(X,8)/X]

Since the map 7, is of relative dimension 3 + n, the cohomology class
e ([T evitn)

has degree 0. To proceed, we evaluate [, ev;(v;) on the fibers of m,.

Let f: C'— X be a stable map of genus g and class 3, let

] € My(X,8)/X
be the associated point, and let F' be the (stack) fiber of m, over [f].

Z5Here, deg(-) denotes the real degree of a class in X.
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By the definition of M,(X,3)/X as a quotient stack [56], we may
identify

(69) X =m ' ([f]),
where the induced map X — M (X, ) is x = (f — z).

Under , let
bo F—= X

be the map which forgets all markings. For i € {1,...,n}, let

be the map which forgets the map and all except the i-th marking.
The induced map

b= (bo,...,bn): F— X xC"
is birational on components.
The evaluation map ev : FF — X" factors as
Foox xon 8Dl ynit 1y
where t is the translation map . We find

/eVT(’Yl)"'eVZ(%)Z/ N ...Q %,
F evy[F]

71®"'®7n

/t*(id,f”)*([X]®[C]®”)

= / MY ...Q Vn.
t ([X]®B%™)

Since this only depends on g and the ~;, we conclude
Wn*( er(%‘)>:(/ 71®---®%)'1-
1:[ t. ([X]®B™)
The claim of the Lemma follows. O

We state the abelian vanishing relation for abelian threefolds. Let
p: X" = X" (my,. ) e (e — 2y, T, — 1)

Lemma 19. Let v € H*(X" 1 Q) and let ay,...,a, > 0. For any
M € H*(X, Q) of degree deg(m) < 5,

/ evi(m) Uev' p*() U [ u = 0.
[MgJL(X’B)]red 7

The proof is identical to the proof of Lemma
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Proposition 7. The full reduced descendent Gromov-Witten theory of
X in genus g and class 8 1is determined from Ny by the following
operations:

(i) the string, dilaton, and divisor equations,
(i) the abelian vanishing relation of Lemma
(iii) the evaluation by Lemma of primary invariants,
(iv) the evaluation (i (p) ;i’;ed = (29 —2)-Nyz.
Proof. Let v,...,7, € H*(X,Q) be homogeneous classes. We must
determine the Gromov-Witten invariant

X,red
(70) (7o (1) - Tan () )

9,8
for ay,...,a, > 0. We may assume the dimension constraint
(71) > " deg(yi) + 2a; = 2(3+n),

i=1
where deg(-) is the real degree of a class in X. In particular, n > 1.

We proceed by induction on n. In case n = 1, the insertion must be

T(p), 72(7), (7)), or m(y")
for classes v,7,7” of degrees 4,2, 0 respectively. The case 71 (p) follows
from (iv). The cases 75(7), 73(7), and 74(7”) all vanish by the abelian
vanishing relation (ii).

Suppose n > 1 and assume the Proposition is true for all n’ < n. If
a; = 0 for all 7, the statement follows from the evaluation (iii). Hence
we may assume a; > 0. If deg(v;1) < 6, we first apply the vanishing of
Lemma [19] for 7; and

T=2® @ .
We find, that can can be expressed as a sum of series

(70, (1 U D)7 (05) + Tan (1))

for homogeneous classes 0,75, ..., v, € H*(X, Q) with deg(d) > 1. The
above relation increases the degree of v;. By induction on deg(vy), we

X,red

may assume deg(7y;) = 6.

By the dimension constraint , we have

Z deg(vi) + 2a; = 2(n — ay),

=2
hence there exists a k € {2,...,n}, such that deg(vx) + 2a; < 2.
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If a, = 1, then deg(vx) = 0 and we use the dilaton equation. If
ar = 0 and deg(y;) € {0, 1}, we use the string equation. If a; = 0 and
deg(7y;) = 2, we use the divisor equation. In each case, we reduce to
Gromov-Witten invariants with less then n marked points. The proof
of the Proposition now follows from the induction hypothesis. O

In (14]), we defined quotient invariants Ng( i1 da) counting genus g
curves on an abelian surface A in class of type (dy, ds), with ¢ > 2 and
dy,dy > 0. By trading the FLS condition for insertions, moving the
calculation to the threefold A x E via the k = 2 case of Section [L.5]
and by the evaluation of Lemma [18] one obtains

Q _
N (d1.a2) = No.(d1,d2,0) -

Hence, the quotient invariants of abelian surfaces agree with the de-
generate case of the quotient invariants of abelian threefolds.

7.4. Genus 3 counts. We determine the genus 3 invariants of X using
the lattice method of Section [I.3] The strategy is similar to the proof
of Lemma B

Lemma 20. For all dy,dy,ds > 0,
N3, (d1,dasdy) = 20(dy, da, ds) .
Proof. Let B be a curve class of type (di,ds,ds) on a generic abelian
threefold X. Since X is simple, every genus 3 stable map
f:C—=X

in class # has a nonsingular domain C, and induces a polarized isogeny
(X,8) = (J,0).

Conversely, every simple principally polarized abelian threefold (B, 6)
is the Jacobian of a unique nonsingular genus 3 curve C. Hence, each
polarized isogeny (X, 3) — (B,#) induces a map

fi0% B X,

However, for a generic abelian threefold X we have Aut(C) = {1} and
Aut(X) = {£1}. The composition

fT=(-1)of:C—-X

is not translation equivalent to f and the given polarized isogeny cor-
responds to two genus 3 stable maps up to translationm

26This fact was overlooked in [34].
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The argument in the proof of Lemma/[3]also shows that X acts freely
on M3(X,53). The only point to verify is that given a nonsingular
genus 3 curve C' and the Abel-Jacobi map aj : C' — J, the only element
in J fixing aj(C) is 0. For this we consider the map

Sym?(aj) : Sym?(C) — J.

The image of Sym?(C) is a theta divisor, and is only fixed by 0; € J.
Then, if a point a € J fixes aj(C), it must also fix the image of Sym?(C)
under Sym?(aj). Hence a = 0.

It follows that M3(X, 3)/X is a set of 2v(dy, dy, ds) isolated reduced
points. ]

By Lemma [3, Theorem [0, and Lemma [20]

(72) N3 (1,d,0) = 2N§(d7d’) =2 Z Z k.
Hlged(dd) gy 22

The right hand side of matches precisely the genus 3 predictions
of Conjectures [B] and [C]

Further, the lattice method can be adjusted to count diagonal curves
in the X = A x E setting. Let A4, E, and (84, d) be as in Section [6]
Recall that an irreducible curve C' C X is diagonal if both projections
pa:C — Aand pg: C — E are of non-zero degree.

Lemma 21. For even d, there are

d
120 (5) =12 k
k|4
isolated diagonal curves in class (B2, d) up to translation. All diagonal

curves are nonsingular of genus 3. The translation action of A X E on
the diagonal curves is free.

Proof. Let C be a diagonal curve in class (fs, d). Since fs is irreducible,
the projection ps : C' — A is generically injective. The image

Co=pa(C)C A

is either a nonsingular genus 3 curve or a nodal genus 2 curve. We
claim that the latter does not happen.

Suppose it does, and let ¢ : C' — C be the normalization map. Then

paoq : C'— A factors through an isogeny J(C') — A, where J(C') is the
Jacobian of the genus 2 curve C'. We also know that ppoq: C — F
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factors through J(C) — F, which is surjective since d > 0. This
contradicts the assumption that A is simple.

Hence, Cj is nonsingular of genus 3 and so is C'. As before, every
such C induces a polarized isogeny

(Ax E, (By,d)) — (J,0).
Conversely, every principally polarized abelian threefold (B, 6) is either

e the Jacobian of a unique nonsingular genus 3 curve, or
e the product of a principally polarized abelian surface and an
elliptic curve, with the product polarization.

Given (f35,d) of type (1,2,d), we know exactly which maximal to-
tally isotropic subgroups of Ker(¢—) = (Z/2 x Z/d)? correspond to

(B2,d)
polarized isogenies
(73) (A% E, (B2,d)) — (B.9)

to Jacobians (B, #). They are precisely the subgroups not of the form
G1 X GQ with G1 < (Z/Z)Q, G2 < (Z/d)2 .

In particular, d must be even for these subgroups to exist. In terms of
(7)), there are the following two possibilities:

(i) K = Z/2k for some k|2, generated by

d
(1, %> €7)2 xZ/d,

together with an arbitrary element in Hom®™ (K, K )
(i) K =Z/2 x Z/2k for some k|4, generated by

d
1 — 72 x 7/d
o). (0.5;) ezizxz/d,
together with a non-diagonal element in Hom®™ (K K ).

Summing up (i) and (ii), we find
D 2%k+) 2:2k=6Y k
kg kg kg
polarized isogenies to Jacobians. We claim that each of the isogenies

corresponds to two diagonal curves up to translation.

We have seen that a diagonal curve C' C A x E is isomorphic to
its image Cy C A. By [3], Section 10.8 (1)], every nonsingular genus 3
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curve C' C A in class 5 admits a double cover to an elliptic curve E'.
In particular, the Jacobian J(C") is isogenous to A x E’. Hence,

Z]2 C Aut(Ch) = Aut(C).
On the other hand, we have generically Aut(AXx E) = Z/2x7Z/2. Since

the Jacobian J of C' is isogenous to A X E, we also have

Aut(J) C Z/2 x 72

A strong form of the Torelli theorem (see [3], Section 11.12 (19)]) says

Aut(C) = Aut(J,0) if C' is hyperelliptic
| Aut(J,0)/{£1} if C is not hyperelliptic.

In our case this means

Aut(C) = 7)2 x 7/2 if C is hyperelliptic
1z/2 if C'is not hyperelliptic .

To see that C' is generically not hyperelliptic, recall from Section [5.3
that up to translation there are threﬂ hyperelliptic genus 3 curves

1 Oy, O3 C A
in class By with Z/2-stabilizers. For i = 1,2, 3, the Jacobian J(C}) is
isogenous to A x E! for some E!. Hence, by taking F non-isogenous to
E{, E}, EX, we find that the diagonal curve C' C A X E is not isomorphic
to C1, C4, CL.
To conclude, we have Aut(C) = Z/2 and Aut(J) = Aut(A x E) =

7)2 x Z/2. Therefore, each polarized isogeny gives two diagonal
curves up to translation. We find in total

2-6Zk:122k

kg kg
diagonal curves up to translation. The proof that A x E acts freely is
identical to the one given in the proof of Lemma [20] O

7.5. Consistency check of Conjectures [B] and [Cl Conjecture [C]
expresses the invariants Ng 44 in terms of the invariants Ny i 1,q).
By Conjecture we obtain a prediction for the Donaldson-Thomas
invariants of type (1,2,d) in terms of those of (1,1,d). We show here
that these predictions match the calculations of Theorem [5

2TEach corresponds to a degree 2 polarized isogeny (A, B2) — (B,0), with B
the Jacobian of a genus 2 curve. The hyperelliptic curve is obtained by taking the
preimage of the genus 2 curve.
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For d > 0, let f4(p), ga(p) € Q((p)) be the unique Laurent series with

> falp)g' = K(z,7)

d>0

(74) - d 3 4 3 2
>~ 9alp)a" = SK (2. 7) (=) + SK(22,27)
d>0

under the variable change

2miz 2miT

p=e and ¢q=¢e"".

The functions on the right hand side of are exactly the negative of
the functions appearing in Corollary* [} The following Lemma shows
that Corollary* [5|is consistent with Conjectures |B| and

Lemma 22. We have

(5) = Faa(p) if d is odd
9a\p) = de(p) +%fd/2(p2) if d is even .

Proof. We use basic results from the theory of Jacobi forms [16]. We
will work with the actual variables p = €?™# and ¢ = €*™", where z € C
and 7 € H.

Let ¢_51(2,7) be the weight —2, index 1 generator of the ring of weak
Jacobi forms defined in [I6] Section 9]. We have the basic identity

0 01(2,7) = K(2,7)%,
see, for example, [13, Equation 4.29]. Applying the Hecke operator

‘_2 ,Va defined in [16], Section 4], we obtain the weak weight —2, index
2 Jacobi form

(p-aal-2aVi)(e,7) = 3 (o) + 2220 ) o
d>0

where f,(p) = 0 whenever a is fractional. Using [16], Theorem 9.3] and
comparing the first coefficients, we find

Z (f2d(p) + fd/;gp )) i~ ;K(z,7)4p(z,7) :

d>0

We conclude

5 () + 2200 ) = 2o + X 2 faali?)e

2 2
d>0 d>0
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7.6. A formula for imprimitive classes. We conjecture a multiple
cover formula in all classes for the quotient invariants Ny (4, d,,45)- The
shape of the formula already appeared in the physics approach of [38].
However, [38] does not match the invariants N, 5 and our formula below
is different.

Define the function

n<d17d2ad37 k) = 262

)

where § runs over all divisors of

acd (k,dl,dg,dg,dldQ dvds dads dldgdg)

E ok kT k2
Conjecture E. For all g > 2, dy,dy > 0, and d3 > 0,

Ngv(dhdz,ds) = Z n<d17 dy, ds, k>k2g_3N (1 1 d1d2d3)
k
where k runs over all divisors of ged(dydy, dids, dads) such that k* di-
vides dldgdg.

Recall the quotient Donaldson-Thomas invariants DT,, 5. Assuming
deformation invariance, we write

DTn,B = DTn,(dl ,d2,d3)

if 5 is of type (dy, dy, d3). The invariants DT, (dy,ds,ds) are defined when-
ever n # 0 or if at least two of the d; are positive.

Translating the multiple cover rule of Conjecture [E] via the conjec-
tural GW/DT correspondence yields the following.

Conjecture E'. Assume n > 0 or at least two of the integers dy, ds, d3
are positive. Then

DT n,(d1,dg,d3) = Z—n dl,dg,dg,k;)( )n_% DT% (11 d1d2d3)
where k runs over all divisors of ged(n, dids, dids, dods) such that k?
divides didyds.

While Conjecture [E] only applies for dy, ds > 0, we have stated Con-
jecture E’ also for the degenerate cases (0,0, d). Unraveling the defini-

tion yields
_1 n—1
DTn,(O,O,d) Z kz

k|ged(n,d)
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which for d = 0 is in perfect agreement with [60], and for d > 0 is

proven in [46].

[1]
2]
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