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Chapter 1

Introduction

Gromov-Witten theory can be viewed as the study of the moduli stack M, (X, 3) of sta-
ble maps from curves of genus g with n marked points to a smooth projective variety X
representing a homology class § € Hy(X). Via obstruction theory, one can construct a
virtual class [M,,(X,3)]"" € H.(M,,(X,3)), and then the Gromov-Witten invariants of
X are the intersections of [M,, (X, 8)]"" with products of certain tautological classes in
H*(M,,(X,)). These classes come in two types. First, for each i there is a descendent
class 7u(7) = c1(IL;)*evi(v), where L; is the line bundle of cotangent lines over the ith
marked point and ev}(7) is the pullback of a class on X under the evaluation map at the
ith marked point. Also, there are the Hodge classes A\, = ¢x(E) for 1 < k < g, where E is
the Hodge bundle of 1-forms on the source curve.

We treat Gromov-Witten theory as a family of linear functionals
<>,§ : A/[h> h_l] - @7

where A’ is a certain polynomial algebra parametrizing the product of insertion classes and
the variable h serves to indicate the genus of the invariant. We often will permit the source
curve to be disconnected, yielding the disconnected Gromov-Witten theory of X, which uses
the notation <>§. For all the relevant definitions and general background on Gromov-
Witten theory, see Chapter 2.

When X is a point, Gromov-Witten theory reduces to the intersection theory of tautolog-
ical classes on Mg,n, which is a classical subject of study. When X is a curve, Gromov-Witten
theory can be related to Hurwitz theory, which counts the number of branched covers of a
fixed curve with a given ramification type. Because of this, there are close ties to represen-
tation theory: see the work of Okounkov and Pandharipande in [18]. When X is of higher
dimension, many Gromov-Witten invariants can be interpreted enumeratively as counting
the number of curves on X satisfying certain conditions. Thus in each case, these rational
invariants are of great interest and are relevant to an amazing variety of areas of mathemat-
ics. There are also numerous connections to theoretical physics, which has motivated many
mathematical conjectures in the subject.

One of the most important of these conjectures is due to Katz, Klemm, and Vafa ([12],
or see Conjectures 1 and 2 in [14] for a mathematical treatment). Let X be a K3 surface;
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that is, X is a smooth projective surface that is simply connected and has trivial canonical
class. Via string-theoretic calculations, Katz, Klemm, and Vafa arrived at conjectural values
for the invariants

<)‘g>é{g-
The KKV conjecture is described in greater detail in Chapter 5.

It is difficult to compute invariants of a K3 surface directly. The most promising approach
seems to be the recent work of Maulik and Pandharipande ([13]) relating the Gromov-Witten
theory of a K3 surface to that of an elliptic curve. This suggests that it would be useful
to understand the elliptic curve invariants better, and that will be the primary focus of
this thesis. However, Chapter 5 contains a brief exposition of this elliptic connection and
performs the computations necessary to verify the KKV conjecture for g < 3.

One important feature shared by the elliptic and K3 invariants is that they can both
be interpreted as Fourier coefficients of quasimodular forms. A quasimodular form can be
thought of as a holomorphic function on the upper half-plane which almost satisfies the
usual modular transformation property — see Chapter 4 for a definition. The algebra of
quasimodular forms QM, turns out to be the free polynomial algebra Q[Es, F4, Es] generated
by the first three Eisenstein series.

We can obtain quasimodular forms from invariants on elliptic curves by summing over
different choices for the curve class 3, which must be some nonnegative integer multiple of
the fundamental class w. Thus define

()" - ARl — QM,

by
()P = ST g, (1.1)
d>0

Work of Okounkov and Pandharipande ([18], [17], [19]) implies that these g-series are indeed
the Fourier expansions of quasimodular forms. A similar definition can be used in the case
of a K3 surface (see Chapter 5), and the quasimodularity follows from the elliptic curve case
and the connection between the two proven by Maulik and Pandharipande in [13].

Although the work of Okounkov and Pandharipande provides an algorithm for computing
any elliptic invariant, this algorithm is quite difficult to employ in practice. Chapter 3 is
devoted to describing this algorithm and attempting to make it as nice as possible. We define
“negative descendent” insertions 74 (y) with k£ < 0 and explain how to write the Hodge classes
in terms of these insertions; informally (see Corollary 3.4.2), we can write

Bi11

chy, = Uit 1) ,Z D7e1-i(w) + 7i(@)Th-1-4(8)), (1.2)
€7

where chy, is the kth Chern character of the Hodge bundle, By, is a Bernoulli number, and
«a, [3 are specific elements of H'(F).

Chapter 4 contains the primary results of this thesis. We attempt to fully exploit the

quasimodularity of the elliptic invariants (1.1). Any quasimodular form can be uniquely
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written as a polynomial in the quasimodular Eisenstein series F, with modular coefficients;
thus the differential operator ﬁ completely encodes the information of how far from being
modular a given quasimodular form is. Surprisingly, applying this operator to an elliptic
invariant is the same thing as multiplying the insertion by a formal infinite sum resembling
(1.2); informally (see Theorem 4.2.1), we can say that

d 1 i
d__E2 = _ﬂ iEZ(—l) 71(1)7-71<1)

This is an extremely useful result for two reasons. First, it can be used to prove that
certain elliptic invariants which would be very difficult to compute in full are modular forms,
not just quasimodular forms. Second, we can apply the Ramanujan bounds for Fourier
coefficients of cusp forms to obtain asymptotics for the coefficients of these elliptic invariant
quasimodular forms, which are simply the usual Gromov-Witten invariants of given degrees.
The following example demonstrates both of these types of results:

Theorem 4.4.2. The elliptic invariant (\y_17,—1(w)) is modular for any g > 1. Moreover,

the individual coefficients satisfy

g! 1y,
<)\9—1Tg—1(w)>§i} = W@g—l(d) + O(d? 2 )
for all e > 0.

The strength of these asymptotics motivates conjectures that asymptotic expansions such
as those given by Theorem 4.4.2 are sometimes actually exact. In this case, this is equivalent
to saying that the elliptic invariant is a scalar multiple of an Eisenstein series.

Conjecture 4.4.3. For any g > 1,
g!
591 Cog.

<)‘9717—971(w)>E )

In general, all genus g elliptic invariants containing the Hodge factor A\,_; seem to exhibit
similar behavior.

Theorem 4.4.4. Let I € A’ be any monomial in the Hodge classes and the elliptic descendent
nvariants and suppose that g > 1. Then there exists C' € Q and e > 0 such that
AgmrD)glas = Cd°orya(d) + OdH27)
foranye > 0. If I =7, (w) -+ T, (W) Thp 41 (1) -+ T 1 (1) with by, oo ko, g +1, .00 kit
1>1and ki +...+k,=g—1, thene=m—1 and
B (2g+n—=3>" (2k; +1)
©22072(2g +m — 2)! T, (2k; + 1)V
where (2k; + 1)1 =1-3--- (2k; + 1).
We conjecture that the asymptotic expansions given by Theorem 4.4.4 are also always
exact; see Conjecture 4.4.5. Thus our methods suggest tantalizingly simple formulas for

many elliptic invariants. However, our methods are only sufficient to prove these results
asymptotically.




Chapter 2

Gromov-Witten preliminaries

2.1 Moduli stacks of stable maps and Gromov-Witten
theory

We will not go through most of the details of the definitions in this chapter. For one reference
on the subject, see Part 4 of [11].

The moduli stack of stable curves of genus g with n marked points is denoted M, .
A point [C,pi,...,p,] € Mg, describes a connected nodal algebraic curve C' (over C) of
arithmetic genus g with n distinct nonsingular marked points py, ..., p, and no infinitesimal
automorphisms. This moduli stack is well-known to be smooth of dimension 3g — 3 + n.

Remark. All the spaces and fundamental classes in this thesis will be defined algebraically
and thus will have even real (cohomological) dimension; we will always describe them as
“being of dimension” half this dimension. However, cohomology classes of odd grading will
still be considered at times. We use the word “grading” rather than “dimension” to indicate
this actual cohomological dimension.

Similarly, given a smooth projective variety X and a homology class 5 € Hy(X), one
can define the moduli stack Mg’n(X ,3) of stable maps to X from curves of genus g with
n marked points. This moduli stack is less nice in general and tends not to be of pure di-
mension. However, there is a naturally defined “virtual fundamental class” [M, (X, 3)]'" €

Hy (Mg, (X,0),Q). This class will be of grading twice the “expected dimension” of the
moduli stack, which is

e:(S—dimX)(g—l)—l—n-l—/cl(X). (2.1)
B
Note that this expected dimension is the same as the actual dimension when X is a point,
since then M,,,(X,0) = M,,,.

We will not give the obstruction-theoretic construction of the virtual class in this paper;
see section 5.3 of [16] for the necessary details.

Gromov-Witten invariants are defined by intersecting [M, (X, 8)]'" with certain natu-
rally defined cohomology classes on Mgm(X ,3). The simplest such classes are obtained by
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pulling back classes on X along the evaluation maps evy,evy,...,ev, : My, (X,0) — X
corresponding to the n marked points. Thus for any 71,72, ...,7, € H*(X), we have the
“simple” Gromov-Witten invariant

[ evitnein) - evitu)
[Mg,n(X,B)]V

When X is a surface, these simple Gromov-Witten invariants can usually be interpreted
enumeratively as counting the number of curves on X with certain properties. We give two
examples illustrating this interpretation and the complexity of the resulting counts:

Ezample. Let X = P? and let 3 = d[H]| for [H] € Ho(P?) the class of a hyperplane divisor
and d a positive integer. Let n = 3d—1. For each i, let v; = [p] € H*(P?) be the fundamental
class. Then the genus 0 invariant

Na= [ evi(lp]) -+ eviaa(p))
[MO,n(P27d[H])]V1r

can be interpreted enumeratively as the number of rational degree d curves on P? pass-
ing through 3d — 1 generic points. It turns out that these counts satisfy the complicated

recurrence 3d 4 3d 4
N, = Ny Ny | d2d? ) —d3d B
1= >, Ny d“‘( ! 2(3d1—2) ! 2(3d1—1)>
di+do=d

for d > 1 (see Theorem 25.1.1 of [11]).

Ezxample. Let X be a K3 surface; that is, X is a smooth simply connected projective surface
with trivial canonical class. Let § € Hy(X) be a primitive class in the Picard lattice with
(3? = 2h — 2 for some h > 0. The normal virtual class in this case turns out to be zero,
since X can be deformed (in the symplectic category) such that it does not contain any
curves. To obtain nontrivial invariants, one can define a “reduced” virtual fundamental class
[M,.,.(X,3)]"d of dimension one greater than the ordinary expected dimension g — 1+ n
given by (2.1). Then we can consider the reduced invariants

G = / evi([p]) - -ev3([p)).
[Mg,q(X,3)]red

These invariants too can be interpreted enumeratively as counting the number of genus ¢
curves on X with a given number of nodes (corresponding to the parameter h) that pass
through ¢ generic points. Bryan and Leung ([2]) proved that these counts are given by the
quasimodular generating functions

Z aghqh = <H(1 — qk)24) (Z noy (n)q”) .

h>0 k>1 n>1

The methods used to prove this result will be explained in Chapter 5.



2.2 Cotangent lines and the Hodge bundle

The two examples at the end of the previous section demonstrate that even the simplest
of Gromov-Witten invariants can be interesting and complicated. However, we will wish to
consider insertions in the integrals that are more general than the simple evaluation classes
pulled back from the target variety X. For this reason, we now describe certain natural
vector bundles on M, (X, 3) and their Chern classes. These bundles will be pullbacks of
bundles on the moduli space of curves M, along the “forgetful map” M,,(X,3) — M,,
that sends a map to the stabilization of the source curve. In other words, the following
constructions will not depend on the maps to X, unlike the evaluation classes ev} (7).

First, for each marked point we can take the cotangent space to the source curve at
the specified point; this describes line bundles LL; for 1 < ¢ < n, where the fiber over a
moduli point [C,py,...,ps] is T¢, . The first Chern class of this bundle is denoted by
i = ai(Li) € H*(My,(X, B)).

Second, the Hodge bundle E is a rank g vector bundle with fiber H°(C,w¢) over the
moduli point [C|py,...,p,], where we is the dualizing sheaf of C. The Hodge classes are
then defined as the Chern classes Ay = c(E) € H?*(M,,(X,3)) for 1 < k < g. These
classes satisfy relations proven by Mumford in [15]:

(T4 Mt A+ At (1= M+ ..+ (=1)IAt) = 1. (2.2)

Although the Hodge classes A\ tend to appear more naturally, it is often easier to work
with the Chern characters of the Hodge bundle, which are denoted by chy := chy(E) and are
related to the Chern classes A\x by

14 Ayt A+ -+ + Agt? = ez (b= Dichit®,

The Mumford relation (2.2) is thus equivalent to the vanishing of the even Chern characters
Chgk.
It is convenient to define the Hodge algebra to be the polynomial algebra

H := Q|chy, chs, .. ]

in formal symbols corresponding to the odd Chern characters. This algebra is not genus-
specific, so we define classes A\, € H by

Z )\ktk — ezkzl(k_l)'Chk tk7

k>0

and note that these formal Hodge classes satisfy the Mumford-type relation

(B ()



2.3 General Gromov-Witten invariants and the Vira-
soro conjectures

The most general type of Gromov-Witten integral that we will consider is given by inter-
secting a virtual fundamental class (or the reduced fundamental class in the case of a K3
surface) with a product of pullbacks of cohomology classes on X and powers of )-classes at
the marked points, and possibly also a polynomial in the Hodge classes. In the case when
there is no Hodge factor, this is known as a descendent invariant. The descendent classes
are the products ¥ ev(7), for which we use the notation 7(7) (leaving out the subscript
i): we let

[Mg,n(X,B)]V

(A (1) -+ T (1)) = / A evi () v ()

be the most general form for an invariant, where A is an element of the Hodge algebra H,
k1, ..., k, are nonnegative integers, and 71, ..., 7, are cohomology classes on X.

We introduce a little terminology to describe the factors in the above invariant, called
insertions. The factor 74(7) is called a descendent insertion or a descendent of 7, and ~y
itself is an evaluation class. We refer to any element of the Hodge algebra H as a Hodge
insertion, although we will primarily consider monomials in the Hodge classes Ay or the
Chern characters chy,.

Let B be a basis for the cohomology of X consisting of elements of pure Hodge grading,
so all v € B belong to HP»%(X) for some p, and ¢,. Let A = A, denote the “supercom-
mutative” graded polynomial algebra over Q on the formal symbols 74(v) for £ > 0 and
v € B, where such a symbol has grading 2k — 2 + p, + ¢,. Here the only relations are the
supercommutativity relations

[a,b] :==ab— (—=1)""ba =0

for a € A,, and b € A,,. For odd n, we call the descendents of v € H"(X) odd classes; such
elements are the source of noncommutativity in A. Let A" = A ®g H denote the graded
algebra formed by adjoining the Hodge algebra to A, where A\, and ch; are taken to have
grading 2k. We will also view A[h, h~!] and A'[h, i~!] as graded algebras, where the variable
h has grading 2(dim X — 3).

Then we can formally view Gromov-Witten theory as a collection of linear maps ()7
A'[h,h71] — @Q; here the coefficient of A9! is evaluated in genus g. Note that this map
vanishes on all components of grading other than x := 2 [ 5C1 (X) for dimensional reasons by
(2.1). We will only consider X of dimension other than 3, so A will have nonzero grading. This
means that there is a natural homogenization map A’ — A’[h, h™!| with image in A’[h, h™!],,
defined by multiplying elements in A;;—z(dim X—3)n by h" for each n € Z and annihilating
elements of gradings not of this form. We will also use the notation (-)3 : A" — Q to
indicate the composition of this homogenization map with the invariant function defined
above. In other words, we will often regard the genus of an invariant as being determined by



the insertion; when we want to emphasize (usually for geometric reasons) that the invariant
is being computed using curves of a given genus or that the genus is nonconstant in a relation
between invariants, we will either employ the variable i or add g as an additional subscript.

We will also want to consider the disconnected Gromov-Witten theory of a smooth pro-
jective variety X; this is defined in the same way as the connected theory, except that one
uses moduli spaces of disconnected curves and maps from disconnected curves (recall that
the arithmetic genus of the disjoint union of two curves of arithmetic genus ¢g; and gy is
g1+ g2 —1). We indicate that an invariant is disconnected with a dot, so we also have linear
maps ()% : A'[h,i7'] — Q.

The Virasoro constraints were originally described as linear operators annihilating a
certain generating function containing all of the descendent invariants. We take the dual
viewpoint and instead view the Virasoro constraints as a certain family of linear operators
Vi o A[h, B — A[h, h7!]; then the Virasoro conjecture (for the pair (X, 3)) is that the
composition of V;, with (-)3 is trivial. The resulting relations between invariants permit the
removal of the insertions of the descendents of 1 from any descendent invariant. The Virasoro
conjecture has been proven in numerous special cases; we will be primarily concerned with
the case dim X = 1, which was proven by Okounkov and Pandharipande in [19]. We will
describe the Virasoro relations in the case X = FE is an elliptic curve in Section 3.3.

The work of Faber and Pandharipande in [9] can be interpreted as describing operators
Yy, : A'[h,h7'] — A'[h, '] for odd k > 1 such that their composition with (-)% is again
trivial; the resulting relations permit the removal of all Hodge classes. Again, we will describe
these operators in the elliptic curve setting in Section 3.4.



Chapter 3

The Gromov-Witten theory of an
elliptic curve

3.1 Introduction

In a sequence of papers ([18], [17], [19]), Okounkov and Pandharipande developed an al-
gorithm for computing any descendent invariant of a curve. This algorithm is particularly
nice in the case of an elliptic curve, but it still requires several nontrivial steps and is quite
difficult to use in any practical setting. We will give a slightly more elegant and usable
formalization of this algorithm. To begin with, though, we must define some basic notation.

Let E be an elliptic curve; for convenience, we fix a basis B = {1, «, 3,w} for the co-
homology of E using the Hodge grading as follows. Let a« € H'°(E) and 8 € H" (F) be a
symplectic basis for H'(E) (so a-=1= —f-a), and let w € H*(E) be the Poincaré¢ dual
of a point. These are (along with 1) the classes we will be pulling back from F.

The notation that we will use for elliptic curve invariants will differ slightly from that
of the previous section. Since we are primarily just considering elliptic curve invariants, we
omit the superscript E. Also, the possibilities for a curve class (3 correspond to nonnegative
integers (the degree of the map), and we will sum these invariants into a generating function:

(W) = D)y =) (Dgand’

d>0

We will often leave out the notation for the genus and view the genus g as determined by
the dimension of the insertion I or by a formal factor A9 in the insertion. Thus we view the
connected Gromov-Witten theory of an elliptic curve as a linear map

() : A= Q[lq])

Ezample. For d > 0, the invariant (79(w)){, can be interpreted as counting the number of
degree d maps from some elliptic curve to E. Since all such maps are isogenies, this is the
same as counting index d sublattices of Z?, of which there are o;(d). Combined with the
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d = 0 invariant, this yields that

is the weight 2 Eisenstein series. This is an example of the general fact that all elliptic curve
invariants (I) are quasimodular forms.

In the disconnected case, we adopt the convention

(g =TI -d"d (Dgnd”

k>1 d>0

Here the extra g-series factor serves the purpose of cancelling out the contribution from
connected components of the domain curve which have genus 1 and no marked points. It is
also the case that all disconnected invariants (I)® are quasimodular forms. In fact, one can
easily express the disconnected invariants in terms of the connected invariants by means of
the following basic result:

Proposition 3.1.1. Let I = A, -+ N, Tk, (1) -+ Th,, (Ym) be an arbitrary elliptic insertion.

Then
(1) = Z Z H<)\b1,1 T )‘bl,n H Th ()

{1,...,m}:I_J[€5] ZIES b]’j:l]' IeS el

where the first sum is taken over partitions of the set of descendent factors (into nonempty
parts) and the second sum is over partitions of each Hodge index l; into corresponding parts.

Proof. This relationship between the disconnected and connected invariants will follow from
three observations.

First, the moduli space of stable maps from disconnected curves M;n(E,dw) is itself
disconnected, and its connected components are indexed by unordered sequences (g;, d;),
of the same length m with g1 +---+ ¢, =g+ m —1and d; + - - - + d,,, = d, together with
an assignment function from the n marked points to the m indices (which correspond to the
connected components of the source curve). Each such connected component is then simply
a product [[1~; M, ».(E, dw) of connected moduli spaces, where n; is the number of marked
points assigned to part ¢. The virtual fundamental class also splits as a product of virtual
fundamental classes in this way. The only exception to the above comments is if multiple
connected components have the same genus and no marked points; in this case, one must
quotient out by the group of automorphisms permuting such identical components.

Second, the Chern class A; on W;n(E , dw) when restricted to such a connected component

splits as a sum
=TI
I+l =l i=1
(1)

where A; 7 is a Chern class on the ith factor of the product.
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Finally, we need the easily verified fact that the pure Hodge insertions (A) all vanish
except for

. 1
=2 2 A

d>0 f is a degree d isogeny onto E

O'1d d
e

d>0
1
= Zlog (1 —q’f) .

Note that this computation is the same as the one for (75(w)) in the example before this
proposition, except that here the isogenies have nontrivial automorphisms because there are
no marked points.

Now, the product decomposition of the connected components of the disconnected moduli
space and the corresponding virtual classes, along with the product formula for the Hodge
classes, immediately gives the correct formula for >, ()3, ¢ except that empty parts
(meaning connected components of the source curve without marked points) are permitted
and terms with duplicated empty parts must be divided by the order of the automorphism
group permuting these terms. But by the above comments about pure Hodge invariants, we
have that the contribution from these empty parts is precisely

e =TJ—d"",
k>0

as desired. 0

Remark. 1If the Hodge class in the disconnected invariant of the previous proposition is
expressed in terms of the Chern characters of the Hodge bundle rather than the Chern classes,
then the analogous result holds except that the Chern characters cannot split between the
different connected components.

Remark. Tt is slightly more complicated to describe how to express connected invariants in
terms of disconnected invariants, so we do not give the general relationship here. However,
most of our results, although stated for the disconnected case, will have analogues in the
connected case via Proposition 3.1.1.

In Section 3.2, we describe the generating functions for the stationary elliptic invariants
that Okounkov and Pandharipande obtained in [18] via Hurwitz theory. In Section 3.3,
we describe the Virasoro constraints that enable the reduction of any descendent invariant
to stationary invariants. In Section 3.4, we describe the relations determined by Faber
and Pandharipande in [9] that permit the removal of Hodge classes from Gromov-Witten
invariants. At each step, we provide a somewhat nicer formalization of this algorithm,
mainly consisting of replacing differentiation operators with “negative descendents” 7(7)
with & < 0. Finally, in Section 3.5 we consider the example of the invariants (chy 7;(w)) and
demonstrate our methods.
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3.2 Stationary invariants

The invariants of the form
(Thy (W) -+ 7h, (W) °

are known as stationary invariants and were computed by Pandharipande and Okounkov
([18]), who related them to Hurwitz numbers counting branched covers of E, which had
previously been computed using representation theory.

Let

k2 k-2 _ (n+) (n+3)z
O(z) = (2 —e )] (1-ge )(1k e ) _ Zne(ZD)"2TTT e :
k>1 (1—4") > nso(—1)"(2n + 1)Q§(n+§)
be the (essentially unique) genus 1 theta function, normalized for later convenience such

that ©’(0) = 1. Then for each nonnegative integer n, the n-point correlation function F, is
defined by the expression

()
Fo(z1,...,2,) = o ' 1<i,j<n 3.1
( 1 ) 0626: @<Z1)@(Zl+22)"'@(21+"'+Zn) ( )
Here the sum varies over all n! permutations of the indices 1,...,n and ), is taken to be

zero for k > 0; also, Fy = 1.

Although it is not obvious from this definition, F;, can be expanded as a Laurent series
in the z;, so we also formally view F), as an element of Q((z1,...,2,))[[¢]]. This is more
transparent in the following interpretation of the m-point correlation function, which is of
great use (and justifies the name).

Theorem 3.2.1. (Theorem 0.5 of [1]) For any n > 1, we have (in the appropriate region of
convergence)

2 i 2o € (s=t3)2 glud
Zu q|ﬂ|
where the sums are over all partitions p = (g > po > --- = 0) and |p| =Y, p; is the size
of 1.

= F.(z1,- -, 2n),

Since ) .-, ¢i=i+3) hag a meromorphic expansion around 0 of the form 14+ 0(z), stan-
dard analytic continuation arguments give that the above theorem implies that F,, (21, ..., z,)
can be viewed as an element of Q[[Z1, ey Zny ql]-

Okounkov and Pandharlpande proved the following theorem (Theorem 5 of [18]):

Theorem 3.2.2. The n-point stationary invariants of an elliptic curve are the coefficients
of F,,. More precisely, for any nonnegative integers ki, ..., k,, we have

(Tiy (W) T, (W) = [P o B (2, 2).

n
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One consequence of this theorem is that all stationary invariants are quasimodular forms.
The reason for this is that ©(z) can be rewritten in terms of certain normalized Eisenstein
series Cyy, (see Chapter 4):

O(z) = ze~ Lkz1 O™

We will see in the next two sections that any elliptic curve invariant can be reduced to the
stationary case, so this will imply that all invariants of an elliptic curve are quasimodular
forms.

Because the generating function F), contains some terms (with negative powers of some
z;) whose coefficients are not described by the above result, it turns out to be natural to
make the following definition (first made in [18]):

The formal insertion 7_5(w) (of grading —4) can be removed from a stationary discon-
nected invariant (increasing the genus by 1). In other words,

(i ()~ T (W) T2 ()BT = (7, () -+ 7, () R)°

If we employ Proposition 3.1.1 to relate the connected and disconnected cases, then we
can see that it should be equivalent to say that all stationary connected invariants containing
T_5(w) vanish except for (7_o(w)h™t) = 1.

If we set all stationary invariants containing some formal insertion 74 (w) with k£ < 0,k #
—2 equal to zero, then we can write:

Proposition 3.2.3. The n-point function F,, satisfies the identity

Fo(z1,...,2,) = Z (Thy (W) -+ - T, (W)Y o2 ot
k1. kn €7
Proof. By Theorem 3.2.2, the coefficients of 2f'*! ... 251 on each side are the same when
all the k; are positive. Expanding the “average over partitions” expression for F), provided
by Theorem 3.2.1 as a Laurent series about 0, we can see that the only other monomials (in
the z;) that occur in the expansion of F), have all of the k; positive except for some which
are —2. By the definition of the formal stationary invariants, it only remains to check that

[ttt = R At e and this again follows from Theorem 3.2.1.
[

3.3 Non-stationary descendents

Okounkov and Pandharipande ([19]) described how to evaluate all descendent invariants by a
two-step reduction to the case of stationary invariants. First, insertions of the form 73(1) are
removed via the Virasoro constraints, and then the odd classes 7 (), 7(3) can be removed
from the resulting invariants (which just involve stationary classes and odd classes).
Okounkov and Pandharipande present this constraints in [19] as linear operators that
annihilate the exponential generating function for descendent invariants; as explained earlier,
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we take the dual viewpoint and view these operators as maps A — A which annihilate the
Gromov-Witten map A4 — Q|[¢g]] by precomposition.

Recall that B = {1, a, 3, w} is our chosen basis for the cohomology of E and v € HP% (E)
for v € B.

For k > 0, the Virasoro operator Vj, : A — A is given by

k+1+ d
Vi = —Tk1(1) + Z ( p»y) Tht (V) 5——-

= kE+1 dm(7)
~EB
For k = —1, an additional term is needed to account for the fact that k 4 [ is negative when

[=0:

d d d d__d
Vo= —7(1) + Zm@)m th (dTO(l) dro(@) | dn(D) dm(a)) |

Here the factor of A in the final term indicates that removing 74(1) can actually cause the
genus of the invariant to increase.

Okounkov and Pandharipande also considered a similarly defined family of pairs of op-
erators Wy, W, : A — A for k > —1, given by

B k+1+ p, d
Wi = -7 (0 +lz>;< b1 )Tkﬂ(ﬁuv)dn(’y)

~EB

and

— k-+1+
Wi = —Tp11(a +Z ( - 1q7>7k+l(04U’Y)
1>0

~EB

dri(v)

These operators provide many useful relations between disconnected invariants by the
following result (Theorems 3 and 4 in [19]):

Theorem 3.3.1. For allk > —1 and I € A, (V;I)* = (W, [)* = (W, I)* = 0.

Let S be the subalgebra of A generated by the stationary insertions. Then it is easily
seen that S and the images of the Vi, Wy, and W operators span A, so Theorem 3.2.2
together with Theorem 3.3.1 determine all descendent invariants of an elliptic curve.

In practice, though, it is usually easier to apply the following result than to remove the
non-stationary insertions one by one using the above operators.

Proposition 3.3.2. For any ky,...,k, > 0 and v1,...,7v, € B, we have

k'il + .+ kim *
Z sgn(S) H ( k. ...k )T1+Zi61(ki1) (w)>

{1,...;n}=Uresl I={i1,....im}€S m
Uieryi=+w

(T (71) T (W) = <



and identically for the connected invariants. The sum is over all partitions of the insertions
such that the classes in each part pulled back from E have product equal to +w. Thus this
1s the empty sum unless an equal number of the v; are o and 3, and in this case the sign
factor sgn(S) is defined to be the sign of the matching between the a-descendents and the
(-descendents.

Proof. We prove this result in the disconnected case; the connected case will then follow
formally using Proposition 3.1.1.

Let (7, (71) -+ Tk, (7n))" denote the expression on the right side of the proposed identity,
and extend linearly to get another linear map (-) : A — Q|[¢g]]. This map trivially agrees
with (-)* on the stationary subalgebra S, so it will suffice to show that it satisfies the relations
of Theorem 3.3.1. This amounts to the identity

kit t k) (ki ka ki 4+ k,—1
ki,... kn ) ky ky+kp— 1, ko, ... kpy

+“1m+m—1 b+ -4k, —1
ey | TR T RN SN W

i=2
which follows from inspection. O

Definition. The insertion on the right side of Proposition 3.3.2 is called the reduction of
the insertion I on the left side, and it is denoted I™9.

Thus Proposition 3.3.2 simply states that (I)® = (I°4)*.

We would like to use Proposition 3.3.2 to extend the above theory to handle arbitrary
formal descendent insertions; in other words, we want to consider 74 () for arbitrary k € Z.
We already defined arbitrary stationary invariants in the preceding section, so define

(T (1) -+ T ())*

for ky,...,k, € Z and 71,...,7, € B by the statement of Proposition 3.3.2. To handle the
negative indices, we introduce the convention that a multinomial coefficient (kgﬂz") is zero
whenever some k; is negative for ¢ > 1. If k; is the only negative term, the coefficient is still
nonzero as long as ky + - - - + k,, is also negative, and in this case it is given by analytic con-
tinuation of the corresponding ratio of gamma functions. Of course, this convention means
that the ordering of these k; matters, and we order the multinomial coefficients appearing
in our definition as they were ordered in the original insertion.

As a consequence, the negative descendents do not necessarily supercommute with the
other descendents. In order to determine the supercommutators, consider that the only
possible parts involving a negative-subscript descendent that contribute nontrivially to the
resulting stationary invariant are 7_o(w) and 7_x_1(71)7%(72) for £ > 0 and 3 U vy = fw.
We then can easily see that

[Ty (71) Tho (72)] = Oyba—1 (—1) 2 (71 - 72), (3.2)
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in the sense that invariants are preserved by supercommuting insertions in this way.
In fact, the same argument shows that the following simpler definition for the negative
descendent symbols leads to the same invariants as the definition above.

Definition. For k£ > 0 and 7,72 € B such that (k,v1) # (1,w) and 4, U~y = ew for e = £1,
let the formal descendent symbol 7_;_1(;) be defined as a linear operator on A by

raaln) = (ke T n

dri(72)

)= (1 )

Disconnected descendent invariants involving these symbols are defined by replacing them
by the corresponding operators and applying the operators to obtain an element of A.

Also define

Remark. A corresponding definition can be made in the connected setting such that the re-
lationship described in Proposition 3.1.1 between the disconnected and connected invariants
still holds. However, we do not give the details here because we will be primarily concerned
with disconnected invariants.

Thus the negative descendents are really just new names for the differentiation operators
(with genus change factors k). The advantage of this definition is twofold. First, operators
such as the Virasoro operators V; become simpler and more elegant to write down and use.
We can write

Vi, = Z(—l)i( i )(Ti(l)Tk—l—i(w) = (@) Te-1-i(5))

i€EZ k + 1
Wi = iGZZ(—l)i (k; jr 1) Ti(B)Th1-i(w)
W, = %Z:(—l)i (k i 1) (@) i(w).

Second, as a consequence of the fact that the negative descendent invariants can still be
computed by means of Proposition 3.3.2, the negative descendents can usually be treated
analogously to the normal descendent insertions. For instance, the operators Vi, Wy, and
W, are now naturally defined for all k € Z (here the binomial coefficients should be defined
using gamma functions), not just for £k > —1, and it is easily checked that these operators
still satisfy Theorem 3.3.1. In other words, the negative descendents can still be removed
using Virasoro constraints.

3.4 Chern characters

Mumford ([15]) used the Grothendieck-Riemann-Roch formula to express the Chern charac-
ters chy of the Hodge bundle E on M, in terms of certain tautological classes. Faber and
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Pandharipande ([9]) then used this result to describe how to remove insertions of Chern
characters of the Hodge bundle from arbitrary Gromov-Witten invariants. Recall that the
conversion between Chern classes and Chern characters is quite annoying; the relation be-
tween the two is

14+ Mt + - 4 Agt? = eXrza(FDichit®,

This has the consequence that the following results describing how to remove the ch, inser-
tions are not as useful as one might wish for removing the A\ insertions.

Recall that A" is the algebra of insertions of descendent or Hodge type. The operators
Yi : A[h, '] — A'[h, kY] for k > 1 are defined by

B
Ykz—chk‘i‘( htl )

(k+ 1)
Rnl1) = 2 tnt) s+ D ()14 (6) = )i (5)

yeB

Here By is a Bernoulli number, which are defined by the generating function ano B,z" =
—~—. Note that Y =0 for even k, since then chy and By; both vanish.
Then the result of Faber and Pandharipande (Proposition 2 of [9]) can be stated as

follows:

Proposition 3.4.1. For any insertion I € A'[h,h™] and k > 1, (Y, I)* = 0.

Using the formalization of the previous section, we can replace the differentiation opera-

tors in Y, by negative descendents to write Y, = — chy, +%wk, where
wy, =k Z(—l)i(Ti(l)Tk—l—i(w) — Ti(a@)Tr_1-4(83)).

i€EZ

Since A’ is spanned by A and the image of the Y} operators, Proposition 3.4.1 allows us
to write any Gromov-Witten invariant in terms of descendent invariants:

Corollary 3.4.2. For any odd kq, ..., k,, and descendent insertion I € A,

m B, ®
<Chk1 cee Chkm I)' = <H ﬁwk1]> .

=1

Note that @y is nontrivial for even k, unlike chy; this will be relevant when constructing
generating functions in the next section, for which it is more natural to remove the Bernoulli
factors.

It is important to note that w;, does not commute with the descendent classes, even
though ch; does commute. In other words, the informally stated identity

By

h, — ——r+1
R Y

Wk
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should only be treated as an identity of operators (acting on the left). From the supercom-
mutation relations (3.2), we can easily compute that (for odd k)

[7:(7), @k] = Tign (7).

We will tend to try to avoid the confusion between chy, € A" and wy, € End(.A) by performing
computations in A rather than A" whenever possible.

3.5 An example

As an example of the formalization in this chapter, we compute (chy, 7;(w)) = (chy 77(w))*® for
all odd positive integers k and [. We begin by noting that the formal invariants (w7 (w))
(now without a parity restriction on the indices) have a rather simple generating function:
we have

(wrmi(w)) = (wm(w))*®

— Z(—l)i <i;7rll) (Th1-i (W) i1 (W))*

€L
= "2 Fy(z, 2 — 2),

where the final Laurent series is expanded in x/z and z, so —— = —i -5 =

rT—z
To compute these coefficients, it is useful to recall that

505 = L)

k

and

O'(2) 1 k—1
0(z) = —;k@kz ’

where the Cy € Q[[¢]] are appropriately normalized Eisenstein series (see Chapter 4).
Using the expression (3.1) for F», we have that

2= O'(2) O (z — 2)
- 0(2)0(z)  O(x — 2)O(x)

- (24 1) Snne - i+ -2,

J 2Y)

Fy(z,x —

Note that the first term does not contribute to the coefficients of interest to us, since the
exponent of z is negative there. Taking the coefficient of z*2! in the second term yields the
following result:
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Proposition 3.5.1. The identity

+1

B~ 20+ k+1
enen) = 2t S0 (M) Carn ra-ae)

holds for all odd positive integers k and .

In particular, setting k = 2g — 3,1 = 1 in Proposition 3.5.1 yields that

(chyg_s 71 (w)) = % <229> .

(3.3)

This is actually a modular form, since it is just a renormalized Eisenstein series. In the next
chapter, we will build a general framework for explaining why elliptic invariants such as this
one are modular (and not just quasimodular). In addition, we will see that the fact that this
invariant is an Eisenstein series is a special case of a significantly more general conjecture

(see Conjecture 4.4.5 and Proposition 4.4.6).

In general, we can apply the same procedure used above to interpret (wy, - - - @y, 71(w)) as
the coefficient of 2 - - z#»2! in the Laurent expansion of a linear combination of (n 4 1)""!

linear reparametrizations of the (n + 1) point correlation function F, ;. For example,

(wp wr,m(w)) =[21" 252

+ ZQFg(Zl,ZQ — 21, — 22)).

20
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Chapter 4

Modularity and asymptotic
expansions

4.1 Quasimodular forms

A modular form of even weight k (on SLy(Z)) is a holomorphic function f on the upper
half-plane (including ioo) satisfying the transformation equation

F(EE) = v arse) (41)

b
1) € SLy(Z).

One important family of examples of modular forms is the Fisenstein series E} for even
k > 4, which is a weight k£ modular form with Fourier expansion

for all (¢
C

Ey=1-2-> ora(n)g", (4.2)

where ¢ = €?™* and Bj, is a Bernoulli number.

It is well-known that the graded algebra generated by the modular forms on SLy(Z) is
freely generated by FE, and FEs. In particular, all of the higher-weight Eisenstein series are
polynomials in £, and Eg.

One can also define a “weight 2” Eisenstein series Ey by (4.2). This function is not quite
modular, but Ey — % does satisfy (4.1) in weight k = 2, where y = Im(z). Because of this,
we call Fy a quasimodular form. In general, we say that an almost holomorphic modular
form (of weight k) is a polynomial in Zl/ with g-series coefficients that satisfies (4.1), and a
quasimodular form (of weight k) is the constant term of such a polynomial. It turns out
(see Proposition 3.5 of [1]) that the graded algebra of quasimodular forms QM, is generated
freely by the first three Eisenstein series, so QM, = Q[Es, Ey, Eg]. Thus one way of thinking
about quasimodular forms is as polynomials in Fy with modular coefficients. We will view
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quasimodular forms as interchangeable with their Fourier expansion g¢-series, so QM, is a
subalgebra of Q[[q]].

It is convenient to consider a normalization of the Eisenstein series different from that of
(4.2). For each k > 2, let

By, 2 "
Cr = —k_k!Ek: T +E;Uk—1(n)q .

The reason for this choice of normalization is the identity
O(2) = ze~ L1 Cap2?* (4.3)

for the theta function discussed in Section 3.2.
As a consequence of this identity, the one-point stationary invariants of an elliptic curve
satisty
5y s e

920
and thus can be simply expressed in terms of the Eisenstein series. This fact was used in
Section 3.5.

As the previous example might indicate, we will be primarily interested in quasimodular
forms simply as nice g-series which frequently show up as generating functions. As such, it
is important to note that the “theta differentiation operator” 6 := qdiq (not to be confused
with the theta function ©(z)) restricts to a derivation on QM, = Q[Cy, Cy, Cg], since there
are the following basic identities:

6C, = —2C2 4+ 10C,

4.2 The derivation 0

In this section, we discuss another important derivation on the algebra of quasimodular forms
QM, = Q[Cy, C4, Cg), namely 0 := ﬁ. Since the subalgebra of modular forms is Q[C4, Cg],
this derivation has the nice property that df = 0 if and only if f is modular. We will later
use this characterization to prove that certain elliptic curve invariants are actually modular
forms.

Since 6 increases weight by 2 by (4.4) and O decreases weight by 2, it is natural to
consider the commutator of these two derivations. Straightforward computation using (4.4)
yields that

[0,0] =2k (4.5)

as an operator on QM.
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The derivation 0 interacts especially nicely with the elliptic curve invariant formalism of
the previous chapter. Define an infinite sum of formal descendent insertions by

0=h") (1) 'm(1)m(1).
i€Z
Then we have the following result:

Theorem 4.2.1. 9(I)* = (0I)* for any insertion I € A'.

We will need to prove a few preliminary results before approaching this theorem. First,
the n-point correlation function F), interacts very nicely with the differentiation operator 0:

Lemma 4.2.2. For any n > 1, we have the identity of formal Laurent series

OF, (21,...,2n) = (21 + -+ 2,)* Fu(21, ..., 20)
—2 Z (Zi+Zj)Fn_1(2i+Zj,Zl7--.,21‘7--.,2]',---,Zn>

1<i<j<n

in QM,((z1,---,20))-

Proof. 1t will be convenient to let

OU=+D) (2 4 - 4 2,
Mn:Mn(zl,---,Zn):( <21‘|‘ + z ]))
1<i,5<n

(G—i+ 1)

be the matrix appearing in the definition of F,, (see (3.1)). Let mi be the entries of M,, so
m% vanishes for i > j + 1.
From (4.3), we have that 09(z) = —2?0(z). Differentiating with respect to z yields

(m) (m) (m—1) (m—2)
SO L,eM() i) e

m! m! (m—1I  (m=2)

Applying 0 to (3.1) and using multilinearity of the determinant then gives

OF,(z1,...,zn) = (z1 4+ + zn)2Fn(zl, )

det M/
-2 g LI SRR J
UEZGn <1<Jz<n( 1 3)6(21)6(31++Zn>>
det MY
_ o |
0626n <1<12<n @<21)@<21+ +Zn)>

where M7 is the matrix formed by shifting the jth column of M up by one entry and M
is formed by replacing the ith row of M with the (i + 2)th row of M (or by a row of zeroes
if i +2>mn).
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The first of these three terms is the first term of the desired expression, and the last of
the three terms vanishes because M\" is clearly always singular. Thus it remains to show
that the second term is as desired.

We claim that in fact

n

Y (it zy) det Mi(z1, . z0) =

j=1
n—1
Z 209(z + -+ z)det M1 (21, -+, 2121, 21+ 2151, 21425 -+ -5 Zn)-
I=1
(4.6)

To see this, expand the left-hand side of (4.6) as a polynomial in the nonzero entries of M.
The typical term in this expansion is

:l:(21 _|_ o _l_ Zn_j)mill [ mi"n

n n ’
where (i1,149,...,4; +1,...,4,) is a permutation of (1,...,n) and the sign factor is the sign
of this permutation.
For fixed 71, ...,1,, there are either 0 or 2 possible choices for j that yield such a term.

If j < j/ are the 2 choices, then one must have i; = 7. From the vanishing of m¥ for
i > j+ 1, we can additionally determine that i, = k + 1 for j < k < j'. For each such £,
mik = O(z + -+ 2,_1), so we can find this monomial in the m% on the right-hand side of
(4.6) with [ = n — k. Comparing the coefficients of this monomial on each side (and taking
signs into account), we can check that (z1 + -+ 2,—j) — (21 + 4+ 20—y1) = D icpciv 2t
so identity (4.6) holds.

Dividing (4.6) by O(z1)---O(21 + - -+ + 2,) and symmetrizing then yields the desired
result. ]

We also need to compute the commutators of various pairs of the operators 6, wy, Vi, Wi,
and Wk.

Lemma 4.2.3. The commutators [, Vi], [0, @], and [V_1, @] all vanish (for all k € Z and
odd 1 >1). Also, for any I € A, the invariants ([0, Wi]I)® and ([0, W]I)® vanish.

Proof. The first part of this lemma is a completely straightforward computation using the
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supercommutativity relations (3.2). We perform the first calculation as an example:

330 = [0 1y (11 1) i) - m(@nes Jw))]
2 S ()0 im0
= 2]26; 1)/ (k " 1) i (1)75(1)
=0
because (;,7) = (=1)*1(,7,).

The second part of this lemma is slightly more complicated, since the two commutator
operators are do not themselves vanish. We will only go through the case involving W, since
the other one is identical. An analogous computation to the one performed above yields the

identity
CTARE) SV (R P C Rees

JEZ

Switching back to derivative notation, we see that we need to prove the relation

<Z <j J/:Tlr 1) (Tj+k+1(ﬁ)% + TjHHl(H%) [>. =0 (4.7)

Jj=0

for any descendent insertion 1.

In order to do this, we apply Proposition 3.3.2 to the resulting descendent invariant and
for each partition of the descendents in the resulting sum, we consider the part containing
the descendent coming from the operator [, W] of (4.7). This is a subset of the descendent
factors which (replacing the descendent coming from the operator with the descendent re-
moved by the operator) originally either contained one descendent of a, one descendent of
w, and some number of descendents of 1, or contained two descendents of «, one descendent
of #, and some number of descendents of 1. In either case, there are exactly two different
ways for the operator to act on this subset of the descendent factors, and it is easily checked
that their contributions cancel, yielding the desired vanishing. O

We can now give a useful result that essentially states that ¢ ignores Hodge insertions.
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Proposition 4.2.4. Let A € End(A) be any polynomial in wy,ws,..., let I € A be a
descendent insertion, and let g > 0. Then (JATRI~1)* = (AI'h9~1)* for
2

! —1 d
I'=1h ZTk—l(V)m dTo ZTIH-l )

k>0 k>0
yeB

Proof. First, observe that
= (0 + h ((r0(1) + Vo)® = [10(1), Vo] = 1o(1)*)1.

Thus

(AT'RI™HY = (A(6 + R 12V m(1) + V) IRIH)®.
The result then follows from using the commutativity of @y, with V_; and ¢ (see Lemma 4.2.3)
along with the Virasoro constraint for V_; (Theorem 3.3.1). ]

We are now ready to prove our main theorem.

Proof of Theorem 4.2.1. We first assume that [ is stationary, so let [ = 7, (w) - - - 73, (w) € S.
The reduction of 6/ has two parts: those terms coming from the 7y(1)7(1) summand of &
and those coming from the other summands. One can check (using Proposition 4.2.4, for
instance) that

1) = "y (W) -+ T2 (@) Ty (@) 2D T (W) T (@) - Thy 1 (W) - T (@)

i=1 1<i<j<n

—2 Z (kl—i_lljj—i_l)ﬂcﬁ-k HTkl

! 1#i,5
The theorem statement then follows directly from taking the coefficient of 21 ... zkn+1 in
Lemma 4.2.2.

We now prove the general case. First, note that the commutativity of wy with ¢ (for
odd k), as proven in Lemma 4.2.3 and used in Proposition 4.2.4, allows us to replace the
Hodge classes by descendent factors using Corollary 3.4.2, so without loss of generality we
can assume that I € A is a descendent insertion.

Now, any descendent insertion can be written in the form

I=S8+ > (Vidy + WiBy, + WiBy), (4.8)

k>—1

where S € S is stationary, Ay, By, By € A, and all but finitely many terms are zero. We
have already verified the theorem for S, and the commutativity statements in Lemma 4.2.3
combined with the Virasoro constraints Theorem 3.3.1 imply that

(0ViAR)® = (VidAr)® = 0 = O(ViAy)*

(and similarly for Wy, W}), so the theorem also holds for the other terms in the decompo-
sition (4.8). The theorem then holds for I by linearity. O
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4.3 Asymptotics

As a consequence of the simple bracket relation (4.5), 0 controls the asymptotics of the
coefficients of a quasimodular form. To see this, suppose that f € QM, is a weight k
quasimodular form, and note that f can be (uniquely) written in the form

F=tot0fst- 40571, (4.9)

where each f,, is a modular form of weight £ —m for 0 < m < k — 4 and f;_» is a weight 2
quasimodular form (and thus a scalar multiple of Ej).
Let a,, be the constant term of f,,, and let

fz = aoEk + GQQE}C_Q + -+ ak_20§_1E2.

Observe that f — f~ is a linear combination of derivatives of cusp forms, so the Ramanujan
bounds (proven by Deligne in [4]) give that the dth Fourier coefficient of f — f~ is O(d"z )
for any € > 0. In combination with the exact formula for the Fourier expansion of f~, we
have that

< 2k — 43\ -1
[qd]f = Z a9; <— B ) dZO'k_gi_l(d) + O(d%—H) (410)
: k—2i

We now return to the derivation 0. The coefficients of the asymptotic expansion (4.10)
can be obtained by taking the constant term of 0 f for each i:

Lemma 4.3.1. Let f € QM,, be a weight k modular form and let ag,as, ..., ar—o be defined
as above. Then for 0 <1 < g -1,

["10"f = (—2)"(iN(k — 2i)(k —2i +1)--- (k —i — 1)ay.

Proof. Suppose that g is a modular form of some weight [; if [ = 2, then we permit g to be
only quasimodular. Then for any ¢ > 1, we can apply (4.5) to compute that

007g=—-2((1+2—2)+ (I +2j =4+ + 1" 'g,

since 0g = 0, even when | = 2. We can then repeatedly apply this result to (4.9) to obtain
a similar decomposition of @' f into derivatives of modular forms. Only the first term will
have a nonzero constant term, and multiplying together the appropriate factors yields the
desired result. O

If f was obtained as an elliptic curve invariant, then ' f will also have a natural inter-
pretation as an invariant by Theorem 4.2.1, and the constant term will just be the degree 0
invariant, which is often easier to compute. We state the resulting asymptotics:

Proposition 4.3.2. Suppose that I € A is an insertion such that (I)® is a quasimodular
form of weight k. Then the individual invariants (I)3, have asymptotic expansion

, = (k — 2i)!
(I = ZO (=2)Lil(k —i—1)!Bg_o

1

(5T di i1 (d) + O(d 2 )
(for all e > 0).
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As we will see in the next section, this method is a highly effective way to produce
complete asymptotic expansions of the form (4.10) for elliptic curve invariants. One of the
reasons why Proposition 4.3.2 is so nice is the following general result on the so-called “degree
0” invariants. This proposition was repeatedly used in [10] in the special case of the trivial
product X = *x x X, but the general argument is identical.

Proposition 4.3.3. Let X = X; x Xy be a product of smooth projective varieties. Let
B € Ha(X) be the image of a class B € Ha(X1) under the fiber map X1 — X. Then
Mg, (X, B) = XoxM,,(X1,3), and the corresponding virtual fundamental classes are related

by
[Myn(X, B = e(Tx, @ EY) N ([Xa] X [Myn(X1, B)]"),

where e(Tx, @ EY) is the Euler class of the vector bundle Tx, @ EV.

In the case X; = %, Xo = F, we obtain the following corollary about connected degree 0
invariants on an elliptic curve:

Corollary 4.3.4. Let A € H and I = 14, (71) - - - Tk, (V) be insertions of Hodge and descen-
dent type on E. If yyU---U~, = ew for e = £1, then

(0= [ daaut vk

Mg
Otherwise, (AI)F = 0.

This allows us to compute the asymptotic expansion of an arbitrary elliptic curve invariant
in terms of integrals on the moduli space of curves.

Our approach to the asymptotics of the elliptic curve invariants should be compared with
the work of Eskin and Okounkov ([5]) on the asymptotics of Hurwitz numbers, which are
closely related.

4.4 Applications and conjectures

Although Proposition 4.3.2 is generally applicable, the resulting asymptotic expansions are
particularly nice in certain special cases.
We will find the folllowing fundamental geometric result to be extremely useful.

Lemma 4.4.1. The genus g elliptic invariant (A\,Ih9~") 4, vanishes for all insertions I € A’
and all degrees d > 0.

Proof. Let X = E x E. By Proposition 4.3.3, we have
[Mgn(X, (dw, )" = (=1)"Ag N [Mgu(E, dw)]"™ x [E].
As a consequence, we have the equality

NI H0) f = (1) T H) 5 ),

g,dw
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where I’ has been formed by taking I and multiplying one of the classes pulled back from
X (and to there from E via the projection onto the first component) by the fundamental
class of the second elliptic factor of X. However, all Gromov-Witten invariants of an abelian
surface vanish. This is for the same reason that all (nonreduced) Gromov-Witten invariants
of a K3 surface vanish, as any abelian surface can be symplectically deformed so that it no
longer contains curves in a given class. O]

Genus g invariants containing a A,_; insertion thus can be thought of as being on the
verge of vanishing by the above lemma. One consequence of this is that these invariants
have extremely short asymptotic expansions of the type produced by Proposition 4.3.2, since
multiplying by ¢ tends to decrease the genus of an insertion. We start with the simplest
possible example:

Theorem 4.4.2. The elliptic invariant (A\;—17,—1(w)) is modular for any g > 1. Moreover,
the individual coefficients satisfy

(Ag-1Tg-1(W))aw = @gﬁﬁdzgq(d) + O(dg_%‘“)

for all e > 0.

Proof. Applying Theorem 4.2.1, we have that 0(\;_17,-1(w)) = (A\;—17y—3(w)) is a genus
g — 1 invariant and thus vanishes by Lemma 4.4.1. Thus (A\,_17,—1(w)) is modular. The
second half of the theorem follows from Proposition 4.3.2 and the evaluation of the degree
0 invariant (A\,—17,—1(w)R"1)F. By Corollary 4.3.4, this invariant is equal to the Hodge
integral

/ (—=1)IA N1 (4.11)

Mg 1

which was calculated by Faber ([8]) to be —(gzz,g!g?fg. Multiplying all the constant factors

together gives the claimed result. O]
The strength of these asymptotics may suggest the following conjecture:

Conjecture 4.4.3. For any g > 1,

|
(Ag-17g-1(w)) = %029-

In other words, the asymptotic expansion provided by Proposition 4.3.2 may actually be
exact in this case. We will later see further motivation for believing this conjecture, which
was checked for g < 8 using a Maple program ([3]) written by Bryan and Pandharipande for
computing Gromov-Witten invariants of curves.

In general, any genus g invariant containing a A,_; insertion will demonstrate similar
behavior.
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Theorem 4.4.4. Let I € A" be any monomial in the Hodge classes and the elliptic descendent
wnvariants and suppose that g > 1. Then there exists C' € Q and e > 0 such that

<>\9 1I>g dw — OdeUQg—1<d) + O(de+g_%+€)

foranye > 0. IfI =7, (w) -+ T, (W) Ty 41 (1) -+ Tipg1 (1) with by, oo by B +1, .00 kit
1>1and ki +...+k,=9g—1, thene=m—1 and

B (2g+n—=3)!>" (2k + 1)
220229 +m — 2)! T[], (2k; + DI

where (2k; + 1)1 =1-3---(2k; + 1).

Proof. Let I = AI', where A € H is an element of the Hodge algebra and I’ € A is a product
of descendent classes. Applying Proposition 4.2.4 helps us to expand (6/\,_;AI’ >gE . Most
of the resulting terms vanish because the genus decreases to g — 1; the only terms of the
operator described in Proposition 4.2.4 that do not decrease the genus are

dTO -2 Z Ti+1(1 )

Although Proposition 4.2.4 only applies directly to disconnected invariants, we can use
Proposition 3.1.1 to see that we still have (0/A\g_1I)} = (A_1A’I')}. We then apply
Corollary 4.3.4 to see that the degree 0 term of this invariant vanishes unless the product
of the evaluation classes left in some term of 771’ is equal to w, which clearly happens for
at most one value of j. Then Proposition 4.3.2 implies that the asymptotic expansion of
(Ag-1I)F 4, has at most one term in it, as desired.

For the second part of this theorem, this value of j is clearly equal to m — 1, and
Corollary 4.3.4 implies that

m

<)‘g—1nm_1j>§0 _ (—Q)m_l(m — 1)l Z / (—1)9A oA 1¢k1+1 .. ¢sz .. .wsn-i—l. (4.12)
i=1 Y Mgn

These integrals on the moduli space of curves were computed by Getzler and Pandharipande
in [10] assuming the Virasoro conjecture for P? in degree 0, which has since been proven.
Their idea was that Proposition 4.3.3 can be used to relate integrals of this form to the
descendent invariants of P2, which could then be computed using the Virasoro constraints.
In this way, one arrives at the formula

g b (29 +n—3)'(2g — D! p -1
/Mg,n(_n Aodatl U = e S e T /M A
(4.13)
(for positive [;) expressing the given integrals in terms of an integral which we have already
encountered in (4.11). The combination of (4.12), (4.13), and Proposition 4.3.2 then gives
the claimed value for C. O
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The corresponding general conjecture can be stated more succinctly:

Conjecture 4.4.5. For any insertion I € A, the asymptotic expansion provided by Propo-
sition 4.3.2 for (A )Yy, is ezact.

w

In general, when is the asymptotic expansion of Proposition 4.3.2 exact? In other words,
which elliptic invariants (I) are linear combinations of derivatives of Eisenstein series? We
have just conjectured that this is the case whenever [ is a genus ¢ invariant containing a
Ag—1 factor, but we can only prove the following special case of this conjecture.

Proposition 4.4.6. (\;_1A\g_271(w))¥ = |Bay_|(¥)Cy,

Proof. As observed by Faber (see the proof of Lemma 1 in [8]), the Mumford relations for
the Hodge classes imply that

g g
> (2K + 1)l chg 7% = (thi1> (Z )\i(—t)Z) .
k>0 i=0 i=0
Taking the coefficient of 2974 yields that

(29—3)! chags = ((=1)g+(=1)(9=3)) A Ag—3+((=1)?*(g—1)+(=1)"""(9-2))Ag-1 Ay,

SO
Agfl)\gfz = (—1)9(2g — 3)' Ch2973 —|—3>\g)\g,3.

The invariant (A\jA,_371(w))¥ vanishes by Lemma 4.4.1, so Proposition 3.5.1 gives

g-12g-27 (@) = (~17(29 = 3)elay-27: () = By -2l ) Ca

as desired. O

All of these invariants containing A,_; can be interpreted using Proposition 4.3.3 as
invariants on £ x P! representing the class (dw,0) in much the same way as the )\, invariants
were interpreted as invariants on F' X F in the proof of Lemma 4.4.1. More precisely,

(gaTRIE, = (~1)97 (T B (4.14)

(dw,0)"

The Virasoro conjectures have not yet been proven for £ x P! (even in this case), but we
can use (4.14) to prove the following consequence of the Virasoro conjectures:

Proposition 4.4.7. The Virasoro conjectures for the pair (E x P, (dw,0)) for d > 0 imply
Congecture 4.4.3.
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Proof. We have already computed in Proposition 4.4.6 that the elliptic invariant
Ag—1Ag—am (W) = Ay Agami (W)RTT)*

is a multiple of the Eisenstein series Cy,. We now compute this elliptic invariant in a different
way. The Hodge class \;j_s can be written as a polynomial in the Chern characters chy, which
we then replace by descendent factors using Proposition 3.4.1. By Lemma 4.4.1, all the terms
in which the genus decreases vanish. This has the consequence that the resulting invariants
after removing all of the chy factors are all of the form

(Ag1 (W), (1) - -, (DRI,

The observations before this proposition together with the Virasoro constraints for £ x P!
then allow us to remove the 7, (1) insertions, and we conclude that (A\,_1A,_271(w)R9™ 1) is
some multiple of (A\,_17,_1(w)h9™1), and thus (\,_17,-1(w)h"!) is a multiple of the Eisen-
stein series Uy, as desired. O

We also have the following unexpected example of an exact asymptotic expansion.

Proposition 4.4.8. Let d,g > 1. Then

229—2 B
(Tag—2(w))g a0 = 2= 1)1 > (@m—n)!
9 " mn=d
2272 if29—1 —1—i _ o0\ gi
= WZ(—D < ; )(229 =2 d 09y 1-9i(d).
T =0

Proof. Recall that
(1—e*q") (1 —e~*¢")
(-

The formula to be proven is then equivalent to the easily proven identity

1_ k)2 n n
H ( q ) =1+ (I% —l’_%> Z (Im_5 _xi—m)qmn

L1~ 1)

k>1

m,n>1

upon setting x = €. L]
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Chapter 5

K3 surfaces

5.1 Reduced invariants and the KKV conjecture

We now consider the case of Gromov-Witten invariants on a K3 surface X in greater depth.
Recall that these invariants must be defined by intersecting with a “reduced” virtual class
[M,..(X,B3)]"d of dimension g + n.

By analogy with our special generatingfunctionological notation for elliptic curve invari-

ants, we let
(DI = 3D,
h>0

where (3 is chosen to be a primitive class with 5% = 2h — 2 and ¢ is often omitted and then
is determined by the dimension of the insertion I.
Thus the Bryan-Leung example of Section 2.1 can be rewritten as

K3 (0C)"
(ro(p)10(P) - - T0(P))y ° = A (5.1)

where A = ¢[],~,(1 — ¢*)?* is Ramanujan’s delta-function, the unique weight 12 cusp form
with Fourier expansion q + O(q?).

The KKV conjecture is the most important open question in the Gromov-Witten theory
of the K3 surface. It is equivalent to the following evaluation of the pure Hodge invariants
<)‘9>K3:

1
K3 _29-2 _
Z<)‘g> z - A@(z)2

920

See Conjecture 2 of [14] for an alternative description in terms of BPS counts.

Note that the g = 0 piece of the KKV conjecture coincides with the n = 0 case of the
theorem of Bryan and Leung; this was first conjectured by Yau and Zaslow in [20].

It is not a coincidence that in both of the above examples, all of the K3 invariants
are of the form % for f a quasimodular form. A connection between the elliptic curve

invariants of the preceding chapters and these K3 invariants, first used by Bryan and Leung
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([2]) to prove (5.1), was recently expanded by Maulik and Pandharipande ([13]) to give an
algorithm for writing A(I)%3 in terms of elliptic curve invariants for any insertion /. This
algorithm unfortunately does not seem to be directly applicable to the Hodge integrals of
the KKV conjecture, but we will see in the next section that it is very useful for evaluating
the stationary K3 invariants.

5.2 The elliptic connection

Bryan and Leung proved their result by using a K3 surface with an elliptic fibration with
section; in other words, they chose (via deformation arguments) to use a K3 surface X
equipped with a map X — P! such that all but 24 fibers are smooth elliptic curves and the
24 singular fibers are nodal rational curves, and such that there is a section P! — X.

Let F,S € Hy(X) be the classes of the fibers and the section respectively. Then
(3 = hF+5S is a primitive element of the Picard lattice satisfying 5% = 2h(F-S)+S5? = 2h—2,
so it can be used for computing the Gromov-Witten invariants of X. This is particularly
nice because the moduli space of stable maps Hg,n(X ,3) is relatively simple. Stable maps
f : C — X representing § must consist of one irreducible component of genus zero map-
ping isomorphically along the section and some number of other components mapped onto
individual fibers, with the sum of the degrees of these other maps being h. Moreover, since
only curves of positive genus can map onto an elliptic curve, all but at most g of these other
irreducible components must map to nodal fibers.

The invariants considered by Bryan and Leung can be interpreted as counting the number
of genus n maps whose images contain n given generic points on X. If these n points are
chosen to belong to distinct smooth fibers of an elliptic fibration of the type described
above, then all such maps must consist of isogenies from elliptic curves to each of the n
elliptic fibers, connected by the rational section curve and possibly containing additional
rational components mapping to the singular fibers.

Thus these invariants can be rewritten as a sum as follows:

<7—0(p)"'7—0(p)>711<,2F+S = Z Ad1 "'Adnpel "'P6247 (52)

di+-+dntei+--+e2s=h

where A, is the number of degree d isogenies from some elliptic curve with two marked points
(the intersection with the section curve and the actual marked point) to a given elliptic curve
with two marked points) and P, is a similar (but more complicated) count of the contribution
(with multiplicity) from the degree e maps to a singular fiber.

Now, it is easily computed that A; = doy(d), since there are o1(d) index d sublattices
of a given 2-dimensional lattice and then there are d choices for the marked points on the
source curve. Alternatively, note that Ay = [¢¢](mo(w)7o(w)) = [¢?]0C,. Through a more
involved computation, Bryan and Leung determined that P, is simply the partition number
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p(e) = [g° [ [, (1 — ¢®)~1. As a consequence, they obtained from (5.2) that

<m@»~m@w?=q4waw<fﬂl‘frv -5

k>1

In a forthcoming paper, Maulik and Pandharipande ([13]) describe how to extend this
method of Bryan and Leung to reduce any K3 invariant to a product of elliptic curve invari-
ants and a % factor from the singular fibers, as above. This method works particularly well
for the stationary invariants, when it describes quasimodular forms T}, of weight 2k + 4 such
that

(71 (9) T (P = (T T, (53

for any kq,...,k, > 0.
Here T}, can be obtained in terms of elliptic curve invariants by
i+ O E
Tr= > (-1) 1 ATe(W) T-2i-5 ()
i,j>0
2i+j<k
Straightforward computation using the methods of the previous chapters gives the first
few of these quasimodular factors:

Ty = {1o(w)To(w))F = 0Cy, = —2C3 + 100,

Ty = (n(w)m(w))® — (M7 (w)r(w))” =0 (g(JZ2 — %CA) = —203 +16C,Cy — TCq
Ty = (ma(w)ma(w))® — (M7 (w) 71 (w))” + Mama(w)70(w))” — Colma(w)mo(w))”

330

1 11 11

In general, it seems difficult to obtain an exact formula for Tj.

5.3 Computations

In this section, we perform the computations necessary to verify the KKV conjecture for
g < 3. The basic idea will be to write the Hodge class A, as a linear combination of
boundary strata. This will allow us to express the Hodge integrals in terms of relatively
simple descendent invariants on the K3 surface, which can then be evaluated through a
combination of methods, including use of the theorem of Bryan and Leung (5.1) and the
generalization (5.3). We will also need the formulas (4.4) for the action of the differentiation
operator 6 on the first few Eisenstein series, together with the identity

o (1) _ 24C:
A) T AT
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It will be convenient to fix a basis for the cohomology of our K3 surface X. Let vg =
1 € H°(X) and let vo3 = [p] € H*(X) be the fundamental class of X. Let 7, , 722 be
any basis for H*(X). Then we can define the dual basis v € H*(X) for 0 < i < 23 by
’Yz%\/ = 0;[p]. Of course, 75 = 723 and 733 = o

We begin by noting that when g = 0, the KKV conjecture is simply the Yau-Zaslow
conjecture (1)%* = X, proven by Bryan and Leung (see [20], [2]).

The case g = 1 is significantly more involved. We want to rewrite A; in terms of ()-classes
of boundary strata on a moduli stack of curves. However, M, is not stable, so we add a
marked point: by the divisor equation,

/ = Arevi(5),
[M1,0(X,8)]red [M1,1(X,8)]red
where ¥ - 3 = 1.

Now, let 6o € H2(M 1) denote the Q-class [Ag], where A is the boundary locus of genus
0 curves with one node (and one marked point), which is just a single point. It is well known
that \; = %50, so we can remove the \; insertion, restrict to maps from Ay, and resolve the
node to obtain

11
/[Ml,l(x,ﬁ)]red Mevi(B) =35 5/ evi(7)(eva x evs)™([D]),

[Mo,3(X,8)]red

where [D] = -7 (v,7)) € HY(X x X) is the Poincaré dual of the diagonal X € X x X.
(Also, the extra factor of % is because there are two different ways of labeling the two new
marked points.) Now, the genus zero invariants involving pullbacks of 793 = [p] all vanish
because there are only a finite number (determined by Yau-Zaslow) of rational curves on X
representing (3, so such curves cannot be constrained to pass through a generic point of X.
This means that we only have the terms

122

> evi(8Y) evs(v:) evi(vy).
24 Z /[Mo,s(Xﬁ)]“d

i=1
Applying the divisor equation again gives that this is just
| 2
21 Z(ﬁ ) (8- (1),

=1

which simplifies further upon using Yau-Zaslow to

1 pl  h=1, 1

ﬂ(ﬁ'ﬁ)[q l]z—T[q I]Z
I Y
2
7[q 1] A?
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as predicted by the KKV conjecture.

In genus 2 we do not have to use the same trick of introducing a marked point, so we just
want to write o in terms of boundary classes on M,. Here the relevant boundary strata
are Agg, the generic element of which is a genus 0 curve with 2 nodes, and Ay, where the
generic element is a genus 0 curve with 1 node intersecting a smooth genus 1 curve in a
single point. The corresponding Q-classes are &y, dgy € H*(M,). It turns out that

1

Azzm(

do0 + do1)

(see section 8 of [15] for more details).

Again, we can replace Ay by the classes dgp and dp; and then remove these classes by
restricting to maps from curves in the corresponding boundary loci; after resolving the
singularities of the source curves, we see that

K3—L-1 evy X evy)* evs X evy)”
<)\2>ﬂ 120 8/[Mo,4(X,ﬂ)]red( ! 2)"([D])(evs 47D (5.4)

; 1/ (ev1 X evy)*([D])(evs x eva)*([D]).

120 2 [Ml,l(Xﬂ)]red X [MO,B(X,O)]VH

Remark. In the second term, it should be observed that the curve class ( cannot split
nontrivially between the two irreducible components because it is primitive, and thus one of
the two components must be contracted to a point; this can only be the rational component
because its moduli space M(),g has dimension 0.

We now compute the two terms of (5.4). The first term is completely analogous to the
calculation in genus 1, and we obtain

5578 [ fevixen) (DD eva x evi) (D)) = 5o (20~ 27"

120 . 8 [M0,4(X,ﬁ)]r6d
1 1
h—1 2
— — e =
la ]240 <A)

203+ Cy
ST

For the second term of (5.4), observe that Mg 3(X,0) = X and (evs x evy)*([D]) = 24[p],
so this integral reduces to

=[¢"7]

1

- ev*([p]),
10 [MLI(X,ﬂ)]red

which can be evaluated by the result of Bryan and Leung to be

i[ hfl]@ _ [ hfl]_%cv22 + 04
¢ AT A
Adding the two terms of (5.4) gives that

203 +2C,

K3
<)\2> - A )
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as claimed by the KKV conjecture.

The genus 3 case is significantly more complicated. To start with, the tautological co-
homology space containing A3 on My has rank 10. The details of this were worked out by
Faber in [6]; 9 of the 10 generators can be chosen to be Q-classes corresponding to boundary
strata (a), (b),. .., (i) depicted in Figure 6 of [6]. For the last generator, we let [(j)]g be the
(Q-class corresponding to a genus 0 curve with 1 node intersecting a smooth genus 2 curve
at a point, with a cotangent line above the intersection point. Then we can write (see [7])

o= o3 (5@l + 0o + (0o + 5@l - 2[Dlo + 2lalo +2()e) . (53

Through arguments similar to those used in the remark after (5.4), we can show that
the integrals of all of these classes vanish except for those of [(a)]g, [(d)]g,[(€)]o, and [(j)]o-
Since [(e)]o does not appear in the decomposition (5.5), this means that we need to calculate
three integrals.

First, the class [(a)]g can be handled analogously to do in the genus 2 case, since (a) is
just the locus of genus 0 curves with 3 nodes. We calculate:

N PPy
L@l = 5065

e (1)

1760C3 + 2400C,Cy + 840Cs
A .

[" ]

The class [(d)]g is similarly obtained by adding a node to the genus 2 case dp;, so we can
compute

/[Mg,o(x,ﬂ)]redm]@ T / (evy x evy)*([D])(evs x id)*([D])(id x id)*([D])

[M1,3(X,8)]redx X

_ ;124(% — 2){ro([p]))5°

= [¢""]126 <%)

—480C% + 1440C5Cy + 2520C5

[¢" ] X
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Finally, we calculate the integral of the ¢-class [(j)]g:

' —1 evy X id)* id x id)*
/{M&O(MW[<J>]Q—2 /[ d(evy xid)*([D])(id x id)*([D))

M1 (X,B)Jredx X

1
= 524<71([p])>f3(3
o 1203
A
—3205’ + 192C,Cy — 84C}
A .

=[q

= [¢"]

We now use the decomposition (5.5) and the above three calculations to obtain that

1

~ 504A
+2(—32C8 +1920,C) — 84(]6)>

303 44004 + 2Cs
- 3 ,

1 3
(Ag) K3 (5(17606’3 + 2400C5Cy + 840C) + E(—4800§ + 1440C5C4 + 2520C%)

as predicted by the KKV conjecture.
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