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1 Introduction
1.1 PT invariants
Let at first X be any smooth projective threefold.

Definition 1.1. A stable pair (F,s) on X is a coherent sheaf F' on X
together with a morphism
s:0x - F

so that
(a) every nontrivial subsheaf G C F' has one-dimensional support
(b) The section s has zero-dimensional cokernel.

For fixed n € Z and € Hao(X,Z), the stable pairs (F,s) satisfying
X(F) = n and [Supp(F)] = 5
form a projective moduli space P, (X, ), which carries a virtual class
[Pa(X, B)]"" € Ay (Pa(X, B))

in dimension dg = |, 5c1(X). This construction is carried out in detail in
[41]. See also [37, [40] for an introduction to stable pairs.
To define descendent invariants, we fix the projections to the two factors:

X & X x Py(X,8) B Pu(X,B)
and the universal stable pair

Oxxp.(x,5) = Fn
on X x P,(X, ). We take:

chy(7) = (m2)«(chi(Fr) - 71 (7)) € H*(Pa(X, 7))

for k > 0 and v € H*(X). Since all stable pairs are supported on curves,

we have
chi(y) = 0 unless k > 2.

Using this, we can define the Pandharipande-Thomas descendent series by:

e dﬂ/Q/P HChk ),

B nez (X))o 2y

X,PT

<Chk1 (71) - - - chy, (%)>

for k; > 0 and v; € H*(X). We call an invariant primary if k; = 2 for all 1.



1.2 The Huang-Katz-Klemm conjecture and the case X =
P? x E

We now take X to be Calabi- Yau threefold i.e. satisfying
wx = Ox and HI(X, Ox)=0
which also admits an elliptic fibration
X =S

to a smooth projective surface i.e. 7 is flat and proper with integral fibers
of arithmetic genus 1. We also assume that the fibration has a section

t: S —= X, mor=idg.

Since dg = 0 for any 8 € Ha(X,Z), the virtual class [P, (X, 8)]"" is always
in degree 0 and so we do not need to deal with descendents. We define the
PT generating series for H € Hy(S,Z) by:

PTy(p.g)= Y, qPoSmmalin/2q) o

ﬁeHQ (372)7
T« B=H

with N, the normal bundle of the section o. The series PTy(p, ¢) has been
determined by Toda in [44] Thm. 6.9].

The following remarkable conjecture is due to Huang, Katz and Klemm:
Introducing the power series

(1-q"p)(1 —q¢"p )

O(p.q) = p"*—p ) ]]

= (1—¢*)?
and
n(g) = ¢ ] - ")
E>1
we have:

Conjecture A. E][IG] For any effective curve class H € Hs(S,Z) of arith-
metic genus

1
h:1+§(H2+K5-H)

we have:

PTr(p.q) _ 1 3 a(p;q)

PTo(p,q)  n(q)t2er(SH# 1L O, g)2
where « runs over the decompositions H = Hj + ... + Hy, into effective curve
classes, div(H;) is the divisibility of H; in H'(S,Z) and ¢, are weak Jacobi
forms of index h — 1+ 3", div(H;)? and weight 6¢;(S) - H — 2k.

a=(Hu,....Hy,

!The conjecture above differs slightly from the presentation of [16]. The precise form
was suggested by Georg Oberdieck based on ideas of [29] [31].



For the definition of a weak Jacobi form, we refer to Appendix A.
There has been some progress towards proving this conjecture: Most not-
ably, PTy/PTy has been proven to satisfy the elliptic transformation law
of Jacobi forms of index h — 1 if H is reduced [31].

One might also ask if this conjecture can be extended to the case where X
is not Calabi-Yau. The simplest example of this is perhaps

7 X =P2 x E — P?

whith 7 the projection to the first factor.

The study of this example will be the primary focus of this thesis.

In this case, the PT virtual class is not always in degree 0, so we need to
deal with descendents as well:

Definition 1.2. For ~,...7, € H*(P?2 x E), m > 0 and k; > 0 we define:

< ili[lchki+2(%’)> =q (e ) qd< f[ chiy +2(7)

>PT

m d>0 i=1 (m[P'],d)
We will often leave out the subscript m as it is already determined by

the degree of the insertions d,,p1}.4) = 3m.

We propose the following analog of the Huang-Katz-Klemm conjecture:

P2x E,PT

Conjecture B. For any m > 0 and insertions [[} ;| chy,o(H™;) with
v; € H*(E) homogeneous and H = c1(Op2(1)) € H*(P?) the hyperplane

class:
P2x E,PT é

Hchki+2(H"i%')> = N

<i1 m (Oer?)..e(m)

where ¢(p, q) is a quasi-Jacobi form in the sense of Appendix A.

We also claim that the index of the entire fraction is m?/2 and its weight

equals Y-, (degg(v:) + ki) — 3m.

This is arguably not as restrictive as Conjecture[A] The following partial
evidence will be the main result of this thesis:

Theorem 1.3. Conjecture [B| holds for all primary insertions:
(a) in degree m = 0,1
(b) in degree m = 2 if n; = 2 for at least one i.
We list some examples which we compute in this thesis:
(cho(H?pt)cha(H?))T = ©

(cha(H?pt)chy(Hpt))] " = 3D,0 = @(%AQ +6G — gp)



D!®  ,D,©
(chy(Hpt)? fT:®<3 5 95 )2>

3 9 9
(cha(H?pt)®)y " = @4( — AN S A0+ 0 3Ay 15G4)

The third invariant is the only one of these which is not quasi-Jacobi. In
particular, one can make N arbitrarily big by adding chs(pt)-insertions to
the third invariant and using the divisor equation repeatedly.

Furthermore, the numerator may fail to be a weak Jacobi form which is to
say that it may involve the two generators A and G9 defined in Appendix
A.

To measure this failure we also propose so called holomorphic anomaly equa-
tions for P2 x E, which control the dependence on A and Gs:

Conjecture C. In the situation of Conjecture [B| with n; > 1:

d |+ .
dA< Hchki+2(H"’%)>
=1 m
- Z < H chkj—ai,ﬁz(H"wj)chz<H2>>
PT
S T

=1

n;  1=8i;
+Z</JE%><HCth'+5m+2(H " J)>
=1

j=1

PT

PT

m

m

PT

m

and if v; € B := {1, «, 3,pt} (see Chapter 4) for all i:
d PT
R Chk +2 ryl)>
<dG >QJac< H m
s \PT
Z (/ %> < H chy, o (H"9 0y ”>>

ki + 1
PT
< H Chk‘l 05,195, l+2(Hnl+6l 1+, l7l)>

(m1 + ay,)!(m2 + aq,)!
Z (ki + a,)! .

m

X
R

Ya Vb EBv
EYaUre="i,
mi+ma=k;

n PT
<Chm1+1 (H?Ya)chymy 1 (H2 ) ] chi,42(H™ '7j)>
=1 m
J#i



ki +kj 4+ ay, + ay,
—9 Z Uz‘,j<];+] k"‘/z_i_ "/y)
1<i<j<n i T Oy g 7 Gy
PT

<Chki+kj+2 (HHMJ%) H Chla+2(Hnl’Yl)>
=1 m

I#i,j

where o; (or UZ'J') is the sign that comes from supercommuting 7; (or 7; and
7;) all the way to the left and a, = degr(y) — 1. Furthermore,

+1, ifyU4 = +pt,

YUy _ )y iy =t
pt ) 7, ify=npt,
0, else

and the binomial coefficient in the last summand is set to zero if one of the
two lower numbers is negative.

Remark 1.4. The operators ﬁ and (f&)QJaC are just the formal deriv-
atives in the polynomial ring Q[0, A, Ga, p, ©’, G4] with respect to the two
generators. E.g.:

d
= <3A4 +18A4%Gy + 36G2 — 3A¢) + 1504) — 1243 + 364G — 3¢/

Holomorphic anomaly equations have not been considered in PT theory
before. Instead we justify both statements using holomorphic anomaly equa-
tions in Gromov-Witten theory [30] and the conjectural Gromov-Witten/PT
correspondence which is studied in [27] and [32]. See Chapter 2 for details.
The proven part of this correspondence gives us:

Theorem 1.5. Conjecture [C|holds for all primary insertions as in Theorem
L3l where in addition

(a) n; > 1 for all ¢ and
(b) n; = 2 if Yi € H2(E)

Remark 1.6. The second holomorphic anomaly equation vanishes if v; =
H? for all i. Hence any invariant

< Zf[lChz(Hz%')>

in degree m = 0, 1,2 must be independent of G2 and also independent of A

if >, degr(7:) = 2. See also Remarks and and Example

PT

m



1.3 Gromov-Witten invariants

In this section we recall the basic definitions of Gromov-Witten invariants.
Basic references include [2], [6] and [13].

Throughout this section let X be a complex smooth projective variety.
Recall that for any cohomology class 8 € Hy(X,Z) and integers g,n > 0
we can construct the moduli space Mg,n(X ,3) whose C-valued points are
given by isomorphism classes of stable morphisms f : (C,p1,...,pn) — X
with connected domain curve C.

As a moduli stack, it has a universal family of stable maps to X:

Uyn(X,8) —— X
ﬂil‘pl
Myn(X,B)

We will denote ev; = f o p; from now on. Moreover, using the work of
Behrend and Fantechi [3] one can define a virtual fundamental class:

[Mgn(X, B)]"" € Avdim(Mgn(X, 8))
sitting in degree vdim with:
vdim =dg+ (1 — g)(dimX —3) +n
We further define the psi classes 1; = c1(p;QL) € H* (M, (X, B)).

Definition 1.7. For vy, -+ ,y, € H*(X), k1, ...,kp, > 0and vy € H*(M 4, (X, 5)),
we define the connected Gromov-Witten invariant of genus g to be:

n X n
Gty = T ekeet )
i=1 9.8 [ i=1

M g.n(X,B)]vir

If 2g — 2 +n > 0, the associated Gromouv-Witten class is the pushforward
n - ) n L
125( T 0) = pe (0T, 80 [ et (00)) € (V)
i=1 =1

along the forgetful map p: My, (X,8) = My, == My, (pt,0). In case X is
a threefold, we define the following formal power series:

n X n X
<Hm(%)> - Z<—1>9”dﬁz292+dﬂ<Hm<w>> € Q((2))
i=1 B g>0 i=1 9.8

To define disconnected Gromov-Witten invariants, let

M; (X, B)

8



be the moduli space of stable maps f: (C,p1,...,pn) — X of genus g € Z and
class 8 with possibly disconnected domain so that all connected components
which are contracted by f are of genus at most 1@ Likewise, we have psi
classes and a virtual fundamental class

(Mg (X, B)]"" € Aviim (Mg (X, ) ©Q

in the same degree vdim as before, which allows us to define:

Definition 1.8. For v, -+ ,v, € H*(X) and ky,...,k, > 0 we define the
disconnected Gromouv-Witten invariant of genus g € Z to be:

<HTk Vi >gﬁ -—/[ gn(X’/B]W‘l;qu evy (vi)

In case X is a threefold, we set:

<HTk Vi > ® _ Z(_l)g_1+dﬁz2g—2+dﬁ< ﬁTki(%)>X7.

geZ i=1 9,8

1.4 The conjecture in Gromov-Witten theory

Definition 1.9. For any choice of cohomology classes 71, ..., 7, € H*(P2x E)
and k; > 0, m > 0, we define

n P2xE
<H7_k1(71)> ::qu<HTk Vi >
i=1 mo >0 i=1 m[P],d)
and for disconnected invariants:
n . n P2xE,e
<kai (%)> = ql/Bn(q)gzqd<HTki(%)>
i=1 m d>0 (m[P'],d)

As for PT invariants, we may dispense with the subscript m since it is
determined by the insertions.

Using this, we can restate Conjecture [B|in Gromov-Witten theory:

Conjecture D. For any m > 0, n; > 0 and insertions [[;" ; 7, (H™7;) with
vi € H*(E) homogeneous:

P2xE,e d)

<zf[17ki(Hm'7i)> =

m (6(2)0(22)...0(mz)) "

2The usual convention is to have no contracted components at all. We only stray from
this to be compatible with [27]. In Lemma we see that this is already automatic for
X=PxE.



where ¢(2) is in QJac[z,27!] of degree at most >, k; in 2z and © is as in
Appendix A.
We also claim that the index of the entire fraction is m?/2 and its weight

equals ) . deggr(vi) — 3m.
We have the following Theorem will be used later to prove Theorem

Theorem 1.10. Conjecture D] holds for all:
(a) invariants in degree m = 0,
(b) primary invariants in degree m =1,
(c) primary invariants in degree m = 2 if n; = 2 for at least one 1.

We will also give examples of descendent invariants - all of which satisfy
Conjecture Here is a list of some invariants that will be computed in
Chapter 5:

(ro(H?pt)o(H?))] = ©

. 1 1
<TO(H2Pt)TO(HPt)>1 = @(5142 +2G2 — 5@)
<T()(H2pt)7'2(1)>; =0(9—824— %ZZ(—3A2 + 18G2 + 3p))
. 3 9 9
(ro(Hpt)*); = 0 = T4+ SA%p + 107 + 340 — 15G4)

((H2pt)Pry ()} = 20— A + 340 + )

A+

Overview. In chapter 2, we will review the Gromov-Witten/PT corres-
pondence for toric threefolds discovered in [27), Sec. 0.6] and show how one
can derive Conjecture [C] from their formulas and Proposition Next, we
review basic material on the localization formula and the Gromov-Witten
theory of the elliptic curve in order to set up our proof of Theorem in
Chapter 5. Appendix A introduces quasi-Jacobi and quasi-modular forms
and Appendix B deals with some of the vertex terms that arise in the loc-
alization formula in degree m = 2. Appendix C gives a complete list of all
Gromov-Witten invariants on P2 x E which are computed here.

2 The Gromov-Witten/PT correspondence and holo-
morphic anomaly equations

In this section, we review Gromov-Witten /PT correspondence for toric threefolds
presented in [27, Sec. 0.6] and use it to derive the formulas of Conjecture

A proof of this correspondence in the case X = P? x E would therefore
yield a proof of Conjecture [4.5

10



2.1 The Gromov-Witten/PT correspondence

In the last two decades, Rahul Pandharipande, with various changing coau-
thors, has published a series of papers addressing the relationship between
Gromov-Witten and PT invariants in ever increasing detail. The most re-
cent of these is [27], where the following formalism appears:

Let X be any smooth projective threefold. For v € H=?(X) and k > 1, we
introduce formal insertions ag () using the recursive rule

To(7) = a1(y) + 1/)(702

24
and for k£ > 2:
Sh—1 Sh—2 k-1 1
Tk—l(/y) k" k‘(7) (k— 1)' (ZT)ak_l(’Y‘Cl)
48 2 1 )
+ =+ — Jag_a(7y - )
(k—2)! ( — 72 1<i<]z;k_2 z]) 1

where ¢; = ¢;(T'X) and z is the formal variable in Definition
We will use the convention:

gy, (7) = Zakl (¥1)---a, (37)

where ' '
Y e .. @9 =Aevi(y) € H(X')
A

is the Kiinneth decomposition and A is the small diagonal in H*(X").
We also have to change the PT-insertions slightly to make the correspond-
ence more natural:

~ 1
chi(y) = chyp(y) + ﬂChk—Q('Y - 2)

The series
X,PT

<c~hk1 (71) - - - chy, (%)>B

is then defined by multilinearity.

Using this convention, we can define the following operator on PT inser-
tions:
For v1,...,m € H*(X) and kq,...,ky, > 0:

Qt.(g&lki(%)) _ Z H €°(Hc~hki(%)),

P partition of {1,...,l} SEP €S

11



where the set partitions are unordered and no member is allowed to be
empty. The €° terms are defined in the following way:

(1)

of = 1 z71

(b)) = gty 2 Smama(ye)
1 ’ ’ mi+mo=k1—1

272 2 z72 2

AT kq! Z s hm (7'01)+6 - (k= 1)! Z Gy Gy G (Y-€1),
mi1+mao=k1—2 mi+mao+maz=k1—3
(2)
1 -2

o~ ~ z” 2
¢ <Chk1+2(7)0hk2+2(7/)> = gl Mtk () - malﬂch—l('V'V, -c1)
2
: Z max(max(k1, k2), max(mi+1, ma+1)am, Gm, (7Y -c1),

2 - kq'ko!
mi+mo=ki+ka—2

(3)
of T T N T " o Z72 k‘ N/ o
€% chy, 42(7)chi42(V) ey 12(7") ) = T 74k —1 (VYY) [k = kitko+ks
k1lkolks!

and
l
(4) ¢ ( I1 &ki+2(7i)) =0 for | > 4.
i=1

Here, all occurences of a<q are set to zero.

Theorem 2.1. [27, Thm. 6] Let X be toric and 5 € Hy(X,Z) be a curve
class with dg = [;¢1(X). For all insertions

l

T b, ()

i=1
satisfying for all i:
(5) ki > 3,degg(vi) > 2 or k; = 2,degr(yi) > 4,
we have
X,PT X,GW,e

B

e

after the variable change p = e?.

Note that the above variable change only makes sense in context of:

12



Conjecture E. [4I] For any X and insertions v; € H*(X) and k; > 0, the

series
X,PT

<Chk1 (71) - - - chy, (%)>5

is the Laurent expansion of a rational function in p.

The conjecture was proven to be true for a large variety of examples
including all toric threefolds and X = P? x E [38, [39]. It was conjectured
in [32] that a similar formalism should hold for any threefold X and all
insertions. The following conjecture encompasses all that we will need:

Conjecture F. For all Gromov-Witten insertions [[;"; 7%, (i) we have:

(a) [24, Conj. 4] Let Mlg’n(X , ) be the moduli space of stable maps with
no contracted components. The corresponding Gromov-Witten invari-

" <1:1k <%>>; c Q[+

is an element of Q(e?)[z, 27! of degree at most Y, k; in z, whose 2-
coefficients are (universal) Q-linear combinations of PT Invariants for
the curve class 8. The coefficient of 22 ki ig:

n
< 11 Chki+2(%’)>
i=1
and all lower coefficients consist of PT invariants with a strictly lower
sum ) . k;.

(b) If we have degr(y;) > 2 and 7; - ¢ = 0 for all 4, then the top two
z-coeflicients are:

X,PT

B

n . n PT
© (IIm60) =5 Tebuto)
i=1 B i=1 B
n ki 1 n 5 PT
i=1 I=1 j=1 B
1 " i 16, - ml!mQ! 5i,j
D) T che,2(7s) "% ( > TChm1+1Chm2+1(%'Cl))
i=1 \j=1 mitma=k;—1, *
mi,ma>0
+ Z WUZ‘J H chy, 2 (i) chg, 4k, +1(7iv5)
1<i<j<n 0 ll;;. B
17]

13



here o0; ; is the sign that ensues from supercommuting ~; and ~y; all the
way to the rightﬂ

In particular, part (a) implies the equivalence of Conjectures [B| and @
since the difference between the two disconnected moduli spaces is minor.
The following special case of Conjecture [F] has already been shown:

Theorem 2.2. For X = P? x E, part (a) holds for all primary insertions.
Furthermore, for any insertion of the form [}, 7%, (H™7;) with n; > 1 for
any ¢ and n; = 2 if k; > 0, we have:

n P2xE.e n
< HTki(HnWi)> = 22 k‘< HChki+2(Hni71)>
i=1

m =1

P2xE,PT
m

Proof. In the second case it is easy to see that the Gromov-Witten invariant
does not change if it is integrated over M;’R(PQ x E,(m,d)), which is the
convention taken in [38, [39]. The result then follows from the Gromov-
Witten/PT correspondence for a surface times elliptic curve proven in [38],
Prop. 20] and the degree constraint of the correspondence matrix in [39)
Prop. 24]. O

And hence we obtain:

Corollary 2.3. Theorem follows from Theorem [1.10

2.2 Holomorphic anomaly equations

There seem to be no natural holomorphic anomaly equations for the gener-
ators A and G on the Gromov-Witten side of X = P? x E. However, we
have the following:

Proposition 2.4. For all 7; € H*(E) homogeneous, n; > 1 and k; > 0, we

3Thanks to Alexei Oblomkov for confirming that formulas - should hold fqr any
X and v; with degg(v;:) > 2 up to correction terms consisting of a-insertions times z* with
i < —2. From this, we can deduce equation @

14



have:
(7)
(dG2> <Hrk (H™iny; > :_222i<ﬁ% 5is Hm%)To(HQ)>.

=1 m

+2 Z Sgn(i,j)(sni+nj72</EfVi7j>< H Tkl(Hnl%)To(H2)>.

1<i<j<n =1 m
k‘i:k‘j =0 l7£17j

n ° n o
_22m2<Hm(H”i% > —2m222<HTk-—5 (H"+0 )>
=1 =1 =

n

n
B 22 Z <HTkz—5il—5jl (Hnl+6il+5jl’7l)>
=1

ij=1

n n o
1-4;
_2Z</%><HT’%+5¢J (H"; J)> ’
i=1 \VE j=1 m

where sgn(i, j) is the sign that arises from supercommuting the ith and jth
insertions all the way to the right (or the left).

m

m

Remark 2.5. The invariant

P2xE,e
(ffmr)

is an element of QMod((z)) as shown in [30, Cor. 2] and the derivative
(ﬁ) p is the coefficient-wise formal derivative with respect to the generator
GQ of QMOd = @[G27 G47 Gﬁ]

Proof. This formula follows from [30, Conj. B, Cor. 2] and [29, Lemma* 8|.
The prefactor of ¢~/ 81(q)? gets rid of the contributions from unstable genus
1 components mapping with degree (0,d) (we show this in Lemma [5.1).
Hence our conventions are compatible with the ones used in [29], Sec. 3.2].
We get the rest from the divisor and string equations - however the string
equation takes on a strange form in our case:

<H7'k ") 7o( 1)>. = i<ﬁ7kj&j(ﬂn17j)>

mo=1 \j=1 m

— 22 Z sgn(z',j)(/ %”Yj) n1+n2,2 < H T, (H™ ;) >
1<i<j<n E
ki=k;=0 Z#J

On the other hand, the divisor equation for 79(H) happens to retain its
usual form. O

15



Assuming conjecture [F] from now on, we can give the reason why the
weight and index in Conjectures [B] and [D] can only be as claimed. If we
assume that any PT invariant is in QJac, then the weight follows directly
from Theorem and if n; > 1 for all 4, then we get the index in the
following way:

In the ring QJac[z, 271, 0(2)71,©(22)7 1, ...], we have:

d d d
— = —22%ind — 22—
(dG2> s sz " <dG2>QJaC7

where ind multiplies a form with its index.
Both sides in Proposition are Laurent polynomials in z over Q(e*)[[q]]
of degree at most ), k; + 2. The leading coefficients are:

B i=1 B

=1

and hence the index is m?/2 as claimed before.

Using this same idea, we now derive the holomorphic anomaly equations for
P? x E:

Since all coefficients in the Laurent polynomial

<HTki(H”i’yi)> € QJac[z,z_l]
i=1 m

have the same index m? /2, the first term in the left hand side of Proposition

2Aalie.:

—2z22‘nd<HTki(H"i%)> —22<H’7’k (H"~;) >
i=1
d [ ]
+(—= Tr, (H™
<dG2>QJaC<H k v >

cancels exactly with the third term on the right hand side. Now both sides
are only of degree >, k; + 1 and the top coefficients give the holomorphic
anomaly equation for diA. For the second equation, we have to look at the
coefficient of z2-i ¥ which on the left hand side is

(16:) g (o) 2 (54} o))

Using our equation for diA and @, we can compute the second term as
well as the right hand side. Since this is a tedious and straightforward
computation, we do not spell it out here.

In particular, Theorem [I.5is shown using the above discussion and Theorem

16



3 Localization and the Gromov-Witten classes of
]P)n

The goal of this chapter is to give an algorithm for computing the Gromov-
Witten classes of P", which will be of great importance in the discussion that
follows. To this end we give a short introduction to equivariant cohomology
and the localization formula.

3.1 Equivariant cohomology

We recall the definitions and basic properties of equivariant cohomology that
are needed in this thesis. We mostly follow Lecture one in [I]. More details
can be found in [11].

Definition 3.1. Let X be a topological space and T a topological group
acting continuously on X. The equivariant cohomology ring of X is defined
to be

Hy(X) == H*(ET x1 X;Q)

where we take ET to be a weakly contractible space with a free T-action
on it and ET x1 X is the quotient of ET x X by the equivalence relation
(e,tx) ~ (et,x) for any z € X, e e ET,t € T.

Remark 3.2. (a) If the T-action on X is itself free, then we have H}.(X) =
H*(X/T). Indeed, the above definition just reduces to this case since
X and ET x X have the same weak homotopy type and T acts freely
on ET x X via the diagonal action.

(b) If the T-action on X is trivial, then

Hp(X) = H*((ET/T) x X;Q) = Hy(pt) ®g H"(X)

(c) One can also define equivariant Chern classes for an equivariant com-
plex vector bundle F on X. Indeed, ET x1 E — ET x7 X is again a
vector bundle of the same rank, so we can simply take

¢l (E) = ¢;(ET x1 E) € H*(ET x1 X) = Hj(X)

7

(d) In general, there is a natural morphism H7(X) — H*(X), which is
induced by the composite

{t} x X >ET x X —ET xp X

for some point ¢ € ET. This morphism sends ¢! (E) to ¢;(E) for any
equivariant vector bundle F on X.

17



(e) If T is a linear algebraic group and X is a DM-stack, there is a notion
of equivariant Chow rings as well. The key idea is to approximate ET
by schemes and then replace ”H*” by ”A*” in the above definition.
For more details, see [§]

From now on, we will only be concerned with X a smooth complex
projective variety and 7' = (C*)™ a complex torus acting on it algebraically.
We have

H7(pt) = Qlao, ..., an),
where a; = ¢ (L_,,) with the T-representation L_., = C given by:

TxL ., — L_,,
(t1, ey tn) -2 = t; 1,

which can be regarded as an equivariant line bundle over the point. In this
case, the following remarkable theorem holds

Theorem (localization theorem). [I2] Let X be be a DM-stack with a
given T-equivariant perfect obstruction theory. Let {X;}; be the connected
components of the fixed locus X7. Then the resulting equivariant virtual
fundamental class [X]""7T is given by

Xt = S BT () 90 Q0 )
T @ © 0 Se Qe e

where N; is the equivariant normal bundle of X; in X and [X;]v"T

induced virtual fundamental classes.

are the

This theorem also holds in the equivariant Chow ring and is one of the
main techniques to explicitly compute Gromov-Witten invariants.
Indeed, if we want to compute an integral of the form

fo
[X]v’n'

for some v € H*(X), we need only lift v to a class vI' € HZ(X) which
restricts to v under the canonical map H7}.(X) — H*(X) and we get:

T’X
/[VX}'uir ’y - /X]ver Z /X ]ver €T

if the obstruction theory on X is T-equivariant.

The integrals on the right are usually easier to compute and since the left
hand side is independent of the equivariant parameters «;, we do not alter
it by specializing the «; on the right.

18



3.2 Gromov-Witten classes of P™

We now apply the localization theorem to X = M ,(P™,d) := M, (P™, d[P!])
to find an explicit formula for the Gromov-Witten classes of P™. An action
of T = (C*)™*! on X is induced by the following action of T on P™:

T x P —s P™,
(toy ooy tm) - [To t oot @] = [toxo t ot L]

First, we must identify the fixed locus X7 of this action and its connected
components.

Lemma 3.3. The T-fixed points of this action on P"™ are precisely the
points of the form P; = [e;] where e; is the i-th standard basis vector in
C™*!. Furthermore, any 7T-invariant closed subcurve of P™ is a union of
linear subspaces of the form {[se; + te;] | [s : t] € P}

Proof. The claim about fixed points is clear. Also observe that for any point
T =[x :...: Tm] € P" we have T.x = P! where | = #{i | #; # 0} — 1. The
claim about subcurves immediately follows from this. O

We now have to identify the connected components of X7. Much like
the stratification of M ,, they are in bijection with a certain set of graphs,
however some care must be taken in order to not confuse them with stable
graphs.

Definition 3.4. A decorated graph on M ,(P™,d) is a tuple
I'= (V7 E7 U1, ---,'Un,g7d, M)
consisting of

1. an underlying connected Graph with vertex set V' and undirected edges
E between them. Any two vertices can have multiple edges in common.

2. marked vertices vy,...,v, € V

3. a function g : V' — N>( such that

> g)+ R M) =) gw)+|E|-|V|+1=y4g

veV veV

4. a function d : E — N>; such that

> d(e)=d

eeE
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5. an function p: V' — {0,1,...,m} turning (V, E) into an m + 1-colored
graph, i.e.: p(v) # u(v') for any two vertices v and v’ connected by
at least one edge. In particular, this means that I' cannot have any
loops.

For any decorated graph we set Ar = #Aut(I') [[ ..z d(e)

In analogy with stable graphs, we can define a morphism for any decor-
ated graph whose image is the associated component of X”. The domain of
the map we denote by

Ml‘ = H Mgv,val(v)
veV(T)

where we simply set Mg, = pt if 29 — 2+ n < 0 and val(v) is the number
of edges or markings incident to v. The morphism

CF: Mr — Mg,n (Pm, d)

is given by considering each vertex v as a contracted component of genus
gy if it is stable or as a point if it is unstable - its image will be the fixed
point P,,). The edges correspond to non-contracted components of genus
0 in our domain curve that touch the two components corresponding to its
two vertices. If e connects v and v’, then the map on e is given by

P! — P™,
[s:t]— [sd(e)eu(v) + td(e)eﬂ(v/)]
and is hence of degree d(e) onto its image curve. Finally, the n vertices
correspond to the n markings.
Indeed, it is not difficult to see that any component of X7 comes from a
decorated graph and the map (r is easily seen to have degree Ar. In order to

present the formula for the Euler class e(NE™) of the virtual normal bundle
associated to I', we need to introduce the lambda classes:

Definition 3.5. For 7: Mg’nﬂ — Mg,n the universal curve, we write
)\i = CI(E)

for the chern classes of the rank g Hodge bundle E = 7,QL. Also denote:

9

EV(z) =) (~1)' Az,

<.
o

We will also consider A\; € H*(M 4, (P™,d)) via pullback along the for-
getful map.
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Proposition 3.6. Let I" be a decorated graph on M, ,(P™,d).
, 1

T -1 _ < _ >

e(Np™") [] pr—— [T (cur) — o)

stable flag F’ v#u(F)
[T I =
v stable v#£u(v) T
11 (—=1)™d(e)**)

2
(8) e any edge ( ') N(’Ul) M(Uz
connecting vi,va

))Qd(e)

1

a b
atbed(e)  d(e) Xnvr) T qe) Yulvz) — W
v#u(v1),pu(v2)

H HV#H(U)(Q“(” _ H wpg

w w
v vertex o T wr, 2 v vertex
of type 1 of type 2

where a flag F is a pair F' = (v,e) of a vertex v with an incident edge e
and p(F) = p(v). If v’ is the other vertex incident to e, we write wp =
W. We call the flag stable if v is a stable vertex in the graph T.
Furthermore, we call a vertex v of type 1 if it is of genus 0 with no markings
and incident to precisely two flags F, 1 and Fy, 2. We say v is of type 2 if it

is of genus 0 with no markings and incident to only one flag.

Remark 3.7. If we adopt the conventions:

1 1 1 _
(@a—4n)(b—12) a+b and a— on 02
1

a—

then we can simplify the formula:

g = T (e T (o — o)
v#EU(F)

w —_—
any flag I’ F Q’Z)F

[T IT e ™

—
v vertex p=£pu(v) w(v) v

and

= a on MOJ

H (—1)4e)d(e)2d(e) H 1

2
e any edge (d(e)!) (o — auy )24 a+b=d(e) d(e) oy F d(e) Gvp — Ok
connecting vi,v2 k#i,j

In fact, most of the decorated graphs that we will encounter only have tubes
of degree 1. If this is the case, we can simplify the formula even further:

viT O[,/)
g t= I —— 11 1I —au -

any flag F v vertex pz£pu(v) ,u( )
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For a proof of the above statements, see [12] and [13, Ch. 27]. A more
careful treatment justifying the conventions in Remark and which also
deals with the case of general toric varieties can be found in [23].
Computing Gromov-Witten Classes of P means evaluating pushforwards

of the form: N
s ([X]W T evf(H’“)) ,
=1
where
i Mg n(P",d) — My,

is the stabilization map and H = ¢;(Opm (1)) is the hyperplane class. We
therefore need to find lifts of ¥; and H as discussed in the previous section.
This is particularly easy to do for H:

The natural surjection (C™*1)* @ Opm — Opm(1), where T acts on C™*!
with the standard multiplication, turns Opm(1) into an equivariant line
bundle, so we can define H? = ¢! (Opm(1)). We thus see t*(H') = «;
under the natural inclusion ¢;: P; — P™. However, a standard trick is to
simplify the localization formula by taking a different lift of H:

H;=H" - q
which then vanishes on P;. For any decorated graph I', we easily obtain
(r(evi(H;)) = aw; — i,

which means that the contribution of I" to the localization formula vanishes
if p(v;) = 1.

We lift ¢ = I (Tt p,) by taking the T action induced by the differential of
the map to P"™. We see:

(9) Gr((wi)*) = o
if p; lives on a stable component of I' or

p’) — Xu(v)

(W) = e

if p; is the only marking on a tube e which has v’ as its second vertex. Using

the convention N
,(/)2 = (—a)k on MO,Q
a—1
we can even write @ for all T' (at least after cupping with e(Ng™)~1).
We obtain:

m n n; 1 ;l: wlkz 7}; -
Igd,T(HTki(HHli,jD = ) Ar(érmr)*<n ! l_iﬂ(]\}r()o‘u() o )>
i=1 j=1

T" decorated
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For any choice of l; j = 0,...,m. Here, I is the stabilization of I' and &p is
the map onto the corresponding boundary stratum:

see [43] for a treatment of such boundary strata. The map
- Mr — MF’

can be described as first forgetting the factors corresponding to contracted
components and then forgetting the contracted markings on the remaining
factors. Finally, we make a substitution «; = a; for integer a; so that no
denominator in e(Np)~! vanishes. This means that for all a,b € Ny with
a + b < d and pairwise distinct 1, j, k, we must have:

(10) a-a;+b-aj #(a+Db)-a.

If d = 1, then we can just set a; = ¢ and if d > 1, the uniqueness of the
d-adic expansion implies that a; = d* also satisfies . Indeed, we can
unify both cases in the substitution

i—1
a; = E dj:
=0

which is % if d > 1 and hence also satisfies . Occasionally, it will be

better to do a different substitution. See Section 5.4 for an example of this.
We conclude:

" (kaxH%) _
=1

{ Z Alr(ﬁrfﬂr)* (H?:l ek [T (o alj)>

I" decorated € ( NF )

} )
a;=a;/ e

where e is the expected cohomology degree 2(g—1— (m~+1)d+ >, (ki+n;))
and [; ; = 0,...m arbitrary.

Example 3.8. To illustrate this, we compute
5 _
Iy (ro(H?), 70(H?)) € H* (M)

By lifting H? = H H, for the first and H? = HyH> for the second insertion,
we ensure that the only decorated graphs I'y, 4, that contribute here are of
the form:
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2

otNG

for different values of g; and go with g1 + go = g. The expression on Mr
arising in the localization formula is:

(Ev(ao—al)Ev(ao—OQ)m> X <Ev(al_a2)Ev(a1_a0)al—;0—¢4> ’

where 3 and 4 are the half edges building the edge of I'. We can make the
substitution
ag = 0,a1 = 1,ay = z for arbitrary z

to get:
<EV(—1)EV(—J;)_11_¢3> X <IEV(1 ~ 2)EY (1) _1w4>.

In case g3 = 0 or g2 = 0 one vertex becomes unstable and has to be con-
tracted. This gives us three summands:

(11)

15 (o (), mo((H2)) = {EV(—l)EV(—m_ll_% +EY(1 - 0B ()=
T (L T A
s 29

One can now stabilize to z = 0 or x = 1 to compute this for any given
g. However, it is rather striking that the above expression is apparently
independent of = (note the similarity with [10, Sec. 2.1]).

4 The Gromov-Witten theory of the elliptic curve

In the coming sections, we will often refer to Pixton’s Bachelors thesis [42],
so we only collect a few facts that are not mentioned there:

Throughout the rest of the thesis, let F be the elliptic curve.

We fix a basis {1, a, 3, pt} of H*(E) consisting of 1 € H*(X), a € H'O(E),
B € H*(E) so that [, aU S =1 and the point class pt € H*(E).

The virtual dimension of M ,,(E, d) is independent of d, hence we can define

Definition 4.1. For classes v; € H*(E), k; > 0 and v € H*(M,), we
define:

IF (s o) = Y@ T (1, s )
d>0
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and
E

<’YZﬁlTki (%’)>E = qu<’7f[17'ki(%)>

g d g,d

We sometimes leave out the subscript g since the genus is already determined
by the degree of the insertions.
Also note that

<7£[17'k¢(%')>g = /M

because of the fact that any map P' — F is already constant.

n
ki
y [T e 1yatns am),
i=1

g,n

In the next chapter we will need the following facts:
Proposition 4.2. The following identities of Gromov-Witten classes hold:
(a) For genus g >0 . .
<>‘9H7’ki(%)> =0
i=1 g

(b) For classes 71, ...7, € {1,a, 8, pt}:

Iy(viy ooy n) =0

unless

#i | v =a} =#{i|vi =0}
(c¢) For any number n of insertions and 1 <i < j < n:
Ij(ca, o Byy) = =Ig(s By oy oy ),

where a and ( are in ith or jth place and there are even insertions
everywhere else.

(d) If we have at least two insertions:

Iy(c,pt, ..., pt, B) + I4(pt, o, ..., pt, B) + ... + Iy(pt, ..., pt, o, )
= I,(pt,...,pt, 1)

(e) For four or more insertions:

Iy(a,pt, ..., pt, B, a, B) + Iy(pt, o, ..., pt, B, v, B) + ... + I4(pt, ..., pt, o, B, o, B)

— Ig(a,pt, ..., pt, B, B, ) — I4(pt, a, ..., pt, B, B, ) — ... — I4(pt, ..., pt, o, B, B, @)

= I,(o, pt, ..., pt, B, 1,pt) + I4(pt, o, ..., pt, B, 1, pt) + ... + I4(pt, ..., pt, @, B, 1, pt)

+ Iy(a, pt, ..., pt, B, pt, 1) + I4(pt, o, ..., pt, B, pt, 1) + ... + I4(pt, ..., pt, o, 5, pt, 1)

— I4(pt, ...,pt, 1,1, pt) — I4(pt, ..., pt, 1,pt, 1) + I4(pt, ..., pt, o, B) — I4(pt, ..., pt, 5, )
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(f) All classes of the form I,(v1,72) are linear combinations of I4(pt, 1)
and I,4(pt, pt). In fact:

Ig(pt’ 1) = Ig(lapt) = Ig(avﬁ) = _Ig(ﬁ7a)'

(g) The following three equations hold:

I4(1, pt, pt) + I4(pt, 1, pt) — Iy(pt, pt, 1)

I,(1,pt,pt) + I,(pt,pt, 1) — I,(pt, 1, pt
1o, ) = oLPB) Lot ot ) = (ot L
1,(pt,1,pt) + I,(pt,pt, 1) — I,(1, pt, pt
Lot 0, 5) = B Lot ot ) = (Lt )

In particular, all classes I(v1, 72, v3) are linear combinations of classes
with only even insertions.

(h) For four insertions, we get:

Ig(a7ﬂ7a75) - Ig(a757/87a) - _Ig<pt7pt7 17 1) - Ig(17 17pt7pt)
+ Ig(pt7 17pt’ 1) + Ig(pt7 17 1apt) + Ig(lvptapta 1) + Ig(lapta 17Pt)
2 2

Remark 4.3. (a) Proposition an easy application of the techniques
of [36].

(b) Identities - can also be pulled back along forgetful maps
My psm = Mgn

to yield the same identities with more 1-insertions. For example, |(f)
implies that
I(1,..,1,pt,1,...1) € H*9(M,,)

is independent of the location of "pt”.

Proof. For part [(a)| see [42, Lemma 4.4.1] and part [(b)] was shown in [I7,
Sec. 3]. Part can be shown using the monodromy invariance of E:
Both follow immediately from by applying the transformation

a—a+p,0— 0

to the class
I(...,a,...,a,...) =0.

For part note that E acts freely on M, (E,d) by translating the image
of the first marked point. Hence:

Myn(E,d) = ev; ' (0p) x E.
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It is easy to show that the virtual fundamental class is pulled back from the
first factor, which yields

I(y'71(7)) =0
for v € H*(ev; '(0g)) and v € HS' (M, ,(F,d)). We also have the com-
mutative diagram

M, (B, d) — E
lﬂl lp
B’Ui_l(OE) €v#£1 En—l

where p subtracts the first coordinate from all other coordinates and then
forgets it. Thus, all insertions that are pulled back from p are also pulled
back from ev; ' (0g). One sees that |(d)|is precisely the fact

0 = Iy (evi(a)ev*p* (pt X ... K pt K 3))

and follows directly from this and To get use the equivariance
of Gromov-Witten classes under the symmetric group to obtain two more
linear equations out of @ that can then be solved. Part @ is simply @
pulled back under the self-node:

Mg_Ln_,_Q — M!Ln'

where the last two markings are glued together. Part follows from @
and O

It is a well-known fact that

<7i]i[lmi (%‘)>

is always quasi-modular of weight 29 —2+ ) . degg(v;) and [42] summarizes
the algorithm for computing these invariants.
There is also the following stronger fact that we will need:

E
g

Theorem 4.4. [30, Cor. 1] For n > 1:

Ig(’h, Tn) € H*(ngn) ® QM0d2972+Zi degg (vi)

The dependence on Gy is also known:
Let v: My_1n42 — Mgy, be the map corresponding to the self-node stratum
and for g = g1 + g2 and {1,...,n} = S1 LU Sy let:

J: Mg, siuqey X Mg, s,000y = Mg

be the map gluing the two e’s.
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Theorem 4.5. [30, Thm. 3]

d
dG (’Ylv . /yn) = L*Ig—l(’yl7°")’yn7 17 1)

+ Y 05,505 (151, 1) B g, (vs,, 1))

9=g1+92
{1,...,n}=slu52

n
- 22 (/ 71)1/)1 . (’}/17 vy Vi1, 177’£+17 "‘7/777,)7
i=1

where ﬁ is the formal derivative with respect to G2 in the polynomial ring

H*(My,)[G2,G4,Gg) and og, g, is the sign that comes from supercommut-
ing the ;.

We call this the holomorphic anomaly equation of If. It measures the
failure of I,(v1,...,7n) to be an honest modular form.

5 The Gromov-Witten theory of P? x

5.1 Computation scheme

Theorem [1.10] concerns the disconnected Gromov-Witten theory. However,
we will find it easier to compute the connected Gromov-Witten theory, so
we must first express the disconnected in terms of the connected invariants:

Lemma 5.1. For v; € H*(P? x E) and k; > 0 for all i:

n .
<H7—kz(71)> = Z Sgn H <HTk Yi > ,
i=1 ™ P partition of {1,...,n}, IeP ‘iel mr
m=3_1cp mI

where the unordered partition P has no empty members.
The sign sgn(P) comes from supercommuting the classes 71, ..., ¥, into products
over the members of P.

Proof. This is similar to [42, Prop. 3.1.1]. The moduli space M;’H(IP)Q X
E, (8,d)) is a disjoint union of components of the form

H Mg, 1(P* x E, (Br,dr))/Aut(P, (my, dr))
IeP

where P is a partition of the set of markings {1,...,n} with possibly some
empty parts and Aut(P, (my,dr)s) is the group permuting empty parts with
the same genus and curve classes. The g7, m; and d; are chosen so that:

L > eplgr—1)=9g-1,
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2. Y repm; =m and

It is important to note that our condition (my,d;) # (0,0) for gy > 2 is
already automatic. Indeed, we see that

Myn(P?* x E,(0,0) = My, x P2 x E
with virtual class equal to:

[M,,(P? x E,(0,0))]"" = e(EY R (TP* © TE)) N [M,,, x P*> x E]

(=1)9), (Ag — 3HAgAg—1 + 3H?*(\]_ | + AgAg2)> N[M,, x P? x E],

where ¢; = ¢;(TP?). Using the two identities

A2 =640 and A2 = 2X\gAg_3 for g > 2
derived from the Mumford relation (first shown in [28])
(12) EY(DEY(-1) = (-1)¢

we see that this indeed vanishes if g > 2. Noting that any connected invari-
ant with no insertions has to be of degree 0 in P?, we only have to show that
such connected components give us the prefactor ¢/ 8n(q)~3:

Indeed:

2
<1>5(375) - 3<)‘521—1>£d + 3<)‘g)‘972>£d
Using Proposition @ we see that this vanishes for g # 1 and we get:
1
31VE,  =3% =

if d>0and0if d=0.
Thus we get a factor of

S (X () = TTa -
n>0 d>0  hld k>1

in addition to those factors permitted on the right hand side of the claimed
formula. O

Remark 5.2. Using this, we can already establish the degree 0 case. Indeed,
[M g (B2 x E, (0, d))]""

- ()\; — BAgAg1H + 3H?(\]_ | + AgAg_2)> N [M gy (E,d)]"
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and so Proposition |4.2 E@ gives us:
P2xE
< H Tk Hm >
n n E
_Z—Q(Szin“ <H7_k1 > +3621nz,0<1—[7—k1(72)>

i=1 i= g=1

—27205 o (/Eﬁ%>< >+35zinz <HTk Vi >

=1 g=1

which is in QMod[z7!] and using Lemma [5.1] m this establishes the degree 0
case of Theorem In fact, it is easy to see that the second term is a
multiple of D*Gy, where m = (3, dege (7)) — 1.

To compute higher degree invariants we need to break up the connected
theory of P2 x E into the connected theories of its two factors:

Proposition 5.3. For all ny,...,n; >0, 71, ..., € H*(E):
P2xE
<HTk Hn“)/l >

l
_ _ 2 .
= Y (—jetam 2024w / 12 (T 7 (H™) U T2 (o)

g>0 Mg,n i=1

The summands with g = 0 and n = 0,1 have to be treated on their own:

() = ( / 7> (el
and
(7o (H™ 1)y (2 32) ) = (/E’Yl'}’2><Tk1(Hn1)Tk2(Hn2)>Ig72m.
Proof. E|Fixing the following (stabilization) maps:

Mgn(P? x B, (m,d)) & Myn(P*m) 2 My, < My, (E,d)
We consider the fiber diagram:

M. (P2 x E, (m,d)) h__ ,p My (P2, m) x My ,(E,d)

lq i)

Mgm(IF’Q, m) X Mg,n

| |

_ A —
Mgy, Mgnx Mgy

4This proof was suggested by Georg Oberdieck
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where A is the inclusion of the diagonal, P is the fiber product and h is the
morphism induced by the projections of P2 x E to the respective factors.
By the product formula [4, Thm. 1] we have

h*[ﬁg,n(mﬂ X F, (m, d))]vlr — A! ([Mg,n(PQ,m)]”" % [Mg,n(Ea d)]vzr)
Taking the cup product with []; ev(H™;) and pushing forward by ¢ yields

P (Mg (B x B, (m, d))]" [ evf (H" 7))
— . <([Mg,nap>2, m)"" [ et (™)) > ((Mgn(2. )" [T evZ‘(%)))
= 4.y (([Mg,napﬂ, m)]" [T evf (™)) < (M gn(E, )" [T evs m)))

=" <([Mg,n<ﬂﬂ, ) T evr (™)) x e (g (B, ) ] ev;‘m))

= [Myn(B?,m)]"" [ [ evi (H™) 0 5" (ex[Mgn(E, d)]"" ] ] v} (7))

7 7

Since any map P! — P? x E is already constant in F, we see p*(;) = 1
for any i. Hence we can finish the proof by multiplying with [], @Df" and
pushing forward along s. O

The algorithm for computing Gromov-Witten invariants on P? x E is
now clear:

1. Compute Gromov-Witten classes on P? as a sum over certain stable
graphs I' (c.f. Chapter 3)

2. use the splitting and reduction axioms to pull back the Gromov-Witten
classes of F to the Mr’s and integrate

3. use Lemma to compute the disconnected invariants.

In fact, the first two steps amount to directly applying localization to P? x E
with the torus acting only on the first factor.

We now take a closer look at the vertex terms arising in step 2 - they contain
all of the nontrivial information:

5.2 Hodge integrals over the elliptic curve

We use the following convention:
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Definition 5.4. For given classes v;,0; € H*(E), a,b € Q, z; € Q\ {0} and
k; > 0, the corresponding Hodge integral over E is given by:

V(g EY % mT_ .

(=025 1T 6)

=> (- 9z29<1[«:v )Ev(b)ﬁ T ﬁrk,(5~)>E.
Ti — Pi Y

g>0 i=1 j=1

where we use the expansion

_ i$—z‘—1¢z"

=0

The possibly unstable terms in genus 0 are defined by using the formal

m_w Z —i— 1,¢z

€L

expansion

and then applying the machinery of negative descendents as outlined in [42].
More specifically, this means:

Y Y% T N\NE_
B @R )y = [ 5

(BY (@)B ()~ (1))F = (—a)* [E U

T —1h
1
EY(a)EY (b)—— —2_\F / U,
where the last term is artificially set to 0 if z = —y.

Remark 5.5. (a) There is a useful trick to simplify these integrals:
In the infinite sums above, only those terms that have the right co-
homology degre vdim will give a nonzero contribution. Hence, mul-
tiplying every cohomology class v by c¢d¢8c(?) will give an overall factor

of ¢?¥™ and otherwise leaves the invariant unchanged. In other words:
n
(ool 25 )
Z1 v j=1
b, i
Cd<EV< B O a5 T )
c — Vi ;
i=1 ¢
with

d= Zdegc'yz—2 —I-Zdegc )+kj—1)+2

and c is any nonzero number. In prlnc1pal, this allows us to always
reduce to the case a = 1.
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(b) Coming back to localization, we see that the conventions in defini-
tion [5.4] exactly match the unstable terms in chapter 3. In fact, the
Gromov-Witten brackets of P? x E will now be graph-sums with vertex
terms looking like:

n ~; n+m 5 l
<EV((J,)]EV(I)) H o _l o H ﬁ]% o~ H un (ek)>,

i=1 Mi j=n+1 vj m-4n+1

where u, v are partitions consisting of the degrees of the various tubes
coming out of our vertex and ~;,d;, €, € H*(E) come from the the di-
agonal classes in the splitting and reduction axioms for F. Note that
we can apply these axioms directly to the original (possibly unstable)
decorated graph (without genera specified on the vertices). Further-
more,

(a,b) = (1,1 —z),(—1,—2),(x,z — 1)

for some x chosen so that no denominator vanishes in the localization
formula. Recall from Chapter 3 that x = m + 1 always accomplishes
this, where m is the degree of the curve class in P2.

5.3 Computations in degree 1

First, we look at the Hodge integrals arising in degree 1 - a small subset of
which we will actually compute. In this section, we always denote:

F (25793 7k (71)- T, () = (EY (1)EY (2) 1 j¢1 Thy (V1) T (V) *

and © == O(2)/z.

Proposition 5.6. For all v,7v1,...,7, € H*(E) homogenous classes and
k1, ...,kn > 0 there is a polynomial p € QMod[[z]][t] of degree at most

dege(7) — 1+ Z(degc(%) + k)

such that N
F(z; vy m6, (1) Tk (V) = ©7p(2)

In particular

t ~
F(x) = F(x;pt;0) = <EV(1)EV(x)1 pw ) = 0O
—
Proof. We first show the special case n = 0 by computing the two invariants
9 oWPZxXE v P!xE
<7’0(H pt)1o(H?) 1 and <IE (ac)To(Hpt)>1 .
For the first invariant, we use Example [3.8] to see that

(ro(Hpt)mo (H2))F E
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o
1=

= 2(EY (- (=) ——-ro(p0) (B (1 - )Y (1) 2
=zF(2)F(1 —x),

where we used the divisor equation as well as the scaling trick from the
previous section to get rid of the sign in the first factor. Note here that the
divisor equation even holds on the level of cycles.

Note that this holds for any x with the left hand side constant in x.
Similarly, applying the localization formula to the lift H; of H, we get:

(o)) (EY (1B () 25 )

v PIxE ;v Y%
(EY(2)r0(Hpt)), =~ = (EY(=1)E"(x) R

1

v
—1—1n
= F(—x)F(x),

where we made the substitution o; = 0,1 = 1.
The left hand side is also independent of x. Indeed, the virtual dimension
of the corresponding moduli space is g+ 2, so EV(z) = (—1)9), up to terms
that yield 0 in the bracket. Proposition @ implies F'(0) = 1, and so we
see:

Fla+1l)=F(lz+1)F(—z)F(x) =1 F(z),

where I = z_1<TO(H2pt)TO(H2)>P2XE. We therefore obtain
F(x)=1I"

for every integer x. Noting that the z-coefficients of both sides are polyno-
mials in z, the equation indeed holds for arbitrary z. To determine I, we
observe that the Mumford relation and the Bloch-Okounkov formula
[42] Prop. 3.2.3] give us the case z = —1:

F(=1) = (BB ()72 = 3 #{ryalp)y =67
g0

and so I = O.
For the general F', we compute the equivariant bracket

n

PxE,T
(EY (@)ro(Hry) [ [ 7 (Homi)) 54
i=1
and then substitute ap = 0,7 = 1. In the sum EV(z) = > (—1)"\z9~"

only the terms for i > degc(y) — 14 >, (dege(vi) + ki) can give a nonzero
contribution. Hence, the above invariant is a polynomial in = of at most
that degree. Applying the localization formula again, we obtain:

n

(EY (@) ro(H1y) [ ] 7, (H07i)>121:X1E’T |ovy=i

=1
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/

= +(EY (- )EY(2) ———10(m)){E" (DEY( 1_¢1Hl

—1 -1
= O F(x;7; Ty (1) Ty, (Yn))

ify=1,q, 8 and 7/ = pt, 3, a respectively in those cases. In the last step we
have used Proposition The £1 in the second step is the sign coming
from the splitting axiom.

This completes the proof in case v € HSY(E). If 4 = pt, the above compu-
tation yields:

— D (O7")F (25 1; 7y (1) Tk, () + O F (@3 t; 7y (1) T, ()

‘DT@~—I A—
=z O F(z; 1; 7%, (71) -+ Thy, (V) + O F (23085 Ty (71) -+ Tk, (0)),

which concludes the proof. O

Remark 5.7. (a) The above proof was inspired by [10], where a similar
exponential behavior is shown for certain integrals on Mg .

(b) Note that we just computed the first nontrivial invariant on P? x E:
2
(o (H2pt)m ()P = ©

(c) It is somewhat difficult to compute any one of the F’s by hand and we
will see some examples later. However, the following conjecture fits all
the available data:

Conjecture G. For any given k1, ..., k, > 0 and cohomology classes v, 1, ..., ¥n €

H*(E) the polynomial p with

(2379 Ty (71) - Th (7)) = ©

“p(x)
has coefficients in Q[A, p, ¢', G2, G4, 2] with weight k = )", degg 7; and de-
gree in z at most >, k;.

Theorem 5.8. Theorem holds in degree 1. Furthermore, any (connec-
ted or disconnected) primary invariant is © times a polynomial in expressions
of the form D(:)@.

Proof. Using Lemma it suffices to show the connected case using localiz-
ation. Every decorated graph in degree one consists of two vertices connected
by one edge and if we take the specialization «; = ¢, the contribution of this
graph is (up to a constant factor):

(e ) lf[170(71)><Ev(1)Ev(1 -0 T )

% =1
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for x = 2,1,1/2 after an application of the scaling trick. Assuming that all
~’s are 1, «, B or pt, we note that no more than two odd classes can occur in
each bracket. Otherwise, we would have two 7o(a) or two 79(8) which can
then be supercommuted - this yields the same invariant multiplied by —1,
so such an invariant must have already been zero.

After applying the string and divisor equations and Proposition we
see that this is a multiple of

=D2(O7) DI (67,
which is just © times a polynomial in the Dée = Dée and hence of index
1/2. O

Below we have the list of all primary invariants with even classes that
cannot simplified using Proposition or the string and divisor equations:

<7‘0(H2pt)7'0(H2)> e
(o(H?pt)ro(Hpt)) = 3D, 0
(o(Hpt)*ro(H?)) = 4D, 0

(vt = (3522 +9(20)?)

Remark 5.9. (a) One can compute all primary invariants with odd in-
sertions from the above list.
Indeed, if a given invariant has two odd insertions, we can use Propos-
ition @ to reduce to the case where these are 7o(aH?)7o(BH?).
For degree reasons, the invariant must then be a multiple of D?©. We
cannot have six or more odd insertions as one sees from localization,
so we are left with the case of four odd insertions. Then there must
be an « and a ( that have the same power of H next to them. We
can then apply Proposition @ to reduce to the case of only two
odd insertions.

(b) Here are some descendent invariants which can be computed with the
above method and the dilaton equation:

(ri(H?pt)) = 204
<7'0(H2pt)7'1 (H)> =0(2zA-3)
D,6D,0

{1o(Hpt)*r1(H)) = 2<2DZDT@ +6T

) -on-e

In order to compute more descendent invariants, we have to compute
more Hodge integrals:
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Proposition 5.10. We have:

F(x;pt;Ti(pt)) = éz(ax + bz?)

for
1 D,©
“= (izD =7 1) B
! A3
b=z(24G + 5 + =) +a
Proof. From Proposition [4.2] we know that this vanishes at = 0 hence the
claim holds for some a and b which we now determine. Checking x = —1,
we see:
b—a pt
— = (EV(1)EV (-1 T1(pt
= = (EWE D2 o)
— Z 29<p7t (pt))
z 71(p
s 1—1 g
= 2*{ryy-3(pt)71(pt))"*
920
1
— 297.,29—2 2
gz (277" 23] Ot (A(zl) + A(Zg))
1 A(z) A(2)? +2G2 + p(2) 23
_L2p.2 _ 2
“ ] (@(z) o) 2" 62 2
' — A3 —3A(2G 3 1
+ P 5 (2G> + ) (z)zg) (A(z) + P 222G2)
2

22 12AGy + ¢ 4 24°
6 © ’
where we used the Bloch-Okounkov formula [42] Prop. 3.2.3].
In order to get more information, we use the degeneration

E ~ P UP!,

where 0 of the first P! is glued to oo of the second P! and vice versa.
Using the discussion in the first few pages of [30L Sec. 1.4], we can express
our invariant as a sum over weighted graphs with certain relative invariants
as vertex terms, i.e.:

(B (DB (0) 72 -n (o0)”

l
= qu Z %(—mz2)l+1a2Hbi
' i=1

d>0 ol b4+2a<2d
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< i )is @ ‘IEV (DEY (z )1Etwl‘(bi)i,a><a{Ev(1)EV(fn)ﬁ(pt)’a>

l
#{(ai > 0,21 > 0,29 > 0)‘ Zaibi + (x1 + x2)a = 2d, a; even, x; odd}
i=1

11

S S T

d>0 s ptat+bte<ad =1
a=b+c

<(bi)i, a‘Ev(l)Ev(x) . i)tq’bl ‘(bi)i, b, C><CL’EV(1)EV($)71 (p‘c)‘b7 c>

l
#{(ai > 0,21 > 0,29 > 0,23 > 0)‘ Zaibi + x1a + T9b + w3€ = 2d, a; even, x; odd},
i=1

where we used the notations

(B DR (@) -+ [v) = 3 (1922 (u[EY ()EY () -+ [v)5 /1%

920

with ordered ramification profile and

((bi)i alEY (DEY () — \(bi)i,b,c>:<b1,...,bl,a]IEv(1)]Ev(:c)1Et o bub,c)

1 -1
and the fact that for dimension reasons:
(pEY(1)EY (z)71(pt)|v) =0

unless I(p) + (v ) < 3.
Using Lemmas [5.11] and [5.13] we obtain:

( !
ErDY Y e sE) QSaﬂS [[

d>0 Sl bi42a<2d

!
#{(ai > 0,21 > 0,29 > 0)‘ Zaibi + (1 + x2)a = 2d, a; even, x; odd}
i=1

l
1
+ Z q* Z ﬁ(—xzz)l"'QS(z)wach(az H (biS(biz)
>0yt bitartbrosad ' i=1
a=b+c

l
#{(a; > 0,21 > 0,29 > 0,23 > 0)] Zaibi + z1a + x2b + x3¢ = 2d, a; even, x; odd}
i=1

) S SR CO O

d=0 22:1 c;+b+c=2d
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Z 2 25” ﬁ Z (2 sinh( fz/2))

e|b,c =1 f|b;
b/e, ¢/e odd b;/f even
l .

(2sinh(hz/2))?

REONIEDY ser]] Y S
=0 i, Ci+€+f+9:2d =1 bl
¢;/h even
> sinh((hy + hg)z/2) sinh(hyz/2) sinh(hyz/2)

hilf, hz2lg, (h1+h2)le
e/(h1+h2), f/h1, g/h2 odd

Now using equation in Appendix A, we see that our above expression
is of the form

6" (—a(x + U +2°V),

2y Y Y wsmep )
S(hz)
d a+b=2d hla,b
h/a, h/bodd

where

and from the first calculation of this proof we know that V must be z2(2AG2+
£+ A%) Hence it remains to identify U:

S’ (hz)
_ .2 2 2
=z E q? E g h*S(hz) S(h2)
a+b=2d h|a,b
h/a,h/b 0dd

_222(1 > dnS(hz 25 hz))

hld

—ZQZQ Zdh sinh(hz/2) 5 ) (lcosh(hz/2) 3

h|d hz/2 2 sinh(hz/2)
= Zq Z 1)%(2 sinh(hz/2))?
hld
_(§ZDZ - 1)Dé®

where we used in appendix A. This concludes the proof with exception
of the two Lemmas that we used. O

Lemma 5.11. For any d > 0 and ordered partitions (a;)/; and (b;)!" of
d:

(B (D (2) 2 (b )g /O = 5(2)7 T] S(ai) [] Stbiz)
=1 =1
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D,

Figure 1: Fixed locus in rubber localizationP]

for S(Z) _ sinh(z/2).

z/2
Proof. Using the Mumford relation and [34, (3.11)], we see that the
claim holds for x = —1. Hence, we only need to show that F(z) is propor-

tional to S(2)* in z. To this end, we consider the invariant:

(@1, 1), oo (g, )| B (@) (b1, ), oo (b, ) 00

for fixed d and g which is rubber in the first factor. In fact, this invariant
is independent of x as (—1)9)\, is the only summand of EY(z) that gives
a nonzero contribution. We compute it using localization in the second
variable and lift all hyperplane classes to Hy. The torus action will be the
same as in Chapter 3.

It is not difficult to see that the only fixed loci which give a contribution
consist of a tube with degree one in the second factor and two curves D; and
Do, where D; has genus g; and maps of degree d onto P! x {P;} and D5 is a
curve of genus go with a constant map to P! x { Py} and empty ramification
profile. See Figure 1. By specializing g = 0 and a1 = 1, we get:

- X <<az->\EV(UEM#|<bi>>ff,2{°’°°}’”

e L=
(DEY(-1EY(z) | >§:’/{O -~
= > <(az‘)\EV(1)E (x)l_llm,(bi»ﬂg»jgom}w
g1+92=9
IEY (DEY (—2)5 _1% )2 050~
- glgzg«ai”E\/(l)Ev(x)lEt?ﬂl|(bi)>511,/d{0’oo}

Pthis is Figure 2 from [26]
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t 1/10,00
OB (DB (—o) 720y, 0

= > ((ai)\Ev(l)Ev(x)lpit’(m))ﬂg”ll’/d{ovoo},

gi1+92=9g N 1/}1

/ EY(0)EY (1)EY (—z) —

MQQJ 1 - 1/}1

where we used rigidification [25, Lemma 2] in the second equality. The last
Hodge integral was implicitly computed as g, (z) in the proof of [10, Prop. 3]:

1
S [ BRI @) = S
>0 Mg,l 1- ¢1
and so F'(z)S(z)~" is constant in x, which concludes the proof. O

Remark 5.12. (a) One can give a second proof of F(z) = ©F by using
degeneration, Lemma and equation in Appendix A.

(b) The argument used here is a slight generalization of the proof of [26),
Lemma 27]. It seems that one should be able to compute all Hodge
integrals over the tube P! in a similar way. Then one could use de-
generation to determine all Hodge integrals over E with only even
insertions and use the methods of [36] for the odd insertions. This
may be investigated in future work.

Lemma 5.13. We have:
(Y (Y (0)n (p0)ld)a = (2 + D5 2,
(a1, ag|EY (1)EY (z)m1 (pt)|d) , = 1

where a1 + a9 = d and the ramification profiles are ordered.

Proof. The second invariant is easy to compute:

P! /{0, P! /{0,

(ar,asl\2r (o)) /) = g0(ar, azln(p0)ld)g ) = b4
where the last equality follows from [35] (3.11)]. For the first invariant we use
rigidification [25, Lemma 2] and the rubber dilaton equation [25, Sec. 1.5.4]
to see
P'/{0,00},

(dAgAg 171 (p0)]d), ;= —20(dI\gAg1]d), |

and the last line is (—1)9329% by [18, Prop. 9]. Using the generating

series
St
z __
=0 9 e 1
the rest of the claim now follows. O
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Using this, we can compute another special case of F':

Proposition 5.14. We have:
F(z;pt; 72(1)) = ©%(1 4 bz + cx?)
for

1
b=2— ng - §z2(p +4G3)

3

L o2
22A—|—2z (A% — 2Go)

c=1-—

Proof. Using the cycle-valued holomorphic anomaly equation in Theorem

[£.5] we see:

d
(M)Pm;pm(m»
= —22F(z;pt; 71 (pt)) — 222 F (23 pt; 70(pt)) + 20 (EY (1)EY (2)70(pt))
— 2(F(2;pt; 72(1)) + F(a; 1371 (pt)) — (EY(1)EY (2)70(pt))).
Using Proposition (b) and

(EY(DEY (2)m0(pt))g = ((2°AgAg—2 + 2A_1 + Ag—2Ag)T0(pt))
= 1'5971(7'0(pt)>1 = :Il‘ég’lGQ

we see that every term is already determined by Propositions and
except F'(z;pt;2(1)), which can be computed in this way. O

Here is a list of some descendent invariants that can be computed using
these Hodge integrals:

(r2(Hpt)) = %@( —3zA 4 22 (A% — 2Gs))

{ro(H?*pt)m2(1)) = ©(9 — 82A — %%‘(—3142 + 18G2 + 3p))

1 1 3 9 3
<7'0(H2pt)7'1(pt)> = @( — 9(5142 + 2G4 — ip) + z(§A3 — iAp — Ep’))

5.4 Computations in degree 2

It turns out that the degree 2 case is not as easily computable as the degree 1
case. In fact, only invariants with at least one insertion 7o(H?v) are access-
ible with our techniques. The reason for this is that we need to know more
Hodge integrals than we can compute using the relations that localization
gives us - except if we take the specialization «; = ¢ as in the degree 1 case.
However, this might cause some denominators in to become zero. More
specifically, this happens for the contributions of the following two graphs:
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p="0 p=2
and
1 1
D)
p=0 p=1 p=2
where ”- - -7 indicates the presence of an arbitrary number of markings. Both

graphs can be avoided if one of the insertions is 7o (H?7) since we can lift H?
to HoHsy and therefore force all contributing graphs to have a vertex with
# =1 and a marking on it.

If this is not the case, we are dealing with one of the following three invariants
(up to using the divisor equation):

<TO(Hpt)6>7
<7’0(Hpt)g_m_nTo(Hma)To(H",B)>,
(o(Hpt)'*0()70(8)70 (H)T0(H B))
where m,n =0, 1.
Using the argument of Remark we can express the second and third
invariant in terms of the first, which is hence the only unknown primary

invariant.
We now compute the vertex terms for all other primary invariants:

Proposition 5.15. We have

(B (B ()2 ) =

X = (EY(E"(-1); f)twl _1p_t 5;) =67 (G2 +g),

v i= (B (1)EY(2) ft% 1 _1% _ %@9/27

Z = <EV(1)EV(2)2 Etwl 1£)t1/)2> 892X — §9/2 (@4 — (2G + @)>,

{
T = <EV(1)EV(—1)1/2pj )= —@fp,,
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pt 1 >:@8p
L—911—1) 2267

pt Dt >:®4_@8(
l—wll—l/JQ 226 2’6

U = (EV(1)EY(2)

V= (EY(1)EY(2)

1 )
2 + Zp? + = )
Gop 2@ 6G4,

3

—EY(EV () Pty _ O (3 3 2.5 3 404 Ly
W = (EY(1)E (2)1/2_w1>—z5[2<46’2p+ p+16G4>+ Ap+ —p

16 8 32

Proof. Recall that the constant coefficient of the first invariant is set to zero.
The scaling trick applied to the factor —1 yields:

~(BY (R ()2 )

which by Proposition is the same invariant but with negative sign,
hence this must have been zero. We can compute X using the Mumford
relation and [42]. Let F,, (21, ..., zn) denote the n-point correlation func-
tion:

pt pt pt pt o
xm - By SRRy

920 920

pt ° pt °
- Z <1_¢1>g1<1+¢2>92

g1+g2=g+1

= Fy(z,—2) — F1(2)F1(—=2)

= lim FQ(Z,CL - Z) — FI(Z)Fl(—Z) — lim A(Z) + A(CL - Z)

a—0 a—0 @(a)

= —(2G2 + KJ) + o2

+072

We can also compute R, S and T in a similar way.
Next, we have apply the localization formula to an invariant which is obvi-
ously zero:

<7’0(H3pt)7'0(H3)7'0(H3)>

We lift it to (o(H?Hapt)7o(HZH2)To(HZH1)), hence the only graphs con-
tributing in localization are I';y:

1 2 3

(D))
\/

p=0 p=1 p=2

as well as I'g:

1 3 2
\/

p=20 p=2

—_

=
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and I's:

2 1 3
@ L () @
"/
w=1 uw=20 w=2

Using the usual computational tricks, the three graphs produce the following
contributions:

1 v v pt 1
T_%TO(P‘D)XE (LE (_1)1—1/11—1—1/127-0
(B R @) 2 m() + (B (DB (1) 2 (D)

1 1

) (E @ ()5 (1)
1

+ (EY(—1)EY(-2) (o) (B QE ()5 2=

0= (EY(~DE"(-2) (1)

(EY(~DEY(~2)

1
—

(B (DB (~) 2 —mo(1)

=8+ 26716y 4 06126y
= -0'+3y01/?
determining Y. Similarly, to find out Z one computes the invariant
(ro(H7Y Hapt)7o(HoHapt)To(Ho Hy))

In this case we have to consider the same graphs as before. However, each
graph now carries two point insertions from the elliptic curve which increases
the number of nontrivial summands coming from the splitting axiom. The
contribution of I'y is:

1 1
1 —p —1—1ho
T0(pt))

— (Y (~DEY(-2) o (pt) (B (DEY(~)
1

(EY(2)EY(1) pt m<1)>—<IE?V(—1)EV(—2>_17_¢1

-
EVOE (D)2 L ey E (EY (@) (1))

1= —1 =1
= -D,(6%)0%+6'X

70(pt))

and similarly one can see that 'y yields _%@—1/22 and I's gives é_l/z(DTY+
17) - 3D, (071)OY2Y. This gives:

0=0*'Xx —071%z
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which yields Z as claimed.
To compute U, V and W we have to use different techniques. See Appendix
B for details. O

Now we can finish the proof of Theorem [1.10

Proof of the degree 2 part of Theorem[I.10. It is not difficult to see that
Proposition [5.15] indeed gives all vertex terms up to using Proposition 4.2
and some terms that can be computed from Proposition [5.6

This means that every such invariant is a polynomial in these Hodge integ-
rals and hence of the claimed form.

For the index statement note that each of the above vertex terms becomes
homogeneous with respect to index if we take the corresponding disconnec-
ted invariant. In fact, these will be the vertex terms in the disconnected
localization formula and one can check explicitly that every graph yields a
multiple of exactly ©%. O

Remark 5.16. Note that we can avoid ©(22z)~! whenever we have at least
three insertions of the form 79(yH?). Indeed, we can lift these insertions so
that each corresponding marking has to lie over a different fixed point in P2,
so only the vertex terms X, Y and Z contribute.

Without any computation we get

(ro(H?pt)79(H?)!) = —0"

since the left hand side must be in QJac[@7!_42 = Q- ©* and has -
coeflicient:

—(ro(H2pt)ro(H2)ME P = —(ro(H2)P): = —1

It is also not difficult to compute the invariant directly.

Example 5.17. We compute the invariant (ro(H?pt))s by lifting it to:
<T0(Hngpt)To(HOH2pt)T0(H1H2pt)>

so that only the graphs I'1,I'9,I's as depicted in the proof of Proposition
E.18 contribute in the localization formula. Each one now contributes 4
summands with the total sum being:

vi_ v pta i v v ptl—a ptl_b .
2 | DR D GO (CDE g S mlen)
b a
(BB (1) 12 m(pt) + (B (~1EY(<2) =P m(pt)
v v PETE pttTh v v pt?
(B QB (1) = -1 — (et (B (EY (-1) =~ -mo(pt)
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pta vy vy ptl—a ptl—b
1_w1T0(pt)><E (DB (-2) -y

To(pt)>]

+(EY(DEY(-1) (pt))

pt?

(B QE ()52

= > [<—1>“D;‘f<é2)D2<é2> (6a,06b,oDTX — 05104.0X 4 8a10p0X — 5a,16b,1>
a,b=0,1

+ (—1)**t2e D202 Db (67 1) <6a706b70DTZ + 64.001(Z + DY)
1 3
+ 5@71517’0(52 + DTY) + 6@716(,,1 2Y>

+ (—=1)**2" DO~ ") DL(8'/?) (5a,06b,oDTZ + 0a,105,0(Z + D;Y)

1 3
+ (5,170(51,’1(52 + DTY) + 6@716@1 2Y>

=64, x + 46429y et

)
DT@/V*I/Z DT@
-7z 7 —
+ 5 C) 3( 5
~./3 9 9
=04 SAY - 2 A% — ~ % — 349" +15G
@<4 g AP~ g — 3P+ 4)

D(:)@X +20712p 7

)’6-1%y

Because of the special way we sum over g, we have to multiply this by —z*

and obtain
3
4

which is independent of G2 as we saw in Remark Using Theorem
one can also deduce:

9

{1o(H?pt)?) = @4( A 4 §A2@ + Zﬁ +34¢p" — 15G4)

<7'0(H2pt)27'1(H2)> = Z%diA

2294(—A3+3Ap+p'>

3 9 9
94< — 1A4 + 5142@ + ZKJQ + 3AKJ/ — 15G4)

which we also could have computed directly.
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Appendices

A Quasi-Modular and quasi-Jacobi forms

We collect the essentials that are important for this thesis. For more on
quasi-modular forms, see in particular [5,19] and [9] for Jacobi forms. Quasi-
Jacobi forms were first introduced in [22]. See also [14, Sec. 2] and [15,
Sec. 2].

A.1 Quasi-modular forms

The ring of quasi-modular forms QMod = Q[G2, G4, Gg] is a free polynomial
ring generated by Eisenstein series

G = _%+Z (de—1>qn

n>1l * djn

for even k > 2 with Bj, the kth Bernoulli number. We can define Bernoulli
numbers in terms of the generating series

By 2

A er —1’
k>0

which is the convention that is used throughout this thesis.
QMod has a natural grading by weight

QMod = P QMod,

k>0

so that G, € QMod,,.
It is also worth mentioning that QMod is stable under the derivation

d
DT =45,
q dq
which does not hold for the subalgebra Mod = Q[G4, Gg| of modular forms.

A.2 Quasi-Jacobi forms

Much like quasi-modular forms, quasi-Jacobi forms can also be defined using
certain transformation properties. However, we will not need this and only
treat them as a certain kind of power series in two variables:
The most important example is
_ L-g*e*)(1—d'e®) oy G
13) O(z) = (e*/? — e #/? ( = ze k21 W2k R
(13) O(2) = ( 7"

k>1
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Using this, we can also write ©" as a power series in ¢:

l sinh(hz/2))?
(14) O(2)" = (2sinh(z/2)" > ¢* > (2sinh(hz/2))*

d>0 l —d,  =lhle

=1 Ci=
c; >0

which we use in Section 5.3.
This can be derived from the expansion

(15)  log(6) = log(2) + log (Smh (:/2)) _ 5 oy~ @oinb(hz/2))? hz/2>

d>0  h|d

which follows directly from . All other generators of QJac can be defined
in terms of ©. We denote

D,© 1 Z2k—1

1 A: d = - -9 A
(16) 0 =z ;G%(Qk—l)!’

where D, = d% and p the Weistrass gp-function, which we can write as
p=—-2Gy— D,A.

We also denote o' = D, p.

Definition A.1. We define the ring of quasi-Jacobi forms as the subring

QJ&C C Q[@7 A, G27 £, plv G4]

of power series in z and ¢ = €?™7 which are holomorphic as functions (z,7) €

C x H — H. The ring is doubly graded

QJac = @ QJacy, ,

k,m
by weight k and index m, which is specified on generators as follows:

Form weight index

0 1 1/2
A 1 0
Go 2 0
© 2 0
o 3 0
Gy 4 0

The ring of weak Jacobi forms(of half-integral index) is the subring
Jac = Q[0, ©%p, 0°¢, G, G| C QJac

which also inherits a double grading.
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Remark A.2. (a) One can show that the ring Q[O, A, G2, p, ', G4] is a

(e)

free polynomial algebra, see [I5, Prop. 21]. Furthermore, by writing

di and d%;z for the formal derivatives in this polynomial ring:

— d d
Jac:{qﬁeQJac‘ﬂ¢:d—G2¢:0}

One can show
QJac, o = QMod.

Indeed, the Weierstrass equation tells us Gg € QJacg o by

Go=—¢° — = (p)° — G

and so we get "D”.

The weight of a given quasi-Jacobi form ¢ € QJacy, is easy to see
from the Taylor expansion in z. Indeed, we always have:

P(z) = Z agz?

920

with a; € QMod,,), (c.f. [9, Thm. 3.1]). The index m cannot be
obtained a similar way since it is more closely connected with the
Fourier expansion of ¢ i.e. in terms of p = e*. We will not need this,
but we note that any one of the five generators ©, A, Go, G4, g, ¢’ only
depends on g and e”.

We sometimes adjoin z and z~! to QJac. Because of the previous
remark, z is algebraically independent over QJac and one can extend
the double-grading to QJac[z, 2 1]:

Form weight index

© -1 1/2
A 1 0
Go 2 0
© 2 0
e 3 0
Gy 4 0
z -1 0
271 1 0

QJac is closed under D, and D, = qd% as well as the formal derivat-
ives % and ﬁ, which have grading (1,0), (2,0), (—1,0) and (—2,0)
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B

respectively. In particular, DO, D,0 € QJac. There is also a notion
of Hecke-operators on Jacobi forms, one of which is

¢(z) = o(n - 2)

for n > 0 (see [9]), which also extends to quasi-Jacobi forms. For
example:

0(2z2) = -0y

More Hodge integrals over the elliptic curve

In this section, we will compute the following Hodge integrals:

F(z) = (EV(1)EY(z) 1 —11#1 1 ft¢2
G(x) = <EV(1)EV($> 1 i)twl 1 Et¢2>
H(z) = <EV(1)EV(w)1/;)i%>

for x € Z.

Proposition B.1. F', G and H admit the following formulas:

(a) For z =0: F(0) =3, G(0) =0, H(0) = 3.

=3

(b) For z > 0 we have:

(x—1)2 %
(2x —1)! 212 z)

1 e e 4T+1/2 (z -1

F(z) = 47712

Gla) = 7z — ot gy Gaal) + o)
4x
H(z) = % (A+22Gy)a(z) + 22b(x) + 20(1:)]

for quasi-Jacobi forms a(z),b(x), c(z) € Q[p, ', G4] of weights 2z — 2,
2z and 2x — 1 respectively. They are characterized by

and the recursive formula:

a(z) = %Da(m )4 4““2; S oa(z —1) + %b(x _1)
ba) = goala) — -e(w) + (x — )elz — 1)y

o1



4o — 3 1 d
S DT
2x pe(z = 1)+ 8z(r —1/2) dza(x)

1
c(x) = %Dc(x 1)+
for all z > 2, where D is the operator

d
D=—-D,+A— —2Gowt
dz

of degree 2. Tt is easily checked that D indeed preserves Q[p, ', G4].

(c¢) Likewise, formulas for z < 0 are given by:

F(z) = 2272(”1)@(22)2x+1®(z)*4(””+1) [zd(az) — %e(w)]
G(z) = %-2(“1)@(2)% 1y 2+ g(g) 20t g (5) 4t [Ad(a:) + Gaelz) + f(x)]

where again d(z),e(x), f(z) € Q[p, ¢, G4] are of weights —4(x + 1),
—4x — 5 and —4x — 3 and determined by

and the recursive formula:
d(z) = D(z)d(z + 1)
ew) =~ gld(z +1) + D(w)elx + 1)
fla) = D(@)f(z +1) ~ ~ppld(x +1)

which holds for z < —1. Here, D(z) is the operator

1 ,d +3/2
D) = 1¢/ 2 Tt

Sketch of proof. The idea is to use certain tautological relations on Mgg
much like in the proof of Proposition In our case, these relations come
from M (P!, 2). More specifically, we look at the bundle

E(n) == R, f*Op1 (n)
for n = 0, —1, which comes from P! via the maps:

U,2(P',2) —L— P!

|7

M, o (P,2)
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For any integer = € Z, we can turn Op1 (n) into an equivariant bundle so that
Op1(n)|p, has weight nag + xa; and Op:i(n)|p, has weight nay + za; - we
do this by taking the canonical T" action and tensoring with Op1 equipped
with a constant action. Here, we always use the torus action introduced
in Section 3.2. Using Riemann-Roch, we see that E(n) also becomes an
equivariant bundle of rank g if n = 0 and rank g + 1 if n = —1 so we can
consider the following expressions:

/ vl (HPeus (Ho)eT (E(n))p* TP (pt, 1)
[Mg’z(P172)]u'Lr,T
/ vl (Hevs (Ho)eT (E(n))p* I (pt, 1)
[Mgg(Pl,Q)]m'T’T
[ e e (H)E () I ot )
[MQ’Q(P:l’Z)]UZT,T

where the Gromov-Witten classes of F are pulled back along the natural
map p: Mg’g(Pl, 2) — Mg’g. For degree reasons, these are rational numbers
that are independent of oy and o7 and hence x, so we can specialize to
ag = 0,a1 = 1 and compute these expressions using localization. Note that
the Euler class e’ (E(n)) can be computed using the normalization sequence
on every fixed locus (c.f. [10, Ch. 2]). Using [42] and the Mumford relation

we can deduce

z 2A z
F(-1)= —— G(-1)=-0"24+ _—"—_ H(-1) =
(=D =gy €Y oy TV =60y
and hence compute the three integrals for x = —1 and all g. After summing

over g in the manner of Definition [5.4] the independence of z then yields
the following two systems of linear equations:

1:F(—x) [:cé%—? —a(z - 1)22G(z — 1)}
+G(—2) [x(ac )22 (- 1)}
+ H(-a)| - 4(z - %)H(z ~1)] = (-6 R - 1)
I :F(—x) [m(:z —1)3D,G(x — 1) — 200 2((z — 1)2A — x)}
+ G(~2) [ —a(z —1)2*D,F(z — 1)}

+ H(—)[4(a - %)(zDzH(x 1) - Hz 1)

=(z—-1)0"%; T — %
=(r—-1)0" 2D, F(x — 1) + B
I :F(—x) [49[;(1- — 1)%9(:)%_2 — 2z(x — 1)2°D,G(z — 1)}
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+G(~a) [ —20%2 4 g(z — 1)24(G(x — 1) + 2D, F(z — 1))]

+ H(—a)| 80z - %)DTH(x - 1))

= —(x—1)072(G(x — 1) + 2D, F(z — 1)) + -2

and
IV :F(a) [é*% + xz2G<—x)}
G(2)| — 222F(~a)|
<x>[ H(-a)| = ~6%F(-2)
— 228D,G(~x) — 2072 (—gzA + 1 — 1)]
+G(2) [xz?’DzF(_x)}

+ H(z) [4(zDZH(—x) - H(—m))} = 0%:D,F(—1)
DO
)
+G(z) [ 0% _ 322(G(—z) + 2DTF(—x))}

VI:F(2) 2022 D, G(~a) - 42526

+ H(x) [ - 8DTH(—:E)} — 0% (G(—2) + 2D, F(—z))

The derivatives D, and D, come from the dilaton and divisor equations
respectively (note that both hold on the level of cycles). After specializing all
equations to z = 0, one sees that the first system has determinant 222 (z — %)
and the second one has determinant 2. Hence F(z), G(x) and H(x) are
determined for integer x by these equations and the values for z = 0, —1.
Now one simply inserts the claimed formulas for x < 0 and x > 0 into these
equations and shows inductively that they satisfy I through VI. O

Remark B.2. (a) In particular, we get

Ch 6?2 @4 Ch
and
0%p o* 6)8 1 5
8
H(2) (2(24Gop + 602 + 10Gy4) + 1240 + )

= 32,5

(b) Note that G determines F' because of Theorem
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(¢) The tautological relations here are the ones used by Okounkov and

C

Pandharipande to prove the Marino-Vafa formula in [33].

The triple Hodge integrals there satisfy linear equations where the
matrix entries are determined by the ELSV-formula [7] and the op-
erator formalism of [35]. This allows them to write down an exact
formula for essentially all triple Hodge integrals.

In our case, the matrix entries are given in terms of the same invari-
ants that one tries to constrain, which creates an awkward recursive
behavior.

Whether one can use a similar strategy to compute all Hodge integrals
over F remains to be seen.

List of invariants

We list here all connected degree m > 0 Gromov-Witten invariants on P2 x £
which were computed in this thesis. For the m = 0 case see Remark [5.2

(To(H?pt)ro(H?)), = ©
(To(H?pt)mo(Hpt)), = 3D,O
(ro(Hpt)*o(H?)), = 4D-©

(To(Hpt)*), = @(3

DZ@ D.O. o
O o2 ))

<7'1(H2pt)>1 = 20A
<7‘0(H2pt)7'1(H)>1 =0(2zA-3)

(To(Hpt)*r1(H)), = z<2DZDT@ +6

D,©D,.0

_-DT
D:0) op.0

(ra(Hpt)), = 20 — 324+ 2*(4? ~ 2G»)

(To(H?pt)T2(1)), = ©(9 — 824 — %zQ(—?)AQ + 18G2 + 3p))

1 1 3 9 3
<TO(H2pt)Tl<pt)>1 = @( - 9(5142 +2G3 — 5@) + Z<§A3 — §Ap — 5p’))
(To(H?pt)To(H?)*), = —6*
<7'0(H2pt)3> _ @4< _ §A4 + 9A2p+ 9p2 +3Ap’ . 15G4>

2 4 2 4
<7'0(H2Pt)27'1(H2)>2 = 294( — A%+ 3Ap + p’)
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