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ABSTRACT

PSEUDOSTABLE HODGE CLASSES

We study the relationship between Hodge classes on moduli spaces of pseudostable and sta-
ble curves given by the contraction morphism 7. While Mumford’s relation does not hold in the
pseudostable case, we show that one can express the (pullback via 7 of the) Chern classes of
E & EVY solely in terms of strata and v classes. We organize the combinatorial structure of the
pullback of products of two pseudostable A classes and obtain an explicit comparison of arbitrary
pseudostable and stable quadratic Hodge integrals, as well as certain families of cubic and higher

degree pseudostable Hodge integrals.
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Chapter 1

Introduction

The moduli space of genus g curves M, is a fundamental object in modern algebraic geometry.
Riemann’s original insight that one should study the continuous parameters (which he called mod-
uli in [26]) governing the deformations of Riemann surfaces has given rise to rich developments
in geometry, as well as to several connections to other fields of mathematics and science, includ-
ing combinatorics, representation theory, integrable systems and string theory (see [15], [2], [27],
and [29] for examples of each, respectively).

A milestone in the study of intersection theory of moduli spaces of curves is Deligne and
Mumford’s introduction of the notion of stable curves [8], which gives rise to a smooth and modular
compactification M, ,, C /ngn.

The notion of tautological classes [1,24,25], those being Chow (or cohomology) classes defined
via the intrinsic geometry of the objects parameterized, identified a deep, and yet accessible slice
of the intersection ring of Mgm. A set of additive generators for the tautological ring, indexed by
decorated graphs is introduced in [17], and their product structure is spelled out via a combinatorial
algorithm in [32,33]. The Chern classes A; of the Hodge bundle [E, and v; of the cotangent line
bundles IL; are tautological, since the above bundles are constructed from the relative dualizing
sheaf w, via natural operations of push-forward and pull-back. Hodge integrals, referring to any
intersection number of lambda and psi classes, have been studied in [10—12]; the degree of a Hodge
integral typically refers to the degree of the monomial in lambda classes only, thus linear Hodge
integrals consist of intersection numbers with at most one lambda class but an arbitrary number
of psi classes. Through the technique of virtual localization [16], Gromov-Witten invariants of
targets with a torus action are computed in terms of Hodge integrals; in particular, quadratic Hodge
integrals control the Gromov-Witten theory of any toric surfaces. This has provided a fruitful link
connecting tautological intersection theory on the moduli spaces of curves with mirror symmetry

[6,20].



Mumford’s relation [25], which refers to the fact that the positive Chern classes of E & EY
vanish, has served as an essential tool in mirror symmetry, as it allows to reduce the computations
of certain families of Gromov-Witten invariants of threefolds, which in principle are cubic Hodge
integrals, in terms of linear Hodge integrals, which are much better understood. This perspective
gives a proof of the Aspinwall-Morrison formula [3, 9] for the computation of Gromov-Witten
invariants of the resolved conifold.

In [28], Schubert studies an alternative compactification of the moduli space of curves, where
the stability condition is tweaked to allow curves with cuspidal singularities, and to disallow curves
with elliptic tails. Such curves are called pseudostable. The resulting moduli spaces are smooth
and proper and have a boundary structure which is not quite normal crossing, but close enough to
play well with tropicalization, see [S]. It was later shown in [18] that moduli spaces of pseudostable
curves arise in the log minimal model program of M, ,, as the birational model following the first
wall-crossing.

The study of the tautological intersection theory of moduli spaces of pseudostable curves is
initiated in [4]; the strategy is to consider the contraction morphism 7 : ﬂgm — M;sn and apply
the projection formula to relate tautological cycles on moduli spaces of pseudostable curves to
analogous ones on moduli spaces of stable curves. It is shown that psi classes are stable under
pullback via 7, and a combinatorial formula expressing the pullback of lambda classes is given,
see Theorem 2.2.3: ;

T'00) =3 26 0) (1.00.1)
i=0
Itis a simple consequence that stable and pseudostable linear Hodge integrals coincide (Proposition
3.2 of [4]).

Explicit computations in low genus show that Mumford’s relation does not hold in the pseu-

dostable case, and pseudostable quadratic Hodge integrals do not agree with their stable coun-

terparts (Proposition 3.5 of [4]). While the comparison formulas for individual lambda classes

from [4] provide in principle a solution for computing any pseudostable Hodge integral in term of



stable ones, the combinatorial complexity of a brute force approach makes it not viable, except for
very small values of g and n, even with the use of specialized computer software.

The main technical thrust of this work has been to harness the combinatorial complexity of the
problem by identifying non-trivial recursive structure. In order to compute the total Chern class
of T*(E @ EY) in genus g, we first substitute the relations (1.0.0.1) for each lambda class, then
expand the product formally in the decorated graph algebra via the algorithm of [32]. The resulting
terms can be then partitioned into three disjoint subsets, each of which may be formally bijected
with the terms for the entire computation in genus g — 1. After applying the inductive hypothesis,
it then becomes manageable to sum the three resulting terms and obtain the pseudostable version
of Mumford’s relation.

The remarkably simple structure relating quadratic stable and pesudostable Hodge integrals
does not carry over to cubic or higher degree Hodge integrals. Nonetheless, the availability of
natural combinatorial expressions for some quadratic Hodge parts in terms of boundary and de-
scendants opens up the possibility of approaching the study of specific families of cubic Hodge
integrals, by using such relations to reduce the degree.

In particular, we think it should be possible to define notions of pseudostable Gromov-Witten
invariants, and relate them to their stable counterparts via localization. While a careful study of
moduli spaces of pseudostable maps and their virtual classes has still not happened, it is reason-
able to expect and almost “guess" what the ingredients contributing to the localized virtual class
should be. With this foundational work in place, the pseudostable Gromov-Witten invariants of
the resolved conifold should be whithin reach. It would be interesting to see whether pseudostable
Gromov-Witten invariants play a role in the picture of global mirror symmetry, similarly to how
other variations of stability conditions do.

The dissertation is organized as follows. In Chapter 2 we give the background necessary to
make this work reasonably self-contained: we introduce moduli spaces of stable and pseudostable
curves, the combinatorics of the decorated graph algebra for their tautological intersection the-

ory, and commonly-used relations for Hodge integrals. In Chapter 3, we state and prove the



pseudostable version of Mumford’s relation, and show as an application some natural relations
between A and 1) classes that arise from it. In Chapter 4, we extract the relationship among sta-
ble and pseudostable quadratic Hodge integrals, and as an application compute certain families
of pseudostable quadratic Hodge integrals. In Chapter 5, we initiate a study of cubic and higher

degree pseudostable Hodge integrals and prove relations for a few families of cubics.



Chapter 2

Background

2.1 The Moduli Spaces of Stable and Pseudostable Curves

Stable and pseudostable curves can have certain types of singularities, and the two of interest
are nodes and cusps. A node is a point locally analytically isomorphic to 2> = 32, while cusps
are locally isomorphic to 2% = 13%. Special points of a connected component of a curve are any
singularities or marked points of that component.

The moduli spaces of stable and pseudostable curves, denoted Mg,n and M

g respectively,

both parameterize families of curves of arithmetic genus g with n marked points, and both spaces
are of dimension 3g — 3 + n. Recall that for smooth curves, arithmetic genus is the same as
geometric genus, whereas for nodal curves, the arithmetic genus is intuitively the geometric genus
after smoothing out the nodes. For cuspidal curves, each cusp adds 1 to the arithmetic genus.
What distinguishes the two types of moduli spaces are their notions of stability, which we now

define and discuss.

Definition 2.1.1. A curve of genus g with n marked points is stable if it satisfies the following

conditions:
1. All marked points are distinct and contained in the smooth locus of the curve.
2. All singularities of the curve are nodes.

3. Each connected component of the curve with genus g and s special points has (g, s) not
equal to (0,0), (0,1),(0,2), or (1,0).
The third condition is equivalent to g and s satisfying 2g — 2 + s > 0.

Definition 2.1.2. A curve of genus g with n marked points is pseudostable if it satisfies the follow-

ing conditions:



1. All marked points are distinct and contained in the smooth locus of the curve.
2. All singularities of the curve are nodes or cusps.

3. Each connected component of the curve with genus ¢ and s special points has (g, s) not

equal to (0,0), (0,1),(0,2),(1,0),(1,1), or (2,0).

The third condition is equivalent to g and s satisfying g + s > 2.

Comparing the definitions shows that the two types of curves are largely the same, but with
two key differences. One is that pseudostable curves can have cusps, while stable curves cannot.
The other difference is that stable curves can have connected components with indices (g, s) equal
to (1,1) or (2,0), while pseudostable curves cannot. Components with (g, s) = (1, 1) are referred
to as elliptic tails.

There is a natural map from M, ,, to M., where if a stable curve in M, has an elliptic tail,

gﬂn’

that elliptic tail is contracted to a cusp, thus giving a curve in M. We define this map more

formally in the following definition.

Definition 2.1.3 (As in [4]). Let C be a stable curve of genus g with marked points ¢, . . ., g,, SO

that [(C,qu,...,q,)] € M,,,. Write
C=CyUE,U---UE,,
where F/, ..., E, are the elliptic tails of C'. Let C be the unique pseudostable curve with marked
points ¢, . . ., ¢, that admits a morphism 7" : C' — C' such that
1. T is an isomorphism when restricted to C'\ (Ey U --- U E,.),
2. T(E;)isacuspon C foralli=1,...,r, and

3. T(C]z’) = Gi.



With this notation, we have the following map on moduli spaces:

The map in Definition 2.1.3 induces a pull-back on the Chow rings of the moduli spaces:

T A(M,,) = A"(My,).

2.2 Tautological Classes

We introduce two types of tautolgical classes which are the main characters in this work: the
1 classes are the first Chern class of cotangent line bundles, and \ classes are Chern classes of
the Hodge bundle. We adopt a common shortcut in moduli theory and informally introduce these
bundles by describing a natural identification of their fibers with a vector space depending on the
geometry of the objects parameterized.

The fiber of the i-th cotangent line bundle L; over a point [(C,q,...,q,)] € M,, is the

cotangent line to C' at ¢;, and v); is defined as the first Chern class of L;:
¢i = Cl(Li> c Al(ﬂgm) for: = 1, ey

The fiber of the Hodge bundle E over a point [(C, ¢4, . . ., ¢,)] is the g-dimensional vector space of

global sections of the dualizing sheaf of C, and ), is the j-th Chern class of E, that is,
)‘j = Cj(E) S Aj(ﬂg,n) fOI'j = 0, ... 3.

As mentioned in the introduction, one of the most important formulas for A classes is Mum-

ford’s relation.



Theorem 2.2.1 (Mumford’s relation, [25]). For stable indices (g,n),
T+ A4+ AL =X+ 4 (1)) =1 € A (M,,).

This formula provides a set of relations, which can be observed by grouping together terms of

equal codimension in the resulting product:
L+ (20 = A7) + -+ (=1)7(20 A g2 — A2_y) + (—1)9A2 = 1.

Among other relations, this implies the following:
1. 20y = M2
2. 20 Ag2 = )\371 forg > 2
3. A2 =0forg>1

. 2 _ . . . .
The final relation, Aj = 0 for g > 1, is particular useful, and is applied profusely throughout the
dissertation. For g = 0, note that )\g = 1 since Ao = 1.
For convenience later on, we introduce the following notation for linear combinations of A

classes:

Ag(k) == Z KA. (2.2.0.1)

With this notation, all the relations of Mumford’s formula are compactly encoded by the following:
Ay(DA,(—1) =1 (2.2.0.2)

For Mps

g.n> DOth the cotangent line bundle and Hodge bundle can be defined in the same way,

leading to the same definitions of both ) and A classes:

wi = Cl(Li> € Al(ﬂsl) for: = 1, oo,



\j=c;(E)e A(M,,)forj=0,...,g

One way of studying pseudostable ) and ) classes is by looking at their pullbacks 7*(v;) and
T*(A;), where T is the map described in Definition 2.1.3. The authors in [4] computed explicit
formulas for each of these pullbacks, and this result (which we show in Theorem 2.2.3) utilizes the

following notation:

Definition 2.2.2. For k > 1, let

G - My g X My = My, (2.2.0.3)

be the gluing map that sends (Cy, E1, . . ., E)) to the curve which attaches each of Fy, ..., Ej to
Cy at the marked points n+1,...,n+ k. If k = 0, then G* is the identity map from M, to itself.

Let py be projection onto the factor ﬂg_k,wk of the domain in (2.2.0.3), and call this factor
the root vertex of the domain. We denote by p; the projection onto the i-th factor of Mlxlf in the

domain of (2.2.0.3).

The image of the gluing map in (2.2.0.3) is a stratum parameterizing curves with £ elliptic tails.
Note that the tautological A\ and v classes may be pulled back from the factors of the product and
pushed forward via G* to obtain tautological classes supported on this stratum. This implies the

following for products of ¢ classes and strata parameterizing curves with k elliptic tails:
(U giﬂ) = gi(pg(%)).

For products with X classes, we note that the Hodge bundle splits along the factors of boundary

strata (see [11], p. 10). That is, if £, is the Hodge bundle on ng,n, then

E

g1Gi(1) :ngiGEEl@"'@El.



This implies

N =
Aj Gg.(1) = 2 <] B /{3) g. (po(Ak)Tl_:‘[lpm()‘l)> )

)

where (j_ .

) accounts for the all the ways that we can distribute j — k factors of \; over the ¢ factors
of G¢(1) that correspond to elliptic tails.

We define

,;Z}.i = p: (wl) and ¢*i = p6(¢n+z)a (2204)

so that, for example,

Go (e = ¥u) = Go (=17 (¥1) = Do (Wnr1)).

Theorem 2.2.3 (Cavalieri, Gallegos, Ross, Van Over, Wise [4]). For all psuedostable indices
(g,m), we have

T*(¢s) = foralli=1,....n

and

A= T (). (2.2.0.5)

2.3 Dual Graphs of Boundary Strata

In this section, we introduce notation and procedures for performing tautological intersections
via an algebra of decorated dual graphs; we follow the treatment in [32].

Each boundary stratum in ﬂgyn is indexed by the dual graph of the general curve parameterized
by points of the stratum; vertices V' represent connected components, edges F represent nodes, and
half-edges H are marked points of the normalization of the curve. To each vertex, we associate a
number g € Zx, for the genus of that connected component. There is an involution 7 : H — H

which exchanges half-edges that are part of the same edge and has as fixed points the marked point

10



set N. We denote by E*(ﬂgﬁ) the set of dual graphs of stable curves of genus g with n marked

points.

Definition 2.3.1 (Yang [32]). Given two dual graphs G, A € ¥*(M,,), a G-structure on A is an

identification of a specialization of G with A. Precisely, it is a triple
(@:Va—> Vg, B:Hg— Ha,v: Ha\im(B) = Vi)

which satisfies:

1. the map 5 commutes with the involution (S oig = i4 0 3) and induces an isomorphism from

the fixed points of G to the fixed points of A (Ng = Ny);
2. any half-edge h € im(3) is incident to v if and only if 37'(h) is incident to a(v);
3. if h € H \ im(B) is incident to v, then y(h) = a(v);
4. if v € Vg, then the preimage (o' (v), v (v)/i4) is a connected graph of genus g(v).

We find it useful to think of /3 as identifying directed edges of G with their images, and we will

informally talk about identified edges to mean the datum j|. : e — ((e).

Example 2.3.2. Consider G!(1) and G2(1) in M3, which have the dual graphs G and A depicted
in Figure 2.1. There are two G-structures (o, 3,7) on A, one for each of the ways /3 identifies the
edge of G with one of the edges of A. Once (3 is chosen, the maps « and y are determined based

on the conditions from Definition 2.3.1.
1 1 1
G= | A= N /S
2 1

Figure 2.1: The dual graphs for the strata G} (1) and G2(1) in M3..

11



If a graph A has both a G- and H-structure, then A is said to be a (G, H)-graph with a (G, H)-
structure. A (G, H)-graph is generic if all its edges are identified with either an edge of G, and
edge of H, or both. The set of all generic (G, H)-structures is denoted by I'(G, H). If two (G, H)-
structures differ by an automorphism of A, then they are considered isomorphic. Lastly, the com-
mon (G, H)-edges of A are those that are identified with both an edge of G and an edge of of
H.

Example 2.3.3. Let G and A again be the graphs shown in Figure 2.1, and let H = G. As shown
in Example 2.3.2, there are two G-structures and two H-structures, so there are four (G, H)-
structures on A. For two of these four, one of the edges of A is identified with (the edge of) G,
and the other is identified with H, and these are the two generic (G, H)-structures of A. Up to
isomorphism, there is only one generic (G, H )-structure since the two differ by an automorphism

of A. For this generic (G, H)-graph, there are no common (G, H)-edges.

For strata supporting A and 1 classes, such as those seen in Theorem 2.2.3, the classes are
represented as decorations of the dual graph G: v classes on half-edges of (=, and A classes on

vertices of G. We denote by 6, the decorations for a given vertex v:

gu

0, = ﬁ vi [TA- (2.3.0.1)
=1

Jj=1

Graphs with these decorations are called decorated graphs. We denote G to be the underlying

graph of G, that is, the graph GG without any decorations.

Remark 2.3.4. There are natural geometric reasons why two v classes decorating two half-edges
that are an orbit of the involution (i.e., (h_, h. ) belonging to the same edge e) often appear summed
together. While technically this sum should correspond to a sum of two graphs, each with one
of the half-edges decorated by the v class, it is extremely convenient to abuse notation and say
that this sum correspond to a single graph with an edge decorated by (v, + 13, ). We adopt

this convention, extending it by bilinearity to arbitrary polynomial decorations of e by the classes

wh_ ) wh+ .

12



Definition 2.3.5 (Yang [32]). Let G and H denote two decorated graphs with vertex decorations as
in (2.3.0.1), and let I'(G, H) denote the set of all generic (G, H)-structures («, 3, ). The product

of G and H is given by:

where

1
o !

faGoy =Tl [T > ]
=1 )

Jj=1 \wea1(v

Fa(G H) =Y fa(Go) Y fa(Ho) [ (=t =)

UGVG UGVH ei:(oi,*i)
The last product above is taken over all common (G, H)-edges of A, and —,, and —1),, follow
the notation introduced in (2.2.0.4).

Yang shows in [32] that this operation turns the set of decorated graphs into an algebra, and
that there’s a ring surjection from the algebra of decorated dual graphs to the tautological ring of
M, ., namely

Y (My,) = R (M), (2.3.0.2)
which sends a decorated dual graph to its associated tautological class.

Example 2.3.6. Consider G}(1) and G2(1) in M3, with dual graphs G and H, respectively, shown
in Figure 2.2. Up to isomorphism, there are two generic (G, H)-graphs, which we’ll denote A,

and A, depicted in Figure 2.3.
1 1 1
G = ‘ H= \ /
2 1

Figure 2.2: The dual graphs for the strata G} (1) and G2(1) in M3 0.

13



1 1 1 1 1
A = \ / Ay = \ | /
1 0
Figure 2.3: Up to isomorphism, the two generic (G, H )-graphs for G and H in Figure 2.2.

Note that |Aut(A;)| = 2!, but for each common edge of G and H in A, there are (}) = 2 ways
to choose an edge from H, so the coefficient of these terms is 2 = 1. Similarly, [Aut(A4,)| = 3!,

but there are 3! ways to order the 3 collective edges of GG and H, so the coefficient of A, is :‘;L: =1

|
G-H 2 (—te; — iy )AL + E(_¢02 — Py, ) AL + %Az

T2 2!
= (_wn - wﬂ)Al + <_¢02 - w*Q)Al + A2

This result is depicted in Figure 2.4.

1 1 1 1 1 1

I g N
1 1 1 1 1
RN

Figure 2.4: The resulting product of G and H.

While this fact is not strictly relevant to this work, we mention for the benefit of the reader
that this algorithm has been coded in the freely available program admcycles [7], which is a

powerful tool for making and checking computations in the tautological ring.

14



2.4 Hodge Integrals

In this section, we state several commonly-used formulas for Hodge integrals. A Hodge inte-

gral is the intersection number of A and v classes, denoted

/ F()\lv"'a)\g7¢l7"'a,¢}n)'

Mg

Since intersection numbers refer to the 0-dimensional intersection, then the codimension of a term
in the integrand must equal the dimension of ﬂgyn to get a nonzero answer. Thus we can generally
regard F' as a homogeneous polynomial of degree 3g — 3 + n.

We begin with properties of Hodge integrals of purely v classes.

Theorem 2.4.1 (String equation, Witten [31]). For stable indices (g,n),

n
d dn _ d di—1 dn
/ gl _Z [y
Mg,n+1

i=1 Y Mgn
where terms with negative exponents are ignored.

So if there are no factors of v; for some ¢, we can use the string equation to reduce the number
of marked points in the space by 1 and get a sum of Hodge integrals in that space, which will
ideally be easier to compute. Note the string equation can also be used with Hodge integrals where

the v classes of multiplied by A, (see section 2.1 of [13]).

Example 2.4.2. As shown below, we can use the string equation to compute the Hodge integral of
1o over Mog, as the sum of two Hodge integrals over HOA, then use the string equation again

to get Hodge integrals over M 3. Since M 3 is a point, that implies fﬂo =1

- Y1y = </M074 w2> + (/Mo,4 %) = (/Mw 1) + </M0,3 1) =1+1=2.

15



Note that the string equation can be used on any Hodge integral when g = 0, since there will
always be a factor of 1; missing for some 7 due to the dimension of the space being n — 3, resulting

in the following formula.

Proposition 2.4.3 (see Lemma 1.5.1 of [21] for a proof). Suppose di,...,d, are nonnegative

integers such that d; + - - - +d, = n — 3. Then

i g — (P73 )
ﬂo,n wl wn (d17 cee 7dn '
Example 2.4.4.

7 71
Yihais = ( ) — 105
/Mo,w 42.1) 412111

In higher genus, the string equation alone is often not enough, and one formula commonly used

alongside the string equation is the dilaton equation.

Theorem 2.4.5 (Dilaton equation, Witten [31]). For stable indices (g,n),

Mg.n

/ Tt = (29 — 24 n) Pt
Mg,n+1

So if there is a single factor of ¢/; for some ¢, we can use the dilaton equation to remove 1/; and
reduce the number of marked points in the space by 1 while introducing a factor of (2g — 2 + n).
In the case of g = 1, since the dimension of M, is n, there will always be some factor of ¥
or ¢?, so all such Hodge integrals can be computed with a combination of the string and dilaton
equations. It should also be noted that like with the string equation, the dilaton equation also works
for Hodge integrals where the ¢ classes of multiplied by A\, (see section 2.1 of [13]).

Before demonstrating an example using the dilaton equation, we first need a base case to com-

pute Hodge integrals with (g, n) = (1, 1).

Proposition 2.4.6 (see Proposition 2.21 of [34] for a proof). We have

1
V1= 5
Mo 24

16



Example 2.4.77. We’ll use the above fact, along with the dilaton and string equations, to compute

Uit

My

Since we have a single factor of )5, we can use the dilaton equation to get

(2:1-2+2) P} =2 V3.
ml,Q ml,Q

From here, we can use the string equation since we have no factors of 1), which gives us

9 .

./\/11,1

1

From Proposition 2.4.6, we know this Hodge integral is equal to 5,

implying that

1
Yithy = —.
Mis 12
For ¢ > 1, we won’t always be able to use the string or dilaton equations. For these cases,
we can use the Witten-Kontsevich Theorem (conjectured by Witten in [31], proven by Kontsevich
in [22]), which provides a recursive formula for computing Hodge integrals of 1) classes for all
stable indices ( g, n) One particular application of the Witten-Kontsevich Theorem is the following

formula for Hodge integrals with n = 1.

Proposition 2.4.8 (see Example 3.3.5 of [21] for a derivation). For g > 1,

39—2 1
T =
My 249!

Moving on to A classes, relations over M, ; are of particular importance, since elliptic tails

have genus 1 with 1 special point, necessitating the following proposition.

17



Proposition 2.4.9 (see Example 2.26 of [34]). Over /VM, the Hodge bundle and cotangent line

bundle are isomorphic, so A\ = 1 in A*(Mm). Further, this implies that

1
A= —.
J M=

Next, the \,-conjecture provides a way to compute any Hodge integral with a factor of .

Theorem 2.4.10 ()\;-conjecture, conjectured in [14], proven in [13]). For ¢ > 1 and positive

integers dy, . ..,d, such that d, + - - -+ d,, = 29 +n — 3, we have

2 -3
/ Mgt -+ aptin = (dg+” p )/ A2, (2.4.0.1)
Mg n 1y«-yUn Mg 1

9,

The integrals on the right of (2.4.0.1) also have a closed-form formula:

Theorem 2.4.11 (Faber-Pandharipande [11]). For g > 1,

/ -2 20 =1 By
1 - _ )
Myi 22971 (29)!

where By is the 2g-th Bernoulli number.

Using Theorem 2.2.3, the authors in [4] showed that we can evaluate pseudostable Hodge

integrals in terms of stable Hodge integrals.

Theorem 2.4.12 (Cavalieri, Gallegos, Ross, Van Over, Wise [4]). For any polynomial

FeClzy,...,xg,%1,...,Yn), we have

Mgn

/, F(Al,...,Ag,¢1,...,¢n)_/ F, .. hg b1, ),
My,

where
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One implication of Theorem 2.4.12 is that all pseudostable Hodge integrals of purely ¢ classes
are equal to their stable counterparts. The same authors showed that the same is true for any linear

pseudostable Hodge integrals, which are those with a linear factor of A;.

Theorem 2.4.13 (Cavalieri, Gallegos, Ross, Van Over, Wise [4]). Forany j = 0, ..., g and poly-

nomial F' € Clxy, ..., x,], we have

| AP = [ A )
Mgy M

g,m

In Chapter 4, we fully classify quadratic pseudostable Hodge integrals, and while they are
not strictly equal to their stable counterparts, we show that they can be expressed as sums of
stable Hodge integrals. In Chapter 5, we investigate cubic and higher degree pseudostable Hodge

integrals.
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Chapter 3

Mumford’s Relation for Pseudostable )\ Classes

In this section, we prove the pseudostable version of Mumford’s relation (Theorem 3.0.1) and

provide some applications to the computation of pseudostable Hodge integrals.

Theorem 3.0.1. For all pseudostable indices (g, n), we have

J=1

LMt )M =M+ (1)) = 2,1—!93; (ﬁ(% - w.j)> .

The proof of Theorem 3.0.1 is rather technical, so before we start, we study toy examples that
will help in understanding the general strategy. The proof of Theorem 3.0.1 will be by induction

on g, and the following example serves as the base case with g = 1.

Example 3.0.2. For genus g = 1, and any fixed n > 1, consider (1 + \;)(1 — A;) € A*(My,,),

where \; = A\; + G1(1) by Theorem 2.2.3. Making this substitution, we obtain
(T+ M +G:(1))1 =M = Gi(1)),

which using the A, (k) notation from (2.2.0.1) is equal to
(Ar(1) + G (1)) (Ai(=1) = G (1))

This product produces 4 terms:
1. Ay(1)A1(—1) = 1, being Mumford’s relation for stable curves.
2. Ai(1) - =GH(1) = =G (pi(A1(1)))
3. Gi(1) - Ai(=1) = Go(pi(Ai(=1)))
4. G (1) =G (1) = =Go(—te, — 1y,
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Recall that when (g,n) = (1, 1), we have \; = 1,, (Proposition 2.4.9), so these four terms sum

together and give

1= G, (pi(A (1)) + Gi(pr(Ai(=1))) = Gal—tey — )
=1 =G, (p1(1+ M) + G (pi(1 = M) = Gu(—the; — )
=14+ G (=1 = ta) + (1 = ) + (Ve + ¥,))
=1+ G, (s, —ay),

which shows that Theorem 3.0.1 holds in the case of g = 1.

In the following example, we show a similar computation to the one in Example 3.0.2, but in
arbitrary genus g: we wish to illustrate that if we restrict our attention only to strata parameterizing
curves with at most one elliptic tail, then the computation is formally identical independently of

the genus. This statement will be true for any fixed number of elliptic tails.

Example 3.0.3. For genus g > 2, consider

(Ag(1) + Ga(py(Ag-1(1)))) - (Ag(—1) = G (P5(Ag-1(—1)))) € A" (Myn).

Distributing the terms gives 4 products:

Ag(1) - =G, (p5(Ag-1(=1))) = =G (Pi(Ag-1(=1)Ag-1(1))pi (A1 (1))

= —G. (p;(A:(1)))

(Note: The final equality uses Mumford’s relation in genus g — 1.)
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G (5 (Ag-1(1))) - Ag(—1) = G (P (Ag—1(=1)Ag-1(1))pi (Ar(—1)))

= G.(pi(A1(-1)))

G.(05(Ag-1(1)) - G2 (p5(Ag-1(=1)))
= =G (Po(Ag1 (=1 Ag-1 (1)) (—te, = 1s1)) — GE(PH(Ag(—1)A(1))
- _gi(_wol - ¢*1) - gf(l)

Notice the only difference between the results above and those from Example 3.0.2 is one addi-
tional term in the 4th product, that being —G?(1). However, all terms supported on strata parame-
terizing curves with fewer than 2 elliptic tails are in bijection with the 4 terms from Example 3.0.2,

and their sum returns the same answer:

1 + gi(wﬂ - ¢-1)-

We will use this same idea in the proof of Theorem 3.0.1 by showing that the computation in
genus ¢ is formally identical to that in genus ¢ — 1 when considering terms supported on strata

parameterizing curves with fewer than g elliptic tails.

In the following example, we study the terms of the genus 2 case of Theorem 3.0.1 that are

supported on strata parameterizing curves with exactly 2 elliptic tails.

Example 3.0.4. Consider the following product in A*(Ms,,):

(A2(1) + Gapy(Ai(1))) + %93(1)) (Aa(=1) = Ga(pp(As(=1))) + 5;G2(1))-
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The only products which produce terms supported on strata parameterizing curves with 2 elliptic

tails are the following:

1.
A1) - 562(1)
= S GBI ()P (1)
2.
G (M (1)) - (=G (Aa(~ 1))
= Gl (e, = ) — G (D)pEA (—1))) — G (M (~1)p3(A (1))
3.
G} (M (1) - 5,61
= SO, — L) (1) + G (1) (e, — 1)
4,
1 2
2162(1) - Aa(-1)
= SO A (DA (1))
5.
51620) - (=GR (M (1))
= Gt~ 2P D)) — G A1) (e, — )
6.
1 2 1 2
= %gf((_l/}q - ¢*l)(—¢.2 - 1%))
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From the 6 products above, there are 9 terms that are supported on strata parameterizing curves
with 2 elliptic tails. These can be partitioned into groups of three based on a common factor on the
first elliptic tail.

Group 1, A{(1) on the first elliptic tail:

SO (M ()3 (1)

1
2!

1

ggf(pi (Al(l))(_wn - w*z))

! (pi(Ar(1)p3(As(—1))

Group 2, A;(—1) on the first elliptic tail:
1 2/ % *
—59- P (A (=1))pa (A (1))

SO A (~D)B(A (1))

1

—5 G LA (=) (=¥, = )

Group 3, —1,, — 1., on the first elliptic tail:
1 2 *
gg* ((_wn - ¢*1)p2(A1(1)))

_%gf((—wq — %, )P5(Ar(—1)))
SOA(they =) (s — 1)

Notice in each group of three, the terms on the second elliptic tail are in bijection with the three

terms added together at the end of Example 3.0.2. Thus, the terms in each group sum together in
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the same way (up to a negative) on the second elliptic tail:

—P3(M(1)) + pa(Ai(=1)) = (e, = ¥iy) = sy = s

Each of the groups are now as follows:

Group 1:
_%gg(p;(m(n)(ww )
Group 2:
%gg(p;(/\l(—l))(w@ )
Group 3:

_%gf((_wq - qu)(z/}*z - woz))

Now that the computation has been reduced from 9 terms to 3, notice that these 3 terms all have
the same decorations on the second elliptic tail, namely (¢,, — )., ), and the decorations on the
first elliptic tail are in bijection with the same three terms from the end of Example 3.0.2 as before.

Thus, these three terms add together to on the first elliptic tail in the same way:

—P1(A (1)) + pr(Aa(=1) = (=¥ = ¥u)) = s =y

This leads in the following sum of the groups above:

102~ ) — 02))

This is exactly the term supported on 2 elliptic tails claimed in the statement of Theorem 3.0.1.
We’ll use the same idea in the proof by showing that for the genus g computation, the terms
supported on g elliptic tails can be partitioned into three groups, each of which is in bijection with

the terms supported on on g — 1 elliptic tails in the genus g — 1 computation.

25



3.1 Proof

We are now ready to prove Theorem 3.0.1: Mumford’s relation for pseudostable A classes.

Proof. We must compute

~

(LA 4+ X)L = Ay -+ (—1)94,), (3.1.0.1)

where by Theorem 2.2.3, 5\j = f o 7GL(p5(Aj—:)). Substituting these expressions, exchanging

the order of summation, and using the A (k) notation, we can rewrite (3.1.0.1) as

(Z z'_llgi(pS(Ag—i(m)) (Z (_j}y gi(pé(/\g—j(—l)))> : (3.1.0.2)

J=0

We’ll proceed by induction on g. For the base case of g = 1, see Example 3.0.2. Assume that

the theorem is true for genus g — 1, meaning

(Z_: %Qi(pé(/\m ) (i Qﬂ (P5(Agg-1)-i(— 1)))) (3.1.0.3)

J=0 Jt

is equal to

gZ (l;[ Puj = Ve, ) (3.1.0.4)

when working in genus g — 1.

In the genus g case, the truncated product with the first g — 1 terms is instead written as

(Z %gz;(pz;mgi(l)))) (2 <_j)jgz<ps<Agj<—1>>>> ,

J=0

with the only difference from (3.1.0.3) being A,_;(1) and A,_;(—1) instead of A¢,_1)_;(1) and
A(g—1)—j(—1), respectively. However, the genus of the factor corresponding to the root vertex also
increases by 1, so the resulting computation will be formally identical to the genus g — 1 case for

all terms supported on the strata parameterizing curves with fewer than g elliptic tails. One can
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define a bijection between the decorated graphs by assigning to a decorated graph of genus g a
corresponding genus g — 1 decorated graph where the genus of the root vertex has been lowered by
one; this was demonstrated in Example 3.0.3 by showing that the computation in the genus g > 2
case is the same as the genus 1 case for terms supported on strata parameterizing curves with fewer
than 2 elliptic tails. Using the inductive hypothesis, the terms supported on strata parameterizing

curves with fewer than g elliptic tails simplify to

> 1a (H(z/z*j - w.p) .

i=0 j=1

What remains to show is that all terms supported on strata parameterizing curves with exactly

g elliptic tails sum to

e (Hw*j - w.)) .

j=1

Consider all terms in the product (3.1.0.2) which are supported on a stratum parameterizing
curves with exactly g elliptic tails. Each term has a dual decorated graph A with g genus 1 vertices,
which has a coefficient based on the (G, H)-structure obtained from intersecting two strata G and
H with an G-structure and H -structure, respectively. Each coefficient will include m = g% as
in Definition 2.3.5.

Let the graph G correspond to a term in the left sum of (3.1.0.2) and the graph H correspond to
a term in the right sum of (3.1.0.2), and consider the last edge and genus one vertex of the graph A.
If the last edge of A is only from the G-structure, then its coefficient will decorate the vertex with
A;(—1). If the last edge of A is only from the H-structure, then its coefficient will have —A;(1)
on the genus one vertex. If the last edge of A is from both the G- and H -structure, then the edge is
decorated by —(—e, — 1y, )-

Consider the set of all possible graphs such that the coefficient that is pulled back from the last
factor (i.e., decorating the last genus one vertex) is A;(—1). If we factor out this coefficient, what

remains will be those coefficients that were pulled back from the other factors. As in Example

3.0.4, removing the last edge from every decorated graph gives a natural bijection between these
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remaining coefficients and the coefficients of the factors of the term supported on g — 1 elliptic

tails; we have shown inductively in (3.1.0.4) those add up to:

g—1

Fg—l = H(ZZJ*]- - ¢.j)7

Jj=1

decorating the first g — 1 edges of the dual graph. The same argument holds for the collection of all
terms where the last vertex is decorated by —A;(1) or by —(—1,, — 1, ). By induction, summing
all these terms, the first g — 1 edges will be decorated by the same coefficient of F,_;, so we can

sum over the last factor to get

Py (A (1)) + pg(A1(=1)) = (=the, = Psy) = iy — Vs,

Along with F;,_; and ﬁ, this returns the desired coefficient for strata parameterizing curves with

exactly g elliptic tails:

1 1 {
aFg_l(l/}*g_ o, ZQ_H w*]_ oj7

which concludes the proof. [

3.2 Applications

Much like the classic version of Mumford’s relation, Theorem 3.0.1 provides a set of relations

for A classes in A* (M;sn) for all pseudostable indices (g, n).

Corollary 3.2.1. For all pseudostable indices (g,n) andi =0, ..., g, we have
min{2i,g} i
Z ( ) )\21 ] = _gz <H(¢*] - woj)) .

j=max{0,2i—g} Jj=1

Proof. With Theorem 3.0.1, we know that the codimension 2; terms of

~

(LA 4+ X)L = A+ -+ (=1)94,) (3.2.0.1)
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are equal to the codimension 2¢ term of

) %g}; <H(% - @b.j)) : (3.2.0.2)
i=0 j=1

The codimension 2i terms of (3.2.0.1) are of the form
(_1)]5\21—]5\]7

where max{0,2i—g} < j < min{2i, g}. The reason for 2i — g in the lower bound is that S\Qi_j =0
when 27 — 5 > g. Similarly, we include g in the upper bound of 7 because S\j =0forj >g.

Finally, the codimension 2i term of (3.2.0.2) is

1, (1

Jg* (H(¢*7 - 1/@-))
j=1

since the codimension of each of G%(1) and Hj‘:1 (Y, — ;) is . O

The following example highlights a few specific relations from Corollary 3.2.1.

Example 3.2.2. Codimension 2¢g (¢ = ¢ in Corollary 3.2.1):

A= (_gl!)ggf (Hwﬂ - w-») -

j=1

Codimension 2g — 2 (z = g — 1 in Corollary 3.2.1):

g—1
2;\95\9—2 - ;\5—1 - (;__1);;!95_1 <H(¢*a - ﬂ@-)) :

j=1

Codimension 2 (z = 1 in Corollary 3.2.1):

A A 1
20 — A} = 599} (Ve — a,) -
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We can also apply Theorem 3.0.1 to Hodge integrals:

Proposition 3.2.3. For all pseudostable indices (g,n),

7=

/ (LM +- X)L = A 4+ (=1)9),) & (—1)1’/ 1
7

where the denominator should be intended as a shorthand for the corresponding expansion as a

product of geometric series.

Proof. We start by applying Theorem 3.0.1:

(1+>‘1+"'+)‘g)(1_>‘1+"'+(_1)g/\g) _ . l i H;:l(w*j_¢.j)
/Mzz () B /MZ a <H?:1(1 —p;;wm) |

Notice that in the product H;Zl (Y, — ts,), the integral vanishes unless there is a class —),,

on each flag adjacent to the genus one tail-vertex. This reduces the Hodge integral to

- 1 i H;’:l(_w%)
/Mg,n 1‘2(; ﬁg* (H?1(1 - pﬁd’g)))
g 1 i )
) ; il </M111 _1/}1) </Mgi,n+i m) ‘ (3.2.0.3)

The first integral of (3.2.0.3) is known to be —i (Proposition 2.4.6), simplifying (3.2.0.3) to

completing the proof. [

the

. .. . . . 1 1
If we restrict Proposition 3.2.3 to just a single 1 class, that is, replace T %) by = o
resulting Hodge integrals can be easily computed with the string equation (Theorem 2.4.1), leading

to the following corollary.
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Corollary 3.2.4. For all pseudostable indices (g,n), we have

/ (1+A1+---+>\g)(1—A1+~--+(—1)9>\g)_0

M L=t |

Proof. Using Proposition 3.2.3 implies
/ (LM A+ AL = A+ (1)) O (—1)%’/ 1
mgsn ]_ — 77Z)1 i—0 2427/' mgﬂ-,nﬂ ]_ _ wl .

Since the dimension of ﬂg_ivnﬂ- is 3g — 2¢ + n — 3, the only non-vanishing term in the geometric

series expansion of ﬁ is 12973 simplifying our work to
g _
—1) it
> (24i_)' / o, (3.2.0.4)
i=0 v Mg—inti

Using the string equation (Theorem 2.4.1), we can reduce the number of marked points in the

integral to get the following:

g—1 i
(_1)1/ 3g—3i—2 (—1)g/
E . — 1. 2.0.
( 240! Jar, o, " 2asg) Moys 6:205)

=0 g

We can evaluate the integrals in the summation of (3.2.0.5) using an application of the Witten-

Kontsevich Theorem for one-pointed psi class intersection numbers (Proposition 2.4.8):

(g—i)—2 1
by S — (3.2.0.6)
//\/tgi,l ! 249~i(g — 1)
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Since M(),g is a point, then the latter integral of (3.2.0.5) is equal to 1. Together with (3.2.0.6), this
simplifies (3.2.0.5) to

g—1 ; —1 .
)" 1 ) —1)9
> > )+ 5,
24’2‘ 249 i(g—1)! 249g' 2492' 249!

=0

= + (3.2.0.7)

The summation in (3.2.0.7) highlights another result for specific terms of Corollary 3.2.4:

Corollary 3.2.5. For all pseudostable indices (g,n) and k =0, ..., g,

min{2k,g}

k
/ > (S g | W = __Er
ﬂssn B 1 24gkl<g - k)'

j=max{0,2k—g}

Proof. We observe first of all that the Hodge part in the parenthesis is the degree 2k part of (1 +

A4+ AL =AM+ -+ (—1)9),). Proceeding as in the proof of Corollary 3.2.4 above, we

have
min{2k,g} . g (_1)1
/ N Sl AR U CE X2
M};,Sn j=max{0,2k—g} i=0 24%4! Mg—in+ti

By dimension reasons the only non-vanishing summand corresponds to ¢ = k. We recognize this

term as the k-th summand of (3.2.0.7), which proves the result. []

The following example highlights specific cases of Corollary 3.2.5.
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Example 3.2.6. Fori = g :

1
2.99-34+n _  +
/Mps AT g

g,n

Fori=¢g—1:
-1

)2 g—14+n
/MSSTL(2)\9AQ_2 )\g—Q)wl - 24g(g o 1)‘ .

For:=1":
—1

g — NP9t — =
/Mgfn( 2~ A 249(g — 1)!

Remark 3.2.7. We observe a curious duality among the following stable and pseudostable Hodge

integrals:
1 e 1— . —1)9
M Mo, L=
T4+ AL = A+ -+ (=1)9)
/ Mg = / (LA f et A = At 4 (Z1)0) (3.2.0.10)
Maon M I}

For ¢ = 0 and any value of n > 3, both lines are giving the equation 1 = 1. In higher

genus, (3.2.0.9) evaluates to

5 4§g!: we saw the pseudostable integral in Example 3.2.6, whereas the

stable evaluation is obtained from (3.2.0.6) after applying Mumoford’s relation to the numerator.
The second line (3.2.0.10) evaluates to 0: in the stable case this follows from Mumford’s relation

()\3 = 0), whereas the pseudostable integral is Corollary 3.2.4.

3.3 Relation for 5\9;\9_

Notice that all the relations provided by Theorem 3.0.1 are for terms of even codimension. In

this section, we prove a relation for 5\95\9_1, which has codimension 2g — 1.

Theorem 3.3.1. For all pseudostable indices (g,n),

A A g_l 1 k 1 g_l
)\g>\g—1 - (Z ng (pzk)()\g—k)\(g—l) k H ¢0J ¢*] )) mgf <H<woj - 1/}*]-)) .
k=0 j=1 Jj=1
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Proof. We start by applying Theorem 2.2.3:

Aohg 1 = (Z %g:@wgr))) (Z égﬂp;;(x(g_n-s))) .

The result of the above product contains many terms supported on strata parameterizing curves
with k elliptic tails, where max{r, s} < k < min{r + s, g}. Such terms occur in the expansion of

the term indexed by (r, s) if the integer tuple (r, s) satisfies the following conditions:
0<r<k, 0<s<k, r+s>k. (3.3.0.1)

For each pair (r, s), we describe the coefficient of the k-tails stratum in the following product:

1 1
OB A) T -1-0)) (3302)

Using notation from [32], let G’ and H be the two decorated graphs representing G (pf(Ay—))
and GZ(pj(A(g—1)-s)), respectively, and let A be the unique isomorphism class of decorated graphs
in the resulting product supported on a stratum parameterizing curves with £ elliptic tails. Our
goal is to identify its decorations and numerical coefficient. Of the k£ edges of A, there are k — s
edges from only the G-structure, k& — r edges from only the H-structure, and N = r + s — k
edges from both the G and H -structures. We call these three types of edges GG-edges, H-edges and
(G, H)-edges, respectively. All the edges, together with their adjacent vertices have associated
decorations. We break the computation in four parts.

DECORATIONS OF (G, H)-EDGES. The decoration for each of these edges is (— — 1), and

with there being N := r 4+ s — k such edges, the contribution is

N
G* (H(—w.j - %)) . (3.3.0.3)

J=1
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DECORATIONS OF H-EDGES. Since G supports a A,_, class on its root vertex, and A has a root
vertex of genus g — k, then \,_, will split along the /{-edges of A in the following way:

N+(k—r)
GE\ose—r) T 50 |- (3.3.0.4)

j=N+1

DECORATIONS OF GG-EDGES. Since H supports a A(;_1)—, class on its root vertex, and A has a

root vertex of genus g — k, then \,_; will split along the G-edges of A in one of the following two

ways:
k
GE(poe-—r) T p;ON) (3.3.0.5)
J=N+(k—r)+1
or
k—1
G o=t I 2w |- (3.3.0.6)

J=N—+(k—r)+1
However, (3.3.0.6) will vanish for all £ < g—1 when combined with the decorations from (3.3.0.4)

since )\g_k = 0 in M _g 41 due to Mumford’s relation:

k—1
Gl <p8()‘gk)p6(>‘gk) 11 pj(&)) =0.
j=N+1
For k = g, we have )\g_k = 1, so (3.3.0.6) will not vanish. However, (3.3.0.5) will vanish for this
case since A_; = 0. For now, we focus only on k£ < g — 1, and k = ¢ will follow similarly.
NUMERICAL COEFFICIENT. There are many different but isomorphic (G, H)-structures on the
graph A. One possible way to organize the count for £ < g — 1 is the following. We first count the
possible ways to obtain the (G, H)-edges: one must choose NV of the k edges of A, then NV of the
r and s edges of GG and H, respectively; finally there are N! ways to map the N chosen edges of

both G and H to the chosen edges of A. This gives us the following count:

() () (3
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which simplifies to
klrls!
NIk — N)l(r — N)!I(s = N)I'

Having dealt with the (G, H)-edges, now we have to choose  — N of the k — N remaining edges
of A to create subsets of size 7 — N and s — N; then there are (r — N)! and (s — N)! bijections
of the chosen subsets of A into the chosen subsets of G and H, respectively. This gives us the

following count:

which simplifies to (kK — N)!. Multiplying the two, we obtain the total number of (G, H)-structures

on A. The numerical coefficient for A in the multiplication (4.1.0.3) is given by

1 1 1 klrlsl(k — N)! B 1
rl sl Kl NI(k—N)(r—N)l(s—N)!  Nl(r—N)l(s— N) (3307

where the factor of 1, is from |Aut(A)| = k!, following the algorithm for multiplication of graphs
G and H shown in [32].
TOTAL CONTRIBUTION. Combining all types of decorations, and the numerical coefficient, the

(isomorphism class of the) decorated graph A for k < g — 1 is given by

1 N N+(k—r) k
k *
N!(T—N)!(S—N)!g* Pidon-k) [J(=ve =w) 1T wi0) I mw)
j=1 j=N+1 J=N+(k—r)+1
Since A\ = 1; on Ml,l, the above term is equal to
1 N N+(k—r) k
k
)‘ o, — Wi ° o
N!(T—N)!(S—N)!g* Pig-idg-n-n) [J(=ve, =) T v 11 vs)
j=1 Jj=N+1 j=N+(k—r)+1

(3.3.0.8)
We will get the term in (3.3.0.8) for all pairs (7, s) satisfying the conditions in (3.3.0.1), which

is equivalent to (7, s) satisfying 0 < r < kand kK — r < s < k. Summing over all such terms,
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notice that

P kN (k= N\ & Nt (k=r) k K
Z Z <N) (7‘ — N) H( w*J H w’] H w’j - H(¢°j - w*]-)-
=0 s=kor i=1 J=N+1 j=Nt(k—r)+1 i=1

(3.3.0.9)
This is because we can reindex the v/ classes to get isomorphic strata (e.g. the stratum supporting
(—e; — Uy, )1y 1e, is isomorphic to the stratum supporting (—e, — 14, )1e; s, ). Since we chose
N of k edges to be decorated with (—z/z.j — ¢*j)’ and » — N of the remaining £ — /N edges to be

k—N)

decorated with 1, , the number of ways to reindex the ¢ classes is (~) (*~V).

Using (3.3.0.9), we can sum (3.3.0.8) for all (r, s) satisfying the conditions in (3.3.0.1) to get

1 k
/{'g (po gk>\gl H w*J>-

Jj=1

Thus terms of 5\95\g_1 uptok =g — 1are

k
Z k'gk (p() g— k)\g 1)— H ?ﬁ.] ¢*] ) .
7j=1

The term for k& = ¢ follows the same process, but the graph A is that from (3.3.0.6), and the

coefficient is oo ), instead of L ; due to only g — 1 of the edges being decorated with 1) classes:

U (T
TR (gw.j - w*])) .

This is the final term in the statement of the theorem, proving the result. 0
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Chapter 4

Quadratic Pseudostable Hodge Integrals

In this section, we give a formula for computing all quadratic pseudostable Hodge integrals
in terms of their stable counterparts, Theorem 4.1.1. We then show in Theorem 4.1.2 that the
formulas arising from Theorem 4.1.1 are nicely encoded as a relation among generating functions
for quadratic Hodge integrals. We begin with a Lemma which will be used to simplify some of the

algebra in the proof of Theorem 4.1.1.

Lemma 4.0.1. For all non-negative integers k,

(=pt _1
2 (r+s—kl(k—s)l(k—r)! &

(r,s)eT

where T C 72 is the set of integer tuples (1, s) with0 <r < k,0 < s < k,andr + s > k.

Proof. Note that T can equivalently be defined by all (r,s) where 0 <r < kand k —r < s < k.

So the sum is
zk: Zk: (_1)r+s—k _ Zk: 1 zk: (_1)r+s—k

. (r+s—Fk)l(k—s)l(k—r) (k—r)! (r+s—FKk!(k—s)!]
For convenience, define N := r + s — k, which leads to

2 G <Zm>

r=0 N=0

The inner sum is equal to 0, except when r = 0, in which case it is equal to 1. This allows us to

reduce the work to just that case:

0

1 1
Z(k—r)!:H’

r=0

proving the result. O
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4.1 Theorem: Relation to Quadratic Stable Hodge Integrals

Theorem 4.1.1. For all pseudostable indices (g,n), i,7 = 0,...,g, and for any polynomial F €
Clay, ..., ay),

min{s,5}
1
AN (W) = S / Moy e F (s ).
/MS,SH ! kgo 24kk' mgfk,nﬂc ’
Proof. From Theorem 2.2.3, we know
/ ANF (W, ) = / AhE (s ),
M Myg.n

g,mn

where

Sy = (Z %g:@z;w_n)) (Z %g:(paw_s))) . (.1.0.1)

r=0

The result of (4.1.0.1) contains many terms supported on strata parameterizing curves with £ el-
liptic tails, where max{r, s} < k < min{r + s, g}. Such terms occur in the expansion of the term

indexed by (r, s) if the integer tuple (7, s) satisfies the following conditions:
0<r<k, 0<s<k, r+s>k, (4.1.0.2)

i.e., it belongs to the indexing set 7" from Lemma 4.0.1. For each pair (r, s) in 7', we describe the

coefficient of the k-tails stratum in the following product:

1 1
FQ?; (po(Nizr)) - ggf(pé(Aj_s)). (4.1.0.3)
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Using notation from [32], let G and H be the two decorated graphs representing G (p§(N\i—))
and GZ(p§(Xi—s)), respectively, and let A be the unique isomorphism class of decorated graphs in
the resulting product supported on a stratum parameterizing curves with k elliptic tails. Our goal is
to identify its decorations and numerical coefficient. Of the k edges of A, there are k£ — s edges from
only the G-structure, k — r edges from only the H-structure, and N := r + s — k edges from both
the G and H-structures. We call these three types of edges G-edges, H-edges and (G, H)-edges,
respectively. All the edges, together with their adjacent vertices have associated decorations. We
break the computation in three parts.

DECORATIONS OF (G, H)-EDGES. The decoration for each of these edges is (—ts — 1)), and

with there being N := r 4+ s — k such edges, the contribution is

N
G <H(—¢.t - %)) . (4.1.0.4)

t=1

We observe that when integrating over M, ,,, any non-vanishing term must have a class —1,,
on each flag adjacent to the genus one tail-vertex, thus the only non-vanishing contribution to the

Hodge integral from (4.1.0.4) is

N
(-1)Vg? (H zﬁ.t) : (4.1.0.5)
t=1

DECORATIONS OF G-EDGES OR H-EDGES. By how the Hodge bundle splits along boundary
strata, the decorations of the tail vertices of these edges are either 1 or \;. After integrating over
M, ., all terms that have edges with a coefficient of 1 associated to any of the outer vertices vanish
by dimension reasons, so we can disregard them here. It follows that for the contributing terms, on

the root vertex there is the following coefficient:

Ali=r) = (k=) AG=s)~(k—s) = Ai—kAj—k-
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Thus the contribution from these edges is

k
o (pz;()\i_k)\j_k) 11 p;k()\l)) . (4.1.0.6)

t=N+1

NUMERICAL COEFFICIENT. There are many different but isomorphic (G, H)-structures on the
graph A. One possible way to organize the count is the following. We first count the possible ways
to obtain the (G, H)-edges: one must choose N of the k edges of A, then N of the r and s edges
of G and H, respectively; finally there are V! ways to map the N chosen edges of both G and H

to the chosen edges of A. This gives us the following count:

<J@> (;{7) (zﬁr) NIN(=1)"

klrlsl(—1)N
NIk — N)I(r — N)I(s — N)I

which simplifies to

Having dealt with the (G, H)-edges, now we have to choose  — N of the k — N remaining edges
of A to create subsets of size 7 — N and s — N; then there are (r — N)! and (s — N)! bijections

of the chosen subsets of A into the chosen subsets of G and H, respectively. This gives us the

<k" a N) (r — N)I(s — N,

following count:

r—N
which simplifies to (k — N')!. Multiplying the two, we obtain the total number of (G, H)-structures

on A. The numerical coefficient for A in the multiplication (4.1.0.3) is given by

_1\NV( — _1\N
111 RS (=D)N(k = N)! (—1) @107

where the factor of % is from |Aut(A)| = k!, following the algorithm for multiplication of graphs

G and H shown in [32].
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TOTAL CONTRIBUTION. Combining all types of decorations, and the numerical coefficient, the

(isomorphism class of the) decorated graph A is given by

N N k
NIGr _(]_Vi?(s — N)!gf (pé(&—khj—k)gw.t 1T pI(A1)> . (4.1.0.8)

t=N+1

Multiplying (4.1.0.8) by F(¢/1, . ..,%,) and integrating over M, ,, yields

k

1N N
N!(r—(N)!)(s—N)! ./Mgngk (po ik Ak de.t H ) (41, -+, ¢n)

t=N+1

k—N
_ (=" .
—N'(T_N)'(S_N)' </Mg_k,n+k N k)\] kF wl""’¢”> ( My > </M1,1 )\1>

(_1>r+s—k /
= N hy e F (st
2t s — Wk = k=)l J N E )

(4.1.0.9)

The contribution to the Hodge integral by the k-tail stratum, is obtained by adding (4.1.0.9) for

the range of pairs (r, s) from (4.1.0.2):

Z (—1)7‘+s k / N— o
24k<7"—|—8—k')'(k—5>‘(k'—r)| mg—k,n—‘—k i—kAj—k 1y--+5%n)

(r,s)eT
where 7' is the set of integer tuples (r, s) with0 < r < k,0 < s < k, and r+s > k. Using Lemma

4.0.1, this sum simplifies to

1
24k

/ Aot \onF (s ).
Mgfk,n#»k

Thus we have

min{i,j}
n 1
/Mg n A >\ (¢1’ o 7¢n) - Z 24k k! /Mgk,n+k )\i_k)\j_kF(d}h o ’¢n)’
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where the upper bound on the sum of min{i, j} isdue to \;_; = 0and \;_, =0 wheni —k <0

and j — k < 0, respectively. U

We now present a comparison between all pseudostable and stable quadratic Hodge integrals
using generating functions. While we used A; and \; in Theorem 4.1.1, we instead use \,_; and

Ag—; in the generating functions for convenience.

Theorem 4.1.2. Let x,vy, 2, t,,,, for m any positive integer, be formal variables. Define

= AN
FP(x,y, 2, {tm}) = z'y’ 27 e
Z M Hm:l(l - tmwm)

%,4,9,n=0 g,n

where the denominator should be intended as a shorthand for the corresponding expansion as a
product of geometric series. Define F(x,vy, z,{t,}) similarly for stable Hodge integrals. In both
cases we adopt the convention that indices (g, n) for which we have not defined a corresponding

moduli space correspond to zero summands. Then:
FP(x,y, 2, {tm}) = e/ F(x,y, 2, {tm}).

Proof. Let pi = (i, ..., fin) be a vector of non-negative integers and denote by #* the monomial
[, ttm. Given i, j, g, ui, the coefficient of the monomial z'y’ 29t% in FP*(z,y, 2, {t,,}) is equal

to
n

/Mps Agirg—i [ vt (4.1.0.10)

m=1
and is non-zero only if |u| = g-+i+j+n—3. Note that the same condition holds in the stable case.
We now compute the coefficient of the same monomial in the expression e*/?4 F (. y, z, {t,,}). We

first expand the product to obtain:

= 1 = Ao
Z/24 = 9 10,J ~9 g—t’g—J
e F T,Y, %, tm — E z E Ty z =
( ) <g=0 245! > (z Mg.n Hm:1(1 - tm%n))

,J,9,n=0
0 g
. 1 )\ _ —i)‘ N
=szy1zgzk‘/ G=H=iMg=b)=5 |
1,5,9,n=>0 k=0 245K My n Hm:l(l - tmwm>
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The coefficient of the monomial 'y’ 29t~ is

min{g—i,g—j} 1 n
Z )\(g—i)—k)\(g—j)—k H wfnm (4.1.0.11)
k=0 24°F! /Mg—k,mrk m=1

The reason for n + £ instead of n is because that is the only number of marked points which
returns a nonzero integral for dimension reasons. Further, notice that while the upper bound of k
in the inner sum is g, any value of k greater than min{g — ¢, g — j} will make \(y_)—; or A(g_p)—;
equal to zero, so we can instead use min{g — i, g — j} for the upper bound.

We now observe that the equality of (4.1.0.10) and (4.1.0.11) is precisely the statement of

Theorem 4.1.1, thus concluding the proof.

4.2 Applications

We conclude the chapter with two applications: first we observe the how simple and explicit
the equality of generating function from Theorem 4.1.2 is when restricting attention to Hodge
integrals with a Ag term and a single v class. Next we give a closed formula the evaluation of

arbitrary A\;\,_1 pseudostable Hodge integrals.

Example 4.2.1. We demonstrate Theorem 4.1.2 forx = 0,y = 0, and {¢,,,} = (,0,0,0,...). That

is, we explicitly observe

o0

)\2 /24 o )\2
g — I —¢ g g ) 4.2.0.1
z /Mgsn 11—ty ¢ gz_:oz /M 1 -ty ( )

g,n=0 Ne

Starting on the left side of (4.2.0.1), the only term of the integrand which will give a nonzero

result is A2 (ty)1)97"72, so

[e.e]

A2 >
29 / - i 5= > et / AZyd 3, (4.2.0.2)
psn j— 1 Mps

g,n=0 Mg g,n=0 g.n
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Looking at the right side of (4.2.0.1), note that /\2 = 0 except when g = 0, in which case

Aj = 1. The only term in the expansion of ;—— which produces a nonzero result is (tt;)7""3,

¢
implying

/24 Zg/ s 3 "_3 — e?/24 3, (4.2.0.3)
(Ef i) - (B )-8

The last equality of (4.2.0.3) used the string equation (Theorem 2.4.1) to evaluate each of the

integrals to 1. By Theorem 4.1.2,

§Oo (/ )\21/}94’71,3) thg+n*3 _ 62/24 (4 2.0 4)
. g 1 h— . . . .
M, 1—t

g,n=0

The coefficient of 29t97"~3 in (4.2.0.4) is i, which aligns with what we found in Example

249'g

3.2.6, where we computed these integrals explicitly.

Proposition 4.2.2. For all pseudostable indices (g,n),

Z 1 (29— k) — 3+ (n+k))!| Bagp)|

d d
... ")\ )\ 1 =
o Uit e Agdg — 24FEL 2200-0-1(2(g — k) [[12F(2d; — I

g,m

where By, represents the 2(g — k)-th Bernoulli number.

Proof. Applying Theorem 4.1.1 to the quadratic pseudostable Hodge integral gives

g—1
1
i, , dn)\)\7:§: di b\ N
M‘;’sn ¢1 wn g\g—1 e 24kk' /./‘\/[g_k7n+k 1 wn g—kN(g—k)—1

Each of the integrals in the sum can be evaluated with the Faber intersection number conjecture

(conjectured in [10], proven in [23]):

29 — 34 n)!| By
di dn)\ A _ ( g 29
A = o T (2, - DI
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where By, is the 2g-th Bernoulli number. Replace g with g — £, and this yields the desired result.

O
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Chapter 5

Higher Degree Pseudostable Hodge Integrals

In this chapter, we investigate certain cubic and higher degree pseudostable Hodge integrals.

5.1 Cubics With Mumford’s Relation

The following pseudostable Hodge integral is a cubic which utilizes Mumford’s relation for

pseudostable A classes (Theorem 3.0.1).

Theorem 5.1.1. For all pseudostable indices (g, n) with n > 1, the pseudostable Hodge integral

/ ML+ A4+ AL = Ap -+ (—1)9),)
Vi 1 —1

g,n

is equal to

i 1 29+n— 3—k\ (22607971 — 1| |Bygy_p)|
= 24 26T (2(g— k)
where the denominator in the integrand should be intended as a shorthand for the correspond-

ing expansion as a product of geometric series, and By,_y) represents the 2(g — k)-th Bernoulli

number.

Proof. We start by applying Theorem 2.2.3 and Theorem 3.0.1 to the numerator of the integrand:

( i=0 Zug’ (P5(Ag ))) < pa %gf (H?:l(w*j - 1/1.])>>
/ (5.1.0.1)
Wi L=
We’ll focus on the product of specific terms of each sum in the numerator of (5.1.0.1):
1 1 k
9.6 (Nei)) - 35 <H(¢*J w.j)> : (5.1.0.2)
7j=1
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Let G and H be the two decorated graphs representing G (p(\,—;)) and G (H?Zl (V) — e, )) ,
respectively, and let A be the unique isomorphism class of decorated graphs in the resulting prod-
uct supported on a stratum parameterizing curves with m elliptic tails. Our goal is to identify its
decorations and numerical coefficient. Of the m edges of A, there are m — k edges from only
the G-structure, m — ¢ edges from only the H-structure, and N := i + k — m edges from both
the G and H-structures. We call these three types of edges G-edges, H-edges and (G, H)-edges,
respectively. All the edges, together with their adjacent vertices have associated decorations. We
break the computation in four parts.

DECORATIONS OF (G, H)-EDGES. The decoration for each of these edges is (—ts — 1/,), and

with there being N := i + k& — m such edges, the contribution is

N
gr (H(—w.j - w*j)) . (5.1.03)

J=1

From (5.1.0.2), there will also be a (¢, — 1),) associated to each of these edges, and together with

(5.1.0.3), this gives

gr (H((—w.j — Uy )y — w.j))> =gm (H(w?ﬂ. — wfj)> . (5.1.0.4)

Jj=1 J=1

However, on MLI’ we know that 1), = A; and A2 =0, so @bfj = 0. Further, all terms without
a class v, on each flag adjacent to the genus one tail-vertex will vanish, so the —z/zfj terms are
eliminated as well. The conclusion from this case is that in order to get a non-vanishing strata, the
graph A must have no common (G, H)-edges, so N = 0.

DECORATIONS OF G-EDGES. Since N := i + k — m = 0, the number of edges of A identified
only with G is m — k = (i + k) — k = 4, which is the number of edges of G. However, none of
these edges will have a 1), or \; on the flags adjacent to the genus one tail-vertices, so these terms

will vanish as well. Like the last case, we can eliminate all terms other than 7 = 0.
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For ¢ = 0, the product in (5.1.0.2) is simply

1 k
Aot o (H(% w.j)>. (5.1.0.5)

7=1

Since there is no longer a dual graph (&, we can ignore the previous computations regarding A, and
simply evaluate the product in (5.1.0.5).
Since the root vertex of the boundary strata in (5.1.0.5) has genus g — k, then ), splits in the

following way:

];g (po(A )Hlp}f(kl)(% —%D-j)) : (5.1.0.6)

Recalling that on Ml,l, we have w.j = )\; and )\% = 0, we can reduce (5.1.0.6) in the following

way:

L 1 :
k' (po g—k Hp] %Z)*] wOj)> = Hgf pé()‘g—k) H wOj (¢*j - 1/’-j>>
! ey

= %gf p*( )H(¢o 1/J*j o ‘J)>

j=1

1 k
= Hgf Po(Ag—t) H(w.j¢*j)> .

Jj=1

This computation simplifies the integral in (5.1.0.1) to

/ "o 71 <p0(>\ )H;?:l(w'jw*j)). (5.1.0.7)
Mg.n

L =1

Note that the dimension of the root vertex of the boundary strata is 3g + n — 3 — 2k, and the total

codimension of the classes associated to that component is g, so the only novanishing term of 1} 0
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is 1/1f9+”_3_2k, reducing (5.1.0.7) to

k
k: A_ 29+n32k . N
/M Zk,g (mg w1 jlejwj>

9" k=0

k
g
1 .
:Z o ( / Ay 7T g %k) ( / m)
q k,n+k M1,1

g
2g+n—3—2k
g— k@b wn-&-l e wn-&-k .
=2 24’%' (/M+ >

k=0

The integrals above can be simplified with the dilaton equation (Theorem 2.4.5):

(&=L (209—k) =2+ (n+k— 1))
(¥ /M

A kw2g+n—3—2k
24FE! (2(g — k) —2+n—1)! gmR

g—k,n
— i 1 (29+n_3_k)'/ 77Z)2g+n32k
24RK! (29 +n — 3 —2k)! Jxq, . Ag-t

_ i (2g+n—3 k:)/ kw29+n32k ‘
24k Myt g

k=0

From here, we can use the string equation (Theorem 2.4.1) to reduce the number of marked points:

g—1
1 (2g+n—-3—k N 1 fg+n—3
= Z@( k )/ T B @( 1)
k=0 Mgk 9 Mo,

The former integrals are computed with Theorem 2.4.11, and the latter integral is 1 since M 3 is

a point:
_ QZE 1 2g—|—n—3 K\ 2260=K=1 — 1 | Bygop)| N 1 [g+n—3
A\ g2 2707 (29 =R ) 249\ g
_i 1 (2g+n—3—Fk\ 2207071 — 1| |Bygp)
24k k 229-k)=1  (2(g — k)’
where By, represents the 2(g — k)-th Bernoulli number. O]
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For ease of reference, we write out in the table below the results of Theorem 5.1.1 for specific

pairs (g, n), all of which have been verified with admcycles [7].

/ Aoy (DA, (=1) n=1 n=2 | n=3 n>3
M, 1=
g=20 1 1
. LI no1
§= 24 12 24
17 i 47 5n2 — 5n + 17
5760 640 5760 5760
_3 31 437 383 35n2 4+ 322n + 387
9= 120960 | 967680 | 483840 2903040

Much like with Theorem 3.0.1, we can identify specific codimension terms from Theorem 5.1.1

to determine additional formulas for cubic pseudostable Hodge integrals.

Corollary 5.1.2. For all pseudostable indices (g,n), n > 1, and k = 0, ..., g, the pseudostable

Hodge integral
min{2k,g}

/ D (FD hap Ay | Ay
M,

j=max{0,2k—g}

is equal to

1 29+n—3—k |22(g—k)—1 — 1’ ’Bg(g_k)‘
24k k 26 BT (2(g— k)

where By, represents the 2(g — k)-th Bernoulli number.

Proof. We observe first of all that the Hodge part in the parenthesis is the degree 2k part of (1 +
M+ A)(L = A+ -+ (—1)9),). Proceeding as in the proof of Theorem 5.1.1 above, we

know
min{2k,g}

/ D (FD dap Ay | AT
Man

j=max{0,2k—g}
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is equal to

g
1 s
244! (/M Ag—k@/ﬁﬁ ’ 2k¢n+1 e '¢n+k> .
i=0 : g—i,n+1

K2

By dimension reasons the only non-vanishing summand corresponds to ¢ = k. We recognize this

term as the k-th summand in the statement of Theorem 5.1.1, which proves the result. U

The following example highlights specific cases of Corollary 5.1.2.

Example 5.1.3. For k = g :

3 neg (1) (g+n—3
/MPS AT = < g '

g,m

Fork=¢g—1:

/M;Sn (2)\57)\9—2 - )\3—1))\9 ”17/_1 = 249 ( g— 1

Fork=1and g > 1:

_ 1 29+n—4 ’229_3—” |Bg _2|
Ny — )\2 A 29—5+n _ g .
/Mgz( 2= A 24\ 1 2203 (29 —2)!

Remark 5.1.4. We can make further assumptions about the number of marked points to see the

/ >\3 _ (_1)9
Y g 249
(—1)7

22 Ag—2 — A2 ), = :
/MET'l( gg—2 971) 9 249

We end the section with one more cubic pseudostable Hodge integral that is able to utilize an

following:

application of Mumford’s relation for pseudostable A classes (Theorem 3.0.1).

Corollary 5.1.5. For all pseudostable indices (g,n),
-9 ((n+g—2 n+g—2
2N A g 1 Ag_o0 — A3 = (— — .
/Mz’;( e T <( g—1 ) ( g—2 ))
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Proof. Notice that

/M"s (2)‘9)‘971)‘972 o /\2—1)%1 - /M"S )‘971<2)‘9)‘972 - Az—l)w?

= / ;\g—1<25‘95‘9—2 - 5‘52;—1)1/}?‘
Mg,n

Substituting the relation for 25\95\_@,2 — 5\3_1 from Example 3.2.2 shows that the integral above is

(;__Dlg)! /M g1 (9’51 (ﬁ(w*j - w.j)>> Y. (5.1.0.8)

J=1

equal to

For precisely the same reasons as in the proof of Theorem 5.1.1, the only non-vanishing term of

;\g_l in the integrand of (5.1.0.8) is A,_;. Thus (5.1.0.8) is equal to

(é__l)lg)! /M Ag-1 (95—1 (ﬁ(% - @b.j))) Uy (5.1.0.9)

J=1

For simplicity, we’ll focus on the product

g—1
. (9’51 (H(w*j - w.j)>> . (5.1.0.10)
j=1

The term A\,_; splits along the factors of the stratum in (5.1.0.10) in one of two different ways:
either \; for each of the g — 1 factors of ml,l, or A1 on the root vertex and \; for g —2 of the g — 1

factors of M, ;. For the latter, there are 9:1 = g — 1 ways to do this, so (5.1.0.10) is equal to

g—1 g—1
Gt (H(@/)*j - w-j)P;(/\l)> +(g—1)g7! <p0()‘1 (Vuy — H (Vs; — Vo)1 Al)) :
j=1 j=2
(5.1.0.11)
Recalling that p3();) = 1., and wfj = 0 for 7 > 1, and that any non-vanishing strata classes must

have a class v, on each flag adjacent to the genus one tail-vertices, the non-vanishing terms of
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(5.1.0.11) are

g—1
gfil (H¢*j¢-j> + (g - 1>gf*1 <p0 )\1 w'l Hw*J )
j=1
g—1
=g (H @Zﬁ*jw.j) —(g-1)G¢" <p;;(A1) 1T sz.j) . (5.1.0.12)
j=1 j=2  j=1

Since the two terms of (5.1.0.12) have identical decorations (v,,) for the g — 1 factors of Ml,l, we

can sum over the only other factor, that being the root vertex, to get

Gt ((H(%) — (9= Dpo(h) Hw*j) H%)

Jj=1

g—1 g—1
=gy ((ml — (9= Dps(M) [ [ v Hzp.j) . (5.1.0.13)
j=2  j=1

Substituting (5.1.0.13) into (5.1.0.9) gives

i ((wﬂ g - py(> Hmﬂw.)w

(9— D! Jx,.
e [ o (p:;(w?)(wﬂ—( ) Hw*JHw.J>
= (;‘_”f)! ( /M U3 (Wi — (9~ D) ]ngnﬂ) ( /M m)g_l
:ﬁ;)ﬁm ( /M U7 (W — (g — DA )jH:wnﬂ). (5.1.0.14)

Using the dilaton equation (Theorem 2.4.5), the Hodge integral in (5.1.0.14) is equal to

(;ig)ﬁ?gtgliil)! (/MMH VY (Yni1 — (9 — 1))\1)>

(-1y(n+g - 2)! . )
T 240 1(g— 1)lnl ( /MMH VY Pnir — /Ml’w(g — L)y A1> : (5.1.0.15)
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For the former Hodge integral of (5.1.0.15), we can use the dilaton equation once again to get

—1)¢ —2)!
(243—5?9—’__91)]”') (n ot W _/M (g_ 1)1?{9\1) .

Both Hodge integrals above can be computed with the string equation (Theorem 2.4.1) to get

(=1)9(n + g — 2)! <n g—l)

249-1(g—1)ln! \24 24
(—1)9(n +g —2)!
- 249(g — lg)!n! (n=(9=1))

5 ((00)-(5%9)

Example 5.1.6. Using Corollary 5.1.5 with n = 0, we see that

(=1t
/METO(QAgAg_Mg_Q ~ ) = o

5.2 Relations and Hodge Integrals for 5\’;;

Theorem 5.2.1. For all pseudostable indices (g,n) and k > 2,
o (1) i k—2
M= G0 [ [, — b)) |-
j=1

Proof. We’ll proceed by induction on k. For the base case of £ = 2, see Example 3.2.2. For the

inductive step, assume that the theorem is true for £ — 1. That is, assume that

5\1;—1 _ LMQ;? <H(¢*j - 1/).].)1#5;3) ‘

j=1

Notice
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and we can substitute Theorem 2.2.3 for ;\g and the inductive step for 5\’;*1:

d . _1)\9(k—2) g
(Z %gapsugm) <%gz (Hw*j ~ ) )) |

Jj=1

Consider the product using the i-th term in the sum above:

, —1)9(k-2) g
(50050 (LGE (H(% - ) 5;3) ) S 20

|
g! i

Using notation from [32], let G and H be the two decorated graphs representing the first and
second boundary strata in (5.2.0.1), respectively, and let A be the unique isomorphism class of
decorated graphs in the resulting product, which will be supported on a stratum parameterizing
curves with g elliptic tails. Our goal is to identify its decorations and numerical coefficient. Of the
g edges of A, there are g — ¢ edges from only the H-structure, and ¢ edges from both the G and H-
structures. We call these three types of edges G-edges, H-edges and (G, H)-edges, respectively.
All the edges, together with their adjacent vertices, have associated decorations. We break the
computation in three parts.

DECORATIONS OF (G, H)-EDGES. The decoration for each of these edges is (—t, — 1)), and

with there being 7 such edges, the contribution is

G? (H(—i/aj — w*j)> . (5.2.02)

j=1

DECORATIONS OF H-EDGES. Since G supports a \,_; class on its root vertex, and A has a root
vertex of genus 0, then \,_; will split along the g — ¢ edges of A which are identified only with H.
This will result in a coefficient of \; associated to the tail vertices of these edges of A. Thus the

contribution from these edges is

gJ ( H p?()@) :

j=i+1
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NUMERICAL COEFFICIENT. There are many different but isomorphic (G, H)-structures on the
graph A. One possible way to organize the count is the following. We first count the possible ways
to obtain the (G, H)-edges: one must choose ¢ of the g edges of A, then i of the ¢ and g edges of
G and H, respectively; finally there are ! ways to map the ¢ chosen edges of both G and H to the

chosen edges of A. This gives us the following count:

OOE)

(9))°
((g—0)h)*

Having dealt with the (G, H)-edges, we now note that there are (g —¢)! bijections of the remaining

which simplifies to

g — 1 edges of A into the remaining g — ¢ edges of H. Multiplying the two, we obtain the total
number of (G, H)-structures on A. The numerical coefficient for A in the multiplication (5.2.0.1)
is given by

1 (=1)92 1 (g (g —d)! _ (=1)9*?

T R R (7 R [ PR o0

where the extra factor of g% is from |Aut(A)| = ¢!, following the algorithm for multiplication of

graphs GG and H shown in [32].
TOTAL CONTRIBUTION. Combining all types of decorations, and the numerical coefficient, the

(isomorphism class of the) decorated graph A is given by

—1)9(k~2) ‘ g g
CUT g (H(—w.j =) [ 7w [ ], - ¢.j)¢5;3> . (5.2.0.4)

(g —1)!
ilg —1)! j=1 j=i+1 j=1

To simplify the tautological classes of (5.2.0.4), recall that on ﬂm, we have \; = 1),, (see [30]

or [34]), and also that A\ = 0 due to Mumford’s relation. These two facts allow us to reduce
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(5.2.0.4) in the following way:

(—1)9(=2) i o 9
(g——i)!z!gf H(_¢°i — ) H pj (A1) H o ’»U
j=1 j=itl j=1
(_1)g(k—2) ! g g -
:ng H(_¢OJ @Z)*] ¢*7 - o] H p] 7,0*] — @Z).j) H¢*j
j=1 Jj=i+1 Jj=1
(—1)9¢-=2) : !
=G [T —v2) H (o, ths, — 2, Hw )
Jj=1 Jj=i+1
—1)9(k=2) : g
=((93W95 [I(-v2) H (o) [T 0% 3>.
o j=1 j=i+1 j=1

So far, we have shown
g g(k— 2) i g g
Z —4)ldl (H( ¢*]) H (Vo0 H¢fj_3> ' (209
j=1 j=i+1 j=1
We can take this further by noticing that
g g i g g
2 _ a2
Z ((2) H( *j) H (%ﬁ%)) H( s + e, ).
=0 j=1 Jj=i+1 7=1

This is because in the product H§:1(¢-j Ve, — wfj), we can renumber the indices of the v classes
to get isomorphic decorated strata (e.g. the class supporting —1)> Ve, s, 18 isomorphic to the class
supporting —2/132 Ve, Yy, ). Since —¢fj + s ;9 is a binomial, the number of ways to do this is (f ) ,

where ¢ is number of factors of —wfj.
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This fact simplifies (5.2.0.5) in the following way:

. 9 1\g(k—2) i g
=3 U, (H< o2 T e TT4% )

i=0 (g —2)t! j=1 j=it+1 j=1
—1)9(k=2)
= % (H( Y2+, t,) Hw )
! ey
1 g(k*2)
_ ! )g, (H( Y2+ et R )
! ey
—1)9(k=2) g
- (H(—w*j i) )
—1)9(k=1) g
- ( L| gf <H(¢*] - w%) EJ2> 9
7j=1
completing the proof by induction. 0

Corollary 5.2.2. For all pseudostable indices (g,n) and k > 2,

Ny / T v
My, H?=1<1_wj) 249¢ Mo,ntg Hj:l( —) )

where the denominator should be intended as a shorthand for the corresponding expansion as a

product of geometric series.

Proof. Applying Theorem 5.2.1 gives

Ay (—1)9t=1) I (u; — e )52
T =0 — G nj N 5.2.0.6
a1 = ) /M T ( [[i=i (1 = p5(4) 6200

g,n

Any non-vanishing strata classes must have a class —1,, on each flag adjacent to the genus one

tail-vertices, simplifying (5.2.0.6) to

(—1)9(k=1) I (=the i)
J - 5.2.0.
/Mg,n g! v (H}Ll(l — 15(5)) (4207
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Distributing the integral across the factors gives

(=17 / [ [ - GG / VU EAY
g! Montg H?:1<1 - wJ) Ma 1 2499! Mo,ntg H?:l(l - d}])

]

The integrals of Corollary 5.2.2 for £ = 2 and £ = 3 are computable with the string and dilaton

equations, respectively.

Example 5.2.3. Using Corollary 5.2.2 with k£ = 2 returns

A2 1 / 1
My, H?:l(l - 1/}3) a 249g! Mo,ntg H?:l(l - 77Z)J) .

The non-vanishing terms are all the monomials of v classes in degree n 4+ g — 3, and each of these

can be evaluated with an application of the string equation (Proposition 2.4.3):

- 4 _(n+tg-—3
/ 1T _(dl,...,dn)' (5.2.0.8)

Mo,ntg j—1

Using an application of the multinomial theorem [19], the sum of all such multinomial coefficients
is

n+g_3 __ . n+g—3
Z (d 7dn>—n 972,

di+-+dn=n+g—3 Ly

Thus

2 —
/\g nn—i—g 3

e [ (=) 249g!

Note that for a single v class, meaning replace T 1 with )¢ ~3t" this result coincides

j=1 (1—’1,[1]')
with the result from Example 3.2.6.

Example 5.2.4. Using Corollary 5.2.2 with k& = 3 returns

Ny (=1 / T2 ¥
e [ (=) 249! \ U, [T (L—4y) )
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All v classes with an exponent of 1 can be removed with the Dilaton equation (Theorem 2.4.5),

and this also introduces a coefficient:

(—1)° / 200\ _ (=1)9(g+n—3) 1
24991 \ ¥,y [Lja (1= 49) 249g!(n =3)! S, ILja (1= 4)

_(—1)9<g+n—3) 1
249 g Mo,n H?:l(l - w])
Just as in Example 5.2.3, we can use the string equation and the multinomial theorem together to

fully evaluate the integral above, showing that

A _ (=1)9n" (g +n— 3)
we, [ (=) 249 g )
For a single v class, meaning replace W by 1/)"+g (3=k)=3 , the integral of Corollary 5.2.2
j=1

can be easily computed for any £ > 2 with the string theorem, leading to the following corollary.

Corollary 5.2.5. For all pseudostable indices (g,n) and k > 2,

k ntg(3—k)—3 (=1)%"(n+g - 3)!
/ps Ag¥i = 249glin+ g(3—k) — (k=2

g,m

Proof. Following the proof of Corollary 5.2.2, it can be shown that

n+
/ )\kwnJrg (3—k)— _ (_1)gk / w?+9(3 k)= Hq wk 2 (5209)
v 249¢! Montg

g,m j=n+1

Using an application of the string equation (Proposition 2.4.3), we can see that (5.2.0.9) is equal to

<—1>gk< ntg-3 ) _ (1) (n+g—3)
249! \n+g(3—k)—=3,k—2,....k—2)  2499!(n+g(3—k) —3)!((k —2))9’

]

Remark 5.2.6. For £k = 2 and k = 3, note that Corollary 5.2.5 coincides with the results from

Example 3.2.6 and Example 5.1.3, respectively.
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In the following example, we explicitly show Corollary 5.2.5 for & = 4, 5, 6.

Example 5.2.7. For k = 4:

/ )\4 n—g—3 _ (n + g — 3)'
YT 249g!(n — g — 3)!1(2!)¢°
For k = 5:

e, Y ! 249g!(n — 2g — 3)!(3)9°
For k = 6:

s 9t ~ 249g!(n — 3g — 3)!(4)9’
Mo, g-\n g

Example 5.2.8. If we make further assumptions for the number of marked points n, we see the

w0 249g1(2h)9

My, 1 9 249¢!(3!)9

/ 6 _ (49)!
M, s 9 249g!(4)9

following:

5.3 Comparisons to Stable Hodge Integrals

The following table compares some of the pseudostable Hodge integrals in this chapter to their
stable counterparts. The left column represent the integrand, the middle column is the resulting

Hodge integral over M

s> and the right column is the same Hodge integral over Mg,n. Further,

we define
2297 = 1] | By

Co= "1 (2g)"

where By, is the 2g-th Bernoulli number. Finally, for this table, we make the assumption that g > 1

so that )\, is non-trivial.
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AgBy(D)Ay(=1)

g
1 (Zg +n—3— k)
— Cor Cy
1= — 24 k
n— (_1)g g+n-— 2
(2)‘9/\9—2 - )‘527—1)/\9 1 ' 249 g—1 0
5an 1 (29g+n—4
(2% = ADAUT " ﬂ( I ] )Og—l 0
3 Wl CD? ((ntg—2 n+g—2
(2)‘9/\9—1)‘9—2 - /\971)% 249 (( g—1 - g—2 0
3,/n—3 (=) (g+n-3
Ay, T ( . 0
)\kwmg(&k)*i’» (—1)%(n+g—3)! 0
grl 249g'(n + g(3 — k) — 3)!((k — 2)!)9
A (—1)9pn—3 (g +n— 3) 0
H?=1<1 — 1) 249 g
Ay (-1 / o ¥ .
H?:l(l B w]) 24ggl mo,n+g H?:l(l o w])

While almost all the stable Hodge integrals above evaluate to 0, this is simply due to utilizing

Mumford’s relation for stable A classes, and we do not expect this in general. We end with a

conjecture for general cubic pseudostable Hodge integrals.

Conjecture 5.3.1. For all pseudostable indices (g,n) and ji, j2,js € {0, ...

polynomial F' € Clay, . ..

, Ay, the pseudostable Hodge integral

/ps >\j1 >\j2)‘j3F(w17 s awn)

g,m
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is equal to

g
1
Z 24k ! ( Z D- / /\j1*k1>‘j2*k2)‘j3*k3F(wlv cee 7wn)) )

where

(k?1+k‘2+k3)_2k (29+n_3+k_(k1+k2+k3))!7

and the values ky, ko, k3 satisfy the following conditions:
max{0,j; + k — g} < k; < min{k, j;},

k1 + ko + k3 > 2k.

Remark 5.3.2. While we do not offer a proof of Conjecture 5.3.1, the constant D is due to —1),;
appearing on the root vertex a total of (k; + ko + k3) — 2k times, then using the dilaton equation

(Theorem 2.4.5) to remove them from the Hodge integral.

It can be shown that Conjecture 5.3.1 agrees with all results shown for cubic and lower degree

pseudostable Hodge integrals. We demonstrate two examples.

Example 5.3.3. If j3 = 0 in Conjecture 5.3.1, then we have a quadratic pseudostable Hodge inte-
gral, so we should retrieve the result from Theorem 4.1.1. Since j3 = 0, then k3 = 0 as well from
the conditions in Conjecture 5.3.1. This implies that ky + ko > 2k, but this only happens when
ki1 = k and ko = k, which is exactly what is stated by Theorem 4.1.1. Further, in this case the

value D is

(K ()29 +n-3—Kk)!
D‘<o) (29 +n —3+k)! =1

which also aligns with Theorem 4.1.1. So Conjecture 5.3.1 agrees with all quadratic and lower

degree pseudostable Hodge integrals.
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Example 5.3.4. If j1, j2, j3 = g, then the conditions of Conjecture 5.3.1 would imply k1, ko, k3 = k.

If the conjecture were true, this would imply the following:

9
C
3 — 3
/M;?Sn N EF (1, o) = Z YO ./Mgk’n% Ny 1 F(1, ), (5.3.0.1)

k=0

where

D— k (=1)%"2%(2g +n — 3 — k)!
- \3g9 —2k (—g+n—3+k)!

Note that )\37 » = 0, except when k£ = g, in which case it is equal to 1. So (5.3.0.1) is equal to

(=1)%(g +n —3)! / Flibr, ... ).

249g!(n - 3)!  Jw

Mo, ntg

For F'(¢1,...,¢,) = m, this is precisely what was shown in Example 5.2.4, so Conjecture

5.3.1 agrees with that result.

We leave the proof (or disproof) of Conjecture 5.3.1 as an exercise for the reader.
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