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The combinatorial formula for open gravitational descendents

RAN J TESSLER

Pandharipande, Solomon and Tessler (2014) defined descendent integrals on the
moduli space of Riemann surfaces with boundary, and conjectured that the generating
function of these integrals satisfies the open KdV equations. We prove a formula for
these integrals in terms of sums of Feynman diagrams. This formula is a generalization
of the combinatorial formula of Kontsevich (1992) to the open setting. In order to
overcome the main challenges of the open setting, which are orientation questions and
the existence of boundary and boundary conditions, new techniques are developed.
These techniques, which are interesting in their own right, include a characterization
of graded spin structure in terms of open and nodal Kasteleyn orientations, and a new
formula for the angular form of S2”~!—bundles.

Buryak and Tessler (2017) proved the conjecture of Pandharipande, Solomon and
Tessler based on the work presented here.
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1 Introduction

The study of the intersection theory on the moduli space of open Riemann surfaces
was initiated by Pandharipande, Solomon and Tessler in [31]. The authors constructed
a descendent theory in genus 0 and obtained a complete description of it. In all genera,
they conjectured that the generating series of the descendent integrals satisfies the
open KdV equations. This conjecture can be considered as an open analog of Witten’s
famous conjecture in [38].

The construction of the positive-genus analog will be carried out in joint work with
Solomon [35], and is reviewed here. A physical interpretation of these constructions
can be found in Dijkgraaf and Witten [15].

In this paper, after recalling the constructions of [31; 35], we prove a formula for all the
descendent integrals as sums over amplitudes of special Feynman diagrams, which we
call odd critical nodal ribbon graphs. With this formula one can effectively calculate
all the open descendents.

Based on this formula, the conjecture of [31] is proved in Buryak and Tessler [10], and
a calculation of finer invariants is performed in Alexandrov, Buryak and Tessler [2].
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The combinatorial formula for open gravitational descendents 2499

1.1 Witten’s conjecture

1.1.1 Intersection numbers Denote by M, ; the moduli space of compact connected
Riemann surfaces with / distinct marked points. P Deligne and D Mumford [13] defined
a natural compactification of it via stable curves. Given g and /, a stable curve is a
compact connected complex curve with / distinct marked points and finitely many
singularities, all of which are simple nodes. We require the automorphism group of the
surface to be finite, and the marked points and nodes are all distinct. The moduli space
of stable curves of fixed g and [ is denoted by M g,1- It is known that this space is a
nonsingular complex orbifold of complex dimension 3g — 3 4 /. For the basic theory
the reader is referred to Deligne and Mumford [13] and Harris and Morrison [17].

In his seminal paper [38], E Witten, motivated by theories of 2—dimensional quantum
gravity, initiated new directions in the study of M ¢,1- For each marking index i he
considered the tautological line bundles

Li — ~/\7g,l
whose fiber over a point
[2,z1,...,2] € Mg

is the complex cotangent space T;;, Y of ¥ at z;. Let

Vi € H* (Mg, Q)

denote the first Chern class of IL;, and write

P a a a
(1) (Tal'faz"'fa;>§~— _ %1 22--'%’-
MgAl

The integral on the right-hand side of (1) is well defined when the stability condition
2¢—-2+41>0
is satisfied, all the a; are nonnegative integers, and the dimension constraint

3g—3+l:Za,~

1

holds. In all other cases, ( ]—[ll-zl Tq; ); is defined to be zero. The intersection products (1)
are often called descendent integrals or intersection numbers.

Let ¢; (for i > 0) and u be formal variables, and put
o0
y = Z 17T,
i=0
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Let

= (r")g
c — E
Fg(l‘o,l‘l,...).— pr
n=0 ’

be the generating function of the genus g descendent integrals (1). The bracket ()" )¢

g
is defined by the monomial expansion and the multilinearity in the variables ¢;. The

generating series
o0
C .__ 2¢—2 e
) F€:=> u*$72F¢
g=0

is called the (closed) free energy. The exponent 7€ := exp(F€) is called the (closed)
partition function.

1.1.2 KdV equations Set
' Fe
TayTay T ) = ————.
(( a17az al>) atalataz "'8[(1,
Witten’s conjecture [38] says that the closed partition function ¢ becomes a tau
function of the KdV hierarchy after the change of variables #,, = 2n 4+ 1)!! To,4+1. In
particular, it implies that the closed free energy F¢ satisfies the following system of

partial differential equations for n > 1:
@n A+ Du" (g ) = (n-170) () +2(ta-17 N (oD + g {mn—175)°.

These equations are known in mathematical physics as the KdV equations. Witten [38]
proved that the intersection numbers (1) satisfy the string equation

1 1
<r0 l_[ Tq; >C = Z<raj_1 H Tq; >C for 2g—24+1>0.

i=1 '8 j=1 i#j '8
Witten has shown that the KdV equations, together with the string equation, determine
the closed free energy F¢ completely. R Dijkgraaf, E Verlinde and H Verlinde [14]
reformulated an alternative description to Witten’s conjecture in terms of the Virasoro
algebra, and they have shown that the two descriptions are equivalent.

1.2 Kontsevich’s proof

Witten’s conjecture was proved by M Kontsevich [25]. The proof of [25] consisted
of two parts. The first part was to prove a combinatorial formula for the gravitational
descendents. Let Rg , be the set of isomorphism classes of trivalent ribbon graphs of
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The combinatorial formula for open gravitational descendents 2501

genus g with n marked faces. Denote by V'(G) the set of vertices of a graph G € Rg 5.
Introduce formal variables A;, with i € [n]. For an edge e € E(G), let

Ale) i= ———,
where i and j are the numbers of faces adjacent to e. The following formula holds:
n _ E@G)|-IV(G)I
Qa; — DI 2
@) Z < 1_[ “!> 1_[ Aza,+1 Z |Aut(G)| l_[ Ale).
aj,...an>0"'i=1 8i=1 GERgn ecE(G)

The second step of Kontsevich’s proof was to translate the combinatorial formula into
a matrix integral. Then, by using nontrivial analytical tools and the theory of the KdV
hierarchy, he was able to prove that F¢ satisfies the KdV equations of Section 1.1.2.
Other proofs for Witten’s conjecture were given, for example, in Mirzakhani [29] and
Okounkov and Pandharipande [30].

1.3 Open intersection numbers and the open KdV equations

1.3.1 Open intersection numbers In [31], R Pandharipande, J Solomon and the
author constructed an intersection theory on the moduli space of stable marked disks.
Let M 0.k.1 be the moduli space of stable marked disks with k boundary marked points
and / internal marked points. This space carries a natural structure of a compact smooth
oriented manifold with corners. One can easily define the tautological line bundles IL;
for an internal marking i, as in the closed case.

In order to define gravitational descendents, we must specify boundary conditions. The

main construction in [31] is a construction of boundary conditions for L.; — /\710,/{,1.

In [31], vector spaces S; = §; o.k,1 of multisections of IL; — 8/\70,1(,1, which satisfy

the following requirements, were defined. Suppose a1, ..., a; are nonnegative integers
with 2", a; = dimg Mg x; = k + 21 —3. Then:

(a) For any generic choice of multisections s;; € S; for 1 < j < a;, the multisection
D i

ie[l]

1</j=a;
vanishes nowhere on 9 Mg 4 ;.

(b) For any two such choices s and s’ we have

/ e(E,s)z/ e(E,s"),
Mo k.1 Mo k.1

where E = P; Lff and e(E, s) is the relative Euler class.

Geometry € Topology, Volume 27 (2023)
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The multisections s;;, as above, are called canonical. With this construction the open
gravitational descendents in genus 0 are defined by

_le—
4) (Ta Tay -+~ Tq 0%)§ := 272D / e(E,s),
Mo.k.1

where E is as above and s is canonical.

In a forthcoming paper [35], J Solomon and the author define a generalization for all
genera. Suppose g, k and / are such that

(5) 2¢—2+k+2>0 with 2|g+k—1.

In [35] a moduli space M ¢.k,1» which classifies stable surfaces with boundaries and
some extra structure, is constructed; see Section 2.3 for a precise definition. The moduli
space M ¢.k,1 18 a smooth oriented compact orbifold with corners, of real dimension

(6) 3g—3+k+2I.

Note that naively, without adding an extra structure, the moduli of real stable curves of
positive genus is nonorientable.

Again, on Mg,k,l one defines vector spaces S; = S; ¢ x; for i € [I], for which the
genus g analogs of requirements (a) and (b) from above hold. Write

_1 _
@) (Talfaz'“fale)g::Z s(g+k 1)/ e(E,s)

Mg k.1

for the corresponding higher-genus descendents. Introduce one more formal variable s.
The open free energy is the generating function

l k
(8) FO(s, to, 1 ~uy—§: glfi &)
9 0’ 1""’ . n'k' b

g=0 =0

where y := ) ;. 7; and § := so, and again we use the monomial expansion and the
multilinearity in the variables #; and s.

The descriptions of M g.k,1 and its construction, and of the boundary conditions and
their construction, are given in Section 2. Throughout this article we shall write (- - -)
for (---)g. as closed descendents will not be considered, and the genus can be read
from the numbers k,/,aq,...,a;.

Geometry € Topology, Volume 27 (2023)



The combinatorial formula for open gravitational descendents 2503

1.3.2 Open KdV The initial condition
3

) FOl, =0 :u_1%+u_1t0s
follows easily from the definitions [31]. In [31] the authors conjectured the equations
) 8F0
10 = —1s,
(10) 7 =) fit G T
i=0
_N 2l 8F" L 20K 1
(11) = Z — 35t

They were called the open string and the open dilaton equation, correspondingly. These
equations were geometrically proved in [31] for g = 0, and for all genera in [35].
Put

al-{-kFo
k»o .

Oty gy - Otg, Ok

(ta1tay -+ Ta,0

The main conjecture in [31] was:

Conjecture 1 (open KdV conjecture) The system of equations

(12) 2n+ Du~ {(z,)°
= u{(Tn—170) (10))° — Jul{Tn—173)° + 2((ta—1)° (0 )° + 2{Tn—10))°,

with n > 1, is satisfied.

In [31], the equations (12) were called the open KdV equations. It is easy to see that F°
is fully determined by the open KdV equations (12), the initial condition (9) and the
closed free energy F€¢. They also made a Virasoro-type conjecture, which also fully
describes the open descendents. Both conjectures were proved in [31] for g = 0. In [5],
Buryak proved the equivalence of the two conjectures. Based on the work presented
here, the conjecture was proven for all genus in [10]; see Section 1.5 below for more
details.

1.4 The open combinatorial formula

Here and below the genus of a Riemann surface with boundary ¥, smooth or nodal,
is defined as the usual genus of the doubled surface obtained from gluing two copies
of ¥ along the common boundary dX.

Geometry € Topology, Volume 27 (2023)
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Definition 1.1 Let g, k,/ be nonnegative integers which satisfy conditions (5), and
let B, 7 be sets with |B| =k, |Z| = 1. Let (X, {x;}ieB, {Zi}iez) be a genus g surface
with boundary, whose set of boundary markings is 53, and set of internal markings is Z.
A (g, B, I)—smooth trivalent ribbon graph is an embedding ¢: G — X of a connected
graph G into (X, {x;};en, {Zi }iez), such that:

(@) {xi}ies € t(V(G)), where V(G) is the set of vertices of G. We henceforth
consider {x;} as vertices.

(b) The degree of every x; is 2.
(¢c) The degree of any vertex v € V(G) \ {x;}iep is 3.
(d) 90X C(G).
(e) If/ > 1, then
=\u(G) =[] i

i€T
where each D; is a topological open disk, with z; € D;. We call the disk D; the
face marked i.

(f) Ifl =0, then ((G) = 0% and k = 3. Such a component is called trivalent ghost.

The genus g(G) of the graph G is the genus of X. The number of the boundary
components of G or X is denoted by 5(G), and V! (G) stands for the set of internal
vertices. Denote by B(G) the set of boundary marked points {x; };eg, and by I(G) ~T
the set of faces.

Definition 1.2 An odd critical nodal ribbon graph is G = (]]; G;)/N, where:

(a) The (;: G; — X; are smooth trivalent ribbon graphs.

(b)) NC (Ul V(Gi)) X (Ul V(G,')) is a set of ordered pairs of boundary marked
points (vy, vp) of the G;, which we identify. After the identification of the
vertices v and vp, the corresponding point in the graph is called a node. The
vertex v is called the legal side of the node and the vertex v, is called the illegal
side of the node.

(c) Ghost components do not contain the illegal sides of nodes.

(d) For any component G;, any boundary component of it contains an odd number
of points which are either marked points or legal sides of nodes.

Geometry € Topology, Volume 27 (2023)



The combinatorial formula for open gravitational descendents 2505

Figure 1: A nodal ribbon graph.

We require that elements of N be disjoint as sets (without ordering).

The set of edges E(G) is composed of the internal edges of the G; and of the boundary
edges. The boundary edges are the boundary segments between successive vertices
which are not the illegal sides of nodes. For any boundary edge e, we denote by m(e)
the number of the illegal sides of nodes lying on it. The boundary marked points of G
are the boundary marked points of the G; which are not nodes. The set of boundary
marked points of G will be denoted by B(G), the set of faces by 1(G).

An odd critical nodal ribbon graph is naturally embedded into the nodal surface ¥ =
(]_[i E,')/N. The genus of the graph is defined as the genus of . A (g, k,/)-odd
critical nodal ribbon graph is a connected odd critical nodal ribbon graph, together
with a pair of bijections, m®: B(G) — [k] and m’ : I(G) — [[], called markings.

Two marked odd critical nodal ribbon graphs (: G — X and ¢ : G’ — X/ are isomorphic if
there is an orientation-preserving homeomorphism ®: (X, {z; }, {x; }) = (X', {z]}. {x]})
of marked surfaces, and an isomorphism of graphs ¢: G — G’, such that

(a) /o¢p =70 and

(b) the maps preserve the markings.
Figure 1 depicts a nodal graph of genus 0, with 5 boundary marked points, 6 internal
marked points, three components, one of which is a ghost, and two nodes, where a plus

sign indicates the legal side of a node and a minus sign indicates the illegal side.

Notation 1.3 Denote by OR’g”k ; the set of isomorphism classes of odd (g, k, /)-
critical nodal ribbon graphs with m legal nodes.

Remark 1.4 In Section 4 we have to consider more general ribbon graphs, and the
notions of this subsection are defined in a different but equivalent way.

Geometry € Topology, Volume 27 (2023)
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The goal of this paper is to prove the following theorem.

Theorem 1.5 Fix g, k,[ > 0 which satisfy conditions (5). Let A1, ..., A; be formal
variables. Then we have

1 _ 2% (2a; — HN
(13) 23EF=D NN (g g0 gH 2a’,+1

ay,..., a;>0 i=1
Hi 2|V[(Gi)|+g(Gi)+b(Gi)_1

= A’ 9
2 Aut(G)| ©)
m20 G=(11; G;)/NeORY ., ecE(G)
where
ﬁ if e is an internal edge between faces i and j,
— 2 o .
Ale) := L( m)k-_zm_l if e is a boundary edge of face i and m(e) =
m+l1\m)/ 1
1 if e is a boundary edge of a ghost.

Remark 1.6 The invariants of [31; 35] are defined as integrals of relative Euler classes,
relative to canonical boundary conditions, over the moduli of graded surfaces, which
are oriented orbifolds with corners. Theorem 1.5 is proven based on these definitions;
more precisely, it assumes that the moduli spaces of graded surfaces are oriented
orbifolds with corners, that the orientations satisfy some compatibility properties along
nodal strata, and that (special) canonical multisections can be found. Since [35], which
proves these assumptions in the positive genus case, has not appeared yet, in addition
to defining everything we use, we also review the arguments.

First, the fact that the moduli of graded surfaces are smooth orbifolds with corners
is a technical result, whose proof imitates of the proof of Theorem 2 of [41], and is
provided in Section 2.3.6. Second, the construction of special canonical boundary
conditions is similar to the proof of Lemma 3.53(a) in [31], and appears in Section 2.5.

On the other hand, proving that the high genus moduli is orientable, constructing the
orientations and showing their properties is more involved, and is based on the discovery
of the open Arf invariant in Solomon and Tessler [34]. However, in Sections 5 and 6.2,
we provide completely different proofs for the orientability and the orientation properties
we need, using the stratification of the moduli and properties of Kasteleyn orientations.

It is also worth mentioning that one of the main results of [31; 35] is the independence
of the open intersection numbers on choices. This fact is also a byproduct of the

Geometry € Topology, Volume 27 (2023)
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(a)

00 00D
0 C}@» @@

SFlo

Figure 2: Examples of contributing graphs.

proof of Theorem 1.5, which uses just the defining properties of canonical boundary
conditions and not a specific canonical multisection.

1.4.1 Examples (ti790)9 = 1. Thus, for g =0, k =1 and / = 2 the left-hand side
of equation (13) with A1 = A and A, = p is

2 2

RN
The right-hand side receives contributions from several graphs; see Figure 2(a). The
two nonnodal contributions in the first line are
1 1
Kot wp? ot iz
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The two nonnodal contributions in the second line are
2 n 2
203+ ) 2u3(A+p)

The nodal ones sum to . .
A3 + uA3’

And the two sides agree.

The second example is of (71); = % Consider case (b) in Figure 2. The left-hand side
is 1/A3. Nonnodal terms do not contribute, as the single relevant graph — the leftmost
graph of (b)—is not odd. The nodal contribution is exactly 1/A3.

The last example, Figure 2(c), is of (1o0°) = 8. The left-hand side gives 384/A°.
Then 24 nonnodal diagrams —one for each cyclic order of the boundary points —
contribute 24 /1°. There are 120 diagrams with a single node, one for each order;
each contributes 1/A°. There are 120 diagrams with two nodes; each contributes 2 /1>,
where 2 comes from the Catalan term.

1.5 Proof of the conjecture and related works

Some recent developments, related works and open questions are summarized below.

(1) Proof of the open KdV conjecture Based on the combinatorial formula presented
here, the conjecture of [31] has been proven in [10]: first, the combinatorial formula
was transformed to a formula of matrix integrals, and then, by analytical tools and ideas
from the theory of integrable hierarchies, the integral was shown to satisfy the open
Virasoro constraints, which are equivalent to the open KdV equations by Buryak [5].

(ii)) Boundary descendents Buryak [6] showed that the string solution of the open
KdV equation is closely related to the wave function of the KdV hierarchy. In [5] a
more general generating function, which is a tau function of the Burgers—KdV system,
was introduced. It was conjectured that this function should correspond to an open
intersection theory which includes descendents of boundary marked points. Such
a theory can be constructed, extending the construction of [35], and, based on the
combinatorial construction in this paper and on Buryak and Tessler [10], this theory
can be shown to satisfy the Burgers—KdV hierarchy. The definition of the extended
theory, its calculation and the proof of its relation with the Burgers—KdV hierarchy will
appear soon.

Geometry € Topology, Volume 27 (2023)
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(iii) Kontsevich—-Penner matrix model, Refined open intersection numbers An
alternative description of the solution of the Burgers—KdV equations in terms of
matrix integrals was found algebraically by A Alexandrov [1] in terms of the N =1
specification of the Kontsevich—Penner tau function.

Open problem 1 Is there a direct geometric way to derive Alexandrov’s solution of
the open KdV equations from the geometric construction of [31; 35]?

The combinatorial construction presented here was used in Alexandrov, Buryak and
Tessler [2] to write a formula for more refined open intersection numbers. The main
conjecture of [2], which is a strengthening of a conjecture of Safnuk [33], is that
the generating series of the refined open numbers equals the Kontsevich—Penner tau
function.

(iv) Open r—spin In recent work of Buryak, Clader and Tessler [8; 7], a far-reaching
generalization of [31] to an intersection theory over the moduli of r—spin disks has
appeared. The potential of the genus O open r—spin integrals was shown to be closely
related to the wave function of the rKdV hierarchy, and an all-genus generalization
was conjectured. Work in progress with Gross and Kelly generalizes this construction
to open FJRW theory, and the genus 0 intersection numbers are explained using mirror
symmetry.

Open problem 2 Generalize the formula presented in this work to the case of open
r—spin intersection numbers.

(v) Other interpretations of the theory There were several related works in the
physics literature; we mention two. In [15], Dijkgraaf and Witten provide a physical in-
terpretation to the open intersection theory of [31; 35]. In [3], Bawane, Muraki and Rim
describe a solution for the open KdV equations in terms of minimal gravity on the disk.

In [32], Safnuk gives an interpretation of the N = 1 specification of the Kontsevich—
Penner tau function — which is, as explained above, a solution of the Burgers—KdV
hierarchy — in terms of combinatorially defined volumes of moduli spaces.

(vi) Similar formulas for other OGW invariants There are two newer works
which present formulas for open GW invariants in terms of summation over graphs
with boundary nodes and are of the same flavor as the formula given here, and the
refined formula of [2]. Zernik [40] presents an equivariant localization calculation of

Geometry € Topology, Volume 27 (2023)
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OGW disk invariants for the pair (CP2”, RP2"). Buryak, Zernik, Pandharipande and
Tessler [11] construct the stationary OGW theory of (CPP!, RIP1), derive a localization
formula for all intersection numbers, including descendents, and in [9] use it to prove a
correspondence with open Hurwitz theory. Both formulas contain corner contributions,
in addition to the naive contributions, in resemblance to (13). To the best knowledge of
the author, such formulas have not appeared in literature before. Formulas for open GW
invariants have appeared in the past, usually in the context of equivariant localization;
see the calculations of Katz and Liu [24] as a prototypical example. In the older
formulas which involved graph summation, the graphs were dual to topological stable
marked surfaces with boundaries (which parametrized fixed-point loci). These surfaces
included disk components which were connected by internal nodes to the closed part.
There were no boundary nodes. The amplitudes of such graphs were usually similar
to the analogous amplitudes in the closed case (and the disk contribution was usually
more or less the square root of the sphere contribution). In the formulas of this work
and of [2; 11; 40], the boundary nodes contribute an additional factor to the amplitudes.
It would be interesting to gain a general understanding of this new type of expression,
to understand when are they expected to appear, and to analyze them.

1.6 Plan of the paper

In Section 2 the constructions of [31] and [35] are reviewed. In particular, graded spin
surfaces are defined, as well as their moduli space M ¢,k 1> tautological line bundles
and special canonical boundary conditions. With these in hand, the open intersection
numbers are then defined.

In Section 3 the notions of sphere bundles and angular forms are recalled. We explain
how to calculate the integral of the relative Euler class, relative to nowhere-vanishing
boundary conditions. The main result of this section is an explicit formula for a
representative of the angular form of a sphere bundle. This formula is the starting point
of the paper.

Section 4 is devoted to constructing an open analog of Strebel’s stratification. Symmetric
stable Jenkins—Strebel differentials are defined, and used to stratify the moduli space
of open surfaces and then the moduli of graded surfaces. In addition, combinatorial
sphere bundles are constructed. It is then shown that special canonical multisections are
pulled back from the combinatorial moduli. The main result of this section is that the
open descendent integrals can be calculated as integrals over the combinatorial moduli.
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The combinatorial formula for open gravitational descendents 2511

Section 5 describes in more detail the cells in the stratification which will eventually
contribute to the open descendents. Extended Kasteleyn orientations are defined, and
their equivalence classes are shown to be equivalent to the data of a graded spin
structure. The Kasteleyn orientations are used to provide a more explicit description of
the contributing cells, of the boundary conditions and of the orientation of the moduli.
As a byproduct, an alternative proof that the moduli M .k, 18 canonically oriented is
given. The analysis of orientations is an important ingredient in the proof.

The last section, Section 6, proves the combinatorial formula, Theorem 1.5. With the
aid of the explicit angular form constructed in Section 3, an integral representation
of the open gravitational descendent is given. The integral depends explicitly on the
boundary conditions. The properties of special canonical multisections are then used
to iteratively integrate by parts, until an integrated form of the combinatorial formula,
Theorem 6.10, is obtained. Finally, by performing a detailed study of the Kasteleyn
orientations and the multiplicative constants they contribute,! we are able to apply the
Laplace transform to the integrated formula and obtain the main theorem, Theorem 1.5.
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2 The moduli, bundles and intersection numbers

This section briefly summarizes the required definitions and results from [31; 35].

IThis study also applies to the closed case, and gives a conceptual calculation in terms of discrete spin
structures of a constant appearing in Kontsevich’s work [25, Appendix C], which was the subject of several
other works.
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2.1 General conventions and notation

For [ € N we write [[] = {1,2,...,[}. The set [0] will denote the empty set.

Throughout this article, a map m: A — Z from an arbitrary set A, which is injective
away from m~!(0), will be called a marking or a marking of A. Given a marking, we
shall identify elements of m~!(Z \ {0}) with their images.

In what follows, the markings will be used to mark points in surfaces, half-edges in
dual graphs and vertices in ribbon graphs. The reason we allow noninjective marking
functions is that we will have to perform many graph or surface operations that will
create new marked points. There will be no natural way to mark these new points, and
therefore we will mark them all by 0.

We will encounter many types of graphs in the next sections. Dual graphs, to be defined
in Section 2, will be denoted by capital Greek letters. Ribbon graphs, to be defined in
Sections 4 and 5, will be denoted by capital Roman letters.

Many of the objects in this paper, such as surfaces or graphs, will have natural notions
of genus, boundary labels and internal labels. A (g, B, I )—object is an object whose
genus is g, set of boundary labels is B, and set of internal labels is /. Similarly, in the
closed setting, a (g, I )—object is an object whose genus is g and set of internal labels
is I.

Given a permutation 7 on a set .S, we write s/ for the m—cycle of s € S. Fora € S/,
we write 77! (a) for the elements which belong to the cycle a.

We shall sometimes use the shorthand notation y to denote a sequence {y; }; [}, if the

sequence we are referring to is understood from context.

2.2 Open surfaces and their moduli space
2.2.1 Stable open surfaces We recall the notion of a stable marked open surface.

Definition 2.1 We define a smooth pointed surface to be a triple
(2,x,2) = (2, {xi }ies. 1Zi }ieT),
consisting of

(a) a Riemann surface X, possibly with boundary;
(b) an injection B — 9%, with i — x;, where B is a finite set;

(e}
(c) aninjection Z — X, with i > z;, where 7 is a finite set.
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In the case 0% # &, we say that X is an open surface. Otherwise it is closed. We
sometimes omit the marked points from our notation. Given a smooth pointed surface 3,
we write B(X) for the set B, and sometimes also for the set {z;};ieg. We similarly
define 1(X).

A smooth closed pointed surface 3 is called stable if
2¢(2) + |1(2)] > 2.
A smooth open pointed surface X is called stable if
2g(2) + |B(D)[ +2[1(2)] > 2.

Remark 2.2 X is canonically oriented, as a Riemann surface. In the case that 03 # &,
it is endowed with a canonical induced orientation.

Definition 2.3 For a pointed Riemann surface (X, {x; }iep, {Zi }iez), where in the case
that ¥ is closed B = @, we denote by (X, {x; }ies, {Zi}iez) the same surface with
opposite complex structure. The doubling of an open X is

Sc =3z X,

the surface obtained by the Schwarz reflection principle along the boundary 0%. For
an open connected X we define the genus g(X) to be the genus of X¢. For X closed
and connected the genus is just the usual genus. In the case that X is disconnected, its
genus is defined as the sum of the genera of its connected components.

Remark 2.4 For open surfaces the topological type is determined by two numbers,
the doubled genus g and the number of boundary components /, and not only by the
genus. The number / is constrained by

h=g+4+1(mod2), with0<h<g+1,

and for any (g, h) satisfying these constraints there is a topological type of open surface.

Definition 2.5 A prestable surface is a tuple

¥ = ({Za}acouc. ~, CB),
where:

(a) O and C are finite sets. For o € O, X, is an open smooth pointed surface; for
o €8, Xy is a closed smooth pointed surface.
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(b) ~=~pU~p, where ~p is an equivalence relation on Ua B(Xy) with equiva-
lence classes of size at most 2, and ~7 is an equivalence relation on | J, I(Zq)
with equivalence classes of size at most 2. We write B(X) and I(X) for the
equivalence classes of size 1 of ~p and ~j, respectively.

(¢) CB(X) is a subset of 1(X).

Elements of B(X) are called boundary marked points. Elements of 1(X) \ CB(X) are
called internal marked points. The ~p (resp. ~y) equivalence classes of size 2 are
called boundary (resp. interior) nodes, and elements which belong to these equivalence
classes are called half-nodes. Elements of CB are called contracted boundaries. The
equivalence classes of ~ (resp. ~p, ~y) are collectively called special (resp. special
boundary, special internal) points of X.

We also write ¥ = [[,coue Za/~. If O is empty and CB is empty, X is called a
prestable closed surface. Otherwise it is called a prestable open surface.

A prestable surface is marked, if it is also endowed with markings nB: B(X) > Z and
m!: I(2)\ CB — Z. Write m = m’ Un®. Recall that a marking is injective outside of
the preimage of 0.

A prestable marked surface is called a stable marked surface if each of its constituent
smooth surfaces X is stable.

The doubled surface ¢ of a stable open surface is defined as

S¢ = ( [[Eac]] Ea]_[ia)/~<c,

acO aeC
where

~c= (~pU~yU~7U~cp)
is defined as follows: ~7 identifies internal marked points of {Z¢lacc if and only
if ~; identifies the corresponding marked points in {34 }yec, and ~cp identifies

z; € Iy and Z; € X4 whenever i € CB(X). Z¢ is endowed with an involution o, with
z; = o(z;), whose fixed-point set is 3% U CB(X), and is such that ¥ >~ X /0. Write

D(%) = (Xc.0).

¥ is connected if the underlying space [ [, cpus Za/~ is. = is smooth if CB(X) = &
and ~ has only equivalence classes of size 1.

The normalization Norm(X) of the stable marked surface X is defined to be the surface
({Zq}acouc, ~',CB’,m’) where ~' has only size 1 equivalence classes, CB’ is empty,
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and the marking m’ agrees with m whenever is defined, and otherwise m’/ = 0, m’'8 = 0.
For a marked point marked i # 0, write ¥; for the component of Norm(X) which
contains marked point z;.

A topological stable marked surface, open or closed, is defined in the same way, only
with the X, being topological surfaces rather than Riemann surfaces.

In what follows, our default choice of marking function m is a bijection ol I(Z) - [n]
if 3 is closed, and if ¥ is open we usually take bijections m’ : 7(Z) \ CB(Z) — [/]
and m®: B(X) — [k]. Therefore whenever a surface is written as (2,21, ...,2,) or
(X, x1,..., Xk, 21,...,21), we implicitly mean that it is marked, and that the indices
of the marked points represent the markings.

See Figure 3 for examples of prestable surfaces and their normalizations.

We sometimes identify D(X) and Xc.

Definition 2.6 An isomorphism between two prestable marked surfaces
Z = ({EQ}QEOU69 N,CB,m) and E/ = ({E&}aGO’UC’, Nl’ CBlym,)

isatuple f = (f%, ¢, {f*}acouc) such that:

(@) The maps f©: O — O and f€:C — C’ are bijections between the sets which
index the components of the surfaces.

(b) Fora €O, f*: Xy — E/fo @) is a biholomorphism, which induces a bijection
on the sets of special points. Fora € C, f%: Xy — E}c(a) is a biholomorphism,
which induces a bijection on the sets of special points.

(c) ForxeXyandyeXg, x ~ yifand only if f%(x) ~/ B(y).
(d) For any special point x € g, m'( f*(x)) = m(x).
() U, f*(CB)=CB'".

We denote by Aut(X) the group of automorphisms of X.

An isomorphism between stable topological surfaces is similarly defined, only with the
maps f* required to be homeomorphisms rather than biholomorphisms.

2.2.2 Stable graphs It is useful to encode some of the combinatorial data of stable
marked surfaces in graphs.
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Figure 3: In this diagram in every row the leftmost picture is a prestable
surface, and on the right side of the same row is the normalization. In the top
row there is a prestable marked surface with boundary, and its normalization
into two stable marked disks and a prestable marked sphere. In the second
row there is a stable sphere with an (unmarked) contracted boundary. Its
normalization is a stable sphere with three markings. In the third row there is
a stable surface with boundary which is normalized into a disk and a torus.

The last row contains a stable surface whose normalization is the union of a
cylinder and a genus 3 surface with boundary.

0

Definition 2.7 A (not necessarily connected) prestable dual graph T is a tuple
vV =vouvS H=HBUH! 6y,~=~pgU~, g, H® n=n? unl),
where:

(@) VO and VC are finite sets, called the open and closed vertices, respectively.
(b) HB and H! are finite sets of boundary and internal half-edges.

(c) o0o: H — V associates any half-edge to its vertex.
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(d) ~p is an equivalence relation on H B with equivalence classes of sizes 1 or 2,
and ~7 is an equivalence relation on H! with equivalence classes of sizes 1
or 2. Denote by T8 the equivalence classes of size 1 of ~g, and by T/ the
equivalence classes of size 1 of ~j.

() H®BcTl

(f) g:V — Zs>o is a genus assignment.

(g mB:T8 5 Zandm!:T7\ H®® — Z are markings.
We call T8 boundary tails, H CB contracted boundaries, and T! \ H CB internal tails.
Set T =TTUTB. Now, ~p induces a fixed-point-free involution on H B\ T B. Similarly,
~7 induces a fixed-point-free involution on H! \ T1. We denote this involution on

H\T by o;. Weset EB = (HB\ T8)/~p, the set of boundary edges. We define

El =HI\T!)/~; UHB. We put E = ET U EB, the set of edges. We denote by

053 the restriction of o to H2; in a similar fashion we define o/ .

We require that for all i € HB, o¢(h) € V©.
We say that I" is connected if its underlying graph (V, E') is connected.

For a vertex v we set k(v) = |(053)_1 (v)]. It is defined to be 0 if v is closed. We set
l(v) = |(0({ )~1(v)|. Write CB(v) for the number of contracted boundaries of v. A
dual graph is closed if VO = H®® = &, and otherwise it is open.

The genus of a stable connected closed dual graph T is defined by

g =Y gw)+|EN-|VE+1.

veVC

The genus of a stable connected open dual graph T is defined by

gD =Y g +2 > g)+|EP|+20E |- |H®| VO -2V +1.

veV O veVC

A closed vertex v € VC is stable if
2g(v) +[(v) > 2.
An open vertex v € V © is stable if
2g(v) + k(v) +2l(v) > 2.

A dual graph I' is stable if all its vertices are.
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The normalization Norm(I") of the graph I' is defined to be the unique stable graph
(V'.H' 04,~' ¢, HB.w) with V' =V, H = H, 04 =00, g = g. H® = 2,
and ~' has only classes of size 1. The map m’ agrees with m whenever m is defined.
Otherwise m’ = 0.

For i € Image(m’) \ {0}, we denote by v; (I') the connected component of Norm(I")
which contains the tail marked i.

It is easy to see that the genus is always nonnegative. Figure 4 illustrates several dual
graphs and their normalizations. Note that open vertices without boundary half-edges
are allowed.

Definition 2.8 An isomorphism between graphs
I'=(V.H,00,~¢ H® m) and "=V H oy~ g HSn)

is a pair £ = (f", fH) such that

(@ fY:V >V and fH:H — H’ are bijections,

(b) g'of=g

(¢) hy~ hyifand only if f(hy) ~" f(h2),

(d) op= f o000,

() mo f =m,

() fHP) = H'P,

We denote by Aut(I") the group of automorphisms of T".

To each stable marked surface 3 we associate an isomorphism class of connected stable
graphs as follows. We set

vo=0, ve=c. HEP=(]JB(E,. H'=]JI(Za). H®=CB(Z).
o o

The definitions of g, ~, o¢ and m are straightforward. In particular, a tail marked a is
associated to a marked point labeled a. An edge between two vertices corresponds
to a node between their corresponding components. See Figure 4 for the dual graphs
which correspond to the surfaces of Figure 3. Note that this correspondence is at the
level of isomorphism classes of topological stable surfaces, and that a surface is closed
precisely if its corresponding graph is closed.
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—_
oQ

Figure 4: This diagram presents the dual graphs which correspond to the
surfaces from Figure 3, under the correspondence of Definition 2.9. Again
the right-hand side of each row is the normalization of the left-hand side.
Black vertices correspond to closed components, and empty vertices to open.
The genus of the vertex is written next to it. Boundary edges or half-edges
are drawn as dashed lines, and the other edges or half-edges are internal (the
case of contracted boundary is included). The label of a tail is written next to
it. The genus of the dual graphs in the left-hand side are, going from top to
bottom, 0,0, 2, 5.

Definition 2.9 The graph associated to a stable surface X is denoted by I'(X). The
genus of a stable surface X is defined as the genus of ['(X).

Observe that the genus of a stable closed surface agrees with the standard definition,
while the genus of a stable open surface equals the standard genus of its doubled
surface. The genus of a stable surface equals the genus of the surface obtained by
smoothing its nodes, including the contracted boundaries which are smoothed to
boundary components. Observe also that Norm(I'(X)) = I'(Norm(X)), and that for
any internal marked point which is marked i # 0, we have v; (I'(X)) = I'(¥;), where
%; is the component of 3 which contains marked point z;.

Throughout this paper we will sometimes write “graph” instead of “dual graph” when
the meaning is clear from the context. Dual graphs will be denoted by capital Greek
letters, to help us distinguish them from another kind of graphs we shall meet below,
ribbon graphs, which will be denoted by capital Roman letters.
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We denote by Qéﬂi k.l the set of isomorphism classes of all stable graphs of genus g with
k boundary tails, / internal tails, and for which

Image(m®) = [k] and Image(m!) = [].

We write GR for the set of isomorphism classes of all stable graphs. Note that the
cases k = 0 or [ = 0 are not excluded, as surfaces without boundary or internal marked
points will be considered in what follows.

Notation 2.10 Given nonnegative integers k, / with 2g + k + 2/ > 2, denote by I‘;,Rk /
the stable graph with VO = {x} and V¢ = @, with

gx)=g, TB=HB~[k), T!=H'~]],

where the equivalences with [k] and [/] are obtained using m? and m, respectively.
We similarly define Iy , as the closed graph with a single vertex of genus g, and
T = AT ~[n].

Definition 2.11 A stable dual graph is effective if

(a) any internal half-edge is a tail or a contracted boundary,

(b) any vertex without internal tails has exactly three boundary half-edges and
genus 0, and

(c) different vertices without internal half-edges are not adjacent.

A surface is called effective if it is associated to an effective graph.

The notion of effectiveness will be important later on, when we construct the com-
binatorial moduli space using Jenkins—Strebel differentials. On moduli strata which
correspond to effective dual graphs, the map to the combinatorial moduli is a homeo-
morphism. This fact will turn out to be useful when we come to translate the geometric
intersection numbers to combinatorial expressions.

In the leftmost column of Figure 3, only the sphere from the second row is effective:
the surface from the first row has an internal node, and in addition it is not stable;
the surface from the third row also has an internal node as well; the surface from the
lowest row has a component without internal markings, which is not a disk with three
boundary markings. Equivalently, in the leftmost column of Figure 4 only the second
graph is effective. Additional examples of effective and noneffective surfaces and
graphs are illustrated in Figure 5.
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Figure 5: Every row in this diagram illustrates a dual graph and the corre-
sponding surface. Only the first row represent an effective graph/surface.
Note that the cyclic order of boundary markings on boundaries cannot be read
from the dual graph data.

2.2.3 Some graph operations For the purpose of the next definition, for a vertex v
in a dual graph I', write ¢(v) = 1 if v is open, and &(v) = 2 otherwise. For an edge e
set £(e) = 0 unless e is an internal edge connecting two open vertices, in which case
put e(e) = 1.

Definition 2.12 Consider a stable graph I". The smoothing of I' at f € E is the stable
graph
del =T"= (V' H' ,~ s0.¢" 1),

defined as follows. Suppose f ¢ HCB(TI") is the ~—equivalence class {h1, ho}. Write
oo(h1) = v1 and o¢(h2) = va. The vertex set is given by
V= (V\{v1,v2}) U {v}.
The new vertex v is closed if and only if both vy and v, are closed. We have that
H' = H\{hy.hs},
and ~/ is the restriction of ~ to H'. For h € 00_1({1)1, v2}), we define o) (h) = v;
otherwise, o) (h) = oo(h). For any tail ¢, m'(1) = m(r). We set

g +1+e(f) if v1 = va,
g'(W)=1gw1)+gw2)+e(f)  ifvi#vzande(vr) =e(v2),
e(v1)g(vy) +e(va)g(vy) otherwise.
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When f € H CB a contracted boundary of vertex v, then
V=V, H'=H\{f}, H=HP\{f}

We update ~’, o) and m’ as above. We put g’'(w) = g(w) for w # v, and we put
g’ (v) = g(v)+1if v is open, otherwise we set ¢g’(v) = 2g(v) and declare v to be open.

Observe that there is a natural proper injection H’ < H, so we may identify H' with a
subset of H. This identification induces identifications of tails and of edges. Using the
identifications, we extend the definition of smoothing in the following manner. Given
aset S ={f1,..., fa} C E(I'), define the smoothing at S as

dsT' =df, (---dp,(dfT)--+).

Observe that dgI" does not depend on the order of smoothings performed.

Definition 2.13 A stable topological surface ¥’ is a smoothing of a topological stable
marked surface X at an internal node z, ~ z, if there exists a simple closed path
y <> X/, and a map ¢: ¥’ — X which takes y to the node and restricts to an orientation-
preserving homeomorphism ¢: X"\ y ~ ¥\ {z,,.z,}. In this case we say that y is
contracted to the node. We say that y degenerates to z,, when this time y is an oriented
simple closed path in X', if y is contracted to the node, and the p—preimage of a small
enough neighborhood of z, lies to the left of y. The definitions of smoothing in a
boundary node or degeneration to a boundary half-node are analogous, only with a
simple arc that connects two boundary points.

A topological stable surface ¥’ is the smoothing of a topological stable surface &
at a contracted boundary z, if there exists a boundary component 9%/, and a map
¢: X — X such that (0X)) =z, and p: &'\ 0%, >~ £\ z,,.

If e is the edge of I'(X) which corresponds to the node z, ~ z, in X, then I'(X') =
d.T'(X), where X’ is the smoothing of ¥ in that node; similarly for smoothing in
contracted boundaries.

If T =dgT’, then H' is canonically a subset of H, and we have a natural identification
between E(T") and E(T')\ S.

We can now define boundary maps

9 gR 529 and 9:gR - 29"
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by putting

3'T ={I'"|T =dgI"’ for some S € E(I')} and 9T =9'T"\ {I'}.

These maps naturally extend to maps 29" — 29"

2.2.4 Moduli of open surfaces In this paper we consider orbifolds with corners; we
follow the definitions of [41, Section 3], which build on the works [22; 21].

Notation 2.14 For I' € GR, denote by /\/lﬂ;{ the set of isomorphism classes of stable
marked genus g surfaces with associated graph I'.

Define
R
[] ME
I7ed'T
We abbreviate
R
MR gkl = =M

R
1—‘g.k.l

and Mg k1~ MFRk I.
We similarly define Mg , and Mg ,, which are just the usual Deligne-Mumford
moduli spaces of stable and smooth curves respectively.

For i € Image(m’) \ {0}, write My, ) for the moduli of the graph v; (I"), and denote
by v; : Mr — M, (1) the natural map which on the level of objects sends ¥ — ;.

The space /\_/l§ &1 1s a compact smooth orbifold with corners of real dimension
dimg My, ; =k +20 +3g 3.

We attribute this result to Amitai Netser Zernik [41, Section 2]. His setting is slightly
different. He considers open stable genus 0 maps to homogeneous varieties, and he
proves that the moduli space of these maps is an orbifold with corners. In our case
the target space is a point, but the genus is arbitrary. This change does not affect his
results or techniques, since they only rely on convexity of the corresponding closed
moduli problem, that is, on the fact that the moduli space of (complex) stable maps is
a smooth orbifold, which clearly holds for M g.n- We review the argument. Consider
the sequence

— 4 3
a4 MBS MR D R Mg B RM oot 2 Mg jesar.

We define the moduli spaces and maps appearing in (14) as follows.
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Step 1 First, RMg x 5; is the fixed locus of the involution on M g¢.k+21 defined by

(C;Zl,...,Zk+2l) = (C;Zl’---’Zk’Zk-i-l-i-l""’Zk+21’Zk+1?"'?Zk+l)’

where C is the same smooth curve C, but with the conjugate complex structure. This is
a compact smooth real orbifold, as it is the fixed locus of an antiholomorphic involution
over a smooth complex orbifold. More details on the fixed-point functor on stacks can
be found in [41, Section 2.5]. This orbifold parametrizes isomorphism types of stable
marked curves with a conjugation.

Step 2 The next step is to cut Mg, k,21 along strata which parametrize surfaces with
at least one real node. These strata form a real normal crossing divisor, as they are the
fixed-point loci of the previous involution, applied to the normal crossing divisor of
nodal strata in M ¢,k+21- The cutting procedure is via the real hyperplane blowup of
[41, Section 3.3], and it is proven there that the result of this blowup is an orbifold with
corners which we denote by RM a.k,2l-

Step 3 RM ¢,k,21 18 made of several connected component. Consider those compo-
nents whose generic point is a real curve C with a conjugation @ such that C \ C?
is disconnected. Then ./\71? k.2l is the disconnected two-to-one cover of the union of
those connected components, given, at the level of objects (C, o), by the choice of
a distinguished half, a connected component of C \ C2. Thanks to the real blowup
procedure, this choice extends naturally to the boundary strata. The resulting space is
still a compact orbifold with corners, as a degree 2 cover of such a space.

Step 4 /Wi k.l is the submoduli of /\7115’ k.2l made of connected components such that
the marked points wg 41, ..., Wg4; lie in the distinguished half. This final space is a
compact orbifold with corners, as it is the union of connected components of a compact
orbifold with corners.

Set-theoretically /\7]5’ k.l is naturally identified with the moduli space of stable marked
open (g, k, [)—surfaces, and therefore we identify this moduli with /\7]}5’ k- The con-
struction endows the moduli space /\7? kil with topology and an orbifold with corners
structure. For the dimension, see, for example, [27, Theorem 1.2].

In general the space ./W? k.l is nonorientable and disconnected. A stable marked surface
with » boundary nodes or contracted boundaries belongs to a corner of the moduli
space /W? k.l of codimension b. For further reading about the nodal strata of the real
and open moduli spaces we refer the reader to [27, Section 3].
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Notation 2.15 Denote by D: M]i},k, ;= M g¢.k+21 the moduli-level doubling map
Y — ¥, which is the composition of the maps of (14).

2.3 Graded surfaces and their moduli space

We present here the extra structure needed for the definition of intersection theory for
open Riemann surfaces, following [35; 34].

2.3.1 Smooth graded surfaces Let 3 be a smooth closed genus g surface. A spin
structure twisted in {z; };ez,, where Z; C Z, is a complex line bundle £ — X together

b2£®2 :a));(—z Z,‘),

i1€T

with an isomorphism

where wx (—Y_;c7, zi) is the canonical bundle twisted in {z; }; ez, .

Let X be a smooth genus g open surface. A real spin structure twisted in {x; };ep,
and {z;};ez,, where By C B and Z; C Z, is a triple (L, b, 0), where (L, b) is a spin
structure on the doubled surface D(X) = (Xc. o) twisted in {x; };ep, and {z;, Z; }ie1,,
ie L — X is a line bundle and

b: L% ~ wy,. (—Z Xi— Z(Zi +Zi))
i€B; i€l

is an isomorphism, where wyx (—Zie By Xi — ZieIl (zi + Zi)) is the canonical bundle
twisted in {x; };ep, and {z;, Z; }iez,. The map ¢: L — L, is an involution which lifts do,
the induced involution on ws..

The maps ¢ and dp restrict to conjugations on the fibers of
L— 3% ~03%, wzp. (—Z xi) — T¢ 0%,
ieBy
These conjugations give rise to a p—invariant real subbundle. The real line bundle
e
Oz (—Z x,-) — 2%
i€eB;
is oriented: take any nowhere-vanishing section & € I'(T E% — E%) which points

in the direction of the orientation on E%, induced from its identification with 9.
The orientation of a)gc |E% \ies, is defined by a section § which satisfies £(§) > 0.
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Such a section is said to be positive. Thus, using b, it is seen that for any connected
component of E% \ {x; }ien, . either g? or —E has a root in £2. In the case that for each
connected component of E% \ A, where A D {x;};ep, is a finite set of points, the
positive sections have roots in £9, we say that (£, 0) is compatible away from A. In
the case A = {x; }iep,, we say that the structure is compatible.

Proposition 2.16 If B; # & then there are no compatible real twisted spin structures.

Proof Supposei € B;. Let U be a contractible p—invariant neighborhood of x; which
contains no other marked points. One can find a p—invariant section s € I'(£ — U)
which vanishes nowhere in U, possibly after replacing U by a smaller neighborhood. In
o—anti-invariant local coordinates around x;, the real section z dz generates wyx . (U).
Write f(z) = z dz/b(s®?); this is a nowhere-vanishing holomorphic function in U.
Moreover, f is conjugation invariant, and hence real on U€ In particular, it does
not change sign there. But this is impossible for a compatible structure since z dz is
positive on exactly one component of U2\ {x;}. ad

Given a compatible real spin structure, a /ifting of the spin structure is a choice of a
section in
L(S°(£%) — ¢ \ {xilien).

where SO stands for the rank O sphere bundle. We say that the lifting alternates
in x;, and that x; is a legal point, if this choice cannot be extended to I'(S 0(£5) —
E% \ {x; }ien\({;})- Otherwise the lifting does not alternate in x;, and x; is an illegal
point.

Definition 2.17 A twisted closed smooth spin surface is a closed smooth surface
(2,{zi}iez), together with a twisted spin structure twisted in {z; };ez,. In the case
71 = &, we call it a closed smooth spin surface.

A twisted open smooth spin surface is a smooth open surface (X, {x; }ies. {Zi }iez),
together with a compatible twisted real spin structure twisted in {z; }; ez, . In the case that
71 = @, we call it an open smooth spin surface. A (twisted) smooth spin surface with a
lifting is a (twisted) open spin surface, together with a lifting. A lifting with all boundary
points legal is called a grading. A surface with a nontwisted spin structure (that is,
71 = B; = ©) and a grading is called a graded surface. An isomorphism of twisted
spin surfaces is an isomorphism of the underlying surfaces and of the line bundles
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which respects the twists, commutes with the maps between the canonical lines in the
expected sense and, in the open case, also with the involutions. An isomorphism of
twisted spin surfaces with a lifting is an isomorphism of the twisted spin surfaces which
takes the lifting to the lifting in the target, and respects the alternations.

We will see below in Proposition 2.32 that the only obstruction to the existence of a
graded spin structure is the parity of g + k: in a graded spin structure, g + k must be
odd.

2.3.2 Stable graded surfaces We follow the terminology of [19]. Let ¥ = {X, }qec
be a stable closed surface. A spin structure twisted in {z; }; e, , where Z; C Z, is a rank
1 torsion-free sheaf £ over X together with a map

b: L% a));(—z Zl'),
i€
where wx; (_Ziezl Z,') is the dualizing sheaf, twisted in {z; }; ez, .
We require that
(a) deg(£) = 3(deg(ws) —|T1)).
(b) b is an isomorphism on the locus where L is locally free, and

(c) for any point p where L is not free, the length of coker(bp) is 1.

In particular, b is an isomorphism away from nodes. Nodes where b is not an isomor-
phism are called Neveu—Schwarz (NS); at these nodes the last requirement says exactly
that b vanishes in order 2. The other nodes are called Ramond.

Let ¥ = {¥4}accuo be a stable open (g, k, [ )—surface. A real spin structure twisted in
{xi}ien, and {z;}ier,, withZ; €7 and By C B, is a triple (£, b, 0), where (L, b) is a
spin structure over the doubled surface D(X) = (2¢, 0), and ¢: L — L is an involution
which lifts do, the induced involution on wy .. Thus, in particular, b is a map

b: L% — wy.. (—Z Xi— Y (i +5i)),
i€B 1€

where oy (_ZieBl X; — Ziell (zi + Zi)) is the dualizing sheaf, twisted in {x; };ep,
and {z;, Z; }iez, , and

deg(L) = % (deg(ws) —2|Z1| — Bi).
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Remark 2.18 Suppose that X is a nodal curve, open or closed, and z is a node with
preimages z,, z;, € Norm(X). Then there are natural residue maps

res, : (Norm*wy),, =~ C.
These induce an isomorphism a: (Norm*wy);,, =~ (Norm*wy);, , by
res(v) +res(a(v)) = 0.
In the Ramond case, we also have an isomorphism @: (Norm* L), — (Norm*L), ,

and res(b(v®?)) + res(h(a(v)®?)) = 0. For more details see [19].

When z € ¥ C X is a contracted boundary which is Ramond, do and g lift to complex
antilinear isomorphisms between the fibers of Norm*wy . and Norm* £ in z4, where
z4 is the preimage of z in Norm(X), and z_ is the preimage of z in Norm(X). By
composing with a and @ we get antilinear involutions on the fibers at z. This defines
real lines, which we denote by (a)g) z4 and (£2), +» together with maps

res: (w%)zJr ~ V/—IR,
where +/—1 is the root of —1 in the upper half-plane, and

b2 (£0);, — (@8)z,,
defined by 52(v) = b(v®?).

We say that the real spin structure is compatible in a contracted boundary z if z is
a Ramond node of ¥¢ and the image of b2 is in the positive imaginary half-line

res_l(\/—_leo).

The real spin structure is compatible if it is compatible in contracted boundaries and
away from special boundary points. Compatibility away from special points is defined
as in the smooth case.

A lifting of a compatible real spin structure is a choice of a section

s € r(s"wﬁ) — 32\ ( g B(Za))),

a€0
where S stands for the rank 0 sphere bundle. The notions of alternations and of legal

marked point or a legal half-node are as in the smooth case.

The definition of the lifting includes, for any contracted boundary node z, a choice of
a lifting for the contracted boundary, ie with the above notation and identifications, a
choice of direction in (£9), + which is mapped by res o b? to the ray ~/—1Rxo.
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Proposition 2.19 (a) A real spin structure on a stable surface, twisted or not,
induces a real spin structure, possibly twisted, on any open component of the
normalization, and a possibly twisted spin structure on any closed component
of it. For any node of X, the induced structure is either twisted in both of its
preimages in the normalization, or not twisted in both. The former case is the
Ramond case, the latter is Neveu—Schwarz. If there are no Ramond nodes then
the spin structures on the closed components of the normalization, together with
the real spin structures on its open components, determine the real spin structure
onX.

(b) If the real spin structure is compatible, then so is the induced structure on any
open component of the normalization. In this case, in particular, there are no
twists in boundary marked points, and no boundary Ramond nodes. In the case
that there are no Ramond internal nodes but there may be contracted boundaries,
compatible spin structures on the normalization determine the compatible spin
structure on X.

(c) A lifting on ¥ induces a lifting on the normalization. A lifting on the normal-
ization, together with a choice of a direction in (res 0 b?) ™! (v/—1R ) for the
preimage z of any contracted boundary, induces a lifting on X.

Proof The fact that the twisted spin structure induces one on the normalization by
pullback, and is induced by one, when there are no Ramond nodes is already true in the
closed case; see for example [19]. Moreover, it is shown there that given the structures
on the normalization and the identifications of the stalks in preimages of nodes — see
Remark 2.18 — the twisted spin structure on the surface is determined. The involution
extends uniquely by continuity.

The second claim follows from the fact that one can examine compatibility away from
special points. Ramond boundary nodes cannot appear by Proposition 2.16. If z is a
contracted boundary, there is a single, up to sign, possible identification map a, as in
Remark 2.18. Now, if @ makes the contracted boundary compatible, with respect to
the involution, —a will make it not compatible, and vice versa. The last statement is
evident. |

Definition 2.20 A closed stable surface (X, {z; };c7), together with a spin structure

twisted in {z;};ez,, is called a twisted closed stable spin surface. In the case that
71 = @, we call it a stable closed spin surface. A twisted open stable spin surface
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is a stable open surface (X, {x; }ieB, {Zi }iez), together with a compatible real spin
structure twisted in {z; };e7,. In the case that 7y = &, we call it a stable open spin
surface. A (twisted) stable spin surface with a lifting is a (twisted) open spin surface,
together with a lifting such that for any boundary node, exactly one half-node is legal.
If all the boundary marked points are legal, the lifting is called a grading. A (twisted)
stable spin surface with a grading is effective if the underlying surface is, and, for any
component of the normalization of genus zero with 3 special boundary points and
no special internal points, its special points are legal. A stable graded surface is a
(nontwisted) stable spin surface with a grading. The isomorphism notions are as in the
smooth case.

The legality condition on the nodes may seem peculiar at first glance. However this is
the condition which allows smoothing of the stable graded surface at a boundary node.
The closed analog of it is that the twists at the two half-nodes of the same node must
agree. In a nutshell, as we will see in the next subsection, in a twisted spin surface
any closed path which does not pass through special points has a well-defined notion
of parity. By pinching the surface in that path, a node is formed, and this node is NS
or Ramond according to the parity of the pinched path. Similarly, any oriented arc
between boundary points which avoids special points also has a well-defined notion
of parity. We will see in Proposition 2.31 that this parity changes if the orientation
of the arc changes. By pinching the arc one obtains a surface with a new boundary
node. The boundary node is NS, but the legality of its half-nodes is determined by
the parity of the corresponding oriented arcs. See Lemma 2.39 for an exact statement.
Interestingly, when the node is separating the legality can be determined from the parity
considerations of Proposition 2.32. Since in g = 0 all nodes are separating, the genus 0
theory could have been defined without referring to the graded spin structure. These
points will be discussed more in [34].

Notation 2.21 Denote by Spin(X) the set of isomorphism classes of graded spin
structures on a stable open surface 3.

The definition of graded surfaces, together with Proposition 2.19, yields a corollary.

Corollary 2.22 If X has no internal nodes, there is a bijection between Spin(X) and

(a) isomorphism types of spin structures with a lifting on Norm(X), twisted precisely
at preimages of contracted boundaries, such that any boundary marked point
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- +

+ + I+ 1

Figure 6: In this figure we consider three stable graded spin surfaces. In
these cases the underlying surfaces are effective. The symbol + near a
boundary marking or a boundary half-node indicates a legal point, while —
indicates an illegal point. We omit the labels. The graded surface on the left is
noneffective, since in the normalization the middle component has one legal
boundary marking, two illegal boundary markings and no internal markings.
On the other hand, the remaining two graded surface are effective.

of X is legal as a point of Norm(X), and for any node of ¥ exactly one half-node
in Norm(X) is legal;

(b) a choice of a direction in (res o b2)~1(+/—1Rx¢) for the preimage z4 of any
contracted boundary.

2.3.3 An alternative definition for the smooth case In this subsection we provide
an alternative definition for smooth spin surfaces with a lifting. This definition will be
easier to work with. Let (2, {x; };eB, {z; }jez) be a smooth, open or closed, pointed
Riemann surface. Choose any Riemannian metric on it.

Notation 2.23 Denote by 7! the S'-bundle of T X. For a simple smooth arc or a
simple smooth closed path y C X, we denote the S°—bundle of 7y by T''y.

When the arc or path y is oriented, 7'y will stand for the unit-length oriented tangent
vector field to y. In particular, we shall use the notation 719X for the branch of 719X
which covers the direction of the induced orientation on the boundary.

We consider 71 X as the S !—subbundle of unit-length vectors of T'%; similarly for 7'1y.
We also consider 7'y as a S%—subbundle of 7'! X]y. In what follows we use these
identifications without mentioning a choice of metric. Different metrics will give rise
to equivalent structures, and in fact, one can make these definitions metric independent
by considering the S°— and S'-bundles as subquotients of the corresponding vector
bundles.

For a point p € X, a vector w € T, and an angle 6 € R/27R, let row = ry(p)w be
the operator of rotation by 6 in the counterclockwise direction. We shall omit p from
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the notation when it is clear from context. The operator ry(p) is induced on Tp1 %, and
we shall use the same notation.

If u and w are two tangent vectors at p, denote the counterclockwise angle from u
to w by £L(u, w).

For a smooth arc y: [0, 1] = X, there exists a canonical trivialization
c:[0,1]x S - T3,
defined by
g([9 9) = (J/(t)a ei0v1)9 where Uy = (Tl)]/(l)y

This trivialization defines a continuous family of maps

{P(V)§5 Tyl(s)z g Tyl(t)z}05s,t51,

uniquely determined by the condition

P2(s 7 (y(s),v)) = p2 (s (¥ (@), p(y)iv)),

where p» is the projection on the second coordinate. One can extend the trivialization
to the piecewise smooth context by approximation. In the case that s =0 and t =1,
we omit them from the notation and write p(y). One can easily verify, in the piecewise
smooth case, that if y is composed of smooth subarcs y;: [a;,a;+1] — X, where
ap=0<ay <---<ap=1,and ;4118 £(Vily;; @i 1)s Vilyi(@is1)) then

() = pYn—-1r6,_, P(Yn—2) -~ 14, P(Y0).

We shall denote such y by y; — Y2 — - -+ — y5. For a closed piecewise smooth path vy,
we slightly change the definition of p to be

p(y) =719y P(Yn—1)76,_, P(Yn—2) -~ 79, P(Y0).
and note that this is in fact the identity map. We shall denote such y by y; — y» —
R SR 28
Definition 2.24 A twisted spin structure S — X \ {z; } ;7 on a smooth marked X is

an S'-bundle on =\ {z;};e; together with a degree 2 cover bundle map

r=71%:8S— TIEIE\{Z_/}J’EI'
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For a point p € X, a vector w € Sp, and an angle 0 € R/4nZ, let Rgw = Ry (p)w be
the operator of rotation by 6 in the counterclockwise direction. We shall omit p from
the notation when it is clear from context.

The parallel transport along y : [0, 1] — X is the unique continuous family of maps
{P(¥)s:Sy(s) = Sy yoss,i<i
which covers {p(y)L}. We shall sometimes call P (y)(l)v the parallel transport of v

along y, and write it as P(y)v.

Remark 2.25 R covers r in the sense that if 7(s) =v fors € S, and v € TplZ, then

m(Rg(p)s) =re(P)V = ro(mod 2) (P)V-
Observe that Ry Rg = Ry 4. In addition, P and R commute:

Ro(y(0))P(y)sv = P(y)sRo(ys)v.
Definition 2.26 A (twisted) spin structure S is associated with a function
q=q° H\(Z\{zj}je1.22) > L»

defined as follows. For x € H1 (X \ {z,};er.Z2), take a piecewise smooth connected
representative . Then p(y) is the identity. Hence P(y) is either the identity or minus
the identity. We define g(x) = ¢g(y) to be 1 in the former case, and 0 otherwise.

For any internal marked point z;, take a small disk D; which surrounds it and contains
no other marked points in its closure. We define the twist in z; to be g(dD;).

The following well-known theorem was proven by Johnson [20]. It states that g is a
quadratic enhancement of the Poincaré pairing («, ).

Theorem 2.27 The function q is well defined on H1(X\{z;}jer,Z2). Fora,p €
Hi(2\{z}}jer.Z>), we have

q(a+ ) =q(@) +q(p) + (a. p).

Proposition 2.28 If y: [0, 1] — X\ {z;} ey is a piecewise smooth closed curve which
bounds a contractible domain, then P()/)(l) = Ry,. Moreover, suppose X is a disk with
a piecewise smooth boundary y. Let S — T'Z |, be a double cover by an S '_bundle S.
Then S can be extended to a nontwisted spin structure on X if and only if P()/)(l) =Roy.
In this case the extension is unique. In particular, the spin structure can be extended to
a marked point z; if and only if its twist is 0, in which case the extension is unique.
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The first part follows from Theorem 2.27 by taking « = 8 = [y]. The other parts are
also simple and will be omitted.

Definition 2.29 Let (X,S) be an open marked Riemann surface together with a
(twisted) spin structure. Suppose 0% # &. A lifting is a choice of a section

10X\ {xi}ien — S|3E\{xi}ies

which covers the oriented TY(0% \ {x; }ieg).

For j € B, suppose i : (—%, %) — dX is a smooth orientation-preserving embedding
with i(0) = x; and xp ¢ i(—%, %) for b # j. In the case that

lim s(x) # lim s(x),
x—>0" x—0t

we say that the structure alternates in x;, and that x; is a legal point. Otherwise x;
is illegal and the structure does not alternate. We extend the definition of s to the
boundary marked points by s(x) = lim, _, ¢+ s(x).

A smooth spin surface with a lifting (X, {x;}ies,{zi }iez, S, s) is a smooth open Rie-
mann surface together with a spin structure and a lifting. A smooth graded surface is a
smooth spin surface with a lifting, such that all boundary marked points are legal.

The notion of alternation can be generalized in the following manner.

Definition 2.30 A bridge is a piecewise smooth simple arc which meets the boundary
only at its two distinct endpoints x, y € dX \ {x; }ies. Suppose we orient the bridge
and parametrize it as

y:[0,1] > X, with y(0) =x,y(1) = y.
Define Q(y) € Z, by the equation
(15) Ron—ay (V) P(¥)Ra, (X)5(X) = Rong(y) (1)s(¥),

where
ax = L(THXIZ, (T)xy) €[0, 7],

ay = £((TY,0%, (TY),y) € [r, 27].

Q(y) depends on the orientation but not on the parametrization. An oriented bridge
with Q =1 is called a legal side of the bridge, otherwise it is called an illegal side.
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Proposition 2.31 Let X be a smooth open spin surface with a lifting. Let y be a bridge
and denote by y the same bridge with opposite orientation. Then Q(y) + Q(y) = 1.
Thus, any bridge has exactly one legal side and exactly one illegal side.

Proof Work with the notation of Definition 2.30. For w € {x, y}, o, is defined by
al, = £((T1) 0%, (T1)wy). Observe that &', = oy + 7 and oy, = ay — . Apply
R 07) () to the left-hand side of (15). By Remark 2.25, the left-hand side becomes

Row o) (V) Ro2m—ay (V) P (V) Rat (x)5(X) = Ron—, (V) P (V) Rar, (X) Rozr 0 (3 (X) 5 (X).

Using equation (15) for ¥, Remark 2.25 again, and the relations between pairs o, o)
and o, oc;,, the last expression simplifies to R P(y) R P(y)s(y). By Proposition 2.28
applied to the piecewise smooth closed curve y — ¥ — y, this is just Ra; (y)s(y).

Applying Ry, o(5)(») to the right-hand side of (15), we obtain Ry (0(y)+0@F)) (7)s(¥)-
Thus,
Rax (y)s(¥) = Ran(@(n+07) (V)5 (),

and the claim follows. O

Proposition 2.32  (a) Suppose (X,{z;}iez,S) is a genus g closed spin surface.
Suppose that exactly [y marked points have twist 1. Then [y is even. For any
closed Riemann surface (X, {z; }iez), there exist 2?8 distinct nontwisted spin
structures on X.

(b) Suppose (X,{x;}ien, {zi}iez,S,s) is a genus g open spin surface with a lifting.
Suppose that exactly k4 of the boundary marked points are legal, and [ internal
marked points have twist 1. Then

11 =g—|—1—|—k+ (m0d2).
For any (2,{x;}ieB,{Zi }ieT) € M]ifkl with 2 | g + k + 1, there exist exactly

28 graded structures on X.

Proof For the first claim, let {C;} be a family of nonintersecting circles around
each marked point. Then ) C; is homologous to 0. By Theorem 2.27, q(z C,') =
> ¢q(C;) = 0. For the number of spin structures, see for example [19].

Regarding the second claim, let C; be as above, and for any boundary component 03,
let Cp, be a curve surrounding this boundary, disjoint from it, but isotopic to it in X\ z.
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By the definitions of g and Q one easily sees that ¢(Cp) is 1 plus the number of legal
marked points of d¥;. Again

Y a(C)+) q(Cp) =0 (mod 2),

but this sum equals /; + k4+ + b (mod 2), where b is the number of boundaries. It is
easy to see that b = g + 1 (mod 2). For the number of graded structures; see [34]. We
will also obtain it as a byproduct in Section 5.1; see the end of Example 5.18. |

Lemma 2.33 The definitions given in this subsection of smooth spin surfaces with a
lifting, twisted or not, and graded or not, are equivalent to the analogous ones given in
Section 2.3.1.

Starting with a real spin structure £ in the sense of Section 2.3.1, S is just the S!1—
bundle of £*, and the lifting is the reduction of the lifting to that bundle. See [34] for
more details, and for the rather straightforward proof of equivalence.

2.3.4 A comment about the alternative definition in the stable case In the stable
case, by Proposition 2.19, the sheaf £ and the grading data determine the spin structures
and liftings on the normalization, hence by Lemma 2.33 determine the data of S and s
for each component. However, it is determined by it, again, using the same lemma and
proposition, only when there are no Ramond nodes. Even when there are such nodes,
the data of S and s for each component determine £ and the grading data up to a finite
choice of identification maps between stalks of half-nodes and liftings at the preimages
of the contracted boundaries, as explained in the proof of Proposition 2.19. Therefore,
since working with the S!-bundle and its lifting is more convenient, throughout this
paper we shall usually write (X2, S, s) to indicate a spin structure with a lifting, and
leave £ implicit. We shall sometimes even leave S and s implicit.

2.3.5 Spin graphs It is useful to encode some of the combinatorial data of spin
surfaces with a lifting in graphs.
Definition 2.34 A (pre)stable spin graph T" with a lifting is a (pre)stable graph

F :(V’H’NszUMI)’

together with a twist map tw: H! — Z and an alternation map alt: H® — 7Z,. We
require that

(@) tw(h) =tw(oy(h)) forany he HI\T7,
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10 5’ tW = 1 g = 1 + _____________ _
g= S,
+ 3 OO

g=0
tw=1

Figure 7: Three examples of graded dual graphs. The numbers stand for the
markings, and all twists are 0 unless “tw = 1” is written next to an element
of H!. In order to avoid confusion, legal half-edges, the elements h € H B
with alt(k) = 1, are decorated by + signs.

(b) alt(h) + alt(o(h)) =1 forany h € HB\ T8,
(c) tw(h)=1forall h e HB,
(d) Zhe(of)—l(u) alt(h) + Zhe(og)—l(v) tw(h) = g(v) + 1 (mod 2) forv e VO,
(e) Zhe%_l(v) tw(h) =0 forv € VC.
A boundary half-edge &, and in particular a tail with alt(h) = 0, is said to be illegal,
otherwise it is legal.

We say that the graph is stable if T is stable. We call I a graded graph if alt(t) = 1
forallf € T8 and tw(t) =0 forallt € T\ HCE

I is effective if its underlying graph is effective, alt(z) = 1 for all ¢ € T'B, and for any
v € V9 without internal half-edges, its three boundary half-edges have alt = 1.

The normalization Norm(I") is just the normalization of the underlying graph I', with
the maps tw and alt defined on the tails of Norm(I") by their values on the corresponding
half-edges of I'. As in the spinless case, whenever an internal tail of I' is marked
i # 0, the graph v; (I') is the component of Norm(I") which contains tails i, but with
the additional data of tw and alt.

When it is clear from the context that the dual graph under consideration is a spin graph

with a lifting, we sometimes omit the maps tw and alt from the notation.

Definition 2.35 An isomorphism between spin graphs with a lifting (T, tw, alt) and
(T, tw’, alt’) is a tuple
f=rrh
such that
(a) f:T — I is an isomorphism of stable graphs,
(b) tw =two fH and alt’ = alto fH|y5.

We denote by Aut(I") the group of the automorphisms of I' = (T, tw, alt).
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We denote by G the set of isomorphism classes of all spin graphs with a lifting. We
have a natural forgetful map

fa/rspin: G —GR,  where ﬁspm(I‘, tw, alt) =T
Write forgpin for its restriction to graded graphs. We denote by G, i ; the set of isomor-
phism classes of graded graphs with Image(m®) = [k] and Image(m) = [I]. Define
I'g k.1 as the unique connected graded dual graph with a single open vertex of genus g,

exactly k boundary tails marked by [k], exactly / internal tails marked by [/], H® = &,
and no further half-edges.

To each graded stable marked surface ¥ we associate a graded stable graph (T, tw, alt)
as follows. First, I' = I'(X). Let w € ¥4 be any special point of this component. It
corresponds to some half-edge 4. If 1 € HZ, then tw(h) is defined to be the twist in w.
If h € H5, then alt(h) = 1 if and only if / is legal. For brevity we denote the graded
stable graph corresponding to X by I'(X), omitting tw and alt from the notation. Note
that Norm(I' (X)) = I'(Norm(X)), and whenever an i # 0 marks an internal marked
point, then v; (I'(X)) = ['(%;).

We can also extend the graph operations to the graded case. The smoothing of a stable
spin graph with a lifting (T, alt, tw), at f € E is the stable graph

dfT = (I, alt’, tw')

such that dy(T") = I'". Recall that we may identify H' as a subset of H. We define
tw’ and alt’ as the restrictions of tw and alt with respect to this identification. Given a
set S ={f1,..., fu} € E(T), define the smoothing at S as

dsT =dg (---dp,(dfT) ).

Note that again in the case I' = dgI'/, H’ is canonically identified as a subset of H,
and alt and tw respect this identification.

Again we define 0':G—2%and 9: G — 29 by
3T ={I'"|T =dgI"’ for some S € E(I')} and 9T =9'T"\ {I'}.
And again these maps naturally extend to maps 29 — 29,

2.3.6 ./\7lg,k,1

Notation 2.36 For I' € G, denote by Mr the set of isomorphism classes of marked
stable spin surfaces with a lifting, associated to graph I".
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Define

Define M gkl = /ﬁrg_ .- Similarly define Mg x; as the subspace parametrizing
smooth surfaces.

For a marking i, denote by v; : M — M, () the canonical map [X] — [%;]. Observe
that in order to define this map we have used Proposition 2.19. If X has a contracted
boundary, then ¥; has a marked Ramond point which corresponds to it. The passage
from X to X; forgets the lifting at contracted boundaries.

Theorem 2.37 [35] The space M .kl 18 a compact smooth orbifold with corners of
real dimension 3g — 3 + k + 2/. It is endowed with a canonical orientation.

We note that Mg ¢ ; is in general disconnected. Different connected components
correspond to different topologies with the same doubled genus, to different partitions
of the boundary points between boundary components, and sometimes also to different
connected components of graded spin structures.

The main difficulty in this theorem is the proof of orientability. The properties of
the canonical orientation will be detailed in Theorem 2.53 below. In Theorem 5.32,
Proposition 5.48 and Corollary 5.49 below we will provide a different proof for the
orientability and for the properties of the canonical orientations. We now briefly review
the proof that M ¢.k,1 18 a compact smooth orbifold with corners. As in the spinless
case, we rely on [41]. We also refer the reader to [8, Lemma 3.5], where a similar
procedure, also based on [41], is applied to the moduli of r—spin disks.

Our starting point is the fact that in the closed setting the moduli space /\7;7/ 7 of twisted

spin curves is a smooth orbifold; see, for example [18]. Consider the sequence

—1/2

— 5) )~ 3) 2 1) =1
(16) Mg k1 Q) Mg k1 CQ) Mg k1 Q’ RMeg k.1 Q) RMg,k+2l Q’ M;r,22+2l'

As in the spinless case, we explain the notation throughout the steps below.

Step 1 First, M/gl,ﬁrzl is the suborbifold of /\7;/ ,3 ol

2-spin curves, given by the condition that all the markings have twist 0. Inside this

the moduli of stable marked

space, RM;/ ,f o7 18 the fixed locus of the involution defined by

(Cswr, oo W21, S) = (Ci Wi, oo, W, Whh [ 15 v o s W20 s W 15 - - - Wit 15 S),

where C and S are the same as C and S but with the conjugate complex structure. Here
k is required to satisfy 2 } g + k. As the fixed locus of an antiholomorphic involution,
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]R{Mél,{ ]% 47 1s @ smooth compact real orbifold. It parametrizes isomorphism types of

marked spin curves with an involution ¢ covering the conjugation o on C, and 0 twists.

. ——1/2 . .
Step 2 The next step is to cut RM g{k 1o along the real simple normal crossings
divisor consisting of curves with at least one real node, via the real hyperplane blowup
of [41]. As in the spinless case, this yields an orbifold with corners R Mg x ;.

Step 3 Consider the subset of ]@7\4;/ 13-4-2

real spin curve with nonempty real locus. Then Mg i ; is the disconnected 2-to-1 cover

; Whose generic point is a smooth marked

of this subset given, as in the spinless case, by the choice of a distinguished half ¥,
a connected component of C \ C@ Note that C = D(X).

Step 4 Inside M g.k,1» We denote by M ¢.k,1 the union of connected components
such that the marked points wg 41, ..., Wg4; lie in the distinguished half, and the spin
structure is compatible. The generic point in this orbifold has isotropy Z,, coming, at
the level of objects, from scaling the fibers of S by —1.

Step 5 Finally, M ¢.k,1 18 the degree 2 cover of M ¢.k,1 given by a choice of grading.
The choice of the grading cancels the global Z, isotropy, since the —1 map is no
longer an automorphism, as it does not preserve the grading. As a cover, M gk, 18
also endowed by an orbifold with corners structure.

For any I' € Gg k1, MTr is a suborbifold with corners which is the closure of Mr.
The map Forgpi, is an orbifold branched cover. A graded surface with b boundary
nodes and contracted boundaries belongs to a corner of the moduli space M gk, of
codimension b. Thus dM, x; consists of graded stable surfaces with at least one
boundary node or contracted boundary. For details see [35]. We should note that the
same argument applies for the more general setting of the moduli space of twisted spin
surfaces with a lifting. These more general moduli spaces are also smooth orbifolds
with corners, but in general they are not orientable.

Remark 2.38 By Proposition 2.32, the degree of the map Forgp, is 28. The automor-
phism group of the underlying surface acts on the set of spin structures. When the
surface is smooth this group is generically trivial, but when it is not, it may happen
that the fiber of Forgpi, is of cardinality smaller than 2. Still, even in this case its
weighted cardinality, which takes into account the isotropies, is 28, so that the orbifold
degree in the smooth case is constant. When the topology becomes nodal the number
of graded spin structures on a given underlying surface may change. But still, for any
graded dual graph I'" the degree of Forgpi, restricted to M is generically constant, and
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when isotropy groups are taken into account, it is always constant. This constant is a
power of 2 which can be calculated from the graph structure of I" using, for example,
Proposition 2.19 and the first paragraph in its proof, which relate spin structures on a
stable surface and twisted spin structures on its normalization.

The universal curve Cg . ; — Mg k1 is the space whose fiber over [£] € Mg ¢ s is Z.
Its topology can be defined as in the closed case.

The following simple lemma is useful for understanding the geometry of M g.k,l> S€€
[34; 35] for detalils.

Lemma 2.39 (a) The maps q and Q are isotopy invariants, in the sense that if
(2X5)o<s<1 is a path in Mg,k,l’ and (y:,s)o<s,r<1 IS a continuous family of
simple paths y. s € X5 — Eg,k,l which miss the special points and which are
either all bridges or all closed. If they are all bridges then Q(y. s) is fixed for
any continuous choice of orientations on y. g, and if they are all closed, then
q(y. ) is fixed.

(b) Suppose now that (X5)o<s<1 Is a path in Mg,k,l and (y:,s)o<s,t<1 1S a con-
tinuous family of paths y. s C X < Eg,k,l which for s < 1 are simple and
miss the special points and are either all bridges or all closed. Assume y. 1 is a
constant path mapped to a node or a contracted boundary. If y. s are all closed,
then the node is internal or a contracted boundary and for any s < 1, its twist is
q(y.s). If y. s are all open, then the node is a boundary node. In this case, the
illegal sides of the bridges degenerate to the illegal half-node, in the sense of
Definition 2.13.

In particular, by Proposition 2.31, exactly one of the half-nodes of each boundary
node is legal.

(c) Two graded spin structures on % without a Ramond node which give rise to the
same pair (g, Q) are isomorphic.

Remark 2.40 A classification of all pairs (¢, Q) is given in [34].
Notation 2.41 We denote by liaspin the canonical map
F/B-,rspin: MF — Mgrspm(r)

defined by forgetting the twisted spin structure and the lifting. Write Fory;, for the
restriction to graded moduli. The definitions of IEE)JrSpin, Forgp,i, make sense also when
I' is closed (and then the lifting is trivial).
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We end this subsection with a brief illustration of the phenomenon underlying the
branched cover property of the map Foryy;,. The branching phenomenon occurs along
strata which parametrize surfaces with infernal nodes, and therefore happens, from the
same geometric reasoning, also in the setting of the closed 2—spin intersection theory.
We shall explain it in this setting, for simplicity of notation.

Let X¢ be a curve with a single nonseparating node, and let ¥; be its smoothing,
so that ¥ is obtained from X; by pinching at some simple smooth closed path y.
Let (2¢);e[0,1] be a path in the moduli of curves, interpolating between X1 and 2.
This path induces an identification of H;(X;, Z») for t > 0, which in the limit ¢ — 0
corresponds to the surjection obtained by taking the quotient [y;] = 0, where [y;]
is the generator of Hj(X;, Z,) which corresponds to [y] € H;j(X1, Z3) under this
isomorphism. Let @ be any element of H(X1,Z5) satisfying (&, y) = 1. Denote
by o’ the element in H'(Zg, Z,) which corresponds to « after the pinching, via the
aforementioned surjection. Let By be an ordered basis of H; (X1, Z,) whose first two
elements are [y] and [«], and whose remaining basis elements do not intersect [y].
For ¢ > 0, define B; as the image of By under the isomorphism, and extend to# =0
via the mentioned surjection. Now choose any spin structure of Xo which gives all
markings twist 0 and makes the node NS. Recall that spin structures on smooth curves
are determined by the map g of Definition 2.26, using the rule of Theorem 2.27, and
any map which satisfies this rule gives rise to such a spin structure. Recall also that
spin structures on ¢ which give all markings twist 0 and make the node NS are in
bijection with spin structures on the normalization of 3¢ giving all of its special points
twist 0. Assign a number ¢(f) to any element 8 € By \ {y}, and put g(y) = 0. Recall
Lemma 2.39. The identifications between the different B; with ¢ > 0 define a spin
structure S; on X; for any ¢ > 0. It extends to a spin structure on Xy with an NS
node. We can also define spin structures S for ¢ > 0, whose restrictions to B; are the
same except for the elements which correspond to o, on which they are opposite. Both
(2¢.St)tefo,1] and (¢, S})efo,1] are paths in the moduli of 2-spin curves which have
the same limit point (X¢, So) = (Xo. Sg), and which cover the same path (2;);¢[0,1]
in the moduli of curves. The existence of the paths is due to the fact that ¢(o') is
undefined, and this data loss is the reason for the appearance of the branched cover
phenomenon.

In the case of a separating NS node, this argument no longer works, however in this
case the automorphism group of the spin structure becomes larger: scaling the fibers of
the spin bundle by —1 on each one of the two components is an automorphism. This
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growth of the automorphism group implies that the orbifold degree of the restriction of
Forgpin to such strata decreases.

2.4 The line bundles L;

Definition 2.42 Let I' be a stable graph with an internal tail marked i # 0. The
line bundle LL; — /W]lg is the line bundle whose fiber at (X, {x;};eB, {zj}je1) € Mﬂﬁ
is T;;, 3. This bundle can also be defined by pulling back the corresponding relative
cotangent line over the closed moduli space, via the doubling map.

Let I" be a spin graph with a lifting and an internal tail marked i 0. The line bundle
L; — Mr is the line bundle whose fiber at (X, {x;}jes,{zj}jer) € Mr is T X,
Equi\flently, this bundle can be defined as the pullback of ; — M%Spin @ by the
map Forgpy.

2.5 Boundary conditions and intersection numbers

We begin with a simple observation.

Observation 2.43 Let (X, S, s) be a smooth marked surface with a spin structure and
a lifting, ¥’ the marked surface obtained by forgetting points {xp}pcp’, Where B’ is
a subset of illegal boundary marked points. Then S is canonically a (twisted) spin
structure for X', and s canonically extends to a lifting on ¥'. In particular, a marked
point is legal for (X', S, s) if and only if it is legal for (X, S, s).

Definition 2.44 Consider I' € G,  ; and i € [[], and let v = i /0¢ be the vertex of I'
which contains the tail marked i. Define a graph v*(I") as follows; it will be called the
abstract vertex of i in T, or just the abstract vertex for short.

(@) V(v7(I')) = {*}, a singleton. It is open if and only if v is.

(b) TI(vl.*(F)) = (05)_1(11). Any internal tail of v’(I") which corresponds to a
tail marked by j € [/] is marked j, otherwise it is marked 0. The twist of any
tail of v*(I") is the same as the twist of the corresponding half-edge of v. Also,
HB =g,

(c) TB(vlT"(F)) ={he (063)_1 (v) | alt(h) = 1}, and all of these boundary tails are
marked 0.

(@) g/ T))=¢g)and EQ@}(I)) = 2.
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1 5tw=1 1 5tw=1
g=0 g=0¥
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Figure 8: In this figure, to the right side of each dual graded spin graph
its corresponding abstract vertices are shown. Again, half-edges /& with
alt(h) = 1 are decorated with the symbol +.

Let forjjiegal : G — G be the map which forgets all tails 7 € T8 with alt(r) = 0. As a
consequence of Observation 2.43, it induces a map at the level of moduli spaces, which
will be denoted by Forjjjegar.

Write ®r; = Forjjiega1 0; : M1 — M, *(ry. This map extends to a map Mp — M, ),
I 1
and we also denote the extension by ®r ;.

At the level of surfaces, ®r;(X) for X € M is the graded smooth surface obtained
from ¥ by normalizing the nodes which correspond to the edges of I', taking the
component of z;, forgetting all illegal half-nodes which were formed, renaming all
remaining special points by 0, and forgetting the lifting at preimages of contracted
boundaries; see Figure 9.

Observation 2.45 For I' as above, the two orbifold line bundles I.; — Myt and
(DF,i L; — Mv?‘(r‘)) are canonically isomorphic.

For a proof, see [31]; it is proven there for the g = 0 case, but the same argument
works in general.

In order to define the open intersection numbers we need to define special canonical
multisections, following [31; 35]. We first recall what multisections are, and refer the
reader to [7, Appendix A] for more details and references.

Definition 2.46 Let £ — M be an orbibundle over an orbifold with corners, and
identify E with its total space. A multisection is a function k : E — Q>¢ which satisfies
the following properties. For any p € M, let (F — U)/G be alocal model for £ — M
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1 2 1
O (e
17+
| Al
“.’.
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2 1
Figure 9: In this figure, the graded surface on the right of each row is the

image (as a moduli point) of ®r (%), where X is the corresponding surface
to the left of the same row, and I" is the dual graph which corresponds to X.

in a neighborhood of p, where U ~ R™ x R’;‘O’", p is identified with 0, F ~ U x R”,
the map 7 : F — U is the projection, and G is a finite group acting linearly on the pair,

commuting with . Denote by k the pullback of « to a G—invariant function on F.
Then:

(@) ForallyeU,

Y k=1

ver—1(y)
(b) We can find sections s1,...,s5: U — F, perhaps after replacing U with a
smaller neighborhood of 0, and nonnegative rational numbers u1, ..., iy, such

that forall y € U and v € =1 (),

k=)
ilsi(¥)=v
The sections s1,...,sy are called local branches and the numbers it1,..., 4y are
their weights. The locus where k # 0, which is locally the union of its local branches,
is called the support of the multisection. The elements in the support of x which lie in
the fiber £, of E over p form the set of values of the multisection at p.

Although the support does not, in general, capture all the information of the multisection,
we usually refer to the multisection « by its support s, and write s(x) for the values
of the multisection at x. If N =1 for all p € M, then the multisection is just a usual
section. The multisection is smooth (piecewise smooth) if all its local branches are
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smooth (piecewise smooth). Many of the natural operations and properties of sections
of vector bundles generalize to multisections of orbibundles in a natural way. These
include addition of multisections, multiplication by functions f: M — R, and most
transversality statements. We say that the multisection is nowhere vanishing if none
of its branches vanishes, or equivalently «(x,0) = 0 for all x € M. The multisection
is transverse to zero if all its branches are transverse to the zero section, and it has
isolated zeroes, if all its local branches have isolated zeroes. A point x is a zero of the
multisection if k(x, 0) # 0, that is, at least one of the local branches at x vanishes at x.
The zero locus of a multisection is the set of its zeroes.

Definition 2.47 Suppose 4 C G, i ; is a collection of graphs with at least one boundary
edge. A piecewise smooth multisection s of L; — | pe 4 M is called special canonical
on | Jpey Mr if, forall A € 0'T,

S|MA — (I)}k\,isvi*(A)
for some piecewise smooth multisection sV ) of L; — Mv;k( A)-

In the case that A C G, i ; is the collection of all graphs with at least one boundary
edge, we say that s as above is special canonical.

o ®a; . . .
A multisection s = ®ie[l] iefar Sij Of @, L; “/ is special canonical if each component
sij 1s special canonical.

Intuitively, being special canonical means that the multisection depends only on the
irreducible component of z; in the normalization, after forgetting the locations of the
illegal boundary half-nodes and the liftings at contracted boundaries.

Still following [7, Appendix A], let p € M be an internal point, and let s be a multisec-
tion with isolated zeroes. We assume that £ and M are oriented and rk(£) = dim(M ).
Take a local model (F — U)/G for the neighborhood of p as in Definition 2.46.
Choose a metric on U, a metric on the fibers R”, and let 7/: F — R” be the projection
on the R” component. Let B be a small ball around 0 (which is identified with p)
which contains no zero of s except possibly 0. Denote by S the unit sphere in R". We
use the orientations of M and E to endow S and 0B with the induced orientations as
the boundaries of oriented balls. We define deg, (s;), the local degree of s; at p, as the
degree of the map ¢: 0B — S, where

_ 7 (si(x))

)= oo
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This definition is independent of choices. The weight of p in the zero locus of s is
defined as

N
1
(17) €p = Gl E Wi deg,, (si).
i=1

If s has a finite zero locus {pi,..., ps}, then the weighted signed zero count of s is

Zzt'zl €p; (s) € Q.

Let s be a piecewise smooth multisection of £ — dM, where E — M is an oriented
orbibundle over a compact oriented orbifold with corners. Suppose s vanishes nowhere.
For any piecewise smooth multisection § extending s to the interior of M with isolated
zeroes, the weighted signed zero count of § is the same. This follows from standard
cobordism arguments — see for example [16, Section 3] for the case IM = &; the
addition of boundary does not complicate the argument? — and it is also a consequence
of Proposition 3.3, whose proof is sketched below. We denote this number by [, e(E, s)
and call it the integral of the relative Euler class of E relative to s.

Remark 2.48 The relative Euler class e(E,s) € H"(M, oM, Q), where E — M is
an oriented orbibundle over a compact oriented orbifold with corners with rk(E) =
dim(M) = n, is defined whenever s is a nowhere-vanishing boundary condition for
E — M. Integrating, or capping with the fundamental class, gives by Poincaré—
Lefschetz duality an element of Ho(M, Q) ~ Q. This element is precisely what we
defined as the integral of the relative Euler class. For our needs the definition of the
relative Euler class itself is not required. See the appendix in [7] for more details and
references.

The integral relative Euler class can be defined for orbifold sphere bundles rather than
orbifold vector bundles, for example by using an embedding of the sphere bundle into
the vector bundle using a choice of a metric for the vector bundle, and inducing the
boundary conditions by this embedding. The resulting integrals are the same when
working with a vector bundle E or with its associated sphere bundle. We shall use
these two notions interchangeably throughout the paper.

Observation 2.49 Suppose that E — M is an oriented orbibundle over a compact
oriented piecewise smooth orbifold with corners with rk(E) = dim(M) = n, and that
21n [16] the definition of multisections is slightly different, as a section to the symmetric product of the

orbifold vector bundle. However, a multisection in our terminology induces in a natural way a multisection
in the terminology of that paper, and the definitions of the zero counts agree.
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s is a nowhere-vanishing multisection of E — 0M . Let f: N — M be a surjection
between compact oriented piecewise smooth orbifolds with corners of dimension n,
which maps dN onto OM . Suppose that f is generically of degree one, meaning that
outside of a subspace K C M which is a union of finitely many compact suborbifolds
of M of real codimension one, f is injective. Then

/N e(f*E. f*s) = fN e(E.5).

Indeed, standard transversality arguments show that a generic piecewise extension of s
to M will have no zeroes in K. Using the pullback to N of such a generic extension
proves the claim.

The following theorem has appeared in [31] in the genus O case, and will appear in [35]
for all genera.
Theorem 2.50 Suppose ai,...,a; > 0 are integers which sum to %(k 421 +3g-3).

Then one can choose multisections {s;; }; [1], je[qa;] Such that

(a) Foralli and j, si; is a special canonical multisection of I; — aﬂg,k,,.

(b) The multisection s = P, ; sij vanishes nowhere.
Moreover, for any two choices {s;; } and {s; j} which satisfy the above requirements,

@Da; Da;
e L ’,s):/ e( L; ’,S/),
[ (@ e

1 1

we have

wheres" = @; ; 5/,

For completeness, and since [35] is yet to appear, we will shortly review the proof of
first claim in the theorem. We will not review the “Moreover” part, since it will be a
consequence of our main theorem, Theorem 1.5, which calculates the integral of the
relative Euler class, and obtains an answer which does not involve the special canonical
multisection, without relying on the assumption that the integral is independent of the
multisection.

The proof that nowhere-vanishing special canonical boundary conditions exist has two
steps. The first step shows that for any boundary point p € IM ¢k, there exists a
special canonical multisection none of whose branches vanishes at p. This step is the
heart of the argument; it is similar but not identical to [31, Proposition 3.49(a)] and we
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will review it in the next paragraph. The second step uses the multisections constructed
in the first step to construct nowhere-vanishing boundary conditions: Using the first
step and compactness, one can find finitely many canonical multisections s, ..., sy of
E = @ie[l],je[a,-] ]LfBai such that for any boundary point p € 3/\7g,k,l and any choice
of local branches s/ of s; at p, the vectors (s;), for i € [N] span the fiber E. Then,
by a standard transversality argument, a generic linear combination of 51, ..., sy will
be a nowhere-vanishing canonical multisection. By generic we mean that the subset of
linear combinations of sy, ..., sy with this property is residual in the set of all possible
linear combinations. The proof of this step is identical to [31, Lemma 3.53(a)], and we
refer the interested reader there.

We turn to explain the first step. Fix p € M ¢k, and i € [I[]. Suppose p belongs
to the stratum My for some graded spin dual graph I' corresponding to the graded
surface X. Let u € (IL;), be an arbitrary nonzero vector. Finally, let [X'] be the image
of p = [X] under the map ®r;, and write G = Aut(X). The action of G lifts to an
action on the cotangent of the i marking, that is, on (ILi )= the fiber of L; at [X'].
By Observation 2.45, the fibers of IL; at [X’] and [X] are isomorphic, canonically up to
the action of G on (IL; )[z/]. Thus, the G—action lifts also to (IL; )[x]. Write

u={uy,....umy=4{g-ulgeaGj.

We will construct a special canonical multisection of I.; whose branches at p have
values u, with equal weights. Set

Vead = (0F(A) | A €' Typs)

ie Vg 1 is the collection of abstract vertices v*(A) for any graded spin graph A that
corresponds to a stratum of Mg x ;. We will construct for any v € Vy ;. ; a special
canonical multisection sV for L; — M,. These multisections are required to be
compatible in the following sense. Let v € V, ¢ ;, and let A € dv be a graph which
corresponds to a boundary stratum of M,. Let v/ = v (A). It is easy to see that
v’ € Vg k1. We require, for all such v and A, that

(18) sV pa = @ sV

These constraints for different A are compatible. See the explanation at the beginning of
the proof of [31, Proposition 3.49], which extends to our setting. This construction will
provide, in particular, a construction of a special canonical multisection for v (Ig £ 1),
which is the same graded dual graph as I', ; ; except that the boundary tails are marked 0.
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The pullback of this section by the canonical map
Mrg,k,l - MU?(Fg.k,l)
which changes the boundary markings to 0 will be the required multisection.

Write v* = v(I") and @ = dim(M,*), where I" is the dual graph which corresponds
to X. The construction of multisections s¥ for v € V, x; will be by induction on
d = dim M,. The basis is d = —1, which holds trivially since there are no such
vertices. Suppose we have constructed multisections with the required properties for
all v/ with dim M, <d. Consider v € Vg f ; with d = dim M. Note that v need not be
an open vertex, and may even have internal tails with tw = 1. Write Y = [ [, ¢5, Ma.
Define first s¥|y according to (18), where the right-hand side of the compatibility
equations is already defined by induction. We now extend sV to the whole moduli
space M,. Here we separate into cases. If v # v*, we extend arbitrarily. If v = v*
we extend arbitrarily, but under ihe requirement that SE);,] = u, meaning that each u;
appears in some branches of sV, and with the same total weight. This can be done
for example in the following way. Let p: M+ — [0, 1] be a smooth function which
is 1 near [X'] and 0 near Y. Let s’ be an arbitrary extension of the already defined
sv" |r to My, and s” an arbitrary multisection of L; — M+ which has the required
values [X']. Then one can take

sV = ps” + (1= p)s’.
The induction follows,? and thus also the proof.

For the benefit of the reader we now explain the difference between this proof and the
proof of [31, Proposition 3.49(a)], and the intuitive reason for why canonical boundary
conditions should give rise to well-defined intersection numbers. In [31] there were
no contracted boundaries and all boundary nodes were separating. In this case the
definition of canonical boundary conditions can be given without spin structure, by
using only parity considerations: for each node, precisely one half-node is forgotten, and
the forgotten half-nodes are chosen in the unique way which leaves on each connected
component of genus s of the normalized surface a total number of unforgotten special
boundary points whose parity is s + 1 (mod 2). This numerical reasoning cannot work

3In the proof of the corresponding claim in [31], the multisections were also required to satisfy some
invariance under symmetry groups. In our case, since we work with orbifolds and orbibundles, this
invariance is part of the definition of being a multisection; see the appendix of [7]. In [31], the orbifoldness
was implicit, and was a result of forgetting the boundary markings. In higher genus, even the moduli with
injective markings is an orbifold.
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when there are nonseparating nodes. However, as it turns out, this parity notion neatly
generalizes to the notion of a graded spin structure, and the forgotten half-nodes are
precisely the illegal ones. The importance of this scheme is that it forces the boundary
conditions to be pulled back from a real codimension-two space rather than from a
codimension-one space (the codimension is with respect to the dimension of the whole
moduli space).

This idea cannot work in the case of moduli strata which parametrize surfaces with
a contracted boundary component. However, for such surfaces, for any contracted
boundary component there are two possible choices of liftings. Moreover, by the
“Moreover” part of Theorem 2.53 below, the boundary strata of the moduli which
correspond to the different choices of liftings come with opposite orientations. Since, in
the definition of the base, the lifting in such points is forgotten, the boundary conditions
should be the same for these two boundary strata.*

These two properties are strong enough to guarantee that the integrals are well defined:
The dimension reduction, together with a standard transversality argument, enables one
to construct a homotopy between any two choices of canonical boundary conditions s
and s’ which does not vanish on boundary strata which correspond to surfaces with
a boundary node. It may vanish on boundary strata which correspond to surfaces
with contracted boundaries, but these vanishings cancel in pairs, which differ in the
liftings of these contracted boundaries. This homotopy argument thus shows that s
and s’ determine the same integral. In the course of the proof of Theorem 1.5 this
independence will become manifest.

Based on Theorem 2.50 we can now define open intersection numbers.

Definition 2.51 With the notation of Theorem 2.50, define the open intersection

(Tal "'Ta/0k>g = 2—%(g+k—1) / e(@]Li@aj,S),
Mg k.1 1

1

number

where s is a nowhere-vanishing special canonical multisection.

“#Essentially this discussion says that such codimension-one boundaries can be glued, and that the integrals
can be calculated with respect to the glued moduli space. In an earlier version of this manuscript we chose
this path, but we believe that this gluing is less elegant than the equivalent choice of unglued boundaries
we make here. The cost of this choice is that there are now additional boundary conditions to impose and
to analyze.
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The power of 2 is a normalization factor chosen in [31], which makes some initial
conditions nicer but has no geometric or algebraic importance.

Since we define the intersection numbers to be 0 unless the numerical condition of
Theorem 2.50 holds, the genus is determined from knowing k, / and ay, ..., a;, and for
this reason we will usually omit it from the notation and simply write (74, -+ 74 lak)
for (74, ---ta,ok)g.

2.6 The orientation of M, ;

As mentioned above, the spaces M ¢.k,1 were proved to be orientable, and moreover
were given canonical orientations. In order to state properties of these orientations that
will be required for later, we need the following definition.

Definition 2.52 Let M be an oriented orbifold with corners. Then dM is also ori-
entable. The induced orientation on M is defined by the exact sequence

0> N—>TM|gpy — TIM — 0,

where N, the dimension-one normal bundle of dM in M, is oriented by taking the
outward normal as a positive direction and the orientation on 7TM as the given one.

For the benefit of the reader, we recall the construction of the induced orientation also
in terms of local coordinates. Let p be a boundary point which is not a corner. A
local neighborhood of p is diffeomorphic to (R>¢ x R*~!)/G for some finite group G
which acts on R”, and under the diffeomorphism, p is mapped to the origin. By
the orientability assumption G acts in an orientation-preserving manner, and we may
assume that the orientation induced on R” by the diffeomorphism is the standard
one. Since p is a boundary point, {0} x R”~! is preserved by G, and since G acts
on Rx¢ x R"™!, by definition R>o x R”™1 is preserved. Take an oriented frame
(v1,v2,...,vy) for R” which is in the class of the standard orientation, so that v; has
negative first coordinate and the remaining vectors of the frame have first coordinate 0.
Then (v, ..., v,) is a frame for {0} x R”~!. For g € G, (gv1,...,gVvy,) is in the
same orientation class as the original frame. Since R>o x R”~! is preserved under G,
gv1 has a negative first coordinate. Since {0} x R”~! is preserved under G, the first
coordinate of each gv; fori > 2 is 0, and we obtain that

(gva,...,gvy) and (v2,...,Vy)
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are in the same orientation class. This class is defined as the orientation frame, which
defines the local orientation at p. We extend the orientation to the whole boundary by
continuity.

The next theorem, proven in [35], describes some useful properties of the canonical
orientations of M .k,1» properties that characterize these orientations uniquely.

Theorem 2.53 There is a unique choice of orientations or for any graded graph I"
all of whose connected components contain a single vertex, satisfying the following
requirements:

(a) The zero-dimensional spaces My for " € {To,1,1. I0,3,0} are oriented positively.

(b) If T ={I1,...,I}}, where the I are the connected components, then

,
or = & Or;-
i=1
(¢c) Let I" be a graded stable graph with a single boundary edge e, and put A = d,T".
Denote by T’ the graph obtained by detaching that edge into two tails ¢ and t’,
with alt(t) = 1 and alt(¢") = 1, and forgetting the tail t. Note that we have a
fibration M1 — Mt whose fiber over the graded surface ¥ € My is naturally
identified with 0% \ {x;};cpr+- Then the induced orientation on Mr as a
codimension-one boundary of M 5 agrees with the orientation on Mr induced
by the fibration M — M-, where the base is given the orientation oy and the
fiber over X gets the orientation of 0X.

Moreover, these orientations have the following additional property. For I" as above,
let C be a connected component of Mt which parametrizes surfaces with at least one
boundary component containing no boundary markings. Let C’ be another connected
component which parametrizes surfaces that differ from those of C only at the grading
in that boundary component, which is opposite. There is a natural map W: C — C’
which maps a stable graded marked surface to the same surface but with the opposite
grading at this boundary component. Let Cx and CJ, be the boundary strata of C
and C’, respectively, which parametrize surfaces in which this boundary component
is contracted, and let oc,, and oc; be the respective orientations induced on these
subspaces. Then W maps Cx bijectively onto CJ, and

oc, = —VY«oc,.
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The difficulty in this theorem lies in the existence and the “Moreover” parts, which will
be proven by other means below. Given the existence, the uniqueness follows easily
using induction on dimension. In [35] the behavior of the orientations with respect to
strata with internal nodes is also explained, but it is not needed here.

3 Sphere bundles and relative Euler class

Given a rank n complex vector bundle 7 : £ — M and a metric on it, one can define
the sphere bundle 77: S = S(E) = S?"~1(E) — M whose fiber S, at p € M is the set
of unit-length vectors in £, the fiber of E at p, with the induced orientation. Given a
sphere bundle S — M, its linearization is the space

where (v,r) ~ (v, r’) if either r = ' = 0, or v = v’ and r = r’. This space can
be endowed with a natural linear structure, a metric and a projection to M. When
S = S(E), the linearization of S recovers E. The sphere bundle of E can be defined
also without referring to a metric, by removing the zero section and taking the quotient
by the R4 action. Different metrics give rise to isomorphic sphere bundles.

Definition 3.1 An angular form for E (or for §) is a (2n—1)—form ® on S which
satisfies the following two requirements:

(a) fSp ®=1forall pe M.
(b) d®=—n*Q, where Q is some 2n—form on M.

The form €2 is a local representative of the top Chern form of £ — M, and will be
called the Euler form which corresponds to ®. Denote by ® also the form on E \ M,
where we identify E and its total space, defined by P*®, where P: E\ M — S(E) is
the map

(p,v) > (p,ﬁ) for pe M andv e E\ M.
It is straightforward that:

Observation 3.2 The form |v|® extends to a form on all the total space of E.

We will use the following claim.
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Proposition 3.3 Let E — M be a real oriented rank 2n vector bundle on a smooth
oriented manifold with boundary M of real dimension 2n. Let ® be an angular
form, and let Q2 be its corresponding Euler form. Given a nowhere-vanishing section
s € I'(E — dM), one can define the integral of the relative Euler class, and it holds that

/M e(E, ) = /M ? +/3M e

Moreover, the statement also holds if E — M is an orbifold vector bundle over an
orbifold with corners and s is a nowhere-vanishing multisection over the boundary.

This claim is well known, in the case of manifolds, and the extension to orbifolds is
straightforward. We briefly recall the proof of the claim for manifolds, referring the
reader to [4, Chapter 11] for further details, then we explain the changes required for
handling the orbifold case. As usual we are interested in the integral of the relative
Euler class, rather than the class itself.

We wish to calculate f u €(E,s), the weighted number of zeroes of an extension of s
to M to a section with isolated zeroes. Let s be such an extension, and let p1, ..., pm
be its zeroes. By choosing diffeomorphisms from neighborhood of py, ..., psy to open
sets in R”, for small enough r we can define M, = M \ |J'_, B;(p;), where B;(p)
is the ball around p, and sections s, which are the restrictions of 5 to dM,. By taking
r to be even smaller we may assume that the balls are disjoint. By Stokes’ theorem,
s being a global section over M;, and the definition of the angular form, we get

Q = lim Q = lim S*T*Q
M r—0 M, r—0 M,

= —lim 5%d® = —lim sy ®d
r—=>0/p, r—=>0 JaMm,

m
:—/ s¥P+ lim/ sy P.
oM l'=1r_)0 0B, (p;)

Foreachi =1,...,m and small enough r, faBr(Pi) s¥ ® is the order of vanishing of
s at p;; see [4, Theorem 11.16]. Thus, the right-hand side of the previous equation
equals [;, e(E,s)— [5,, s* P, as needed.

The argument works also in the orbifold case. One first shows that Stokes’ theorem
generalizes to the case of orbifolds with corners and multisections of the vector bundle
A*(T* M) instead of sections of this bundle (differential forms). For differential forms
over orbifolds with corners this is shown, for example, in [36]. The extension to
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multisections is proven similarly. Then the integral around p; becomes, in the local
model and notation of Definition 2.46,
N

Z/Li/ 57,

= JaB(

with B C U a small ball around 0, and §; and p; the local branches and weights. But
this is precisely the weight (17) in the definition of |, a €(E,s), so again the result
follows.

Suppose now that E = @?:1 L; is the sum of n complex line bundles L;. Choose a
metric for £ for which the line bundles L; are pairwise orthogonal. Write «; for an
angular form for S; = S(L;), and w; for the corresponding Euler form, ie the curvature
of L;. Define the functions
ri: E—>R

to be the length of the projection of (p,v) € E to L;. The sphere bundle can be
described as the set of vectors which satisfy ) rl.2 = 1. For convenience, denote by w;
and r;a; the pullbacks of w; and r;a; to the total space of E and of S(E), where for
the latter form we use Observation 3.2.

As far as we know, the following theorem has not appeared in the literature before.

Theorem 3.4 The form

(19) o= ZZkk'Zra,/\ Z /\(rjdr]/\ozj)/\ N o

k=0 i€[n] IC[n]\{l}je hETUGY
|7

is an angular form for E, whose corresponding Euler form is \;_, w;.

Proof We first need to show that the integration on a fiber gives 1. Since the w; are
pulled back from the base for all i, the only term in ® that may have a nonzero integral
over a fiber is the term

PP =21 — 1) Z riai A A (rjdrj nay).
i€[n] J#

We wish to show that for an arbitrary p € M, we have [ S(E,) PP = 1. We first
integrate all the o; terms. By using that «; is an angular form for L; the integral of «;
is 1, and we are left with calculating

2" — 1) r/\/\rdr
/Zr?—l ( )Z / 7

i€[n]
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By changing the variables to #; = rl.2 with dt; = 2r; dr;, the integral becomes

n—1
(n—1)! /Zt Zt,/\/\dt,_n [Z, 1t1<1( ;ti)/\ A di

<j<n—
I,.. 7t}’l>ol_l ]#l ..... th—1=> l_j_n !

=n! N dt;,
/Zl 1tl<1 1<j<n /

where in the first equality we have used the symmetric role of the variables #; and then
eliminated #,, and in the second equality we have used that

1— ti = f ds.
1<§:1 l 0ss=<1=Yicn1ti
The left-hand side is just n! times the Euclidean volume of the n—simplex
4+t =<1|t1,.... 1, 2 0}.

It is well known that this volume is 1/n!, and the first property of the angular form
follows.

For the second property, we will now show that when calculating d ®, one gets a
telescopic sum which turns out to be equal to A w;. Write

Sri=25k\r2a; A N\ (ridrj nap) A N\ wp
jel hETU{i}

for the contribution for given I with i ¢ I, where k = |I|. Taking the derivative, as w;
and r; dr; are closed, only rl.2 or oj may contribute. We obtain

dSp; =diSr;i+daSpi+ Y _dsSi.

lel
where
diSpi =2 e i dri Aay A N (rpdrj Aag) A N\ wp,
Jel he¢ T Ui}
dZSI,i ::—2kk!rl-2wl~/\ /\(rjdrj/\aj)/\ /\ wp,
jel heTU{i}
d3,lSI,l-:=—2kk!ri2a,-/\rldrl/\a)l/\ N (ridrine;) N o forlel.
JeI\{l} h¢T UL}

The third contribution appears only when [ # &.

Now, fixing /, one has

20) > diSp\gy. = k28 (k —1)! /\(r, drj Aaj) A /\ W,

iel
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2n ZszI, :—ZZkk'r /\(r] drj Noj) A /\ wp,
i¢l i¢l

—(1 —Zrlz)2kk! N (ridrinaj) A N\ op
el jel he¢l
= —2kj1 ( N (ridrinej) A N\ wp
jel he¢l
_Z”iS drinoein N\ (ridrinaj) A N a)h),
el JeI\{i} hel
where we have used ) rl.2 = 1 in the second equality. And, fixing / andi ¢ I,
22) Y dsiSrogy
I1¢TU{i}

- Z 2k+1(k+1)'r o Arpdrp Awp A /\(rJ drinaj)n N oy
1¢I1U{i} h¢T UL 1}

= 2Kk + 1) Z rpdry Arfa; A /\(r]dr]/\Ol])/\ AW
lelU{i} nEron

—2k+1(k+1)!rl~3drl~/\ozi/\ N @jdrinaj)A N\ op,
jel h¢ I U{i}

where the identity Y  r; dr; = 0 was used for the second equality. The last passage
follows from noting that except for the / = i term, for all other / € I we will get a
monomial with two dr; terms.

Summing equations (20), (21) and (22) over all possibilities for 7, and in (22) also for
i ¢ 1, we see that:

e (20) vanishes if I = @. For I # &, the contribution of (20) cancels with the
first term on the right-hand side of (21) for the same 1.

e Fora given J # &, the sum of (22) over all pairs (/,i) withi € J and I =T\ {i}
cancels with the second term of (21) with I = J.

e For I = &, the second term of (21) vanishes.

Thus, the only term which is left uncanceled is /\ w;, coming from the first term of (21)
with I = @. Hence, as needed,

d(D=ZdSIJ =—/\a),-. O
1,i
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Remark 3.5 In what follows we will sometimes use forms on S(E) which are defined
similarly to ®, but depend a subset of its arguments. For this reason it will be useful to
extend & and similar expressions to multilinear functions in the variables r;, dr;, «;
and w; fori =1, ..., n, without imposing ) rl.2 =1land ) ridri =0.

Without these constraints the right-hand side of (21) gets a correction of

Zkk! (1_ Z ri)( é\]l’j drj /\Otj)/\h/\ wj,

heln] J £l
while the right-hand side of (22) gets a correction of

2k+1(k+1)!(zrld}’l)/\rl—zo{i/\( /\rjdrj/\aj)/\ A\ wy,-
leln] Jel he[n]\(1U{i})

Summing the first correction over all 7, and adding the sum of the second correction
over all / with i ¢ I, we obtain

Z:(l—Zr,f)/\ZT"m! Z(./\rjdrj/\(xj)/\ N o)

heln] m=0 \I|=m jel jemNI
I¢(n]
" ( > d”h) Ay e A Y 20D 4 1)
heln] i€[n)\{h} m=>0
A Z ( /\rjdrj/\aj)/\ /\ ;.
|l |=m jel JERNU Ui}
Ic[n\{i,h}
Therefore, without imposing > r? =1 and }_ r; dr; = 0 we have
n
ddb=7Z—- N\ v;.
i=1
Clearly Z vanishes if we do make these assumptions.
Construction-Notation 1 Suppose that Sy, ...,S; — M are piecewise smooth S1—
bundles over a piecewise smooth orbifold with corners. Denote by S(S1,...,S) > M

the (2/—1)-sphere bundle on M whose fibers are
S(St o S)x = {01, Prora, P ori PO | Pr€ (S 20, r2 =1 /~,
where ~ is the equivalence relation generated by

(ri,P1,...,0, Pi,....r;, )~ (r1, P1,...,0, P{,....11, P)),

equipped with the natural topology.
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4 Symmetric Jenkins—Strebel stratification

In the remainder of the article all open spin surfaces we will encounter, twisted or
not, will have a lifting. Similarly, we will encounter several types of graphs: the dual
graphs we have defined above, ribbon graphs and nodal graphs. These graphs will also
be classified as open or closed and will sometimes carry spin structures, twisted or
not. All the open spin graphs we shall meet will have a lifting. For this reason we
will sometimes slightly abuse notation and omit the suffix “with a lifting” from the
terminology. We will also usually omit the addition “twisted”. It will be clear from the
context if we mean a closed or open object, twisted or not, etc.

4.1 JS stratification for the closed moduli

4.1.1 JS differential and the induced graph In this subsection we briefly describe
the stratification of moduli of closed stable curves, following [25; 42; 28].

Let X be a nodal Riemann surface with 2g —2+n > 0. A meromorphic section y of the
tensor square of the cotangent bundle defined on each component of the normalization
of ¥ can be written in a local coordinate z as f(z) dz2. If y has a double pole at
w € %, the residue of y at w is the coefficient of dz2/(z — w)? in the expansion of y
around w. The residue is independent of the choice of the local coordinate. A quadratic
differential y is such a section which has at most double poles, all the poles are located
either at the marked points or at the nodes, and for any node, the residues of y at its
two branches are the same.

Let y be a quadratic differential, and w € X a point which is neither a zero nor a pole.
In a neighborhood U we can take its unique (up to sign) square root ,/y. This is a
I-form, hence can be integrated along a path. This defines a map

z
g:U—-C, g(z):/ N2
w
where the integral is taken along any path in U.

A horizontal trajectory is the preimage of R C C, and it is a smooth path containing w
in its interior. It turns out that the notion of horizontal trajectories can be defined also
in the case where w is a zero of order d > —1, where as usual a zero of order —m is a
pole of order m. In this case there are exactly d 4 2 horizontal rays leaving w. When
w is a pole of order 2, if its residue is —(p/2m)? for some p € R, there is a family
of nonintersecting horizontal trajectories surrounding it whose union is a topological
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open disk, punctured at w. Moreover, with respect to the metric defined by |,/y|, the
perimeter of each of these trajectories is p.

Example 4.1 Let X be the Riemann sphere. For all p > 0,

(L) (£)

is a quadratic differential, whose only poles are at 0 and co and whose horizontal lines
are the sets |z| = r for r > 0, whose lengths are indeed p. Their union is an open
punctured disk. It should be noted that actually this is the only quadratic differential on
the sphere, up to scaling, which is invariant under the reflection in the equator whose
only poles are at 0 and oo.

Definition 4.2 Let (X,z1....,2Zn,Zn+1, ... Zn+n,) be a marked genus g nodal Rie-
mann surface with 2g —2 4+ n > 0, where the subscript of z; indicates its marking. Let
P1,-.., Pn be positive reals, and p; = 0 for i > n. A marked component is a smooth
component of the curve with at least one marked point z;, with i € [n]. The other
components are called unmarked. A Jenkins—Strebel differential, or a JS—differential
for short, is a quadratic differential y such that:

(a) vy is holomorphic outside of special points. At nodes it has at most simple poles,
and at the i™ marked point it has a double pole with residue —(p; /27)?. In
particular, if p; = 0 there is at most a simple pole at that point.

(b) y vanishes identically on unmarked components.

(c) Let X’ be any marked component of X. When p; # 0, if D; is the punctured
disk which is the union of horizontal trajectories surrounding z; € ¥’, then

|J Di=%"

i€[n]

The following theorem was proved in [37] for the smooth case; the nodal case was
treated in [28; 42].

Theorem 4.3 Given a stable marked surface (X,z1,...,2Zn4n,) Withn > 0 and
P = (p1.....Pntny) € R’j_ x (0,...,0) as above, the JS ditferential exists and is
unique.
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Given (X, z) and p as above, define the decorated surface S and the map Ky,: X — )
as follows. ¥ is obtained from ¥ by contracting any unmarked component to a point,
and decorating any such point by its genus defect and marking defect. The genus defect
is the genus of the preimage of the point in ¥, and if that preimage is a single point,
it is defined to be 0. The marking defect is the set of marked points in this preimage,
which is labeled by a subset of [n 4 ng] \ [#]. We should stress that y need not vanish
on a preimage of a node in the normalization, but it can have at most a simple pole
there. Thus, from the discussion about horizontal trajectories, each node or unmarked
component and in particular any point z; for i > n must be mapped to a point which
touches at least one horizontal trajectory. Note also that an unmarked component
always touches a node (unless n = 0 and then the whole surface is unmarked).

The JS differential y induces a metric graph on $ whose vertices are zeroes of order
d > —1° of y, including the images of unmarked components, and whose edges are
the horizontal trajectories, with their intrinsic length. These embedded graphs can be
fully described.

Definition 4.4 A graph G = (V, H, 59, 51, &, f), where

(a) V is the set of vertices, H is the set of half-edges,

(b) sg is a permutation of the half-edges emanating from each vertex,
(c) s is a fixed-point-free involution of H,

(d) gisamap g:V — Zsy, called the genus defect, and

(e) fisamap f:[n+no]\[n]—V,

is called a (g, (n, ng))—stable closed ribbon graph. The faces of the graph are sp—
equivalence class of half-edges, where 55 = s ls1. We write F = H/s,. The edges
are E = H/s;. The genus of G can be defined as follows. Glue disks along the faces
to obtain a surface . The genus of G is the (arithmetic) genus of by plus the sum of
genus defects in vertices. The marking defect of a vertex v is defined as f~!(v). We
require that:

(a) For a vertex v of degree 1 or of degree 2, but such that the assigned permutation
is a transposition,

g+l =1

SWe consider a simple pole as a zero of order —1, and a point which is neither a zero nor a pole to be a
zero of order 0.
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(b) The genus of the graph is g.
(c) The number of faces is n.
A stable metric ribbon graph is a stable ribbon graph together with a metric
L E—Ry.
We usually write £, instead of £(e).

A graph is smooth if all the vertices’ permutations sg are cyclic, all genus defects are 0,
and all marking defects are of size at most 1. The ribbon graph is connected if the
underlying graph is. We define isomorphisms and automorphisms in the expected way.
Write Aut(G) for the automorphism group of G.

Note that case (a) above occurs when v is either the image of a contracted unmarked
component, or the image of one of the points p; for some i > n.

Remark 4.5 To a stable metric ribbon graph one can associate in a natural way a
decorated metric space made of a disjoint union of closed intervals, one for each
e € E, modulo the identification of endpoints dictated by the graph structure. The
vertices, which are the equivalence classes of endpoints of intervals, are endowed
with genus and marking defects, and the closed interval which corresponds to the
edge e is associated to a metric structure which makes it isometric to the interval
[0,€.] C R. The associated decorated metric space is unique up to the expected notion
of isomorphism. Stable metric ribbon graphs which arise from a JS differential (we
will see in Theorem 4.8 below that all stable metric ribbon graphs arise this way) are
endowed with this additional structure of isometries between the embedded edges and
intervals of R. This will be used below, when we give coordinates to the combinatorial
S!-bundles. For more details we refer the reader to [42].

Notation 4.6 Throughout this article, given a ribbon graph, possibly with extra struc-
ture such as a graded ribbon graph, or a nodal graph, which will be defined later, we
shall write [/] for the class of the half-edge or the edge & under the action of the
automorphism group. We similarly write [A] for a subset of edges or half-edges.

Remark 4.7 If Norm: Norm(X) — X is the normalization of X, and y is the JS
differential on ¥ with prescribed perimeters, then Norm™y is a JS differential, hence
the unique JS differential, on Norm(X), with the same perimeters, and such that marked
points which are preimages of nodes have O—perimeter.
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4.1.2 Combinatorial moduli For a closed stable ribbon graph G, write Mg for
the set of all metrics on G, write Mg (p) for the set of all such metrics where the
i™ face has perimeter p;. We have that Mg ~ RE(G) /Aut(G) canonically, and this
identification endows it with a smooth structure.

For e € E(G), the edge between vertices v; and v, define the graph d.G, the edge
contraction, as follows. Write k1, hy for the two half-edges of e. Set V(0.G) =
V(G) \ {v1,v2} U{vivz} and H(0.G) = H(G) \ {h1, h2}. The maps s7, g’ and f’
are just 51, g and f when restricted to vertices and half-edges of G. For the new
vertex v = vy vy, set ' (v) = f(v1)U f(v2), and set g’(v) = g(v1) + g(v2) whenever
V1 # vp, otherwise it is g(vy) 4+ 6, where § = 1 if h; and h, belong to different
so—cycles, and otherwise § = 0. For any half-edge &, with h/s; # e, define s (h) to
be the first half-edge among s, (), s% (h), ... which is not a half-edge of e. We then
put sy = s7(s5) L.

Edge contractions commute with each other, and allow us to define a cell complex
Mg = [lg Mg, where the union is over all graphs obtained from G by edge
contractions, and we glue the cell Mg of G’ = 0,,,....., G to the cell Mg along
le, =+ ={L,, = 0. We similarly define Mg (p).

Write M;Or(rf o) = [ [ Mg, where the union is taken over smooth closed (g, (1, n9))

ribbon graphs. Write Mz,or(“f o) = [[ Mg/~ =]] Mg, where the union is taken over
all closed stable (g, (n,n¢)) ribbon graphs, and ~ is induced by edge contractions.
Define /\7;"’?‘;””0)( p) and Mfg":(‘f, no)( p) by constraining the perimeters to be p;. In all
cases we define the cell attachment using edge contractions, and the resulting spaces

are piecewise smooth Hausdorff orbifolds; see [28; 42] for details.

Set comb = comby,, as the canonical maps

comb

. A n M
comb: Mg n4ny X R — Mg,(n,no)

and combp: Mg nyn, — M;‘)’?’E”no)(p),
which send a stable curve and a set of perimeters to the corresponding graph.

We have, from [25; 28; 42]:

Theorem 4.8 Suppose n > 0. The maps comb and comb, are continuous surjections
of topological orbifolds. The map comb, takes the fundamental class to a fundamental
class. Moreover, the cell complex topology described above is the finest topology with
respect to which comb is continuous. The maps are isomorphisms onto their images
when restricted to Mg n4no X R’y and Mg y4nj,-
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More generally, suppose I' is a closed dual graph with the property that any vertex
without a tail marked by [n] is of genus zero, and has exactly three half-edges, and
any two such vertices are not adjacent. Then, with the same proofs, comb and comb
restricted to Mp x R} and Mr are isomorphisms onto their image.

4.1.3 Tautological line bundles and associated forms

Definition 4.9 Suppose p; > 0. Define the space
Fi(p) = MP0(p)

as the collection of pairs (G, £, g), where (G,¥{) € MZ,‘:‘,‘;b(p) and ¢ 1_s a boundary
point of the i'" face. These spaces glue together to the bundle F; — Mz,‘ir,;‘b. Define
¢; to be the distance from g to the j™ vertex, taken along the arc from ¢ in the
counterclockwise direction, so that 0 < ¢; < ¢ < --- < ¢pn < p;j, where N is the
number of edges in the i face, counted with multiplicities, and the distances are
measured using the identifications of the edges with subintervals of R; see Remark 4.5.
Write £; = ¢; 41 — ¢;. Orient the fibers with the clockwise orientation.

Define the following one-form and two-form on each cell of /\7;“8:’”0) (p):
Nt (¢ ¢ ¢
(23) o= Z —].d (—]) and w; = —do; = Z d (_a) Ad (_b)
j=1 pi pi l1<a<b<N pi pi

Later we will integrate forms which are made out of «; and w;, and we will perform
Laplace transform over p. For this reason it will be convenient to define the scaled
versions of ¢; and w;, which do not contain p; in their denominators. We thus put

— 2 — 2 — —
a =p;di, w =pw, 0= E wj.
i

The bundles F; carry natural piecewise smooth structures. Moreover, [25] says the
following; see also [42, Theorem 5].

Theorem 4.10  (a) For i € [n], we have comb*F; ~ S!(IL;) canonically.

(b) The forms «; and w; are a piecewise smooth angular one-form and Euler two-
form for F;.

Remark 4.11 In [25], F; was given the opposite orientation and the equivalence
was hence with the bundle S (IL¥), which is canonically § 1(IL;) with the opposite
orientation.
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Thus, combined with Theorem 4.8, we see that all descendents may be calculated

combinatorially on /\72,0;,"3. In fact, all descendents can be calculated as integrals over

comb

the highest-dimensional cells of M peg

. These are parametrized by trivalent ribbon
graphs.

4.2 JS stratification for the open moduli

4.2.1 Symmetric JS differentials The next definition is motivated by Definition 4.2
and Example 4.1.

Definition 4.12 Let (X, {z; }iezup,. {Xi }ieB) be a stable open marked Riemann sur-
face, and let p = (pi)iezup, € ]Rf_ x(0,...,0). A symmetric JS differential on X is
the restriction to X of the unique JS differential of D(X) whose residues at z; and Zz;
are —(p; /2m)?, which are 0 for i € Py. We extend the definition to the case g = 0,
Z = [1] and Py = B = @, where the differential is defined to be the restriction of the
section y,, of Example 4.1.

Existence and uniqueness follow from Theorem 4.3 and the discussion in Example 4.1.

As before, the symmetric JS differential defines a cell decomposition of D(X) in the
smooth case, and in general a metric graph embedded in DE), the surface obtained
from D(X) by contracting components with no z; or z; with i € Z, whose complement
is a disjoint union of disks. Note that DTE) inherits the conjugation from D(X), which
we also denote by o. The uniqueness forces the decomposition to be p—invariant.

Lemma 4.13 The po-fixed locus of DTXS) is a union of (possibly closed) horizontal
trajectories and isolated vertices. Any p—fixed point is a zero the differential of an even
order, possibly 0.

Proof The case g =0,Z =[1], Py = B = & follows from the discussion in Example 4.1.
In other cases, take an arbitrary point in lﬁ)g. It cannot belong to the disk cell of
any z;, since otherwise it would have belonged to the cell of Z; as well. Thus, lﬁ)g
is contained in the one-skeleton of the decomposition. Consider p € lﬁ)g LIfp
is an isolated vertex in the p—fixed locus, then by connectivity it must be incident to
some non-p—fixed horizontal trajectory which, without loss of generality, lies in the
image of X¢ in D(xE). Suppose it touches r such trajectories. Then it also touches their
o—conjugate trajectories, which lie in the image of X in DTE). Thus, 2r horizontal
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trajectories emanate from p, for r > 1, hence p is a zero of order 2r —2 > 0. The second
case is that p is not isolated, so it lies in the image of 0% in lﬁ), which, as explained,
is contained in the 1-skeleton. In this case, at least two horizontal trajectories which
are contained in the image of X emanate out of p, one to its left and one to its right.
In addition, there are also r > 0 such trajectories in the image of ¥, and because
of symmetry there are also r such trajectories in the image of £°. In total, there are
2r + 2 horizontal trajectories emanating from p, which means that it is a zero of order
2r > 0. O

Lemma 4.13 has the following corollary.

Corollary 4.14 Suppose ¥ and p are as above, and y is the associated symmetric
JS differential. Assume that for somei € B, forgetting x; makes no component of X
unstable. Denote by ¥’ the resulting surface, and let : ¥’ — X be the natural map
between the surfaces. Then if y and y’ are the unique JS differentials for ¥ and ¥/,
respectively, with the prescribed perimeters, then

y =10y

Indeed, both y and y’ are JS differentials on X', since there is no pole in x;. Hence
they must be equal.

Remark 4.7 has the following consequence.

Corollary 4.15 If Norm: Norm(X) — X is the normalization of X, and y is the JS
differential on ¥ with prescribed perimeters, then Norm™y is the unique JS differential
on Norm(X) with the same perimeters and such that marked points which are preimages
of nodes have perimeter zero.

Remark 4.16 Although throughout the article we will be mainly interested in internal
markings with positive perimeters, markings of perimeter zero occur naturally when
one considers normalizations; see Proposition 4.34. In the open intersection theory the
normalizations are crucial for the definition of intersection numbers, Definition 2.47, and
therefore considering markings with zero perimeters is unavoidable. In addition, since
boundary markings carry no descendents, we to not lose from fixing their perimeters to
be zero, and it simplifies calculations. For these reasons, throughout this section we
shall allow marked points to have perimeter zero, at the cost of making the notation
somehow more cumbersome.
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4.2.2 Open ribbon graphs

Notation 4.17 Let / and B be finite sets. Let Z7 (g, I, B) denote the set of isotopy
types of open connected genus g smooth oriented marked surfaces, with I being the
set of internal marked points and B being the set of boundary marked points. Write
Z7T (g, 1) for the set of isotopy types of closed connected genus g smooth oriented
marked surfaces, which is just a singleton.

Definition 4.18 An open ribbon graph is a tuple
G=W=VIUVvB H=HTUHB 50,51, f=fTUfBU fPo g d),
where:

(a) V7! is the set of internal vertices, V B the set of boundary vertices.

(b) HB is the set of boundary half-edges, H I s the set of internal half-edges; 51 is
a fixed-point-free involution on H whose equivalence classes are the edges, E.
EB is the set of edges which contain a boundary half-edge.

(c) sp is a permutation assigned to each vertex, and should be thought of as a cyclic
order of the half-edges issuing from each vertex. We write sg also for the product
of all these permutations.

We denote by V the set of cycles of sg. Write VI for cycles which do not contain
boundary half-edges. Set VB =V \ V1. Denote by N: V — V the map which takes a
cycle to the vertex which contains its half-edges, and let N £0 and N & be the restrictions
to V! and VB, respectively.

(d) fB:B— V2 isamap from a finite set 5.

(e) fPO :Po — V is a map from a finite set Pp.

(f) fI :Z — H /s, is an injection, where s, := salsl.

(g) g:V — Zx>o is a map called the genus defect.

(h) Forany v € V B, we have an element
d) e IT(g(v), () W)U NPT (), (fB) T (w) U(NEB) L (v)).

For any v € V!, the element d(v) is the unique element in

IT(g(). (f P ) u (N~ (w)).
This d is called the topological defect of v.
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Write deg(v) for the degree of the vertex v. A closed contracted component is a vertex
ve VI with
22(0) + (S @)+ INT )] > 2.

Denote their collection by Cont® (G). An open contracted component is a vertex
v e VB with

2(2) + ()T @I+ N @D+ 1D T O+ IV T ) > 2.
Denote their collection by Cont? (G).
We have the following requirements.

(a) Any half-edge appears in the permutation sg of exactly one vertex. We define
a graph whose vertices are the elements of V' and whose half-edges are the
elements of H. A half-edge is connected to a vertex if and only if it appears in
the vertex’s permutation sg.

(b) N(VB)ycvE

(c) Ifhe HB thens h ¢ HE.

(d) s» preserves the partition H = H! U H 8. The image of f/ is exactly H' /s,.

(e) ForveV! ifdeg(v)=1,ordeg(v)=2but|N~1(v)| =1, then |(fF0)~1(v)|+
gw) =1

(f) For v € VB, if v has at least one boundary edge and deg(v) = 2 then

T O+ BT ) +g) = 1.
(g) Any vertex of degree 0 is a contracted component.

We call the elements of H B /s, boundary components, and the elements of F = H' /s,
faces. The number of boundary components is 5(G) = |H 8 /s,|. The marking defect
of v € V is defined as (£ F0)~1(v) U (fB)~1(v). The sets Z, Py and B are called the
sets of internal markings, internal markings of perimeter zero, and boundary markings,
respectively. The set B is also denoted by B(G); define 1(G) and Py(G) similarly. An
internal node is either a contracted component with at least one edge and no boundary
edges, or an internal vertex whose assigned permutation is not transitive. A boundary
vertex v without boundary half-edges, with an empty marking defect and such that
g(v) =0and |N~1(v)| = 1is called a contracted boundary. We denote the collection
of those boundary vertices by CB(G). A boundary vertex v which is either a contracted
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component with at least one boundary edge, or whose assigned permutation is not
transitive, is called a boundary node. A boundary marked point is an image of f B
which is not a node. An internal marked point of perimeter zero is an image of f Po
which is not a node. A boundary half-node is an (N B )~ !—preimage of a node. Denote
their collection by HN(G). A vertex which is either a node or a contracted component,
or the f—image of a unique element in Py U B, is called a special point.

We write i(h) =h/s, and Hi ={he H |i(h) =i}.

An open metric ribbon graph is an open ribbon graph together with a positive metric
¢: E — R4. We sometimes write £, with & € H, instead of £}, s, .

Markings of an open ribbon graph are markings
mI:IUP0—>Z and n?:B—>72Z

such that m! (Py) = 0 and m’ (Z) C Zi 4. A graph together with a marking is called a
marked graph.

An isomorphism of marked graphs and an automorphism of a marked graph are the
expected notions. Aut(G) denotes the group of automorphisms of G. A metric is
generic if (G, £) has no automorphisms.

A ribbon graph is said to be closed if VB = 0, and it is said to be connected if the
underlying graph is connected.

The maps f 8 and f%° should be thought of as the respective associations of the
boundary marked points and the internal marked points of perimeter zero to the vertices
of the graph formed by the symmetric JS differential. Requirements (e) and (f) in this
definition are the open counterparts of requirement (a) of Definition 4.4. Note that a
half-edge 4 is canonically oriented away from its basepoint 4 /sg. Throughout the paper
we identify boundary marked points, which are vertices, with their (unique) preimages
in B(G) =B.

Remark 4.19 Here, unlike in the closed case, the genus defect is not enough to
classify surfaces with contracted components. In particular, there are several topologies
for a given genus, as mentioned in Remark 2.4, and the set of topologies grows as
we add boundary marked points, which may be divided between different boundary
components.

Figure 10 shows some examples of ribbon graphs.
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gu) =3, fPO(u)I =1 |fP)|=2

gw) =2, [fPow)|=2

QQ

v

g) =0, fPu) =123}

Figure 10: Examples of ribbon graphs. Internal edges are drawn as strips.
Top left is a ribbon graph with one boundary marking and four internal
markings (the name of a half-edge appears next to the vertex from which it
emanates). Its underlying surface is a disk, and the boundary edges are s; f,
518, S1h, s1i, s1j. The cyclic orders in the internal vertices are s1a, s1b, e
and s1b, 51d, c. Face 1, for example, is the s,—cyclic order a, b, ¢, f. Bottom
right is a ribbon graph on a cylinder. It has one face, the s,—cycle a, ¢, s1a,b
and two boundary components, each made of a single boundary edge, s1b
and sqc. The ribbon graph at top right has one boundary node u, which is
also an open contracted component, and an internal node v, which is also a
contracted component. The permutation of half-edges at u is (ab)(cd). The
contracted component is open, of genus defect 3, has an internal marking
of perimeter zero, and four special boundary points: the markings 1,2 and
the half-nodes (ab), (cd). The topological defect can be any topology which
corresponds to doubled genus 3, one internal marking and four boundary
markings. The node v has genus defect 2 and two perimeter-zero internal
markings. The center bottom picture has an open contracted component
at v, it is a contracted disk with two boundary markings 2, 3 and a boundary
half-node and no special internal points. Contracted components which are
disks with three boundary markings and no internal markings will play an
important role in what follows. We shall therefore draw such components as
disks cut by parallel lines, as in the bottom right picture.
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Notation 4.20 By gluing disks along the faces, any open ribbon graph gives rise to
a topological open oriented surface X . This surface is a union of smooth surfaces,
identified in a finite number of points. One can easily define its double, D(Xg) =
(X6)c, as in the nontopological case.

Definition 4.21 The genus of the open graph G is defined by
g(G):=g((Ze)o)+ Y gw)+2 Y g).

veVB veV!{

The graph is stable if 2g —2 + |B| + 2(|Z] + |Po|) > 0.

For a stable open surface (X, {z; }iezup,, {Xi}ien), define the marked components
to be components with at least one z;, for some i € Z. The other components are
unmarked. Define the decorated surface ¥ = Kp p,(X), and the map Kp p,: T — )
to be the surface obtained by contracting unmarked components to points, and Kz p,
is the quotient map. We decorate any point p in by by its genus defect, marking defect
and the topological defect, which can be defined by the genus, boundary markings and
topological type of the surface obtained by smoothing the nodes in K %) o (P)-

Remark 4.22 This definition agrees with the one given for closed surfaces, in the sense
that one can also define the doubling D of ¥ in a natural way, and then D(i) ~ D(X).

Definition 4.23 A ghost is a ribbon graph without half-edges. A smooth open ribbon
graph is a stable open ribbon graph such that none of its connected components contains
a node or a contracted boundary.

A stable ribbon graph, open or closed, is effective if

(a) any genus defect is 0,
(b) there are no internal nodes, and

(c) contracted components or ghost components v must have
NP ) =2 and |(NHT @I+ ) =3
The graph is trivalent if

(a) itis effective,
(b) Po=2,

(c) it has no contracted boundaries,
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(d) all vertices which are not special boundary points are trivalent, and

(e) for every special boundary point, all the so—cycles are of length 2.

A boundary marked point or a boundary half-node in a trivalent graph G which is not
a ghost is said to belong to a face i if its unique internal half-edge belongs to that face.

In Figure 10 the diagrams on the left represent smooth graphs, and all but the top right
are effective.

Remark 4.24 The only nonzero open intersection number which does not involve in-
ternal markings is the genus 0 intersection number with three boundary markings, (o3 )5

The graph which corresponds to this picture is precisely the trivalent ghost.

The following proposition is a consequence of Lemma 4.13, and the closed theory; the
proof is in the appendix.

Proposition 4.25 Let X be a stable open marked Riemann surface. The unique
symmetric JS differential of ¥ defines a unique metric graph (G, {) embedded in
Kp,p,(X). This graph is an open ribbon graph, whose vertices are Kp p,—images of
zeroes of the differential, and whose edges are K p,—images of horizontal trajectories.
The boundary edges, if there are any, are embedded in the boundary and cover it, and
the defects of vertices agree with the defects of their image in K p,(X); in particular,
boundary nodes go to boundary nodes. Under this embedding the orientation of any
half-edge h € sy HB agrees with the orientation induced on K B,P,(2). Topologically,
Kpp,(X) ~ Xg.

Moreover, any stable (g, B, Z U Py)—metric graph is the graph associated to some stable
open (g, B,7 U Py)—surface and a set of perimeters p. This surface is unique if the
graph is smooth or effective.

We sometimes identify the graph with its image under the embedding. In particular,
throughout this article we shall consider an edge as a trajectory in the surface, and a
half-edge / as a trajectory oriented outward from //sg.

Notation 4.26 With the notation of the above observation, denote by comb% the map

between surfaces and open metric ribbon graphs defined by (G, {) = comb%(Z). Write
also (G, £) = comb®(Z, p).
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Definition 4.27 The normalization Norm(G) of a stable connected open ribbon
graph G is the unique smooth, not necessarily connected, open ribbon graph, defined
in the following way. If G is smooth, Norm(G) = G. Otherwise the vertex set is
VIUVEBUCont® (G)u Cont? (G), contracted components are isolated vertices in the
graph, and the half-edges are H! U H B. The genus and topological defects of vertices
in VIUVE are 0.

For a contracted component v, the genus and topological defects are given by

gD @) =g@) and V™D () =d().

The marking defect and the maps f 0¥ and f BV are derived from dNo™(@) (). In
particular, B(v) = (N 8)~1(v)U(f2)~1(v). The permutations s¢ and s{ are the trivial
permutations, and /(v) = &.

For any connected component C of Norm(G) not in Cont® (G) U Cont? (G), define
S0 = sOC, s1 = slc and f1 = f1-C as those induced from G. Let Py(C) be the union
of the set of elements of Py which map to vertices whose unique N —preimage is in C,
and the set of preimages of internal nodes of C, ie internal vertices v of C such that
IN~1(N(v))| > 1. In other words, we can write Po(C) = (Po(C)NPy)U(Po(C)\Po).
We define fPo = fPo.C. py(C) — VI(C) as follows. On Py(C) N Py we put
fPoC(p)y=NT1(fPo(p;)), where fFo of the right-hand side is the function from
the definition of G, while on Po(C)\ Py, the preimages of nodes, we set f F0-C (v) = v.
Define B(C) and fB = fB:C:. B(C) — VB(C) similarly.

The normalization Norm(G) of a marked graph is the marked graph whose underlying

graph is the normalization of the underlying graph of G, and new marked points are
marked 0.

Write Norm: Norm(G) — G for the evident normalization map.

Observe that the normalization of a trivalent graph is trivalent, and that if v is a contracted
component which touches at least one edge in G, then |[Norm™!(v)| = |[N~"1(v)| + 1.

Figure 11 shows the normalizations of the graphs in the right column of Figure 10.

Notation 4.28 There is a canonical injection B(G) < B(Norm(G)). There is a
fixed-point-free involution on B(Norm(G)) \ B(G), which we also denote by 51, which
on preimages of a node that is not a contracted component just interchanges its two
preimages. If v is a contracted component, its new boundary markings correspond
to elements u € (N 8)~1(v). Any such u corresponds also to a unique marking w in
another noncontracted component. Write s;u = w and s;w = u.
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v
g() =2, |fPo() =3
ou
gu) =3, [[Pow|=1,|fPw|=4
e ;
< 8

0

Figure 11: The normalizations of the graphs in the right column of Figure 10.
The upper normalization has four components; two are contracted compo-
nents. The one which corresponds to v has three internal points of perimeter 0:
the original two and the node. The one which corresponds to u has four
boundary markings: the original two and two that corresponds to half-nodes.
The lower normalization is made of two components. New special points in
both normalizations are labeled 0.

4.2.3 Moduli of open metric graphs For a stable open ribbon graph G, denote by
M the set of all metrics on G, and write M® ¢ (p) for the set of all such metrics where
the z‘h face has perimeter p;. Note that MR = E(G) /Aut(G) canonically.

Construction—Notation 2 For ¢ € E(G) the edge between vertices v and vy, one can
define the graph d.G as the graph obtained by contracting e to a point, identifying its
vertices to give a new vertex v vy and updating the permutations and marking defects
as in the closed case. When v and v, are internal, then so is viv,. The genus defect
is updated as in the closed case, and this determines the whole defect. Suppose v
is a boundary vertex. Then so is v1va. If v2 # vq, then g(vi1v2) = g(v1) + g(v2) if
vo € VB and otherwise g(v1vz) =g(v1)+2g(v2). When vy = vy, let iy and /5 be the
half-edges of e. Let hi € N~1(v1) be the so—cycle of h;. Then g(viv2) = g(v1) + 8,
where ~ o~

0 ifhy=hs,

§=11 ifgl#flz, where 51,526173,

2 otherwise.

We have

d(UIUZ) €eIT = IT(g(UIUZ)’ Iv1v27 Bvlvz)
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or
d(vlvz) eIT = IT(g(UIUZ): Ivlvz),

where
Buvs = (fB) L (w1v2) UNB) L (v102),
Loyv, = (P L i) U N ) L (w1 0y).

These two sets are already known from what we have constructed so far. In particular,
whenever Z7 is trivial — which is always the case for internal vertices, and for boundary
vertices it happens when 2g(v1v2) + 2|1y, v, | + | By, v, | <2—we know d(vv2). For
brevity we will not describe the general update of the topological defect. We do describe
a special case of particular importance. Suppose that e € EB and that v{ # v, are
boundary vertices with d(v;) € ZT7 (0, &, B;), where | B;| = 2. This is the case when
each v; is a marked point or a boundary node which is not a contracted component.
Write B; = {E,- ,a;}, where h~l- is as above. Suppose h, € H B, that is, its orientation
disagrees with the orientation of the boundary. Then d(viv,) € ZT (0, @,{a,ay,as}),
where a is the new cycle of 5o/, obtained from concatenating h1 and h, after erasing
h1 and hy, and d(v1v7) is the element which corresponds to cyclic order a — a; — as.

Suppose E' = {ey,...,er} C E. Then there is an identification between E(G)\ E’ and
E(0e,...,e, G). Throughout this paper we shall use this identification without further
comment.

Figure 12 illustrates several examples of edge contractions.

For a stable open ribbon graph G, we define the orbifold cell complex ﬂﬂé as the cell
complex whose cells are Mﬂé‘, for all graphs G’ obtained from G by edge contractions.
The cell Mﬂé which corresponds to contracting the empty subset of £(G) is included.
If G’ and G” are two such cells, and G” is obtained from G’ by contracting the edges
{e1,...,er}, then the corresponding cell M]E,, is the boundary of the cell Mﬂé, glued
to it along £, =--- = {,, = 0. In this case we say that M%,, is a face of MIE,. Write
MR:,O[;?bl =11 MG/~ = || MR, where the union is over all open (g, k,)—-ribbon
graphs, and ~ is induced by the canonical injections MY, — MR over pairs (G, G')
where G’ is obtained from G by edge contractions. Write ./\/l k l for the locus which
is the union over smooth graphs. Define MRS ¢(p), MRg k, l(p) and MRg k. l(p) by
restricting perimeters to be p;. In these cases we also define the cell attachments using

edge contractions.
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Figure 12: Examples of edge contractions. Contracting the internal edges b
and f of the smooth graph on the top left gives rise to the nodal graph on the
top right. The vertex v; v, corresponds to the permutation (ae)(cd). By further
contracting the boundary edge g between the boundary node and the marked
point 2, we obtain the graph on the left in the middle row. The boundary node
there corresponds to a contracted component which contains two nodes and the
marking 2. The graph on the right-hand side of the same row is equivalent to the
left one, only that the ghost is illustrated and there the cyclic order of half-nodes
is seen. At bottom left a genus 1 ribbon graph is drawn. After contracting the
edge a we obtain a nodal graph. Further contracting ¢, we obtain the graph on
its right, which contains an open contracted component. The genus defect of the
contracted component is 1 and its topological defect is that of a cylinder with
one special boundary point: the node.

The pointwise maps comb® induce moduli maps
— R comb — R comb

R. R / R. R R
comb™: Mgk xRy —> M®, 47 and comb,: Mg k1 —> M7, 11 (p),

which send a stable open surface and a set of perimeters to the corresponding graph.
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Lemma 4.29 MR?,IE})I with the cell structure defined above is a piecewise smooth
Hausdorff orbifold with corners. This is the finest topology on the moduli of (g, k,1)—
graphs such that the map comb® is continuous. MRZ,O’I,?B (p) is compact for any p. We
have comb® : M]E’ ki X RIJF ~ MRcomb. Moreover, the analogous claims remain true
if we declare some, but not all, of the internal marked points to have zero perimeter.
In fact, for any effective dual graph I", the map comb® restricted to MHI§ X RlJr is an
isomorphism onto its image.

The proof is similar to the closed case; see [42; 28] for a proof of the analogous
theorem.

4.3 JS stratification for the graded moduli

4.3.1 Graded ribbon graphs For a metric, open or closed ribbon graph, (G, £), write

Zg.4 = mo(Forgj,((comb®)™1(G,£)) and  Zg ¢ = mo(Forg},((comb®)~!(G, £)),

spin spin
where the maps I%lrspin and Foryy;, are defined in Notation 2.41. For any two generic
metrics £ and ¢/, the sets Zg ¢ and Zg ¢ are isomorphic; see Remark 2.38. When G

has nontrivial automorphisms the sets are noncanonically isomorphic. For any G, let
Z be the set Zg ¢ for a fixed generic £. Define Zg similarly.

Definition 4.30 A metric spin ribbon graph with a lifting (G, z, £) is a metric ribbon
graph together with an element z € 7 G,¢- The graph is called graded when z € Zg 4.
A graded graph is a pair (G, z), z € Zg. Similarly, in the closed setting, a metric spin
ribbon graph (G, z, £) is a metric ribbon graph together with z € Z Gt

The normalization Norm(G, z, £) of (G, z, £) is the smooth, not necessarily connected
graph [ [(G;,¥¢;, z;), where the (G;,{;) are the components of Norm(G, £), and the
zieZ G, ¢; are induced from z by Proposition 2.19. A half-node is legal if it is legal
as a marked point in the graded structure of Norm(G, z).

By Proposition 4.25, a graded surface, together with perimeters {p;};cz, defines a
unique graded metric graph (G, z, £), where (G, {) is embedded in Kz p, (Forgin (X)),
as in Proposition 4.25, and z is the class of graded spin structures which contains the
graded structure of ¥. When (G, £) is generic and effective, all possible automorphisms
of (G,Y) leave all half-edges in place, and may only act nontrivially on isolated
contracted components, which are of genus 0. Thus, the action of this automorphism
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group on Zg = Zg ¢ is trivial, and hence, in this case, Z¢ is isomorphic to Spin(X),
and any element z of it corresponds to a unique graded structure.

Moreover, by Corollary 2.22, if in addition G has no contracted boundaries, then Zg is
in one-to-one correspondence with isomorphism classes of tuples (Sy,...,S;), where
each S; is a spin structure with a lifting on the i™ component of Norm(X) such that
all original boundary marked points are legal and for any boundary node of X exactly
one half is legal.

Definition 4.31 A spin ribbon graph with a lifting (G, z), with or without a metric £,
is called effective if G is effective, and z is a spin structure with a lifting in which
for every contracted component v € V(G), all boundary marked points of the isolated
component in Norm™!(v) are legal. In the case that v is not isolated, it is equivalent to
all half-nodes in (N Z)~1(v) being illegal. An effective graded graph (G, z) is trivalent
if G is trivalent. The graph is smooth if its underlying graph is. These definitions
extend to the closed case, without the assumptions on boundary nodes.

Denote by SR the set of isomorphism classes of graded smooth trivalent ribbon
graphs, and write R for the set of their underlying open ribbon graphs. Denote by
SRg’ k1 S SR the subset whose faces are marked [/] and whose boundary points are
marked by [k]. Define Rg,k,l similarly.

Let (’)SRg «; be the collection of all graphs in S Rg .7 With an odd number of boundary
marked points on each boundary component. Define (’)Rg k. Similarly.

Note that in a trivalent graph, by definition if v is a contracted component, the unique
ghost component in Norm ™! (v) has all marked points legal.

Recall that smooth graded surfaces have no internal markings of twist 1 or illegal
boundary markings. Therefore an immediate corollary of Proposition 2.32, which can
be taken as an alternative definition of Rg kg 18t

Corollary 4.32 Rg’ k.l # & precisely when 2| g + k — 1. Every trivalent smooth graph
satistying this constraint belongs to Rg Kl

Notation 4.33 We define the map comb between graded surfaces and graded metric
ribbon graphs by
comb(X, S, s, p) = (G, z,{),

where (G, £) = comb® (T, p) and z € Z 4 is the corresponding class. Write comb, =
comb(—, —, —, p). Write For®®™(G, z, £) = (G, £).

spin
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Proposition 4.34 Suppose comb(X, p) = (G, z, {).

(a) Then comb(Norm(X), p) = Norm(G, z, £), where preimages of nodes in ¥ will
be internal markings of perimeter zero.

(b) Suppose X' is obtained from X by forgetting an illegal marked point x,, whose
removal makes no component unstable. Suppose that x,, is mapped to vertex v
of G. Write (G',z',£") = comb(X’, p). Then (G’,{’) is obtained from (G, z, £)
by the following procedure. If deg(v) = 2, and v has a zero genus defect and
marking defect {v}, remove v from the graph, unite its two edges e and ep
to one edge e, define ¢'(e) = £(eq1) + £(e2) and for the other edges put ' = £.
Otherwise the graph and metric do not change, but the marking v is removed
from the marking defect of v. The point z’ is the image of z under the natural
map Zg ¢ — Zg g obtained from Observation 2.43 with B’ = {v}.

Proof The first item is a consequence of Corollary 4.15. The second follows from
Corollary 4.14 and Observation 2.43. |

4.3.2 Combinatorial moduli for graded surfaces, bundles and forms Denote by
M?‘I?bl the set of metric graded (g, k,[)-ribbon graphs. Write M?‘,?bl (p) for the
subspace of graphs with fixed perimeters p. Define M?‘]‘;bl as the subspace of smooth
graphs. Define similarly M;‘”,?bl (p). The pointwise maps comb induce moduli maps

N l i7comb v i7comb
comb: Mg ks xRY — M and  comb = comby: Mg k1 — Mz,‘zr,?’l(p),

which send a stable graded surface and a set of perimeters to the corresponding graph.
Endow these spaces with the finest topology such that comb is continuous.

We now study the cell structure of /ng‘”}c‘bl. Recall that a metric £ is generic if the metric
graph has no automorphisms. In particular, in the open and connected setting, metrics
which give all edges different lengths are generic. For a generic £ € ME, choose z €
ZG = Zg 4, and define Mg ;) to be the connected component of (Forggilgb)_l (M%)

which contains (G, z, £).

comb
spin

natorial case (see the discussion in the end of Section 2.3.6), it is an orbifold branched

The map For is continuous. Moreover, by the same reasoning as in the noncombi-

cover, and over any Mﬂé it is an orbifold cover.
Thus, (Foromb)—1 (Mﬂé) is an orbibundle over MR, with a generic fiber Zg. Since

spin

MB =RED/Au(G),
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such a bundle must be of the form

(Form) =1 (ME) ~ RED x Z)/Auy(G)

spin
for some action of Aut(G) which we now explain.

Let C C Mﬂé be the locus of generic metrics, and C € RF(®) its preimage under
the quotient by Aut(G). Except from some borderline cases, which can be treated
separately, its complement is of real codimension at least 3. Over C the fiber of the
bundle is always of size |Zg|. Denote this fiber bundle by E, and let E — C be its
pullback to C. Now 71 (C) is trivial, as RZ(@)\ C is of codimension at least 3. Thus
E must be trivial, and is hence isomorphic to C x Zg.

Let £ € C be any point, and let £ be its image in C. Recall that, as an orbispace,
Aut(G) ~ 1 (C/Aut(G), £), and this isomorphism can be made explicit as follows:
for g € Aut(G), choose any path ¥%: [0, 1] — C with )75 ={e RE(G) and )7‘1g =g-L,

and set y, to be its y& to C.

Parallel transport z = zo along y% to get zy. This can be done as the fiber is zero-
dimensional. Define g - (Z, z)=(g- l, z1). This action is independent of choices, and
can be defined continuously over all E. This gives us the orbibundle structure over C.
Again by continuity, it can be uniquely extended to an action on RE(G) X ZgG.

In particular, we have defined an action of Aut(G) on Zg. Define the group Aut(G, z)
as the subgroup of Aut(G) which leaves z invariant. Then Mg ;) ~ RE(G) /Aut(G, z).
Define Mg,,)(p) as the subspace where the perimeters are p.

For ¢ € E(G), define the edge contraction to be 0.(G, z) = (.G, 0¢z), where d.z €
Zj,G using the cell structure of M% and the topology of /Wz,or]?bl Explicitly, fix p and
take an arbitrary continuous path ([2¢]);e[0,1] C Mg k1 0 that comb([Z;]) € M (G, z)
for ¢ > 0 and Forgyin(comb([Zo])) € M%EG. Suppose that comb([Z¢]) € M(j,6,2/)-
Then z’ = 0.z, and this definition is easily seen to be independent of choices.

An explicit combinatorial description for the special case of trivalent graphs appears in
Section 5.1.2.

As in the spinless case M(G,z), the closure of Mg ;) in /\712,0’,?'31, is the union of

cells Mg ;) where (G’, z’) is obtained from (G, z) by edge contractions, and the
attachment of the cells is also defined via the edge contractions, ie Mg ;) is glued
to M(G,z) along £, = --- = £, = 0, where ey,..., e, are the edges of G which
are contracted to obtain G’. In this case we say that Mg ) is a face of Mg, z).
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We similarly define M (G,z)(P). Again as in the spinless case we can now define the
orbifold cell complex structure on M 2k a8

MR =] [ M./~ =] M.

where the union is over all connected components which correspond to graded (g, k,[)—
ribbon graphs, and ~ is induced by edge contractions. We similarly define the orbifold
cell complex structure on MCO 1(P). In both cases the cell structure agrees with the
topology. Denote the quotlent by-~ map by E

A graph (G, z) corresponds to a boundary stratum of M"Ok 1> that is Mg z) C
comb(IM gkl XR +) if and only if it has at least one boundary node or contracted
boundary. In this case we call it a boundary graph. All of the above constructions
extend to the setting of spin ribbon graphs with a lifting, and to (closed) spin ribbon
graphs.

Lemma 4.35 Suppose 2| g + k — 1. Then ﬂ?‘,?bl and /\720‘;{“’1 (p) are piecewise
smooth Hausdorff orbifolds with corners, and the latter is compact.

The maps comb and comb, are isomorphisms onto their images when restricted to the
open dense subsets Mg i | X ]R{Ir and Mg f ;.

The map comb, induces an orientation on Meomd gk’ and deg(combp) = 1 with this
orientation.

Analogous claims are true if we declare some, but not all, of the internal marked points
to have perimeter zero. Analogous claims are also true if we allow some internal
markings to be Ramond or if we consider the case of closed (twisted) spin surfaces. In
addition, for an effective dual spin graph with a lifting I", the maps comb and comb,
restricted to Mt X Rﬂr and M are isomorphisms onto their images.

The proof is similar to the closed case and will be omitted. The orientation on /\7‘;”]?1’1

will be constructed explicitly later.

The combinatorial S!-bundles F; for i € [/] are defined as in Definition 4.9. Again
these carry a natural piecewise smooth structure, compatible with the natural piecewise
smooth structures on MC‘”,?bl The forms «;, w;, ;, w; and w are defined as in

Definition 4.9 and equation (23).
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Definition 4.36 Let S C N be a finite set. An (S, /)—set L is a function L: S — [[].
We write S = Dom(L). In the case that S = [d], we simply write it as (d, [)-set. We
say that L is an [—set if the set S is understood from the context.

Given two [—sets L and L', we write
L'CL,
and say that L’ is a subset of L, writing L’ C L, if
Dom(L") CDom(L) and Ll|pemsy = L'
In this case we define the /-set L \ L’ by
L\ L":Dom(L)\Dom(L") = [I], (L\L')(s) = L(s).
In the case that j € Dom(L), we write j € L. For i € [[] we put

L; =L7Y3).
The (S, [)—sets will be used to encode direct sums of tautological lines as follows.

Notation 4.37 Recall Construction—Notation 1. To any (S, /)-set L we associate a
vector bundle £ and a sphere bundle S7, given by

Ep = ZLL(i) — Mgy and Sp =S(Fruyies)-
ieS
We will also consider the sphere bundle S(E7 ) associated to Ey .

Define an angular form ®;, for S by formula (19), and using Kontsevich’s forms for
the copy F,(;) of the L(i)™ S'-bundle. Explicitly,

Q7 ({ri}ies {0Uities, {Di}ties)

NE!
=Y 2Ky e Yo AGidriaagpa Ny
k=0 ieS 1SS\ € hgTU{i}

|I|=k

where @; is Kontsevich’s two-form wy ;) and &; is a copy of Kontsevich’s one-form
ap ). We refer to it as a copy since, for iy, i € L;, both @;, and &;, are given by the
same formula of the angular 1-form of F;, but with different ¢ variables. Write

wp =—d®p = /}q oL@y pPr=[]rie @L=p"tor. PL=p*rPL.
re ieS
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When S # [d] we will sometimes omit the assumption that ), . ¢ ri2 = 1, and then
—d ®y, gets a correction; see Remark 3.5.

When it is not clear from context, we write osz to indicate the specific graph G. The
same remark goes for the other forms.

Exactly as in the closed case, we have:

Lemma 4.38 (a) Fori € [l], there is a canonical isomorphism comb* F; ~ S1(IL;).
As a result, comb*Sy ~ S(E) canonically.

(b) The forms «; and w; are a piecewise smooth angular one-form and Euler two-
form for S'(LL;). ®; is an angular form of Sy, and wy, is its Euler form.

(¢) For(G,z) e SRg, k1> there is a canonical identification
(Fi = Mg.2)) = EX(Fi = M.

Similarly for the bundles Sy, .

Notation 4.39 Recall Proposition 4.34. Let (G, z, £) be a metric spin ribbon graph with
a lifting. Define the graph B(G, z, £) = (BG, Bz, B) by first taking the normalization
of (G, z,£), and then forgetting isolated components, the lifting data in contracted
boundaries, and the new illegal marked points. Let B: M(G,z) = MBg Bz be the
induced map on the moduli.

Observation 4.40 For any spin ribbon graph with a lifting (G, z), and face marked i,
we have Fi — MG ,z) =~ B*(Fi — ME(G,z)) canonically, and a similar claim holds
for St..

The observation follows from the natural identification of the boundary of the i faces
in G and BG.

Proposition 4.41 A special canonical multisection s of S(Er) is a pullback of a
multisection s’ of Sp..

Proof Take Mr C M gk, and letiy, ... i, be labels of internal tails, one for each
vertex of I". Now
comb(Mr X R{i-) = ]_[ MG,z2)
(G.2)
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where the union is taken over some graded graphs (G, z). Consider one of them; denote
it by (G, z). Write

,
or =[] or..
j=1

The diagram

®
comb ' MGz — comb_lM(gG’gz)

(24) J{comb lcomb

B
M@G,z)y = M B B2)

commutes, by Proposition 4.34. Now (BG, Bz) is smooth, hence the right vertical arrow
is an isomorphism, by Lemma 4.35. A special canonical multisection over Mr x Rl+ is
pulled back via &, from S(Er) — ]_[]r-zl lefk(r‘) X IR{I_F. Let s be special canonical;
we now construct s’ with s = comb™s’”. Write §|comb=" Mg -, = ¥ (comb*(s”)), where
s is a multisection of S;, — M5 7). Define s'| v ., = B*s”. These multisections
for different strata evidently glue. O

Definition 4.42 A special canonical multisection of St — M‘jg"r]?bl is a multisection s

with comb*s special canonical. A special canonical multisection of S; — /\7(@,2)
is a E—pullback of a special canonical multisection on /Wz,or,‘c‘bl. Write s(%2) for the
restriction of s to /W(G,Z).

The proof of the proposition yields the following immediate corollary.

Corollary 4.43 Suppose (G, z) is a boundary (g, k, | )—graded ribbon graph, and s is a
special canonical multisection of Sy, where L is a (d, [)—set, restricted to the boundary
cell M(g,z). Thens = B*s’, where s’ is a multisection of S; — MzG.z)-

The main result of this section is that the descendents can be calculated over the
combinatorial moduli.

Lemma 4.44 Let s be a special canonical multisection for S(Er). Denote by s’ the
multisection on Sy, with s = comb™s’. Then

(25) / e(S(EL),s) =/ e(St,s).
M k.t MR, (P)
The orientations are those induced on the combinatorial moduli by comby.

The proof is an immediate consequence of Lemmas 4.35 and 4.38 and Observation 2.49.
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-4 340

Figure 13: Bridges and their contractions. On the left, three compatible
bridges are drawn, a, b and c. In the center, b and c are contracted, and
on the right, the normalization is presented. If /4 is the boundary half-edge
which corresponds to b, then dp/ corresponds to the half-node in the ghost
component of the normalization. If 4 and 4, are the half-edges of ¢, then
dchq and d.hy are the two half-nodes in the normalization of the node which
corresponds to c.

4.3.3 Intersection numbers as integrals over the combinatorial moduli We can
now use the natural piecewise linear structure on M?Il?bl and the associated bundles to

write an explicit integral formula for them.

Definition 4.45 A boundary loop in a graded graph (G, z) is a boundary edge which
is a loop. We denote the collection of these elements by Loop(G). A bridge in a graded
graph (G, z) is either a boundary edge between two distinct special legal boundary
points or an internal edge between two boundary vertices; see Figure 13 and the left-
hand sides of Figure 14 rows four and five. Denote by Br(G, z) the set of bridges
of (G, z). Usually we shall omit z from the notation and write Br(G) instead. A
compatible sequence of bridges {e1, ..., ey} is a sequence of bridges such that e; 11 is
a bridge in de, ... ¢; G for all i.

Suppose e is a bridge and h € H! satisfies 1i/s; = e. Set i’ = s,h. We define
deh € HN(d,G) (recall HN was defined in Definition 4.18) to be the unique vertex
v € V(Norm(d.G)) with h’/sg = v, where we consider 4’ as an edge of Norm(d,G),
using the canonical identification; see Figure 13 and the right-hand sides of the fourth
and fifth rows of Figure 14. When there is 1 € H® with /1/s; = e, contracting e creates
a contracted component v, which is identified with a ghost component of Norm(G); see
Figure 13 and row four of Figure 14 again. We denote by d./ € B(v) the marking which
is the so—cycle of s5(s1 /) in (N B)~1(v). This is equivalent to writing d./ = 519, (s14),
recalling Notation 4.28.
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Figure 14: Edge contractions and Feynman moves. In rows four and five,
bridge contractions are presented. In the bottom row, a boundary contraction
is shown. In the first three rows it is shown how the other types of contracted
edges can be obtained as the result of two different contractions.

The following observation is immediate.

Observation 4.46  (a) We have that dim Mg _,)(p) = dim M, 4 ; if and only if
(G,z) € SRg Kl

(b) In addition, (G, z) is a boundary graph if and only if it can be represented as
dey....e, (G, 2"), where (G',z') € SRg,k,l and at least one e; is a bridge or
a loop. The only boundary graphs (G, z) whose moduli is of full dimension
dim M g ;—1 are those which can be written as 3. (G’, z') for (G, ') € SRgr,k,l
and e € Br(G’) U Loop(G').

(¢c) If{ey,...,er} is a compatible sequence of bridges in a trivalent graph (G, z),
then 0, ,....e, (G, z) is trivalent. Any trivalent graph can be written in the form
Oey,....e, (G, z), where (G, z) is smooth trivalent and {ey, ..., e,} is a compatible
sequence of bridges. This representation is unique up to reordering the bridges
in the sequence.

See rows four and five of Figure 14 for examples.
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Recall Definition 2.51. Using Observation 4.46, Lemma 4.44 and Proposition 3.3, we
immediately get:

Lemma 4.47 Let L be a (d,l)—set, where d = %(3g —3+4k+2l),andlet s be a
special canonical multisection for Sy,. Then

L+ / s*¥Dp.
/M(G z>(P) Z Mae(G.,z)(P)

(G,Z)GSRg'kJ
[e]€[Br(G)ULoop(G)]

2%(g+k—1)<fal Talgk

0
(G, Z)GSR K

Equivalently,

p2L22(g+k 1)(

Tal

or, + / S*CT)L.
/M(G 2(p) Z Mye(G.2)(P)

(G.2)esry 4
[e]€[Br(G)ULoop(G)]

(G, z)eSRO

The orientations are those induced on the combinatorial moduli by comb.

Remark 4.48 The formalism of piecewise linear forms and their integration is treated,
for instance, in [42].

Construction—Notation 3 For later purposes we now define Feynman moves in edges.
Suppose that G is a trivalent graph, and let e € E \ Br(G). If e is a boundary edge,
we require that least one of its vertices is not a special point. If e is a boundary loop,
define the graph G, := G. Otherwise, define G, as the graph obtained from G by first
contracting e and then reopening it in the unique different possible way; see the first
three rows of Figure 14.

Let (G, z) be a graded trivalent graph. For a boundary loop e define the graded structure
Ze € Zg as the graded structure which is identical to z except that the lifting on the
boundary component e is opposite. For an edge e ¢ Br(G) ULoop(G), write z, € Zg,
for the graded structure on G, defined by the following proposition.

Proposition 4.49 For (G, z) and e as above, there is a unique graded structure z, such
that if G is smooth, Mg, ;,) is the unique codimension-zero cell of /Vlz,‘”,’;bl adjacent
to M(g,z) along My, (G,z). For nonsmooth G, write (G,z) = 0e, ..., (H, w), where

e1,...,er € E(H), with (H, w) trivalent and smooth. Then

(Ge,ze) = 8e1 e (He, we).

.....

.....
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Proof For a smooth trivalent G and an edge e, d.Mg,z) is a codimension-one face;
hence, since MCO k] is an orbifold with corners, this face must be adjacent to at most
one additional codlmension—zero cell. Since e is neither a boundary loop nor a bridge,

this face is not contained in the boundary of the moduli; hence it is adjacent to two

comb
spin

M(G,z,) for some graded structure z, € Z¢ \ z, or of the form Mg, ., for z, € Z(G,).

codimension-zero cells. Since For is continuous, this cell must be of the form
The map M;"r]?bl ~ Mgy — ME el = ME P ® when restricted to the open dense
set of generic metrics, is a (nonbranched) covering map, as there are no automorphisms
to the objects, and since the neighboring cell in MR Comb to M¥ along d My is MRE,
the neighboring cell of Mg ;) along the boundary 3 M(G,z) must be Mg, z,)- The
rest of the claim follows from the cell structure and Observation 4.46(c). m|

The operations G — G, and (G, z) — (Ge, z¢) are called Feynman moves.

5 'Trivalent and critical nodal graphs

It follows from Lemma 4.47 that all intersection numbers can be calculated as integrals
over the highest-dimensional cells of ./\/l““,z1 7> and of 3/\7‘;‘,?3. In the next section we
will describe an iterative integration formula for the integrals. We will see that the
cells that contribute to this iterative process are those which correspond to trivalent
graded ribbon graphs. Analyzing their contribution is done by using a new type of
graph, which we define below and name critical nodal graphs. It turns out that both for
trivalent graded graphs, and for critical nodal graphs, the extra data of the graded spin
structure can be described in an explicit combinatorial manner. In this section we shall
provide this combinatorial interpretation, use it to describe the boundary conditions
and to write an explicit expression for the canonical orientations.

5.1 Kasteleyn orientations

From here until the end of this subsection fix a graph G € R? 2 kI’ where R kg Was
defined in Definition 4.31.

Definition 5.1 Consider the set A of all assignments H! — Z,. A vertex flip is the
involution f,: A — A defined as follows. For A4 € A, f, A is the assignment which
satisfies the following condition: f,, A(h) # A(h) if and only if exactly one of the
vertices of i, h/sg and s1(h)/sg is v.
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A Kasteleyn orientation on G is an assignment K € 4 which satisfies the following
conditions:

(a) If h belongs to a boundary edge, that is, s;/ € H 5, then
K(h)=1.
(b) For other half-edges #,
K(h) + K(s1(h)) = 1.

(c) For every face i,

> Khy=1.

hGH,’

For convenience extend K to H B by 0, so that property (b) holds for any half-edge.
K(G) will stand for the set of all Kasteleyn orientations of G. Vertex flips act on
the set K(G). Two Kasteleyn orientations are equivalent if they differ by vertex flips.
Write [K(G)] for the set of equivalence classes of Kasteleyn orientations, and [K] for
the equivalence class of K.

Observation 5.2 Equivalent assignments give the same value to any half-edge of a
bridge.

Definition 5.3 The legal side of a bridge e is the half-edge & € sl_1 (e) with K(h) =0.
The other side is illegal.

The main goal of this subsection is to show that there is a natural bijection between
SRY ,; and {(G,[K]) | G € RY , . [K] € [K(G)]/Aut(G)}.

We first show how a graded structure induces an element in [K(G)]. Take a graded
surface (X, S, s) whose corresponding embedded ribbon graph, defined by the JS
differential, is G.

Definition 5.4 Let v e V!, and let {hi}i=1,2,3 be its three half-edges, ordered so that
sohi = hj+1. A choice of lifting for v is a choice of lifts [, € Sy for the oriented Tvlh,-
(see Notation 2.23) such that

(26) Inivy = Roypanly, for i =12,

where 6; = A(Tyh;, Tyhit+1).
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Let 33, be a boundary component. Write Hj, = {h; ™ ., where the h; € H' are the

i=1
half-edges which are embedded in 9%, ordered so that s; 11 = s1(s5 Y(s1(h;))). Put
v; = h;/so. A lifting for 9% is the unique choice of lifts [, € S, of Tvlih, for any i
and any h € Hy,, satisfying the following requirements:

(a) For h = h; € s1 Hy, we have [}, = s(v;).

(b) If v; is not a marked point, let f = soh; and put 0 = £L(h;, f). Then
lf = R9+2nlhi and lsglhi = Rﬂlhi-
(c) If v; is a marked point, lsglhi = Razly,.

A choice of lifting is a choice of lifting for any vertex, and a lifting for any boundary
component of the graph.

Note that given a choice of lifting in a vertex v, (26) holds also for i = 3, since
composing (26) for i =1, 2, 3 yields

R67T+Z?=] Oilhl = RSTL'lhl = lh]?

where the first equality follows from ) 6; = 27, and the last equality uses that R4, is
the identity map. This also shows that a choice of a lifting for an internal vertex does
not depend on the choice of which half-edge is taken to be /1. In addition, note that a
lifting of a boundary does not depend on choices.

Figure 15 illustrates the three types of liftings described above.

A consequence of the definition of the graded boundary conditions is the following.

Observation 5.5 Consider a lifting for the boundary 0%;. With the above notation, if
v; is a marked point, then I, = Ry P(hi—1)lp,_,. If v; is a boundary vertex which
is not a marked point, then I, = P(hj—1)ly, . In both cases, Ry P(hi—1)ly;, | =

Lsyhia) = Ly

Remark 5.6 Iterating Observation 5.5 over all boundary vertices, we are led to the
single constraint [, = Ry, Ip,, where kj, is the number of boundary marked points
of the boundary component dXj;. By unwinding the alternations in boundary marked
points, we see that ¢(y) = kp + 1 for y a simple closed path isotopic to dXy,.
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hy Iny lhz
v hy l}/ll lhl
h3 th 1;13
f Lsoy=1h
(m)*h#h v Iy
ly
(s0)"'h—@—h — In
v
lsgy=1h

Figure 15: In this figure the three types of liftings from Definition 5.4 are
illustrated. The left column represents the local picture at the surface, while the
right column represents the corresponding picture at the level of the spin fiber.
Each vector on the left-hand side has two preimages on the right-hand side
(where the angles between consecutive vectors on the right are half of those
from the left). In the top row an internal trivalent vertex v is drawn. For v there
are two possible lifts: {l5, ., [, . ln,} and {l}’l] , l}'lz, l}’13}. In the middle row, v
is a trivalent boundary vertex and in the bottom row v is a boundary marked
point. In both of these cases the horizontal line in the left column represents
the boundary, and in both cases [}, is determined from the data of the grading,
so there is no choice in the liftings, and they are as in the figure.

A choice of a lifting induces an assignment K € A as follows. K(h) = 1if s;h € HS.
For an internal half-edge /, considered as an arc from u to v, we have lifts /5, and [, (p
of T)}h and T,!s1h, respectively. Now, R, P(h)l} also covers T} s1h, hence it equals
either [s, (n) or Razlg, (ny. In the first case we define K(h) = 1, otherwise K(h) = 0.
Write K (X, S, s) for the set of all assignments of G induced by choices of liftings.

Definition 5.7 A vertex lift flip in a vertex v € V! is the involution of the set of choices
of lifts which takes one choice to the choice that differs exactly in the lift at v.

Lemma 5.8 If C and C’ are two choices of lift which differ by a vertex lift flip in v,
the corresponding assignments K and K’ differ by a vertex flip f,,. The vertex flips act
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commutatively freely transitively on K(X,S, s). The correspondence between choices
of lift and K(X, S, s) is a bijection. As a conclusion, |K(X,S,s)| = V16,

Proof The first assertion as well as the commutativity and transitivity of the action are
straightforward. The rest will follow from proving that the action is free. In order to
show this, note that we can think of K(X, S, 5) as subset of ZH This is a vector space,
and a vertex flip f, is just an addition of an element fv € Zg’ which is s;—invariant
and zero everywhere except for edges with exactly one of their ends being v. Thus,
we can also think of ﬁ, as a function from E to Z, which vanishes identically on
boundary edges. In other words, ﬁ, is canonically a 1-cochain with coefficients in Z,
relative to boundary. In fact, if § is the coboundary operator on the relative cochain
complex defined on X by the 1-skeleton G, then ﬁ, = Jey, where ey, is the O—cochain
which is 1 only at v. If the action of vertex flips were not free, there would be a subset
AC VI such that
Y f=0,

vEA
or equivalently
1 Z ey =0,
veEA
S0 Y ,c4ev would be §—closed in HY(Z, %) ~ H,(X)*, by Poincaré—Lefschetz
duality. But H,(X) = 0, which means 4 = &. a

We now study K(X, S, s) more carefully.

Proposition 5.9 Fix K € K(X, S, 5).

Forh e H putv=h/sg, u = (s1h)/so, f = salslh and, if u is not a marked point,
' =sos1h. Write 0 = L(P(h)T} h, T} f) € (—m,w) anda = L(f, f) € (0,2n) if
u is not a marked point. Let I, and [y denote the lifts of Ty h and T,} f, respectively,

induced by K, and when u is not a marked point, let [y, be the lift of T} f'. Finally,
let ¢ = K(h). Then we have the following equalities:

@) lf = RopeygP(h)ly.
(b) If u is not a marked point, lf) = Ry (14¢)+6—a P (M)l and 0 —a € (=7, 7).

Forh € HB from v tou, write f = syh. If u is a marked point, then Ry P (h)l), = ly.
If u is not a marked point, write f’ = sos1h and 0 = L(P(h)T}h, T} f') € (-, 0).
Then P(h)lp =ly and Rg 251y = Iy
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Proof We prove it for i1 € H; the proof for boundary half-edges is similar and follows
from Observation 5.5. We have

K(h) =¢ <= Rz P(W)lp = Ra+e)2nls ()
— Ry P(W)lp = Rate)2n(Ron+r—0lf)
< RyPW) = Rgzyrlf,

where the equivalence in the second line follows from the definition of a choice of lift
in a vertex, while the equivalence in the last line is a consequence of Remark 2.25. The
second claim follows from [y» = R_37 ¢l and the cyclic order of the half-edges. O

We now prove:
Lemma 5.10 If K € K(X,S,s), then K is a Kasteleyn orientation.

Proof Property (a) of Kasteleyn orientations is just Observation 5.5. Property (b) is
reduced, thanks to Remark 2.25 and the construction of K, to

Rz P(s1(h)) Rz P(h) = Rag,

but this follows from Proposition 2.28 applied to the piecewise smooth closed curve
h — h — h, where h is h with the opposite orientation.

To show property (c), let hy,...h; be an ordering of H; such that sx(h;) = hj41.
Set vj = hj/so. Let [, be the lift of Tvlj hj determined by K, using Lemma 5.8.
Proposition 2.28 applied to the piecewise smooth curve y; =hy —hp — -+ hy, — hy is
equivalent to P(y;)lp, = Razlp,. Put ;41 = A(P(hj)Tvljhj, Tvlj.+lhj+1) € (—m, ).
Now, by Proposition 5.9,

jo_HP(hj)lhj = Rs,-anh_,-_Ha with &j € Zy,

where ¢; = K(h;). Iterating this equation for j = 1,...,m, we get

In, = Rozeny+6, P(hm)Rome,, 46, P(hm—1) -~ Roze, -6, P(h1)lp,
= RZJTZ:»"ZIs,-RelP(hm)RQmP(hm—l)"'R92P(h1)lhl.

On the other hand, Rg, P(hm)Rg,, P(hm—1) -+ Rg, P(h1) = Raz(144(y,)) by the def-
inition of ¢. But ¢(y;) = 0, since y; is trivial in the homology of X. So the sum
Yo ei =y it K(h;) must be odd. O

Theorem 5.11 Let G and X be as above. There is a bijection between Spin(X), the
set of isomorphism classes of graded spin structures on X, and [K(G)].
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Proof Given a graded spin structure (S,s) on X, we have constructed an equiva-
lence class of Kasteleyn orientations, and this equivalence class depends only on the
isomorphism type of (S, 5), so that we get a map

[K]: Spin(X) — [K(G)].
We shall construct a map Spin in the other direction.

Fix K € K(G). We first construct the restriction of the spin bundle to G, the 1-skeleton
of X. For any vertex v, write

Ny = U{h;}»

where h; are the open half-edges emanating from v, after removing their second
endpoint. We define Spin(K)|y, as the trivial spin cover of T!X|y,. On any fiber of
Spin(K) there is an action of R/47Z; denote it by Ry.

For a vertex v, choose sections I, : h; — Spin(K)] % which cover T} h; so that for any
hi ¢ H,

Roz 46, (Vg (V) = Lsy(ny) (V).
where 6; = L(T}hi, T)lso(hi)).

The transition map g,/ s, ey : Spin(K)|er — Spin(K)|s, ey is given by identifying
Ry (e)ym—n!n and g, p,, and extending using the R /47 Z—action.

It follows from construction and from property (c) of Kasteleyn orientations that for
each i € [/], the spin structure on the boundary of face i of G, which is a topological
disk, satisfies Proposition 2.28, and hence can be extended uniquely to the face. Thus,
we have constructed a spin structure on X. The section {/;}¢s, & is evidently a
grading. Call this graded spin structure Spin(K). It can be verified easily that equivalent
Kasteleyn orientations give rise to isomorphic graded spin structure, and that the maps
[K] and Spin are inverse to each other. |

Knowing now that the data of an equivalence class of Kasteleyn orientations is equivalent
to the data of a graded spin structure, we may try to calculate ¢ and Q using K.

Definition 5.12 Lety = (h; — -+ — hy(— h1)) be an open (closed) directed path
inG e Rg «.; Without backtracking; that is, the directed edge s1/ cannot follow / in
the path. Put v; = h; /so. We say that y makes a bad turn at v; if either

(@) hj_1 € H! and h; # sphij_1, or

(b) hi—1 € HB and h; = sos1hi—1,
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/a 7

I

Figure 16: Good and bad turns. In this figure a line with an arrow represents
a half-edge in a directed path, and the orientation is always counterclockwise.
In the top row an internal vertex is drawn; the left shows a good turn, the
right a bad turn. In the middle row the horizontal line is the boundary, and
the surface lies above it. The oriented half-edges in the boundary belong to
s1 HB. Only the leftmost image represents a bad turn. In the bottom row the
oriented half-edges in the boundary component are boundary half-edges. The
image on the left is a good turn, while the other two are bad.

where i — 1 is taken modulo m in the closed case. Otherwise it makes a good turn.
BT(y) is the number of bad turns.

See Figure 16 for illustrations of good and bad turns.

Proposition 5.13 Fix [K]. With the conventions of the previous definition:

(a) Fory closed, q(y) =qk(y) :=1+)_; K(h;) +BT(y) forany K € [K].
(b) For y open, with hy,hy, € s1H B let 7 be the subarc obtained from y after

removing small neighborhoods of its endpoints. Then Q(y) = Qk(y) :=
1+, K(h;) +BT(y) for any K € [K].

We defined ¥ in order to avoid marked points as endpoints.

Proof Fix K €[K]. Recall the correspondence between Kasteleyn orientations and lifts
(Lemma 5.8), and take the corresponding lift /. Put 641 = £(P(hj)T hj, T hj11) €
(—m, ), write ¢; = K(h;), and define bt; y1 € Z> to be 1 if and only if y makes a bad
turn in v; 41, and otherwise 0. Proposition 5.9 is equivalent, in this notation, to

27) Ro; P(1j)ln; = Regj vty anlhy gy
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When y is closed, iterating (27) for j = 1,...,m we get that

Iny= Rag(ep+ot)+601 P (hm) Ram (e +0t,0)+ 0, P (m—1) +* Ron(ey +b1p)+6, P (1)1,
=Ryz s givvy Ro, P(hm)Rg,, P(hm—1) -+ Ro, P(h1)lp,
= Royn B+, ) RU+a2nlh,
=Ry, (e +1+BT(+X7L Si)lhl ’

where the final equality uses the definition of ¢, Definition 2.26.

Similarly, when y is open, iterating (27) over j = 1,...,m —1 and applying the same
reasoning, this time using Definition 2.30, we obtain, as needed,

In,, = Rzn(BT(y)+Z?’=_1' si+Q(V))lh1 - R2ﬂ(1+BT(V)+Z§"=1 8i+Q(y))lh1’

where we used &, = K(hy,) = 1. ad

Remark 5.14 The first case of the proposition appeared before in [12]. Although the
formula depends on the orientation of y, the result is orientation-independent in the
closed case. Indeed, flipping the orientation changes each K(4) to K(s1h) = K(h) + 1
and interchanges the sets of good turns and of bad turns. Thus, the total change is
the number of edges plus the number of vertices of y, that is, a change by 2m = 0.
A similar argument shows that in the open case the result changes by 1 when the
orientation is flipped.

Definition 5.15 An automorphism ¢: G — G defines an action ¢« on K(G) and
[K(G)] by

(¢« K) () = K(¢™ (h)).
An automorphism ¢ of (G, [K]) is an automorphism ¢ of G for which ¢«[K] = [K].
We write Aut(G, [K]) for the group of these automorphisms.

Proposition 5.16 For any G € SRg k1> the map
E(G
I Moo~ 11 RE@D /Auw(G, [K])
zeZg /Aut(G) [K]e[K(G)]/Aut(G)

which takes a metric graded graph (G, z,{) to ([K],{), where [K] is the Kasteleyn
orientation associated to the graded spin structure of comb ™! (G, z,1), is a homeomor-
phism.
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Proof It is enough to show that along a path (X;)o<;<; in comb_l(M(G’Z)), the
equivalence classes [K;] = [K:(Z¢, Sy, s¢)] € [K(G)] are the same. Take Ko €
[K(Z0, S, $0)]- This determines the maps Q¢ and gg, by Proposition 5.13 and the
fact that any piecewise smooth path may be isotoped to a nonbacktracking one on the
I-skeleton G <— X(. Now, varying (X;, S, s;) is equivalent to varying the metric ¢,
on G in the component Mg ;) continuously. But then it is evident that the maps Q,
and ¢, determined by Kg on the paths in the resulting embedded graph do not change.
By Lemma 2.39 we see that [K;] = [Kp]. ad

In light of Proposition 5.16, we can redefine SR and the related combinatorial moduli
spaces.

Notation 5.17 From now on we write
SRg,k,z ={(G,[KD |G € Rg,k,z, [K] € [K(G)]/Aut(G)}.

Define M(g,[k]) = Rf(G)/Aut(G, [K]), the moduli of metrics on G together with a
fixed equivalence class of Kasteleyn orientations. We have that Mg [k]) = M(G,z)
for a unique z € Zg, as in Proposition 5.16. We therefore set M(G,[K]) = /W(G,Z).
Define analogously Mg k1) (p) and M(G,[K])(p).

Example 5.18 Fix a connected component C of ./\7]5, kil Suppose that smooth surfaces
in C have b boundary components and write g = %(g—b—l— 1). Letkj for j=1,....,b
be the number of boundary marked points on boundary component j, for some locally
defined numbering of the boundary components. One ribbon graph which corresponds
to surfaces in C is the graph G € Rg’ k.l with

V=

. — . . . . . +
See also Figure 17. Only the v;” are internal vertices, while the vertices pj i, v i+

and v’ belong to the j™ boundary component. The other boundary vertices belong

J— 1 9j
to the first boundary. So

I
H" = U Hbdry,i U Hbridges U ngnus U Hinternal marked
i€[b]
where:

(@) Hbary,j = {€j,i fo<i<k;+(1-8,,) for j # 1 are the boundary edges of boundary
component j and of face 1, and e;;/so = p;; for 1 <i < k;. In addition,
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€h,1

€p,2

Figure 17

J’_ .
ej,0/s0 = v; 4 and (s1€j,0)/50 = pj1. For j # b, 1, the edge e; x;, connects
. - . - _ _ .t
Pjk; tov;_ ;, and we have €jk;i+1/50 = v;_, ; and s1(€jk;+1)/50 = UR
For j = b, we have ¢; ¢, /so = Vp—1.b" They are ordered so that e;; 11 = she; ;,

where 55 (e) := sl(sz_1 (s1(e))) fore € s{ HB.
(b) Hbdry,l =ai,by1,c1,d1,aa,. .. ,dgs,hz, . ,hl,elo,el,l,.. -5 €1,k is the set of
boundary edges of the first boundary, which all belong to face 1, ordered by s/

order. The boundary vertices, in counterclockwise order starting from vfrz, the
vertex of the bridge, are

+ ot ot = =t + +
1o U] WY U WY Uy ey Wa s Vg s U PLLs - DLk -

v
The adjacency relation is thus a;/so = vaz- Fori > 1, we have

/ — b/ — T / _ .t d / 0

ai/Sso = W;_q, ,so—ui, C1 S()—wi, 1/80 = U; .

Next, hz/so = wg, and hj/so = v;r_1 for i > 1. Finally, e 9/s0 = vl+, and
e1,i/so = pi1,i fori > 0.
(¢) Hypridges = {bj,j+1,5j,j+1}je[b_1] is the set of bridges between consecutive
boundaries. We have
—pt A . b . — T
bjj+1/s0 =0 ;1. bij+1=s1bjj+1. bjj+1/50 =041

(d) Hgenus =1 /i, ﬁ . 8i. 8i}ieg, is a set of internal half-edges of face 1 such that f;
goes from ul+ to u; and satisfies ﬁ =51 fi, and g; goes from wl.Jr to w;” and
satisfies g; = 51g;.
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(€)  Hinternal marked = 1Xi, Xi, Vi, Vi }i=2,...,1 is the following set: y; is the unique edge
of face i satisfying y; /so = v; , and y; = s1y;. The third half-edge of v;™ is x;,
+

and X; = s1x;, while X; /so = v;".
We now describe K(G). First of all, K(h) = 1 if s1h € HB or h = y;. There is no
constraint on K(x;), but different values are equivalent by flips in v;". Since there are
no more internal vertices, for all other edges there are no constraints and no relations.
Thus there is a total of 228sTb=1 = 28 different graded spin structures in this case.
Since this is a topological invariant, for any generic open genus g surface in C there
are 28 graded structures. Thus, for any generic open genus g surface which satisfies

condition (5) there are 28 graded structures.

Remark 5.19 In [34] a notion of parity is defined for smooth graded surfaces with
an odd number of boundary points for each component. It is defined as follows.
Given such a graded surface (X, S, s), choose a symplectic basis {o;, B;};e[g,] tO
Hi(X,7Z3)/Ho(0%, Z>). The quadratic form g factors through this quotient. Define
Arf(X) = ) q(ai)q(Bi) (mod 2). This is an isotopy invariant. A spin structure is said
to be even if the Arf is 0, otherwise it is odd. This notion is generalized, also in [34],
to give the open Arf invariant, which is defined for any graded surface, and specializes
to the parity if there is an odd number of markings on each boundary.

For example, with the notation of Example 5.18, suppose that each k; is odd. A possible
choice for the symplectic basis is

a;=b; —>ci — fi > b, Bi=c; > di > g —ci.
Now, by Proposition 5.13,
qler) =1+ K(bi) + K(ci) + K(f;) +BT() = K(fi).
since there is one bad turn. Similarly, g(8;) = K(g;). Therefore,
Arf() = Y K(f)K(E).

i€[gs]

A simple calculation now shows that the difference between even and odd spin gradings
o . 1 _
in this case is 28sT6—1 = 23(g+b=1),

Remark 5.20 Kasteleyn orientations are named after W Kasteleyn, who used them

to analyze dimer statistics; see for example [23]. The connection between Kasteleyn
orientations and spin structures on closed surfaces is established in [26; 12].
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>V<>A<)A

Figure 18: G, 0.G and G,. The middle graph is d.G. We draw an half-edge
inside the face which contains it.

d

5.1.1 Adjacent Kasteleyn orientations Recall Construction—Notation 3. In the
cell structure of MCO e the cell (G, [K]) is adjacent to cells of the form (Ge, [K¢])
for edges e ¢ Br(G) U Loop(G) with [K,] € [K(Ge)], by Proposition 4.49. We now
describe [K,] explicitly in terms of [K].

Fix a Kasteleyn orientation K € [K]. Write & for the unique half-edge such that
K(h)=1and h/sq = e. Write

a=so(h), b=s3(h), c=si1(s0(s1(h))), d=s1(s5(s1(h)));

see Figure 18. For brevity write X for s1(x). Apart from some borderline cases, which
may be treated separately, we may assume all these vertices and half-edges are distinct,
and then, using vertex flips if needed, we may also restrict ourselves to the case where
K(d) = 1. Note that E(G) \ e = E(Ge) \ ¢ canonically for some ¢’ € E(G,). We
therefore identify these sets, and also identify H(G) \ {h,s1h} and H(Ge) \ s_l ‘.
In G, let vl be the vertex from which a and d issue, and let v2 be the vertex from
which b and ¢ issue. We may take the half-edge /1’ to be the third half-edge from v].
Define the assignment K’: H! (G) — Z by

K'W)y=1, K'(#)=0, K'(d)=Kd)+1=1, K'(d)=K(d)+1=0,
and K'(f) = K(f) for any other half-edge f.

For later purposes, define, for a boundary loop e and a Kasteleyn orientation K € [K],
an assignment K’ by K'(h) = K(h) for any h with h/sy # f, where f is the unique
edge which shares a vertex with e, and otherwise K’'(h) = K(h) + 1.

Lemma 5.21 In both cases, K’ € [K(G,)], and moreover, K’ € [K,].
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Proof The claim is straightforward when e is a boundary loop. Suppose that e ¢
Br(G) ULoop(G). The first assertion is simple; we focus the second one. Write C(G)
and C(G’) for the set of closed paths without backtracking in G and G’, respectively.
Write O(G) and O(G’) for the set of open directed paths without backtracking in G
and G’, respectively, which connect boundary vertices which are not marked points.
We have bijections fc: C(G) — C(G’) and fo: O(G) — O(G’), defined as follows.
For a path (e; — e; — -+- — e;,) € C(G), the path fc(e1 — ez — -+ —ep) € C(G')
is defined by erasing any appearance of ¢ in the sequence and adding ¢’ any time we
have a move f — f’ where the third edge of the vertex between f and f’ is e. The
inverse map is defined similarly, but changing the roles of e and e¢’. The map fo is
defined in the same way.

Using Proposition 5.13 it is straightforward to verify that gx (y) = gk ( fc (y)) for any
y € C(G), and Ok (y) = Ok (fc(y)) forany y € O(G).

Now, let (X, S¢,5¢)e[0,1] be a continuous path in Mcok 1> with

G ifr<i,
(Z¢,St,8¢) € comb_l(M(Ghzt)), where G; = 40.,G ift = %
G ift>5 1

and where the graded structure zg € Z g corresponds to the Kasteleyn orlentatlon [K]. In
light of Lemma 2.39, Proposition 5.16 and isotopy arguments, the Kasteleyn orientation
on G’ defined by (2, S;.s/), e(L.1) is the unique class of Kasteleyn orientations for
which ¢ (y;) or Q(y;) is constant for any continuous family (y; € 3;) of closed paths
or bridges. By performing an isotopy, we may assume that y; is in fact a path in
the graph G;. It is easy to see that for ¢ small enough, fc (yl—e) = yi4e if the y;
are closed, or fo()/1 e = Vite if they are open. In the first case, g[k] ()/1_8) =
q[K’] ()/1 +¢)> While i 1n the second the same equatlon holds for Q. By Lemma 2 39(c)
and Theorem 5.11, the graded structure z; for t > 5 must correspond to [K']. m|

5.1.2 Trivalent graphs

Definition 5.22 Recall Definition 4.23. Let G be a trivalent graph. Recall that a
half-node is an (N B)~!—preimage of a node, and that their collection is denoted by
HN(G). An extended Kasteleyn orientation on G is amap K: H(G) UHN(G) — Z,
such that:

(a) Forany he HB K(h)=0.
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(b) Forany he H, K(h)+ K(s1h) = 1.
(c) For any node v, if |[N~1(v)| = 3, then K|y-14) = 1. Otherwise K(vi,1) +
K(vi2) =1, where N1 (v) = {v; 1, vi2}.
(d) For any face f, > K(x) = 1, where the variable x is taken from the set of
half-edges with x/s, = f, together with the set of half-nodes which belong
to f.
Two extended Kasteleyn orientations are equivalent if they differ by the action of
internal vertex flips. Write [K] for the equivalence class of K. Define K(G) and
[K(G)] as the sets of extended Kasteleyn orientations and the set of equivalence classes
of extended Kasteleyn orientations. Write Aut(G, [K]) for the automorphism subgroup
of G which preserves [K].

Item (c) above deals with the case that v is a contracted component whose normalization
contains at least three half-nodes. In the trivalent case, this can only happen if the
unique contracted component in Norm ™! (v) is a ghost, and its three marked points are
legal. Therefore there are exactly three corresponding half-nodes in the noncontracted
parts, and they are illegal.

With the exact same techniques as for Section 5.1, together with Corollary 2.22, we
obtain:

Lemma 5.23 For a trivalent G and a metric £, there is a natural bijection between
[K(G)] and Spin((comb®)~1(G, £)). The induced map
] Moo~ 11 RE©@ )/ Au(G, [K])
zeZg/Aut(G) [K]€[K(G)]/Aut(G)
is a homeomorphism. In particular, Zg >~ [K(G)] canonically. A half-node v in (G, z)
is illegal if and only if K(v) = 1 for any K € [K] which corresponds to z.

From now on we denote trivalent graphs (G, z) by (G, [K]), for the corresponding
[K] € [K(G)].

Definition 5.24 Define Mg k] = RE(G) /Aut(G, [K]), the moduli of metrics
on Mg, together with a fixed equivalence class of Kasteleyn orientations. Define
M (G,[K]) ‘= M (G,z)» for the unique z which corresponds to [K] by the above lemma.
For f1,..., fs € E(G), set afl,.,,,fxﬂ(g,[,q) to be the face of M(G,[K]) defined by
setting the coordinates £, ,...,{z, to 0. For p1,..., p; > 0, define Mg [x7)(p) and
M (G,[K])(P) by setting the perimeters to these values.
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Suppose G is a trivalent graph K € K(G), and let e € Br(G). In the case that e is a
boundary edge, let &7 be its internal half-edge, /1/s; = e, with hy € H I 1n the case
that e is an internal edge, write sl_l (e) ={h1,hs}, where K(h;) =i (mod 2). Define
de K to be the unique map 0. K : H(d.G) UHN(d.G) — Z, which agrees with K on
any half-edge 4’ ¢ s 'e, and such that 9, K(d¢h;) =i (mod 2). In a similar way, one

can define 0., .. ¢, K for a compatible sequence of bridges.

.....

Observation 5.25 For any trivalent (G, [K]), and bridge e, the graph (d.G, [0, K])
is a well-defined trivalent graph, in particular 9, K € [K(3d.G)]. Moreover, the map
de: [K(G)] — [K(d.G)] is a bijection.

In addition, for any trivalent connected graph (G, [K]), there is a unique smooth trivalent
graph (G’, [K']) and a unique (up to order) compatible sequence of bridges ey, . .., ey
with (G, [K]) = 0e,.....e, (G, [K']).

With the same techniques as in the proof of Lemma 5.21, one obtains:

Lemma 5.26 Let G be a trivalent graph, and let e1, . . ., e, be a compatible sequence
of bridges. Under the identification of Lemma 5.23 between Zyg and [K(H)], for
H=G,0.,G,...,0,,..e G, we have that

Mo, .. or GIKD = OeresMa, | o (GIKD
canonically.

In what follows we shall identify M(G,z) and the corresponding /\7((;,[ K1) Without
further notice.

5.2 Orientation

In this subsection we construct an orientation to M‘;"r,?bl. We do it by writing an

explicit formula for the orientation of each highest-dimensional cell of M‘;’r]z‘bl (p)—
that is, for cells Mg, [k7)(p) Where G € RO, [K] € [K(G)] —and then showing that on
codimension-one faces between two such cells, the induced orientations disagree. We
also discuss the induced orientation on the boundary, and prove that these orientations
are the ones induced from M g,k,1 by comby.

For G € ng ;» we have a map

(28) Ag:RE® L RFO R,
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which takes as input a collection of edge lengths and outputs the face perimeters, and

MG, 1k1)(P) = Ag' (p)/Aut(G, [K]).

In particular, orienting Mg [k7) is equivalent to orienting ker(Ag)/Aut(G, [K]). Us-
ing the exact sequence

(29) 0 — ker(Adg) — RE@  RF(O =Rl _, g,

we see that orienting RZ(G) and R or equivalently, ordering E(G) and [I], up to even
permutations, gives an orientation to Mg, k7)(P). as long as the action of Aut(G, [K])
preserves the orientation.

Fix any order for [/], for example 1, 2, ..., [. Choose any Kasteleyn orientation K € [K].
Define 0; = 0(g,k,i) by
N dey,
Kh)=1
h/SQ =i

that is, we take the wedge of d{; over half-edges & of face i with K(h) = 1. The
wedge is taken counterclockwise. Because there is an odd number of half-edges of the
i face with K = 1, the element o; is well defined, and independent of which half-edge
appears first. In addition, o; is an odd-degree form.

Definition 5.27 Choose any Kasteleyn orientation K. Put

I
0(G,K) = ./\1 0;.
1=

Define 0(g, k) as the orientation on ker(4¢) induced from the exact sequence (29)
when RZ() is oriented by 0(G,k) and RU by /\f=1 dp;.

Remark 5.28 Since both dp; and o; are odd variables, choosing another order on [/]
does not change o¢.

Lemma 5.29 The orientation 0(g, g depends only on [K].
Before we get to the proof, we add a few auxiliary definitions.

Definition 5.30 Let G be any open ribbon graph. A good ordering is a bijection
n: H! — |H'| which satisfies the following properties. First, if i (k) < i(h’), that is,
h belongs to face marked i and i’ to face marked i’ > i, then n(h) < n(h’). Thus,
half-edges of the same face are clustered together. Second, the ordering n, when
restricted to half-edges of a single face, agrees with the counterclockwise ordering.
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Figure 19: A good ordering of internal half-edges: the bold numbers in the
middles of the faces are the labels of the faces, the smaller ones next to
the half-edges are the half-edges numbers in the ordering. The numbers of
half-edges in face i are smaller than those of face j if i < j. In each face the
numbers of half-edges agree with the cyclic order induced by the face’s
orientation.

Let n be a good ordering, as in Definition 5.30, and K € K(G) a Kasteleyn orientation.
Define Hg = {h € H! | K(h) = 1}. We also define ng: |H'| — Z by

ng(i)=|the Hg | n(h) <ij|.

Figure 19 illustrates a good ordering. Note that the restriction of a good ordering to a
subset of H' induces an order on its elements.

Proof of Lemma 5.29 Take any K € [K]. We recall from Lemma 5.8 that any other
element of [K] can be obtained from K by successive flips in vertices. It will thus
suffice to prove that the orientations induced by K and K’ are the same when K and
K’ differ by a single flip in vertex v. It will be enough to prove that 0(g,x) = 0(G,k7)-

Fix a good ordering n. By definition,

oGx)= /N dle,

ecHg

where the order of the wedging is the order n restricted to Hg. The sign difference
between oG, k) and 0(g, ) can be found geometrically by the following procedure,
also illustrated in Figure 20. Define

Lg ={(n(h),0)|h € Hg} and Lg ={(n(h),1)|he Hg'} SR

For any e € E draw the chord c(e) between (n(hg),0) € Lg and (n(hy),1) € Lk,
where ho/s1 = hi/s1. By definition the change of signs between oG, g and oG k' is
just the parity of the number of intersections of these chords (slightly perturbed, if
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Hgr=1,5,6,7,9,10,12,13,14,15
Hg=1,2,3,6,7,8,10,13, 14,15

Ly ' s

Lk —

123456 7 8 9101112131415

Figure 20: In this diagram Hg and Hg- are listed for two Kasteleyn orienta-
tions K and K’ for the graph G in the picture, whose half-edges are identified
with their n—value for some good order n. The Kasteleyn orientations K and
K’ can be read from Hg and Hg, and they differ by a flip in the left internal
vertex. Below the chord diagram of L g and L g~ is drawn, and the number
of intersections is indeed even.

necessary). We shall prove that this number is always even. Note that for all edges
except for those issuing from v, the chords are parallel and vertical.

Let /1 be a half-edge of v. Put hy = s0(h1), h3z = sg(hl) and ﬁj = 51(h;). Apart from
some borderline cases which can be treated separately, we may assume that we are in
the scenario

n(y)=i1,  nlhy)=ir+1. n(hz)=is,
n(ha) =iz +1, n(hy)=is, n(hs) =iz + 1.
Thus, the chord ¢y, is either the chord between (i; + 1,0) and (ij—1, 1), or the chord

between (i; + 1,1) and (i1, 0). It is easy to see that the number of vertical chords it
intersects is the size of

Ij ={h e Hg \{hi. hi}i=123 | n(h) € (a;.b;)},

where a; = min(ng (i; + 1),ng(i;j—1)) and b; = max(ng(i; + 1),ng(ij—1)). For
exactly one j € {1,2,3} we have [; = I 1 U [;,, where addition is modulo 3, and
the union is disjoint. Thus, any vertical chord either misses the chords ¢, or meets
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exactly two of them. In addition, it can be checked directly that the chords ¢,; intersect
each other an even number of times. The lemma follows. O

Corollary 5.31 Forany G € Rg ¢ and [K] € [K(G)], the group Aut(G, [K]) acts in
an orientation-preserving manner. In particular, the orientation oG, k) induces, for
any p, an orientation on Mg [K])-

Denote this orientation by o(g,[k7)- The main theorem of this subsection is:

Theorem 5.32 The orientations 0(g,[k]) induce a canonical orientation on the space
ijcomb

TP

Proof We shall show that the orientations og for G € SRg k. are compatible on
codimension-one faces. This will show that a suborbifold of Mz,or]?bl which differs from
Mz,orl?bl in codimension-two cells is oriented, hence also Mz,or]?bl is. Since Mz,or,?bl itself
differs from Mcgor,?bl by codimension-two strata in the interior, and in codimension-
one boundary, this argument will show that MZ‘”,’C“’Z is also endowed with a canonical
orientation.

We therefore have to show that for any (G, [K]) € SRg . and e € Br(G) U Loop(G)
with (G',[K']) = (Ge. [Ke]), the orientations induced on d..M g [k]) bY MG, [k])
and by Mg/ (k) disagree.

Put H! = H!(G) and H'! = H!(G’). Note that we have a natural identification
of E(G)\ e and E(G’)\ ¢/, for some edge ¢’, so from now on we treat them as the
same set. Choose a good ordering n for H. There exists a good ordering n’ of H 1
which, when restricted to H'/ \sl_1 (¢), defines the same order as the restriction of
nto H'! \sl_l(e’) ~ H! \sl_l(e). Fix a Kasteleyn orientation K € K(G) and set
he sl_l(e) with K(h) = 1. Write

a=so(h), b=sg(h), c=s1(s0(s1(h)), d=s1(55(s1()));

see Figure 21. For brevity write X for s1(x). Apart from some borderline cases which
may be treated separately, we may assume all these vertices and half-edges are distinct,
and then, using vertex flips if needed, we may also restrict ourselves to the case where
K(d) = 1. In this case we can assume 7 was chosen in such a way that

n@=i, nh)y=i+1, n(c?):i+2, n(d)=m, n()=m+1,
n@)=p. nhy=p+1, nb)y=p+2, nb)=j. n@=j+1,

for some i, m, p and j, as in Figure 21.
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G

l+1
+2
I+2
I+1
]+1 m/ 1
p+1 m—i—l/\
P+2 p /\
p+1

Figure 21: The restrictions of the good orderings n and n’ to the half-edges
of G and G,.

A canonical outward normal for My, g — Mg is just —d{,. We see that the induced
orientation on My, ¢ is just

(30) (_l)nK(n(h))+1 /\ dff — (_l)nK(i+1)+1 /\ dgf,
feHk\{h} feHk\{h}

where as usual the wedge is taken in the order n g induced by n.
In G', let v} be the vertex from which a and d issue, and let v, be the vertex from

which b and ¢ issue. We may take the half-edge /’ to be the third half-edge from v].
Then, for some i’, m’, p’ and j’, we have

W@=i', n'd)y=i'"+1, n'd)=m', ”W)=m'+1, n'@ =m+2,

n'(ey=p, nb)y=p +1, n'b)y=j", n'()=j"+1, n'(a)=j +2.
By Lemma 5.21 we have a representative K’ of [K,], described by

K'(hWy=1, K'(')=0, K(@{d)=K@d)+1=1, K'(d)=K(d)+1=0,
and K'(f) = K(f) for any other half-edge f. As above, a canonical outward normal

for My, gr — Mg is just —d £.,. We see that the induced orientation on My, G is

(31) (_1)nK/(n/(h’))+l A dﬁf — (_1)n’K/(m’+1)+1 A dﬁf.
SeHg\{h'} feHg\{h'}

The choice of 7, n’ and K’ makes the terms Nregp\(ny dr and N\rep gy d ey

differ only in the relative location of d{;. By our assumptions on K(d) and K'(d),

the difference is just the difference between n k(d)—1=ng(i+2)—1and N, (d) =

n'e,(m’). We subtracted 1 from n k(d) because we did not want to count # which
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occurs before d in the order n. Now, ng(i +2)—1=ng (i +1),asn(h) =i, K(h) = 1.
Similarly, n', (m") = nl,(m" + 1) — 1, since n'(d) = m’ and K'(d) = 1.

The total difference between the two orientations is thus

(_1)n’K,(m’+1)+1+n’K/(m’+1)—1+nK(i+1)+1+nK(i+1) "

as claimed. O

Remark 5.33 The spaces Mg x; and M;"‘,?bl (_p) are homeomorphic, therefore the
last theorem gives, in fact, another proof that M, ; ; is oriented. Later we shall see
that the orientation constructed here agrees with the orientation of [35].

Corollary 5.34 For G € SRg’k,l and e an internal edge which is not a bridge, the
two orientations on .M g [k])(P) =~ deM (G, [k,.])(P), induced as boundaries of

Mg,k (p) and Mg, [k,])(P). are opposite.
5.3 Critical nodal graphs and their moduli

5.3.1 Ciritical nodal ribbon graphs In this subsection we describe effective and
critical nodal graphs. They will parametrize strata which will participate in the analysis
of the intersection numbers and will contribute to the combinatorial formula. For
completeness we first describe slightly more general graphs.

Definition 5.35 A nodal spin ribbon graph with a lifting (graded nodal ribbon graph),
or a nodal graph for short, is a spin ribbon graph with a lifting (graded ribbon graph)
(G, z), together with a subset V of legal points in B(Norm(G)) \ B(G). We call V the
set of legal nodes of the nodal graph and s1V the illegal nodes, where 51 was defined
in Notation 4.28. The vertices and edges of the nodal graph are the vertices and edges
of Norm(G, z) after forgetting the illegal nodes s;)V. A metric is a metric on these
edges. If e is an edge in the nodal graph (G, z, V), contracting the edge e yields the
nodal graph 9. (G, z, V) whose underlying graph is d.(G, z), and whose legal nodes
are those legal nodes in d, (G, z) which remain special points in Norm(d. (G, z)) after
the contraction, where we use the natural correspondence between special points in
Norm(G, z) and in Norm(d. (G, 2)).

The components of the nodal graph are the connected components created after re-
moving s1). More precisely, define an equivalence relation ~» on the components of
Norm(G, z) as follows. Components Cy, C € mo(Norm(G, z)) are neighbors if one
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of them contains a legal point u ¢ ) such that s;u belong to the other component. For
C1, C € mp(Norm(G, z)), we write C; ~pn Cs if they can be connected in a path of
neighboring components. The components of the nodal graph are defined to be the
Norm—image of ~ y—equivalence classes.

In the case that the underlying graph is effective we have a more convenient definition.

Definition 5.36 An effective nodal spin ribbon graph with a lifting (effective graded
nodal ribbon graph), or an effective nodal graph, is a tuple (G;, zj,m,V = {V,}), or
(G, z) for short, where

(a) (G, z;) is an effective spin ribbon graph with a lifting (effective graded ribbon
graph),
(b)y m:J; siHB(G;) — Z >y, and
(c) the maps V,: [m(e)] = |UJ; B(G;) for e € | J; s1 HB(G;) are injections.
We require the sets V, = V,([m(e)]) to be disjoint. Denote by C(G;, z;, m, {V,}) the
different graded components of the graph, that is, the collection of (G, z;).

Let G be the graph obtained by choosing m(e) points pe 1, ..., Pem(e) On €, ordered
according to the orientation of the boundary and identifying p.; with V.(i). The
effective nodal graph is said to be connected if G is connected.

Write E(G) = |J; E(G;); similarly define H!(G), HB(G), V(G) and F(G). For a
boundary edge e = h /s, where h € s; HB, we sometimes write m (e) = m(h). Vertices
in the image of V. are called legal nodes and their set is denoted by V(G ). The boundary
marked points of G are boundary marked points of the G; which are not legal nodes.
Denote them by B(G). Define 1(G) = J; 1(G;).

An effective nodal ribbon graph is naturally embedded into the (topological) nodal
surface ¥ = (]_[l Ei) /~, defined as follows. ¥; is the topological open marked surface
into which G; embeds, and in the case that G; is a ghost it is a point. We identify
G; with its image in X;. We add m(e) points pe 1, ..., Pe,m(e) along the edge e, and
quotient by pe ;i ~ Ve(i). The genus of the graph is defined to be the (doubled) genus
of X.

A marked effective nodal graph is an effective nodal graph together with markings
nB: B(G) - Z andn! : I(G) — Z.

A graded critical nodal ribbon graph is an effective nodal graph such that each
(Gi,z;) € SRY. In this case we use the Kasteleyn notation for components, (G;, [K;])
rather than (Gj, z;), and we denote the whole graph by (G, [K]) for short.
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A graded critical nodal graph G is odd if each G; € OSR.

The notion of an isomorphism is the expected one. Write S R’; k.l for the collection of
isomorphism classes of marked critical nodal graded ribbon graphs G with m nodes
and genus g such thatm?: B(G) ~ [k] and m’ : I(G) ~ [I]. Let OSR?,/(,I be the subset
of such graphs which are odd. Write Aut(G, [K]) for the group of automorphisms of
(G,[K)) € SR?,k,l'

Define nongraded critical nodal ribbon graphs G = (G, m, V) in the same way, only
without the data of Kasteleyn orientations, so that each G; belongs to R rather than
to SR?. Denote by R;”’ k.l the collection of isomorphism classes of nongraded critical
nodal ribbon graphs G with m nodes and genus g such that m®: B(G) ~ [k] and
m! : I(G) ~[I]. Let (’)R;’f’ k.1 be the subset of such graphs which are odd. Write Aut(G)
for the group of automorphisms of G € R'g"’ Kl

A metric on a nodal ribbon graph is an assignment of positive lengths to its edges.

A bridge e € E(G) is an edge which is a bridge in one component G; of G. An effective
bridge is a bridge with m(e) = 0, if m is defined. Let Br(G, [K]) be the collection of
bridges, and Br*f(G, [K]) the collection of effective bridges. As in the nonnodal case,

for brevity we shall usually omit [K] from the notation for Br and Bre'f

. We similarly
define boundary loops as boundary loops in one component G; of G, and effective
loops are boundary loops e with m(e) = 0. Write Loop(G) and Loop®(G) for the

collection of boundary loops and effective loops, respectively.

When it is understood from context whether or not the critical nodal graph is graded or
nongraded, we omit the words graded/nongraded, and just say critical nodal.

Remark 5.37 1t is simple to verify that when (G, z, m, V) is effective, Definitions 5.35
and 5.36 are equivalent. We shall therefore use Definition 5.36, which is more explicit,
whenever possible. It is also straightforward to verify that the definition of (’)R’;’ k.l
agrees with the one given in Notation 1.3.

In a metric effective nodal ribbon graph, the data of distances between illegal nodes to
other vertices is absent. On the other hand, the discrete data of which illegal node lies
on which edge, and the relative order of illegal nodes on a given edge, are included.
See the example at the bottom of Figure 22.

Observation 5.38 Under the forgetful map forg,,: S RZ’ P e R? x> Which forgets
the Kasteleyn orientation, odd graphs go to odd graphs and the preimage of G is
canonically [K(G)]/Aut(G).
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5.3.2 Trivalent graphs versus graded critical nodal graphs In the analysis required
for proving Theorem 1.5, we will mainly need to analyze critical graded nodal graphs
and effective graphs which are obtained from them by contracting a single edge and
possibly forgetting some data. We will now describe operations between nodal and
nonnodal ribbon graphs. Although these operations can be defined in full generality,
we are interested only in cases where their output is trivalent or effective. We will
therefore restrict our definitions to this setting, leaving the relatively straightforward
details of the more general setting to the interested reader.

Given a connected effective spin ribbon graph with a lifting (G, z), we define an effective
nodal graph X (G, z) as follows. Its components are the components of Norm(G, z),
after erasing every illegal boundary point and concatenating its two edges to one
edge. Note that under this map a contracted boundary becomes a Ramond marking of
perimeter zero. Suppose e is an edge obtained by concatenating ey, ..., e, 41 in the
described process, and in this order. Define m(e) = m. Suppose v; is the vertex between
ej and e;4+1. Then V, (i) = s1v;, where we use Notation 4.28. When (G, z) = (G, [K])
is critical trivalent, we denote X (G, z) by X (G, [K]). It is easy to verify that:

Observation 5.39 The map X is a surjection from the collection of connected effective
spin ribbon graphs to the collection of nodal connected effective spin ribbon graphs
all of whose components are smooth. It restricts to a bijection between connected
trivalent graphs and connected graded critical nodal ribbon graphs. For any connected
effective spin ribbon graph (G, z), there is a bijection between bridges (boundary loops)
in (G, z) and effective bridges (effective loops) in X (G, z).

We now extend the definition of X to metric effective spin ribbon graphs. For such
a graph (G, z, £), define the effective nodal metric graph X (G, z,{) = (X (G, z), X¥)
by X{, = £, if the edge e is an edge of Norm(G, z); otherwise, if e is the union of
€1,...,em+1, define X, = Zl’-”;ll {e;. Note that the perimeters are left unchanged.

We also define a map from effective nodal graphs to effective spin ribbon graphs: given
an effective nodal graph (G, z, m, V), define the spin ribbon graph B(G, z) as the graph
obtained by forgetting the data of m and V, and applying B to each component (G;, z;).
The analogous definition holds for metric effective nodal graphs.

If (G, z,m, V) is an effective nodal graph and e is either an internal edge or a boundary
edge with m(e) = 0, then d.(G, z, m, V) is the nodal graph whose underlying ribbon
graph is the graph obtained by contracting e, and the data of m and V is induced from G
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by the usual identification of edges of d.G as a subset of edges of G. Similarly, when
(G, [K],m, V) is critical trivalent and e is either an internal edge or an effective loop,
we define (G, [K,],m’, V') as the critical trivalent graph whose underlying graph is
(Ge, [Ke]), putting m’ = m and V' =V, where we again use the identification between
edges of G and G,.

Notation 5.40 Suppose that (G, [K]) € SR?,k,l(p) and thate = {h1,hy, = s51h,} €
Brff(G) U Loop®(G), with K(h1) = 0. Define the nodal ribbon graph B (G, [K]) as
follows. Suppose G is made of the components Gy, ..., G,. Without loss of generality
assume e is an edge of component G,. Write v; = d,(h;) for the vertex obtained by
contracting h; in d,G,. Write x = sphp and y = sl(sz_lhl) € H1(3.G,).

The first n — 1 components of the graph Be (G, [K]) are G] = G; fori <n —1, and for
these components we have K| = K;, m" = m and {V}} ={Vr}.

When e is a boundary loop, (G}, z,) = Bde(Gy. [Ky]), and also in this component
m’ = m and {V}} = {Vr}, where we use the natural identifications between edges
of G, other than e and edges of Gj,.

If e is an effective bridge, then in the case that the normalization Norm(d.Gy) is
disconnected, let G;, be the component which does not contain v,, and let K’, m’
and V'’ be the induced maps. Note that G, may be a ghost. Define the component
G, as the graph obtained by the component of v5 in Norm(d.Gy) after gluing the
half-edges x/s1 and y/s; to a new edge xy, and removing the vertex v,. The updated
Kasteleyn orientation is the unique Kasteleyn orientation which gives any internal
half-edge its value under K,,. For any half-edge e’ # xy, we have m’(e’) = m(e’) and
m(xy) = m(x) +m(y)+ 1. Similarly, V'(e") = V(¢’) for ¢’ # xy, while
Vy(a) ifa <m(y),
(32) Viy(@) =1 v ifa=m(y)+1,
Vil@a—m(y)—1) ifa>m(y)+1.
If 0,Gy \ {ve} is connected, set G, to be the component of v; in the normalization,
where again edges x and y are glued and v, is removed, and K’, m’ and V' are defined
in the same way as above.

There is a canonical surjection, which we shall also denote by Be,
EG)UV(G) = E(B.G)UV(B.G).

It takes e to v1, and all other edges to the corresponding edges, so that it is one-to-one
except on the edges x and y, which go to xy.
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Given a metric £ on the graph, with £, = 0, the graph B, (G, [K], £) is the graded nodal
ribbon graph with underlying graph B, (G, [K]), and the metric is induced from £ if
e is a boundary loop, while if e is a bridge, then with the same notation as above,
(Bel)er = Ler for e’ # x, y, and Belxy = £y + £, For convenience we usually denote
Bel by £ as well.

A compatible sequence of effective bridges e1, ..., e, is a sequence of bridges such
that e; 1 is an effective bridge in B, - -+ Be, G for all i. For such a sequence define
Bel,n-,er (G’ [K]’ 6) = Ber e Bel (G’ [K]? Z), and the map Bel,m,er = Ber 0-:-0 Bel .

The next observation follows easily from Observations 5.39 and 5.25.

Observation 5.41 If (G, [K]) € SR’g” kg ande € Loop®(G), then B.G is an effective
nodal ribbon graph.

If (G,[K]) € SR’;,k,l and e € Br*{(G), then B.G € SRZ"I’;}

Moreover, for any (G, [K]) € SR;”;:II, and any legal node v, there exists a unique
graph (H,[K']) € SR;”k ; and an edge e € Br'(H) with B.(H,[K']) = (G, [K]) and
Bee = v. In addition, if (G, [K]) is connected trivalent and e € Br(G, [K]), then

X (9e(G. [K]) = Be(X(G. [K])).

where we use the identification of bridges of Observation 5.39.

Notation 5.42 Recall Notation 4.6. For (G, [K]) € SRZ’,Z}, denote by B;la (G,[K]) =

B[_hia(G’ [K]) the isomorphism class of triples (H,[K'],e) where H € SR’;kJ,

Be(H,[K']) = (G, [K]), and Bee = Vj,(a) for h € s;(HB(G)) and a € [m(h)]. Let
B'G = By 4 (G, [K]) | [h] € [s1 (HP (G))], a € [m(h)]}.

In other words, (H,[K'],e) = B; | (G, [K]) should be thought as the graph (H, [K'])

obtained by canceling the B operation, ie by returning the a™ forgotten illegal node

of h, gluing it with its legal side, and then uncontracting the resulting node to obtain
the bridge e.

5.3.3 The moduli space of critical nodal graphs, the line bundles and the boundary
conditions

Definition 5.43 For an effective nodal ribbon graph (G, z, m, V) define MG ; m.,v) =
RE(G)/Aut(G, z,m, V) to be the moduli of positive metrics on G, and MG,z m,v)
as the subspace in which the i™" perimeter equals p; > 0, i € [/]. In particular, given
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Figure 22: This diagram presents trivalent graphs, their effective bridge
contractions and the operation . The + sign represents a legal side of node
and, after performing B, the wiggly lines contain the data of V, namely, which
edges contain which legal nodes, and in what order. At top left an effective
trivalent smooth graph (G, [K]) on a disk is shown, at top center its bridge e
is contracted, then at top right B, (G, [K]) is drawn. The second row describes
a similar scenario, but for a graph on a cylinder. The third row presents a
graph on a disk. First the bridge between boundary markings 2 and 3 is
contracted, and then the bridge between 4 and 5 is contracted. These bridges
are compatible. The bridges between 2 and 3 and 3 and 4, on the other hand,
are not compatible with each other.

(E, [K]) € SR?,k,l’ we have Mg, [k7) = RE(G)/Aut(G, [K]). Define M(G,z,m,v) and
M(G,z,m,v)(P) as the cell complexes whose cells correspond to nodal ribbon graphs
obtained from (G, z,m, V) by edge contractions, and the gluing maps are induced by
these edge contractions.

For e € E(G), write aeM(G,Z,m,V) for the face of M(G’Z,m’y) where e is contracted,
ie the length of the edge e is set to be 0. The boundary of M (G,z,m,v) can be written as

a-/\7l(G,z,m,V) = U 8e-/W(G,z,m,V)’
le]l€[E(G)]
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where [E(G)] = E(G)/Aut(G,z,m,V), as in Notation 4.6. We similarly define
8e1,...,erM(G,Z,m,V)'

The maps E’, X and Be, ..., on metric graphs induce moduli level maps. We denote
these maps by the same letters. When ey, ..., e, are understood from the context, we
denote the former map by B.

Note that Mae(G,z,m,v) ~ BeM(G,Z’m,V), and that B, .. ., factors B. The maps B, B
and X are easily seen to be piecewise linear submersions.

Definition 5.44 For an effective nodal (G, z,m,V) and i € [[], the S 1_orbibundle
Fi — M(G,z,m,v) is defined to be the set of pairs (£, x) where £ € M(G,z,m,v) and
x is a point on the i™ face, with the natural topology. For a (d, [)-set L, write S; —
M(G.z.m.v) for the sphere bundle associated to {Sz;) | i € [d]}, as in Construction—
Notation 1. We define the forms «;, w;, &; and w; as the pullbacks of the corresponding
forms defined on the component which contains face i.

If (G',z',m’,V’) is obtained from (G, z,m,V) by edge contractions, we have the
usual natural identification between F; — MG’ 2/ .17y and the restriction of F; —
M (G,z,m,v) to the corresponding cell.

By the constructions we immediately get:

Observation 5.45 For any effective spin ribbon graph (G’,z’) and i € [I], we have a
natural identification

(Fi = Mgr.21y) =~ X*(Fi = Mr6r.21))-

while for an effective nodal spin ribbon graph (G, z) and i € [l], we have a natural

identification . B .
(Fi = MG.2) = B*(Fi = Mg/ 1))

Asa consequence:

(a) For(G,[K]) € SR?,k,l and e ¢ Br(G) U Loop(G), there is a canonical identifi-
cation

(Fi = My, 6.k]) =~ (Fi = 0. MG, [k]) = (Fi = 0. MG, [K.]):

and similarly for the bundles Sy .
(b) For (G,[K]) € SR?k ;ande € Bref'(G), there is a canonical identification

(Fi = My, 6.1k]) = (Fi = de Mg k) = By (Fi = Mg, 6.[K])>

and similarly for the bundles Sy .
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(¢c) For(G,[K]) € SRZ‘k ; and e € Loop(G), there is a canonical identification
(Fi — Mag(G,[K])) ~ (Fi — 8e-/W(G,[K])) = (“chomb)*(}-i - Eiejw(Ge,[Ke]))’

and similarly for the bundles Sy .

Proposition 5.46 Let s be a special canonical multisection of Sy, — /ﬁif",?bl. Let
A be the collection of effective graded (g, k,[)—boundary ribbon graphs, so that s

restricts, in particular, to multisections s(G:2) for all (G,z) € A. Then s induces

multisections s(@#mV) of §; — M(G,Z,m,v) for all effective nodal ribbon graphs

(G,z,m,V) € X(A), which satisfy the following relations:
e For any effective graded (G',z’),
S(G’,z’) — X*SX(G/’Z/).

e For any effective nodal (G,z,m,V),

s(G,z,m,V) — E*S,,

where s’ is a multisection of S;, — MZS(G,Z)'
In particular:
(a) Forany (G, [K]) € SR?,k,l and e ¢ Br(G) U Loop(G),

s(G’[K])|3 — S(G’[K])|ae

e M(G.IK) — M(Ge.1KeD"

(b) For any (G, [K]) € SR’;k ;ande € Bref(G),

S(GIKD| _ BB (GIKD,

M.k
(¢c) Forany (G, [K]) € SRZ’k ;ande € Loop*™(G),

sG KD eomby * ((Ge.[KeD).

eM.xp = (

Here we compare multisections using the identifications of Observation 5.45.

Proof Let s be a special canonical multisection as above. Consider an effective nodal
(G,z,m,V) € X(A). Then (G, z,m, V) can be written as X' (G’, z") for some effective
boundary graph. Now s* (G".2") — B*sBX(G"2") We have a factorization

X
MG 2y —— M(G,z,m,v)
X y
B
Mg(G’,Z/)
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The identifications of bundles Sz, see Observations 4.40 and 5.45, are also compatible
with this diagram. Since s is canonical, by Corollary 4.43,

S(G’,Z/) — E*Sg(G’,Z’) — X*E’*Sg(G/’Z/).

Define 5(9-2™Y) as the pullback of sB(G".2") along the vertical map B. Clearly
SX(G’,Z’) — X*S(G’Z).

By Observation 5.39, SRZ’ ©1 & X (A). The “In particular” cases are now immediate
from the definition and Observation 5.45. In the first and third item we use that
B(G, [K]) = B(Ge,[Ke]), while in the second that B, = B in that case. O

The cells M (G,[K)) for graded nodal graphs also carry canonical orientations.

Definition 5.47 We define orientations for M @G.1kn(P). (G.[K]) € SR;”’ k. by

0(G,[K]) = 1_[ oc,
CeC(G,[K)])
oGy = A dpinsGiy= A N di,
GIKD = [0 PINOGIKD = i)
h/s>=i

with the wedge product over half-edges of face i taken counterclockwise.

Proposition 5.48 Let (G, [K]) € SR;”k ;ande € Bref'(G). Suppose that (G',[K']) =
B.(G,[K]) € SR;";{F}, and let ¢’ be the unique edge in G’ with two B,—preimages.
There are canonical identifications
0eMc k)~ Ma.aixy = Fer,
de M(G,1k) (P) = My, (6.1k)) (P) = Fer (P),

where the space For — /W(G/’[K/]) is the set of pairs (£, x) with{ € M(G/,[K/]) and x a
point on e’, with the natural topology. Moreover, the orientation on BeM(G’[K])(p)
induced from M(G’[K])(p), as in Definition 2.52, coincides with the orientation
dx Ao [k’ on Fer, where dx is the orientation on the segment e’ considered as a
segment in the boundary.

Proof The only part which requires an explanation is the statement regarding orienta-
tions. Recall that K satisfies K(h) = K'(Bh) for any 1/s; # e. It is enough to compare
orientations of 9, M (G,[K]) = FerG'. Suppose h is the legal side of e, that is, the half-
edge which satisfies i/s1 =e and K(h) =1. Writee_; = (sz_lh)/sl and e = (s2h)/s1.
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Then, by recalling the definition of the canonical orientation (Section 5.2), we see
that the orientation for M (G,[K]) can be written as d{e_; Adle Ndle A O, and the
orientation on Mg is d{es A O, where O is the wedge of other edge lengths, in
some order. Note that d{,» = d{,_, + d{.,. Now, the induced orientation on the
boundary .M g (k) is given by dl._, Adle, A O. By considering Fo'G’ as the
moduli of metrics on the graph obtained from G’ by adding a new marked point on ¢’,
and with the definition of its orientation, we see that this orientation can be written as
dle_, Ndle N O, where dl,_, comes from the location of the new point on f. And
indeed,

dle  Ndle, NO =dle_  Ndle NO. m]

Corollary 5.49 The map comb: M P /ﬁ?‘,?bl preserves orientation.

Proof Indeed, by Proposition 5.48, we see that the orientations on M?‘;;bl satisfy
the same requirements of Theorem 2.53. The dimension-zero case can be checked by
hand. =

We also have the following corollary of Corollary 5.34.

Corollary 5.50 For (G, [K]) € SRka ; and an internal edge e which is not a bridge,
the orientations on 89/\7(G,[K])(p) ~ 8eM(Ge,[K€])(P), induced as boundaries of

M,k (p) and Mg, [k,])(P). are opposite.

Corollary 5.50 has an analog for the case that e is a boundary loop. For (G, [K]) €
SR;”’kJ and e € Loop(G), write \IJE%TFKD,E for the map aeM(G,[K]) — aeM(Ge,[Ke])
defined at the level of objects by leaving all the metric graph structure —in particular
the edge lengths — invariant, and flipping the lifting in the contracted boundary which
corresponds to e. When we write W°™ we mean the union of the maps \IIE‘(’;m[bK]) .
over all possible pairs (G, [K]) € SR?,k,l’ for m > 0 and e € Loop(G). The following
is an immediate corollary of the “Moreover” part of Theorem 2.53, and Corollary 5.49.

We will also provide a direct self-contained proof of this corollary in Section 6.2 below.

Corollary 5.51 For (G, [K]) € SR?,k,l and e € Loop(G), the induced orientation
on 0. MG, [k,.))(P) as a boundary of Mg, k,])(P) is opposite to the orientation
on it obtained by taking the ¥°™_pushforward of the orientation on 9, M G,k (P)
induced as a boundary of Mg [k1)(P)-
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6 The combinatorial formula

Throughout this section we fix g, k, ! and set
d = 3 dimp(Mg k1) = $(3g —3+k +21I).
We also write, for G € SR;”’kJ,
dim(G) = 1 dimgr (Mg) = 3(3g —3 +k + 21 —2m).
In what follows we shall work with the orientations constructed in Section 5.2. These

are the same orientations as the ones constructed in [35], by Corollary 5.49.

Definition 6.1 For (G, [K]) € SR’g"’k,l define

Wg, ng M,k — R

by
Z?m(e) e Egm(e)
we)= [] et o We® = [ m(e)! (m(e) + DI’

ecs1HB(G) ecs1HB(G)
6.1 Iterative integration and the integral form of the combinatorial
formula

Our approach for producing the explicit formula for intersection numbers will be by
an iterative process of integration by parts. Recall Definition 4.36 and Notation 4.37.
Given an (S,/)-set L: S — [I] for S C [d], the ™ component of E is Lz ). Each
step of the iterative integration process below will involve integrating out (the form
corresponding to) one component IL; ;) for some ¢ € §, using integration by parts.
The integration by parts will produce new boundary terms for the moduli on which we
integrate. Only boundary terms that correspond to contracting an effective bridge e
may have a nonzero contribution which does not cancel. Moreover, in order for such an

edge to contribute a nonzero contribution, when we integrate out the ™

component the
illegal side of the half-node obtained by contracting e will have to lie in the face L(t).
This is the content of first key lemma, Lemma 6.6. In order to be able to state it, we need
to add notation: specifically, notation that will allow us to keep track of which illegal

half-node corresponds to the ¢™

component of the vector bundle which we integrate out.
For this we present the auxiliary notion of decorations. After performing an iteration

of integration by parts, the second key lemma, Lemma 6.7, transforms integrals over
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the boundaries of the moduli to integrals over the moduli spaces obtained by further
forgetting the illegal half-node. Theorem 6.10 essentially iterates these lemmas, and
uses some other cancellations to obtain a formula for the open intersection numbers as
sums of integrals. It is remarkable that this iterative integration process is performed
without appealing to a specific canonical multisection, and in some sense this is the key
point of the proof. In addition, it gives an alternative proof of the claim that canonical
boundary conditions give rise to well-defined intersection numbers, proven in [31] for
genus 0 and in [35] for g > 0.

Definition 6.2 A decoration D of a graph (G, [K]) € SR;” . is a choice of sets
Dj, C [d], for any h € s; H B, which are pairwise disjoint and such that
|Dp| = m(h).

When e = h/s; we also write D, = Dy. For an (S,/)-set L, an L—decoration is a
decoration for which
Dy, C Li(h)-

In the next series of claims we shall omit [ K] from the notation of graded graphs, to
lighten notation.

Denote the collection of all decorations of G by Dec(G), and the collection of all
L—decorations of G by Dec(G, L).

Let L(D) be the /-subset of L given by L|Uh€S1HB D,,» S0 that L(D); = Ui(h):l- Dy,
For (G, [K]) € SR?;’(} and a (G, L)—decoration D, define the set
B~YG,D)C{(G',¢,D")| (G, ¢)e B'G,D’ € Dec(G’, L)}

by setting (G’,e’, D’) € B-Y(G, D) exactly when (G',e’) € B-'G, D’ € Dec(G', L)
and D, C Dp, for any e € E(G’) \ {¢’}. Note that in this case L(D’) C L(D), and
the difference is exactly one element.

In the language of the paragraph preceding this definition, L(D) \ L(D’) is precisely
the element ¢ € [d] which corresponds to the effective bridge ¢’ in the iterative process.

In order to be able to calculate intersection numbers, we must understand the restriction
of the forms «; and w; to the boundary.

Suppose that (G, [K]) € SRka ;€€ Bref(G) with A its illegal side, K(h) = 1 and

i €[l]. On Mj,g(p) we have two natural representatives for the angular 1—form,
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0.G
i
two-forms, w

= O‘iG |9, M and B *al-B G, Similarly, we have two natural choices for the induced
0.G G

i

o
_ .G x  Be
= w; |3eMG and B w;

Notation 6.3 Write f; = 8¢ =% —5*a% and B; = B*® = ¢ —*wPC.

Observation 6.4 With the above notation, if i # i(e), then B; = B; = 0. Otherwise
we have
pizﬂi = Eszhdzsz—lh and pizBl' = dﬁsz—lh /\dfszh.

Unlike the forms «¢;, the form B; is pulled back from the combinatorial moduli, since
it has no angular variables.

Proof Fori #i(h), the forms restricted from Mg and those pulled back from Mp,G
are canonically identified. Suppose i = i(h); we handle B;. The proof for §; is similar.
We have £, = 0, hence also df, = 0 on de M. Thus the only difference between
%G and B*a)fg ¢G s that the former may contain terms with d £y, or d{ -1, while
the latter depends only on their sum, by the definition of .. Choose a good érdering n
in the sense of Definition 5.30, so that half-edges of the i face appear first, and some
half-edge h’' # h, sh is the first edge in the ordering. One can always find such a
half-edge. Otherwise, the i" face is bounded by exactly two edges, # and s>/, which
therefore must be a boundary half-edge, and in particular K(s2/4) = 1. But then the
sum of K on the i" face is even, which is impossible for a Kasteleyn orientation.

In B,G we choose a good ordering n’ for which /', identified as an edge of B, G, is
the first half-edge. Suppose 55 17 is the j" half-edge in 1, so that & and s,/ are the
j 4+ 1%t and j + 2™ edges. Write £, for £y—1(4)- Then

PR laog = ) dla ndly
a<b

= > dlg ndly+ Y dlg AL +dEjyo)

a<b a<j
a,b#j,j+1,j+2

+ Y @l +dl) Adlg+dl Adlys

Jj+2<a
= p?B* 0P % 1 dt; Ao,
. B.G _ .
In the last equality we used the fact that lfn,fl = Co—1(jy +¥y-1(j42), and fora # j,
0 ifa<j
Y ,  where w(a) = ’
n'=l@) — Catw@ (@) {2 otherwise. i
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Notation 6.5 Recall Notation 4.37 and Remark 3.5. For G and e as above, given a
(S,l)-set L andi € S, we define the form @i on the sphere bundle Sy — d. Mg by

Op = O({rj}jes {0 }jes. (0] }jes) = D ({r;}jes. (&) }jes. (0] }jes).

. B.G . . .. BeG
where cx} is a copy of B*ozL(j) for j #1i, and_ql’. = ,BL(I-).. Similarly, a)j/ = B*wL(j),
unless j = i, and then a)l/ = Br (). As usual, ®; = p2L ®; . Asin Remark 3.5, when

S C [d] we will also extend the domain of quL by allowing ) ;g rl.2 to vary.

From now until the end of this subsection, we fix a (d,/)-set L, and let £ be the
corresponding bundle.

Lemma 6.6 Let s be a special canonical multisection of Er. Take G € SR;” k.l
arbitrary and e an effective bridge of G, with h its illegal side. Letting D’ be an
L—decoration of G, write L' = L(D’). Then

[ S*(WG&)L\L/) = Z [ WGS*((T)i\L,).
deMa (P) jG(L\L/)i(h) eMa ()

It should be noted that different decorations D’ and D" which determine the same set
L(D’) = L(D") will give rise to the same integral. The decorations, as mentioned
above, are introduced only in order to keep track of the combinatorics of integrals that
will appear in the iterative integration process below.

Proof Write S = J},¢;, g5 Dy, s0 that L': S — [I] is a restriction of L: [d] — [I].
We first use (19) and Notation 4.37 to write @7\ 7+ explicitly:

(33) Pp\p(ritiese, {@itiese, {Di}iese)

[S<l—1
= Z 2kk! eré?,-A Z '/\(rjdrj /\&j)/\ /\ . c?)h,
k=0 jese rcsa\iy/ € heIuti}

|71=k|

where @; is Kontsevich’s two-form wy (), and @; is a copy of Kontsevich’s one-
form ay ;). This is a form of degree dimg My, = dimgr Mp,c + 1. We obtain
@2\ 1, by the same formula, after replacing &; and @; by B ;) and By (;), respectively.

Now, the function W does not depend on variables of the fiber of the sphere bundle,
hence it can be taken out of the pullback. By the definitions of the forms we can write

~ ~B.G ~ .G
@ =B + pry) and @ =B o) + Br())
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where &jl.g <G isa copy of ozfe(jG). We now substitute this in CTDL\ L’» and expand (33)

multilinearly.
Write i = i(h) € [I[]. Any term containing 8, or B, for a # i will vanish, by
Observation 6.4.

Similarly, any term in the expansion that contains either 8, twice, or B, twice, or f3;
and B; once, will vanish, as a consequence of a multiple appearance of d ¢ s5\he

By Proposition 5.46, s[5, v is pulled back from Mp,g. Now, a term in s*®p\ 7/
with no B; or f; is pulled back from Mp, . But its degree is dimr Mp,G + 1. Thus,
it vanishes for dimensional reasons.

We are left with terms containing a single 8; or B;. These ; or B; are in fact B,
or By ;) for some j € S¢ which is mapped by L to i, meaning j € (L \ L');. The
lemma follows. a

The second main lemma we need is the following.

Lemma 6.7 Fixm>0,G € SRZ’k ; and D € Dec(G, L), and write L' = L(D). Then

=08, G'\L'\L(D’
(34) Z / WG’S*(Cbae G )L\\L((l)/))
(G',e',D")eB~1(G, D) * Mo G’ (P)

:/ WGCI_)L\L/+/ WGS*(&)G)L\L/.
Mg (p) IMc (p)

Importantly, f Ma (p) Wgwp\ 1 does not depend on the multisection s, so this lemma
pushes the dependence on s to lower-dimensional moduli. After iterating, it will allow
us to completely remove the dependence of the integrals on s. This phenomenon is
expected, from the geometric point of view, since it was proven in [35; 31] that the
intersection numbers should be independent of the specific canonical multisection. And
indeed, the lemma is enabled by the properties of canonical multisections, and will not
be true for arbitrary, noncanonical, boundary conditions.

Proof For convenience we treat the case |Aut(G)| = 1; the general case is handled
similarly, but notation becomes more complicated. Put

E' ={e c E(G)|m(e) > 0}.

Recall Notation 5.42. Suppose (G',e’) € B71G is B;}Z_HG for some ¢ € E’ and
a+1e€[m(e)]. Fix h € D, and let

D(G',h):={D"|(G',D") e B~Y(G, D), h ¢ L(D')}.
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In words, D(G’, h) is the set of decorations of G’ in B~1(G, D) such that the only
element of L’ that they miss is /. Such decorations are determined by how we split the
elements in D, \ {h} into sets of sizes a and m(e) — 1 — a that will decorate the two
edges in Be_/le — the edges which, after contracting e’ and forgetting its illegal side,
form e. Thus,

m(e)—1
p("mi= ("),
Letey =55 e’ and e5 = spe’ be the two half-edges of G’ mapped under B’ to e. As

explained, m(e;) = a and m(ez) = m(e) —a—1. Put £, = {,,. For fixed G’ and h we
have the equality

WG/S*CT)L/\L(D,/) =/ WG/S*&DZ L(D")’
/Mae,G/(p) DYy, 60 ) MY

hence the left-hand side of this equation is independent of D’. We will now show that

(35) Z / WG’S*CT)Z\L(D/)
My, 67 (P)

D’eD(G’,h)
2m(f)
:[ (m(e)—l)( I & )
Me ¢ Fepigey M+ D!
e (p/\2a __p\2(m(e)—a—1)
(£e)*% (Le — L)
./(; (a+ 1! (m(e)—a)! (Aen+ Ben+ Ce).
where
Ay p = 12(Le—l)d U AS 2! (/\r~dr-Aa- AN B,
e,h h( e e) e ,;, |I|2=:n el J %4 J) feL\(uL) L(j)
ICL\L
Bejy =radran(le—L)dl,n > rla;
ieL\L'
AY 20D (1) N rjdrind; A OL(j)s
; |1|2::n (161 Y J) jennaoruy
ISL\(L'Ui})
Co=dUndln Y 1P
ieL\L'
AY 2'p! N ridrind; | A DL (7)s
;) |1|2=:n (J'GI 1704 jenaorogy

TSL\(L'U{i})
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where &; is a copy of &, (;). Before proving this equation, observe that 4, 5, B, ; and
C, depend on the multisection s through the sphere bundle fiber variables r; = r; (s) and
a; = a;(s), but we omit s from the notation. However, because s is special canonical,
it follows from the second item of Proposition 5.46 that s(x, £,) for x € Mg and
), € [0, L] depends only on x and not on £/, where we have used the identification of
Proposition 5.48. Thus, the same is true for the variable ; and the form &;. Therefore,
importantly, A, j,, B, j, and C, are independent of a, and their only dependence on £,
and d ¢/, is through the terms which explicitly involve them.

The last equation follows from the following facts. First, the multiplicity

m(e)—1
(")

comes from summing over the different decorations D’, which all give the same
contribution. Second, the term in Wg- for the edge f € E’\ {e} is

2m(f)
A
(m(f)+ D!
The corresponding terms for e; and e; are, respectively,
(ﬁ/ )2a (Ee .y )Z(m(e)—a—l)
e an e ’
(a+1)! (m(e) —a)!

Third, Proposition 5.48 reduces the integration over My ,g/(p) to the repeated integral
obtained by first integrating over Mg (p) and then over the location of the node on the
edge e, which is encoded by ¢,,. This inner integration is precisely the integration foe ¢
(with respect to d£,,). Next, recall that, with S = | ¢ siHB Dhs

52\L/({ri}iesc, {@i}iesc, {Di}iese)

[S€]—1
= Y 2> r2ain Y. A@idrirana A ay,
k=0 ieS¢ rcsa\iy/ € SETUL}

|I|=k

where for j # h, ®; = @) and &; is a copy of &z (;y, while &y, = PiBL(h) and
ap = pi Br. Using Observation 6.4, the sum of terms which have i = £ in the second
summation is precisely A, . The sum of terms with i # & in which I contains
is B, ., while the remaining terms sum to C,.
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We shall use the following proposition.

Proposition 6.8 We have

m—1
m—1 y x2a(y_x)2(m—a)—1 B y2m
@ a;( a )/0 @rDlm—a F T
m—1 —a— —
m—1 y x211(y_x)2(m a—1) B 2y2m 1
®) ;( a >/0 @rDim—al T

Still fixing e and i € D, we now apply Proposition 6.8, the fact that A, 5, B, 5 and
C, are independent of @, and that r; and &; are independent of £/, to sum equation (35)
over (G}, e)) := B;‘IZ_HG, where a =0,...,m(e) — 1.

‘We obtain

m(e)—1

h
(36) Z Z /Ma (o) WG’S*(DL\L(D/)

a=0 D’eD(Gl.h)

[ g { e i B )+2£2’"(3) late
= | 1 \eh eh T AL >
MG (D) 4 iy oy M TDEL(m (@) +1)! (m(e)+1)!
where
den=r 2"m! ANrjdri "G )A N Brg.
e hm2>:0 |12=:m (161 Y ]) jeraory
ICL\L'
=—rpdry A Z ri 24,
ieL\L
A 20D (3 4 1)1 N ridri Adj)A A BL(j
mg?) |I|2=:m (161 Y ]) jenaorugy
TSL\(L'U{i})
and

oAy 2"ml Y (./\ rjdrj A&j) /\jeL\(L/’}JIU{i}) OL(j)-

ieL\L’ m=0 I=m /€I
ICSL\(L'U{i})
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The next step is to eliminate rj, terms, for & € L’. For this, put

T P

heL\L’ m=>0 |I|=m Jel jeL\(IUL)
ICL\L'
—|—( Z Ty drh)/\ Z rl.zézl-
hel\L’ ieL\(L'U{h})
AST 201D (1 1) ( A r dr,-/\&,-)A TS
mZZO |I|2=:m Jjel JEL\(L'UTU{i}) /
ICL\(L'U{i,hY)
Then since
Z riz 1— Z r,% and Z rpdry = — Z rpdry,
hel’ heL\L’ hel’ heL\L’
we obtain

Z (A~e,h + Ee,h) = X.
ecE’
heD,
Therefore, summing equation (36) over e € E’ and h € D, gives

HLDI\L(D")
(37) 3 / Wo s SLENL
(G',e/,D"yeB~1 (G, D) " MoG'(P)

ﬁ;m(f)
= — X

Juir ( e ) .
2m

¢ 2m(e)2™ O gy )
f e e Y
+/Ma<p)(e§( A G 7)o )T

where the factor m(e) in the last term comes from the cardinality of D, and the
summation over /. Observe that Y = @\ 7/, where we stress that we do not require
> heL\L’ r}% = 1, as in Remark 3.5. X here is the same as Z there, after substituting
L\ L' for [n], &; for o; and @y (;) for w;. Thus, Remark 3.5 immediately gives that
the right-hand side of (37) is

ng(e) Egm(e) B
— AN op +d( — L/)}.
/MG(P)%eg, (m(e) + D! jer\r/ ® el;!, (m(e) + 1)! \
The claim now follows from Stokes’ theorem. O
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Proof of Proposition 6.8 We first prove part (b). Write

2m

o0
X
Sy =)
! !
= m! (m+1)!
The identity we need to prove is equivalent to

(f x Hx) = f(x),

where * is the convolution
X
(F 20 = [ 0=y
Using the Laplace transform, the last equation is equivalent to

F?(A) =AF(A)—1,
where

F(A) = /0 i F(x)dx

is the Laplace transform of f. Expanding F' we obtain

oo

(38) Z / e am gy = > GRS
= m'(m+1)' m=0m!(m+1)!
_1_11—\/1—4)&—2 _kl—«/1—4/\—2
B 2172 B 2 '

The third equality is a consequence of the general binomial formula. Thus, we are left
with verifying that

F2(Q) = 3A*(1-V1—41"2)— 1 =AF(A) — 1,
which is straightforward.

The first identity is a consequence of the second. Indeed, Write

m—1 m—1 y x2a(y_x)2(m—a)—1
=2 (") [ a4

a=0
m—1 —g—
m—1 y xza (y _ X)Z(m a—1)
I = dx.
m a;( a )/0 @+ Dlm—ay “*

It suffices to show that
I, = % yJm.
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Indeed,

m—1 —a)—

m—1 yx2a(y_x)2(m a)—1

%9) 1,,,_;)( a )/0 PESTIC I

m—1 . Y v2a(y, _ \2(m—a—1)

:yz(’" 1)/ x“4(y —x) i
= a o (a@a+1!(m—a)
A 0 (a+ D! (m—a)!

m—1 —a—
B m—1 y (y_t)2a+1t2(m a—1)
_me—;O( a )/0 CESVIC

=)y Im —Im,
where the second equality follows from opening one (y — x) term, and the third follows
from the substitution t = y — x. a

In order to be able to write an expression for the open intersection numbers we need
the following observation.

Observation 6.9 Suppose G € SR;" «.1» and let e be an edge with m(e) > 0. Then for
any decoration D,

/ WGS*&)L\L(D) =0.
de Mg (P)
Proof It follows from the definition of Wg that Wg|q,, ¢ (p) = 0 identically. a

We can now state and prove the integral form of the combinatorial formula. We recall
thatd = 3(3g—3+k +21).

Theorem 6.10 Let L:[d] — [I] be a (d,[)—set, witha; = |L;| fori € [l]. Then

1o tk— _
40) p?L22ETh=D (g, ...q, 0F) = E E / We o\ L(D)
GeosR® ., DeDec(G,L) M (P)

where the collection (’JSR;" k. for m > 0 is defined in Definition 5.36.

Proof Define

Ay = > > /M WG\ L(D)-

(G,IKDeSR™, , DeDec(G, L) * MG KD (P)

Y Z Z /a W6 s* @\ 1.(D)>

(G.[K])eSRY', , DeDec(G, L) MG.1k1) (P)
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where s is a nowhere-vanishing special canonical multisection. We will begin by
showing that

A1) Sm = Am+1+ Sm+1,
and that
(42) p2L2%(g+k—1)(‘L—a1 ...'[alo’k) :A0+SO.

For the first claim, consider S;,. Recall that for any G,
Meikp= U dMeixy= U Mk
[e]le[E(G)] [e]€[E(G)]

Since for different edges the boundary cells intersect in positive codimension, the
integral over the union is just the sum over the edges e of the integrals over 9, M (G,[K])-

For an edge e which is not a bridge or a boundary loop, by Corollary 5.50 we know
that 9. Mg [k7)(P) = —9e MG, [k.])(P), considered as oriented orbifolds, with the
orientation induced as a boundary.

Now, Dec(G, L) and Dec(Ge, L) are the same sets, and it is easy to see that

Wala fg.ixy = Woelde Mg, ixen-
Thus, given a decoration D, and using the first item of Proposition 5.46,

WGS*CT)L\L(D) = —/ WGeS*‘T’L\L(D)-

/3eM(G,[1<])(p) e M(Ge .1k (P)

For an effective loop e, the same argument, only using Corollary 5.51 instead of
Corollary 5.50, and item (c) of Proposition 5.46 instead of item (a), shows that given a
decoration D,

WGS*E)L\L(D) = —/ WGeS*‘T’L\L(D)-

/f;eM(G,[K])(p) e M(Ge.[KDe (P)

We should note that this is the second place that we use s being special canonical.

If e is a bridge or a boundary loop which is not effective, from Observation 6.9, for
any decoration D,

/ Wgs*&)L\L(D) =0.
de MG 1k (P)
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Thus, we can write

Sm = Z Z Z /M WGS*CBL\L(D).

(GIKDESR! ., DeDec(G,L) [e]e[Br(G)] * 19 G- LKD(P)
Applying Lemma 6.6, we obtain
Sm ==

SIS SENED SEND S | Wos™ ]\, o)

(G.[K])eSR™, , DeDec(G,L) [e]e[Br(G)] j€(L\L(D))i(e) Mae (6.1 (P)

When e is an effective bridge, then G’ = B, (G, [K]) € SRm;g} We should note
that this operation is also responsible for the appearance of ghost components, which
result from contracting a boundary edge between two legal boundary tails. In ad-
dition, j € (L \ L(D));() induces a single decoration D’ of G’, which is defined
by (G, D) e B"Y(G’, D’) and j € L(D’). Moreover, any (G, [K']) € SRZ’J:} with
D’ € Dec(G’, L) is obtained in this way; see Observation 5.41. Hence, we can apply
Lemma 6.7 and get

Sm = Z Z /M Weor\L(D)

(G.IK])esR ! DeDec(G,L) MG (KD (P)

+ Z Z /a WGS*&)L\L(D)

(G.[KDesR! 1 DeDec(G,L) * PMG.1x (P)
= Am+1+ Sm+1,
as claimed.

For the second claim, using Lemma 4.47, we can write

2Ly (g+k— 1)< - 14,0

_ / &1
MG, ixkn(P)

(G, [K])ESRO
+ Z Z / S*&)L.

(GIKDESRY , ; [e]€[Br(G)ULoop(G)] 7 M2 (G.1KD (P)

p

Note that this is the nonnodal case, so all bridges and boundary loops are effective
and the decorations are empty. The cancellation-in-pairs argument used above for the
contribution of the integrals over edges which are neither boundary loops nor bridges
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shows, in particular, that

*®
Z Z /Mae(c.[K])(p) P

(G.[KDeSRY ; , le]€[Br(G)ULoop(G)]
- x| "8, = S
(GIKDeSRY , , lele[E(G)] T Moe @11 ()
which, combined with the previous equation, gives (42).

Iterating (41) for m > 0 and using (42), we see that the left-hand side of equation (40)
is Zmzo Am.

‘We now claim:

Proposition 6.11 If G is a nodal graph such that on at least one boundary component
there is an even total number of boundary marked points and legal nodes, then

/ WGCBL\L(D) =0.
MG.1kn(P)

The proof is given in Section 6.2; see Lemma 6.19. Thus,
> Am=) > > / WGoL\L(D):
m=0 m>0 (G,[K)eOSR , , DeDec(G,L) * MG (KD (P)

as claimed. O

Observation 6.12 We have

L;
|Dec(G, L)| = ({m(e) le€ E,i(e) = i})

L;!
iell] (TTieckli@)=i; m(@)!) (Li— Y tecEli(e)=i} M(e))! '

Thus, with the above notation, we have

1 _ :
25 (g+k—1) l_[ p,-za'(fal ...-[alo—k>
iell]

aj _
i Z Z ( 1_[ ({M(e)|eeE, i(e):i})) ‘/M(G.[K])(P) WeorL L)

m=0 (G,[K])eOSRY ;. ;" i€ll]

— Z Z ( 1_[ ai! )/ WG @1\ L(D)»
MG.ikn(P)

m=0 (G,[K))eOSRY ., “i€ll] (@i =2 tecEli(e)=iy m(€))!
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where Wg is defined in Definition 6.1, and D € D(G, L) are arbitrary decorations.
Summing over all possible L and dividing by d! we get

a3y oMy YT A

Sa=diel) ¢

(ta, -~ Ta,(fk)

=2 2 W

m=>0 (G [K])GOS'RM M(G.[K])(p) (d _m)'

ad—m

Dimensional reasons give:

Observation 6.13 Let L’ be an [-set, and let (G, [K]) € OSRZ, &1+ Suppose that for
some component C € C(G, [K]),

dim(C)< > L}

iel(C)

Then fMG fwr, = 0 for any function f .

Now, © = ZCGC(G) &€, where @€ = Ziel(c) @; . Thus, together with the observa-
tion, we get the following:

Corollary 6.14 We have

_ CBd_m 1_[ _ ( C)dim(C)
Wg— = We—"—.
— ) ]
(d —m)! Cec(G) dim(C)!
Thus,
P
@) > T 2% D (g, -1 0%)
Sa;=di€[l] ai!

—C)dim(C)

~ (CU
- Z Z Wa l—[ -7
|
m=0 (G,[K)eOSRY , MG.1k1)(P) CeC(G.IK]) dim(C)!
Z Z / ~ (wC)dlm(C)
= ' '
m>0(G,[K)eOSRY , , CGC(G (K]) Y Mc dlm(C)
In the above formula there may appear components C with dim(C) = 0. These are

precisely the ghost components and the genus 0 components with one internal tail and
one legal boundary tail.
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6.2 Power of 2

We aim now to gain a better understanding of the forms Adp; A (@? /d!) and 0(G,[K])
and their ratio.
Definition 6.15 For (G, [K]) € SRZ:,k,l’ define s(G, [K]) to be the sign of

—d

w
/\dpi VAN m . U(G,[K])-

For G € R*

2 kI’ define

Cspin(G) = Z 5(G, [K]).

[K]e[K(G)]
Lemma 6.16 For G € SRy, ;.
@4 v1(G)
/\dpl' AN W 10(G,IK]) = S(G, [K])cspin(G)2 .

In particular, cgin(G) > 0.

Proof Both the left-hand side and the right-hand side are multiplicative with re-
spect to taking nonnodal components, by the first statement in Corollary 6.14 and the
construction of o [k7]). Thus, it is enough to prove the lemma for graphs in SRg’ kil

Recall that any class [K] of Kasteleyn orientations is of size 2|V](G)|, by Lemma 5.8.
In addition, by Lemma 5.29, the o(g, k) for different K € [K] are equal. Thus, the
lemma is equivalent to the equality

w
(45) Ndpi A = Z 0(G,[K])-
) KeK(G)

Recall that w = Zf=1 ;. Fix a good ordering n. To prove equation (45), it will be
more comfortable to work with new variables £, h € H I instead of £,, e € E. Set

Hgi|—1
HKiZ{hEHK|£:i}7 dKi:%,
’ 52 ’ 2
DK, = Z Ly, OK,; = Z dﬁhl /\dghz.
heHg ; hi,ho€Hg ;

n(h1)<n(h2)

Remark 6.17 Only wg ; depends on the ordering n. For different orders the change
in wg; is of the form dpg ; A dx, where x is a linear combination of {d{}, € Hk ;.
Thus, for any a, the form dpg ; A @% ; is independent of 7.
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Express each dp; by ZheHl- d{y, and express also each @; in the {d{}},c g1 basis as
above. Our next aim is to show that

—dg.i

w w
(46) Ndpin—m=3, A dpkin-
© Kkek(c) '€l Kt

(mod 1),

where [ is the ideal (d €y, —d{s, j)pc - In order to show equation (46) we expand
Adp; A (@%/d") multilinearly, in terms of {d{},},c 1, without cancellations. Any
monomial which appears in this expression and contains exactly one of d{,d {s,
for any h € H'! defines a unique Kasteleyn orientation K, defined by K(h) = 1 if and
only if d £ appears in the monomial. This is indeed a Kasteleyn orientation since any
hesiH® has K(h) =1, and for any i € [[], an odd number of variables of half-edges
appear: one comes from dp;, and the others come in pairs via powers of ;.

It is transparent that any Kasteleyn orientation K € K(G), is generated this way.
Moreover, regrouping all terms which correspond to the same Kasteleyn orientation,
and using the identity

2m+1 . A\
(Zi<j Xi /\XJ)
E Xi | A =XIAX2AN . A X2m+1,

m!
i=1

we get equation (46).
The “In particular” follows from the fact that Adp; A (&% /d!) and s(G, [K Do, k1)

have the same sign. O

Proposition 6.18 For G € SRg ¢ @nd e ¢ Br(G) U Loop(G),

Cspin(G) = Cspin(Ge)-
Proof It follows from Lemma 6.16 that
cpn(G)=% Y 0K OG.IK]
[K']€[K(G)]
for any fixed [K] € [K(G)]. If K, K’ € K(G), then by the orientability of the moduli,
Theorem 5.32, we see that
0(G,IK]) - O(G,[K']) = O(Ge,[Ke]) - 9(Ge,[KL])

as (G, [K)), (Ge, [K¢]) and (G, [K']). (Ge, [K]]) parametrize adjacent cells. Thus,
Cspin(G) = Fcgpin(Ge). But cgpin > 0, hence the equality. ]
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Lemma 6.19 If G ¢ R?,k,l \ORZ,k,l’ then cgpin = 0.

Proof Again, as cgpi, is multiplicative in nonnodal components, it is enough to consider
the case of nonnodal graphs. Let d3; be a boundary with an even number of boundary
marked points. Note that given a surface ¥ and a boundary component 03, graded
spin structures on X can be partitioned into pairs which differ exactly in the lifting
of 0Xj. Thus, we can partition [K(G)] into pairs which differ exactly in the boundary
conditions at dX;. In combinatorial terms, for any pair {(G, [K1]) and (G, [K2])} in
the partition we can find K; € [K;] and K, € [K3] which agree everywhere, except
on edges with exactly one vertex in dX, where they disagree. We shall show that
$(G, [K1]) = —5(G.[Ka2)).

As a consequence of Proposition 6.18, cgin(G, [K]) = cspin(Ge, [Ke]) for G € Rg,k,l
and e ¢ Br(G) U Loop(G). By performing enough such Feynman moves at boundary
edges of G, see Figure 14 moves (b) and (c), we may assume only one nonboundary
edge emanates from 0Xj. Let 2a denote the number of the boundary marked points
on 0X;. Note that 0% is part of the boundary of a single face, say face 1. Let & and
51(h) be the internal half-edges which touch d%,. Choose a good ordering n on G,
sothat n(h) =1, n(hy) = 2,...,n(h2q+1) = 2a + 2 and n(s1h) = 2a + 3, where
h; € H! are the other half-edges on 9X,. This can always be done, possibly after
interchanging A and s1/4. Choose any K; € [K1] and K, € [K>], which differ only in
their values at  and s14. Thus, the sign difference between oG, [k,]) and 0(G,[k>])
is just (—1)24*! = —1, since we change only the location of the variable d ¢}, /51> DY
2a + 1 spots. As claimed. O

We can now prove Proposition 6.11.

Proof By Lemma 6.16, the proposition is equivalent to cgpin(G) = 0. But ¢opin(G) =
[lcec(o) Cspin(c)» Which is 0 by Lemma 6.19. O

We can now also prove Corollary 5.51.

Proof As above, it is enough to prove it for smooth G. The case where e is a
boundary loop is a special case of the graph considered in the proof of Lemma 6.19,
and in particular we see that the orientation expressions for (G, [K]) and (G, [K,])
are opposite. Recall that the map W™ preserves the edge-lengths of all edges, but
changes the Kasteleyn orientation to [K,]. By contracting these orientation expressions
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with the vector —d/d£,, we see that the induced orientation on 8e/\7l(Ge,[ k.]) and the
(Weomby*_pushforward of the induced orientation on 9,M (G,[K]) are opposite. a

Lemma 6.20 For G € ORg Kl

Cspin(G) = 2%(g+b—1)’

we have

where g is the genus of G, and b is the number of boundaries. For G € OR;” Kl

cspin(G) = 1_[ cspin(Gi),

where G; are the smooth components of G.

Proof Again it is enough to consider nonnodal graphs. By Lemma 6.16, ¢pin(G) > 0.
By Proposition 6.18 cgin(G, [K]) = cspin(Ge. [Ke]), whenever G € OSRg ¢ and
e ¢ Br(G)ULoop(G). Thus, it is enough to calculate cgpi, for the graph G, where G is
the graph constructed in Example 5.18; see Figure 17. We shall work with the notation
of that example. We shall order the faces according to their labels, and we choose an
ordering n of the edges of face 1 such that a; is the first edge. Choose a Kasteleyn
orientation and write
0 =WiAWr A AWg ANdlpy Ndlxy Ao+ ANdly, Ndlx, Ndle, /\---/\d(ieLk1
ARNdALy, N---NdLy,,
where W; is the wedge of d{g;,d{p,,dlc;,dlg,,dly,,dLg,, according to the order
induced by K, and R is the wedge of the remaining variables, according to the ordering.
The ordering n, restricted to the half-edges which are involved in W}, is

ai. fi.di. gi.ci. fi.bi. gi.
There are four possibilities for K( f;) and K(g;). Let Kl.0 denote the set of possibilities
with K(f;)K(g;) =0. Let K l.l be the singleton made of the remaining possibility. One

can check by hand that the form W; is constant in K lp, and minus that constant in the
fourth possibility.

The ordering restricted to the remaining edges is

b1,2’ eZ,kz-l—l’ b2,3’ e3,k3+17 tee bb—l,bv eb,O? eb,l’ DR eb,kbv bb—l,bv
€h—1,00€b—1,1+- -+ €b—1,kp_1+Pb—2,b—1-€b—2,0+ - -+ €2 kyD1,2.

The only freedom in K is in the values of K (b, j+1). The relative order of these edges is

b12,023,....bp—1p,bp—1p---,D1,2.
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Observe that between b; ;11 and b 7,j+1 1n the ordering, there is an even number of
half-edges. Thus, different assignments of K(b;, j+1) do not change the orientation 0.
2b—1

There are such assignments, where b is the number of boundary components.

To summarize, s(G, [K]) depends only on ) ; K( £i)K(g;), which is just the parity of
the graded spin structure (see Remark 5.19), and different parities give rise to different
signs. By the calculation in Remark 5.19 we see that cpin(G) = :i:2%(g_b+1)+b_1,
but as it cannot be negative we end with cpin (G) = 23(g+b -, O

Remark 6.21 An analogous power of 2 appears in [25] when one wants to calculate
the Laplace transform of the integral combinatorial formula. The method developed
in this paper is also applicable to that calculation. It shows exactly where this power
of 2 comes from, and how is it connected to spin structures. In fact, our ¢y, can be
thought as an open analog of the push down of the r = 2—spin Witten’s class to the
spinless moduli; see [39].

0
Corollary 6.22 For G € SRg,k,l’
d
1
Adpi A W Lo6.1k) = 5(G, [K])2|V (G)]+3(g(G)+b(G)~1)
6.3 Laplace transform and the combinatorial formula
As in the closed case, a more compact formula may be obtained after performing a

Laplace transform to Corollary 6.14.

Let A; be the variable dual to p; and write, for e = {h1,ho = s1h1},

A-Jlrx- if i(hy) =i andi(hz) = J,
Ale) = ! J

L 2me)\,—2m@-1 o N 5

m(e)+1(m(e) )Ai ifi(hy)=iand hp € H".

We also define X(e) = 1/A(e) for an internal edge and I(e) = Aj(e) for a boundary
edge of face i.

Applying the transform to the left-hand side of Corollary 6.14 gives

2a;
S P L (gtk—
/ Ndpie EHri 30 [T ZLadethbig, g 0h)
P1os D1 >0 Yai=diell] "
(2a; — )N
2d+ (g+k-1) Z l_[ zla,—i—l Tal"'fazak%
Sa=diclt] i

where d = L(k + 21 +3g —3).
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Transforming the right-hand side leaves us with

_ (ac)dim(C)
L 2 / hae i 1 [ e e
m=0 GeOSRY | Pl pi>0 CeC(G,[K]) *Mc ‘
_ —C dim(C)
X E e T T e
m=0 GEOSR' P15 P1>0 CeC(G,[K]) " Mc im(C)!

where we have used the fact that the perimeter of a face is the sum of its edges’ lengths.

Recall that
Egm(e)

[ We= ]] (m(e)! (m(e) + DI’

CeC(G,[K]) ecEB(G)

By Corollary 6.22, applied to (G, [K]) € OSRg’kJ, we have

d
(Nie dpi) % i
/\eeE(G) dge

where the variables in the denominator are ordered by o(g,[k7), and |V1|, g and b are

= 5(G, [K])2IV @+3E(@)+b(G)-1)

the number of internal vertices of G, its genus and the number of boundary components,
respectively. In addition,

> S(G.[K]) = ey = 227D,
[K]e[K(G)]

by Lemma 6.20. Moreover, since Aut(G) acts on [K(G)], and is sign-preserving, we
see that

Z s(G.[K]) _ Z 5(G,[K])

|Aut(G)| |Aut(G, [K])]

[K]€[K(G)] [K]€[K(G)]/Aut(G)

Thus, for a fixed G € ORY ;. ;, summing over forspm(G) using Observation 5.38, and
recalling that Mg [k]) =~ RE©G) /|Aut(G, [K])|, we get

. Zk(e)e ~ (wC)dim(C)
2 [Aw(G. KT Npe =0 L e e amien
(K] ) D15--,p1>0 cec(G,IkD 'R .
2
_leec <(©) I1 / oAk gp, I / e~ (2me) i
|Aut(G)| ecE\EB ecEB m(e)! (m(e)+1)!

_lcec@ ¢(©)
= aw@) LA
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where ¢(C) = 2V (O)l+8(C)+b(C)~1 . Summing over all G € OR* 2 k.l

pd+3(g+k—1) 3 1—[ (2a; —1)” (ta -+ 7a)0¥)

2ait1

Yaj=di=1 i HCGC(G) C(C)
. |Aut(G)|
GEeORy, 1 ecE

This proves Theorem 1.5.

Open problem 3 The moduli space M ¢.k,1 1s disconnected, and is composed of
components which parametrize different topologies, partitions of boundary markings
along boundary components and graded structures. The boundary conditions of [35; 31]
define in fact an intersection number on each such component, and their sum is what we
denote in this work by (74, - 74 lak) g- Using the techniques presented in this section
one can actually calculate all these refined intersection numbers; see [2]. The inter-
section numbers (74, -+ Ty ,ak) ¢ are related to the KdV wave function, and therefore
satisfy many recursion relations. A natural question is whether the refined numbers
also satisfy interesting recursion relations, and whether they are related to an integrable
hierarchy. The paper [2] proposes a conjecture in this direction.

Appendix Properties of the stratification

A.0.1 Proof of Proposition 4.25 Fix sets Z, B and Py. For a stable open ribbon
graph G, write Mg = RE(G) /Aut(G). Let G4 5 (z,p,) be the set of all such graphs with
boundary markings B, internal markings Z and internal markings of perimeter zero Pj.
We will show that comb® maps ME’B’IUPO to ]_[Gg’& P0) Mg (p) surjectively, and
that it is one-to-one on smooth or effective loci.

Step 1 An antiholomorphic involution g of a connected stable curve X is separating
if X /o is a connected orientable stable surface with boundary. X € is called the real
locus. A half of X is a stable connected subsurface with boundary ¥ € X such that
the composition ¥ < X — X /o is a homeomorphism.

A doubled (g, B,Z U Py)—surface is a closed stable marked surface X with markings
{xi}ies and {z;, Z; };iezup,. together with a separating antiholomorphic involution o
and a preferred half X, satisfying

(a) x; € X@foralli, and

(b) z; €int(X) forall 7.
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Observation A.1 There is a natural one-to-one correspondence between open stable
(g, B,T U Pyg—surfaces ¥ and doubled (g, B,Z U Py)-surtaces (X, 0, X), given by
Y — (D(X), X), where X is taken as a subset of D(X).

Note that all components of X2 which are not isolated points are canonically oriented
as boundaries of the distinguished half.

Step 2 Fix positive {p; }; 7. For convenience we denote by Z and Py the markings of
z; for i € Z,Pyg. We now analyze the image of doubled surfaces (X, ¢, X) under the
(closed) map comb, defined on M ¢,k-+21> Where the perimeters ¢ are defined so that
the faces of z; and z; for i € Z have perimeter p;, and the other points are boundary
marked points or internal marked with perimeter 0. By the construction for closed
surfaces, the image is a stable ribbon graph G in the sense of Definition 4.2, embedded
inX =K BUPLUP, (X)- Moreover, ¢ induces an involution on X and G, which we also
denote by g, and by Lemma 4.13 X2 C G. Faces and vertices marked by ZU Py are in
one distinguished half S of X, where a half is defined analogously to the above.

Write EB for p—invariant edges. Let H 5 be their halves which do not agree with
the orientation induced by $. Write V8 for o—invariant vertices. Let V! be vertices
in int(i), let H be either half-edges in s; H Z or half-edges which intersect int(i),
andlet EX = (HT \ s HB)/s,.

Observation A.2 H! U HB is invariant under s1, and s takes H' to H! U HB.

Indeed, if there were h € H! and ' ¢ H! U H® with soh = I’, then there was a
common face which contained / and s14’. But then this face would intersect both
int(f)) and Q(int(i)), which is impossible.

Let v be a vertex, and consider its half-edges. The permutation s¢ acts on them, and
also p. Write By, for the set of so—cycles which contain an element of H B and write
I, for those cycles in H'. It is easy to see that no so—cycle contains more than two
boundary edges. It follows from the observation that inside a cycle in B, the half-edges
are so—ordered as hy, ..., har4o so that

hl €51 H B,

hi e HI\siHB ifie[r+1]\{1},

hi =o(hi—y—1) ifie2r+2]\[r+1].
In particular, h,4, € HB and h; ¢ (HT U HB) fori € [2r + 2]\ [r + 2]. Define a
permutation 5o of H 'y HB which is so on H I and otherwise, we are in the scenario
just described, Sohy4+2 = hy.
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Define new marking assignments £, 2 and f %0 as follows: f mapsi €7 to the
face containing z;, f2 maps i € B to the vertex x; is mapped to, and f 0 is defined
similarly.

Recall Notation 4.17. Let Z7 (g, 1, B) be the set of isotopy types of smooth doubled
(g, 1, B)—surfaces. Write T (g, 1) =Z7(g,I). Clearly there exists a canonical
identification «: Z7 (g, I, B) ~IT7 (g, 1, B).

We can enrich the graph (G, ) with a defect function d on V! U VB, defined as
follows. Let v € VI U V2 be a vertex, and consider its preimage X, in X. If X, is not
a point, then it is a pointed nodal surface, doubled in case v € VB, and otherwise just a
usual closed one, without z;, z; for i € Z. Some of the special points of X, correspond
to nodes whose two halves belong to X;,. Smooth X, along these nodes. There is
a unique topological way to perform the smoothing process on a doubled surface,
which is consistent with the choice of a half, and is such that the resulting surface is
doubled. Define d(v) € I’T(g(v)lv U (ffo)~1(), B, U (fB)_l(v)) to be the class
of the smoothed X, in the doubled case. Otherwise, d(v) is the unique element in
IT(gw), Iy U (f 7)™ (v)).

The ribbon graph G, together with the involution g, and the doubled data, which consists
of thesets HY, HB VI VB and the maps d, f1, fB, fF0 is called a doubled ribbon
graph. We see that any doubled surface, together with perimeters as above, is associated
with a doubled graph. Call this association Dcomb. It now follows from definitions that:

Observation A.3 There is a canonical bijection Half between doubled (g, B, (Z, Po))—
metric ribbon graphs and open (g, B, (Z, Po))—metric ribbon graphs. Half(G) is the
graph spanned by HY, HB V! VB with permutations 5y and s1, maps f1, fB, fFo,
the same genus defect as G and topological defect a(d).

Half(G) is embedded in S, which, after defining the corresponding defects, is exactly
Kpp, 2.

Thus, by Observations A.1 and A.3, for any X € /WE «.; and perimeters p, the symmetric
JS differential indeed defines a stable open ribbon graph with perimeters p embedded
in K B,Po 3.

Step 3 We now show that:

Proposition A.4 The map
comb® : M ¢ 7p, x RT — ]_[ Mg

Gg.5.(z,Py)
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is a surjection, and in the smooth case, or more generally when unmarked components
are not adjacent and form a moduli of dimension zero, it is in fact a bijection onto its
image.

This proposition is true in the closed case. By the above construction, it will be enough
to show these properties for Dcomb. By the closed theory, from the doubled metric
graph (G, £) one can reconstruct the unique surface with extra structure X into which
it embeds, including the complex structure on its marked components. Write ¢ for the
set of perimeters of faces of G. It is evident that the perimeters of faces i and 1 are
the same. The involution on (G, £) lifts to an involution on X. For any singular point
v € X which corresponds to the vertex v of the graph, any so—cycle v of half-edges
corresponds a new marked point labeled ¥ in the normalization of $. We define a
surface X as follows. For a singular v with v € VB, replace v by a doubled surface X,
in the isotopy class d(v). For a singular v € V!, replace v and o(v) by two conjugate
closed surfaces ¥, and ¥,, where ¥, is in the class of d (v). Note that X, is not
necessarily stable. Let X1, ..., %, be the marked components of 5. Define

x =sub(([[ X ][ %)/~).

where the ~ identifies a marked point in some X, which corresponds to a so—cycle v
with the corresponding point in some ;. Stab is the stabilization map which contracts
an unstable component to a point.

One can easily extend ¢ and the choice of a half to X, and Dcomb(X, ¢) = (G, {),
where ¢ is the set of perimeters.

In the smooth or the more general case described in the statement, we have no freedom
in the reconstruction of X.
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