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1 Introduction

1.1 Overview

1.1.1 Moduli space and Teichmiiller space. Consider a compact ori-
ented surface S of genus g together with a finite subset X = {x1,...,2,},
such that 2g — 24+ n > 0.

The moduli space M x is the set of all X-pointed Riemann surfaces of
genus ¢ up to isomorphism. Its universal cover (in the orbifold sense) can
be identified with the Teichmiiller space 7 (S, X), which parametrizes com-
plex structures on S up to isotopy (relative to X); equivalently, 7(S, X)
parametrizes isomorphism classes of (S, X)-marked Riemann surfaces. Thus,
M, x is the quotient of 7 (S, X) under the action of the mapping class group
I'(S, X) = Diff 4 (S, X)/Diffy (S, X).

As T(S,X) is contractible (Teichmiiller [68]), we also have that My x ~
BTI'(S, X). However, I'(S, X) acts on 7 (S, X) discontinuously but with finite
stabilizers. Thus, M, x is naturally an orbifold and M, x ~ BT'(S, X) must
be intended in the orbifold category.

1.1.2 Algebro-geometric point of view. As compact Riemann surfaces
are complex algebraic curves, M, x has an algebraic structure and is in fact
a Deligne-Mumford stack, which is the algebraic analogue of an orbifold. The
underlying space M, x (forgetting the isotropy groups) is a quasi-projective
variety.

The problem of counting curves with suitable properties, a topic which is
also called “enumerative geometry of curves”, has always been central in alge-
braic geometry. The usual set-up is to describe the loci in M, x of curves that
satisfy the wished properties and then to compute their intersection, which nat-
urally leads to seeking for a suitable compactification of Mg x. Deligne and
Mumford [15] understood that it was sufficient to consider algebraic curves
with mild singularities to compactify M, x. In fact, their compactification
M, x is the moduli space of X-pointed stable (algebraic) curves of genus
g, where a complex projective curve C' is “stable” if its only singularities are
nodes (that is, in local analytic coordinates C looks like {(z,y) € C?|zy = 0})
and every irreducible component of the smooth locus of C'\ X has negative
Euler characteristic.

The main tool to prove the completeness of m% x is the stable reduction
theorem, which essentially says that a smooth holomorphic family C* — A* of
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X-pointed Riemann surfaces of genus g over the pointed disc can be completed
to a family over A (after a suitable change of base z — z*) using a stable curve.

The beauty of M, x is that it is smooth (as an orbifold) and that its coarse
space M, x is a projective variety (Mumford [56], Gieseker [21], Knudsen [38]
[39], Kolldr [40] and Cornalba [14]).

1.1.3 Tautological maps. The map ﬂg,XU{y} — MQ,X that forgets the
y-marking (and then stabilizes the possibly unstable X-marked curve) can
be identified to the universal family over M, x and is the first example of
tautological map.

Moreover, Mg, x has a natural algebraic stratification, in which each stra-
tum corresponds to a topological type of curve: for instance, smooth curves
correspond to the open stratum M, x. As another example: irreducible curves
with one node correspond to an irreducible locally closed subvariety of (com-
plex) codimension 1, which is the image of the (generically 2 : 1) tautological
boundary map My_1 xu{y,,ys} — ﬂg,X that glues y; to y2. Thus, every stra-
tum is the image of a (finite-to-one) tautological boundary map, and thus is
isomorphic to a finite quotient of a product of smaller moduli spaces.

1.1.4 Augmented Teichmiiller space. Teichmiiller theorists are more in-
terested in compactifying 7 (S, X) rather than M, x. One of the most popular
way to do this is due to Thurston (see [20]): the boundary of 7 (5, X) is thus
made of projective measured laminations and it is homeomorphic to a sphere.

Clearly, there cannot be any clear link between a compactification of 7 (S, X)
and of M, x, as the infinite discrete group I'(.S, X') would not act discontinu-
ously on a compact boundary 97 (S, X).

Thus, a I'(S, X)-equivariant bordification of 7(S,X) whose quotient is
ﬂg, x cannot be compact. A way to understand such a bordification is to
endow M, x (and 7(S, X)) with the Weil-Petersson metric [70] and to show
that its completion is exactly M, x [48]. Hence, the Weil-Petersson comple-
tion 7 (S, X) can be identified to the set of (S, X)-marked stable Riemann
surfaces.

Similarly to M, x, also 7 (S, X) has a stratification by topological type
and each stratum is a (finite quotient of a) product of smaller Teichmiiller
spaces.

1.1.5 Tautological classes. The moduli space m% x comes equipped with
natural vector bundles: for instance, £; is the holomorphic line bundle whose
fiber at [C] is the cotangent space T¢;, . Chern classes of these line bundles
and their push-forward through tautological maps generate the so-called tau-
tological classes (which can be seen in the Chow ring or in cohomology). The
k classes were defined by Mumford [57] and Morita [54] and then modified
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(to make them behave better under tautological maps) by Arbarello and Cor-
nalba [5]. The ¢ classes were defined by E.Miller [49] and their importance
was successively rediscovered by Witten [71].

The importance of the tautological classes is due to the following facts
(among others):

e their geometric meaning appears quite clear

e they behave very naturally under the tautological maps (see, for instance,
[5])
e they often occur in computations of enumerative geometry; that is,

Poincaré duals of interesting algebraic loci are often tautological (see
[57]) but not always (see [24])!

e they are defined on M, x for every g and X (provided 29 —2+ |X| > 0),
and they generate the stable cohomology ring over Q due to Madsen-
Weiss’s solution [47] of Mumford’s conjecture (see Section 5.3)

e there is a set of generators (¢’s and x’s) which have non-negativity prop-
erties (see [4] and [57])

e they are strictly related to the Weil-Petersson geometry of mg, x (see
[73], [76], [77] and [50]).

1.1.6 Simplicial complexes associated to a surface. One way to ana-
lyze the (co)homology of M, x, and so of I'(S,X), is to construct a highly
connected simplicial complex on which T'(S, X) acts. This is usually achieved
by considering complexes of disjoint, pairwise non-homotopic simple closed
curves on S \ X with suitable properties (for instance, Harvey’s complex of
curves [29]).

If X is nonempty (or if S has boundary), then one can construct a complex
using systems of homotopically nontrivial, disjoint arcs joining two (not neces-
sarily distinct) points in X (or in 9.5), thus obtaining the arc complex (.S, X)
(see [27]). It has an “interior” 2°(S, X) made of systems of arcs that cut S\ X
in discs (or pointed discs) and a complementary “boundary” A>°(S, X).

An important result, which has many fathers (Harer-Mumford-Thurston
[27], Penner [58], Bowditch-Epstein [12]), says that the topological realization
|20°(S, X)| of A°(S, X) is I'(S, X )-equivariantly homeomorphic to 7 (S, X) x
Ax (where Ax is the standard simplex in RX). Thus, we can transfer the cell
structure of |A°(S, X)| to an (orbi)cell structure on My x x Ax.

The homeomorphism is realized by coherently associating a weighted sys-
tem of arcs to every X-marked Riemann surface, equipped with a decoration
p € Ax. There are two traditional ways to do this: using the flat structure aris-
ing from a Jenkins-Strebel quadratic differential (Harer-Mumford-Thurston)
with prescribed residues at X or using the hyperbolic metric coming from
the uniformization theorem (Penner and Bowditch-Epstein). Quite recently,
several other ways have been introduced (see [44], [45], [53] and [52]).
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1.1.7 Ribbon graphs. To better understand the homeomorphism between
|2A°(S, X)| and T (S, X) x Ax, it is often convenient to adopt a dual point of
view, that is to think of weighted systems of arcs as of metrized graphs G,
embedded in S\ X through a homotopy equivalence.

This can be done by picking a vertex in each disc cut by the system of
arcs and joining these vertices by adding an edge transverse to each arc.
What we obtain is an (S, X )-marked metrized ribbon graph. Thus, points
in |°(S, X)|/T(S,X) =2 My, x Ax correspond to metrized X-marked rib-
bon graphs of genus g.

This point of view is particularly useful to understand singular surfaces (see
also [12], [41], [43], [62], [78], [7] and [52]). The object dual to a weighted sys-
tem of arcs in A (S, X) is a collection of data that we called an (S, X )-marked
“enriched” ribbon graph. Notice that an X-marked “enriched” metrized rib-
bon graph does not carry all the information needed to construct a stable
Riemann surface. Hence, the map M, x x Ax — [2(S, X)|/T'(S, X) is not
injective on the locus of singular curves, but still it is a homeomorphism on a
dense open subset.

1.1.8 Topological results. The utility of the I'(S, X )-equivariant homotopy
equivalence 7 (S, X) ~ |°(S, X)| is the possibility of making topological com-
putations on |[2°(S, X)|. For instance, Harer [27] determined the virtual coho-
mological dimension of I'(S, X) (and so of M, x) using the high connectivity
of |A°(S, X)| and he has established that T'(S, X) is a virtual duality group,
by showing that |A°°(S, X)| is spherical. An analysis of the singularities of
[2((S, X)|/T(S, X) is in [63].

Successively, Harer-Zagier [28] and Penner [59] have computed the orbifold
Euler characteristic of M, x, where by “orbifold” we mean that a cell with
stabilizer G’ has Euler characteristic 1/|G|. Because of the cellularization, the
problem translates into enumerating X-marked ribbon graphs of genus g and
counting them with the correct sign.

Techniques for enumerating graphs and ribbon graphs (see, for instance,
[9]) have been known to physicists for long time: they use asymptotic ex-
pansions of Gaussian integrals over spaces of matrices. The combinatorics of
iterated integrations by parts is responsible for the appearance of (ribbon)
graphs (Wick’s lemma). Thus, the problem of computing x° (M, x) can
be reduced to evaluating a matrix integral (a quick solution is also given by
Kontsevich in Appendix D of [41]).

1.1.9 Intersection-theoretical results. As M, x x Ay is not just homo-
topy equivalent to |2°(S, X)|/T'(S, X) but actually homeomorphic (through a
piecewise real-analytic diffeomorphism), it is clear that one can try to rephrase
integrals over M, x as integrals over |A°(S, X)|/T'(S, X), that is as sums over
maximal systems of arcs of integrals over a single simplex. This approach
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looked promising in order to compute Weil-Petersson volumes (see Penner
[60]). Kontsevich [41] used it to compute volumes coming from a “symplectic
form” Q = phy + -+ + p2iby, thus solving Witten’s conjecture [71] on the
intersection numbers of the 1 classes.

However, in Witten’s paper [71] matrix integrals entered in a different way.
The idea was that, in order to integrate over the space of all conformal struc-
tures on S, one can pick a random decomposition of S into polygons, give each
polygon a natural Euclidean structure and extend it to a conformal structure
on S, thus obtaining a “random” point of M, x. Refining the polygonaliza-
tion of S' leads to a measure on M, x. Matrix integrals are used to enumerate
these polygonalizations.

Witten also noticed that this refinement procedure may lead to different
limits, depending on which polygons we allow. For instance, we can consider
decompositions into A squares, or into A squares and B hexagons, and so on.
Dualizing this last polygonalization, we obtain ribbon graphs embedded in S
with A vertices of valence 4 and B vertices of valence 6. The corresponding
locus in |A°(S, X)| is called a Witten subcomplex.

1.1.10 Witten classes. Kontsevich [41] and Penner [61] proved that Witten
subcomplexes obtained by requiring that the ribbon graphs have m; vertices

of valence (2m; + 3) can be oriented (see also [13]) and they give cycles in
——comb —

M, x =[S, X)|/T(S, X) x Ry, which are denoted by W, x. The Q-
volumes of these W,,, x are also computable using matrix integrals [41] (see
also [16]).

In [42], Kontsevich constructed similar cycles using structure constants of
finite-dimensional cyclic A.-algebras with positive-definite scalar product and
he also claimed that the classes W,,, x (restriction of Wm*,X to My x) are
Poincaré dual to tautological classes.

This last statement (usually called Witten-Kontsevich’s conjecture) was
settled independently by Igusa [31] [32] and Mondello [51], whereas very little
is known about the nature of the (non-homogeneous) A..-classes.

1.1.11 Surfaces with boundary. The key point of all constructions of a
ribbon graph out of a surface is that X must be nonempty, so that S\ X can
be retracted by deformation onto a graph. In fact, it is not difficult to see
that the spine construction of Penner and Bowditch-Epstein can be performed
(even in a more natural way) on hyperbolic surfaces ¥ with geodesic boundary.
The associated cellularization of the corresponding moduli space is due to Luo
[44] (for smooth surfaces) and by Mondello [52] (also for singular surfaces,
using Luo’s result).

The interesting fact (see [53] and [52]) is that gluing semi-infinite cylinders
at X produces (conformally) punctured surfaces that “interpolate” between
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hyperbolic surfaces with cusps and flat surfaces arising from Jenkins-Strebel
differentials.

1.2 Structure of the chapter.

In Sections 2.1 and 2.2, we carefully define systems of arcs and ribbon graphs,
both in the singular and in the nonsingular case, and we explain how the dual-
ity between the two works. Moreover, we recall Harer’s results on 20°(.S, X') and
2A°° (S, X)) and we state a simple criterion for compactness inside |2°(S, X)|/T(S, X).

In Sections 3.1 and 3.2, we describe the Deligne-Mumford moduli space
of curves and the structure of its boundary, the associated stratification and
boundary maps. In 3.3, we explain how the analogous bordification of the
Teichmiiller space 7 (S, X) can be obtained as completion with respect to the
Weil-Petersson metric.

Tautological classes and rings are introduced in 3.4 and Kontsevich’s com-
pactification of M, x is described in 3.5.

In 4.1, we explain and sketch a proof of Harer-Mumford-Thurston cellular-
ization of the moduli space and we illustrate the analogous result of Penner-
Bowditch-Epstein in 4.2. In 4.3, we quickly discuss the relations between the
two constructions using hyperbolic surfaces with geodesic boundary.

In 5.1, we define Witten subcomplexes and Witten cycles and we prove
(after Kontsevich) that Q orients them. We sketch the ideas involved in the
proof the Witten cycles are tautological in Section 5.2.

Finally, in 5.3, we recall Harer’s stability theorem and we exhibit a combi-
natorial construction that shows that Witten cycles are stable. The fact (and
probably also the construction) is well-known and it is also a direct conse-
quence of Witten-Kontsevich’s conjecture and Miller’s work.

1.3 Acknowledgments

Tt is a pleasure to thank Shigeyuki Morita, Athanase Papadopoulos and Robert
C. Penner for the stimulating workshop “Teichmiiller space (Classical and
Quantum)” they organized in Oberwolfach (May 28th-June 3rd, 2006) and
the MFO for the hospitality.

I would like to thank Enrico Arbarello for all I learnt from him about
Riemann surfaces and for his constant encouragement.
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2 Systems of arcs and ribbon graphs

Let S be a compact oriented differentiable surface of genus g with n > 0
distinct marked points X = {z1,...,2,} C S. We will always assume that
the Euler characteristic of the punctured surface S\ X is negative, that is
2 —2g —n < 0. This restriction only rules out the cases in which S\ X is the
sphere with less than 3 punctures.

Let Diff { (S, X) be the group of orientation-preserving diffeomorphisms of
S that fix X pointwise. The mapping class group T'(S,X) is the group of
connected components of Diff (S, X).

In what follows, we borrow some notation and some ideas from [43].

2.1 Systems of arcs

2.1.1 Arcs and arc complex. An oriented arc in S is a smooth path @ :
[0,1] — S such that @ ([0,1]) N X = {@(0), @ (1)}, up to reparametrization.
Let A°"(S, X) be the space of oriented arcs in S, endowed with its natural
topology. Define o1 : A°" (S, X) — A°"(S, X) to be the orientation-reversing
operator and we will write oy (E)) = ‘@. Call a the oy-orbit of @ and denote
by A(S, X) the (quotient) space of o1-orbits in A4°7(S, X).

A system of (k4 1)-arcs in S is a collection a = {«v, ..., a5} C A(S, X)
of k + 1 unoriented arcs such that:

e if i # j, then the intersection of o; and «; is contained in X
e 10 arc in « is homotopically trivial
e 10 pair of arcs in « are homotopic to each other.

We will denote by S\ a the complementary subsurface of S obtained by re-
moving «o, . . ., Q.

Each connected component of the space of systems of (k+1)-arcs AS (S, X)
is clearly contractible, with the topology induced by the inclusion ASk (S, X) —
A(S, X)/6.

Let (S, X) be the set of homotopy classes of systems of k + 1 arcs, that
is Q[k(S, X) = WQASk(S, X)

The arc complez is the simplicial complex (S, X) = U A (S, X).

k>0

Notation. We will implicitly identify arc systems a and o’ that are homo-

topic to each other. Similarly, we will identify the isotopic subsurfaces S\ a
and S\ o'

2.1.2 Proper simplices. An arc system « € (S, X) fills (resp. quasi-fills)
Sif S\ e is a disjoint union of subsurfaces homeomorphic to discs (resp. discs
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and pointed discs). It is easy to check that the star of e is finite if and only if
a quasi-fills S. In this case, we also say that a is a proper simplex of (.S, X).

Denote by 20°°(S, X) C 2((S, X) the subcomplex of non-proper simplices
and let A°(S, X) = 2A(S, X) \ A°°(S, X) be the collection of proper ones.

Notation. We denote by [24°°(S, X)| and |(S, X)| the topological realiza-
tions of A% (S, X) and (S, X). We will use the symbol [2°(S, X)| to mean
the complement of |[2A°°(S, X)| inside |A(S, X)|.

2.1.3 Topologies on |A(S, X)|. The realization |(S, X)| of the arc com-
plex can be endowed with two natural topologies (as is remarked in [12], [43]
and [7]).

The former (which we call standard) is the finest topology that makes the
inclusions |a| < |2(S, X)| continuous for all @ € 2A(S, X); in other words,
a subset U C |2(S, X)| is declared to be open if and only if U N | is open
for every a € (S, X). The latter topology is induced by the path metric d,
which is the largest metric that restricts to the Euclidean one on each closed
simplex.

The two topologies are the same where |4(S, X)| is locally finite, but the
latter is coarser elsewhere. We will always consider all realizations to be en-
dowed with the metric topology.

2.1.4 Visible subsurfaces. For every system of arcs a € 2(S, X), define
S(a)+ to be the largest isotopy class of open subsurfaces of S such that

e cvery arc in ¢ is contained in S(a)+

e a quasi-fills S(a)+.

The visible subsurface S(a)+ can be constructed by taking the union of a
thickening a representative of a inside S and all those connected components
of S\ & which are homeomorphic to discs or punctured discs (this construction
appears already in [12]). We will always consider S(a)+ as an open subsurface

(up to isotopy), homotopically equivalent to its closure S(a)+, which is an
embedded surface with boundary.

Figure 1. The invisible subsurface is the dark non-cylindrical component.
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One can rephrase 2.1.2 by saying that « is proper if and only if all S is
«a-visible.

We call invisible subsurface S(a)_ associated to a the union of the interior
of the connected components of S\ S(a)+ which are not unmarked cylinders.
Thus, S\ (S(a)+ US(a)-) is a disjoint union of circles and cylinders.

We also say that a marked point z; is (in)visible for e if it belongs to the
a-(in)visible subsurface.

2.1.5 Ideal triangulations. A maximal system of arcs a € (.5, X) is also
called an ideal triangulation of S. In fact, it is easy to check that, in this case,
each component of S\ a bounded by three arcs and so is a “triangle”. (The
term “ideal” comes from the fact that one often thinks of (S, X) as a hyperbolic
surface with cusps at X and of a as a collection of hyperbolic geodesics.) It
is also clear that such an « is proper.

Figure 2. An example of an ideal triangulation for (g,n) = (1, 2).

A simple calculation with the Euler characteristic of S shows that an ideal
triangulation is made of exactly 6g — 6 + 3n arcs.

2.1.6 The spine of |2°(S, X)|. Consider the baricentric subdivision 2(S, X')’,
whose k-simplices are chains (ag € a; € -+ € ;). There is an obvious
piecewise-affine homeomorphism |A(S, X)'| — |2(S, X)|, that sends a vertex
(ay) to the baricenter of || C |2A(S, X)|.

Call 2°(S, X)" the subcomplex of 2(S, X)’, whose simplices are chains of
simplices that belong to 2A°(S, X). Clearly, |A°(S,X)'| C |2(S,X)’| is con-
tained in |[A°(S, X)| C |2(S, X)| through the homeomorphism above.

It is a general fact that there is a deformation retraction of |2(°(S, X)| onto
the spine |2°(S, X)’|: on each simplex of |A(S, X)| N|A°(S, X)| this is given
by projecting onto the face contained in [2(°(S, X)’|. Tt is also clear that the
retraction is I'(S, X )-equivariant.

In the special case of X = {x1}, a proper system contains at least 2g
arcs; whereas a maximal system contains exactly 6g — 3 arcs. Thus, the (real)
dimension of |A°(S, X )| is (69 — 3) — 29 = 49 — 3.
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Proposition 2.1 (Harer [27]). If X = {z1}, the spine |2A°(S, X)'| has dimen-
sion 4g — 3.

2.1.7 Action of o-operators. For every arc system a = {ao,...,ap}, de-
note by E(a) the subset {ag, ao, ..., ar, ax} of T0.A° (S, X). The action of
o1 clearly restricts to E(a).

For each i = 1,...,n, the orientation of S induces a cyclic ordering of the
oriented arcs in E(a) outgoing from x;.

If & starts at @;, then define 0 () to be the oriented arc in E(a) outgo-
ing from z; that comes just before 07} . Moreover, oy is defined by o9 = 0 l0;.

If we call Ey(a) the orbits of E(a) under the action of oy, then

e F(a) can be identified with a

o () can be identified with the set of a-visible marked points

e Fy(a) can be identified to the set of connected components of S(a)+ \ a.
Denote by [a;]; the o4-orbit of aj, so that [a;]; = a; and [@]co is the starting
point of a7, whereas [a;]o is the component of S(a); \ a adjacent to a; and
which induces the orientation a; on it.

2.1.8 Action of I'(S, X) on (S, X). There is a natural right action of
the mapping class group
A(S, X) xT'(S, X) A(S, X)
(a,)! aoyg

The induced action on (S, X) preserves A (S, X) and so A°(S, X).
It is easy to see that the stabilizer (under I'(S, X)) of a simplex a fits in
the following exact sequence

1 = Tepe(S\ o, X) — stabr(a) — 6(a)

where &(a) is the group of permutations of a and I'cp (S \ o, X) is the map-
ping class group of orientation-preserving diffeomorphisms of S \ ac with com-
pact support that fix X. Define the image of stabr(a) — &(a) to be the
automorphism group of a.

We can immediately conclude that « is proper if and only if stabp(a) is
finite (equivalently, if and only if T'cpe (S \ a, X) is trivial).

2.1.9 Weighted arc systems. A point w € |2((S, X)| consists of a map
w: (S, X) — [0, 1] such that
e the support of W is a simplex & = {a, ..., i} € A(S, X)
k
° w(ay) = 1.
=0
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We will call W the (projective) weight of a. A weight for o is a point of
w € |A(S, X)|r = |A(S, X)| x Ry, that is a map w : Ao(S, X) — Ry with
support on . Call w its associated projective weight.

2.1.10 Compactness in |A°(S, X)|/T'(S, X). We are going to prove a
simple criterion for a subset of |A°(S, X)|/I'(S, X) to be compact.

Call C(S, X) the set of free homotopy classes of simple closed curves on
S\ X, which are neither contractible nor homotopic to a puncture.

Define the “intersection product”

L:C(8, X) x (S, X)| — Rxo

as (v, w) = Y, t(y,)w(c), where 1(7, a) is the geometric intersection num-
ber. We will also refer to ¢(y,w) as to the length of v at w. Consequently, we
will say that the systol at w is

sys(m) = inf{u(y, ) | 7 € C(S, X)}.
Clearly, the function sys descends to

sys : |2(S, X)|/T(S, X) — R4

Lemma 2.2. A closed subset K C |°(S, X)|/T(S, X) is compact if and only
if 3e > 0 such that sys([w]) > ¢ for all [w] € K.

Proof. In RN we easily have dy < d; < VN - do, where d,. is the L"-distance.
Similarly, in |(S, X)| we have

A, [2(S, X)) < sys(@) < VN - d(@, [47(S, X))

where N = 6g — 7 + 3n. The same holds in |2(S, X)|/T'(S, X).

Thus, if [a] € A°(S, X)/T(S, X), then |a|Nsys~!([e, 00))N|A°(S, X)|/T(S, X)
is compact for every € > 0. As |A°(S, X)|/T'(S, X) contains finitely many cells,
we conclude that sys™!([e,00)) N [A°(S, X)|/T'(S, X) is compact.

Vice versa, if sys : K — R, is not bounded from below, then we can
find a sequence [w,,] C K such that sys(w,,) — 0. Thus, [@,,] approaches
[20°°(.S, X)|/T(S, X) and so is divergent in |2°(S, X)|/T(.S, X). O

2.1.11 Boundary weight map. Let Ax be the standard simplex in R¥X.

The boundary weight map £p : |2A(S, X)|r — Ax x Ry C RX is the piecewise-

linear map that sends {a} + [@]oo + [@]oo. The projective boundary weight
—

map $0p : [A(S, X)| — Ax instead sends {a} — [0 + 3[@]o0.

2.1.12 Results on the arc complex. A few things are known about the
topology of [2((S, X).
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(a) The space of proper arc systems |[2°(S, X)| can be naturally given the
structure of piecewise-affine topological manifold with boundary (Hubbard-
Masur [30], credited to Whitney) of (real) dimension 6g — 7 + 3n.

(b) The space |A°(S, X)| is T'(S, X )-equivariantly homeomorphic to 7 (.S, X) x
Ax, where 7 (S, X) is the Teichmiiller space of (S, X) (see 3.1.1 for def-
initions and Section 4 for an extensive discussion on this result), and
so is contractible. This result could also be probably extracted from
[30], but it is more explicitly stated in Harer [27] (who attributes it to
Mumford and Thurston), Penner [58] and Bowditch-Epstein [12]. As the
moduli space of X-marked Riemann surfaces of genus g can be obtained
as My x 2 7(S,X)/T(S,X) (see 3.1.2), then M, x ~ BI'(S, X) in the
orbifold category.

(¢) The space |2>°(S, X)| is homotopy equivalent to an infinite wedge of
spheres of dimension 2g — 3+ n (Harer [27]).

Results (b) and (c) are the key step in the following.

Theorem 2.3 (Harer [27]). T'(S, X) is a virtual duality group (that is, it has
a subgroup of finite index which is a duality group) of dimension 4g —4 + n
forn >0 (and 49 — 5 for n=0).

Actually, it is sufficient to work with X = {z1}, in which case the upper
bound is given by (b) and Proposition 2.1, and the duality by (c).

2.2 Ribbon graphs

2.2.1 Graphs. A graph G is a triple (E, ~,01), where E is a finite set, o :
E — F is a fixed-point-free involution and ~ is an equivalence relation on FE.
In ordinary language

e [ is the set of oriented edges of the graph

e ¢ is the orientation-reversing involution of F, so that the set of unori-
ented edges is Eq := E/oy

e two oriented edges are equivalent if and only if they come out from the
same vertex, so that the set V' of vertices is E/ ~ and the valence of
v € B/~ is exactly |v].

A ribbon graph G is a triple (F, 09, 01), where E is a (finite) set, o1 : E — E
is a fixed-point-free involution and o; : E — E is a permutation. Define
Ooo = 0710 061 and call F; the set of orbits of oy and [-]; : F — E; the natural
projection. A disjoint union of two ribbon graphs is defined in the natural
way.
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Remark 2.4. Given a ribbon graph G, the underlying ordinary graph G =
G is obtained by declaring that oriented edges in the same og-orbit are
equivalent and forgetting about the precise action of og.

Figure 3. Geometric representation of a ribbon graph

In ordinary language, a ribbon graph is an ordinary graph endowed with a
cyclic ordering of the oriented edges outgoing from each vertex.

The o..-orbits are sometimes called holes. A connected component of G is
an orbit of F(G) under the action of (cq,01).

The Euler characteristic of a ribbon graph G is x(G) = |Ey(G)| — |E1(G)|
and its genus is g(G) = 1+ 3(|E1(G)| — |Eo(G)| — |Ex(G)]).

A (ribbon) tree is a connected (ribbon) graph of genus zero with one hole.

2.2.2 Subgraphs and quotients. Let G = (F,0¢,01) be a ribbon graph
and let Z C E; be a nonempty subset of edges.

The subgraph Gz is given by (Z, oZ,0?), where Z =27 xg, E and o, of
are the induced operators (that is, for every e € Z we define of (e) = ol (e),
where k& = min{k > 0|cli(e) € Z}).

Similarly, the quotient G/Z is (G\ Z,0§",0{"), where " and ¢Z are the
operators induced on E \ Z and of" is defined accordingly. A new vertex of
G/Z is a of -orbit of E'\ Z < G, which is not a og-orbit.
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2.2.3 Bicolored graphs. A bicolored graph ¢ is a finite connected graph
with a partition V' = Vi U V_ of its vertices. We say that ( is reduced if no
two vertices of V_ are adjacent. If not differently specified, we will always
understand that bicolored graphs are reduced.

If ¢ contains an edge z that joins wy,ws € V_, then we can obtain a new
graph ¢’ merging wy and wy along z into a new vertex w’ € V'’ (by simply
forgetting Z and Z and by declaring that vertices outgoing from w; are
equivalent to vertices outgoing from ws).

If ¢ comes equipped with a function g : V. — N, then ¢’ : V! — N is
defined so that ¢'(w') = g(w1) + g(ws) if w1 # ws, or ¢'(w') = g(wy) + 1 if
w1 = wWa.

As merging reduces the number of edges, we can iterate the process only a
finite number of times. The result is independent of the choice of which edges
to merge first and is a reduced graph ¢"*? (possibly with a g"¢?).

X T3

Figure 4. A non-reduced bicolored graph (on the left) and its reduction (on
the right). Vertices in V_ are black. See Example 2.5.

2.2.4 Enriched ribbon graphs. An enriched X -marked ribbon graph G™
is the datum of

e a connected bicolored graph (¢, V)

e a ribbon graph G plus a bijection V; — {connected components of G}

e an (invisible) genus function g : V. — N

e a X-marking map m : X — V_UE,(G)UEy(G) such that the restriction
m Y Ex(G)) — Ex(G) is bijective and the restriction m~!(Ey(G)) —
Ey(G) is injective (a vertex in the image of this last map is called marked)

e an injection s, : {oriented edges of ¢ outgoing from v} — Ey(G,) (ver-
tices of G, in the image of s, are called nodal; a vertex is called special
if it is either marked or nodal)

that satisfy the following properties:

e for every v € V; and y € FEo(G,) we have [m~1(y)Us; (y)| <1 (i.e. no
more than one marking or one node at each vertex of G,)

e 2¢g(v) — 2+ |{oriented edges of ¢ outgoing from v}|+
+[{marked points on v}| > 0 for every v € V (stability condition)
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e every non-special vertex of G, must be at least trivalent for all v € V..

We say that G is reduced if ( is.

If the graph ( is not reduced, then we can merge two vertices of ¢ along
an edge of ¢ and obtain a new enriched X-marked ribbon graph. G{" and
G$§™ are considered equivalent if they are related by a sequence of merging
operations. It is clear that each equivalence class can be identified to its
reduced representative. Unless differently specified, we will always refer to an
enriched graph as the canonical reduced representative.

The total genus of G is g(G") = 1=x(C)+ > ,ev, 9(Go)+ X ev. 9(w).

Example 2.5. In Figure 4, the genus of each vertex is written inside, z; and
x9 are marking the two holes of G (sitting in different components), whereas
x3 is an invisible marked point. Moreover, t1,t2,t3,t4 (resp. ss,sg) are dis-
tinct (special) vertices of the visible component of genus 0 (resp. of genus
3): in particular, ¢4 is marking the oriented edge that goes from the genus 0
component to the genus 3 component, whereas s5 is marking the same edge
with the opposite orientation. (Note that, if x; marked a vertex s of some
visible component, then we would have written “s” close the tail that joined
v to s.) The total genus of the associated G is 7.

Remark 2.6. If an edge z of ¢ joins v € Vi and w € V_ and this edge is
marked by the special vertex y € Ey(G,), then we will say, for brevity, that z
joins w and y.

An enriched X-marked ribbon graph is nonsingular if { consists of a sin-
gle visible vertex. Equivalently, an enriched nonsingular X-marked ribbon
graph consists of a connected ribbon graph G together with an injection X —
E(G)UEy(G), whose image is exactly Fo(G)U {special vertices}, such that
non-special vertices are at least trivalent and x(G) — [{marked vertices}| < 0.

2.2.5 Category of nonsingular ribbon graphs. A morphism of nonsingu-
lar X-marked ribbon graphs G; — Go is an injective map f : E(Gz) — E(Gq)
such that

e f commutes with o1, 04 and respects the X-marking

e G z is a disjoint union of trees, where Z = E1(Gq) \ E1(G2).
Notice that, as f preserves the X-markings (which are injections X — Eo(G;)U
Ey(G;)), then each component of Z may contain at most one special vertex.

Vice versa, if G is a nonsingular X-marked ribbon graph and ) # Z C
E1(G) such that Gz is a disjoint union of trees (each one containing at most a
special vertex), then the inclusion f : Ey(G)\ Z < F;(G) induces a morphism
of nonsingular ribbon graphs G — G/Z.

Remark 2.7. A morphism is an isomorphism if and only if f is bijective.
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RO x ns is the small category whose objects are nonsingular X-marked
ribbon graphs G (where we assume that F(G) is contained in a fixed countable
set) with the morphisms defined above. We use the symbol RS, x .5 to denote
the full subcategory of ribbon graphs of genus g.

2.2.6 Topological realization of nonsingular ribbon graphs. The topo-
logical realization |G| of the graph G = (E, ~, 01) is the one-dimensional CW-
complex obtained from I x E (where I = [0, 1]) by identifying

o (t,€)~(1—t,e)foralltcTand € € E
N —
e (0,7€¢)~ (0, ¢) whenever e ~ ¢'.

The topological realization |G| of the nonsingular X-marked ribbon graph
G = (F,00,01) is the oriented surface obtained from T x E (where T =
I x [0,00]/I x {o0}) by identifying

o (t,0,€¢)~(1—t0,¢) forall € € &
o (1,y,€) ~(0,9,55(€)) forall € € E and y € [0, 00].

If G is the ordinary graph underlying G, then there is a natural embedding
|G| — |G|, which we call the spine.

The points at infinity in |G| are called centers of the holes and can be
identified to Es(G). Thus, |G| is naturally an X-marked surface.

Notice that a morphism of nonsingular X-marked ribbon graphs G; — G2
induces an isotopy class of orientation-preserving homeomorphisms |G| —
|G2| that respect the X-marking.

2.2.7 Nonsingular (S, X)-markings. An (S5, X)-marking of the nonsin-
gular X-marked ribbon graph G is an isotopy class of orientation-preserving
homeomorphisms f : S — |G|, compatible with X — E(G) U Ey(G).

Define R6,,5(S, X) to be the category whose objects are (5, X)-marked
nonsingular ribbon graphs (G, f) and whose morphisms (G, f1) — (Ga, f2) are
morphisms Gy — G such that S LN |G1] — |G is isotopic to f2 : S — |Ga.

As usual, there is a right action of the mapping class group I'(S, X) on
RB,,5(S, X) and the quotient category R&,,4(S, X)/I'(S, X) is obtained from
RB,,5(S, X) by adding an (iso)morphism [f : S — G] — [fog: S — G] for
each g € I'(S,X) and each object [f : S — GJ]. It can be shown that the
functor RG,,5(S, X)/T(S,X) — RBy x ns that forgets the S-marking is an

equivalence.

2.2.8 Nonsingular arcs/graph duality. Let a = {ayp,...,ax} € A°(5, X)
be a proper arc system and let og, 01,0+ the corresponding operators on the
set of oriented arcs E(a). The ribbon graph dual to a is Go, = (E(), 09, 01),
which comes naturally equipped with an X-marking (see 2.1.7).
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Define the (S5, X)-marking f : S — |G| in the following way. Fix a point ¢,
in each component v of S\ @ (which must be exactly the marked point, if the
component is a pointed disc) and let f send it to the corresponding vertex v
of |G|. For each arc «; € a, consider a transverse path §; from ¢, to ¢, that
joins the two components v' and v” separated by «;, intersecting a; exactly
once, in such a way that the interiors of 3; and 3; are disjoint, if ¢ # j. Define
f to be a homeomorphism of ; onto the oriented edge in |G| corresponding
to «y that runs from v’ to v”.

Figure 5. Thick curves represent f~'(|G|) and thin ones their dual arcs.

Because all components of S\ a are discs (or pointed discs), it is easy to
see that there is a unique way of extending f to a homeomorphism (up to
isotopy).

Proposition 2.8. The association above defines a T'(S, X)-equivariant equiv-
alence of categories

A(S, X) — RB,4(5, X)

where Q/l\O(S,X) is the category of proper arc systems on (S, X), whose mor-
phisms are reversed inclusions.

In fact, an inclusion a < B of proper systems induces a morphism G[)’ —

Gq of nonsingular (S, X)-marked ribbon graphs.

A pseudo-inverse is constructed as follows. Let f : S — |G| be a nonsingular
(S, X)-marked ribbon graph and let |G| < |G| be the spine. The graph
f~Y(G]) decomposes S into a disjoint union of one-pointed discs. For each
edge e of |G|, let a. be the simple arc joining the points in the two discs
separated by e. Thus, we can associate the system of arcs {a. | e € E1(G)} to

(G, f) and this defines a pseudo-inverse R®,, (S, X) — §l\°(S, X).
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2.2.9 Metrized nonsingular ribbon graphs. A metric on a ribbon graph
G is amap ¢ : E1(G) — Ry. Given a simple closed curve v € C(S, X) and an
(S, X )-marked nonsingular ribbon graph f : S — |G|, there is a unique simple
closed curve 7 = |e;, | U+ -+ U le;, | contained inside |G| C |G| such that f=1(%)
is freely homotopic to 7.

If G is metrized, then we can define the length £() to be £(%) = £(e;,) +
-+ +L(e;, ). Consequently, the systol is given by inf{l(vy) |~ € C(S, X)}.

Given a proper weighted arc system w € |°(S, X)|r, supported on a €
2A°(S, X), we can endow the corresponding ribbon graph G with a metric ,
by simply setting ¢(c;) := w(a;). Thus, one can extend the correspondence to
proper weighted arc systems and metrized (S, X )-marked nonsingular ribbon
graphs. Moreover, the notions of length and systol agree with those given in
2.1.10.

Notice the similarity between Lemma 2.2 and Mumford-Mahler criterion
for compactness in Mg j,.

2.2.10 Category of enriched ribbon graphs. An isomorphism of en-
riched X-marked ribbon graphs G{" — G§" is the datum of compatible iso-
morphisms of their (reduced) graphs ¢ : (1 — (2 and of the ribbon graphs
G1 — Gg, such that ¢(V4 ) = Vo 4 and they respect the rest of the data.
Let G*" be an enriched X-marked ribbon graph and let e € E1(G,), where
v € V4. Assume that |Vi| > 1 or that |E1(G,)| > 1. We define G /e in the
following way.
(a) If eis the only edge of G,,, then we just turn v into an invisible component
and we define g(v) := ¢g(G,) and m(z;) = v for all z; € X that marked
a hole or a vertex of G,. In what follows, suppose that |E1(G,)| > 1.

(b) If [€]o and [€ o are distinct and not both special, then we obtain G* /e
from G*" by simply replacing G, by G, /e.

(c) If [€]o = [€]o is not special, then replace G, by G,/e. If {€} was a
hole marked by x;, then mark the new vertex of G, /e by x;. Otherwise,
add an edge to ¢ that joins the two new vertices of G, /e (which may or
may not split into two visible components).

(d) In case [€]o and [€]y are both special vertices (whether or not they are
distinct), add a new invisible component w of genus 0 to ¢, replace G,, by
Gy /e (if G, /e is disconnected, the vertex v splits) and join w to the new
vertices (one or two) of G, /e and to the old edges s, 1 ([€]o)Us; 1 ([ ]o).
Moreover, if { €} was a hole marked by z;, then mark w by x;.

Notice that G /e can be not reduced, so we may want to consider the reduced

—~

enriched graph G¢"/e associated to it. We define G — G°*/e to be an
elementary contraction.

X-marked enriched ribbon graphs form a (small) category R® x, whose
morphisms are compositions of isomorphisms and elementary contractions.



20 Gabriele Mondello

Call R&, x the full subcategory of J:i® x whose objects are ribbon graphs of
genus g.

Remark 2.9. Really, the automorphism group of an enriched ribbon graph

must be defined as the product of the automorphism group as defined above

by H Aut(v), where Aut(v) is the group of automorphisms of the generic
veV_

Riemann surface of type (g(v),n(v)) (where n(v) is the number of oriented

edges of ¢ outgoing from v and of marked points on v). Fortunately, Aut(v)

is almost always trivial, except if g(v) = n(v) = 1, when Aut(v) = Z/27Z.

2.2.11 Topological realization of enriched ribbon graphs. The topo-
logical realization of the enriched X-marked ribbon graph G¢" is the nodal
X-marked oriented surface |G®"| obtained as a quotient of

IT Gl | TT{ T Sw

veVy weV_

by a suitable equivalence relation, where S, is a compact oriented surface of
genus g(w) with marked points given by m ™! (w) and by the oriented edges of
¢ outgoing from w. The equivalence relation identifies couples of points (two
special vertices of G or a special vertex on a visible component and a point on
an invisible one) corresponding to the same edge of .

As in the nonsingular case, for each v € V. the positive component |G|
naturally contains an embedded spine |G,|. Notice that there is an obvious
correspondence between edges of ( and nodes of |G*"|.

Moreover, the elementary contraction G — G**/e to the non-reduced
G*" /e defines a unique homotopy class of maps |G**| — |G /e|, which may
shrink a circle inside a positive component of |G*"| to a singular point (only
in cases (c) and (d)), and which are homeomorphisms elsewhere.

If Gen /e is the reduced graph associated to G" /e, then we also have a map

|Ge" /e| — |G /e| that shrinks some circles inside the invisible components
to singular points and is a homeomorphism elsewhere.

G| G /el

~

1G*" /el

2.2.12 (S, X)-markings of G°". An (S, X)-marking of an enriched X-
marked ribbon graph G¢" is a map f : S — |G| compatible with X —
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E«(G) U Ey(G) such that f~!({nodes}) is a disjoint union of circles and f
is an orientation-preserving homeomorphism elsewhere, up to isotopy. The
subsurface Sy := f~1(|G|\ {special points}) is the wvisible subsurface.

An isomorphism of (S, X)-marked (reduced) enriched ribbon graphs is an
isomorphism G§" — G§" such that S ELN |G| — |GS"| is homotopic to
f2: 8 —|G§™.

Given (S, X)-markings f : S — |G| and [’ : S — |G*"/e| such that
st |G| — |G*"/e| is homotopic to S AN |Gen/e| — |G /e|, then we de-
fine (G, f) — (G°"/e, ') to be an elementary contraction of (S, X )-marked
enriched ribbon graphs.

Define R& (S, X)) to be the category whose objects are (equivalence classes
of) (S, X)-marked enriched ribbon graphs (G*”, f) and whose morphisms are
compositions of isomorphisms and elementary contractions.

Again, the mapping class group I'(.S, X) acts on R& (S, X) and the quotient
RG(S, X)/T (S, X) is equivalent to KRG, x.

2.2.13 Arcs/graph duality. Let a = {ap,...,ar} € 2°(S,X) be an arc
system and let 0g, 01,04 the corresponding operators on the set of oriented
arcs E(a).

Define V, to be the set of connected components of S(a)+ and V_ the set
of components of S(a)_. Let { be a graph whose vertices are V=V, U V_
and whose edges correspond to connected components of S\ (S(a)+US(a)-),
where an edge connects v and w (possibly v = w) if the associated component
bounds v and w.

Define g : V_ — N to be the genus function associated to the connected
components of S(a)_.

Call S, the subsurface associated to v € V and let S, be the quotient of
S, obtained by identifying each component of 35S, to a point. We denote by
an S, the system of arcs induced on S, by a.

As an S, quasi-fills SA’U, we can construct a dual ribbon graph G, and
a homeomorphism S, — |G,| by sending 9S, to nodal vertices of |G,| and
marked points on S, to centers or marked vertices of |Gy|. These homeomor-
phisms glue to give a map S — |G*"| that shrinks circles and cylinders in
S\ (S(a)+ U S(a)-) to nodes and is a homeomorphism elsewhere, which is
thus homotopic to a marking of |G"|.

We have obtain an enriched (S, X)-marked (reduced) ribbon graph Gg
dual to a.

Proposition 2.10. The above construction defines a T'(S, X)-equivariant equiv-
alence of categories

~

A(S, X) — RB(S, X)
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where QAl(S, X) is the category of arc systems on (S, X), whose morphisms are
reversed inclusions.

As before, an inclusion a <— 3 of systems of arcs induces a morphism

Ggl — Gg of (5, X)-marked enriched ribbon graphs.

To construct a pseudo-inverse, start with (G*", f) and call S, the surface

obtained from f~!(|G,|) by shrinking each boundary circle to a point. By
nonsingular duality, we can construct a system of arcs o, inside S, dual to
fo: Sy — |Gy|. As the arcs miss the vertices of f;1(|G,|) by construction, a,
can be lifted to S. The wanted arc system on S is & = {J,ey, @,
2.2.14 Metrized enriched ribbon graphs. A metric on G is a map
¢: E1(G) — R4. Given v € C(S,X) and an (S, X)-marking f : S — |G|,
we can define vy := v N S4. As in the nonsingular case, there is a unique
Y4 = lei, | U+~ Ule;, | inside |G| C |G| such that f~1(F4) ~ 4.

Hence, we can define £(y) := (1) = l(e;,) + -+ - + L(e;,, ). Clearly, £(y) =
i(y,w), where w is the weight function supported on the arc system dual
to (G*™, f). Thus, the arc/graph duality also establishes a correspondence
between weighted arc systems on (S, X') and metrized (S, X )-marked enriched
ribbon graphs.

3 Differential and algebro-geometric point of view

3.1 The Deligne-Mumford moduli space

3.1.1 The Teichmiiller space. Fix a compact oriented surface S of genus
g and a subset X = {x;,...,2,} C S such that 29 — 2+ n > 0.

A smooth family of (S, X)-marked Riemann surfaces is a commutative di-
agram

BxS—71  .¢

~__ |

B

where f is an oriented diffeomorphism, B x .S — B is the projection on the first
factor and the fibers C; of m are Riemann surfaces, whose complex structure
varies smoothly with b € B.

Two families (f1,71) and (f2,m2) over B are isomorphic if there exists a
continuous map h : C; — Cy such that

o hyofip: (S, X)— (Cop, hpof1(X)) is homotopic to fa for every b € B
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o hy: (Cipy f1p(X)) — (Cap, f2,5(X)) is biholomorphic for every b € B.
The functor 7 (5, X) : (manifolds) — (sets) defined by

B {smooth families of (.5, X)—marked} Jiso
Riemann surfaces over B
is represented by the Teichmiller space T (S, X).
It is a classical result that 7(S, X) is a complex-analytic manifold of (com-
plex) dimension 3g — 3 + n (Ahlfors [1], Bers [8] and Ahlfors-Bers [3]) and is
diffeomorphic to a ball (Teichmiiller [68]).

3.1.2 The moduli space of Riemann surfaces. A smooth family of X-
marked Riemann surfaces of genus ¢ is

e a submersion 7:C — B
e a smooth embedding s: X x B — C

such that the fibers Cp, are Riemann surfaces of genus g, whose complex struc-
ture varies smoothly in b € B, and s,, : B — C is a section for every z; € X.
Two families (71, s1) and (72, $2) over B are isomorphic if there exists a
diffeomorphism A : C; — Cs such that 7w o h = 71, the restriction of h to each
fiber hy : C1p — Cap is a biholomorphism and h o 51 = ss.
The existence of Riemann surfaces with nontrivial automorphisms (for g >
1) prevents the functor

M, x : (manifolds) (sets)

. Ismooth families of X-marked| /i,
B { Riemann surfaces over B } /10

from being representable. However, Riemann surfaces with 29 —2+4+n > 0
have finitely many automorphisms and so M, x is actually represented by
an orbifold, which is in fact 7(S, X)/T'(S, X) (in the orbifold sense). In the
algebraic category, we would rather say that M, x is a Deligne-Mumford stack
with quasi-projective coarse space. In any case, we will always refer to M, x
as the moduli space of X-marked Riemann surfaces of genus g.

3.1.3 Stable curves. Enumerative geometry is traditionally reduced to in-
tersection theory on suitable moduli spaces. In our case, M, x is not a com-
pact orbifold. To compactify it in an algebraically meaningful way, we need
to look at how algebraic families of complex projective curves can degenerate.
In particular, given a holomorphic family C* — A* of algebraic curves over
the punctured disc, we must understand how to complete the family over A.

Example 3.1. Consider the family C* = {(b, [z : y : 2]) € A* x CP?|y?2 =
x(x —bz)(z —22)} of curves of genus 1 with the marked point [2: 0 : 1] € CP?,
parametrized by b € A*. Notice that the projection C; — CP! given by



24 Gabriele Mondello

[z:y:z]— [x:2z] (where [0:1:0]— [1:0])isa2:1 cover, branched over
{0,b,2,00}. Fix a b € A* and consider a closed curve v C CP! that separates
{b,2} from {0, 0} and pick one of the two (simple closed) lifts 7 C Cs.

This 4 determines a nontrivial element of H1(C7). A quick analysis tells

us that the endomorphism T': Hy(C7) — H:(C;) induced by the monodromy

around a generator of 71(A*,b) is nontrivial. Thus, the family C* — A*
cannot be completed over A as smooth family (because it would have trivial
monodromy).

If we want to compactify our moduli space, we must allow our curves to
acquire some singularities. Thus, it makes no longer sense to ask them to be
submersions. Instead, we will require them to be flat.

Given an open subset 0 € B C C, a flat family of connected projective
curves C — B may typically look like (up to shrinking B)

e A X B — B around a smooth point of Cy

e {(z,y) € C?|2zy = 0} x B — B around a node of Cy that persists on
each Cp

o {(b,z,y) € B x C?|xy = b} — B around a node of Cy that does not
persist on the other curves C, with b # 0

in local analytic coordinates.

Notice that, in the above cases, the (arithmetic) genus of each fiber g, =
1 — 3[x(Cy) — 1] is constant in b, where v, is the number of nodes in Cs.

To prove that allowing nodal curves is enough to compactify M, x, one
must show that it is always possible to complete any family C* — A* to a
family over A. However, because nodal curves may have nontrivial automor-
phisms, we shall consider also the case in which 0 € A is an orbifold point.
Thus, it is sufficient to be able to complete not exactly the family C* — A*
but its pull-back under a suitable map A* — A* given by z — 2z*. This is
exactly the semi-stable reduction theorem.

One can observe that it is always possible to avoid producing genus 0
components with 1 or 2 nodes. Thus, we can consider only stable curves, that
is nodal projective (connected) curves such that all irreducible components
have finitely many automorphisms (equivalently, no irreducible component is
a sphere with less than three nodes/marked points).

The Deligne-Mumford compactification Mg x of Mg x is the moduli space
of X-marked stable curves of genus ¢, which is a compact orbifold (alge-
braically, a Deligne-Mumford stack with projective coarse moduli space).

Its underlying topological space is a projective variety of complex dimension
3g—3+n.
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3.2 The system of moduli spaces of curves

3.2.1 Boundary maps. Many facts suggest that one should not look sep-
arately at each of the moduli spaces of X-pointed genus g curves My x, but

one must consider the whole system (M, x)g,x. An evidence is given by the
existence of three families of maps that relate different moduli spaces.

(1) The forgetful map is a projective flat morphism
Tg - MmXu{q} — My x

that forgets the point ¢ and stabilizes the curve (i.e. contracts a possible
two-pointed sphere). This map can be identified to the universal family
and so is endowed with tautological sections

Do.(aia} * Ma.x = My x0(q)
for all z; € X.
(2) The boundary map corresponding to irreducible curves is the finite map
Wi : Mg—l,XU{m’,x”} - Mg,X

(defined for g > 0) that glues 2’ and z” together. It is generically 2 : 1
and its image sits in the boundary of M, x.

(3) The boundary maps corresponding to reducible curves are the finite maps
Vg1 My rugary X Mg reugery — Mg.x

(defined for every 0 < ¢’ < g and I C X such that the spaces involved
are nonempty) that take two curves and glue them together identifying
2’ and 2”. They are generically 1 — 1 (except in the case g = 2¢’ and
X = (), when the map is generically 2 : 1) and their images sit in the
boundary of M, x too.

Let 69 {x,,qy be the Cartier divisor in H%XU{Q} corresponding to the image of
the tautological section ¥y (4, q3 and call Dy := 3", 0o (4,,q}-

3.2.2 Stratification by topological type. We observe that ﬂg,x has a
natural stratification by topological type of the complex curve. In fact, we can
attach to every stable curve X its dual graph (s, whose vertices V' correspond to
irreducible components and whose edges correspond to nodes of 3. Moreover,
we can define a genus function g : V — N such that g(v) is the genus of the
normalization of the irreducible component corresponding to v and a marking
function m : X — V (determined by requiring that x; is marking a point on
the irreducible component corresponding to m(z;)). Equivalently, we will also
say that the vertex v € V is labelled by (g(v), X, := m~1(v)). Call Q, the
singular points of X,,.
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For every such labeled graph (, we can construct a boundary map

Ie [ Mo, xo00, — Myx

veV

which is a finite morphism.

3.3 Augmented Teichmiiller space

3.3.1 Bordifications of 7 (S, X). Fix a compact oriented surface S of
genus g and let X = {x;,...,2,} C S such that 29 — 2+ n > 0.

It is natural to look for natural bordifications of T(S,X): that is, we look
for a space 7 (S, X) D 7 (S, X) that contains 7 (S, X) as a dense subspace and
such that the action of the mapping class group I'(S, X) extends to 7 (S, X).

A remarkable example is given by Thurston’s compactification T (8,X) =
T(S, X)UPML(S, X), in which points at infinity are (isotopy classes of) pro-
jective measured laminations with compact support in S\ X. Thurston showed
that PML(S, X) is compact and homeomorphic to a sphere. As I'(S, X) is

infinite and discrete, this means that the quotient T (S, X)/T(S, X) cannot
be too good and so this does not sound like a convenient way to compactify
Mg x.

We will see in Section 4 that 7 (5, X) can be identified to |2°(.S, X)|. Thus,
another remarkable example will be given by |(S, X)|.

A natural question is how to define a bordification 7 (S, X) such that
T(S,X)/T(S,X) = M, x.

3.3.2 Deligne-Mumford augmentation. A (continuous) family of stable
(S, X)-marked curves is a commutative diagram

where B x S — B is the projection on the first factor and

e the family 7 is obtained as a pull-back of a flat stable family of X-marked
curves C' — B’ through a continuous map B — B’

e if N}, C Cp is the subset of nodes, then f~!(v) is a smooth loop in S x {b}
for every v € Ny

e for every b € B the restriction f, : S\ f~1(Ny) — Cb\ N, is an orientation-
preserving homeomorphism, compatible with the X-marking.

Isomorphisms of such families are defined in the obvious way.



Riemann surfaces, ribbon graphs and combinatorial classes 27

Example 3.2. Start with a flat family C’ — A such that C;, are all homeomor-
phic for b # 0. Then consider the path B = [0,e) C A and call C := (' xa B.
Over (0, ¢), the family C is topologically trivial, whereas Cy may contain some
new nodes.

Consider a marking S — C. /5 that pinches circles to nodes, is an oriented
homeomorphism elsewhere and is compatible with X. The homeomorphism
Sx(0,e) = Cey2x(0,€) — C extends over 0 to a map Sx [0,&) < Ble,C — C,
where Ble,C is the real-oriented blow-up of C along Cy. This is our wished
(S, X)-marking.

The Deligne-Mumford augmentation of T(S,X) is the topological space

77N (S, X) that classifies families of stable (S, X')-marked curves.

It follows easily that TDM(S, X)/T(S,X) = M, x as topological spaces.

However, TDM(S, X) — M, x has infinite ramification at 9PM T (S, X), due
to the Dehn twists around the pinched loops.

3.3.3 Hyperbolic length functions. Let [f : S — X] be a point of 7 (S, X).
As x(S\X) =2—-2g—n < 0, the uniformization theorem provides a universal
cover H — ¥\ f(X), which endows ¥\ f(X) with a hyperbolic metric of finite
volume, with cusps at f(X).

In fact, we can interpret 7 (S, X) as the classifying space of (S, X )-marked
families of hyperbolic surfaces. It is clear that continuous variation of the
complex structure corresponds to continuous variation of the hyperbolic metric
(uniformly on the compact subsets, for instance), and so to continuity of the
holonomy map H : w1 (S \ X) x 7(5,X) — PSLy(R).

In particular, for every v € w1 (S \ X) the function £, : 7(S, X) — R that
associates to [f : S — X] the length of the unique geodesic in the free homotopy
class f.v is continuous. As cosh(¢,/2) = |Tr(H,/2)|, one can check that H
can be reconstructed from sufficiently (but finitely) many length functions. So
that the continuity of these is equivalent to the continuity of the family.

3.3.4 Fenchel-Nielsen coordinates. Let v = {v1,...,vn} be a maximal
system of disjoint simple closed curves of S\ X (and so N = 3g — 34 n) such
that no ~; is contractible in S\ X or homotopic to a puncture and no couple
vi,y; bounds a cylinder contained in S\ X.

The system ~ induces a pair of pants decomposition of S, that is S\ (y1 U
e Ugn) = PUPRU---U Py o4y, and each P; is a pair of pants (i.e. a
surface of genus 0 with x(P;) = —1).

Given [f : S — X] € T(S,X), we have lengths (;(f) = £,(f) for ¢ =
1,..., N, which determine the hyperbolic type of all pants Pi,..., Pag_otp.
The information about how the pants are glued together is encoded in the twist
parameters T; = 7, € R, which are well-defined up to some choices. What is
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important is that, whatever choices we make, the difference 7;(f1) — 7;(f2) is
the same and it is well-defined.

The Fenchel-Nielsen coordinates (&77'1')1']\;1 exhibit a real-analytic diffeo-
morphism 7(S, X) — (R4 x R)" (which clearly depends on the choice of
v)-

3.3.5 Fenchel-Nielsen coordinates around nodal curves. Points of 9P?M7 (S, X)
are (S, X )-marked stable curves or, equivalently (using the uniformization the-

orem componentwise), (S, X )-marked hyperbolic surfaces with nodes, i.e. ho-

motopy classes of maps f : .S — 3, where X is a hyperbolic surface with nodes

Vl,..., Uk, the fiber f=!(v;) is a simple closed curve v; and f is an oriented
diffeomorphism outside the nodes.

Complete {v1,...,7} to a maximal set « of simple closed curves in (S, X)
and consider the associated Fenchel-Nielsen coordinates (¢;,7;) on 7(S, X).
As we approach the point [f], the holonomies H.,,, ..., H,, tend to parabolics
and so the lengths ¢1,..., ¢, tend to zero. In fact, the hyperbolic metric on
the surface ¥ has a pair of cusps at each node v;.

This shows that the lengths functions /¢y, ..., ¢; continuously extend to
zero at [f]. On the other hand, the twist parameters 71 (f), ..., 7% (f) make no
longer sense.

If we look at what happens on ﬂ% x, we may notice that the couples
((j,Tj)?zl behave like polar coordinate around [X], so that it seems natural
to set ¥y, = 20Ty, /Ly, for all m = 1,..., N and define consequently a map
Fry (R?)N — M, x, that associates to (¢1,91,...,n,9y) the surface with
Fenchel-Nielsen coordinates by T, = L0 /27). Notice that the map is well-
defined, because a twist along «y; by ¢; is a diffeomorphism of the surface (a
Dehn twist).

The map F+ is an orbifold cover Fx : RV — Fx (R?N) € M, x and its
image contains [¥]. Varying -, we can cover the whole M, x and thus give it
a Fenchel-Nielsen smooth structure.

The bad news, analyzed by Wolpert [75], is that the Fenchel-Nielsen smooth
structure is different (at OM, x) from the Deligne-Mumford one. In fact, if
a boundary divisor is locally described by {z1 = 0}, then the length ¢, of the
corresponding vanishing geodesic is related to z1 by |21| ~ exp(—1/¢,), which
shows that the identity map Hfﬁ — Hié\? is Lipschitz, but its inverse it
not Holder-continuous.

3.3.6 Weil-Petersson metric. Let 3 be a Riemann surface of genus g with
marked points X < ¥ such that 29—2+n > 0. First-order deformations of the
complex structure can be rephrased in terms of & operator as d + eud + o(e),
where the Beltrami differential p € Q% (Tx(—X)) can be locally written as
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d
u(z)d—z with respect to some holomorphic coordinate z on ¥ and pu(z) vanishes
z
at X. 9
Given a smooth vector field V' = V(z)a— on X that vanishes at X, the
z

deformations induced by p and j+0V differ only by an isotopy of ¥ generated
by V (which fixes X).

Thus, the tangent space Ty Mg x can be identified to H* (X, Ty (—X)).
As a consequence, the cotangent space T[*E]./\/l ¢,x identifies to the space Q(X, X)
of integrable holomorphic quadratic differentials on ¥\ X, that is, which are
allowed to have a simple pole at each z; € X. The duality between Tis M, x
and T[*E]Mg, x is given by

HOY S, Ts(—X)) x HO (X, K&*(X)) —————C

(1) /Z 11p

If ¥\ X is given the hyperbolic metric A, then elements in H%! (3, T (—X))
can be identified to the space of harmonic Beltrami differentials H(X, X ) =
[®/M | € Q. X)}.

The Weil-Petersson Hermitean metric h = g + iw (defined by Weil [70]
using Petersson’s pairing of modular forms) is

) = [

for p,v € H(X,X) = Txs M, x.

This metric has a lot of properties: it is Kahler (Weil [70] and Ahlfors
[2]) and it is mildly divergent at M, x, so that the Weil-Petersson distance
extends to a non-degenerate distance on M, x and all points of M, x are
at finite distance (Masur [48], Wolpert [72]).

Because ﬂ% x is compact and so WP-complete, the lifting of the Weil-
Petersson metric to 7 (S, X) is also complete. Thus, 7 (S, X) can be seen as
the Weil-Petersson completion of T (S, X).

3.3.7 Weil-Petersson form. We should emphasize that the Weil-Petersson
symplectic form wy p depends more directly on the hyperbolic metric on the
surface than on its holomorphic structure.

In particular, Wolpert [74] has shown that

wwp = Zd& A dT;

on 7(S,X), where (¢;, ;) are Fenchel-Nielsen coordinates associated to any
pair of pants decomposition of (5, X).
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On the other hand, if we identify 7 (S, X') with an open subset of Hom (7 (S'\
X),SLa(R))/SL2(R), then points of 7 (S, X) are associated g-local systems p
on S\ X (with parabolic holonomies at X and hyperbolic holonomies other-
wise), where g = sl3(R) is endowed with the symmetric bilinear form (a, §) =
Tr(af).

Goldman [23] has proved that, in this description, the tangent space to
T(S,X) at p is naturally H'(S, X;g) and that wyp is given by w(u,v) =
Tr(p — v) N[S].

Remark 3.3. Another description of w in terms of shear coordinates and
Thurston’s symplectic form on measured laminations is given by Bonahon-
Soézen [65].

One can feel that the complex structure J on 7 (S, X) inevitably shows
up whenever we deal with the Weil-Petersson metric, as g(-,) = w(-,J+).
On the other hand, the knowledge of w is sufficient to compute volumes and
characteristic classes.

3.4 Tautological classes

3.4.1 Relative dualizing sheaf. All the maps between moduli spaces we
have defined are in some sense tautological as they are very naturally con-
structed and they reflect intrinsic relations among the various moduli spaces.
It is evident that one can look at these as classifying maps to the Deligne-
Mumford stack M, x (which obviously descend to maps between coarse mod-
uli spaces). Hence, we can consider all the cycles obtained by pushing forward
or pulling back via these maps as being “tautologically” defined.

Moreover, there is an ingredient we have not considered yet: it is the relative
dualizing sheaf of the universal family 7, : My — Mg x. One expects
that it carries many informations and that it can produce many classes of
interest.

The relative dualizing sheaf w, is the sheaf on ﬂ% xu{q}, Whose local
sections are (algebraically varying) Abelian differentials that are allowed to
have simple poles at the nodes, provided the two residues at each node are
opposite. The local sections of wy (Dg) (the logarithmic variant of wr,) are
sections of wr, that may have simple poles at the X-marked points.

3.4.2 MMMAC classes. The Miller classes are

Ve, = c1(L;) € CH (Mg x)g
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where L; := 9 (2i.q
by Arbarello-Cornalba) are

Kj = (Wq)*(d’é—’_l) € CHj(Hg,X)Q-

@, and the Mumford-Morita classes (suitably modified

One could moreover define the I-th Hodge bundle as E; := (ﬂq)*(wffql) and con-

sider the Chern classes of these bundles (for example, the A classes A; := ¢;(Eq)).
However, using Grothendieck-Riemann-Roch, Mumford [57] and Bini [10] proved
that ¢;(E;) can be expressed as a linear combination of Mumford-Morita classes
up to elements in the boundary, so that they do not introduce anything really
new.

When there is no risk of ambiguity, we will denote in the same way the
classes ¥ and k belonging to different mg, x’s as it is now traditional.

Remark 3.4. Wolpert has proven [73] that, on M, we have k1 = [wy p]/7?
and that the amplitude of , € A'(M,) (and so the projectivity of M,) can
be recovered from the fact that [ww p/7?] is an integral Kéhler class [76]. He
also showed that the cohomological identity [wyw p/m?] = k1 = (74)«¥7 admits
a clean pointwise interpretation [77].

3.4.3 Tautological rings. Because of the natural definition of x and
classes, as explained before, the subring R*(M, x) of CH* (M, x)g they gen-
erate is called the tautological ring of Mgy x. Its image RH*(Mg x) through
the cycle class map is called cohomology tautological ring.

From an axiomatic point of view, the system of tautological rings (R* (M, x))
is the minimal system of subrings of (CH*(M,, x)) is the minimal system of
subrings such that

e every R*(M, x) contains the fundamental class [M, x]

o the system is closed under push-forward maps 7., (Yirr)« and (Yg 1)«

R*(M, x) is defined to be the image of the restriction map R*(Mgy x) —
CH*(M, x). The definition for the rational cohomology is analogous (where
the role of [M,, x] is here played by its Poincaré dual 1 € H*(M, x;Q)).

It is a simple fact to remark that all tautological rings contain v and
classes and in fact that R*(M, x) is generated by them. Really, this was the
original definition of R*(M, x).

3.4.4 Faber’s formula. The ¢ classes interact reasonably well with the for-
getful maps. In fact

(mq)s (gt - = Y kT
{i|r; >0}

(mq)e (W5 - i bty =t - ks,
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where the first one is the so-called string equation and the second one for b = 0
is the dilaton equation (see [71]). They have been generalized by Faber for
maps that forget more than one point: Faber’s formula (which we are going
to describe below) can be proven using the second equation above and the
relation 7} (k;) = k; — ) (proven in [@ B

Let Q :={q1,...,qm} and let mg : My xug — My, x be the forgetful map.
Then

(mQ)w (Wit gttt g ) =t Ky,

where Kp,...p,, = Zaeeim Ki() and Ky(,) is defined in the following way. If v =
1

j=1
position in disjoint cycles (including 1-cycles), then we let ky(oy == [Ti_; Kp(y)-
We refer to [36] for more details on Faber’s formula, to [5] and [6] for more
properties of tautological classes and to [19] (and [55]) for a conjectural de-

scription (which is now partially proven) of the tautological rings.

m

(c1,...,¢) is a cycle, then set b(7y) := . _; be;. If 0 =71 ---7, is the decom-

3.5 Kontsevich’s compactification

3.5.1 The line bundle L. It has been observed by Witten [71] that the
intersection theory of x and v classes can be reduced to that of ¢ classes
only by using the push-pull formula with respect to the forgetful morphisms.
Moreover recall that

Yo, = C1 (wﬂ':c,i (DT7))

on M, y, where D,, = > j#i 00, {x;2;3 (as shown in [71]). So, in order to
find a “minimal” projective compactification of M, x where to compute the
intersection numbers of the v classes, it is natural to look at the maps induced
by the linear system L := > wr, (Ds,). It is well-known that L is nef and
big (Arakelov [4] and Mumford [57]), so that the problem is to decide whether
LL is semi-ample and to determine its exceptional locus Ez(L®) for d >> 0.

It is easy to see that L®? pulls back to the trivial line bundle via the
boundary map My (.1 x {C} — M, x, where C' is a fixed curve of genus
g — ¢ with a X U {2 }-marking and the map glues o’ with 2. Hence the
map induced by the linear system L&? (if base-point-free) should restrict to
the projection ﬂg,{wl} X mgfg’,XU{a:”} — Mgfg’,xu{w”} on these boundary
components.

Whereas L is semi-ample in characteristic p > 0, it is not so in characteristic
0 (Keel [37]). However, one can still topologically contract the exceptional
(with respect to L) curves to obtain Kontsevich’s map

— —K
/
§iMgx — M,
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which is a proper continuous surjection of orbispaces. A consequence of Keel’s
result is that the coarse M;fp cannot be given a scheme structure such that
the contraction map is a morphism. This is in some sense unexpected, because
the morphism behaves as if it were algebraic: in particular, the fiber product
M, x Xk M, x is projective.

g9,Xx

—K . . .
Remark 3.5. M y can be given the structure of a stratified orbispace, where
the stratification is again by topological type of the generic curve in the fiber

of £’. Also, the stabilizer of a point s in ﬂgyx will be the same as the stabilizer
of the generic point in (£/)71(s).

3.5.2 Visibly equivalent curves. So now we leave the realm of algebraic
geometry and proceed topologically to construct and describe this different
compactification. In fact we introduce a slight modification of Kontsevich’s
construction (see [41]). We realize it as a quotient of M, x x Ax by an
equivalence relation, where Ax is the standard simplex in R¥.

If (3,p) is an element of M, x x Ax, then we say that an irreducible
component of ¥ (and so the associated vertex of the dual graph (x) is visible
with respect to p if it contains a point x; € X such that p; > 0.

Next, we declare that (X, p) is equivalent to (X', p’) if p = p’ and there is
a homeomorphism of pointed surfaces ¥ — 3/, which is biholomorphic on
the visible components of ¥. As this relation would not give back a Hausdorff
space we consider its closure, which we are now going to describe.

Consider the following two moves on the dual graph (x:

(1) if two invisible vertices w and w’ are joined by an edge e, then we can
build a new graph discarding e, merging w and w’ along e, thus obtaining
a new vertex w”, which we label with (g, X ) = (guw+ gy Xew UX )

(2) if an invisible vertex w has a loop e, we can make a new graph discarding

e and relabeling w with (g, + 1, Xu).
Applying these moves to (s iteratively until the process ends, we end up with
a reduced dual graph ng Call V_(%,p) the subset of invisible vertices and

red

V4 (2, p) the subset of visible vertices of (g%

For every couple (3, p) denote by > the quotient of 3 obtained collapsing
every invisible component to a point.

We say that (X, p) and (¥',p’) are visibly equivalent if p = p’ and there exist
a homeomorphism ¥ —— EI, whose restriction to each component is analytic,
and a compatible isomorphism f"* : ¢§¢d = (55, of reduced dual graphs.
Remark 3.6. In other words, (X, p), (¥',p’) are visibly equivalent if and only
if: p = p’ and there exists a third stable X" and maps h : ¥” — ¥ and
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h' : X" — ¥/ such that h, h' are biholomorphic on the visible components and
are a stable marking on the invisible components of (X", p) (that is, they may
shrink some disjoint simple closed curves to nodes and are homeomorphisms
elsewhere).

Finally call
N — A N
5 : Mg’X X AX — Mg,X = ngx X Ax/w

the quotient map and remark that Hﬁx is compact and that ¢ commutes
with the projection onto Ax.

Similarly, one can say that two (S, X)-marked stable surfaces ([f : S —
Y],p) and ([f': S — ¥'],p’) are visibly equivalent if there exists a third stable
(S, X)-marked surface [f” : S — ¥"] and maps h : ¥/ — ¥ and b/ : ©" — ¥’
such that ho f" ~ f, b o f” ~ f" and (¥,p),(¥',p') are visibly equivalent
through h, h’' (see the remark above). Consequently, we can define TA(S, X)
as the quotient of 7 (S, X) x Ax obtained by identifying visibly equivalent
(S, X)-marked surfaces.

For every p in Ay, we will denote by Hﬁx (p) the subset of points of
—A
the type [¥,p]. Then it is clear that M, y(A%) is in fact homeomorphic to
—A —A
a product M, y(p) x A% for any given p € A%. Observe that M (p) is

. . -—K .
isomorphic to M x for all p € A% in such a way that

J— J— —A
52 : Mg,X = Mg7X X {B} — Mg,X(B)

identifies to &'
Notice, by the way, that the fibers of £ are isomorphic to moduli spaces.
. . . —A
More precisely consider a point [¥,p] of M, . For every w € V_(3,p), call
@, the subset of edges of ng outgoing from w. Then we have the natural
isomorphism -

5_1([27]9]) = H M.‘wax’wUQw

weV_(%,p)

according to the fact that M, y x M, x is projective.

—K
M
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4 Cell decompositions of the moduli space of curves

4.1 Harer-Mumford-Thurston construction

One traditional way to associate a weighted arc system to a Riemann surface
endowed with weights at its marked points is to look at critical trajectories of
Jenkins-Strebel quadratic differentials. Equivalently, to decompose the punc-
tured surface into a union of semi-infinite flat cylinders with lengths assigned
to their circumference.

4.1.1 Quadratic differentials. Let X be a compact Riemann surface and
let ¢ be a meromorphic quadratic differential, that is ¢ = ¢(z)dz? where z
is a local holomorphic coordinate and ¢(z) is a meromorphic function. Being
a quadratic differential means that, if w = w(z) is another local coordinate,

then ¢ = 4=\
en ¢ = p(w) <dw> w=.

Regular points of 3 for ¢ are points where ¢ has neither a zero nor a pole;
critical points are zeroes or poles of .

We can attach a metric to ¢, by simply setting || := \/ﬁ In coordinates,
|| = |p(z)|dz dZ. The metric is well-defined and flat at the regular points and
it has conical singularities (with angle o = (k + 2)) at simple poles (k = —1)
and at zeroes of order k. Poles of order 2 or higher are at infinite distance.

If P is a regular point, we can pick a local holomorphic coordinate z at
P €U C ¥ such that 2(P) = 0 and ¢ = d2? on U. The choice of z is unique
up sign. Thus, {Q € U |2(Q) € R} defines a real-analytic curve through P on
Y, which is called a horizontal trajectory of ¢. Similarly, {Q € U |2(Q) € iR}
defines the wvertical trajectory of ¢ through P.

Horizontal (resp. vertical) trajectories 7 are intrinsically defined by asking
that the restriction of ¢ to 7 is a positive-definite (resp. negative-definite)
symmetric bilinear form on the tangent bundle of 7.

If ¢ has at worst double poles, then the local aspect of horizontal trajecto-
ries is as in Figure 6 (horizontal trajectories through ¢ are drawn thicker).
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q q q
f(z) = dz? f(z) = 2dz? f(z)=2%dz?
a>0
q . q
dz? dz? dz?
I(z) =" I&)=-aTy  fe)=aTg

Figure 6. Local structure of horizontal trajectories.

Trajectories are called critical if they meet a critical point. It follows from
the general classification (see [67]) that

e a trajectory is closed if and only if it is either periodic or it starts and
ends at a critical point;

e if a horizontal trajectory 7 is periodic, then there exists a maximal open
annular domain A C ¥ and a number ¢ > 0 such that

(A7¢’A) - ({z eClr<lz < R},—Ci—f)

and, under this identification, 7 = {z € C|h = |z|} for some h € (r, R);

e if all horizontal trajectories are closed of finite length, then ¢ has at

worst double poles and there it has negative quadratic residue (i.e. at a
2

d
double pole, ¢ looks like —az%, with a > 0).

4.1.2 Jenkins-Strebel differentials. There are many theorems about ex-
istence and uniqueness of quadratic differentials ¢ with specific behaviors of
their trajectories and about their characterization using extremal properties
of the associated metric |¢| (see Jenkins [35]). The following result is the one
we are interested in.
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Theorem 4.1 (Strebel [66]). Let & be a compact Riemann surface of genus g
and X ={x1,...,2,} C X such that 2g —2+n > 0. For every (p1,...,pn) €
]Rf there exists a unique quadratic differential @ such that

(a) @ is holomorphic on ¥\ X

(b) all horizontal trajectories of ¢ are closed

N2
(c) it has a double pole at x; with quadratic residue — (5—1)
71'

(d) the only annular domains of ¢ are pointed discs at the x;’s.

Moreover, ¢ depends continuously on % and on p = (p1,...,pn).

Lo

Figure 7. Example of horizontal foliation of a Jenkins-Strebel differential.

Remark 4.2. Notice that the previous result establishes the existence of a
continuous map

RY — {continuous sections of Q(3,2X) — 7 (S, X)}

where Q(S,2X) is the vector bundle whose fiber over [f : S — X] is the space
of quadratic differentials on X, which can have double poles at X and are
holomorphic elsewhere. Hubbard and Masur [30] proved (in a slightly different
case, though) that the sections of Q(S,2.X) are piecewise real-analytic and gave
precise equations for their image.

Quadratic differentials that satisfy (a) and (b) are called Jenkins-Strebel
differentials. They are particularly easy to understand because their critical
trajectories form a graph G = Gy, embedded inside the surface ¥ and G
decomposes ¥ into a union of cylinders (with respect to the flat metric |¢|),
whose circumferences are horizontal trajectories.

Property (d) is telling us that X2\ X retracts by deformation onto G, flowing
along the vertical trajectories out of X.
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Remark 4.3. It can be easily seen that Theorem 4.1 still holds for p1, ..., p, >
0 but p # 0. Condition (d) can be rephrased by saying that every annular
domain corresponds to some z; for which p; > 0, and that z; € Gifp; =0.
It is still true that ¥\ X retracts by deformation onto G.

We sketch the traditional existence proof of Theorem 4.1.

Definition 4.4. The modulus of a standard annulus A(r,R) = {z € C|r <
1

|z| < R} is m(A(r,R)) = Dy log(R/r) and the modulus of an annulus A is
™

defined to be that of a standard annulus biholomorphic to A. Consider a simply

connected domain 0 € U C C and let z be a holomorphic coordinate at 0. The

reduced modulus of the annulus U* = U \ {0} is m(U*, z) = m(U* N {|z| >

£}) + 5= log(e), which is independent of the choice of a sufficiently small € > 0.

Notice that the extremal length E, of a circumference v inside A(r, R) is
exactly 1/m(A(r, R)).

Existence of Jenkins-Strebel differential. Fix holomorphic coordinates z1, ..., 2,
at r1,...,x,. A system of annuli is a holomorphic injection s : A x X — X
such that s(0,z;) = x;, where A is the unit disc in C. Call m;(s) the reduced
modulus m(s(A x {x;}), z;) and define the functional

F: {systems of annuli} R
St Zp?mi(s)
i=1

which is bounded above, because ¥\ X is hyperbolic. A maximizing sequence
sn, converges (up to extracting a subsequence) to a system of annuli s.,. Let
D; = 500(A x {z;}). Notice that the restriction of so to A x {z;} is injective
if p; > 0 and is constantly x; if p; = 0.

Clearly, soo is maximizing for every choice of z1,...,z, and so we can
assume that, whenever p; > 0, z; is the coordinate induced by $o.
2 d 2
pi az

Define the L}, -quadratic differential ¢ on ¥\ X as ¢ := on

C4m? 2
D; (if p; > 0) and ¢ = 0 elsewhere. Notice that F(So) = ||¢||red, where the
reduced norm is given by

el / ol p duds (lzi| <ei) +§n o ()
= —_ _— A . — lo .
Pllred . ¥ = 472 |Zz|2 X\[zi i vt o gl&i

which is independent of the choice of sufficiently small 1, ...,¢, > 0.
As s is a stationary point for F, so is for || - ||peq. Thus, for every smooth
vector field V' = V(2)9/0z on ¥, compactly supported on ¥\ X, the first-order
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variation of
£ (@lrea = ll@llrea + 2t/SRe(<P5V) +o(t)

must vanish, where f; = exp(tV'). Thus, ¢ is holomorphic on ¥\ X by Weyl’s
lemma and it satisfies all the requirements. [l

4.1.3 The nonsingular case. Using the construction described above, we
can attach to every (3, X,p) a graph Gy, C ¥ (and thus an (S, X)-marked
ribbon graph Gsy; ) which is naturally metrized by |¢|. By arc/graph duality
(in the nonsingular case, see 2.2.8), we also have a weighted proper system
of arcs in ¥. Notice that, because of (¢), the boundary weights are exactly
P13 Pn-

If [f : S — X is a point in 7(S, X) and p € (RZ;) \ {0}, then the pre-
vious construction (which is explicitly mentioned by Harer in [27], where he
attributes it to Mumford and Thurston) provides a point in |°(S, X)| x R.
It is however clear that, if a > 0, then the Strebel differential associated to
(3,ap) is ap. Thus, we can just consider p € P(RZ,) = Ax, so that the
corresponding weighted arc system belongs to |2°(S, X)| (after multiplying by
a factor 2).

Because of the continuous dependence of ¢ on X and p, the map

\I’JS : T(S,X) X AX E— |Q[O(S,X)|

is continuous.

We now show that a point w € |A°(S, X)| determines exactly one (S, X)-
marked surface, which proves that W ;g is bijective.

By 2.2.9, we can associate a metrized (S, X )-marked nonsingular ribbon
graph Gq to each w € [A°(S, X)|r supported on ae. However, if we realize |G|
by gluing semi-infinite tiles T of the type [0, w(c)], x [0,00), C C,, which
naturally come together with a complex structure and a quadratic differential
dz?, then |Gq| becomes a Riemann surface endowed with the (unique) Jenkins-
Strebel quadratic differential ¢ determined by Theorem 4.1. Thus, ¥ &(w) =
(If + S — |Gal],p), where p; is obtained from the quadratic residue of ¢ at
x;. Moreover, the length function defined on |A°(S, X)|r exactly corresponds
to the |p|-length function on 7(5, X) x Ax x Ry.

Notice that ¥ ;g is T'(S, X )-equivariant by construction and so induces a
continuous bijection ¥ 5 : M, x x Ax — [A°(S, X)|/T(S, X) on the quotient.
If we prove that U ;g is proper, then W ;g is a homeomorphism. To conclude
that W ;g5 is a homeomorphism too, we will use the following.

Lemma 4.5. Let Y and Z be metric spaces acted on discontinuously by a
discrete group of isometries G and leth : Y — Z be a G-equivariant continuous
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injection such that the induced map h : Y/G — Z/G is a homeomorphism.
Then h is a homeomorphism.

Proof. To show that h is surjective, let z € Z. Because h is bijective, I[y] €
Y/G such that h([y]) = [z]. Hence, h(y) = z - g for some g € G and so
hy-g7") = z.

To prove that h~! is continuous, let (y,,) C Y be a sequence such that
h(ym) — h(y) as m — oo for some y € Y. Clearly, [h(ym)] — [h(y)] in Z/G
and so [y,,] — [y] in Y/G, because h is a homeomorphism. Let (v,,) C Y be a
sequence such that [vy,] = [ym] and v, — y and call g,, € G the element such
that y,, = vy, - gm- By continuity of h, we have dz(h(v.,), h(y)) — 0 and by
hypothesis dz (h(vp) © gm, h(y)) — 0. Hence, dz(h(y),h(y) - gm) — 0 and so
gm € stab(h(y)) = stab(y) for large m, because G acts discontinuously on Z.
As a consequence, ¥,, — y and so h~! is continuous. [l

The final step is the following.
Lemma 4.6. ¥ ;5 : M, x x Ax — |A°(S, X)|/T'(S, X) is proper.

Proof. Let ([Em],]_)m) be a diverging sequence in M, x X Ax and call A, the
hyperbolic metric on ¥\ X. By the Mumford-Mahler criterion, there exist
simple closed hyperbolic geodesics 7, C X, such that £y, (7m,) — 0. Because
the hyperbolic length and the extremal length are approximately proportional
for short curves, we conclude that the extremal length E(v,,) — 0.

Consider now the metric |¢,,| induced by the Jenkins-Strebel differential
¢m uniquely determined by (X,,p ). Call £,(vm) the length of the unique
geodesic 7, with respect to the metric |¢,,|, freely homotopic to v, C X,.
Notice that 7,, is a union of critical horizontal trajectories.

Because |¢,,| has infinite area, define a modified metric g, on ¥,, in the
same conformal class as |p,,| as follows.

e g, agrees with |p,,| on the critical horizontal trajectories of ¢y,

e Whenever p; ,, > 0, consider a coordinate z at x; such that the annular
domain of ¢, at z; is exactly A* = {z € C|0 < |z| < 1} and ¢, =
p?mclz2
4222 "
|z| <1 (which becomes isometric to a cylinder of circumference p; ., and
height 1, so with area p;.,) and to be the metric of a flat Euclidean
disc of circumference p; ., centered at z = 0 (so with area ﬂ'p?’m) on
|2| < exp(=27/pim)-

Notice that the total area A(g,) is w(p? ,,, 4+ -+ P35 ) + (Prm+- -+ Pnm) <

T+ 1. /
Call £4(vm) the length of the shortest g,,-geodesic 4, in the class of v,,.
By definition, £,(vm)?/A(gm) < E(ym) — 0 and so £,(ym) — 0. As a gp,-

Then define g, to agree with |p,,| on exp(—27/p;m) <
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geodesic is either longer than 1 or contained in the critical graph of ¢, then
Am coincides with 4, for m > 0.

Hence, £y,(vm) — 0 and so sys(W,,) — 0. By Lemma 2.2, we conclude that
TJS(Em,]_)m) diverges in |2°(S, X)|/T'(S, X). O

Remark 4.7. Suppose that ([fm : S — En],p ) converges to ([f : S —
¥],p) € Ty.x x Ax and let ¥/ C ¥ be an invisible component, that is a com-
ponent of ¥ with no positively weighted marked points. Then, S’ = f=1(X')
is bounded by simple closed curves vi,...,7 C S and £fx,, (7)) — 0 for
i =1,...,k. Just analyzing the shape of the critical graph of ¢,,, one can
check that £, (v) < Zle Ly, (vi) for all v € S’ Hence, -, (y) — 0 uni-
formly in v, and so f} ¢ tends to zero uniformly on the compact subsets of

(57)°.

4.1.4 The case of stable curves. We want to extend the map V¥ ;g to
Deligne-Mumford’s augmentation and, by abuse of notation, we will still call
Us:7T(S,X) x Ax — [2(S, X)| this extension.

Given ([f : S — X],p), we can construct a Jenkins-Strebel differential ¢
on each visible component of 3, by considering nodes as marked points with
zero weight. Extend ¢ to zero over the invisible components. Clearly, ¢ is a
holomorphic section of w%Q(QX ) (the square of the logarithmic dualizing sheaf
on X): call it the Jenkins-Strebel differential associated to (3,p). Notice that
it clearly maximizes the functional F', used in the proof of Theorem 4.1.

As ¢ defines a metrized ribbon graph for each visible component of X,
one can easily see that thus we have an (S, X )-marked enriched ribbon graph
G (see 2.2.4), where ( is the dual graph of 3 and V, is the set of visible
components of (3, p), m is determined by the X-marking and s by the position
of the nodes. -

By arc/graph duality (see 2.2.13), we obtain a system of arcs a in (.S, X)
and the metrics provide a system of weights w with support on a.. This defines
the set-theoretic extension of W ;g. Clearly, it is still I'(.S, X )-equivariant and
it identifies visibly equivalent (S, X )-marked surfaces. Thus, it descends to a

bijection ¥ g : 7A(S,X) — [(S, X)| and we also have
N
Vs Mg,X - |Ql(SaX)|/P(SvX)

where |(S, X)|/T'(S, X) can be naturally given the structure of an orbispace
(essentially, forgetting the Dehn twists along curves of S that are shrunk to
points, so that the stabilizer of an arc system just becomes the automorphism
group of the corresponding enriched X-marked ribbon graph).

The only thing left to prove is that ¥ ;g is continuous. In fact, ﬂi x is
compact and |(S, X)|/T'(S, X) is Hausdorff: hence, ¥ ;5 would be (continuous
and) automatically proper, and so a homeomorphism. Using Lemma 4.5 again
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(using a metric pulled back from Hﬁx), we could conclude that ¥ ;g is a
homeomorphism too.

Continuity of ¥ ;5. Consider a differentiable stable family

Sx[0,e] —~¢

Lk

[0,¢]

of (S, X)-marked curves (that is, obtained restricting to [0,¢] a smooth family
over the unit disc A), such that g is topologically trivial over (0,¢] with fiber
a curve with k£ nodes. Let also p : [0,e] — Ax be a differentiable family of
weights. B

We can assume that there are disjoint simple closed curves vy, ..., Y&, 01, .,Mn C
S such that f(vy; x {t}) is a node for all ¢, that f(n; x {t}) is a node for t =0
and that C; is smooth away from these nodes.

Fix a nonempty open relatively compact subset K of S\ (y1 U-+-U~i U
N1 U---Umnp) that intersects every connected component. Define a reduced L!
norm of a section ¢, of w§2(2X) to be ||¢|lrea = fft(K) ||. Notice that L
convergence of holomorphic sections ¢, as t — 0 implies uniform convergence
of f1; on the compact subsets of S\ (y1 U - Uy Unm U---Unp).

Call ¢; the Jenkins-Strebel differential associated to (C¢,p,) with annular
domains D1y, ..., Dy .

As all the components of C; are hyperbolic, ||¢¢||req is uniformly bounded
and we can assume (up to extracting a subsequence) that ¢; converges to a
holomorphic section ¢f, of ng(QX ) in the reduced norm. Clearly, ¢, will have
double poles at z; with prescribed residue.

Remark 4.7 implies that [, vanishes on the invisible components of Co,
whereas it certainly does not on the visible ones.

For all those (i,t) € {1,...,n} x [0,¢] such that p,; > 0, let z;; be the

1

coordinate at x; (uniquely defined up to phase) given by z ; = u;, and
"Dy

Uit A— 31'7,5 c G

is continuous on A and biholomorphic in the interior for all t > 0 and ¢,

it
) 2/f for t > 0. Whenever p; ; = 0, choose z; ; such that ¢ = zF dz2?,
a Zz',t it
with k& = ord,,:. When p;; > 0, we can choose the phases of u;; in such a
way that w;; vary continuously with ¢ > 0.
If ps,0o =0, then set D; g = (. Otherwise, pi,0 > 0 and so D; g cannot shrink
to {z;} (because F}; would go to —oo as ¢t — 0). In this case, call D, the

2 7.2
pi,td’zi.,
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region {|z;0] < 1} C Cp. Notice that ¢f, has a double pole at x; with residue
pio > 0 and clearly ¢ - = —227’?27%2).

We want to prove that the visible subsurface of Cy is covered by J; Ei,o
and so ¢y, is a Jenkins-Strebel differential on each visible component of Cy. By
uniqueness, it must coincide with ¢g.

Consider a point y in the interior of f;(Co )\ X. For every ¢t > 0 there
exists an y; € S such that f;(y;) does not belong to the critical graph of ¢; and
the f;|p¢|-distance di(y,y:) < t. As ¢y — o in reduced norm and y,y; ¢ X,
then do(y,y:) — 0 ast — 0.

We can assume (up to discarding some ¢’s) that fi(y:) belongs to D, for
a fixed ¢ and in particular that fi(y:) = u;(c;) for some ¢, € A. Up to
discarding some t’s, we can also assume that ¢; — ¢y € A. Call y} the point

given by fo(y;) = uio(c).
do(ys,y) < do(ye, y) + do(ys. ye) < do(ye,y) + do(fo "uiolcr), fi  uin(cr)) <
< do(ye,y) + do(fy "uioler), fo tuio(co))+

+ do(fo "uio(co), fi tuii(co)) + do(f  ui(co), f M uii(cr))
and all terms go to zero as ¢ — 0. Thus, every point in the smooth locus
Co,+ \ X is at |@o|-distance zero from some D; . Hence, ¢q is a Jenkins-Strebel
differential on the visible components.

With a few simple considerations, one can easily conclude that

e the zeroes of ¢; move continuously as t € [0, €]

o if e; is an edge of the critical graph of ¢, which starts at y;; and ends at
Y2, and if y;; — y; 0 for i = 1,2, then e; — ey the corresponding edge
of the critical graph of ¢( starting at y; ¢ and ending at y2 o; moreover,
el@t\(et) - e\sao\(eo)

e the critical graph of y; converges to that of ¢ for the Gromov-Hausdorff
distance.

Thus, the associated weighted arc systems w; € |2(S, X)| converge to W, for
t— 0. O

Thus, we have proved the following result, claimed by Kontsevich in [41]
(see Looijenga’s [43] and Zvonkine’s [78]).
Proposition 4.8. The map defined above
s T (S, X) — [A(S.)]
s a T'(S, X)-equivariant homeomorphism, which commutes with the projection

onto Ax. Hence, Vg : ﬂﬁX — |A(S, X)|/T(S, X) is a homeomorphism of
orbispaces too.
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A consequence of the previous proposition and of 2.2.13 is that the realiza-
tion BR®, x s is the classifying space of I'(S, X) and that BR®, x — M, x
is a homotopy equivalence (in the category of orbispaces).

4.2 Penner-Bowditch-Epstein construction

The other traditional way to obtain a weighted arc system out of a Riemann
surface with weighted marked points is to look at the spine of the truncated
surface obtained by removing horoballs of prescribed circumference. Equiva-
lently, to decompose the surface into a union of hyperbolic cusps.

4.2.1 Spines of hyperbolic surfaces. Let [f : S — %] be an (S, X )-marked
hyperbolic surface and let p € Ax. Call H; C X the horoball at x; with
circumference p; (as p; < 1_, the horoball is embedded in ) and let 3. =
Y\ U, Hi be the truncated surface. The datum (3,0H,,...,0H,) is also
called a decorated surface.

For every y € ¥\ X at finite distance from 9%, let the valence val(y) be
the number of paths that realize dist(y, 9%;,), which is generically 1. We will
call a projection of y a point on 9%, which is at shortest distance from y:
clearly, there are val(y) of them.

Let the spine Sp(X, p) be the locus of points of ¥ which are at finite distance
from 9%, and such that val(y) > 2 (see Figure 8). In particular, val~'(2) is
a disjoint union of finitely many geodesic arcs (the edges) and val™*([3, 00))
is a finite collection of points (the vertices). If p; = 0, then we include z; in
Sp(2, p) and we consider it a vertex. Its valence is defined to be the number
of half-edges of the spine incident at z;.

There is a deformation retraction of Xy N X4 (where X4 is the visible
subsurface) onto Sp(X, p), defined on val™*(1) simply flowing away from 9%,
along the unique geodesic that realizes the distance from 9%,..

This shows that Sp(X, p) defines an (S, X)-marked enriched ribbon graph
G¢y. By arc/graph duality, we also have an associated spinal arc system
ag, € A(S, X).

4.2.2 Horocyclic lengths and weights. As ¥ is a hyperbolic surface, we
could metrize Sp(X, p) by inducing a length on each edge. However, the rela-
tion between this metric and p would be a little involved.

Instead, for every edge e of G, (that is, of Sp(%, p)), consider one of its
two projections pr(e) to 9%, and define £(e) to be the horocyclic length of e,
that is the hyperbolic length of pr(e), which clearly does not depend on the
chosen projection. Thus, the boundary weights vector £y is exactly p.
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Figure 8. Weights come from lengths of horocyclic arcs.

This endows Ggg with a metric and so a, with a projective weight ws, €
|2((S, X)|. Notice that visibly equivalent surfaces are associated to the same
point of |A(S, X)|.

This defines a I'(S, X )-equivariant map

Do TS, X) — |A(S, X)|

that commutes with the projection onto Ax.

Penner [58] proved that the restriction of ®y to 7 (S, X) x A° is a homeo-
morphism; the statement that the whole ®( is a homeomorphism appears in
Bowditch-Epstein’s [12] (and a very detailed treatment will appear in [7]). We
refer to these papers for a proof of this result.

4.3 Hyperbolic surfaces with boundary

The purpose of this informal subsection is to briefly illustrate the bridge
between the cellular decomposition of the Teichmiiller space obtained using
Jenkins-Strebel differentials and that obtained using spines of decorated sur-
faces.



46 Gabriele Mondello

4.3.1 Teichmiiller and moduli space of hyperbolic surfaces. Fix a
compact oriented surface S as before and X = {z;,...,2,} C S a nonempty
subset.

A stable hyperbolic surface ¥ is a nodal surface such that 3\ {nodes} is
hyperbolic with geodesic boundary and/or cusps. Notice that, by convention,
0% includes the cusps but it does not include the possible nodes of 3.

An X-marking of a (stable) hyperbolic surface X is a bijection X — m(9%).

An (S, X)-marking of the (stable) hyperbolic surface ¥ is an isotopy class
of maps f: S\ X — X, that may shrink disjoint simple closed curves to nodes
and are homeomorphisms onto X \ (90X U {nodes}) elsewhere.

Let 78(5’, X) be the Teichmiiller space of (S, X)-marked stable hyperbolic
surfaces. There is a natural map £y : 76(5, X)— ]R)Z(O that associates to [f :
S — Y] the boundary lengths of ¥, which thus descends to £y : M? x — RE,.

=0 —0 _ ——1 B
Call 77(5, X)(p) (vesp. M, x(p)) the leaf (81(]_3) (resp. €5 (p))-

There is an obvious identification between Ta(S, X)(0) (resp. H?} x(0))
and 7 (S, X) (resp. M, x).

Call /(/l\g, x the blow-up of ﬂj x along M? «(0): the exceptional locus can
be naturally identified to the space of (projectively) decorated surfaces with
cusps (which is homeomorphic to My x x Ax). Define similarly 7 (S, X).

4.3.2 Tangent space to the moduli space. The conformal analogue of a
hyperbolic surface with geodesic boundary ¥ is a Riemann surface with real
boundary. In fact, the double of ¥ is a hyperbolic surface with no boundary
and an orientation-reversing involution, that is a Riemann surface with an anti-
holomorphic involution. As a consequence, 9% is a real-analytic submanifold.
This means that first-order deformations are determined by Beltrami dif-
ferentials on ¥ which are real on 9%, and so T[E]ﬂj v & H%Y(X, T), where
Ty is the sheaf of tangent vector fields V' = V(z)0/0z, which are real on 0%.
Dually, the cotangent space T[*E]ﬂi  Is given by the space Q(X) of holo-
morphic quadratic differentials that are real on 9%. If we call H(X) = {@/A | ¢ €
Q(%)}, where X is the hyperbolic metric on ¥, then H%!(3, Tx) is identified
to the space of harmonic Beltrami differentials H ().
As usual, if ¥ has a node, then quadratic differentials are allowed to have
a double pole at the node, with the same quadratic residue on both branches.
If a boundary component of 3 collapses to a cusp x;, then the cotangent

cone to ﬂj x at [X] is given by quadratic differentials that may have at worst
a double pole at x; with positive residue. The phase of the residue being zero
corresponds to the fact that, if we take Fenchel-Nielsen coordinates on the
double of ¥ which are symmetric under the real involution, then the twists
along 0% are zero.
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4.3.3 Weil-Petersson metric. Mimicking what is done for surfaces with
cusps, we can define Hermitean pairings on Q(X) and H(X), where ¥ is a
hyperbolic surface with boundary. In particular,

h(uw)z/EW-A

npw) = [ £
b

where p, v € H(X) and ¢, € Q(X).

Thus, if h = g + iw, then g is the Weil-Petersson Riemannian metric and
w is the Weil-Petersson form. Write similarly 2* = ¢* + iw*, where g* is the
cometric dual to g and w* is the Weil-Petersson bivector field.

Notice that w and w* are degenerate. This can be easily seen, because
Wolpert’s formula w = ), dl; A dr; still holds. We can also conclude that the
symplectic leaves of w* are exactly the fibers of the boundary length map #5.

4.3.4 Spines of hyperbolic surfaces with boundary. The spine con-
struction can be carried on, even in a more natural way, on hyperbolic surfaces
with geodesic boundary.

In fact, given such a ¥ whose boundary components are called 1, ..., z,,
we can define the distance from 0% and so the valence of a point in ¥ and
consequently the spine Sp(X), with no need of further information.

Similarly, if ¥ has also nodes (that is, some holonomy degenerates to a
parabolic element), then Sp(X) is embedded inside the wvisible components of
¥, i.e. those components of 3 that contain a boundary circle of positive length.

The weight of an arc a; € a, dual to the edge e; of Sp(X) is still defined
as the hyperbolic length of one of the two projections of e; to 9%. Thus, the
above construction gives a point wg, € |2A(S, X)| x (0, c0).
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Figure 9. Weights come from lengths of geodesic boundary arcs.

It is easy to check (see [53] or [52]) that ws, converges to the Wy, defined
above when the hyperbolic surface with boundary converges to a decorated
surface with cusps in 7 (S, X). Thus, the I'(S, X)-equivariant map

®:7(9,X) — |A(S, X)| x [0,00)

reduces to @ for decorated surfaces with cusps.

Theorem 4.9 (Luo [44]). The restriction of ® to smooth surfaces with no
boundary cusps gives a homeomorphism onto its image.

The continuity of the whole ® is proven in [52], using Luo’s result.

The key point of Luo’s proof is the following. Pick a generic hyperbolic
surface with geodesic boundary 3 and suppose that the spinal arc system is
the ideal triangulation a,, = {a1,...,;an} € A°(X, X) with weight w,,. We
can define the length ¢,, as the hyperbolic length of the shortest geodesic &;
in the free homotopy class of «;.

The curves {&;} cut ¥ into hyperbolic hexagons, which are completely
determined by {¢s,,...¢g,, }, where the 3;’s are the sides of the hexagons
lying on 9%. Unfortunately, going from the £,’s to ws, is much easier than the
converse. In fact, wq,, ..., Wq,, can be written as explicit linear combinations
of the £5,’s: in matrix notation, B = ({g,) is a solution of the system W = RB,
where R is a fixed (M x 2M)-matrix (that encodes the combinatorics is a,)
and W = (w,,). Clearly, there is a whole affine space Ey of dimension M
of solutions of W = RB. The problem is that a random point in FEy, would
determine hyperbolic structures on the hexagons of ¥\ a, that do not glue,
because we are not requiring the two sides of each «; to have the same length.

Starting from very natural quantities associated to hyperbolic hexagons
with right angles, Luo defines a functional on the space (b1, ...,bans) € R2>A04.
For every W, the space Ey is not empty (which proves the surjectivity of ®)
and the restriction of Luo’s functional to Ey is strictly concave and achieves
its (unique) maximum exactly when B = ({3,) (which proves the injectivity
of ¥).

The geometric meaning of this functional is still not entirely clear, but
it seems related to some volume of a three-dimensional hyperbolic manifold
associated to ¥. Quite recently, Luo [45] (see also [25]) has introduced a
modified functional F,., which depends on a parameter ¢ € R, and he has
produced other realizations of the Teichmiiller space as a polytope, and so
different systems of “simplicial” coordinates.

4.3.5 Surfaces with large boundary components. To close the circle,
we must relate the limit of ® for surfaces whose boundary lengths diverge to
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U ;5. This is the topic of [52]. Here, we only sketch the main ideas. To simplify
the exposition, we will only deal with smooth surfaces.

Consider an X-marked hyperbolic surface with geodesic boundary 3. De-
fine gr. (%) to be the surface obtained by gluing semi-infinite flat cylinders at
0% of lengths (p1,...,pn) = La(2).

Thus, gr..(2) has a hyperbolic core and flat ends and the underlying con-
formal structure is that of an X-punctured Riemann surface. This infinite
grafting procedure defines a map

(groo,lo) : TP(S,X) — T(S,X) x ]RZZVO
For more details about (finite) grafting, see [18].

Figure 10. A grafted surface gr__(X).

Proposition 4.10 ([52]). The map (gro., o) is a I'(S, X)-equivariant home-
omorphism.

The proof is a variation of Scannell-Wolf’s [64] that finite grafting is a
self-homeomorphism of the Teichmiiller space.

Thus, the composition of (gr..,#s)~! and ® gives (after blowing up the
locus {¢s = 0}) the homeomorphism

U:T7(S,X) x Ax x [0,00) — |A°(S, X)| x [0, 00)
Proposition 4.11 ([52]). The map ¥ extends to a T'(S, X)-equivariant home-
omorphism

U:T7(5,X)x Ax x [0,00] — |A°(S, X)| x [0, 0]

and Vo, coincides with Harer-Mumford-Thurston’s VU jg.
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The main point is to show that a surface ¥ with large boundaries and with
spine Sp(X) is very close in 7 (S, X)) to the flat surface whose Jenkins-Strebel
differential has critical graph isomorphic to Sp(X) (as metrized ribbon graphs).

To understand why this is reasonable, consider a sequence of hyperbolic
surfaces Y, whose spine has fixed isomorphism type G and fixed projective
metric and such that €5(2,,) = ¢ (p1,. .., Pn), where ¢, diverges as m — co.
Consider the grafted surfaces gr (¥,,) and rescale them so that > .p, =
1. The flat metric on the cylinders is naturally induced by a holomorphic
quadratic differential, which has negative quadratic residue at X. Extend this
differential to zero on the hyperbolic core.

Because of the rescaling, the distance between the flat cylinders and the
spine goes to zero and the differential converges in L!_, to a Jenkins-Strebel
differential.

Dumas [17] has shown that an analogous phenomenon occurs for closed
surfaces grafted along a measured lamination ¢\ as t — 4o0.

4.3.6 Weil-Petersson form and Penner’s formula. Using Wolpert’s re-
sult and hyperbolic geometry, Penner [60] proved that the pull-back of the
Weil-Petersson form on the space of decorated hyperbolic surfaces with cusps,
which can be identified to 7(5,X) x Ax, can be neatly written in the fol-
lowing way. Fix a triangulation a = {a1,...,anm} € A°(S,X). For every
([f: S —=X],p) € T(S,X) x Ax, let &; be the geodesic representative in the

class of f.(«;) and call a; := £(q; N3y, ), where Xy, be the truncated hyperbolic
surface. Then

™ wwp = Z(datl Aday, + dag, A day, + dag, A day,)
teT

where 7 : T(S,X) x Ax — 7(S,X) is the projection, T is the set of ideal
triangles in which the &;’s decompose ¥, and the sides of t are (o, , ), ity )
in the cyclic order induced by the orientation of ¢ (see Figure 11).
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Figure 11. An ideal triangle in 7.

To work on M, x x Ax (for instance, to compute Weil-Petersson volumes),
one can restrict to the interior of the cells ®;'(|a|) whose associated system
of arcs ¢ is a triangulation and write the pull-back of wy p with respect to a.

4.3.7 Weil-Petersson form for surfaces with boundary. Still using meth-
ods of Wolpert [74], one can generalize Penner’s formula to hyperbolic surfaces
with boundary. The result is better expressed using the Weil-Petersson bivec-
tor field than the 2-form.

Proposition 4.12 ([53]). Let ¥ be a hyperbolic surface with boundary com-
ponents Cq,...,Cp and let a« = {aq,...,apn} be a triangulation. Then the

Weil-Petersson bivector field can be written as

w' =

zn: Z sinh(py/2 — dy (i, y;)) O A 0
sinh(py/2) da;  Oaj

R

b=1 y;€a;NCh
Yj EajﬁCh
where a; = £(coy) and dp(yi,y;) is the length of the geodesic arc running from

y; toy; along Cy, in the positive direction (according to the orientation induced
by X on Cy).

The idea is to use Wolpert’s formula w* = —>". 0y, A 07, on the double d¥
of ¥ with the pair of pants decomposition induced by doubling the arcs {a;}.
Then one must compute the (first-order) effect on the a;’s of twisting d¥ along
Qy.

Though not immediate, the above formula can be shown to reduce to Pen-
ner’s, when the boundary lengths go to zero, as we approximate sinh(z) ~ « for
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small z. Notice that Penner’s formula shows that w linearizes (with constant
coefficients!) in the coordinates given by the a;’s.

More interesting is to analyze what happens for (X,tp) with p € Ay, as
t — +o0. Assume the situation is generic and so ¥ ;5(X) is supported on a
triangulation, whose dual graph is G.

Once again, the formula dramatically simplifies as we approximate 2 sinh(z) =~
exp(z) for z > 0. Under the rescalings &* = c’w* and w; = w;/c with
c =Y, /2, we obtain that
nmw*zw;:zéz<6A8+8A8+8A8)

’UEEo(G) V1 V2 v2 v3 U3 U1

where v = {v1,v2,v3} and oo (v;) = vj+1 (and j € Z/3Z).

€

Figure 12. A trivalent vertex v of G.

Thus, the Weil-Petersson symplectic structure is again linearized (and with
constant coefficients!), but in the system of coordinates given by the w;’s,
which are in some sense dual to the a;’s.

It would be nice to exhibit a clear geometric argument for the perfect
symmetry of these two formulae.

5 Combinatorial classes

5.1 Witten cycles

Fix as usual a compact oriented surface S of genus g and a subset X =
{x1,...,2,} C S such that 29 — 2 +n > 0.

We introduce some remarkable I'(S, X )-equivariant subcomplexes of (.S, X),
which define interesting cycles in the homology of H%  as well as in the Borel-
Moore homology of M, x and so, by Poincaré duality, in the cohomology of
M, x (that is, of T'(S, X)).
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These subcomplexes are informally defined as the locus of points of |2° (S, X)|,
whose associated ribbon graphs have prescribed odd valences of their vertices.
It can be easily shown that, if we assign even valence to some vertex, the
subcomplex we obtain is not a cycle (even with Z /27 coefficients!).

We follow Kontsevich ([41]) for the orientation of the combinatorial cycles,
but an alternative way is due to Penner [61] and Conant and Vogtmann [13].

Later, we will mention a slight generalization of the combinatorial classes
by allowing some vertices to be marked.

Notice that we are going to use the cellularization of the moduli space

of curves given by V¥ ;g, and so we will identify ﬂix with the orbispace
[20(S, X)|/T(S, X). As the arguments will be essentially combinatorial /topological,
any of the decompositions described before would work.

5.1.1 Witten subcomplexes. Let m, = (mg, my,...) be asequence of non-
negative integers such that

D (2i+1)m; =4g—4+2n
i>0

and define (m.)! := [[;5qms! and r =37, g im.

Definition 5.1. The combinatorial subcomplex Ay, (S, X) C A(S, X) is the
smallest simplicial subcomplex that contains all proper simplices a € °(S, X)
such that S\ a is the disjoint union of exactly m; polygons with 2i + 3 sides.

It is convenient to set |2, (S, X)|g = [™m. (S, X)| x Ry. Clearly, this
——comb

subcomplex is I'(S, X )-equivariant. Hence, if we call M, v := Mg,X xRy =
———comb

|RA(S, X)|r/T'(S, X), then we can define M, y to be the subcomplex of
Mz(}nb induced by 2, (S, X).

Remark 5.2. We can introduce also univalent vertices by allowing m_; > 0.
It is still possible to define the complexes A, (S, X) and A5, (S,X), just
allowing (finitely many) contractible loops (i.e. unmarked tails in the corre-
sponding ribbon graph picture). However, 2, (S, X) would no longer be a
subcomplex of (S, X). Thus, we should construct an associated family of

. ——comb . . .
Riemann surfaces over M, ' (which can be easily done) and consider the

U ——comb ———comb . . .
classifying map M, v — M,y ', whose existence is granted by the universal

property of ﬂ% x, but which would no longer be cellular.

——comb - —comb

For every p € Ax x Ry call M, v (p) := 54 (p) C M, x and define

——comb —comb —comb
Mm*,X(p) = Mm*,X N Mg,X (p)

Notice that the dimensions of the slices are the expected ones because in
every cell they are described by n independent linear equations.
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5.1.2 Combinatorial v classes. Define L; as the space of couples (G,y),

where G is an X-marked metrized ribbon graph in m;?;b({]?i > 0}) and y is
a ray that joins z; to a point of |G| C |G| that bounds the z;-th hole.

—comb

Clearly L; — M, x ({pi; > 0}) is a topological bundle with fiber home-
omorphic to S*. It is easy to see that, for a fixed p € Ax x Ry such that
pi > 0, the pull-back of L; via

——comb

&+ My.x — M, x (p)

is isomorphic (as a topological bundle) to the sphere bundle associated to L.

Lemma 5.3 ([41]). Fiz z; in X and p € Ax xRy such that p; > 0. Then on

——comb

every simplex |a|(p) € M, x (p) define

7 = Z dés A dé,

i :
a
) o

Ues)

where €; =
Di

and z; marks a hole with cyclically ordered sides (e, ..., ex).

. . o —comb
These 2-forms glue to give a piecewise-linear 2-form 7; on ./\/l;o;? (p), that

represents c1(L;). Hence, the pull-back class &;[7;] is evactly ¢; = c1(L;) in
H*(M, x).

b2

Figure 13. A fiber of the bundle L; over a hole with 7 sides.
The proof of the previous lemma is very easy.
5.1.3 Orientation of Witten subcomplexes. The following lemma says

that the n forms can be assembled in a piecewise-linear “symplectic form”,
that can be used to orient maximal cells of Witten subcomplexes.
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Lemma 5.4 ([41]). For every p € Ax x Ry the restriction of
Q= ZP?@:
i=1

. . . - b . .
to the maximal simplices of ./\/l::mx (p) is a non-degenerate symplectic form.
——comb

Hence, QU defines an orientation on M., x(p). Also, QA I5Volgx is a

——comb
volume form on M, .

——comb

Proof. Let |a|(p) be a cell of M, x (p), whose associated ribbon graph Ga
has only vertices of odd valence.
On |a|(p), the differentials de; span the cotangent space. As the p;’s are

fixed, we have the relation dp, = 0 for all i = 1,...,n. Hence
T*ﬂ;?;?b(g) ) = |af(p) x @ R- de/ Z de ‘ i=1,...,n
al(p

e€l(QY) [€lo=2;

On the other hand the tangent bundle is

———comb 0
T o be— be=0 foralli=1,...,
Mg,x (B) e la|(p) x Z e ‘ Z or all ¢ n

B e€EF () [€lo€x;

In order to prove that Q|a : T|a|(p) — T*|al(p) is non-degenerate, we
construct its right-inverse. Define B : T*|a|(p) — T'|al(p) as

2s ) P 2t ‘ P
Blde) = ;(_1) doa e | ;(_W olop(‘e)h

where € is any orientation of e, while 2s + 1 and 2t 4- 1 are the cardinalities
of [€]o and [ ] respectively. We want to prove that QB(de) = 4de for every
e € Ei(a).
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fS F3 E_ hl
fa

Figure 14. An example with s =2 and ¢t = 1.

To shorten the notation, set fi := [0} (€)1 and h; := [03(‘e)]1 and call
Fy = [05(€)]oo fori=1,...,2s—1 and Hj := [0}(€ )] for j =1,...,2t -1
the holes bordered respectively by {fi, fi+1} and {h;, hj41}. Finally call E,
and E_ the holes adjacent to e as in Figure 14. Remark that neither the edges
f and h nor the holes F' and H are necessarily distinct. This however has no
importance in the following computation.

2s ) 2t )
Blde) = =3 (1) 55 ~ (-1 g

It is easy to see (using that the perimeters are constant) that

0 0

2 —

Np | == — =— | =dfi +df;
pF177F,, <8f1, 8fi+1) f f—‘rl
and analogously for the h’s. Moreover

_ 0 0
Vi, T, <ng - 3—f1) = dhas + df1 + 2de

and similarly for £_. Finally, we obtain QB(de) = 4de. O
Remark 5.5. Notice that B is the piecewise-linear extension of the restriction

of the Weil-Petersson bivector field 207, to the open maximal simplices. Thus,
Q) is the piecewise-linear extension of 2W..
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Finally, we can show that the (cellular) chain obtained by adding maximal
simplices of Witten subcomplexes (with the orientation determined by Q) is
in fact a cycle.

Lemma 5.6 ([41]). With the given orientation ﬂ:sm; (p) is a cycle for all

——comb

p€Ax xRy and M, x(RY) is a cycle with non-compact support.

Proof. Given a top-dimensional cell |a(p) in Mf,ff"ﬁ} (p), each face in the
boundary O|a(p) is obtained by shrinking one edge of Gg. This contrac-
tion may merge two vertices as in Fig. 15.

€9 €1

€9 e1
¢ €3 X €6

€4 €5

€3 €6
€4 €x5
Figure 15. A contraction that merges a 3-valent and a 5-valent vertex.

Otherwise the shrinking produces a node, as in Fig. 16.

€1

€3 €4

Figure 16. A contraction produces a node.

Let [@/|(p) € O|a|(p) be the face of |a|(p) obtained by shrinking the edge e.
Then AS9=TH2n=2r7| o/ |(p) = ASI=6H2n=2rT| | (p) ® Nigy |/ @ so the dual

of the orientation form induced by |a|(p) on |&/|(p) is Lde(Bg_HQ"_QT) =

(69 — 6+ 2n — 21) 14 (Ba) A B&gfswnfw, where Be is the bivector field on

|a|(p) defined in Lemma 5.4.
Consider the graph Gg/ that occurs in the boundary of a top-dimensional

——comb

cell of M,, x(p). Suppose it is obtained merging two vertices of valences
2ty + 3 and 2ty + 3 in a vertex v of valence 2(ty + t2) 4+ 4. Then |a/|(p) is in
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the boundary of exactly 2(t1 + t2) + 4 cells of /\/lm X( ) or t1 + ta + 2 ones
in the case t; = t2. In any case, the number of cells |/ |(p) is bordered by
are even: we need to prove that half of them induces on |a/[(p) an orientation
and the other half induces the opposite one. If G¢ is obtained from some Ga
contracting an edge e, then we just have to compute the vector field tq.(Ba),
which turns to be

2(t1+t2)+ 9
where f1,..., fa(¢,4t,)+4 are the edges of Gg/ outgoing from v. It is a straight-

forward computation to check that one obtains in half the cases a plus and in
half the cases a minus.

When Gg, has a node with 2¢; + 2 edges on one side (which we will denote
by fi,..., f;l_l,_Q) and 2t + 3 edges on the other side, the computation is sim-
ilar. The cell occurs as boundary of exactly (2t1 4+ 2)(2t2 + 3) top-dimensional
cells and, if Gqr is obtained by G¢ contracting the edge e, then

2t1+2 8
tae(Ba) = +2 Z ) 5 =
A quick check ensures that the signs cancel. O

——comb

Define the Witten classes W, x (p) := [M,,. x(p)] and let Wy, x(p) be
its restriction to Mcomb( ), which defines (by Poincaré duality) a cohomology
class in HQT(Mg,X) independent of p.

5.1.4 Generalized Witten cycles. It is possible to define a slight gener-
alization of the previous classes, prescribing that some markings hit vertices
with assigned valence.

These generalized Witten classes are related to the previous Wy, x in an
intuitively obvious way, because forgetting the markings of some vertices will
map them onto one another. We will omit the details and refer to [51].

5.2 Witten cycles and tautological classes

In this subsection, we will sketch the proof of the following result, due to
K. Igusa [31] and [32] (see also [33]) and Mondello [51] independently.

Theorem 5.7. Witten cycles Wy,, x on Mgy x are Poincaré dual to polyno-
mials in the k classes and vice versa.

In [51], the following results are also proven:
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e Witten generalized cycles on M x are Poincaré dual to polynomials in
the 1 and the x classes

—comb
e ordinary and generalized Witten cycles on M;O; (p) are push-forward of

(the Poincaré dual of) tautological classes from ﬂg, x; an explicit recipe
to produce such tautological classes is given.

5.2.1 The case with one special vertex. We want to consider a combi-
natorial cycle on M, x supported on ribbon graphs, whose vertices are gener-
ically all trivalent except one, which is (2r 4 3)-valent (and r > 1). To shorten
the notation, call this Witten cycle Wa, 3.

We also define a generalized Witten cycle on the universal curve Cq x C
H%XU{y} supported on the locus of ribbon graphs, which have a (2r+3)-valent
vertex marked by y and all the other vertices are trivalent and unmarked. Call
W3, 5 this cycle.

We would like to show that PD(W3,,5) = c(r)y,; ", where ¢(r) is some
constant. As a consequence, pushing the two hand-sides down through the
proper map 7y, : Cg.x — My, x, we would obtain PD(Wa,43) = ¢(r)k;.

Lemma 5.3 gives us the nice piecewise-linear 2-form 7, that is pulled back
to ¢, through £ The only problem is that 7, is defined only for p, > 0,

whereas W3 5 is exactly contained in the locus {p, = 0}.

To compare the two, one can look at the blow-up BlpyZOHZ?;nS (v of

M;O;ng (v} along the locus {py = 0}. Points in the exceptional locus E can

be identified with metrized (nonsingular) ribbon graphs G, in which y marks
a vertex, plus angles ¥ between consecutive oriented edges outgoing from y.
One must think of these angles as of infinitesimal edges.

It is clear now that 7, extends to E by

Wl = Y, désnde
1<s<t<k—1
. 9 . . .
where €; = o y marks a vertex with cyclically ordered outgoing edges
T
(€1,..., €x) and ¥, is the angle between ¢ ; and € ;41 (with j € Z/kZ).

——comb

'IEus, pushing forward 7754'1 through £ — M, v (p, = 0), we obtain
c(rYWs, 13 plus other terms contained in the boundary, and the coefficient

c(r) is exactly the integral of ;! on a fiber (that is, a simplex), which turns
1)!
out to be ¢(r) = % Thus, Wy, , 5 is Poincaré dual to 21 (2r+1)!ly7 1.

5.2.2 The case with many special vertices. To mimic what done for
one non-trivalent vertex, let’s consider combinatorial classes with two non-
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trivalent vertices. Thus, we look at the class ¢;+1st! (with 7,5 > 1) on

2 —
Cg,X = Cg,X XMg,X ngx.
—comb ———comb

Look at the blow-up Bl, —op.=0M xugyy of Mg xuyy,-y along the locus
{py = 0}U{p. =0} and let E = E,NE., where E, and E. are the exceptional
loci.

As before, we can identify E N {y # z} with the set of metrized ribbon
graphs G, with angles at the vertices y and z. Thus, pushing n;“nﬁ“ forward
through the blow-up map (which forgets the angles at y and z), we obtain a
multiple of the generalized combinatorial cycles given by y marking a (2r+ 3)-
valent vertex and z marking a (2s+ 3)-valent (distinct) vertex. The coefficient

(r+1(s+1)!
(2r +2)1(2s + 2)!"

Points in E N {y = z} can be thought of as metrized ribbon graphs G
with two infinitesimal holes (respectively marked by y and z) adjacent to each
other. If we perform the push-forward of 77;*1772“ forgetting first the angles
at z and then the angles at y, then we obtain some contribution only from the
loci in which the infinitesimal z-hole has (2s + 3) edges and the infinitesimal
y-hole has (2r + 4) edges (including the common one). Thus, we obtain the
same contribution for each of the b(r, s) configurations of two adjacent holes
of valences (2s + 3) and (2r + 4).

Thus, we obtain a cycle supported on the locus of metrized ribbon graphs G
in which y = z marks a (2r+2s+3)-valent vertex, with coefficient b(r, s)c(r, s).

Hence, 1&5“1@“ is Poincaré dual to a linear combination of generalized
combinatorial cycles. As before, using the forgetful map, the same holds for
the Witten cycles obtained by deleting the y and the z markings.

One can easily see that the transformation laws from ) classes to combina-
torial classes are invertible (because they are “upper triangular” in a suitable
sense).

Clearly, in order to deal with many 1) classes (that is, with many non-
trivalent marked vertices), one must compute more and more complicated
combinatorial factors like b(r, s).

We refer to [33] and [51] for two (complementary) methods to calculate
these factors.

c(r, s) will just be

5.3 Stability of Witten cycles

5.3.1 Harer’s stability theorem. The (co)homologies of the mapping class
groups have the remarkable property that they stabilize when the genus of the
surface increases. This was proven by Harer [26], and the stability bound was
then improved by Ivanov [34] (and successively again by Harer for homology
with rational coefficients, in an unpublished paper). We now want to recall
some of Harer’s results.
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Let Sy n,p be a compact oriented surface of genus g with n marked points
and b boundary components Ci,...,Cy. Call I'(Sq ) the group of isotopy
classes of diffeomorphisms of S that fix the marked points and 95 pointwise.

Call also P = Sp,0,3 a fixed pair of pants and denote by By, B, B3 its
boundary components.

Consider the following two operations:

(y) gluing Sy . and P by identifying Cy with By, thus producing an oriented
surface of genus g with n marked points and b+ 1 boundary components

(v) identify Cy—1 with Cp of Sg .4, thus producing an oriented surface of
genus g + 1 with n marked points and b — 2 boundary components.

Clearly, they induce homomorphism at the level of mapping class groups
YV :T(Sgnp) — T'(Sgm,p+1)
when b > 1 (by extending the diffeomorphism as the identity on P) and
V:T(Sgnp) — T(Sgt1,n,p-2)
when b > 2.

Theorem 5.8 (Harer [26]). The induced maps in homology

Vit Hi((Sg,np)) — Hi(D(Sg,n,p+1))
Vit Hp(D(Sgn,p)) — Hi(U'(Sg41,n,0-2))

are isomorphisms for g > 3k.

The exact bound is not important for our purposes. We only want to
stress that the theorem implies that Hy(I'(Sgn5)) stabilizes for large g. In
particular, fixed n > 0, the rational homology of M, ,, stabilizes for large g.

Remark 5.9. We have BI'(Sg,5) ~ Mgy x,r, where M, x 1 is the mod-
uli space of Riemann surfaces of genus ¢ with X U T marked points (X =
{z1,...,2,} and T = {¢1,...,1p}) and a nonzero tangent vector at each point
of T'. If b > 1, then M, x 7 is a smooth variety: in fact, an automorphism of
a Riemann surface that fixes a point and a tangent direction at that point is
the identity (this follows from uniformization and Schwarz lemma).

5.3.2 Mumford’s conjecture. Call 'y, , = lim I'(Sy . 1), where the map
g—00

I'(Sgn,1) — I(Sg+1,n,1) corresponds to gluing a torus with two holes at the
boundary component of Sy, 1.

Then, H*(T',,,) coincides with H*(T',,,) for g > k.

Mumford conjectured that H*(I'w; Q) is the polynomial algebra on the k
classes. Miller [49] showed that H*(T'w; Q) is a Hopf algebra that contains
Q[Hl, R2, ... ]
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Recently, after works of Tillmann (for instance, [69]) and Madsen-Tillmann
[46], Madsen and Weiss [47] proved a much stronger statement of homotopy
theory, which in particular implies Mumford’s conjecture.

Thanks to a result of Bédigheimer-Tillmann [11], it follows that H*(T'so n; Q)
is a polynomial algebra on 1, ...,%, and the x classes.

Thus, generalized Witten classes, being polynomials in ¢ and &, are also
stable. In what follows, we would like to prove this stability in a direct way.

5.3.3 Ribbon graphs with tails. One way to cellularize the moduli space
of curves with marked points and tangent vectors at the marked points is to
use ribbon graphs with tails (see, for instance, [22]).

Consider ¥ a compact Riemann surface of genus g with marked points

XUT ={z1,...,zy} U{t1,...,t} and nonzero tangent vectors vy, ..., v, at
.ty

Given p1,...,p, > 0and ¢1,...,q, > 0, we can construct the ribbon graph
G associated to (3, p, q), say using the Jenkins-Strebel differential ¢.

For every j = 1,...,b, move from the center t; along a vertical trajectory

v; of ¢ determined by the tangent vector v;, until we hit the critical graph.
Parametrize the opposite path 77 by arc-length, so that v : [0, 00] — X, 75(0)
lies on the critical graph and 'y;f(oo) = t;. Then, construct a new ribbon graph
out of G by “adding” a new vertex (which we will call 7;) and a new edge e,,
of length |v;| (a tail), whose realization is v ([0, |v;|]) (see Figure 17).

Figure 17. Correspondence between a tail and a nonzero tangent vector.
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Thus, we have realized an embedding of M x XR)Z(O XRI inside M;??STU‘/,
where V' = {01,...,0p}. If we call M;"%’”} its image, we have obtained the
following.

Lemma 5.10. M;“;?}’T ~ BI'(Sgn.p)-

Notice that the embedding M;(’;(”%« — M;??'STUV allows us to define (gen-

eralized) Witten cycles W, x r on M;"}?l} simply by restriction.

5.3.4 Gluing ribbon graphs with tails. Let G’ and G” be two ribbon
— = — —
graphs with tails €’ and e”, i.e. ¢/ € F(G') and ” € F(G") with the property
— — —

that o((e') = € and o (") =

We produce a third ribbon graph G by gluing G’ and G in the following
way.

o

We set F(G) = (E(G')U E(G")) / ~, where we declare that ¢’ ~ ¢” and
— =
e’ ~ €. Thus, we have a natural o; induced on E(G). Moreover, we define
oo acting on E(G) as

o0([?)) = {["é,(

[og (

~l

) i€ E€EG) and € £ ¢
)] if € € BE(G") and € # ¢€”

o) ol

If G’ and G” are metrized, then we induce a metric on G in a canonical way,
declaring the length of the new edge of G to be £(e’) + £(e”).

Suppose that G’ is marked by {z1,...,2,,t'} and €’ is a tail contained in
the hole ¢’ and that G” is marked by {y1, ..., ym,t"”} and if € is a tail contained
in the hole ¢”, then G is marked by {x1,...,Zn, Y1, .., Ym,t}, where ¢ is a new
hole obtained merging the holes centered at ¢’ and t”.

Thus, we have constructed a combinatorial gluing map

comb comb comb
g/, X" T"U{t'} X Mg”,X”,T”U{t”} — Mg’—‘,—g”,X’UX”U{t},T’UT”

5.3.5 The combinatorial stabilization maps. Consider the gluing maps
in two special cases which are slightly different from what we have seen before.
Call Sy x, 7 a compact oriented surface of genus g with boundary compo-
nents labelled by T and marked points labeled by X.
Fix a trivalent ribbon graph G;, with genus 1, one hole and j tails for
j = 1,2 (for instance, j = 2 in Figure 18).
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Gs

Figure 18. Example of a fixed torus.

Consider the combinatorial gluing maps

comb comb comb
ST MX Ty — Mg xugn

comb comb comb
S MKy — Mt

where Sfomb is obtained by simply gluing a graph G in M;?;Zé{t} with the
fixed graph G;, identifying the unique tail of M;")’?lf{ i with the v-tail of G
and renaming the new hole by t.

It is easy to see that S§°™P incarnates a stabilization map (obtained by
composing twice ) and once V).

On the other hand, consider the map Sy : BI'(Sy x 13) — BI'(Sg41,xuft})
that glues a torus Sy () (¢} with one puncture and one boundary component
to the unique boundary component of Sy x ¢}, by identifying ¢ and ¢’, and
relabels the y-puncture by t.

The composition of &7 followed by the map m; that forgets the ¢t-marking

S Tt
BF(Sg,Xit}) - BP(Sg+1,XU{t}) - BF(Sngl,X)

induces an isomorphism on Hj for k > ¢, because it can also be obtained
composing ) and V.

Notice that 7y : BT'(Sg41, xuqe}) — BT'(Sg41,x) can be realized as a combi-
natorial forgetful map wom® ;‘j:’ff’xu{t}(]Rf x {0}) — M;‘f{bX(Rf) in the
following way.

Let G be a metrized ribbon graph in M;Tf,bxu{t} (RY x{0}). If t is marking
a vertex of valence 3 or more, then just forget the t-marking. If ¢ is marking
a vertex of valence 2, then forget the ¢ marking and merge the two edges
outgoing from ¢ in one new edge. Finally, if ¢ is marking a univalent vertex of
G lying on an edge e, then replace G by G/e and forget the ¢t-marking.
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5.3.6 Behavior of Witten cycles. The induced homomorphism on Borel-
Moore homology

(mgomt)” s HPM (Mgt (RY)) — HEM (M (RE x {0})

pulls W,,,, x back to the combinatorial class W, . +60,x» corresponding to (the
closure of the locus of) ribbon graphs with one univalent vertex marked by ¢
and m; + do; vertices of valence (2i 4 3) for all 4 > 0.

We now use the fact that, for X nonempty, there is a homotopy equivalence

E: M;Tll,bxu{t}(Rf XRy) = M;Tf,qu{t}(Rf x {0})

and that E*(anﬁéo?x) = Wi, 4260, X0{t}

This last phenomenon can be understood by simply observing that E—!
corresponds to opening the (generically univalent) ¢-marked vertex to a small
t-marked hole, thus producing an extra trivalent vertex.

Finally, (Sf"mb)*(Wm*Jrg(;O’XU{t}) = Wi, —s0,x,{t}, because G has exactly
3 trivalent vertices.

As a consequence, we have obtained that

(momb o B o S¢omby* HfM(M;ﬂ_"ffX (RY)) — HFM(M;??,Z?U}(R{ X R+))

is an isomorphism for g > * and pulls W, x back to W, _5, x (4}

The other gluing map is much simpler: the induced
(S5m0)" : HEM (M o (RY X Ry)) — HEM (M) (RY x Ry)

carries W, x (13 10 Wi, _4s,,x,{1}, because G has 4 trivalent vertices.

We recall that a class in H*(I'w x) (i.e. a stable class) is a sequence of
classes {8, € H*(My,x)|g > go}, which are compatible with the stabilization
maps, and that two sequences are equivalent (i.e. they represent the same
stable class) if they are equal for large g.

Proposition 5.11. Let m, = (mg, m1,...) be a sequence of nonnegative in-
tegers such that my = 0 for large N and let | X|=n > 0. Define

c(lg) =49 —4+2n — Z(Zj + 1)m;
Jj=1

and call go = inf{g € N|c(g) > 0}. Then, the collection
Wi 4e(9)s0,x € H?*(My.x)|g > go} is a stable class, where k = Zj>0jmj.

It is clear that an analogous statement can be proven for generalized Witten
cycles. Notice that Proposition 5.11 implies Miller’s result [49] that ¢ and &
classes are stable.
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