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ABSTRACT. It is well known that there is a bijective correspondence between
metric ribbon graphs and compact Riemann surfaces with meromorphic Strebel
differentials. In this article, we prove that Grothendieck’s correspondence be-
tween dessins d’enfants and Belyi morphisms is a special case of this correspon-
dence through an explicit construction of Strebel differentials. For a metric
ribbon graph with edge length 1, an algebraic curve over Q and a Strebel dif-
ferential on it is constructed. It is also shown that the critical trajectories of
the measured foliation that is determined by the Strebel differential recover
the original metric ribbon graph. Conversely, for every Belyi morphism, a
unique Strebel differential is constructed such that the critical leaves of the
measured foliation it determines form a metric ribbon graph of edge length 1,
which coincides with the corresponding dessin d’enfant.
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0. INTRODUCTION

In this article we give a self-contained explanation of the relation between rib-
bon graphs (combinatorial data), algebraic curves defined over Q (algebraic and
arithmetic data), and Strebel differentials on Riemann surfaces (analytic data).

For a given Riemann surface, we ask when it has the structure of an algebraic
curve defined over the field Q of algebraic numbers. A theorem of Belyi [1] answers
this question saying that a nonsingular Riemann surface is an algebraic curve de-
fined over Q if and only if there is a holomorphic map of the Riemann surface onto

P! that is ramified only at 0, 1 and co. Such a map is called a Belyi map.
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Grothendieck discovered that there is a natural bijection between the set of
isomorphism classes of connected ribbon graphs and the set of isomorphism classes
of Belyi maps. Thus a ribbon graph defines a Riemann surface with a complex
structure and, moreover, its algebraic structure over Q. If we start with a Belyi
map, then the corresponding ribbon graph is just the inverse image of the interval
[0,1] of P. Grothendieck called these graphs child’s drawings (dessins d’enfants).
We refer to [12] for more detail on this subject.

Another correspondence between ribbon graphs and Riemann surfaces, this time
between metric ribbon graphs and arbitrary Riemann surfaces, has been known
since the work of Harer, Mumford, Penner, Thurston, Kontsevich and others (see
[3]). In this second correspondence, a ribbon graph arises as the union of critical
leaves of a measured foliation defined on a Riemann surface by a meromorphic qua-
dratic differential called a Strebel differential [2, 14]. When the Riemann surface is
defined over Q, it coincides with the same surface that is given by the Grothendieck
correspondence between ribbon graphs and algebraic curves defined over Q.

In this paper we give constructive proofs of these facts using canonical coordi-
nate systems arising from Strebel differentials on a Riemann surface. The child’s
drawings, Belyi maps and Strebel differentials are related in a very simple way, and
they are explicitly described in terms of simple formulas.

Although these formulas could be written down in a few pages (see Section 6),
for the sake of completeness we have included a detailed description of the theory
which relates metric ribbon graphs and moduli spaces of Riemann surfaces with
marked points.

In Section 1, we give a definition of ribbon graphs and their automorphisms.
Thurston’s orbifolds and their Euler characteristics are defined in Section 2. With
these preparations, in Section 3 we prove that the space of all isomorphism classes
of metric ribbon graphs (i.e., ribbon graphs with a positive real number assigned
to each edge) is a differentiable orbifold. Since a simplicial complex can be ar-
bitrarily singular, this statement is not trivial. In Section 4, we review Strebel
differentials on a Riemann surface, and construct a canonical coordinate system.
The natural bijection between the space of metric ribbon graphs and the moduli
space of Riemann surfaces with marked points is given in Section 5 by means of
an explicit construction of the Strebel differential in terms of canonical coordinates
corresponding to a metric ribbon graph. Finally, in Section 6, we give an explicit
formula for the Belyi map corresponding to an arbitrary ribbon graph in terms of
these canonical local coordinates.

The correspondence between metric ribbon graphs, quadratic differentials and
the moduli space of Riemann surfaces is well-known to specialists. Moreover, for-
mulas for these correspondences may have appeared in the literature. Nevertheless,
the authors believe that our formulation of this correspondence is more precise,
and leads to a simple and clear formulation of some properties of algebraic curves
defined over Q, which may be useful for further study.

After submitting the manuscript, the authors learned that our results in Section 6
were independently obtained by L. Zapponi in his doctoral thesis of 1998 [16]. We
also refer to [5] for related topics.
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1. RIBBON GRAPHS

A graph is a finite collection of points and line segments connected in certain
ways, and a ribbon graph is a graph drawn on an oriented surface. A more careful
definition of these objects is necessary when we consider their isomorphism classes.

Definition 1.1. A graph T' = (V, €, 1) consists of a finite set V = {V1, V4, ,V,}
of wvertices and a finite set £ of edges, together with a map ¢ from £ to the set
(V x V)/64 of unordered pairs of vertices, called the incidence relation. An edge
and a vertex are said to be incident if the vertex is in the image of the edge under
1. The quantity
ajk = i7" (V}, V)|

gives the number of edges that connect two vertices V; and Vi. The degree, or
valence, of a vertex Vj is the number

deg(V;) = > aj + 2a5,,
k£
which is the number of edges incident to the vertex. A loop, that is, an edge with
only one incident vertex, contributes twice to the degree of its incident vertex. The

degree of every vertex is required to be positive (no isolated vertices). The degree
sequence of T' is the ordered list of degrees of the vertices:

(deg(‘/l)a deg(‘/?)v e adeg(Vv))a

where the vertices are arranged so that the degree sequence is non-decreasing.

In this article, for the most part, we shall consider only graphs whose vertices
all have degree at least 3.

FI1GURE 1.1. A graph consisting of 3 vertices and 6 edges.

Definition 1.2. A traditional graph isomorphism ¢ = («, ) from a graph I' =
(V,E&,i) to another graph IV = (V',£’,4') is a pair of bijective maps

a: Y=V and B3:&=¢
that preserve the incidence relation, i.e., a diagram

E—1 o (VxV)/6,
(1.1) K | axe
£ —— (V' xV)/&,

comimutes.
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The traditional graph automorphism is not the natural notion when we consider
graphs in the context of Riemann surfaces and Feynman diagram expansions. The
reason is that the above definition of a graph does not distinguish between the
half-edges, so that one cannot distinguish which vertex is associated to which half-
edge, and thus the group of traditional group automorphisms is smaller than the
automorphism group we will need to consider. One can treat the notion of graphs
with distinguished half edges independently, but it is possible to embed the theory
of such graphs within the ordinary definition of graphs by introducing the notion
of the edge refinement of a graph I' = (V, £,14), which is the graph

Te = V][] Ve.€]] & ie)

with the middle point of each edge of I' added as a degree 2 vertex, where Vg
denotes the set of all these midpoints of edges. The set of vertices of I'¢ is the
disjoint union V[ Vg, and the set of edges is the disjoint union £ ][] £ because the
midpoint Vg divides the edge E into two parts. The incidence relation is described
by a map

(1.2) ig : E[[€ —V x Ve,

because each edge of I'¢ connects exactly one vertex of V to a vertex of Ve. An edge
of T'¢ is called a half-edge of T. For every vertex V € V of T, the set iz ' ({V'} x Vg)
consists of half-edges incident to V. Note that we have

deg(V) = lig ' ({V} x Ve)l.

FicURE 1.2. Edge refinement of the graph of Figure 1.1, with 9
vertices and 12 edges.

Definition 1.3. Let I' = (V, £, %) be a graph without vertices of degree less than 3.
The automorphism group Aut(T') is the group of traditional graph automorphisms
of the edge refinement I's.

For example, the graph with one degree 4 vertex and two edges has (Z/27)3 as
its automorphism group, while the traditional graph automorphism group is just
Z/2Z (Figure 1.3).

FI1GURE 1.3. A graph and its edge refinement.
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Definition 1.4. Let I" be a graph. Two edges F1 and Fs are connected if there
is a vertex V of I' such that both £ and FEs are incident to V. A sequence of
connected edges is an ordered set

(1.3) (E1,Ea, -+, Ey)

of edges of I such that F; and F;; are connected for every j =1,2,--- ,k—1. A
graph I' is connected if for every pair of vertices V and V' of T', there is a sequence
of connected edges (1.3) for some integer k such that E; is incident to V and Ej is
incident to V.

In this article we consider only connected graphs.

Definition 1.5. A ribbon graph (or fatgraph) is a graph T' = (V, £,4) together with
a cyclic ordering on the set of half-edges incident to each vertex of T'.

A ribbon graph can be represented on a positively oriented plane (i.e. a plane
with counter-clockwise orientation) as a set of points corresponding to the vertices,
connected by arcs for each edge between the points corresponding to its incident
vertices, arranged so that the cyclic order of edges at a vertex corresponds to the
orientation of the plane. Intersections of the arcs at points other than the vertices
are ignored. The half edges incident to a vertex can be replaced with thin strips
joined at the vertex, with the cyclic order at the vertex determining a direction on
the boundaries of the strip (Figure 1.4).

N5

FIGURE 1.4. Oriented strips determined by the cyclic order at a vertex.

The strips corresponding to the two half edges are connected following the orien-
tation of their boundaries to form ribbons, determining a figure which is no longer
planar, but is an oriented surface with boundary given by the boundaries of the

ribbons (Figure 1.5).

FIGURE 1.5. Oriented surface with boundary determined by a rib-
bon graph.

Thus a ribbon graph can be considered as an oriented surface with boundary, as
is illustrated by Figure 1.6.

Definition 1.6. An automorphism of a ribbon graph I' is an automorphism of the
underlying graph that preserves the cyclic ordering of half-edges at every vertex.

Since we deal mainly with ribbon graphs from now on, we use the notation
Aut(T") for the automorphism group of a ribbon graph I'. The characteristic differ-
ence between a graph and a ribbon graph is that the latter has a boundary.
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FI1GURE 1.6. Ribbon graph of Figure 1.1 as an oriented surface.

Definition 1.7. Let T' = (V, £, i, ¢) be a ribbon graph, where ¢ denotes the cyclic
—

ordering of half-edges at each vertex. A directed edge E is an ordering E~ and

ET of the half-edges that form the edge E. A boundary component(hole) of T is a

cyclic sequence of connected directed edges
— —

— — P —
(E07E17 e 7Eq—1a Eq = EO)

such that the half-edges E;" and E;,, are incident to a vertex V; of I, with E;f

immediately preceding E;,; with respect to the cyclic order assigned to the half-

edges at V.

The ribbon graphs of Figure 1.5 and Figure 1.6 have only one boundary com-
ponent. We denote by b(I") the number of boundary components of a ribbon graph
r.

Definition 1.8. The group of ribbon graph automorphisms of I' that preserve the
boundary components is denoted by Auts(I'), which is a subgroup of Aut(T).

Since a boundary component of a ribbon graph is defined to be a cyclic sequence
of directed edges, the topological realization of the ribbon graph has a well-defined
orientation and each boundary component has an induced orientation that is com-
patible with the cyclic order. Thus we can attach an oriented disk to each boundary
component of a ribbon graph T' so that the total space, which we denote by C(T),
is a compact oriented topological surface.

The attached disks and the underlying graph I of a ribbon graph I' define a cell-
decomposition of C'(I'). Let v(I") denote the number of vertices and e(I") the number
of edges of I'. Then the genus g(C(T")) of the closed surface C(I') is determined by
a formula for the Euler characteristic:

(1.4) () — e(T) + b(T) = 2 — 2g(C(T)).

The ribbon graph of Figure 1.5 has two vertices, three edges and one boundary
component. Thus the surface C(T") is a torus.

Fi1GURE 1.7. Cell-decomposition of a torus by a graph drawn on it.

The ribbon graph of Figure 1.6 has three vertices, six edges and one boundary
component. Thus the genus of the closed surface C(I") associated with this ribbon
graph is 2.
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F1GURE 1.8. Cell-decomposition of a surface of genus 2 by a ribbon graph.

In Section 3 we study metric ribbon graphs, which are ribbon graphs with a
metric, that is, an assignment of a positive real number (length) to each edge of the
graph. The set of all metrics on I' determines a topological space homeomorphic
to Ri(r), on which the automorphism group of the ribbon graph acts. We wish
to study the structure of the space of isomorphism classes of metrics under this
action. A graph automorphism can act trivially on the space of metrics on T,
and this happens precisely when the automorphism preserves the edges of I', but
possibly interchanges some of its half-edges. Let us determine all ribbon graphs
that have a non-trivial graph automorphism acting trivially on the set of edges.

Definition 1.9. A ribbon graph T is exceptional if the natural homomorphism

(1.5) ¢r - Aut(l') — Se(r)

of the automorphism group of I' to the permutation group of edges is not injective.
Let T' be an exceptional graph and o € Ker(¢r) a nontrivial automorphism of

I'. Since none of the edges are interchanged by o, the graph can have at most

two vertices. If the graph has two vertices, then o interchanges the vertices while

all edges are fixed. The only possibility is a graph with two vertices of degree 7,
(j > 3), as in Figure 1.5 and in Figure 1.9 below.

FiGURE 1.9. Exceptional graph type 1.

If 5 is odd, then it has only one boundary component, as in Figure 1.5. The
genus of the surface C(T') is given by
=
(1.6) g(C(I) = ——.

For an even j, the graph has two boundary components, as in Figure 1.9, and

(1.7) gomy =122

In both cases, the automorphism group is the product group
(1.8) Aw(T) =2/2Z x Z/7Z,

with the factor Z/2Z acting trivially on the set of edges.
When I' has two boundary components, then

Auty(T) = Z/4Z,
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which is a factor of (1.8). Note that Auts(I') acts faithfully on the set of edges in
this case. Of course, in the case of one boundary component, Auty(T') coincides
with Aut(T"), so it does not act faithfully.

To obtain the one-vertex case, we only need to contract one of the edges of the
two-vertex case considered above. The result is a graph with one vertex of degree
2k, as shown in Figure 1.10.

e

FiGure 1.10. Exceptional graph type 2

When £k is even, the graph has only one boundary component, and the genus of
the surface C(T") is

k
(19) g(o(r) = 5.
If k is odd, then the graph has two boundary components and the genus is
k—1
(1.10) g(C()) = —

The automorphism group is Z/(2k)Z, but the action on Ri factors through
7)(2k)Z — TJKZ.

Here again, in the 2 component case the automorphism group fixing the boundary,
Auty(T") = Z/kZ, acts faithfully on the set of edges.

We have thus classified all exceptional graphs. These exceptional graphs appear
for arbitrary genus g. The graph of Figure 1.9 has two distinct labelings of the
boundary components, but since they can be interchanged by the action of a ribbon
graph automorphism, there is only one equivalence class of ribbon graphs with
labeled boundary over this underlying ribbon graph. The automorphism group
that preserves the boundary is Z/4Z. Thus the space of metric ribbon graphs with
labeled boundary is RY /(Z/4Z). The change of labeling, or the action of G4, has a
non-trivial effect on the graph level, but does not act at all on the space RY /(Z/4Z).
The space of metric ribbon graphs is also R% /(Z/4Z), which is not the G»-quotient
of the space of metric ribbon graphs with labeled boundary.

The other example of an exceptional graph, Figure 1.10, gives another inter-
esting case. This time the space of metric ribbon graphs with labeled boundary
and the space of metric ribbon graphs without referring to the boundary are both
R3 /(Z/3Z). The group S, of changing the labels on the boundary has again no
effect on the space.

The analysis of exceptional graphs shows that labeling all edges does not induce
labeling of the boundary components of a ribbon graph. However, if we label all
half-edges of a ribbon graph, then we have a labeling of the boundary components
as well. We will come back to this point when we study the orbifold covering of the
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space of metric ribbon graphs by the space of metric ribbon graphs with labeled
boundary components.

2. ORBIFOLDS AND THE EULER CHARACTERISTIC

A space obtained by patching pieces of the form

smooth open ball

finite group
together was called a V-manifold by Satake [11] and an orbifold by Thurston [15].
From the latter we cite:
Definition 2.1. An OTbifOld Q = (X(Q), {Ui}ie[, {Gi}ieh {(bz}lej) is a set of data
consisting of
1. a Hausdorff topological space X(Q) that is called the underlying space,
2. a locally finite open covering

X(Q) = U Ui
iel
of the underlying space,
3. a set of homeomorphisms

where U; is an open subset of R™ and G is a finite group acting faithfully on

U;.
Whenever U; C Uy, there is an injective group homomorphism
fij : Gz i Gj
and an embedding
¢ij : Ul I Uj

such that
¢ij(vx) = fij(7)¢ij (x)
for every v € G; and z € U;, and such that the diagram below commutes.

AT

I l

~ $ij=0i;/Gi ~
Ui/Gi ————— U,/ fi;(Gi)

H |

ﬁl/Gz — ﬁj/Gj

¢1T2 2T¢j
U inclusion U,
K3 7
The space @ is called an orbifold locally modeled on R™ modulo finite groups.
An orbifold is said to be differentiable if the group G; is a finite subgroup of the

orthogonal group O(n) acting on R™, and the local models R™/G; are glued together
by diffeomorphisms.
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Definition 2.2. A surjective map
T:Qo — Q1

of an orbifold Qg onto @1 is said to be an orbifold covering if the following conditions
are satisfied:

1. The map 7 induces a surjective continuous map

T . X(Qo) — X(Ql)

between the underlying spaces, which is not generally a covering map of the
topological spaces.

2. For every x € g, there is an open neighborhood U C (g, an open subset
UcC R™, a finite group G; a subgroup Gy C G, and homeomorphisms
U -5 U/Go and 7(U) > U /Gy such that the diagram below commutes.

U —— 7(U)

! |
U/Gy —— U/Gy

3. For every y € ()1, there is an open neighborhood V' of y, an open subset
V' C R™, a finite group G}, a subgroup G{; C G, and a connected component
U’ of 7=1(V) making the diagram below commute.

v —- . v

| |
V)G —— V/G,

If a group G acts on a Riemannian manifold M properly discontinuously by isome-

tries, then

7 M — M/G

is an example of a differentiable covering orbifold.

Given point z of an orbifold @, there is a well-defined group G, associated to
it. Let U = (7/6' be a local open coordinate neighborhood of x € . Then the
isotropy subgroup of G that stabilizes any inverse image of x in U is unique up to
conjugation. We define G, to be this isotropy group. When the isotropy group of
x is non-trivial, then z is said to be a singular point of the orbifold. The set of
non-singular points is open and dense in the underlying space X (Q). An orbifold
cell-decomposition of an orbifold is a cell-decomposition of X(Q) such that the
group G, is the same along each stratum. We denote by G¢ the group associated
with a cell C.

Thurston extended the notion of the Fuler characteristic to orbifolds.

Definition 2.3. If an orbifold @ admits an orbifold cell-decomposition, then we
define the Fuler characteristic by

(2.1) Q) = Y (~1)tm©

C':cell

L
|Gel’

The next theorem gives us a useful method to compute the Euler characteristic.
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Theorem 2.4. Let

T:Qo — Q1
be a covering orbifold. We define the sheet number of the covering m to be the
cardinality k = |7~ 1(y)| of the preimage 7~ 1(y) of a non-singular point y € Q1.
Then

1
(2.2) X(@Q1) = EX(QO)'
Proof. We first observe that for an arbitrary point y of QQ1, we have

B G|
k= 2 G

z:m(x)=y

Let
o =]]¢;
J
be an orbifold cell-decomposition of ()1, and

¢ =] Cy

a division of the preimage of C; into its connected components. Then

1

k -k __1\dim(C;)

im(Ca Go;| 1
_ 1 dim(Cy) | J
20 e o)

: 1
_ (_1)dlm(Cij)—
%: [erem

= X(Qo)

O

Corollary 2.5. Let G be a finite subgroup of &, that acts on R’ by permutation
of the coordinate aves. Then R’} /G is a differentiable orbifold and

="

(2.3) X (R /G) = ar
Remark. We note that in general

(="

X (R /G) # ——,

unless G acts on R} faithfully.
Example 2.1. Let us study the quotient space R} /&,,. We denote by
A(123---n)

the interior of a regular n-hyperhedron of (n — 1) dimensions. Thus A(12) is a line
segment, A(123) is an equilateral triangle, and A(1234) is a regular tetrahedron.
The space R’} is a cone over A(123---n):

R™ = A(123---n) x R,.
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The closure A(123---n) has n vertices x1,- -+ ,z,. Let z12 be the midpoint of the
line segment T1T3, 123 the barycenter of the triangle Azxizozs, etc., and x123..p
the barycenter of A(123---n).

The (n — 1)-dimensional region

(2.4) F = CH(x1, 712, 7123, * , T123..n),
which is the convex hull of the set of n points {xl,zlg,xlgg, <+ T123..n}, 1S the
fundamental domain of the &,-action on A(123---n) induced by permutation of

vertices. It can be considered as a cell complex of the orbifold R /&,,. It has (";1)
k-cells for every k (Figure 2.1).

\V

FIGURE 2.1. A(1234).

The isotropy group of each cell is easily calculated. For example, the isotropy
group of the 2-cell CH (x12%123%123...n,) 18

G(12) x 6(456 - n),

where G(abc- - - z) is the permutation group of the specified letters. The definition
of the Euler characteristic (2.1) and a computation using (2.2) gives an interesting
combinatorial identity

X (RL/S,) = - X (A(123--n)/6,)
Y N
(2.5) a =1 Z molma!- - my!

k=0 mo+mi+---+me=n
mo>1,m1>1,-- ,mp>1

The &,,-action of the cell-decomposition of
A(123---n)/6,

gives a cell-decomposition of A(123---n) itself, and hence a cell-decomposition of
R?. We call this cell-decomposition the canonical cell-decomposition of R}, and
denote it by O(RR”} ). For every subgroup G' C &,,, the fixed point set of an element of
G is one of the cells of (R ). In particular, O(R’ ) induces a cell-decomposition
of the orbifold R /G, which we call the canonical orbifold cell-decomposition of
R% /G.
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3. THE SPACE OF METRIC RIBBON GRAPHS

The goal of this section is to show that the space of all metric ribbon graphs
with fixed Euler characteristic and number of boundary components forms a differ-
entiable orbifold. The metric ribbon graph space could a priori have complicated
singularities, but it turns out that it only has quotient singularities given by certain
finite group actions on Euclidean spaces of a fixed dimension. This is due to the
behavior of the local deformations of a metric ribbon graph. The deformations of
a metric ribbon graph which we will discuss below are related to certain questions
in computer science. We refer to [13] for more detail.

Let RG,,, denote the set of all isomorphism classes of connected ribbon graphs
I" with no vertices of degree less than 3 such that
51) {x(r) =) —e)=2-2g—n

b(I) =n,

where v(T"), e(I') and b(T') denote the number of vertices, edges and boundary
components of ', respectively. If an edge F of I is incident to two distinct vertices
V1 and Vs, then we can construct another ribbon graph IV € RG,,, by removing
the edge E and joining the vertices Vi and V5 to a single vertex, with the cyclic
order of the joined vertex determined by the cyclic order of the edges incident to
V1 starting from the edge following E up to the edge preceding E, followed by the
edges incident to V5 starting with the edge following E and ending with the edge
preceding E. The ribbon graph I' is called a contraction of I'. A partial ordering
can be introduced into RGy ,, by defining

(3.2) Ty <Ty

if 'y is obtained by a series of contractions applied to I';. Since contraction de-
creases the number of edges and vertices by one, a graph with only one vertex is
a minimal graph, and a trivalent graph (a graph with only degree 3 vertices) is a
maximal element. Every graph can be obtained from a trivalent graph by applying
a series of contractions.

The inverse operation to the contraction of a ribbon graph is expansion. Every
vertex of degree d > 4 of a ribbon graph I" can be expanded by adding a new edge
as shown in Figure 3.1.

FIGURE 3.1. The arrow indicates contraction of an edge. The
inverse direction is expansion of a vertex.

In the process of expansion of a ribbon graph I', we identify two expanded graphs
if there is a ribbon graph isomorphism from one to the other that preserves all the
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original half-edges of I".  Thus when we expand a vertex of degree d > 4, there
are d(d — 3)/2 ways of expanding it by adding an edge. The situation is easier
to understand by looking at the dual graph of Figure 3.2, where the arrows again
indicate the contraction map.

FIGURE 3.2. A series of expansions of a vertex of degree 7 and the
dual graphs.

Consider the portion of a ribbon graph consisting of a vertex of degree d > 4
and d half-edges labeled by the numbers 1 through d. We denote this portion
by *4. The dual graph of %4 is a convex polygon with d sides. The process of
expansion by adding an edge to the center vertex of %4 corresponds to drawing
a diagonal line between two vertices of the d-gon, as in Figure 3.2. The number
d(d—3)/2 corresponds to the number of diagonals in a convex d-gon. Expanding the
graph further corresponds to adding another diagonal to the polygon in such a way
that the added diagonal does not intersect with the existing diagonals except at the
vertices of the polygon. The expansion process terminates after d — 3 iterations, the
number non-intersecting diagonals which can be placed in a convex d-gon. Note
that such a maximal expansion is trivalent at the internal vertices, and its dual
defines a triangulation of the polygon. The number of all triangulations of a d-gon

is equal to
1 [2d—4
d—1\d-2)’

which is called the Catalan number.

A metric ribbon graph is a ribbon graph with a positive real number assigned to
each edge, called the length of the edge. For a ribbon graph I' € RG, ,,, the space
of isomorphism classes of metric ribbon graphs with I' as the underlying graph is a
differentiable orbifold

Re(l")

(3:3) Au:(I‘)7

where the action of Aut(T") on ]Ri(r) is through the natural homomorphism
(3.4) ¢ Aut(l') — &, (r).
For the exceptional graphs I'cx in Definition 1.9, we have

RET) e
Aut(Ter)  Aut(D)/(Z/2Z)

For integers g and n satisfying

(3.5)

9=20
(3.6) n>1
2—-29g—n<0,
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we define the space of isomorphism classes of metric ribbon graphs satisfying the
topological condition (3.1) by

met __ +
(3.7) RGIe —

Each component (3.3) of (3.7) is called a rational cell of RG}''. The rational cells
are glued together by the contraction operation in an obvious way. A rational cell
has a natural quotient topology.

Let us compute the dimension of RGy'. We denote by v;(I') the number of
vertices of a ribbon graph I" of degree j. Slnce these numbers satisfy

—(2—2g9—n)=—v() +el)

=0+ 5 X ()

7>3 3>3
J
=3 (3-1)u),
Jj=3

the number e(I") of edges takes its maximum value when all vertices have degree 3.
In that case,
3u(T) = 2¢(T)
holds, and we have
. met\ __ _ _
(3.8) dim(RGY) = Fer%zg;n(e(l“)) =69 — 6+ 3n.

To prove that RGmet is a differentiable orbifold, we need to show that for every
element 'y et € RGH}'S“, there is an open neighborhood U, (T'yet) Of T'iet, an open
disk ﬁe(l‘met) C RO9=6+3n and a finite group Gr acting on ll(I‘met) through
orthogonal transformations such that

ﬁe(rmet)/GF = Ue (Fmet)-

Definition 3.1. Let 't € RGmet be a metric ribbon graph, and € > 0 a positive
number smaller than the half of the length of the shortest edge of I'yet. The e-
neighborhood U (T et) of T'ipet in RG"’“Et is the set of all metric ribbon graphs T',
that satisfy the following conditions:

1. T <T".

2. The edges of I', ., that are contracted in I'yey have length less than e.

3. Let E’ be an edge of I/ ., that is not contracted and corresponds to an edge

E of Ty of length L. Then the length L’ of E’ is in the range

L—e<L <L+e.

Remark. The length of an edge of I'} ., that is not contracted in 'yt is greater
than e.

The topology of the space RG_f]’“et is defined by these e-neighborhoods. When

’ e(I)

et is trivalent, then U (T'yet) is the e-neighborhood of R 4 7 in the usual sense.

Definition 3.2. Let I' € RG, ,, be a ribbon graph and I'¢ its edge-refinement. We
choose a labeling of all edges of I'¢, i.e., the half-edges of I'. The set X»r consists
of T" itself and all its expansions. Two expansions are identified if there is a ribbon
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graph isomorphism of one expansion to the other that preserves the original half-
edges coming from I'c. The space of metric expansions of I'; which is denoted by
Xglﬁt, is the set of all graphs in Xy with a metric on each edge.

To understand the structure of X', let us consider the expansion process of a
vertex of degree d > 4. Since expansion is essentially a local operation, the whole
picture can be seen from this local consideration. Let %4 denote the tree graph
consisting of a single vertex of degree d with d half-edges attached to it. Although
x4 is not the type of ribbon graph we are considering, we can define the space X g‘fs
of metric expansions of 4 in the same way as in Definition 3.2. Since the edges of *4
correspond to half-edges of our ribbon graphs, we do not assign any metric to them.
Thus dim(X2¢') = d — 3. As we have noted in Figure 3.2, the expansion process
of 4 can be more effectively visualized by looking at the dual polygon. A maximal
expansion corresponds to a triangulation of the starting d-gon by non-intersecting
diagonals. Since there are d — 3 additional edges in a maximally expanded tree
graph, each maximal graph is a metric tree homeomorphic to R‘fg. There is a
set of d — 4 non-intersecting diagonals in a d-gon that is obtained by removing one
diagonal from a triangulation 77 of the d-gon, or removing another diagonal from
another triangulation T5. The transformation of the tree graph corresponding to
T7 to the tree corresponding to T3 is the so-called fusion move. If we consider the
trivalent trees as binary trees, then the fusion move is also known as rotation [13].

Fusion

Move

FIGURE 3.3. Fusion move and contraction.

Two (d— 3)-dimensional cells are glued together along a (d — 4)-dimensional cell.
The number of (d — 3)-dimensional cells in X, is equal to the Catalan number.

Theorem 3.3. The space X‘tnfs is homeomorphic to R4=3, and its combinatorial
structure defines a cell decomposition of R4~3, where each cell is a convex cone with
vertex at the origin. The origin, corresponding to the graph %4, is the only 0-cell of
the cell complez.

The group Z/dZ acts on Xffz through orthogonal transformations with respect

to the natural Buclidean structure of R4=3.

Remark. In [13], the rotation distance between the top dimensional cells of X¢*

was studied in terms of hyperbolic geometry, which has a connection to the structure
of binary search trees.
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Proof. Draw a convex d-gon on the zy-plane in xyz-space. Let V be the set of
vertices of the d-gon, and consider the set f € RY of all functions

f:v—R
An element f € RY = R? can be represented by its function graph
(3.9) Graph(f) ={(V,f(V)) |V € V} C R®.

Let us denote by CH (Graph(f)) the convex hull of Graph(f) in R3. If we view the
convex hull from the top, we see a d-gon with a set of non-intersecting diagonals.

FIGURE 3.4. The convex hull of the function graph of f € RY and
its view from the top.

Viewing the convex hull from the positive direction of the z-axis, we obtain a
map

(3.10) £:RY — Xy,

where we identify X, with the set of arrangements of non-intersecting diagonals

of a convex d-gon. A generic point of RY corresponds to a triangulation of the

d-gon as in Figure 3.4, but special points give fewer diagonals on the d-gon. For

example, if f is a constant function, then the function graph Graph(f) is flat and

the top view of its convex hull is just the d-gon without any diagonals in sight.
This consideration leads us to note that the map £ factors through

y _pr RY
R Affine(R2,R)

(3.11) H ln

RY L} Xt*dv

where
Affine(R?, R) = R3

is the space of affine maps of R? to R. Such an affine map induces a map of V to
R, but the image is flat and no diagonals are produced in the d-gon.

The map 7 of (3.11) is surjective, because we can explicitly construct a function
f that corresponds to an arbitrary element of X .,. We also note that the inverse
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image of an m-diagonal arrangement (0 < m < d — 3) is a cone of dimension m
with vertex at the origin. It is indeed a convex cone, because if two points of

RV
Affine(R?, R)
correspond to the same diagonal arrangement of Xy, then every point on the line

segment connecting these two points corresponds to the same arrangement. To see
this, let V = {Vi,Va,--+, V4}, and let a function f € RY satisfy

fVa—2) = f(Va—1) = f(Va) = 0.

Then f can be thought of an element of the quotient space (3.12). Take two such
functions f and g that correspond to the same m-diagonal arrangement of the
d-gon. The line segment connecting these two functions is

(3.13) he = f+t(g—f),

where 0 < ¢ < 1. This means that the point h:(V;) € R? is on the vertical line
segment connecting f(V;) and g(V;) for all j = 1,2,3,--- ,d — 3. Thus the top
roof of the convex hull CH(Graph(h:)) determines the same arrangement of the
diagonals on the d-gon as CH (Graph(f)) and CH(Graph(g)) do.

Since the inverse image of an m-diagonal arrangement is an m-dimensional con-
vex cone, it is homeomorphic to RY'. Hence Xy ., defines a cell decomposition of

(3.12) =R

R?~3, which is homeomorphic to X2¢  as claimed.

The convex d-gon on the plane can be taken as a regular d-gon centered at the
origin. The cyclic group Z/dZ naturally acts on V through rotations. This action
induces an action on RY through permutation of axes, which is an orthogonal
transformation with respect to the standard Euclidean structure of R%. A rotation
of V induces a rotation of the horizontal plane R?, thus the space of affine maps of
R? to R is invariant under the Z/dZ-action. The action therefore descends to the
orthogonal complement Affine(R%,R)* in RY. Thus Z/dZ acts on

Xt o Affine(R?, R)* = R%3

by orthogonal transformations with respect to its natural Euclidean structure.
O

Example 3.1. The space of metric expansions of a vertex of degree 6 is a cell
decomposition of R3. There are nine 1-cells, twenty-one 2-cells, and fourteen 3-
cells. In Figure 3.5, the axes are depicted in the usual orientation, with the vertical
axis representing the z coordinate. The Z/6Z-action on R? is generated by the
orthogonal transformation

5o g
0 -1 0
5 0
Theorem 3.4. LetI' € RGy,. Then
(3.14) xmet o2 R ¢ RO9—6+3n—e(D),

The combinatorial structure of Xs-r determines a cell decomposition of Rj_(r) X
RO9—6+3n—e() " The group Aut(T) acts on Xg’l‘it as automorphisms of the cell com-

plex, which are orthogonal transformations with respect to its natural Fuclidean
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FiGUure 3.5. The space of metric expansions of a vertex of degree 6.

structure through the homeomorphism (3.14). The action of Aut(T') on the met-
ric edge space Ri(r) may be non-faithful (when T is exceptional), but its action on
RO9-6+3n=e(1) s glways faithful except for the case (g,n) = (1,1).

Proof. The expansion process of I" takes place at each vertex of degree 4 or more.
Since we identify expansions only when there is an isomorphism fixing all original
half-edges coming from I, the expansion can be done independently at each vertex.
Let #(1),--- ,*(v) be the list of vertices of I' and d; the degree of x(j). We arrange
the degree sequence of ' as

ns ng N
—N— — ————
(333a"' 3334’47"’ 747"' y T M0y - = 7m)'

Note that
ny+ng+ -+ n, =v=uv(l)

is the number of vertices of I". Then
me e(l me
xep =R < [T X2ty

and the second factor is homeomorphic to

e, = [ ey et
pn=3
where
codim(T") =6g — 6+ 3n—e(T) = Z(M —3)n,.
pn=3
The group

m
) =[] &n, »z/nz
n=3
acts naturally on H Xﬁlfg]) through orthogonal transformations because each
factor Z/uZ acts on X me( ) through orthogonal transformations if d; = p, and the
symmetric group &,, acts on (]R“ 3) * by permutations of factors, which are also
orthogonal transformations.
Since Aut(T") is a subgroup of G(T'), it acts on H;Zl X ;nffj) through orthogonal

D s by permutations of axes, thus it is also

transformations. It’s action on Ri(
orthogonal in the standard embedding of Re @ into R, Therefore, Aut(I") acts
on X1 met through orthogonal transformatlons with respect to the natural Euclidean

met
structure of X"
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The action of Aut(T") on Re4™(I) is faithful because all half-edges of I' are
labeled in XM, except for the case (g,n) = (1,1). There are only two graphs in
RG 1, and both are exceptional. Thus the Aut(T)-action on X has a redundant
factor Z/27Z for RG1 ;. - O

Theorem 3.5. The space

oo
RGmet —

g,n

rERG, Aut(T)

of metric ribbon graphs is a differentiable orbifold locally modeled by

X
3.15 =,
(3.15) Aut(T)
Proof. For every ribbon graph I' € RG| ,,, there is a natural map
(3.16) fir : XER — RGYYSY,

assigning to each metric expansion of I' its isomorphism class as a metric ribbon
graph. Since the Aut(I')-action on X g‘ﬁt induces ribbon graph isomorphisms, the
map (3.16) factors through the map pr of the quotient space:

met
17 X met =" kr met
(3.17) S R

The inverse image fir- 1(U6 (T'imet)) of the e-neighborhood U, (I'yet) is an open subset
of X ?ﬁt that is homeomorphic to a disk. We claim that

. ﬁil(Ue(Fmet)) ~
W — Ue(Fmet)

is a homeomorphism for every metric ribbon graph ', if € > 0 is chosen sufficiently
small compared to the shortest edge length of I'yet-
Take a point I'0; € Ue(T'met), and let

Thet € i (Met)s 4 =1,2,
be two inverse images. The ribbon graph isomorphism & that brings I'L ., to I'2
preserves the set K of contracting edges. Since anet modulo the contracting edges
K is the graph T'jeq, @ induces an automorphism « € Aut(T"). Thus & factors into
the product of an automorphism « of I and a permutation of K. As an element of
Xmet a permutation of contracting edges in K fixes the element. Thus I'2,., is an
a-image of 'L . in XM, This shows that (3.18) is a natural bijection.

Since the topology of the space of metric ribbon graphs is determined by these
e-neighborhoods, the map ur is continuous. Thus for a small enough €, we have a
homeomorphism (3.18).

The metric ribbon graph space is covered by local coordinate patches

(3.19) U T <M) = RG™et

Aut(T) g
FERG;“;‘}

(3.18)

where
ip (Ue(Twer)) - XEF
Aut(T) Aut(T)
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is a differentiable orbifold. Let

€ (BT ) 0 (/)

be a metric ribbon graph in the intersection of two coordinate patches. Then I'" =T
and I'” = I". There is a small § such that

(D) () (L)

If we label the edges of I'” that are not contracted in I', then we have an embedding
XEF c X

that induces

ﬁ;’}(Uts(Fglet)) ﬁ;l(Ue(Fmet))

Aut(T") Aut(T)
These inclusion maps are injective diffeomorphisms with respect to the natural dif-
ferentiable structure of X', The same is true for I and I''. This implies that
the local coordinate neighborhoods of (3.19) are patched together by diffeomor-

phisms. ]

Remark. The local map ur of (3.18) is not a homeomorphism if € takes a large
value. In particular,

Xglfit

Aut(T)

does not map injectively to RGIg‘f‘jlt via the natural map ur.

Theorem 3.6. The Euler characteristic of RG™¢ as an orbifold is given by

g,n

(3.20) xremy = Y CDT s
‘ gn/ |Aut(F)|’ 9, i .

FeRGyn

For (g,n) = (1,1), we have

—1)e@ 11 1
21 met) _ =D 1 11
(3:21) XREE = D> amoE- 3Tz 6

I'eRG1,1

Proof. Since the Aut(T")-action on Ri_(r) is through the representation

Aut(F) — 6@(1“)’

we have the canonical orbifold cell decomposition of Ri(r) /Aut(T") defined in Ex-
ample 2.1. Gluing all these canonical cell decompositions of the rational cells of
the orbifold RG;‘;}? we obtain an orbifold cell decomposition of the entire space
RG;?. To determine the isotropy subgroups of each orbifold cell, we need the
local model (3.18). We note that the Aut(T)-action on fip'(Ue(Tmet)) is faithful
if (g,n) # (1,1). If Aut(T") acts on Rj_(r) faithfully, then the contribution of the

rational cell Ri(r) /Aut(T') to the Euler characteristic of RGy! is
(1)

[Aut(I)[°
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But if T' is exceptional, then the rational cell

Rir) Rfm

Aut() ~ Aut(D)/(Z/22)

is itself a singular set of X'£*/Aut(T). The contribution of the Euler characteristic
of RGys! from this rational cell is thus

(D" ()
2. |Aut(I')/(Z/2Z)|  |Aut(T)|’

Summing all these, we obtain the formula for the Euler characteristic.

The case of (g,n) = (1, 1) is still different because all graphs in RG; ; are excep-
tional. The general formula (3.20) gives —1/6 + 1/4 = 1/12, but since the factor
Z/2Z of Aut(T) acts trivially on X™¢', the factor 2 has to be modified. O

The computation of (3.20) was first done in [4] using a combinatorial argument,
and then in [9] and [8] using an asymptotic analysis of Hermitian matrix integrals.
The result is

> (=1 (29+n-3)!(29)(29 — 1 - 29)

(3:22) |[Aut(T)] (29)!n!

T€RGy.n

for every g > 0 and n > 0 subject to 2 —2g —n < 0.
Let RG B, ,, denote the set of isomorphism classes of connected ribbon graphs
with labeled boundary components subject to the topological condition (3.1), and

t R
2 Bt — —
(3.23) RGB™ 11 Rt T

Te€RGBy
the space of metric ribbon graphs with labeled boundary components, where
Auta(r)

is the automorphism group of a ribbon graph I' preserving the boundary labeling.
The same argument of the previous section applies without any alteration to show
that RGB;‘th is a differentiable orbifold locally modeled by

X

Auty (F) '

The definition of the space of metric expansions X" does not refer to the labeling

of the boundary components of a ribbon graph I', but it requires labeling of all
half-edges of I'. As we noted at the end of Section 1, labeling of the half-edges
induces an order of boundary components. Thus every expansion of I appearing in
X1t has a boundary labeling that is consistent with the boundary labeling of T

Theorem 3.7. For every genus g > 0 and n > 1 subject to (3.6), the natural
forgetful projection

. met met
(3.24) pr: RGB]'Y" — RGJ',

is an orbifold covering of degree n!.
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Proof. Let I' be a ribbon graph. We label the boundary components of I', and
denote by B the set of all permutations of the boundary components. The car-
dinality |B| of B is n!l. The automorphism group Aut(I') acts on the set B, and
by definition the isotropy subgroup of Aut(T") of each element of B is isomorphic
to the group Auts(T"). The orbit space B/Aut(T") is the set of ribbon graphs with
labeled boundary. Thus the inverse image of the local model X¢t/Aut(T) by pr—*
is the disjoint union of |B/Aut(T")| copies of Xt /Auty(T):

| B/Aut(T")|-copies

xpe \ _xpe xgee
3.25 -1 = = = . = .
(3.25) br (Aut(F) Auty (D) IT-11 Auty(D)
Since the projection restricted to each local model
xpgt xpet

pr: Auty(T) 7 Aut(T)
is an orbifold covering of degree |Aut(T")/Auty(T')|, the map

Xmet Xmet
2 cprt =L )  TED
(3:26) pre s pr (Aut(l“)) Aut()

is an orbifold covering of degree
|B/Aut(I")| - |Aut(I")/Auty(T)| = |B| = nl.
Since the projection of (3.24) is just a collection of prr of (3.26),
pr: RGB! — RG’;}Z‘Z
is an orbifold covering of degree n! as desired. O

As an immediate consequence, we have

Corollary 3.8. The Euler characteristic of RGB™t is given by

g,n

(3.27) X(RGBYSH) = n! - X(RGSY).

4. STREBEL DIFFERENTIALS ON RIEMANN SURFACES

A Riemann surface is a patchwork of complex domains. Let us ask the question
in the opposite direction: If we are given a compact Riemann surface, then how can
we find coordinate patches that represent the complex structure? In this section we
give a canonical coordinate system on a Riemann surface once a finite number of
points on the surface and the same number of positive real numbers are chosen. The
key technique is the theory of Strebel differentials [14]. Using Strebel differentials,
we can encode the holomorphic structure of a Riemann surface in the combinatorial
data of ribbon graphs.

Let C be a compact Riemann surface. We choose a finite set of labeled points
{p1,p2, -+ ypn} on C, and call them marked points on the Riemann surface. The
bridge that connects the complex structure of a Riemann surface and combinatorial
data is the Strebel differential on the Riemann surface. Let K& be the canonical
sheaf of C. A holomorphic quadratic differential defined on C is an element of
HO(C, Kg’Q), where KQC92 denotes the symmetric tensor product of the canonical
sheaf. In a local coordinate z on C, a quadratic differential ¢ is represented by
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q=f(2) (dz)2 with a locally defined holomorphic function f(z). With respect to a
coordinate change w = w(z), the local expressions

¢ = 1(2)(dz)" = glw) (dw)’
transform by

(4.1) 12) = gwte (1Y

A meromorphic quadratic differential on C is a holomorphic quadratic differential
q defined on C' except for a finite set {p1, - ,pn} of points of C' such that at each

singularity p; of ¢, there is a local expression ¢ = f;(2) (dz)2 with a meromorphic
function f; that has a pole at z = p;. If f;(2) has a pole of order r at p;, then we
say q has a pole of order r at z = p;.

Let ¢ = f(2) (dz)2 be a meromorphic quadratic differential defined on C. A real
parametric curve

(4.2) v:(a,b)3tr—y(t)=2€C

parameterized on an open interval (a,b) of a real axis is a horizontal leaf (or in the
classical terminology, a horizontal trajectory) of ¢ if

2
(13) rao) (40) >0

for every t € (a,b). If

(4.4 o) (7)) <o

holds instead, then the parametric curve 7 of (4.2) is called a vertical leaf of q. The
collection of all horizontal or vertical leaves form a real codimension 1 foliation on
the Riemann surface C' minus the singular points and zeroes of q. There are three
important examples of the foliations for our study.
Example 4.1. Let g = (dz)Q. Then the horizontal lines

at) =t + ci, teR
are the horizontal leaves of ¢, and

B(t)=it+e¢, teR

are the vertical leaves for every ¢ € R. Each of these defines a simple foliation
on the complex plane C. In Figure 4.1, horizontal leaves are described by straight
lines, and vertical leaves are indicated by broken lines.

FIGURE 4.1. Foliations defined by (dz)?2.



RIBBON GRAPHS, QUADRATIC DIFFERENTIALS, AND CURVES OVER Q 25

If a quadratic differential ¢ = f(z)(dz)? is holomorphic and non-zero at z = 2,
then on a neighborhood of zy we can introduce a canonical coordinate

(4.5) w(z) = /Z V f(z)dz.

It follows from (4.1) that in the w-coordinate the quadratic differential is given
by ¢ = (dw)?. Therefore, the leaves of ¢ near 2o look exactly as in Figure 4.1 in
the canonical coordinate. This explains the classical terminology of horizontal and
vertical trajectories. We remark here that although the coordinate w(z) is called
canonical, still there is an ambiguity of coordinate change

(4.6) w(z) — —w(z)+a
with an arbitrary complex constant a.

Using the canonical coordinate, it is obvious to see the following:

Proposition 4.1. Let S be an open Riemann surface and q a holomorphic qua-
dratic differential on S. Then for every point p € S, there is a unique horizontal
leaf and a vertical leaf passing through p. Moreover, these leaves intersect at a Tight
angle with respect to the conformal structure of S near p.

When a holomorphic quadratic differential has a zero, then the foliation behaves
differently.

Example 4.2. Let ¢ = 2™(dz)?. Then (m + 2) half rays
ag : (0,00) Dt t-exp (TiﬂjrkZ
give the horizontal leaves that have z = 0 on the boundary (the straight lines of
Figure 4.2), and another set of (m + 2) half rays
w4 2mik
m + 2

gives the vertical leaves (the broken lines of Figure 4.2).

)e(C, k=0,1,--,m+1

5k:(0,oo)9t»—>t.exp< )e({j7 k=0,1,---,m+1

FIGURE 4.2. Horizontal and vertical leaves of z3(dz)?.
The foliation becomes quite wild at singularities of q. However, the situation is
milder around a quadratic pole with a negative real coefficient .
Example 4.3. Let ¢ = — (%)2. Then every concentric circle centered at 0,
aft) = re’, teR,r >0,
is a horizontal leaf, and all the half-rays
B(t) = te, t>0,0<6<2m,

give the vertical leaves. We note that all horizontal leaves are compact curves
(Figure 4.3).
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FIGURE 4.3. Horizontal compact leaves and vertical leaves of — % (dz)%.

The fundamental theorem we need is:

Theorem 4.2 (Strebel [14]). Let g and n be integers satisfying that

g=20
(4.7 n>1

2—-29—n<0,
and (C,(p1,- -+ ,pn)) a smooth Riemann surface of genus g with n marked points
P1,- - »Pn- Choose an ordered n-tuple (ay,--- ,a,) € R} of positive real numbers.

Then there is a unique meromorphic quadratic differential ¢ on C satisfying the
following conditions:

1. q is holomorphic on C \ {p1,-* ,Dn}-

2. q has a double pole at each p;, j=1,---,n.

3. The union of all noncompact horizontal leaves forms a closed subset of C' of
measure 2ero.

4. Every compact horizontal leaf o is a simple loop circling around one of the
poles, say p;, and it satisfies

(48) o= ¢ Vi

where the branch of the square root is chosen so that the integral has a positive
value with respect to the positive orientation of o that is determined by the
complex structure of C.

This unique quadratic differential is called the Strebel differential. Note that the
integral (4.8) is automatically a real number because of (4.3). Every noncompact
horizontal leaf of a Strebel differential defined on C' is bounded by zeros of ¢, and
every zero of degree m of ¢ bounds m + 2 horizontal leaves, as we have seen in
Example 4.2.

Let v(t) be a noncompact horizontal leaf bounded by two zeros zg = y(tp) and
21 =7(t1) of ¢ = f(2)(dz)%. Then we can assign a positive real number

(19) o= [ va= [ Ve

by choosing a branch of 1/ f(z) near zp and z; so that the integral becomes positive.
As before, the integral is a real number because « is a horizontal leaf. We call
L(y) the length of the edge ~ with respect to ¢q. Note that the length (4.9) is
independent of the choice of the parameter t. The length is also defined for any
compact horizontal leaf by (4.8). Thus every horizontal leaf has a uniquely defined
length, and hence the Strebel differential ¢ defines a measured foliation on the open
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subset of the Riemann surface that is the complement of the set of zeroes and poles
of q.

Around every marked point p; there is a foliated disk of compact horizontal
leaves with length equal to the prescribed value a;. As the loop becomes larger in
size (but not in length, because it is a constant), it hits zeroes of ¢ and the shape
becomes a polygon (Figure 4.4).

FIGURE 4.4. A foliated disk with compact horizontal leaves.

Let the polygon be an m-gon, 71, -,V the noncompact horizontal leaves sur-
rounding p;, and o a compact horizontal leaf around the point. Then we have
(4.10) a; = L(a) = L(1) + -+ L(7m)-

We note that some of the v;’s may be the same noncompact horizontal leaf on the
Riemann surface C'. The collection of all compact horizontal leaves surrounding
p; forms a punctured disk with its center at p;. Glue all these punctured disks to
noncompact horizontal leaves and the zeroes of the Strebel differentials, and fill the
punctures with points {p1,---,p,}. Then we obtain a compact surface, which is
the underlying topological surface of the Riemann surface C.

Corollary 4.3. Let g and n be integers satisfying (4.7), and
(411) (Oa (plap2a"' 7pn)7(a1,a2"" 7an))

a nonsingular Riemann surface of genus g with n marked points and an ordered
n-tuple of positive real numbers. Then there is a unique cell-decomposition O, of
C consisting of v 0-cells, e 1-cells, and n 2-cells, where v is the number of zeroes
of the Strebel differential q associated with (4.11), and

e=v—2+4+2g+n.

Proof. The 0-cells, or the vertices, of [J, are the zeroes of the Strebel differential
q of (4.11). The 1-cells, or the edges, are the noncompact horizontal leaves that
connect the 0-cells. Since each 1-cell has a finite positive length and the union of
all 1-cells is closed and has measure zero on C', the number of 1-cells is finite. The
union of all compact horizontal leaves that are homotopic to p; (together with the
center p;) forms a 2-cell, or a face, that is homeomorphic to a 2-disk. There are n
such 2-cells. The formula for the Euler characteristic

v—e+n=2-2¢g
determines the number of edges. O
The 1-skeleton, or the union of the O-cells and 1-cells, of the cell-decomposition
O, that is defined by the Strebel differential is a ribbon graph. The cyclic order of
half-edges at each vertex is determined by the orientation of the Riemann surface.

A vertex of the graph that comes from a zero of degree m of the Strebel differential
has degree m+2. Thus the graph we are considering here does not have any vertices
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of degree less than 3. Since each edge of the graph has the unique length by (4.9),
the graph is a metric ribbon graph.

Let us give some explicit examples of the Strebel differentials. We start with a
meromorphic quadratic differential which is not a Strebel differential, but nonethe-
less an important example because it plays the role of a building block.

Example 4.4. Consider the meromorphic quadratic differential
1 (d¢)? 1 /1 1 9

on P!. It has simple poles at 0 and 1, and a double pole at co. The line segment
[0,1] is a horizontal leaf of length 1/2. The whole P! minus [0,1] and infinity is
covered with a collection of compact horizontal leaves which are confocal ellipses

1
(4.13) ¢ =acosf + §—|—ibsin9,
where a and b are positive constants that satisfy
1
2 2
=b"+ -.
a + 1
We have
1 (d¢)? 1

)~ 1)

under (4.13). The length of each compact leaf is 1.

1 (do)?

FIGURE 4.5. Horizontal leaves of yrelagErol

Example 4.5. Recall the Weierstrass elliptic function

1 1 1
p(z)izi2Jr ( Z)Zz <(Z—m—n7')2(m+n7)2>
m,n)e
(4.14) (m.n)#(0,0)
1 go2® g3zt g32°  3gogs2®

=2t 0 T s 100 T 660 T

defined on the elliptic curve

(4.15) E, =
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of modulus 7 with Im(7) > 1, where g2 and g3 are defined by
60 140

4.].6 == VR d Q — _—
(4.16) 92 Z (m+nt)t and 9s Z (m 4 nt)8

(m,n)€z? (m,n)€z?

(m,n)#(0,0) (m,n)#(0,0)
Let z be a coordinate on E.. It is customary to write
w1 =1/2, we=(1+71)/2, w3 =7/2

and

€; = p(wj)v ] = 17233'
The quantities g, g3 and e;’s satisfy the following relation:
4o — gox — g3 = 4(x — e1)(z — ez)(x — e3).
Let us consider the case when 7 =i =+/—1. We have go =4, g3 =0,e1 = —e3 =1
and e; = 0. In particular, the elliptic curve is defined over Q. The Weierstrass -
function maps the interior of the square spanned by 0, w1, ws,ws biholomorphically

onto the upper half plane, and the boundary of the square to the real axis (see for
example, [10]). A Strebel differential is given by

(4.17) 1= —0(2)(d2).

The series expansion of (4.14) tells us that the horizontal leaves near 0 are closed
loops that are centered at the origin. The differential ¢ has a double zero at ws,
which we see from the Weierstrass differential equation

9'(2)? = 4p(2)° — 4p(2) = 4 (p(2) — 1) (p(2) — e2) (p(2) — €3) -
The real curve wy + it is a horizontal leaf, because on the edge wiws the Weierstrass
function p(z) takes values in [eq, e1]. The curve ws + t is also a horizontal leaf,
because on the edge w3ws the function p(z) takes values in [es, e3]. In the above
consideration we used the fact that p(z) is an even function:

p(2) = p(=2).
An extra Z/27Z symmetry comes from the transformation property
p(iz) = —p(2).

To prove that (4.17) is indeed a Strebel differential, we just note that ¢ is the
pull-back of the building block gg of (4.12) via a holomorphic map

p2
(4.18) ¢: B 2= P
Indeed,
4 1 (dg?)?
=—— d)? = — 27
q 7_‘_2@(2)( Z) 47_[_2 p2(1_p2)

The inverse image of the interval [0, 1] is the degree 4 ribbon graph with one vertex,
two edges and one boundary component (Figure 4.6).

Another interesting case is 7 = ¢™/3, which corresponds to go = 0, g5 = 4, and
— 2mi/3 — pAmi/3

e1 =1, e e3

Again the elliptic curve is defined over Q. The zeroes of p(z) are

I +a;)2 tws and 2p= —2(w1 Jr(;f er;;)'
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FIGURE 4.6. Elliptic curve of modulus 7 = i and a ribbon graph on it.

The Weierstrass function p(z) maps the line segment pw; onto [0, 1], pws to Oez,
and pws to Oes, respectively (Figure 4.7).

€

0 o, ® €

FIGURE 4.7. Weierstrass p-function for g» = 0, g3 = 4.

A Strebel differential is given by
9
(4.19) ¢ = ——9(2)(d2)*,

and the non-compact leaves form a regular hexagonal network, which possesses a
Z/3Z-symmetry (Figure 4.8).

FIGURE 4.8. A honeycomb.

We note that (4.19) is the pull-back of the building block ¢o via a map

o° o1
Eoriys — P

Indeed, we have
9 1 (dg®)?
=—-= d)?2 = — %7

We can now construct the canonical coordinate system by using the Strebel
differential once we give n marked points on a Riemann surface and an n-tuple of
real numbers. Let (C, (p1,p2, - ,0n), (a1,a2, -+ ,a,)) be the set of data of (4.11),
and ¢ the Strebel differential associated with the data. We recall that for every
point of a vertical leaf there is a horizontal leaf intersecting perpendicularly at
the point (Proposition 4.1). Since the set of compact horizontal leaves of ¢ forms
an open dense subset of C', which is indeed the disjoint union of punctured open
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2-disks, every vertical leaf of ¢ extends to one of the points p;. In particular, a
vertical leaf starting at a zero of g should end at one of the poles.

Theorem 4.4. The set of all vertical leaves that connect zeroes and poles of q,
together with the cell-decomposition [y of C' by the noncompact horizontal leaves,
defines a canonical triangulation A, of C'.

Proof. The cell-decomposition O, of C' defined by the noncompact horizontal leaves
of ¢ defines a polygonalization of C'. Each polygon Figure 4.4 has a unique center,
which is a pole of q. The vertical leaves that connect zeroes and poles supply the
edges necessary for a triangulation of each polygon (Figure 4.9). U

FIGURE 4.9. Triangulation of a polygon

Let I'y denote a ribbon graph consisting of zeroes of ¢ as vertices and noncompact
horizontal leaves of ¢ as edges. By the property of the Strebel differential, we have

(4.20) {:((qu)):—;(n) —e(Ty) =2—2g

In particular, the closed surface associated with the ribbon graph I'y is the underly-
ing topological surface of the Riemann surface C. For every edge E of I, there are
two triangles of A, that share E. Gluing these two triangles along E, we obtain a
diamond shape as in Figure 4.10. This is the set of all vertical leaves that intersect
with E. Let V and V' be the endpoints of E, and give a direction to F from V to
V’. We allow the case that F has only one endpoint. In that case, we assign an
arbitrary direction to E. For a point P in the triangles, the canonical coordinate

P
(4.21) z=2z(P)= / Va
v
maps the diamond shape to a strip
(4.22) Up={2€C|0< Re(z) < L}

of infinite height and width L in the complex plane, where L is the length of E.
We identify the open set Ug as the union of two triangles on the Riemann surface
C' by the canonical coordinate z (Figure 4.10). The local expression of ¢ on Ug is
of course

(4.23) q = (d2)%
Let the degree of V' be m. We note that every quadratic differential has an

expression

2
(4.24) q= %wm‘z(dw)2
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)
]
]
]
]
]
]
]
L
]
]
]
]
]
]
]
]
]

FIGURE 4.10. Triangulation and a canonical coordinate system of
a Riemann surface.

around a zero of degree m — 2. So we use (4.24) as the expression of the Strebel
differential ¢ on an open neighborhood Uy around V with a coordinate w such that
V is given by w = 0. On the intersection

U NUy,

we have

(4.25) q=(d2)* = TnTme*Q(dw)2

from (4.23) and (4.24). Solving this differential equation with the initial condition
that z = 0 and w = 0 define the same point V', we obtain the coordinate transform

(4.26) w=w(z) = 2™,

where ¢ is an mth root of unity. Thus Ug and Uy are glued on the Riemann surface
C in the way described in Figure 4.11.

.

;

:

;

:

;

'

;

:
S

FicURE 4.11. Gluing a strip to a neighborhood of a vertex by
w=w(z)= 22/3,

Since we have

]{\/52%‘

around a quadratic pole p;, we can choose a local coordinate u on an open disk U;
centered at p; such that

2
45 (du)?

472 u?
The coordinate disk Uj;, which is the union of the horizontal leaves that are zero-
homotopic to pj;, can be chosen so that its boundary consists of a collection of edges

(4.27) q=



RIBBON GRAPHS, QUADRATIC DIFFERENTIALS, AND CURVES OVER Q 33

Ei,---,E, for some u. Let zj, be the canonical coordinate on Ug, . Equations (4.23)
and (4.27) give us a differential equation

(4.28) (dzy,)? = ——L~———

Its solution is given by

(4.29) u = u(zy) = ye2 /4

where 7 is a constant of integration. Since the edges E1,- - - , E, surround the point

pj, the constant of integration for each z;, is arranged so that the solution v of (4.29)

covers the entire disk. The precise form of gluing function of open sets Ug,’s and

U; is given by

Li+ Lo+ -+ Lg_1+ 2k
Liy+Lo+---+ Ly

where the length L satisfies the condition

aj="Li+ Lo+ +L,.

(430) u:U(Zk):eXp (27‘(’2 )7 k:1’2’ s s

u(z,) )

2y
u=u(z,)

E,

FIGURE 4.12. Gluing a strip to a neighborhood of a pole by u =
u(z1) = exp(2miz1/a;).

The open coordinate charts Ug’s, Uy’s and U;’s cover the whole Riemann surface
C. We call them the canonical coordinate charts.
Definition 4.5. The canonical coordinate system of the data

(07 (plap27 e apn)a (a17a27 e 7a/n))

is the covering

(4.31) C:UUEUUUVUOUj
E v J=1

of the Riemann surface C by the canonical coordinate charts, where the union is
defined by the gluing functions (4.26) and (4.30).

We note that the canonical coordinate z we have chosen for the strip Ug around
an edge FE depends on the direction of the edge. If we use the opposite direction,
then the coordinate changes to

(4.32) z— L —z,

where L is the length of E, as before. This change of coordinate does not affect the
differential equations (4.25) and (4.28), because

(dz)* = (d(L — 2))*.
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5. COMBINATORIAL DESCRIPTION OF THE MODULI SPACES OF RIEMANN
SURFACES

We have defined the space of metric ribbon graphs with labeled boundary com-
ponents by

t H Ri(r)
RGB:W' = —_—
a,n
I'€RGB, ., Autp(T)
The Strebel theory defines a map
(5.1) 0 : My x R} — RGBY,

where My ,, is the moduli space of Riemann surfaces of genus g with n ordered
marked points. In what follows, we prove that the map o is bijective. Since o is a
map between two differentiable orbifolds, it is more desirable to establish that the
map is indeed a diffeomorphism of orbifolds. However, such an attempt is beyond
the scope of our current investigation.

The case of (g,n) = (1,1) is in many ways exceptional. For (g,n) = (0,3), all
Strebel differentials are explicitly computable. Thus we can construct the identifi-
cation map

Mo,3 x R = RGBS
directly. This topic is studied at the end of this section. We also examine the
orbifold covering RGBg'S* — RGY'S' there.

The product group R’} acts naturally on 9, , x R%. Therefore it acts on the
space RGB;;}S through the bijection 0. However, the R’/ -action on RGB;}S is
complicated. We give an example in this section which shows that the action does
not preserve the rational cells.

Theorem 5.1. There is a natural bijection

M, ., x R" = RGB™",

g.n
Proof. The proof breaks down into three steps. In Step 1, we construct a map
(5.2) [T r" —my, xR

FE€RGBy,»
We then prove that the map descends to
(5.3) 0 RGB;‘}th — My x RY

by considering the action of the graph automorphism groups preserving the bound-
ary order in Step 2. From the construction of Step 1 we will see that 5 is a
right-inverse of the map o of (5.1), i.e., 0 o § is the identity of RGB;‘S. In Step 3
we prove that g is also a left-inverse of the map o.

Step 1. Our starting point is a metric ribbon graph 'yt with labeled boundary

components. We label all edges, and give an arbitrary direction to each edge. To
—

each directed edge E of I',,e, we assign a strip

Uz ={2€C|0< Re(z) < L}

of infinite length and width L, where L is the length of E (see Figure 5.1). The

open real line segment (0, L) C U is identified with the edge E. The strip Uz
has a complex structure defined by the coordinate z, and a holomorphic quadratic
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differential (dz)? on it. Every horizontal leaf of the foliation defined by this qua-
dratic differential is a horizontal line of length L. If we use the opposite direction of

ﬁ, then U4 should be rotated 180° about the real point L/2, and the coordinate
is changed to L — z.

0,—%L

FIGURE 5.1. A strip of infinite length with horizontal leaves.

Let V be a degree m vertex of I'. There are m half-edges attached to V', although
some of them may belong to the same edge. Let 1,2,--- ,m be the cyclic order of
the half-edges chosen at V. We give a direction to each edge by defining the positive
direction to be the one coming out from V', and name the edges F 1, ﬁg, cee E}m
If an edge goes out as a half-edge number j and comes back as another half-edge
number k, then we use the convention that ﬁj = Ek, where Ek denotes the edge
E), with the opposite direction. We denote by L; the length of E;.

Let us place the vertex V at the origin of the w-plane. We glue a neighborhood of
the boundary point 0 of each of the strips Ufl’ Sy Ufm together on the w-plane
by

(5.4) w = eQWi(j—l)/mZ]?/m’ j=1,2,---,m.

An open neighborhood Uy of w = 0 is covered by this gluing, if we include the
boundary of each U . It follows from (5.4) that the expression of the quadratic
differential (dz;)? changes into

2

(5.5) (dz;)? = ’”Twm—Q(dw)2

in the w-coordinate for every j. So we define a holomorphic quadratic differential ¢
on Uy by (5.5). Note that ¢ has a zero of degree m —2 at w = 0. At least locally on
Uy, the horizontal leaves of the foliation defined by ¢ that have V' as a boundary
point coincide with the image of the edges Ey,--- , By, via (5.4).

Next, let us consider the case when edges ﬁl, fg, ‘e 7§h form an oriented
boundary component B of I", where the direction of E' is chosen to be compatible
with the orientation of B. Here again we allow that some of the edges are actually
the same, with the opposite direction. As before, let Ly be the length of Ey, and
put

(56) aB:L1 +L2—|—Lh

This time we glue the upper half of the strips Uﬁl’ e ,Uﬁ} (or the lower half, if
the edge has the opposite direction) into the unit disk of the u-plane by

211
(5.7) uzexp(a—(Ll—l-Lg—i—---—i—Lk1—|—z;€)>, k=1,2,---,h.
B
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We note that the entire unit disk on the u-plane, which we denote by Up, is covered
by this gluing, if the boundary lines of the strips are included.

It follows from this coordinate transform that
ajy (du)®
42 w2
Thus the holomorphic quadratic differential ¢ naturally extends to a meromorphic
quadratic differential on the union

(5'8) (dzk)Q = —

h
Uupu | J Uz,
k=1

which has a pole of order 2 at u = 0 with a negative real coefficient. The horizontal
leaves of the foliation defined by ¢ are concentric circles that are centered at u = 0,
which correspond to the horizontal lines on Ufk through (5.7). Note that the
length of a compact horizontal leaf around u = 0 is always ap.

Now define a compact Riemann surface C(T'ye) by gluing all the Uy'’s, Up’s
and the strips U4 ’s by (5.4) and (5.7):

(5.9) Clme)=  |J Uvu | UpuU U Ug.

V: vertex of I E: edge of ' B: boundary
component of I

Since there are two directions for every edge F, both the upper half part and the
lower half part of a strip U are included in the union of all Upg’s. Thus the union
(5.9) is compact. The Riemann surface C(I'yet) has n = b(I") marked points each of
which is the center of the unit disk Ug. The ordering of the boundary components
of the ribbon graph determines an ordering of the marked points on the Riemann
surface. Attached to each marked point we have a positive real number ag. The
Riemann surface also comes with a meromorphic quadratic differential whose local
expressions are given by (dz;)?, (5.5), and (5.8). It is a Strebel differential on
C(Tiet). The metric ribbon graph corresponding to this Strebel differential is, by
construction, exactly the original graph I'j,e;, which has a natural ordering of the
boundary components. Thus we have constructed a map (5.2).

Step 2. Let us consider the effect of a graph automorphism f € Auty(T') on (5.9).
Let p1,- -+, pn be the marked points of C'(T'yet), and ayg, - - , a, the corresponding
positive numbers. We denote by E1,--- , E. the edges of I', and by Ufl o ’Ufe
the corresponding strips with a choice of direction. Then the union of the closures
of these strips cover the Riemann surface minus the marked points:

C(Fmet) \ {pl; te apn} = U Uf’]
j=1

A graph automorphism f : ey — ['yey induces a permutation of edges and flip
of directions, and hence a permutation of strips Uﬁl’ e ’Uﬁe and a change of
coordinate z; to L; — z;. If f fixes a vertex V of degree m, then it acts on Uy by
rotation of angle an integer multiple of 27 /m, which is a holomorphic automorphism
of Uy. The permutation of vertices induced by f is a holomorphic transformation
of the union of Uy ’s. Since f preserves the boundary components of I, it does not
permute Upg’s, but it may rotate each Up following the effect of the permutation
of edges. In this case, the origin of Up, which is one of the marked points, is fixed,
and the orientation of the boundary is also fixed. Thus the graph automorphism
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induces a holomorphic automorphism of C(T'yet) \ {p1, - , Pn}- This holomorphic
automorphism preserves the ordering of the marked points. Thus we conclude that
(5.2) descends to a map 3 which satisfies o o 8 = id.

Step 3. We still need to show that 3o o is the identity map of 9, , x R’ , but this
is exactly what we have shown in the previous section.

This completes the proof of Theorem 5.1. O

Example 5.1. Let us consider the complex projective line P' with three ordered
marked points, to illustrate the equality

93?0,3 X R3 = RGBS??
and the covering map

RGBB‘}? — RGgfgt.
The holomorphic automorphism group of P! is PSL(2,C), which acts on P! triply
transitively. Therefore, we have a biholomorphic equivalence

(]P)la (p17p27p3)) = (P17 (07 17 OO))
In other words, 9y 3 is just a point. Choose a triple (ag,a1,a00) of positive real
numbers. The unique Strebel differential is given by

ow o (o(4) 0 () () )

where

The behavior of the foliation of the Strebel differential ¢ depends on the discrimi-
nant

1
ab+bc+ca:Z(ao+a1+aoo)(ao+aoo—al)(alJraoo—ao)(aoJralfaoo).

Case 1. ab+ bc+ ca > 0. The graph is trivalent with two vertices and three edges,
as given in Figure 5.2. The two vertices are located at

ativab+ bc+ ca
a+b
and the length of edges L1, Lo and L3 are given by

L1:%(a0+aoofa1):%(\/aJchr\/aerf\/bJrc)
(5.12) Ly=1%(a1+ac —ag) =% (Vb+c+Va+b—va+c)
Ly=1%(a+a1—ax) =3 (Va+tc+vVb+c—Va+b).

Note that positivity of Ly, Ly and L3 follows from ab + bc + ca > 0. The space
of metric ribbon graphs with ordered boundary in this case is just Ri because
there is only one ribbon graph with boundary order of this type and the only graph
automorphism that preserves the boundary order is the identity transformation.
The natural G3-action on the space of (ag, a1, as) induces faithful permutations
of Ly, Ly and L3 through (5.12). The geometric picture can be easily seen from
Figure 5.3. The normal subgroup Z/3Z of &3 acts on P! as rotations about the

(5.11)

3
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FIGURE 5.2. The critical horizontal leaves of the Strebel differen-
tial for ab + be + ca > 0.

axis connecting the north pole and the south pole, where the poles of Figure 5.3
represent the zeroes (5.11) of the Strebel differential. Note that the three non-
compact leaves intersect at a zero of ¢ with 120° angles. The action of the whole
group &3 is the same as the dihedral group D3 action on the triangle A0loco. As a
result, &3 acts faithfully on (L1, Lo, L3) as its group of permutations.

FIGURE 5.3. A degree 3 graph on a sphere.

The special case (ag,a1,0) = (2,2,2) is of particular interest. The Strebel
differential (5.10) is the pull-back of the building block go of (4.12) via a rational
map

(5.13) 4:4(x27m+1)3

2722(1 — x)2
and the ribbon graph Figure 5.2 is the inverse image of the interval [0, 1] of this
map.

Case 2. ab+ bc + ca = 0. There are three ribbon graphs with labeled boundary
components in this case, whose underlying graph has 1 vertex of degree 4 and
two edges (Figure 5.4). The vertex is located at a/(a + b). Each of the three
graphs corresponds to one of the three factors, (ag+ aoo — a1), (a1 + o — ag),
and (ap + a1 — ax), of the discriminant being equal to 0. For example, when
(ap + a1 — ) = 0, and the lengths of the edges are given by

Li=ay=+Va+c
Lo=a; =+vVb+c
Ly =0.
The G3-action on (ap, a1, as) interchanges the three types of ribbon graphs with

boundary order in Case 2. The automorphism group of the ribbon graph of Case 2
is Z/27Z, and only the identity element preserves the boundary order.
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FIGURE 5.4. Case ab + bc + ca = 0.

Case 3. ab+ bc + ca < 0. The underlying graph is of degree 3 with two vertices
and three edges, but the topological type is different from Case 1 (Figure 5.5). The
two vertices are on the real axis located at
a++/—(ab+ bc+ ca)
a+b '
There are again three different ribbon graphs with ordered boundary, each of which

corresponds to one of the three factors of the discriminant being negative. For
example, if (ag + a1 — any) < 0, then the length of edges are given by

Li=a9=+Va+c
L2:a1: b+C
Ly=13(—a0—a1+ax) =3 (—vVatc—Vb+c+Va+b).

L3 is positive because ab + bc + ca < 0.

L, L,

s

FIGURE 5.5. Case ab+ bc + ca < 0.

In Case 2 and Case 3, the automorphism group of the ribbon graph without or-
dered boundaries is Z/2Z. In every case, we can make the length of edges arbitrary
by a suitable choice of (ag, a1, as). The discriminant ab+ be + ca divides the space
Ri of triples (ag, a1,a) into 7 pieces: 3 copies of Ri along the agp, a1 and a
axes where the discriminant is negative, the center piece of Ri characterized by
positivity of the discriminant, and 3 copies of Rﬁ_ separating the 4 chambers that
correspond to the zero points of the discriminant (Figure 5.6):

(5.14) RY =R} [TRE [IR: [IR: [T®E RS JTRE

The product group Ri acts on the space of (ag,a1,as) by multiplication, but
the action does not preserve the canonical rational cell-decomposition of RGBgs".
Indeed, this action changes the sign of the discriminant.

The three Ri’s along the axes are equivalent under the G3-action on the space of
(a0, a1, a00), and each has a Go-symmetry. The three walls separating the chambers
are also equivalent under the Gs-action, and again have the same symmetry. Only

the central chamber is acted on by the full 3. Thus we have
B ——— RI[[R2 [[R2 [[R2 [[R} R} [[R?

(5.15) l l

R3 /63 R} /63 [1RY /62 [ RS /Gs.
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FIGURE 5.6. Partition of RGB(‘)"‘Z,‘St = Ri.

The multiplicative group R, acts naturally on the ribbon graph complexes
RGY and RGB! by the multiplication of all the edge lengths by a constant.
Since the graph automorphism groups Aut(I') and Auty(T") act on the edge space
Ri(r) through a permutation of coordinate axes, the multiplicative R -action and
the action of the graph automorphism groups commute. Therefore, we have well-
defined quotient complexes RGY' /R, and RGB! /R Since ]Rj_(r) is a cone over
the (e(T") — 1)-dimensional regular e(T")-hyperhedron A(123---¢(T")) and since the
graph automorphism groups act on the hyperhedron, the quotient of each rational
cell is a rational simplex

A(123---e(T))
Aut(T)
Thus the quotient complexes RG‘;jff /R4 and RGB;‘fif /R4 are rational simplicial
complexes.
These quotient complexes are orbifolds modeled on
XPE /R,
G )
where G denotes either Aut(I') or Auty(I"). From (3.14), we have
XIE/Ry A(123---¢(I)) x Reodim()

(5.16) Aw(T) Aut(T)

Since A(123---¢e(T")) is homeomorphic to Ri(r)*l, the quotient complexes are topo-
logical orbifolds.

On the moduli space M, x R}, the multiplicative group R, acts on the space
of n-tuples R’} through the multiplication of constants. The action has no effect
on M, . Thus we have the quotient space

My X RY
R4
The bijection of Theorem 5.1 is equivariant under the R, -action, and we have

A(123 - e(T))
H Auta(F) '

= My x A(123-- 7).

(5.17) My x A(123---n) =
TeRGBy .

This gives us an orbifold realization of the space M, ,, x A(123---n) as a rational
simplicial complex. When n = 1, the space A(1) consists of just a point. Therefore,
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we have a rational simplicial complex realization

(5.18) m,. =[] AOIZ;’T'(';)@)).
I'eRGy 1

6. BELYI MAPS AND ALGEBRAIC CURVES DEFINED OVER Q

We have shown that a metric ribbon graph defines a Riemann surface and a
Strebel differential on it. One can ask a question: when does this Riemann surface
have the structure of an algebraic curve defined over Q? Using Belyi’s theorem [1],
we can answer this question.

Definition 6.1. Let C be a nonsingular Riemann surface. A Belyi map is a holo-
morphic map

f:C—P!
that is ramified only at 0, 1 and oo.

Theorem 6.2 (Belyi’s Theorem [1]). A nonsingular Riemann surface C has the
structure of an algebraic curve defined over Q if and only if there is a Belyi map
onto P!,

Corollary 6.3. A nonsingular Riemann surface C" has the structure of an algebraic
curve defined over Q if and only if there is a Belyi map

f:C —P!
such that the ramification degrees over 0 and 1 are 3 and 2, respectively. Such a

Belyi map is called trivalent.

Proof. Let C be an algebraic curve over Q and h : C — P! a Belyi map. Then
the composition f = ¢ o h of h and
4(2% — 2z +1)3
2722(1 — x)?
of (5.13) gives a trivalent Belyi map. We first note that
¢ Mz -2)(z+1)(2z - 1)(a® —z+1)?
dx 2723(1 — x)3 '

Thus the ramification points of ¢ are v = —1, x = 1/2, z = 2, and

14+iv3

xr = .

2

¢:Ploxr (= e P!

The critical values of ¢ are

P(=1) = 6(1/2) = ¢(2) = 1

¢<w§> o

and

2

and the ramification degrees at 1 and 0 are 2 and 3, respectively. ¢ sends {0, 1, oo}
to oo, at which it is also ramified. Since h is not ramified at e*"/3, —1,1/2, or 2,
the composed map f is ramified only at 0, 1, and co with the desired ramification
degrees.



42 M. MULASE AND M. PENKAVA

The inverse image of the interval [0, 1] via ¢ is a ribbon graph of Figure 6.1. This
graph is obtained by adjoining two circles of radius 1 that are centered at 0 and 1
together with a common boundary at 1/2. O

in/3
¢

—in/3
e

4(z?—x41)3

FIGURE 6.1. The inverse image of [0,1] via ( =
obtained by joining two circles of radius 1 at 1/2.

Definition 6.4. A child’s drawing, or Grothendieck’s dessin d’enfant, is the inverse
image of the line segment [0, 1] by a Belyi map.

Theorem 6.5. Let 'yt be a metric ribbon graph with no vertices of degree less
than 3. It gives rise to an algebraic curve defined over Q if all the edges have the
same length, which can be chosen to be 1. The metric ribbon graph determines a
unique Belyi map

f:C(Tpet) — P!
such that the child’s drawing associated with f is the edge refinement of I'yet. The
Strebel differential ¢ on C(Dyet) is the pull-back of the building block qo of (4.12)

via the Belyi map, i.e.,
_ e (d¢)*
=1 (=g

Conwersely, every nonsingular algebraic curve over Q can be constructed from a
trivalent metric ribbon graph with edge length 1.

Proof. Let 't be a metric ribbon graph whose edges all have length 1, C(T'et)
be the Riemann surface defined by the metric ribbon graph, and g the Strebel dif-
ferential on C(T'et) whose noncompact leaves are I'jer. We take the canonical
triangulation A, of Theorem 4.4 and the canonical coordinate system of Defini-
tion 4.5.

For every edge E of I'jyet, we define a map from a triangle with base F into P! as
follows. The triangle can be identified with the upper half of the strip of Figure 5.1.
So we define

(6.1) {z€C|0< Re(2) <1,Im(z) >0} 3 2+ ¢ = sin?(rz) € PL.
We note that (6.1) is equivalent to

1 (dg)?
6.2 d2) =gy = — >
(62) @ =w= gz aig
We wish to show that this map consistently extends to a holomorphic Belyi map
f:C(Tmer) — P

The map (6.1) extends to the whole strip in an obvious way. The point z = 1/2
is mapped to ¢ = 1, at which the map is ramified with ramification degree 2.
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At a vertex V to which F is incident, the canonical coordinate is given by

w = 227rik/m22/m

as in (5.4), where m is the degree of V' and k is an integer. In terms of the w-
coordinate, the map (6.1) is given by

¢ =sin?(£rw™/?) = 72w 4 - - - .

This expression does not depend on the choice of an edge attached to V, hence the
map (6.1) extends consistently to a neighborhood of V. The map is ramified at
¢ = 0 with local ramification degree m.

Finally, let us consider a boundary component of I'j,e consisting of k edges.
From (5.7), we have a local coordinate u on the boundary disk that is given by

(277@'(]’ —I—z))
u=exp | ———"),

where j is an integer. Then
=—1 —J.
ST o BT
Noting that
2ix —2ix
9. €T +e -2
sin“(z) = —
we have

(6.3) (= fi(u’wu*k —2).

This map sends u = 0 to { = oo, and is independent of the choice of edge around
u = 0 and branch of the logarithm function. The map (6.3) is equivalent to the
relation

K2 (du)®  (dQ)®
w2 An¢(l-¢) ™
We have thus shown that the map (6.1) extends to a holomorphic map f from
the whole Riemann surface C(I'y,e;) onto P! that is ramified only at 0,1, 00. The
unique Strebel differential g is given by f*qo.
Conversely, let C' be a nonsingular algebraic curve defined over Q. Let

f:C —P!

be a trivalent Belyi map. Then the inverse image of the interval [0, 1] via f is the
edge refinement of a trivalent metric ribbon graph on C' whose edge length is 1
everywhere. It is the union of noncompact leaves of the Strebel differential f*qy on
C. Starting from this child’s drawing, we recover the complex structure of C. [

We have already given two examples of genus 1 in Section 4 and one example of
genus 0 in Section 5.

Theorem 6.5 does not completely characterize which metric ribbon graphs cor-
respond to algebraic curves defined over Q. Furthermore, in Grothendieck’s dessin
d’enfant graphs which have vertices of degree 2 and 1 also appear. It is possible to
incorporate the vertices of degree 2 coming from these child’s drawings in terms of
usual ribbon graphs (those with no vertices having degree less than 3) by sharpening
the statement of the theorem as follows.
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Corollary 6.6. Let I'ot be a metric ribbon graph, such that the ratios of the
lengths of its edges are all rational, (so they can be chosen to be positive inte-
gers). Then there is a unique Belyi map f : C(Tmet) — P, such that if Tmeq is
the metric graph obtained by replacing each edge of length n with n edges of length
1 by inserting n — 1 vertices of degree 2 in the edge, then the child’s drawing asso-
ciated with f is the edge refinement of Tmer. In addition, the Strebel differential q
on C(Tet) s given by ¢ = f*qo.

Proof. Essentially, the only change in the proof of the theorem needed is to replace
the map sin?(7z) from the strip associated with an edge E with the map sin?(nnz).
This will add n — 1 additional zeros on the edge, each with ramification degree
2. O

To obtain the complete classification of metric ribbon graphs which correspond
to algebraic curves defined over Q, we shall have to consider ribbon graphs which
have vertices of degree 1. In the theory of Strebel differentials, vertices of degree 1
correspond to poles of order 1 of the quadratic differential. There is a uniqueness
theorem concerning Strebel differentials which have poles of order at most 2 as well.
See Theorem 7.6 in [7] for a precise statement of the result.

For our purposes, we really only need to address the question of how to construct
a Riemann surface corresponding to a metric ribbon graph. The reader can easily
verify that the construction of a Riemann surface corresponding to a metric ribbon
graph given in Theorem 5.1 still applies when we allow the graphs to have vertices
of degree 1 or 2. Furthermore, the construction also yields a quadratic differential,
which has poles of order 1 for vertices of degree 1, and neither a pole nor a zero for
vertices of degree 2 (although they will lie on the critical trajectories).

The same methods as in Theorem 6.5 allow one to construct a Belyi map from
the Riemann surface corresponding to this more general type of ribbon graph, by
associating the metric ribbon graph with all edges having length 1 to the graph.
Putting this all together, we come up with the following.

Theorem 6.7. There is a one to one correspondence between the following:

1. The set of isomorphism classes of ribbon graphs.
2. The set of isomorphism classes of child’s drawings.
3. The set of isomorphism classes of Belyi maps.

This correspondence is given as follows. A ribbon graph I' corresponds to a metric
ribbon graph Tpyet with all edges having length 1, giving rise to a Riemann surface
C(Tmet) and a Strebel differential g which is the pullback of the quadratic differential
qo by the unique Belyi map from C(Tmet) to Pt whose associated child’s drawing is
the edge refinement of U'yet. Moreover, this correspondence between ribbon graphs
and Belyi maps agrees with the Grothendieck correspondence.

Grothendieck’s use of the terminology child’s drawing to illustrate the relation-
ship between graphs and algebraic curves emphasizes how strange and beautiful
it is that a deep area of mathematics can be described in such simple terms. In
our construction, we have shown how to take a child’s drawing, associate a metric
ribbon graph to it, construct a Riemann surface equipped with a quadratic differ-
ential, as well as a Belyi map from this surface to P!. It is amazing how much
information is concealed within such a simple picture.
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