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Abstract

In [1] Angel and Schramm defined a distribution over infinite planar triangulations
which they called the uniform infinite planar triangulation (UIPT). They did this by
considering the uniform distribution on triangulations of the sphere with a fixed,
finite number of vertices and by taking a weak limit of these distributions as the
number of vertices tends to infinity.

In this thesis we examine what happens when we repeat this process on the torus.
To do this we have to consider a slightly different kind of triangulation as in [1] in
that we allow loops and multiple edges. We show that if the limit exists both on
the sphere and on the torus then in both cases it is the exact same distribution on
infinite triangulations of the plane.

The key to showing this is the new asymptotic enumeration result that the number
of triangulations of the torus with a hole with k vertices on the boundary and n
vertices in total is

(Qk

2]9216)“(12\/§)n as n — o0
22k+2 .33
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1 Introduction

In [1] Angel and Schramm defined a distribution over infinite planar triangulations which
they called the uniform infinite planar triangulation (UIPT). Their motivation was to
examine what a generic planar geometry could look like. A triangulation is in fact a
lattice and a lattice is a possible discrete representation of a planar geometry. They also
list connections in physics, most importantly the relation of triangulations of surfaces to
2-dimensional quantum gravity.

The most important result of Angel and Schramm in [1] is that they create the foundation
of a rigorous study of infinite triangulations as opposed to previous results which focused
on asymptotic properties of finite triangulations. Their method is to consider the uniform
distribution on triangulations of the sphere with a fixed, finite number of vertices and
they take a kind of local limit of these distributions as the number of vertices tends to
infinity. They show that the limit exists and that it is in fact a distribution over infinite
triangulations of the plane. They also deduce several properties of the limiting distribution
which show that this distribution is also uniform in some sense.

The purpose of this thesis is to examine what happens if we repeat this process on the
torus. Such a study can be interesting for the same reasons as that in [1]. However, this

thesis has further motivation. In [4] Benjamini and Lovész showed a random process, which



enables one to tell the genus of a surface if given a map on the surface. Since this process
only uses local steps it can be regarded as a way to deduce global information about the
map from local observation.

Our question is similar. Indeed, if the local limit of uniform distributions over triangula-
tions of the torus were different from that on the sphere then we could distinguish with high
probability a large random triangulation of the torus from a triangulation of the sphere
by only looking at the neighbourhood of some vertices. In this case global information
could be deduced from local observation. On the other hand, if the limit is the same then
a large triangulation of the sphere is indistinguishable from one of the torus by looking at
neighbourhoods of vertices.

The basis of the study of the UIPT was a collection of previous enumeration results of the
number of triangulations of the sphere and of the disk (the sphere with a hole). For our
purposes we need the asymptotic number of triangulations of the sphere with zero, one and
two holes and of the torus with and without hole. All but the last estimation were known
previously. However, the last one is essential since it determines the exact distribution we
are looking for. Hence a new result about the asymptotic number of triangulations of the
torus with a hole is the centrepiece of this thesis.

It is important to note that in [1] triangulations without loops and triangulations without
loops and multiple edges were examined. However, some of the considerations there cannot
be repeated easily on the torus if we do not allow loops and multiple edges. Thus as well
as examining the torus we will repeat the same considerations as in [1] on the sphere but
with loops and multiple edges allowed.

Unfortunately, a result that the limiting distribution exists for this slightly more general
type of triangulation is still missing. According to personal communication with Omer
Angel the limit does exist as such local differences in what type of maps we allow do not
make a difference in the global structure. However, as of the writing of this thesis the
author could not get hold of a proof of this fact. This will not stop us from determining
what the limiting distributions on the sphere and on the torus are like supposing they
exist.

In Section 2 we will introduce definitions and in Section 3 we will state our main results.
In Section 4 we will list all previous enumeration results that we need and transform them
to the form in which we will use them. We will also state the new asymptotic result about
the number of triangulations of the torus with a hole. In Section 5 we will show both for

the sphere and for the torus that if the limit exists then it is a distribution over infinite



triangulations of the plane.

In Section 6 we will deduce our most important result: If the limit exists on the sphere
and on the torus then it is the exact same distribution over infinite triangulations of the
plane. Thus a large random triangulation of the sphere is indistinguishable from one of
the torus by making local observations.

What remains is the deduction of our new asymptotic enumeration results. In Section 7
we will show an exact but not closed formula for the number of triangulations of the torus
with a fixed number of vertices and a fixed size hole. For this we will use a technique based
on the Lagrange theorem for implicit functions that is described in [3]. In Section 8 we
will estimate this formula as the number of vertices tends to infinity. This will be based

on instructions given in [5] on how to estimate sums arising in combinatorics.

2 Definitions

2.1 Triangulations
We start by defining finite triangulations on surfaces without boundaries.

Definition 2.1. Let us consider a connected compact orientable surface $ without bound-
aries. (We will mainly be concerned with $2 and T?, the sphere and the torus, respectively).
Suppose a finite connected multigraph G, that is, a graph with loops and multiple edges
allowed, is embedded in S. A face is then a connected component of S\G. A face is called
a triangle if its interior is homeomorphic to a disk and is incident to exactly three edges
of GG, counted with multiplicity.

An embedded triangulation T on S is then such a graph G with some of its triangular
faces selected. An embedded triangulation of S, also referred to as a complete embedded
triangulation, is an embedded triangulation on S, where all faces are triangular and are
selected.

The support S(T) C S of an embedded triangulation 7" is the union of G and the selected
triangular faces. The selected faces are called inner faces, other faces are called outer
faces. Vertices and edges in the interior of S(T') are called inner vertices and inner edges,
respectively. Vertices and edges on the boundary of S(T') are called boundary vertices and

boundary edges, respectively.

Two embedded triangulations can have the same combinatorial structure. In this case we

do not want to consider them to be different.



Definition 2.2. Two embedded triangulations 77,75 on S are equivalent if there is a
homeomorphism between S(77) and S(7,) that preserves all vertices, edges and inner

faces.

Note that two equivalent embedded triangulations can have very different outer faces. A
cycle in G might be embedded as a null-homotopic cycle in one embedded triangulation
and as a non-trivial cycle in another and the two embedded triangulations could still be
equivalent. Thus the structure of outer faces is not well-defined for equivalence classes
of embedded triangulations. However, all other notions introduced in Definition 2.1 are
preserved by a homeomorphism of the support and are thus well-defined for equivalence
classes of embedded triangulations as well.

A fundamental problem that arises when we examine these triangulations is that a few of
them can have non-trivial combinatorial symmetries. To get rid of this problem we will

introduce a slightly improved definition.

Definition 2.3. A rooted embedded triangulation on S is an embedded triangulation on
S where a vertex of GG is selected to be the root vertex, an edge of GG incident to the root
vertex is selected to be the root edge and is directed such that its source is the root vertex
(arbitrarily if it is a loop) and a side of the root edge is also selected. The face incident
to the root edge on the selected side is the root face. These selected objects altogether are
called the root.

Two embedded rooted triangulations are equivalent if there is a homeomorphism between
their supports that preserves vertices and edges and preserves the selection of the root. A

triangulation is an equivalence class of embedded rooted triangulations.

We will also need the notion of triangulations of surfaces with boundaries. We will not use

partial triangulations only complete triangulations of such surfaces.

Definition 2.4. Let us take a compact orientable surface $ with [ disjoint circular bound-
aries Hy,Hs,... H;, also called holes. A triangulation of S is defined just as in Definitions
2.1 and 2.3 except that the holes are covered by disjoint proper cycles of G and the root
is selected in such a way that the root vertex and the root edge are located on the bound-
ary of H; and the side of the root edge selected is that which is incident to the hole and

opposite to the interior of S.

The breakthrough in the work of Angel and Schramm in [1] is that they also consider

infinite triangulations. Note that if we embed an infinite graph G in a compact surface



and select some of the triangular faces then the support of the selected object cannot be
compact. In particular in cannot be the whole surface. Thus we cannot talk about infinite

triangulations of a compact surface only partial triangulations on the surface.

Definition 2.5. Let us take a compact orientable surface $. An infinite triangulation
on 3 is defined just as in Definitions 2.1 and 2.3 except that the graph G is infinite
and the embedding is required to be locally finite. That is, any point in the support of
the triangulation must have a small enough neighbourhood that intersects only a finite
number of vertices, edges and inner faces of the triangulation. In particular, the degree of

any vertex in the graph must be finite.
The plane, however, is not compact. We can thus talk about triangulations of the plane.

Definition 2.6. A (complete, infinite, rooted) triangulation of the plane is defined just
as in Definition 2.5 except that $ = R? and the support of the triangulation is the whole
plane.

Those triangulations on a compact orientable surface without boundaries which have a sup-
port homeomorphic to an open disk can also canonically be identified with triangulations

of the plane.

Most of the results introduced in this thesis are based on counting triangulations. Thus

we will use the following notation:

Definition 2.7. Let S,, and 7T,, denote the number of triangulations of the sphere and
and T}, g, k..., be the

number of triangulations of the sphere and of the torus, respectively, with h holes with

of the torus, respectively, with n vertices in total. Let S,k ks, ks
ki, ko, ..., ky vertices (and the same number of edges) on each boundary and n vertices in

total, such that the root edge lies on the boundary of the first hole.

2.2 The space of triangulations

We will want to create probability distributions on triangulations. Thus we need to examine
the space of triangulations more closely. (Here we are only going to consider surfaces
without boundaries. Triangulations of surfaces with boundaries are only used in counting

finite triangulations.)

Definition 2.8. For a surface S let the space of (finite or infinite) triangulations on S be
denoted by Ts.



Ts is a metric space: two triangulations are close to each other if they agree on a large

combinatorial ball around the root.

Definition 2.9. Let us take a triangulation 7" on an orientable surface S without bound-
aries. The combinatorial ball of T of radius r is denoted by B,(T') and is a triangulation in
Ts. It is defined recursively: By(T) is just the root vertex of T. B,.(T') consists of B,_1(T),
all triangles of T" incident to vertices of B,_;1(7T") and all vertices and edges incident to these

triangles.

The above definition might seem somewhat technical. But that is to ensure the following
properties, which all follow directly from the definition:

Suppose T' € Tg, its dual graph is connected and each of its edges is incident to a triangle
on both sides (in particular, 7" can be a triangulation of S or an infinite triangulation on

S with support homeomorphic to the plane). Then

e any edge of B,(T) is incident to at least one triangle,

the dual graph of B,.(T') is connected,

the vertices of B,(T') are simply the vertices at a graph-theoretic distance of at most

r away from the root,

the vertices of B,_1(T') are inner vertices of B,(T), and

the endpoints of the boundary edges of B,(T') are exactly at a distance of r away

from the root.

Definition 2.10. The distance of triangulations 77,75 € Tg is

1
sup{r € N|B.(T}) = B,(T3)}

d(Tl, Tg) ==
(If we want to avoid that some distances are infinite we can define d(7},T3) = 2 if the
above supremum is zero. All other distances are at most 1.)

Before we can prove some basic properties of this distance function we need a technical

proposition:

Proposition 2.1. Suppose Ty, T5,T5... is an infinite sequence of finite triangulations

on an orientable surface S without boundaries such that T; is a sub-triangulation of T;i,



(1=1,2,3,...). That is, we can delete some vertices, edges and triangles of T;1 such that
the same embedding leads to a triangulation equivalent to T;.
Then there is a unique triangulation T € Tg such that Ty, Ts, ... can be realized as a chain

of sub-triangulations of T and the union of their support covers the support of T.

Proof (sketch). Any embedding of a finite triangulation defines the boundary components
of the triangulation, which are closed walks on the graph that use each edge at most
twice altogether. For a fixed triangulation there is a finite number of ways these boundary
components can be selected.

The embedding also defines the topology of the outer faces. The interior of each outer
face can be an orientable surface with a number of holes, where each hole is attached
to a boundary component of the triangulation. With some consideration about Euler-
characteristic we can deduce that for a fixed selection of boundary components there are
only a finite number of ways we can select the topology of the outer faces.

Thus, for any finite triangulation there is a finite number of ways its realizations can define
the combination of boundary components and the topology of the outer faces. Thus, using
Konig’s lemma, we can make a selection of the above structures for each T; such that the
selection for T, is compatible to the selection for 7;. That is, there is a realization of
T;+1 with the given properties such that the same embedding restricted on 7; fulfills the
selection for Tj.

Furthermore, if two realizations of a finite triangulation define the above structures in the
same way then the homeomorphism between their support can be extended to a homeo-
morphism of the whole surface $.

Thus, we can define embeddings of 7; (i = 1,2,3,...) one after the other such that each
embedding conforms to our selection of combinatorial and topological properties and the
embedding of T, restricted to 7 is the same as the embedding of T;.

This process defines T as requested.

For uniqueness suppose T’ has the same properties as T and take a realization of both.
We will give a homeomorphism between the support of 7" and T” that preserves the com-
binatorial structure thus showing they are equivalent.

For any 7 there is a homeomorphism between the support of the T} in T" and the T} in T".
In fact, there might be several that differ in how they map the combinatorial structure,
that is, which vertex, edge and face they map into each vertex, edge and face. But since T;
is finite, there is only a finite number of ways they can map the combinatorial structure.

Thus, again, we can use Konig’s lemma to select a homeomorphism for each ¢ such that the



homeomorphisms for each i are compatible in how they map the combinatorial structure.
We can now define the homeomorphism for each 7 one after the other such that consecutive
ones are compatible not only in how they map the combinatorial structure but in the exact
homeomorphism on the smaller support.

To do that all we need to know is that if we are given a homeomorphism between two
triangulations that preserves the combinatorial structure then we can slightly modify the
homeomorphism so that it still maps the combinatorial structure the same way but each
edge is mapped to the corresponding edge in any prescribed way.

Let’s suppose we fixed the homeomorphism ¢; between T; in 7" and in 7’. There is a
homeomorphism between the T;,; in T and in 7" that is compatible with ¢; in how it
maps the combinatorial structure. We can modify it such that it maps the boundary edges
of T; in the same way as ¢;. If this mapping defines ¢; 1 on S(7;41)\S(T;) it connects well
with ¢;.

This process defines a homeomorphism between S(T') and S(7”) that preserves the com-

binatorial structure thus showing they are equivalent. O
Lemma 2.2. 1. d is a metric on Ts.

2. (Ts,d) is complete.

3. (Ts,d) is separable.

4. (Ts,d) is not compact.
Proof. Symmetry of d is trivial. The triangle inequality follows from the special structure

of (7s,d):

d(T1,T3) < max(d(T1,Tz), d(T3, T3))

Indeed, all three triangulations agree on the ball of radius o d(TthQ KIGENDIE

We need to show that if d(77,75) = 0 then T} = T5. Indeed, d(T},T) means that there is
an equivalence between an arbitrarily large ball of 77 and T5. It follows from the uniqueness
part of Proposition 2.1 that T} = T5.

For completeness suppose we are given a Cauchy-sequence T, 75, . ... For any fixed r the
balls B, (T;) are the same for large enough i. This is a chain of r-balls and so from the
existence part of Proposition 2.1 there is a triangulation 7" with these r-balls. The sequence

11,15, ... converges to T



To see separability notice that any triangulation can be arbitrarily approximated by its
r-balls. For any fixed r» and n there is a finite number of possible r-balls with n vertices.
The number of selections of r and n is countable thus the total number of possible r-balls
is countable.

(s, d) is not compact since for example there is an infinite number of possible 2-balls. Any
two of the balls are triangulations at a distance at least 1 away from each other which

contradicts compactness. O
To us the metric balls of 75 will be of great importance.

Definition 2.11. Let us consider the space of triangulations 7g on an orientable surface
S without boundaries. The metric balls in Tg are its subsets of the form {T" € Tg|B,(T) =
B, (Ty)} where Tj is a fixed triangulation on S. This is the set of all triangulations at most

% away from the triangulation Tj.

The metric d on Tg induces a topology on 7Ts, which is generated by the metric balls of
Ts. In this topology the set of all finite triangulations on § is discrete, their accumulation
points are infinite triangulations.

We can also consider the set Bg of Borel-sets of (Ts,d). (Ts, Bs) is then a measurable space
generated by the metric balls. It is on this measurable space that we will define probability

distributions. We will be interested in uniform distributions over triangulations of $.

2.3 Probability distributions

Definition 2.12. For a compact orientable surface $ without boundaries let 75 be the

uniform measure over (complete) triangulations of § with n vertices in total.
We will be interested in the weak limit of 75 as n — oo.

Definition 2.13. A sequence of measures v, on (Ts, Bs) weakly converges to a measure v

as n — oo if for every bounded continuous function f : 75 — R

lim fdv, = fdv

Because of the unusual properties of 7g the characteristic functions of metric balls of Tg

are continuous (and bounded). Thus if B is a metric ball then

vn(B) — v(B)

10



When trying to prove a property of the limit of a weakly convergent sequence of measures
we will often succeed by describing the property as a countable disjoint union of metric
balls:

Proposition 2.3. Let v, — v be a weakly convergent sequence of probability measures on
Ts where S is a compact orientable surface without boundaries. Let A be any event on Tg

that can be described as a disjoint union of a countable set of metric balls. Then

vn(A) = v(A)

Proof. v, converges to v on each metric ball. For the sum over the metric balls to converge
it is enough to note that the sum is at most 1 for each measure since they are all probability

measures. ]

Since the metric balls of Tg generate the Borel-sets of Tg the values v({T'|B,(T') = B,(T0)})
determine the measure v.
Thus, supposing the limit 75 — 75 exists for some surface $ we can describe 7% by calcu-

lating the limits

lim 75({T|B,(T) = B,(Ty)})

n—o0

2.4 Rigidity

To calculate probabilities of the form 7°({T|B,(T) = B,(T)}) we will want to calculate
the number of triangulations of a surface with a fixed r-ball. We will do that by calculating
the number of ways its outer faces can be triangulated with a fixed number of vertices.
That means firstly enumerating the number of ways we can select the topology of the outer
faces and secondly enumerating the number of ways we can triangulate these outer faces
that are surfaces with boundaries.

But is this method valid? If we triangulate the outer faces differently are we always going
to get different triangulations? This is not true for any partial triangulation. Using the
following definition it is shown in [1] that this problem does not occur for cases that we

examine.

Definition 2.14. A finite, partial triangulation T' € Ty is rigid if for any finite, complete
triangulation 7" € Tg triangulation 7' can be realized as a sub-triangulation of 7" in at
most one way. In other words we can only choose the topology of outer faces of T" and

completely triangulate these outer faces to get 7" in at most one way.

11



The following proposition, which is stated in [1] and is easy to show, gives a sufficient

criterion for rigidity.

Proposition 2.4. If every vertex and edge of T is incident to at least one triangle of T
and the dual graph of T (the vertices of which are triangles of T) is connected then T is
rigid.

Corollary 2.5. The r-balls of a finite triangulation of a compact, orientable surface S
without boundaries are rigid. Furthermore, if we take a possible r-ball of triangulations

of S, choose the topology of some outer faces and completely triangulate them then the

resulting triangulation is still rigid.

Remark. We have shown that triangulating outer faces of an r-ball differently we get
different triangulations. To be precise, we also need that any triangulation of the outer
faces as surfaces with boundaries defines a valid triangulation of the whole surface. This is
where we use the fact that we allowed loops and multiple edges. If we did not allow them
then a triangulation of an outer face as a surface with boundaries might for example have
an edge between two vertices of the hole that get attached to the same vertex in the r-ball,

which would create a loop.

3 Main results

In this thesis we will examine the limit of the measures 75 and 7'7?2 on triangulations on

n
the sphere and on the torus, respectively.
According to personal communication with Omer Angel these limits do exist. However, as
of the writing of this thesis the author could not get hold of a proof of this fact.
From now on we will assume the existence of both limits:

L

T2 T2
- and 7, — T

(It is important to note that instead of supposing that these limits exist we could state
our results for any subsequential limit of TEQ and 7% * for which our proofs will be perfectly
valid. This form of our results shows that if one proves that the limits exists then our
results will automatically hold for the limit. Furthermore, results about subsequential
limits might also be helpful when proving that the limit of the whole sequence exists.)

In Section 5 we will show that 7%° and 7% are both distributions on triangulations of the

plane. That is, their support is the set of triangulations on $? and on T2, respectively,

12



with a support homeomorphic to an open disk. A big portion of this proof closely follows
the proof that appears in [1]. But additional considerations are necessary for the torus and
we will give more details of the whole proof than in [1].

In Section 6 we will show that

if we identify their support in the natural way.
The basis of the above result is the asymptotic enumeration formula, proved in Sections 7
and 8 that

k(%)
Tn,k ~ —,H<].2\/§)n as n — o0
22k+2 . 375

4 Auxiliary enumeration results

For our purposes we need an estimation as n — oo of S,, and 7T;,, the number of triangula-
tions of the sphere and of the torus, respectively, with n vertices in total, and S, x, Sy k; ks
and T, i, the number of triangulations of the sphere with one and two holes and of the
torus with a hole, respectively, with k or k; and ks vertices (and edges) on each boundary
and n vertices in total.

In some cases it is easier to enumerate triangulations by edges instead.

Definition 4.1. Let §m7k1,k27.__7k
tions of the sphere and of the torus, respectively, with h holes with ki, ks, ..., k, edges

h T T LRL,R2,

(and vertices) on each boundary and m edges in total, such that the root edge lies on the
boundary of the first hole.

Proposition 4.1. From FEuler’s formula it is easy to show that

Skt kayekn = S(Bn=3 ki+3h—6) k1 ka2, kn AN Ty ko b = T (30— kit3h) k1 kosenn

In [6] Gao showed that

_s n 1 n
‘ ﬁn 2(12v/3)" and T}, ~ g(12\/5) (1)

In Sections 7 and 8 we will show that

13



2%
k(k)k_l (12v/3)" as n — oo

Tn’k ~ 22k+2 . 375

~ I (m —2)!l oS
Sm,]{:hkg,...,k)h = m—2 Z kz m_QZ kl kl H k

Thus from Proposition 4.1.

gn=> k¢+h72(3n — > ki + 3h — 8)!! h 2k;
Snker ko, = b H
ik, (n =32k (n+ 3"k +h—2) 721\ k;

We now need to estimate this as n — oo

Stirling’s formula states that
n n
n! ~ v2mwn <—>
e

From Stirling’s formula it easy to show that
V1 (@)% if n is even
n” ~ € n
V2n (%) 2 if n is odd
Since 3n — > k; + 3h — 8 and n+ > k; + h — 2 are of the same parity

3n—3" ki+3h—8 2

(3n — 3 ki + 3h — 8)I!

2

3n—> ki+3h—8 ( e
) nty kith—

3n—3 k;+3h—8

2

e

(n+> ki+h—2) n+> ki+h-—2 <n+2k¢+h72>

and thus

TR 21(n — > k)(n+ > ki+h —2)

3n—3 k;+3h—8

<3n72 ki+3h78> 2
e
el ||

2

<n_zki>"—2’% <n+2ki+h—2)

14

h

i=1

(

2k;
ki

)



3n—3 k;+3h—8
~ 4n—2 ki+h—2 i e3—h X 3 . (3”) 21
\/ >k th—2
2mn nnfz kznnf

3n—3"k;+3h—8

Zki—3h+8 2
(1 - T) 2k,
’ S ks ESrrETEd H k.
(1 — E_’“>n ' (1 + M) ’ =1 N
3n
n—5" ky+3h— S ki—3h+8Y\ 2
n—Skith—2 _3—h 3 3T (1 3n ) " 2k,
~4 l Vo n3—h ‘ n bl 'kIH k;
(1-Z8)" (14 Zhi2)® AR
1 _ > k;—3h+8 h

3-h _ h—1 n € 2
45 k;—4h+9 > k;—3h+7 e neo2 (12\/§) ’ S kith—2 3} H
2 2 3 2 2

—
ﬁ efzki - e =1 kl

ki Il (3F) _1
NS ST Sy T -nf72 (12\/5)

27 3%

In particular

S k(Qkk)
mk 245235

RO

4k1+4ko+1  ky+ko+1 'n
2 37 2

72 (12v/3)" and Sy, ~ (12v3)" (5)

™

5 Planarity

In this section we will show that 7%° and 7% (supposing they exist) are distributions over
planar triangulations. There are two things we have to prove to see this.

Firstly, we will show that the probability by TEQ of seeing a certain r-ball in a finite
triangulation of the torus such that the r-ball contains a topologically non-trivial cycle
tends to zero as n — oo. This statement has some subtleties to it. In general it is not well-
defined whether a triangulation contains a non-trivial cycle. A partial triangulation might
have one embedding where it does and another that doesn’t. However, in a finite, complete
triangulation of the torus we can determine about each cycle whether it is null-homotopic
or not. This is because the equivalence of two finite triangulations of the torus is shown by

a homeomorphism of the whole torus which maps non-trivial cycles into non-trivial cycles.

15



Thus, it makes sense to talk about the probability by 7T of seeing a certain r-ball with

n
a non-trivial cycle. We will conclude from this first property that by 7T the support of
infinite triangulations can almost surely be embedded in the plane.

Secondly, we have to show that infinite triangulations on the sphere and on the torus
almost surely have no additional holes, we can cover the whole plane with them. To show
that there are no finite external faces, in fact no external faces incident to any edge, is
easy. We also need to show that there is only one infinite external face. The way to do

this is to prove one-endedness:

Definition 5.1 (see [1]). A triangulation T" € Tg is one-ended if no finite sub-triangulation

cuts it into more than one infinite component.

The proof of one-endedness of the UIPT appears in [1]. We will closely follow that proof
for our type of triangulation and both for the sphere and the torus but we will give slightly
more details.

And finally, combining the two properties above we will conclude that the support of
triangulations is almost surely homeomorphic to an open disk (that is, to the plane) both

2 2
for 757 and 77",

5.1 Tools

In what follows we will use C,C;, C(k),C;(k,l) and similar notations for constants or
constants that depend only on some parameters. In different formulas these constants
might be different. We will only use subscripts to distinguish within one formula.

From the asymptotic formulas for .S, T}, Sn.x; Sy kss Ink We can deduce that there are
constants C1, Cy, C3(k), Cy(ky, k2), C5(k) such that

S, > Cin~3(12V/3)"
T, > Oy - (12V/3)"
Spr < Cs(k)n~2(12v/3)" (6)
Sty < Calky, ko)n™2(12v/3)"

Tx < Cs(k)(12V/3)"

We will make use of the following technical lemma when proving that a triangulation chosen

V]I\Q

by 7% almost surely has no non-trivial cycles:
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Lemma 5.1. Leta € R,ao> 1, n,h € Z*. Let

S(n,h,a) = Z Hn

n;>1 (i=1...h)
ni+--+np= n

. Then S(n,h,a) < C(h,a)n™

Proof.

S o< Y Lo

n;>1 (i=1..h) =1 ny>-->np>1i=1
ni+-+np=n ni+--+np=n

cu Y (1) I

nyp>-2np>1 =2
ni+--+np=n

ORI T

ni>lz2h)12

= Cy(h,a)n™® H Z n;®

i=2 n;>1

= Cy(h,a)n™@
where at the end we used the fact that Y °_, m™® is a finite constant if o > 1. ]

A modified version of the above lemma appears in [1] and will be used to prove that the
probability of an r-ball having two outer faces with more than a vertices is small. This

lemma goes as follows:
Lemma 5.2. Leta € R,a> 1, n,h,a € Z". Let

S(n,h,a,a) = Z Hn

n;>1 (i=1...h) =1
ni,na>a
ni+--+np=n

. Then S(n, h,a,a) < C(h,a)a”@"Up=2

17



Proof.

S Iesn Y I

n;>1 (i=1...h) i=1 ny>-->np>1 =1
ni,n2>a na>a
nit-+np=n ni+--4np=n
ny\ —« h
<i 3 (3) e
ny>--2>np>1 i=
na>a

na>a =2
ni>1 (i=3..h)
h
= Cy(h,a)n™ (Z nf‘) H Z n;
n2>a i=3 n;>1
(i=3..h)

= Cy(h, a)a= (@ Dp

where at the end we used the facts that if & > 1 is fixed then Y *°_, m™® is a finite constant
and Yo7 m™ = O(m~(@7). O

We will also need the following simple facts:

Proposition 5.3. Let us suppose that T is a finite triangulation on the sphere, its dual
graph s connected and all of its edges and vertices are incident to at least one triangle.
Then

1. the boundary components of T are well defined (do not depend on the embedding),
2. each are proper cycles (do not repeat edges and vertices),
3. they can only intersect each other in vertices

4. and all outer faces are disks.

Proof. The boundary edges of T" are well defined: those that are incident to exactly one
triangle (since there are none that are incident to zero). This is a subgraph of the graph
G underlying T'. The number of boundary edges incident to each node is even since in an
arbitrary embedding of T the outer faces touch two edges each time they traverse the node

along their boundary and each edge can be used only once.
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Thus this subgraph is an edge-disjoint union of proper cycles. Let us take any proper cycle
C' in the subgraph. Let us take an arbitrary embedding of 7. Then C' divides the sphere
into to two components, both are disks. The root is on one side. When walking on the
dual graph we cannot cross C since any of the edges of C' only have a triangle on one side.
Thus all triangles are on the same side of C' as the root. Furthermore, since all vertices
and edges are incident to at least one triangle they are also on the same side of C. Hence
there are no vertices, edges or triangles on the other side of C, that disk is a connected
component of $*\@G, it is an outer face and its boundary is C'.

But the embedding was arbitrary thus C is a boundary component in any embedding.
And C was an arbitrary proper cycle among boundary edges thus each cycle is always a
boundary and the corresponding outer face is a disk. Since all boundary edges are in at
most one cycle this covers all boundary edges. Since each boundary edge can be used at
most once there are no more boundaries and outer faces than the ones described so far.

This proves all that we claimed. O

5.2 Non-trivial cycles

What can the topology of outer faces of an r-ball B, of a finite triangulation of T? look
like? The boundary components of B, are closed walks that can only repeat vertices but
no edges (if they repeated an edge then that edge would not be incident to any triangle of
B,.) Similarly, two boundary components might intersect in a vertex but not in an edge.
The interior of outer faces is homeomorphic to a surface with a number of holes and each
of these holes is attached to a boundary component of B,.

With some considerations about Euler-characteristic we can see that the outer faces must
mostly be disks (spheres with a hole), but there can be a single outer face with the topol-
ogy of a tube (a sphere with two holes) attached to two boundary components of B, or
alternatively there might be a single outer face with the topology of a torus with a hole
attached to a single boundary component.

In the last case B, does not contain a non-trivial cycle, otherwise it does.

Let’s fix a possible r-ball B, and its boundary components. Let the number of boundary
components be h and the number of vertices on each (counted with multiplicity) be k =
(k1, ka2, ..., ky). We denote the total number of vertices of B, by .

Lemma 5.4. Let’s suppose that closing each boundary component with a disk completes

B, to a torus. Then the probability by TEQ of seeing B, as the r-ball, with the selected
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boundary components, and all outer faces having interior homeomorphic to an open disk

tends to 0 as n — oo.

Proof. The number of finite triangulations of the torus with n vertices in total, with r-ball

B,., with the given boundary components and all outer faces of B, being disks is

h
5 _
Z Sm,kl ' Sﬂz,kz ce th,kh < Z H C(k:Z)nZ 2 (12\/3)”1
ni>k; (i=1...h) ni>k; (i=1..h)  i=1
TLl—k1++TLh—kh+l:n n1++nh:n+z k?l—l

Njot

< Cy(k,1)(12V3)" > I

n;>1 (i=1...h) =1
n1+---+nh:n+z k;—1

< Cy(k, 1)(12V/3)" <n +) ki - l>_g
< Cy(k, 1)(12V/3)"n 7

where in the first inequality we used (6) and in the third inequality we used Lemma 5.1
2
Thus the probability by 7.% ® of seeing B, as the r-ball, with the selected boundary compo-

with a =

nents and with all outer faces having interior homeomorphic to an open disk is

Cy(k, 1)(12v/3)"n 3
T,

_ Gilk, 1)(12v/3)"n "3

Cy - (12¢/3)n

< Cs(k, l)n_g —0asn— oo

732 {T|B,(T') = B,, outer faces are disks} <

]

Lemma 5.5. Let’s suppose that connecting two boundary components with a tube and
closing others with a disk completes B, to a torus. Then the probability by TEQ of seeing B,
as the r-ball, with the selected boundary components, with one outer face connecting two
boundary components with a tube and all other outer faces having interior homeomorphic

to an open disk tends to 0 as n — oo.

Proof. Let’s first consider the case when the first two boundary components are connected

with a tube. The number of finite triangulations of the torus with n vertices in total, with
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r-ball B,., with the selected boundary components, with the first two boundary components

being connected by a tube and all other outer faces of B, being disks is

Z (Sm,kl,kg H Smlﬁ)

m>ki1+ko i=3...h
n; >k, (i=3...h)
m_kl_k2+23§i§h(ni_ki)+l:”

< > Ci(ky, kp)m™2(12V3)™ T Calk T3 (12v/3)
m>k1+ko i=3...h
m+3 3ci<p mi=n+ 0 ki—l

h
_5
< Cy(k, 1)(12V3)" > m=2 [[n?
m>1 i=3
n;>1 (i=3..h)
m+3 s cp ni=nt ki—l
h
_3
< Cy(k, 1)(12V3)" > m2 [[n?
m>1 =3

ni>1 (i=3...h)
M3 3<icp ni=nt kil

< Cy(k, 1)(12V/3)" (n+Zk - )
< Cs(k, 1)(12V3)"n

3
2

where in the first inequality we used (6) and in the fourth inequality we used Lemma 5.1

3
2°

Since there are at most ( ) possibilities for choosing the boundary components that we

with a =
connect by a tube the total number of ways we can triangulate the torus with n vertices

such that B, is the r-ball, boundary components are as prescribed, one outer face is a tube

and the others are disks is still at most

C(k,1)(12v/3)"n "2

Thus the probability by 7.¥ * of this event is
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7 {T|B,(T) = B,, one outer face is tube, others are disks}
_ ik, 1)(12v/3)"n "2
< T
_ Cilk, 1)(12v/3)"n "2
Cy - (124/3)n

< C5(k, l)n’% —0asn— o0

From Lemmas 5.4 and 5.5 we can prove

Corollary 5.6. For a fixed r

lim 77" ({T € Ty2| B.(T) is embedded w. torus w. a hole and disks}) = 1

n—oo

Remark. This statement is a bit sloppy since for arbitrary triangulations the above con-
dition is not well-defined. But 7,% * only selects finite, complete triangulations of the torus

and for such triangulations the outer faces of its r-balls are well-defined.

Proof. We will show the complement:

lim 70 ({T € Ty2| B,(T) is not embedded w. torus w. a hole and disks}) = 0

n—oo

The set of possible r-balls is countable. For each possible r-ball the number of ways we
can select its boundary components is a finite number that only depends on B, itself. The
limit is zero for each possible r-ball and each selection of boundary components thus it is
zero for the sum over all of these selections (taking into account that for each n the sum
is at most 1). O

This leads to the proof of the first property of infinite triangulations that we need for
planarity:

Definition 5.2. Let TT?Q denote the set of triangulations 7" that can be embedded in the
torus such that for all values of r one outer face of B,(T) is a torus with a hole and the

others are disks.

Remark. These are in fact the triangulations that can be embedded in the plane but we

will get back to that later. For now the above form will be more practical.
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Lemma 5.7. 77°(7%) = 1

Proof. For a fixed r

7™ ({T € T12| B,(T) can be embedded w. torus w. a hole and disks})
= lim 7" ({T € Ty2| B.(T) can be embedded w. torus w. a hole and disks})

n—oo

since the above event is a countable disjoint union of metric balls of the same radius and
thus we can use Proposition 2.3
We restrict the above set if we take only to those triangulations of the torus with n vertices

where the r ball is actually embedded as wished. The above is thus at least

lim 7% ({T € Tr=| B,(T) is embedded w. torus w. a hole and disks}) = 1

n—0o0

because of Corollary 5.6.

Taking the intersection of the examined events for all » we get:

7™ ({T € Ty2| Vr B,(T) can be embedded w. torus w. a hole and disks}) = 1

And the above set of triangulations is 7, itself. Indeed, suppose that Vr B,(T) can be
embedded as wished. Similarly to the proof of Proposition 2.1, using Konig’s lemma we
can select the boundary components of each B,.(T) and the outer face of B,(T) that is a
torus with a hole such that the selections are compatible. Just as in Proposition 2.1 we can
then create the embeddings of each B,(T') one by one such that the embeddings extend
each other. This embeds the whole support of T" as wished showing that it is in 72. O

5.3 One-endedness

We will first prove one-endedness on the sphere.
Lemma 5.8. 75 ({T € Ts2| T is one-ended}) = 1

Proof. Let’s suppose that 75° ({T € Tg2| T is one-ended}) < 1. That means that if we
choose triangulation T randomly by 7%° then with positive probability there is a finite
sub-triangulation 7" of T such that 7" cuts T into more than one infinite components.
Then if we take a large enough r then B,.(T') contains 7" and thus B, (7T) cuts T into more

than one infinite components.
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% ({T € Ts2| 3r s. t. B.(T) cuts T into > 1 0o component}) > 0

and since the set of possible values of r is countable there is a single r such that

¥ ({T € Ts2| B,(T) cuts T into > 1 0o component}) > 0

Furthermore since the set of possible r-balls for a fixed r is countable there is a fixed r-ball
B, such that

™ ({T € Ts2| B,(T) = B, and it cuts T into > 1 co component}) > 0

We can overestimate this value by fixing an a € Z* and looking at the probability that B,
cuts T' into more than one component with more than a vertices. Let us fix a value of a.

We want to use

lim 7% ({T € Ts2| B,(T) = B, and it cuts T into > 1 comp. with > a vert.})

n—o0

= % ({T € Ts2| B,(T) = B, and it cuts T into > 1 comp. with > a vert.})

Indeed, whether T is in the above subset can be determined from a large enough ball, for
example from B, ,1(7T). This is because on the sphere all outer faces of B,.(T') are disks
and are thus only connected to one boundary component of B,.(T'). Thus two components
of Bryar1(T)\B,(T) cannot get connected in T\B,(T"). Furthermore, if the number of
vertices of a component of B, 441(7)\B-(T") is not more than a then it will not increase
any more if we look at greater balls. All we need to check is whether there are at least two
components of B, ,+1(T)\B,(T) with more than a vertices.

Thus the above set is a disjoint countable union of metric balls, those of the
form {T € Ts2| Byyas1(T) = Bryar1} where B,i,41 is an (r + a + 1)-ball such that
B 1a+1\B:(By1441) has more than one components with more than a vertices. Thus,
using Proposition 2.3 we get that TS"Z converges to 75 on the union of the balls.

Let the number of boundary components of B, be h (boundary components are now well
defined because of Proposition 5.3) and the number of vertices on each (counted with
multiplicity) be & = (k1, ka, ..., k). We denote the total number of vertices of B, by I.
Then the number of triangulations of the sphere with n vertices in total, with r-ball B,

and the first two outer faces of B, being triangulated with more then a inner vertices is
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E Sm,k1 : Sn2,k2 s thykh

n1>a+ki,n2>a+ks
ni>k; (i=3...h)
ny—ki1+--+np—kp+l=n

< > HC “E(12v/3)™

ni>a,nx>a
n;>k; (1=3...h)
ny+-Anp=n+y_ k;—l

SAMIEOLD'S Hn

ni>a,n2>a
n;>1 (i=3...h)
ni+-4np=n+>_ k;—l

< Cy(k, 1)(12v/3)"a (n + k- z)

3

< Cs(k, 1)(12v/3) a2

M\U‘

_5
2

M
I\J\U\

where at the end we used Lemma 5.2.

There are at most ( ) possible selections of the outer faces of B, that we fix to have more

than a inner vertices and h is also determined by k. Thus the number of triangulations of

the sphere with n vertices in total, with r-ball B, and at least two outer faces of B, being
5

triangulated with more then a inner vertices is still at most Cy(k,1)(12v/3)"a"2n"2 with
some constant Cy(k, () that only depends on B,. Thus

5 ({T € Ts2| B.(T) = B, and it cuts T into > 1 comp. with > a vert.})

< QD223 a2 g
CQn_§ (12\/§>n

(NI

But this means that this holds for the limit too:

3
2

S ({T € Ts2| B,(T) = B, and it cuts T into > 1 comp. with > a vert.}) < C(k, l)a~

And thus

0 <7 ({T € Ts2| B.(T) = B, and it cuts T into > 1 0o component}) < C'(k, l)a’%
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But this should hold for all a, which is not possible. This proves that 75 is almost surely

one-ended. O

Let us now prove the same result for the torus.
Lemma 5.9. 77" ({T € T2| T is one-ended}) = 1

Proof. Much of the proof is the same as in Lemma 5.8. Again, we suppose the above does
not hold and this means that there is a fixed r-ball B, such that

7 ({T € Tg2| B.(T) = B, and it cuts T into > 1 co component}) > 0

Again, we can overestimate this value by fixing an a € Z* and looking at the probability
that B, cuts T into more than one component with more than a vertices. We fix a value
of a.

We again want to use

lim 7" ({T € Tq2| B,(T) = B, and it cuts T into > 1 comp. with > a vert.})
n—oo

= 7" ({T € Tg2| B.(T) = B, and it cuts T into > 1 comp. with > a vert.})

The reasoning is similar except that on the torus it is possible that some components of
Bria+1(T)\B,(T') get connected in T' if one of the outer faces of B,.(T') is a tube.

But using Lemma 5.7 we can still say

™ ({T € Tp2| B.(T) = B, and it cuts T into > 1 comp. with > a vert.})
=" ({T € Ta2| Bytas1(T)\B,(T) has > 1 comp. with > a vert.})

since the two conditions are equivalent on 77, and the remaining cases are negligible. In-
deed, since T € T, can be embedded such that all outer faces of B,(T) are only connected
to one boundary component, the components of B,q1(7)\B,(T) cannot get connected
in T

Thus the above event is still a disjoint, countable union of metric balls, we can switch to
the limit.

Furthermore, we know that the boundary components of B, are well defined. This is
because we know by Lemma 5.7 that 7% ({T € Tr2| B,(T) = B,}) can only be positive if

B, can be embedded such that one of its outer faces is a torus and others are disks. If we
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cut the torus with a hole and replace it with a disk we get an embedding of B,(T") into the
sphere. We can thus apply Lemma 5.3 to say that the boundary components of B, (T) are
well defined.

We want to estimate
lim 7°° ({T € Ty2| B,(T) = B, and it cuts T into > 1 comp. with > a vert.})
n—oo

From Corollary 5.6 we know that in the limit the probability of cases other than the outer
faces of B,(T') being a torus with a hole and disks is zero. Furthermore, if the outer face
that is a torus with a hole is triangulated with at most a vertices then the outer faces of
a slightly larger ball with fixed radius, B,,,1(7T) for example, are all disks. Again, from
Corollary 5.6

lim 7% ({T € Tr2| outer faces of By q.1(T) are disks}) = 0
n—oo

thus the limit we want to estimate is in fact

lim 7°° ({T € Ty2| B,(T) = B,,

n—o0

outer faces are torus w. hole and disks, torus w. hole and a disk has > a vert.})

Again, let the number of boundary components of B, be h and the number of vertices
on each (counted with multiplicity) be k = (ki, ko, ..., k). We denote the total number
of vertices of B, by [. Then the number of triangulations of the torus with n vertices in
total, with r-ball B, the first outer face of B, being a torus with a hole, the second being

triangulated with more then a inner vertices is
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E Tnl,kl ' SMJCQ s Snmkh

ni>a1+k1 ,n2>a+k2
n;>k; (1=3...h)
ni—ki+-+np—kp+l=n

< > Cy (k1) (12V/3) ”1H02 T3 (12V3)™

ni>a,n2>a
ni +---+nh:n+z k;—l

h

5
< Cs(k, 1)(12V/3)" Z Hnl ’
nimt ()
ni+tnp=ntd kil
h
5 _5
— Cy(k, 1)(12V/3)" 3 ni [[n
ni,n2>a =1

ni>1 (i=3...h)
ni+-t+np=n+> k;—l

< C3(k, 1)(12V/3)"n? > Hn

ni,nz2>a
n;>1 (i=3...h)
nitetnp=nty ] kil

< Oy(k, 1)(12V/3) nda3 (n +3 k- z) )
< Cs(k, 1)(12V/3)"a "2

l\J\U‘

ol

where at the end we used Lemma 5.2.

There are at most h(h — 1) possible selections of the outer face that is a torus with a hole
and of the disk that is triangulated with more than a vertices and h is also determined
by k. Thus the number of triangulations of the torus with n vertices in total, with r-ball
B, and with one outer face of B, being a torus with a hole with more than a vertices and
others being disks, one being triangulated with more then a inner vertices is still at most
Cs(k,1)(12v/3)"a"2 with some constant Cg(k, 1) that only depends on B,. Thus

lim 70 ({T € Ty2| B,(T) = B, and it cuts T into > 1 comp. with > a vert.})

Ci(k, 1)(12v/3)"a"2
- Cy(12y/3)n

But this means that this holds for the limit too:

< C3(k, a2
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7™ ({T € Tpe| B.(T) = B, and it cuts T into > 1 comp. with > a vert.}) < C(k, l)a_%

And thus

N

0 < 7" ({T € Ty2| B,(T) = B, and it cuts T into > 1 oo component}) < C(k,)a”

But this should hold for all a, which is not possible. This proves that 7T is almost surely
one-ended.
]

5.4 Conclusion

Theorem 5.10. A triangulation chosen by 75 is almost surely a triangulation of the plane.
That is, 75° ({T € Tg2| S(T) ~ R?}) =1

Proof. First of all, a triangulation chosen by 75 almost surely has a triangle incident to
both sides of each edge, that is, it has no embedding with an outer face incident to an
edge. This is because if T" has an edge that is not incident to a triangle on both sides then
this can be seen from a large enough r-ball. The probability of triangulations with such
r-balls is zero by 75° thus it is zero by 75 as well.

It is similarly easy to see that a triangulation chosen by 75 is almost surely infinite.
Thus, a triangulation chosen by 7% is almost surely infinite, one-ended (Lemma 5.8) and
has a triangle incident on both sides of each edge. We claim that such a triangulation is a
triangulation of the plane.

Let us take such a triangulation 7" and we define B/(T') as follows: by Lemma 5.3 the
outer faces of B,.(T) are well defined, they are all disks and their boundary components
are well-defined proper cycles. Since T' is one-ended, all except one outer face has a finite
number of vertices. Since both sides of each edge are incident to a triangle the finite outer
faces are completely triangulated. Let B/(T) be the triangulation we get from B,.(T) if
we also take the triangulation of all its finite, completely triangulated outer faces. The
boundary of B/(T) is a single proper cycle, the boundary of the single infinite outer face
of B.(T'). Thus the support S(B.(T")) is homeomorphic to a closed disk. Furthermore, all
the boundary vertices of B..(T') are r away from the root, thus the boundary of B/.(T") and
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B] . (T) are completely disjoint.
The support S(T") is thus the union of a chain of closed disks with disjoint boundaries.

That is homeomorphic to a plane. O

Theorem 5.11. A triangulation chosen by T is almost surely a triangulation of the
plane. That is, 7% ({T € T2 S(T) ~ R?}) = 1

Proof. The proof is almost the same as that of Theorem 5.10. All we have to add is that
a triangulation chosen by 7T” is almost surely in T2 (see Lemma 5.7) (as well as fulfilling
all other requirements in the previous proof). That is, it can be embedded such that all
of its r-balls have an outer face homeomorphic to a torus with a hole and the others are
disks.

Thus, when defining B/(T) the single, infinite outer face must be a torus with a hole,
otherwise for a large enough ¢ the ball B,(7") that contains the whole of B/ (1) would
only have outer faces homeomorphic to a disk. If we cut the outer face of B/(T) and
replace it with a disk, we get a triangulation on the sphere, thus, using Lemma 5.3 the
single boundary of B.(T') is well defined, is a proper cycle and the support S(B.(T)) is
homeomorphic to a closed disk.

The rest of the proof goes as that of Theorem 5.10. [

6 Taking the limit

Theorem 6.1. 75 and 7T define the same distribution on planar triangulations.

Proof. From Theorems 5.10 and 5.11 we know that both distributions are essentially de-
fined on planar triangulations. Since the measurable space on planar triangulations is
generated by metric balls it is enough to show that for each possible combinatorial r-ball

of a triangulation of the plane B,
™ ({T € Te2| B/(T) = B,}) = 7% ({T € Tr2| B,(T) = B,})

We know that the boundary components of B, are well-defined and almost surely all finite
outer faces of B,.(T) must be disks. There is a finite number of ways we can select the
boundary component that the infinite face is attached to and a countable number of ways
we can finitely triangulate all other faces. If we triangulate the finite outer faces of B, we

get a triangulation with a single boundary that is a proper cycle. Thus, the above event
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can be subdivided into a countable number of disjoint events such that it is enough to
show that

7 ({T € Ts2| D C T (as rooted triang.)}) = 77 ({T € Tr2| D C T (as rooted triang.)})

where D is a finite triangulation on the plane (or equivalently on the sphere or on the
torus) with support homeomorphic to a closed disk. D C T can be decided from a large
enough r-ball, where r depends only on D. Thus we can get 75" and 7™ from the limit.
Let’s denote the number of inner vertices of D by [ and the number of boundary vertices by
k. The number of triangulations T" of the sphere with n vertices in total such that D C T
is the number of ways we can triangulate the single outer face, a disk, with k vertices on
the boundary and n — [ vertices in total. Similarly, the number of triangulations 7" of the
torus with n vertices in total such that D C T is the number of ways we can triangulate
the single outer face, a torus with a hole, with k£ vertices on the boundary and n —1 vertices
in total.

Thus, using the enumeration results in Section 4 we get that

S
¥({T € Te| D T}) = lim 75 (T € Tee| D C T}) = lim ~00k
et (= 312y "
. 24k?53Lfﬁ k(k)
= Him |

3 (12¢/3)" 221350 (123)

and

T2 {T €Tr2| DCT}) = hm ’7' ({T € Tre| D CT}) = _}OO S(n—l),k

_ 1 22k+2 3

n—00 8 (12\/_) 22k: 13 (12\/_)
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7 The number of triangulations of the torus with a
hole

In this section we aim to determine leﬁm,k, the number of triangulations of the torus with a
hole with k edges on the boundary of the hole and m edges in total. We define a formal

multivariate power series, the generating function of T ok

Definition 7.1.
T(x,y) = Y Tnpz™y

m,k>0

The following result and the key elements of its proof are presented in [2].

Theorem 7.1.
~ (1 —16h°y)h°y

T 9) = T (i — areg)

where h is a formal power series in x satisfying

h(z) = xy/1 + 8h3(z)

Remark. In fact the explicit formula for A is also calculated in [2].

443k — 1)1
h(l’) — $3k+1
2 Rk + 1)
All we need from the exact coefficients is that [z]h(xz) = 0 for all m # 1 (3) and [z]h(z) #
0.

We will apply the above theorem, which involves the implicitly defined power series h, to

extract coefficients of T (x,y) using the Lagrange theorem, which appears in Section 1.2 of
[3].
Theorem 7.2 (Lagrange Theorem for Implicit Functions). Let ¢(\) be a formal power
series in X with ¢(0) # 0. Then there is a unique formal power series w(t) with w(0) = 0
that satisfies w(t) = to(w(t)).
Furthermore, if f(\) is any other formal power series in X with \¥ being the smallest term
with a nonzero coefficient then we can express the coefficients of f(w(t)) in the following
way:
. LI (V" (AN)} forn#£0,n >k
ey { T
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Remark. In [3] a slightly more general version of the theorem is stated since f is allowed

to be any Laurent-series.

We first have to find [y*]T(z, y) in terms of h. We will start that by expressing W

as a power series in .

m =2 (—E) (=4)" - h -yt

k>0

2k+3) k 2k k
_Z 3 o (=4)F Ry
k>0

2k’+3) k 2k k
_Z (k+1) . 3. 9k . k!.4 h ey
_Z (2k + 3)( 2k+2)(2k+1>.<2k>.h2’f.y’f
20+ 1) :

(2k +3)(2k +1) [2k ok k

:Z : Ry

3 k
k>0

Thus we can express [y*]T(x,y) in terms of h.

_ Z(zmg)(zkﬂ)_(%){ B 16870 k+2]:
(

k) la—am2 Y T anee Y

1 2k — 2 h2k+3 2k —4 h2k+6
- [(2k+1)(2k—1 —— — 16(2k — 1)(2k — — |
;3{( +1( ><k—1)(1—4h3)2 6(2k - 1)( 3><k—2)(1—4h3)2]y
(7)
Now we need to find the coefficients [z™ ]m for € IN.

Since [2™|h(z) = 0 for all m # 1 (3) and [z]h(x) # 0, the substitution h(x) = x1/1 + ((x3)

suggested in [2], is allowed, and with ¢ = 23

((t) = 8t(1+((t)*?
h(x)

Remark. It would also be possible to get a formula for [2™] (=TI using the Lagrange
theorem with w = h and f(\) =

the above substitution.

OT but the calculations turn out to be simpler with
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m] h — [:Ij‘m (1 + C)7 — [xmfl] (1 + <)7

* (1 —4h3)? (1—4a3(1+()2)? (1—4t(1+()3)? N (1-5%)2

This is 0 if m # [ (3), otherwise let p = "t

)

] )

= [t"]

ht (1+¢
[l‘ (1 _ 4h3)2 - (1 _ g

We can now apply the Lagrange theorem with w = ¢, ¢(\) = 8(1+ \)
Forp>1

A00f 1 TlaenE) s
[t] 1_5) p[/\ ]_((1_%)2> 8 (1+)‘)
Lo [ (A= 22A+ 03+ (14 0):(1—3) 2
i ]_ T (87 (1+ )
& e [LAFNTT AN
P 2 (1-3) (1-3)°

The coefficients in the above formula can be expressed as a sum and thus we get that if
= [ (3) then with p = =~

[x (8)

P | —1 4 p+l 2 H—l z+2 @ .
m] hl % |:§ ?20 ;1 (p i— 1) +3 Z )(p—z'—l):| it m > 1
(1 — 4h3)?

1 fm=1

This combined with (7) gives a formula for 7,,; when m = 2k (3) and m > 2k + 3.
Otherwise ka =0.

Remark. The arguments of the binomial terms in the above formula are not necessarily

n

k) as

integers. However, for 0 < k <n € R we can define (

I'(n+1)
Fk+1)I'(n—k+1)

and (8) still holds.
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8 Asymptotic estimation of the number of triangula-

tions of the torus with a hole

In this section we aim to give an asymptotic estimation of ka as m — 00. Since ka can
only be positive for m = 2k (3) we are only estimating these values.

Since k is now fixed we need to examine the asymptotic behaviour of

hl
(1 — 4h3)2

[2™]

That is, considering (8), we have to estimate

LA SRRV SRR SIGRIEE I ©)
p |2 20 \p—i—1 2 2t p—i—1

=0 i=0

as p — 00.

We are going to use some simple tools, taken from [5]:

Sl

)

Firstly, let’s suppose we are given

a sequence of finite series with agn) > 0 and we manage to find an estimation in the form
(n)

a§”) ~ fi(n) Vi as n — oo. (We consider a; ' to be 0 when i is outside the range of

summation.) This does not imply that

S ) 3

as n — o0.

However the implication does hold if a{™ ~ f{™ uniformly as n — oo

Proposition 8.1. If
o = f(1+0(1))

where the estimation of the o(1) term depends on n only and not on i then
Zagn) ~ Zfi(”) as n — oo

Secondly, from Stirling’s formula it follows that for 0 < k <n € R
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(Z) G +1;)(?(Z i)f” )
G) O () (ro(ieity)  w

Thirdly, the Taylor series of log(1 + z) in 0 gives that

2

10g(1+5):5—%+0(53) ase — 0 (11)

And finally, the following proposition can be deduced easily from (10) and (11).

Proposition 8.2. Let’s suppose that s, is a function of n such that 0 < s, < n. We want

to estimate the binomial terms around (87;) If t,, is small enough, that is t2 = o(s,) and

t2 = o(n — s,), then
n n n—=s, tn
Sp+tn Sn, Sn,

Let’s now start estimating (9) by examining

s (i+1)( z—{—2)( Sptl

; )asp—>oo
p—i—1

=0

How do the terms behave for a fixed p? Let’s look at the ratio of subsequent terms.

L %)

(@ +3)p-i—-1)  ((+3)(p—i—-1)

i i 3p+l . HI42i+4\ T (5 ;
(“%5”)(;%_1) 2(i + 1) (BEE2HE) (i 1)(p+ 1+ 2i +4)

Thus the terms are increasing from index ¢ to index ¢ + 1 if and only if

(+1)(p+14+2i+4)<(@+3)(p—i—1)
ip+p+il +1+2°+2i+4i+4<ip+3p—i*—3i—i—3
32+ (1 +10)yi—(2p—1-17)<0
—(I+10)+ /(1 +102+12(2p — 1 —7) 2p

~ A [ —

6 3
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Thus the terms are unimodal for each p and the peak is asymptotically at %. Let’s now
estimate only a range ¢ € [0, p°| in the summation. If % < s < 1 then this includes all the

biggest terms for large enough values of p. Using (10)

S

p . . 3 +l
(2+1)<2+2)( £t )N
=0 2! p—1—= 1
G i p—i—1 e iyl
— (i +1)(i +2) Sptl Sp+l el 2
pay 2 or(p—i—1)(BL i+ 1) \p—i—1 |

(12)
This holds because the estimation given by (10) is uniform in
1 1 1
O|———+ —o(—1 ¢
(p—l—l 2§+z+£) (p—ﬁ—l
Furthermore, (12) can be rewritten as
Z G+ 1)6+2) [3 p+L 3N
Z ASLA S A = 3 e 3T+Z+1-
2i 2\ (p—i—=1p+1+2i+2) \2

=0
1o\ Pl p L1 P it
(Pt 2% (13)
p—i—1 P ti+1

)

INYSTIE

Since

p+i 1
p—i—1D(p+1+2i+2) P

uniformly in 7,

sptl p* o p—i—1 o e it
3 3> i+3+1 i+i+1
13) ~ 4/ — DG+ 1+ —3 ] "3~
(18) ~ \ gy T 2+ D+ >( +p_z._1> %@m)
it L1

38 <z-+1><z+z>e(<“”k’g(”w1)*“2”*1)‘%(1P;“w)) (14)
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From (11).

@—i—UbgCAfiéii):(}+£+{>_ﬁiiiﬂ_+o<&i_iil>

p—i—1 3 2(p—i—1) (p—i—1)2

and

p+1 Citgtl
(—2 +2+1)10g<1 —pTH+Z'+1
. 1 12 . 1 13
—<i+£+1>— (Z:?’Jr,) +0 (Z+3—+>2
3 2(B +i+1) (B +i+1)

If s < 2 then the O terms above are o(1) uniformly and thus

(rgn)? (o)’

3p+l fod <— 2—i—1) _2(p+l A )
¢ T+z+1)
(14) ,/2ﬂ¥)2p 12{: i+ 1)(i + 2)e (15)

We will now approximate the exponent:

(i+Li+1)° (i—|—1)2+ <(¢+§+1)2 (i+1)2>

2p—i—1)  2p 2p—i—1)  2p

@+m2+p@+§+n2—@—i—n@+n2
2p 2p(p—i—1)
_ (41 N Ofpi) _ (i+1) +o(1)

2p 2p% + o(p?) 2p

uniformly in ¢. Similarly

(i+5+1)° _(i+1)
2Bt +i+1) p
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uniformly in ¢. Thus

3p+l ps

3 3 3(z+1
~ 27Tp op— 1 ZZ+ Z+2

S

3 33p+l P 3(i+1)2 3<z+1>2
~V 2mp 2t Y (i+1)% = +§ (i +1e

3 3% ; 1 i+1 ,;(m)? 1 i1 a2’
“Vompe pQ%Z ) “”ﬁz ) 1o

9

9

=0 =0

These sums are integral approximation sums with step size \/Lﬁ and thus

3 3% = =
3 P 3.2 p 3.2
16) ~ 4/ =— 2 Pe2" d —7d
(16) Sy 21 (p /0 ze :1:—|—p/0 xe x)
3 3%
- %210—1 (
3p+l
3
{3 (w

3p+l
\/2_2p P
3p+l
\/2_
3p+l 1 /OO _ﬁd
\/27T2p_1p3\/§ ; e x
33% 1 [x g 33\”
=\ 5 P55\ 2 5] P

Hence

p® . . - »
1 2 3p+l 3 ' ,
io%(p_?_l)w?) (%) pasp—)ooWhenever§<3<g (17)

We will show that the rest of the terms are insignificant, ie. they do not change the

asymptotic behaviour of the sum. We know already that the terms after i = p® are
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monotonically decreasing. The first few terms after ¢ = p® do not make a difference since

(17) implies that for § <s <2 and 0 <t <s

pS4pt . . 3p+l 3\ P

1 2 2P _ 32
E w 2 N3lT2 — | pasp—
P 2t p—i—1 2

We will show that the terms for p® + p' < ¢ < p are very small even compared to the single
term i = p*. We will estimate the term 7 = p® + p' using Proposition 8.2. with n = 37’7”,
s, =p—p°—1,t, = —p'. For Proposition 8.2. to be applicable we need t2 = o(s,) and
t2 = o(n — s,), that is, p? = o(p) thus we need to choose ¢ such that ¢ < 1. With this

choice

<ps+pt+1><ps+pf+2>( = )
ops+pt p—ps—pt—1
N(ps+pt+1)(ps+pt+2)( = )(”THer“rl)pt
ops+pt p—ps—1 p—p —1
N(ps+1)(p5+2)< B ><1>pt(p+l+2ps+2)pt
2v p—p*—1)\4 p—p*—1

_ N B (1
N op° p—ps—1 op'

e )

Since all the terms with p* + p! < i < p are less than the above and there is at most p of
them

S SRR ) ()

i=pS+pt+1
pi+p" . . 3p+l
1 2 3ptl
o[} (+DE+2) (=5
: 2 p—i—1

So eventually we get that
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P*1 3p+ 3\ P
D(+2 £ —2 [ 32
i+ H) 2 ~3% (5] pasp— oo (18)
- p—i1—1 2

1=
With very similar calculations we can show that the first sum in (8) is insignificant since

it turns out that

p—1 . 3p+i—2 3\ P
i+ 1 L 32
5 ( _2_1> ~ ¢(I) <?> /D as p — oo (19)

=0

Putting (18) and (19) into (8) we get that with m =1 (3) and p = "

Y s [1 . (38) | 3% 4\P
¥ ]<1_—4h3>2’“;[532 (7) p]— 5 (4-39)
1

:2§j1‘3(4.33)3:2% ‘ <\/_ \/_) asm— o0  (20)

So finally we can estimate fmﬁk as m — oo. From (7) we know that for k > 1

Ty :% {(21@ +1)(2k — 1) (2:__12)[ ]ﬁ

—16(2k — 1)(2k — 3) (2:__24) [xm]%}

Thus for m = 2k (3)
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Tt ~ é {(zk +1)(2k — 1) (2:_ 12) ! (f- \/§>m

2

s () [(% e (2:— 12) — (2k—1)(2k— 3>(
-5 (59" (1) [ -

o o) (2 2225

_ 24;-+11 9 (ﬂ\@)m (2:) _(2k+ 1)k - 2 — 1)]

- ()" ()%

Theorem 8.3. If m % 2k (3) then T, = 0. Otherwise

2k
. k(%)

(VIVE)" a5 > oc

24k+4

Using Proposition 4.1. this theorem yields an approximation for 7T;, ;, as well:

Corollary 8.4. Asn — o0

3n—k+3 k (Qk)

Tk = Ton-kian ~ 22“(%) (Vav3) - (12V3)
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