COUNTING STATISTICS FOR GEODESICS ON FLAT SURFACES

STEPHEN CANTRELL AND MARK POLLICOTT

ABSTRACT. We study counting limit laws that compare length functions on infinite graphs. We then
apply these results to flat surfaces to obtain a statistical comparison between the geometric length and
the number of singularities visited by geodesic paths.

1. INTRODUCTION

Consider a closed, hyperbolic surface (V, g). The fundamental group I" = 7, (1) acts cocompactly
on the hyperbolic plane (H?,d). Through this action, the conjugacy classes conj(I') in I" are in
bijection with the closed geodesics on (V, g). If we equip I" with a finite generating set .S then a closed
geodesic y on (V, g) can be assigned two natural lengths: the geometric length ¢(y) (according to the
Riemannian metric) and the word length ||s (the S length of the shortest word in the corresponding
conjugacy class). These lengths are comparable in the sense that there exists C' > 1 such that

C s < (7)) <Chls (1)

for all closed geodesics . We are then led to ask if there is a more refined result that compares
these lengths on average. That is, can we prove counting limit laws that compare these lengths? This
and related questions have been studied extensively, see [ 1, [ 1, [ 1, [ 1, [ ],
[ L1 1,1 ] amongst many other works.

In this work we study an analogue of the above question in the setting of translation surfaces.
Translation surfaces are surfaces that are flat except at finitely many points called singularities. These
singularities can be thought of as concentrated points of negative curvature. Given our above discus-
sion about hyperbolic surfaces it is natural to ask whether we can compare analogues of word length
and geodesic length for geodesic paths on translation surfaces.

1.1. Translation surfaces. A translation surface is a compact Riemann surface X equipped with a
(non-trivial) holomorphic one-form w. Equivalently, X is a compact surface with a flat metric except
at a finite set X = {x1,...,,} of singular points with cone angles 27 (k(x;) + 1), where k(z;) € N,
for i = 1,...,n. The singularities correspond to the zeros of w. In this work we will always assume
that X is non-empty, i.e. our surface has singularities. In a translation surface, a path which does not
pass through singularities is a locally distance minimising geodesic if it is a straight line segment.
This is also true for saddle connections: straight lines that start and end and singularities and do not
pass through any other singularities. We will write 8 for the collection of saddle connections.

There is a rich body of research that studies various aspects of translation surfaces. One particular
focus has been to understand the lengths of saddle connections. See for example [ 1,1 1,
[ LI LI I I I, I LI I

There are infinitely many local geodesics emanating from a fixed base point on (X, w). Many of
these do not visit singularities and so correspond to straight lines. In this work, we restrict our study
to local geodesics that visit singularities. That is, we study and compare various lengths associated to
saddle connection paths.

Definition 1.1. A saddle connection path p = (s;,,...,s;, ) is a finite string of oriented saddle collec-
tions s;,,...,s;, €8 which form a local geodesic path in (X,w). Equivalently a saddle connection
path is a local geodesic on (X,w) that starts and ends at a singularity.
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FIGURE 1. A simple way to present a translation surface is by identifying opposite
sides of a polygon in the plane. On the left is an L-shaped translation surface with one
singularity (indicated by the dots). The picture on the right shows a saddle connection
path p = (s1, 2, s3) on the surface. The angle between s; and s, is 57/4 and the angle
between s, and s3 is 137/6.

We write
(i) 4(p) = £(s1)+£(s2)+--+(s,) for the sum of the lengths of the constituent saddle connections;
and
(ii) |p| for the number of singularities visited by p, i.e. if p = (s;,,...,s;,) then |p| =n + 1.

We refer to ¢(p) as the geometric length of p and and we refer to |p| as the singularity length of
p. These quantities will play the role of the geometric length and word lengths associated to closed
geodesics on surfaces that we discussed at the start of this work. We will present a statistical compar-
ison between these quantities.

Given a translation surface (X,w), and = € X a base point singularity, let P, denote the collection
of saddle connection paths p starting at x € X. Write P,(T") for the collection of saddle connection
paths p € P, with ¢(p) < T and let p denote the uniform counting measure on P,.(7") c P,.

Theorem 1.2. Let (X,w) be a translation surface and fix a singularity x € X. Let |- | and ((-) denote
the singularity and geometric length of a saddle connection path respectively. Then there exists A > 0

such that for any € > 0
> e}) <0.
Furthermore there exists o > 0 such that for any a,b e R,a < b

. |p| - AT } 1 fb 42792
lim eP,: ¢la,b]; = e V12 a4t
Jim pir {p Vi [a,b] = .

Unlike for the word and geometric length of closed geodesics on surfaces, |p| and ¢(p) are not
comparable as in equation (1) : we can find a sequence p,, of closed saddle paths for which the
quotient |p,|/¢(p,) converges to 0 as n — oo. Nonetheless, our theorem shows that on average, a
saddle connection path p visits approximately A¢(p) singularities and that (along with the appropriate
normalisation) |p| distributes according to a non-degenerate central limit theorem.

We will deduce Theorem 1.2 from a more general comparison result, Theorem 1.3 which com-
pares geometric length with other quantities. Indeed, there are many natural quantities, other than

by
T

1
lim sup T log (/LT {p ebP,:

T—o0
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singularity length and geometric length, which we can associate to a saddle connection path p. These
include:

(1) the total change in the real (or imaginary) part when walking along p;
(2) the total angle change gone through when traversing p; and,
(3) the combinatorial length of p with respect to to a geodesic filling.

We now discuss these quantities in more detail.
(1) Using the one-form w we have a well defined notion of real and imaginary part for a saddle
connection: given a saddle connection s, the holonomy vector

[w::i)%s+ijseC

encodes the real YR, and imaginary J, change along s. We define |p|x and [p|y to be the sum of these
changes, respectively, along the saddle connection path p.

(2) Suppose that p passes through the singularity x. Then p (possibly) changes direction at . We can
measure the angle changed by p to get number in [0, 7k(x)] (where k(z) is as above). This angle
is the smallest change (between measuring both clockwise and anticlockwise) made by p. Summing
these angle changes along the singularities visited gives the total angle change along p, which we
denote [p)y.

(3) Let C = {7;}™, be a filling system of geodesic arcs. That is, X'\C is a finite union of topological
disks or geometric simply connected polygons. Then define /¢(p) to be the number of times that p in-
tersects C, i.e. the geometric intersection number. See [ ] for more details on the combinatorial
length.

Our general results apply to a large class of functions on saddle connection paths. Suppose that
¢ : 8 - R is a function that assigns to saddle connection s a real number ¢(s). Assume further that
there exists C' > 0 such that |p(s)| < C¢(s) for all s € 8. Then we extend ¢ to saddle connection paths
in the obvious way: if p = (s;,,. .., S;, ) then we set

(p) = (i) + -+ p(54,)-

We call such functions saddle cost functions. The functions listed in (1), (2) and (3) as well as the
singularity length | - | can all be realised as saddle cost functions. Our general result is as follows.

Theorem 1.3. Let (X, w) be a translation surface and fix x € X. Let ((-) denote the geometric length
and let o(-) be a saddle cost function. Then there exists A € R such that for any € > 0

> e}) < 0.
Furthermore there exists o > 0 such that for any a,be R, a <b

- b 2 2
jllm L {p € fo . M € [a,b]} _ 1 f et /20 dt.

o) _
T

1
limsup T log (,LLT {p eP,:

T—o0

\/T 2mo

We also have the following:
(i) if p is positive (i.e. ¢(p) > 0) and is not identically 0 then A > 0;
(ii) we have that o = 0 if and only if there exists T € R such that (p) = T7¢(p) for all closed saddle
connection paths p (i.e. saddle connection paths that start and end at the same singularity); and,
(iii) A and o? are independent of the choice of x € X.

In Section 4.2 we provide a general condition that guarantees positive variance in Theorem 1.3.

Remark 1.4. The mean A and variance o in the above theorem can be obtained from the asymptotic
expressions

_ 2
A = lim Z M and nglim; MZ

—_— 0.
T—oo #:Px(T) pePx(T) T Teo #TI(T) pePx(T) T
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We also obtain a counting large deviation theorems and non-degenerate central limit theorems
comparing the geometric length with the quantities listed as (1), (2) and (3) above, see Section 4.1.
We also provide a general condition that guarantees that the variance of for the central limit theorem
is strictly positive.

Theorem 1.3 provides a precise statistical comparison between the geometric length and a saddle
cost function. It is natural to ask whether we can compare multiple saddle cost functions at a time
so that we can study the distribution of the holonomy vector (and other examples). This leads us
to a prove a multi-dimensional version of this theorem that compares the geometric length with a
collection of saddle cost functions.

Theorem 1.5. Suppose that o : P, — R* is a vector of k saddle cost functions. Then, there exist
A € R* such that for any € > 0
o(p) })
—= - Al > <0
T €

where | - || is any fixed norm on R¥. Furthermore, there is a positive definite matrix Y. € GL;,(R) such
that the distribution of

1
lim sup T log (p,T {p eP,: H

T—o0

@(p) - AT
VT
converges as I' — oo to the multi-dimensional Gaussian distribution with mean O and covariance
matrix Y. Furthermore Y. is strictly positive definite if and only if there does not exist non-zero t € RF
such that for all closed saddle connection paths p,

(t,2(p) - A(p)) = 0.

We now discuss applications of this result. Given a saddle connection path p = (s;,,...,s;,) we

write
n
[w = Zf W
p i=1 < Si

for the sum of the holonomy vectors along the saddle connections making up p. We think of fpw as
being in R? through the natural identification of C with R?. We prove the following.

with respect to pir

Corollary 1.6. Let (X, w) be a translation surface and fix a singularity x € X. Then for any € > 0 we

have that |
‘T [pw >e})<0

where || - || is any norm on R2. Furthermore, there exists a strictly positive definite symmetric matrix
Y. € GLy(R) such that, as T — oo, the distribution of the vectors

1
lim sup T log (,uT {p ebP,:

T—o0

1 .
— [ w e R? with respect to i
VT Jp
converges to the 2-dimensional Gaussian distribution with mean 0 and covariance matrix ..

As another application, take a subset Y = {1, ..., yx} ¢ X of singularities of X. Let|-|y : P, — R*
denote the vector
|p|Y = (|p|y1> R |p|yk)
where each |p|,, denotes the number of times p visits the singularity y;. Clearly each |- |, is a saddle
cost function and so we can apply Theorem 1.5 to obtain a multi-dimensional large deviation and
central limit theorems. Furthermore the central limit theorem is non-degenerate.

Corollary 1.7. Let (X,w) be a translation surface and fix a singularity x € X. There exist a strictly
positive vector AN(Y') € RY and a stricily positive definite matrix > € GLy(R) such that, as T — oo,
the distribution of
ply - A(Y)T
VT

converges to the k-dimensional Gaussian distribution with mean 0 and covariance matrix X..

with respect to jip
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We now discuss our approach to proving the above results.

1.2. Method and ideas behind the proof. We first establish counting limit laws for infinite graphs
(that satisfy some natural assumptions which we label (G1), (G2), (G3)). That is, we compare length
functions on infinite graphs and prove that they satisfy a counting central limit theorem and large
deviation theorem. This is done in Section 2 and we now briefly discuss how we prove these results.

In previous works, counting limit laws have often been established using Hwang’s Quasi-power
Theorem [ ]: a result that translates knowledge about sequences of moment generating func-
tions into counting limit laws. We briefly illustrate how this argument might work in the setting of
Theorem 1.3. Suppose that (X,w) is a translation surface and ¢ a saddle cost function as above.
Hwang’s Theorem states that if we have a so-called ‘quasi-power expression’

> e = Ce?™) (1 + O(kr)™) uniformly for s in a complex neighbourhood of 0 (2)
L(p)<T

where o is analytic, and k7 — oo as 1" — oo, then we have counting limit laws comparing ¢ and
C. Here ¥ y)<r es#(P) is the sequence of moment generating functions. In fact, Hwang’s theorem
implies limit laws with precise error terms (depending on o and k).

There are many works that deduce counting limit laws following this line of argument: see [ 1,
[ 1 [ 1, [ 1, [ ]. To obtain the required quasi-power expression one can borrow
techniques from analytic number theory: by considering the appropriate 2-variable complex function
(a Zeta function or Poincaré series), one can express the sequence of moment generating functions as
a sequence of contour integrals. One can then evaluate/estimate these integrals to obtain the quasi-
power expression. To obtain the uniform error in the quasi-power expression, one needs to know
that the corresponding complex function admits a uniform analytic extension, except for a pole, past
its critical line of convergence in C. To prove this uniform convergence one needs to have strong
estimate on the operator norms for a certain family of linear operators called transfer operators. These
estimates, usually referred to as Dolgopyat estimates are delicate and are only known to hold in a
handful of settings. All of the works mentioned above rely on these estimates.

Unfortunately, these Dolgopyat estimates do not hold in our setting of infinite graphs or translation
surfaces. Indeed, the Poincaré series

e=stP) for se C
peP.(T)

and its two variable analogue that encodes the moment generating functions in (2) has poles arbitrarily
close to the critical line PRe(s) = h (where h is the exponential growth rate of #P,(7")). We therefore
need to develop a Dolgopyat estimate free approach to obtain our counting limit theorems. Our proof
is slightly different for the large deviations and the central limit theorem. For the large deviation
theorem we show that it suffices to prove a weak version of the quasi-power expression. This result
appears as Proposition 3.12 below. To prove our central limit theorem, Theorem 2.6, we generalise an
argument due to Hwang and Janson [ ]. This generalisation is both to multidimensional settings
and also to settings in which we do not have good estimates on transfer operators.

Our proofs also rely on a key observation of Hofbauer and Keller [ ] that was used by the
second author and Colognese in [ ] which shows that the infinite graphs we consider can, in
some sense, be approximated by finite subgraphs. This intuition is formalised in expression (4) below
which shows that proving the invertiblity of a certain infinite matrix (which encodes the infinite graph
9) can be reduced to proving invertibility of a finite matrix. We also need to show that the variance of
our central limit theorem for infinite graphs can be (in some sense) approximated by the variances of
central limit theorems on subgraphs.

Once we have proven our results in Section 2, we use them to deduce our result for translation
surfaces. To do so, we show that it is possible to translate the assumptions (G1), (G2) and (G3)
for graphs into analogous conditions for saddle connection paths. We verify that these conditions
hold and also verify the non-degeneracy criteria for the central limit theorem. These proofs appear in
Section 4 in which we also provide explicit examples and applications.

To summarise, the outline of our proof is as follows:
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(1) We start by studying infinite graphs and reduce the infinite graph case to finite subgraphs;
(2) we then prove our counting limit laws for graphs without relying on Dolgopyat estimates; and,
(3) lastly, we prove that the results from the previous step can be applied to translation surfaces.

Acknowledgements. The authors are grateful to Jon Chaika and Selim Ghazouani for helpful dis-
cussions and comments and to Serge Troubetzkoy for bring the work [ ] to our attention. We
are also grateful to Peter Miiller for assisting us in proving Proposition 4.8. MP’s research supported
by ERC grant 833802-resonances and EPSRC grant EP/T001674/1.

2. INFINITE DIRECTED GRAPHS

Let G be a finite directed graph in which the edges e in G are labelled with lengths ¢(e). We can run
a Markovian random walk on G and ask, for a typical path (with respect to the stationary distribution)
consisting of n edges, how long is the ¢ length of the path? This is a classical problem are there
are many beautiful works that consider this and related questions, see [ 1, [ 1, [ ],
[ ]. In these works randomness is introduced through the stationary distribution for the Markov-
ian process. One could also consider deterministic limit laws in which the randomness is replaced
by counting. That is, we can consider all paths P, in G consisting of n edges and ask, for uniformly
selected p € P,, what do we expect the value of /(p) to be? This question is well understood in the
finite graph setting but such results are much less developed in the infinite setting. Indeed, in the finite
setting there is a well developed approach for these problems that employs thermodynamic formalism
and symbolic dynamics. In particular transfer operator techniques can be employed. Similar counting
limit laws have been proved for some well-understood infinite dynamical systems [ 1, 1 ].
As we discussed at the end of the introduction, the proof of these results rely on strong Dolgopyat
estimates for transfer operators. The estimates do not hold in the current setting of infinite graphs.

Suppose we have a directed graph G with countable vertex set V' and a countable edges set €. Label
each edge e € € with a length /(e). We need the following assumptions.

Assumptions:

(G1) for all o > 0 we have that 3. e=7%€) < oo;

(G2) there exists a constant C' > 0 such that for each e, e’ € € there is a path of length less than
C' +¢(e) +£(e") in G which starts with e and ends with ¢’;

(G3) there does not exist d > 0 such that {¢(p) : p is a closed path in G} c dN.

Remark 2.1. Intuitively these assumptions allow us to, in some sense, approximate the infinite graph
G by finite subgraphs.

Here /(p) is the natural extension of ¢ from edges to paths: the length of a path is the sum of the
corresponding edge lengths. Write P, for the set of all closed paths starting with a fixed vertex v and
let P,(T") denote the collection of closed paths of length at most 7" in P,, i.e. p € P, with ¢(p) < T.

Definition 2.2. A cost on the edges is a non-zero function ¢ : £ — R such that there exists a constant
C' > 0 such that |c(e)| < Cl(e) forall e € €.

We can extend these costs to paths in the obvious way: the cost of a path p is the sum of the
weightings along the edges of the path. We denote this length by c(p).

Example 2.3. (1) One could take the cost function ¢ : £ — R that assigns each edge 1. Then the cost
of a path is the number of edges in the path.

(2) Fix a vertex v € G. We can define a cost function ¢ : £ — R that assigns an edge 1 if the edge ends
at vertex v and O otherwise. The cost of a path p is then equal to the number of times that the path
visits the v vertex.

(3) In general we could take the cost function ¢ : £ - R that assigns positive lengths to each edge to
compare two different length labelings on §G.
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We would like to form a statistical comparison between the lengths the costs of paths in §. We
prove the following statistical results. In the following fix v € V and let ur denote the uniform
counting probability measure on P,(7") c P,: for E c P,

1
E En?®,(T
Theorem 2.4. Suppose G is a directed graph satisfying assumptions (G1) - (G3). Letc: € > R be a
cost on the edges of G. Then there exists a constant A(c) € R such that

1 f 1 c(p)
= [ ep) dur = s ~ A(c)
T Jo, #P,(T) E(pz);T T
as T — oo. If c is positive (c¢(p) > 0 for all p) and is not identically O then A(c) > 0.

This shows that there is an asymptotic average cost across paths in P,. We can then ask for more
refined statistical results, for example, large deviation and central limit theorems. We will prove the
following higher dimensional statistical limit laws. In the following when we have n cost functions
¢, ..., ¢, we will write ¢ : € - R, for the vector of costs (ci(e), ..., cn(e)).

Theorem 2.5. Let G be a directed graph satisfying assumptions (G1) — (G3). Suppose c, ..., c, are
n costs on the edges. Then there exists a vector A(¢) € R, such that for any € > 0

.1 c _
Tlgrgoflog(uT{peiPU:‘@—A(c) >e})<0

as T — oo. Here || - || is any norm on R™.

We then have the following central limit theorem.

Theorem 2.6. Let Sand cy, . .., ¢, and A(¢) be as in Theorem 2.5. Then we have the following. There
exists a positive definite, symmetric matrix Y. € GL4(R) such that the distribution of

c(p) - A@T
VT

converges as 'I' — oo to the multi-dimensional Gaussian distribution with mean 0 and covariance
matrix Y. Furthermore, Y. is strictly positive definite if and only if there does not exist non-zero t € R"

such that for all closed paths p,
(t,e(p) - A@©)L(p)) =

In this theorem the matrix X has entries

5, = lim % f (ei(p) ~ AT (es () ~ AT = Jim oo

T—o0

with respect to jir

Ly (ci(p) = AiT)(¢(p) = A;T)
#CP (T) L(p)<T T

where A;, A; are the averages for ¢;, ¢; from Theorem 2.4. We also show the following.

Proposition 2.7. The quantities A(¢) and 3 introduced in the above theorems do not depend on the
choice of veV.

These result, for graphs, which we believe are of independent interest will help us to show our
results for translation surfaces.

3. COUNTING FOR GRAPHS

3.1. Preliminaries. In this section consider a graph G = (V, £) and length function ¢ which satisfy
the hypotheses (G1), (G2), (G3). We assume that the edge set & = {ej,e,,...} is ordered by non-
decreasing length. For e € & we will write i(e),t(e) € V for the initial and terminal vertex of e
respectively. Let cq,..., ¢, be costs and write ¢ for the vector of these costs. As in the previous
section we use P, and P,(T") to denote the collection of paths starting with the vertex v and the paths
starting at the edge v with length at most 7.
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Definition 3.1. We can associate to G the matrix M defined by

1 ift(e) =i(e'),
0 otherwise.

M(e,e') = {

For each s € C and ¢ € C? we define the perturbed matrix M ; by
Mth(e, 6’) — M(Q e')@_sg(e')—(t,E(e’))
fore,e’ € €.

Let P(n,e,e’') denote the set of paths in G consisting of n edges, starting with edge e and ending
with edge ¢’. For any n > 1, we can write the (e, /) entry of the n'* power of the matrix as:

Msnt(e’ e’) = es£(6)+<t?z(e)> Z e_sz(p)_(t7z(p)>
’ peP(n+1,e,e’)

which will be finite by assumption (G1). Moving forward, to simplify notation, we will use the
enumeration € = {ey, s, ...} (where we order the edges in non-decreasing length) and write M (3, )
for the entry M, ;(e;, ;).

Note that when fRe(s) > 0 we can find €(s) > 0 such that for all ¢ € C? with [¢| < €(s), we can
interpret M ; as a bounded operator on ¢*°(C) where

M) = ( iMs,t(i, )

0o
i=1

To proceed, we would like to understand the domain of meromorphicity of the linear operator (I —
M) [°(C) - [~(C). To do so, we follow [ ] which in turn uses an idea by Hofbauer
and Keller [ ], to show that the invertibility of the M, ; depends only on the determinant of an
associated finite sub-matrix.

Fix € > 0 and, for convenience, assume also that
1
0<e<h:=limsup —log #P,(T).
Tooo 1

It is not hard to see that 0 < h < oo (see Lemma 2.3 of | .
We can truncate the matrix M, to the k x k matrix A, = (M&t(i,j))fij:l. We then write

_ As,t Bs,t
MS,t_(Cs,t Ds,t)

where Dy, = (M, (i +k,j+ k)

Again, we can interpret [ — D, as a bounded linear operator on [*(C) and write (I — D,;)™! =
Y=o D% if the operator Dy, has norm ||D,,| < 1. This is true when QRe(s) > € and |¢| < §(¢) for
some d(€) > 0. This is because, by the definition of a cost function, for s with PRe(s) > e and t € C™

with [¢| < § we have that
-Re(s)l(p) - Re((t,c(p))) 2 (e - CO)l(p)

for some C' > 0. Therefore, assuming ¢ is sufficiently small so that e — C'0 > ¢/2,
|Dyell € 5up 3 Dy (nm)| < Y e GeE=COUmb) ¢ §N gmetlmeh)/2 |
neN m=1 m=1 m=1

for £ sufficiently large.
We can then verify by formal matrix multiplication that

_ I- As,t - Bs,t([ - Ds,t)_lcs,t _Bs,t([ - Ds,t)_l I 0
=M = ( 0 I ¢, I-Dy,) @
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We define the kx k matrix W, := A, ;+ B; (I - Ds ;) Cs+, where each entry is given by a convergent
series. By (3.2), whenever det(/ — W ;) # 0 then we see that [ — M, , is invertible, with inverse

o I 0 ([—Ws, )t (I - W, )_1337 (I—D& )t
(I-M,)*= ((I—Ds,t)_le,t (I—Ds,t)_l)( 0 ! ! It t ) 4)

This leads to the following result.

Lemma 3.2. For each s € C with Re(s) > 0 there exists €(s),0(s) > 0 such that the operator
(I = Ms)™! has a bi-analytic extension to {|s| < d(s)} x {|t| < €(s)} except when det(I — W) = 0.

Proof. This follows from the identity (3) and Hartogs’ Theorem [ , Theorem 1.2.5] . U
We now turn our attention to studying the matrices W ;.

3.2. The matrices W, ;. We begin with the following lemma. Recall that a non-negative k x k matrix
M 1is irreducible if for each 7, 7 with 1 < ¢, 5 < k there exists a natural number m (depending on ¢, 7)
such that (M/™); ; > 0.

Lemma 3.3. Take ¢ > 0. Then there exists 6(e) > 0 such that W, is an irreducible matrix for
all Re(s) > € and all real t € R™ with |t| < 6(¢). Further for each real s > 0, Wy is a non-negative
irreducible matrix and W o has a simple maximal positive eigenvalue \(s) = p(Ws), which depends
analytically on s and satisfies N'(s) < 0.

Proof. Note that if £ is sufficiently large A, ; is irreducible by assumption (G2). All other parts of the
lemma follow from the Perron-Frobenius Theorem and analytic perturbation theory [ ]. U

We will write A(s, t) for the leading eigenvalue of W, ; for (s,¢) in a neighbourhood of (1, 0) which
exists by the above lemma.

Lemma 3.4. Suppose that the vector of cost function ¢ : P, — RZ has component cost functions that
are positive and not identically zero. We then have that \;(1,0,...,0) <0 and \,(1,0,...,0) >0 for
eachi=1,... n.

Proof. This is a standard computation: for (s,t) in a neighbourhood of (1,0) the matrices W, are

analytic perturbations of W . It follows from analytic perturbation theory and the Perron-Frobenius

Theorem that there exist analytically varying left and right eigenvectors u(s,t),v(s,t) such that
A(s,t)u(s, t) =u(s,t)Ws, and A(s,t)v(s,t) = Wsv(s,t)

for all (s,t) in a neighbourhood U x V' 3 (1,0). We assume u(s,t)v(s,t) = 1 for all (s,t) e U x V.
Differentiating the above expression and rearranging shows that

0
As(1,0) = u(1,0) W qu(1,0 here W1 ,(i,7) = — Wi (2,7).
(1,0) = (L)W qu(1,0) where Wy(i.) =5~ Wiu(i,)
It follows that A\,(1,0) < 0. The other expressions following similarly. 0

3.3. Complex functions. We can now introduce a complex function whose analytic properties will
be useful in deriving our results.

Definition 3.5. Define the complex function
ng(s,t) = > e W-Le) g eC teC?
pePy
where P, = {p=ey,...,e,:1n2>0,i(e;) = v} is the set of paths in G starting at v € V.
We first observe that 75(s,t) converges to a bi-analytic function on a neighbourhood of (s,0) for
any Re(s) > h.
For fRe(s) > 0 and |¢| sufficiently small, we define:
(@) w(s,t) = (xe,(i)e s~ (tee))e e ¢ where xe, denotes the characteristic function of the
set &, = {e €& :i(e) = v} of edges whose initial vertex is v; and
(b) 1= (1), € £~ is the vector all of whose entries are equal to 1.
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We can then formally rewrite 7g(s,t) as

ng(s,t) = Y e W) — wis )7 ( i M) 1=w(s,)7(1- M,,,,f)_1 1. (5)
n=0

pePy

Observe that for Re(s) > € we have w(s,t) € ¢! for all |¢t| < d(¢) (some constant depending on €). In
fact we can write
¢(s,1)

ng(s,t) = m (6)

where ¢(s,t) is bi-analytic on Re(s) > ¢, [t| < d(¢). It is not hard to see that ¢(h, 0) is a positive real
number.

Choose k large enough such that (I — Dy ) is invertible, on the half plane fRe(s) > € where € < h.
The following was shown in [ , Proposition 4.5]

Proposition 3.6. For each s # h with Re(s) = h the matrix Wy o has spectral radius at most 1 and
does not have 1 as an eigenvalue.

In particular, since for small ¢ we have that W ; is an analytic perturbation of W, we deduce the
following.

Proposition 3.7. For each sy # h with Re(s) > h there exist €,0 > 0 such that the matrices W, for
|s = so| < €, |t| < § have spectral radius at most 1 and do not have 1 as an eigenvalue.

Before we move on to the proof of our statistical limit laws we state the Tauberian Theorem [ ,
Theorem III] that will be crucial for our proof.

Proposition 3.8 (Delange Tauberian Theorem). For a monotone increasing function ¢ : R.g - R.g
we set

f(s) = ‘/0 e dg(T).
Suppose that there is 6 > 0 such that
(1) f(s) is analytic on {PRe(s) > 6}\{d}; and,
(2) there are positive integers n,k > 1, an open neighbourhood U > 0, non-integer numbers
0< py,..., ux <n and analytic maps g, h,lq, ...l : U - C such that

s A E
F(s) = (SQE 5))" n Z; (SZJ_((S;W + h(s) for s €U and such that g(d) > 0.
Then ()
g n—1_6T
o(T) ~ WT ¢’

as'T — oo.

In this result and throughout the rest of this work, for two functions f,g : R - R,y we write
f(T)~g(T)asT — oo if f(T)/g(T) > 1asT — oo.

We are now ready to move on to the proofs of our main results. By scaling ¢ we can and will always
operate under the following assumption:

Assumption: we will always assume that the lengths of the edges of G have been normalised so that
the exponential growth rate of #P,(7T") is h = 1.

3.4. Law of large numbers. We are now ready to prove our weak law of large numbers for graphs.

proof of Theorem 2.4. 1t suffices to prove this result for a single cost function (i.e. the one dimensional
case). We will also assume, without loss of generality, that c is strictly positive (since we can add a
constant multiple of /(-) to guarantee this). We define the two variable series

779(37 t) = Z e—Sf(p)-%—tC(p)
pePy
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for s,t € C. Recall that
¢(s,1)
ty=—"22
779(37 ) det(I—Ws,t)
where W, is as defined in the previous section. It follows from Proposition 3.7 that for any sy # 1
with DRe(sg) > 1, there exist €(sg), d(sg) > 0 such that 7q is bi-analytic in |s—sg| < §(s¢) and |t] < €(sp).
For (s,t) close to (1,0) we can write
¢(s,1)
t)y= —— 1
LR (S TeN))
where ¢(1,0) € R.o and ¢(s,t) is bi-analytic. When ¢ = 0 we deduce that

no(s,0) = 2RO

for Re(s) > 1 where R is analytic on this domain. It follows from Proposition 3.8 (since A\;(1,0) <0
by Lemma 3.4) that

(7

#P,(T) ~ -As(1,0) " (1,0) e”
as T — oo.
We now differentiate (7) with respect to ¢ at ¢t = 0. Doing this shows that

_ d -Ae(5,0)p(s, 1)
st(p) -2 t) = t\ 2> )
Z e =Gl 0= 0y
where L is analytic on R(s) > 1 apart from a possible simple pole at s = 1. This shows that the above
series has an order 2 pole at s = 1 since the derivative \;(1,0) is non-zero by Lemma 3.4.

Now we have that the derivative of 1g has a pole of residue A;(1,0)2X;(1,0)¢(1,0) at s = 1.
Applying Proposition 3.8 gives that

2. e(p) ~ As(1,0)2X(1,0)9(1,0) Te”

L(p)<T

+ L(s)

as T' — oo or equivalently

1 (p) >\t(1 0)
PR (2 T A(LD)

= A(c)

as required. By Lemma 3.4, A(c) > 0 which proves the furthermore statement. U

3.5. Reparameterising the matrices. To prove our central limit theorem and large deviation theo-
rem it is convenient to work with a reparameterised version of the matrices ;. Let A(¢) be the
asymptotic average for ¢ that exists by Theorem 2.4. We define

Ws,t = Ws+(t,A(E)),t-

For (s,t) close to (1,0), W, is an analytic perturbation of T, ; and so has an bi-analytically varying
simple maximal eigenvalue A(s,¢). We can analogously define B’S,t, C*’s,t and D’s,t and as in the previ-
ous section we can write Wy = Ay + By (I — Ds;)1C; . Note that for (s,t) close to (1,0), W,
has leading eigenvalue A(s,t) = A(s + (¢, A(2)), t).
A simple calculation shows that
X, (1,0,...,0) =0 foreachj=1,...,n. (8)
We also have the following result on positivity of the second derivatives.

Lemma 3.9. Suppose that we are working with a single cost function i.e. t € R. Assume that there
does not exist T > 0 such that all periodic paths p on the states {1,. .., k} satisfy c¢(p) = 7¢(p). If k
is sufficiently large then \(A)(s,t) has a leading eigenvalue A,, on a neighbourhood of (1,0) and
there exists a constant C > 0 such that

X (1,0) > CA(A)y(1,0) > 0.



12 STEPHEN CANTRELL AND MARK POLLICOTT

Proof. Note that for all £ large, AVLO is irreducible by (G2). Further, if we take & sufficiently large then
there does not exist 7 > 0 such that all periodic paths p on the states {1,...,k} satisfy ¢(p) = 7¢(p).
A standard computation (see for example [ ]) shows that

~ 1 —
X(1,0) = lim —u(1,0)(F7y)"o(1,0)

where u(s,t), v(s,t) are the normalised left and right eigenvectors for W, , and W”(1,0) has entries

2

=, . 0 = ..
Wllj()(zvj) = @ Ws,t(?‘a.])'
(1,0)

However we can write Ws"t = Z’;t + M, (s,t) where M, (s,t) is a sequence of analytically varying

k x k matrices and M, (1,0)” > 0. Since A, ¢ is irreducible it has leading real eigenvalue A\(A)(1,0)
and strictly positive left and right eigenvectors u z(1),v7(1) we deduce that there exists C' > 0 such
that

- 1 ~
Xt (1,0) > C lim —u (1) (A7) 01(1).
n—»oo n, ’

Here ;1/’1'0 is the component-wise second derivative with respect to ¢ (analogous to W{fo above). Lastly,

from the finite state Livsic Theorem [ , Lemma 3.7], the right hand side of the above equation is
0 if and only if for all loops p in staying in the first £ symbols c¢(p) = 7¢(p) for some 7 > 0. Hence it
is strictly positive by assumption and the proof is complete. U

We can upgrade this result to the multidimensional version.

Lemma 3.10. If k is sufficiently large then the eigenvalues of ’stt satisfying the following. We have
that X\s(1,0,...,0) < 0. Lastly, if we define the matrix ¥ = (0; ;) with entries

o _ij(l,o, ...,0)
Y N(1,0,...,0)

then Y is positive definite. The matrix Y. is strictly positive definite if there does not exist non-zero

v € R™ such that for all closed paths p,

{v,e(p) - A@)L(p)) = 0.

Proof. The first derivative being strictly negative is standard. For the latter part use that we need only
check the condition for v in the n-sphere in R™. By compactness of the n-sphere (and continuity of
the map v — (v,¢(p) — A(¢)¢(p))), if there does not exist non-zero v € R™ such that for all closed
paths p,

(v,e(p) - A@){(p)) = 0
then we can find k large so that there does not exist non-zero v € R™ such that

(v,¢(p) = A(¢)l(p)) =0 for all closed paths p that remain in the states {1,...,k}.

Since the value of v v is, up to scaling by —:\;(1, 0,...,0), the second derivative with respect to ¢
and (1,0) of

C?5 (s,t) = A(s +t{v, A(C), t{v, A(€)))
we may apply Lemma 3.9 to deduce the result. U

Using these results and the reparameterisation above, we will operate under the following standing
assumption in the proofs of the large deviation and central limit theorems.

Assumption: We will assume that the cost functions ¢ have been normalised so that \;(1,0) <
0, (1,0) =0forall j =1,...,n and so that the conclusion on Lemma 3.10 holds for A(s,t).



COUNTING STATISTICS FOR GEODESICS ON FLAT SURFACES 13

3.6. Large deviations. We will deduce our large deviation theorem we use the following local
Girtner-Ellis type theorem.

Lemma 3.11. Let Z1 be a one-parameter family of real random variables and i be a one-parameter
Jamily of probability measures on a space X. Suppose that there exists 1 > 0 with

. 1
Jim logEr (¢77) = c(1)

for all t € [-n,n] where Er represents the expectation with respect to jr. If ¢ is continuously differ-
entiable and convex on [-n,n] and ¢'(0) = 0 then for any € > 0

1
lim sup — log pr(|Z7| > Te) < 0.
T—o0 T

Proof. We note that for € > 0 and for any 0 < ¢ < 7 we have that
/LT(ZT > TE) < ET(et(ZT_TG)) = e‘tT& ET(etZT).
Therefore we have that

1
lim sup T log ur(Zr > Te) < —te + c(t).

T—oco

Since ¢/(0) = 0 and c is convex, we can find ¢, € (0,7) such that ¢(¢y) — tpe < 0 and so we deduce that
1
lim sup T log pr(Zy > Te) < —toe + c(tp) < 0.
T—o0

We can apply the same reasoning on the interval [-7),0) to get the exponential decay when Zr < Te.
The result follows. O

We also need the following asymptotic result. This can be seen as a weak version of the hypotheses
of the Hwang Quasi-power Theorem mentioned in the introduction.

Proposition 3.12. There exist and open real neighbourhood U > 0, a real analytic function o : U —
R.o such that the following holds. For any t, € U there is a positive constant Cy, such that

etoc(p) Ctoea(to)T
Up)<T

as'T' — oo. Furthermore o is convex on U.
Proof. We begin by applying the Implicit Function Theorem to find a real, open neighbourhood U of

t = 0 and a real analytic function o : U — R such that A(¢(t),t) =1 forall t € U.
The Implicit Function Theorem also implies that

/ _ )‘t(170) _
0(0)——/\5(1’0) =0
and Aa(1.0)
o"(0) :—m >0

by Lemma 3.4. In particular, o is convex. Then for any fixed ¢, € U we can find sq = o(to) and a
neighbourhood of s such that

_9(s:t0)
1- /\(8, t())
where ¢ is bi-analytic. In particular, 7q(s, o) has a simple pole s = sy and we can check, that it has
positive residue as in the proof of Theorem 2.4. Furthermore, expression (9) shows us that 7g(s, to)
does not have any other poles in the line fie(s) = so. To see this note that the matrices W, can not
have 1 as an eigenvalue when fRe(s) = sg but s # sg. This follows from precisely the same proof as
the case t; = 0. Indeed if 1 were an eigenvalue then this would imply that ¢ takes values in a lattice
which contradicts hypothesis (G3) (see the proof of [ , Proposition 4.5]).

n5(s, to) = €))
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We also see that

As(a(to), o) (s, to)
o(to) —s '
Note that A\;(c(g),%o) > 0 by the same argument as in Lemma 3.4. To summaries we have shown
that ng(s, ) is analytic in a neighbourhood of PRe(s) > sy apart from a simple pole with positive
residue at s = sg.
Then we see by Proposition 3.8 that there exists a positive constant C';, depending on ¢, such that

Z etoc(p) ., C’toeﬂ(to)T
L(p)<T
as T — oo. OJ

779(37 Z50) =

We are now ready to prove our large deviation theorem.

proof of Theorem 2.5. 1t suffices to prove the theorem when n = 1. Combining the above results
shows that there is a neighbourhood U of 0 and an analytic function o : U — R such that if £ € U then

1 1
lim —log| ———= e“® | = 5(t) - 0(0).
Jim 7 (#?v(T) =z (1)~ o(0)

We can then apply Lemma 3.11 (note that ¢”/(0) > 0) to deduce that
c(p) Ae)

®)_pof> o)) <o

Here the random variables are Zr(p) = c¢(p) if ¢(p) < T and Z7(p) = 0 otherwise and the measures
pr are the uniform counting measures on P, (7). This concludes the proof. U

1
lim sup T log (,uT {p €eP,,

T—o0

Remark 3.13. It is possible to improve Theorem 2.5 to a local large deviation principle, i.e. we can
quantify the precise exponential decay rate in the large deviation theorem, at least for small € > 0.

3.7. Central limit theorems. Before moving on to the main result of this section, we establish some
notation. Given ¢ = (q1, . .., ¢,) € N* we will write [q] = ¢ +--- + ¢,,. We will use 1, ..., ¢, to denote
the re-scaled cost functions ¢;(p) = ¢;(p) — AM(¢;)¢(p).

The next proposition is based on a careful study of the following series

ne(s) = Y @1(p)? -+ pu(p) e,
PePy

We will write
At (1,0,...,0) o
Ji’jz_)\s(l,o,---,o) fori,7=1,...,n

as in Lemma 3.10.

Proposition 3.14. Given § € N" the function 1(s) is analytic in the plane R(s) > 1. Furthermore,
ng(s) is analytic on R(s) > 1 apart from at s = 1. Moreover, the nature of the singularity at 1 depends
on the parity of q = |G| as follows:

Case 1: ¢ is odd. Then nz(s) has a possible finite, integer order poles at s = 1 and is analytic
otherwise. These poles have order at most (q+ 1)/2.

Case 2: ¢ is even. In this case, there exists a positive definite, symmetric matrix ¥ = (0; ;)
that the following holds. For s in a neighbourhood of 1 we can write

Rg(s)
(s- 1)“%

n
o1 such

1g(s) =
where each Rg(s) is analytic and

q
Ra(1) =C(§)! Do OUn) () TUi) i) Olligr).d(ig)

11,.00y8q

where:
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(1) the sum over iy, ..., 14 is over the partition of the numbers 1, ..., q into disjoint pairs labelled
(il, 7:2), ceey (’iq_l, iq),' Cll’ld,

(2) 1:{1,...,q} > {1,...,q} sends the set {1,... ,q1} to 1, the set {q1 +1,...,q1 + q2} t0 2 and
continues in this way until finally sending {q1 + -+ q,-1 + 1,...,q} to n.

Proof of Proposition 3.14. We first show that 7 is analytic at PRe(s) > 1 other than s = 1. To do so
we recall that
¢(s,1)

det(] - Wsﬂg) ’

Using Proposition 3.7 we see that 7g( s, t) has the right domain of analyticity and we can differentiate
to get what we need. Studying the pole is the harder part. For (s,t) close to (1,0,0,...,0) we can
write

779(8’t) =

F(s,t)
1-A(s,t)
where F'(s,t), R(s,t) are multi-analytic in a neighbourhood of (1,0). It is not hard to see that
F(1,0) € R.o. We now want to study the partial derivatives

ng(s,t) = + R(s,1)

oF F(s,t)
Oty Ot Ot | o) 1= Als, 1)
fork = (ky, ko, ..., ky) € N® with [k| = ky + kg +---+ k,, = k. Since we are only interested in the largest
order poles, it suffices to study
> L here ky + ko + -+ k, =k
wnere Kq 9 e n =K.
Ot Ot Oty | o) 1= As, 1)
Using Faa di Bruno’s formula [ ] we have that these derivatives are given by
7!
A 0
S Aoy [0

where
(1) IIj is the set of partitions of {1,...,k};
(2) || is the number of blocks in 7;

(3) in the product, B runs over the blocks in 7; and,
(4) Ap(s,0) is the partial derivative of A over the block B: if B = {by,...,b} c {1,...,k} then

D)
ot ot ol

Lh=#(Bn{l,....k}),lb=#(Bn{ki+1,... ki +ko}),....ln=H#(Bn{ky++k,q1+1,... k}.

The key point to notice is that, by our assumption that A, (1,0) = 0 foreach j = 1,...,n, for any block
B of length 1, Ap(1,0) = 0. Hence, the Faa di Bruni formula shows that when we are searching for
the poles of highest order we can ignore terms coming from partitions that contain blocks of a single
number. It therefore follows that when £ is odd, the highest order pole coming from the derivative
above has order at most (k- 3)/2+2 = (k+1)/2. When £ is even the highest order poles come from
partitions of {1, ..., k} into pairs. We deduce that in this case the highest order poles are of the form

(k/2)!
(1- (s, 0))k/2+1 Z HAB(S’O)

mellg (2) Bem

Ag(s,0) (s,0), where

where IT;(2) represents all partitions of {1,...,k} into blocks of size 2. Using Lemma 3.10 we can
then write

(k/2)! AL O]
A 00 oy L1200 = S5 Gy

Z' O1(i1),1(i2) """ Ol(ig-1),l (i) T g(s)
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where g(s) has poles of integer orders strictly less that k/2+ 1 and [ : {1,...,k} - {1,...,k} sends
the set {1,...,ky} to 1, theset {k1+1,..., k1 +ko} to 2 and continues in this way until finally sending
{k1+-+kn,1+1,...,k} ton (as in the statement of the proposition).

To conclude the proof we sum over 0 < k; < ¢1,0 < ks < ¢o. To see that when [g] is odd, 77 has the
required pole structure and when [g] = ¢ is even

_ F(5,0)(=A:(1,0))92(q/2)!
775(3) - (1 _ A(S,O))Q/QH

D0 i) i) O )tia) + G (5)

where G is analytic other than integer order poles of order at most ¢/2. To conclude we note that
F(1,0)(=As(1,0))92(q/2)! F(1,0)(q/2)!
(1= (.00~ (FA(L,0)(s - )t
where H(s) is analytic on 93(s) > 1 except for finite integer order poles at s = 1 of order at most ¢/2.
This concludes the proof with
F(1,0)
As(1,0)

+ H(s)

>0 and the o;; as defined above.

O

3.8. Deducing the Central Limit Theorem. In this section we will employ the estimates on the
complex function described in the previous section to deduce the central limit theorem. The approach
is to use the method of moments, following a strategy inspired by Morris [ ].

Definition 3.15. For each pair 7= (q1,...,q,) € N* we define

(T = n;m pa(p) where og(p) = o (p)-- 02 (p).

We can now use Proposition 3.8 in the proof of the following moment estimate.

Proposition 3.16. When [q] = q is even we have that

: 1 sOA(p))q
hm q = O (i1)oa(io)Om(ia)a(in) O lin_1) a(in)-
T—oo #"PU(T) pei};T) ( ﬁ 1'1,.2:,2';; ( 1)7 ( 2) ( 3)’ ( 4) ( q 1)7 ( q)

Proof. When all of the ¢; are even we can apply Proposition 3.8 immediately to deduce the result.
When some of the ¢; are odd we have to work harder. There are a further 2 sub-cases.

Sub-case 1: q/2 is even. When this is the case we define

Gi(s) = Y. (pa(p) + (p)?) @)

pePy

Go(s) = X (0ap) + L(p)??)" @
pePy

Gs(s) = Y. Up)*pg(p)e®).
pePy

We note that G5 = 1 + 2G'3. Using Proposition 3.8 in combination with Proposition 3.14 we see that

1 o T7(Ryg(1) + Roo(1)(¢!/(g/2)1))
#P.(T) Z(%;T pag(p) +(p)? ~ 4

as T — oo. We also have that (since ¢/2 is even)
D (5) = 3 0(p) pa(p)eP) = Gy ().
pePy
Then using that G5 = G + 2G5 we see that
Rag(1) + Roo(1)(g!/(q/2)!) + 2Rg(1)(q!/(q/2)")
(s—\)t+e

GQ(S) =

+f(s)
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where f(s) is analytic, other than integer poles of order at most g. Therefore
1

- - (p) + a/2)?
2. (7) peg;n(%(p) ((p)"?)

grows asymptotically like

Rg(1) + Roo(1)(4!/(a/2)1) + 2Ry, 4,(1)(a!/(a/2)Y) .1,
Cq!

as 7' — oo. This implies that

1 a/2, . N Rff(l)Tp
#.(T) pe%T) U(p)"*pq(p) T

We want the same expression but with £(p)9/? replaced by T2, We now remove this weighting term.
Note that

as T — oo.

T T
S Up)"2pu(p) = fo a2 dﬁ@(t):Tq/Qw@(T)—g fo $92- (1) d

pePy(T)
Without loss of generality we can assume that qy, . .., g9 are odd and ¢, + 1, . . ., ¢,, are even for some
k<|q/2].
We now use the elementary inequality for real numbers 1, . .., xo,

Th > |1y,
Bc{1,...,2k},| B|=k
where for B = {by,..., b} c{1,...,2k} we set x5 = 3, 13
Using this we see that

.
ma(Ol< X m@ ()
Be{1,...,2k},| Bl=k
where B(q) € N™ is the vector with entries ¢; for j ¢ {1,...,2k}, ¢;+1if j e Bn{l,...,2k} and

¢;—1lif je{l,...,2k}\B. Since all of the entries in B(7) are even and | B(7)| = [q = ¢ we can apply
Proposition 3.8 to deduce that

T (1) = O(t7%¢!)
Be{l,... 2k}, | Bl=k

as t — oo. It therefore follows that

T
f tq/2_17rq17q2(t) dt=o (Tq/zeT)
0

as T' — oo. This implies the required asymptotic in this sub-case.

Sub-case 2: q/2 is odd. In this case we define
Hi(s) = 3 (paq(p) + £(p)?) @)

pePy

Hy(s) = 3 (pa(p) + L(p)?2)" e=t®
pePy

H3(s) = > ~l(p)"Ppg(p)e )
pePy

This time we have that Hy = H, — 2Hj3. Following the same argument as before, we deduce that

1 q/2 Rf]l,fh(l)Tp
#P,(T) peZ O ea®) - =5 i

Pu(T)

as ' — oo. Again, we can use the Stiltjes integral as before to change this expression into the required
asymptotic expression.
0

‘We now handle the odd sum case.
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Proposition 3.17. When q = (g} is odd we have that

1 pa(p) )" _
tngmm, 2, (9F)

Proof. As before we define
Ki(s) = Y (@2q(p) + £(p)*) @)

pePy

Ka(s) = 3 (a(p) + €(p)2?) @)
pePy

K3(s) = > U(p)"Ppq(p)e @
pePy

and note that K, = K + 2K and
g9(s)
T)“q + f(s)

Ka(s) = nan(s) =" () = 75

where ¢(1) > 0 and f, g are analytic. By Proposition 3.8 we deduce that

1 . 9()T9
T 2 £+ )" =

as 1" — oco. We now calculate
(S) D) S 1)) pg(p)e @,
{(p)<T

Now using the identity
[oo 12t gt = \/Ex‘l/Q
0

for x > 0 we see that

Pl (p+1

-1 ol (s + b
k(o) - CUE [t (D)
VT Jo Vi
and hence K3 is analytic except for a pole of order at most p + 1 at s = 1. Now, we can write
p+1

() Z s—l)J i)

where a; € C, h is analytic in 9R(s) > 1. Then using the identity

f‘x’ 1 o w(2j-2)! 1
0 (3+t—1)f\/z_f S 2UI(j - 1) (s—1)F2
(which follows by integration by parts) we deduce that

p+1

Ki(s) =Y ——— +1(s)

=0 (s - )]“
where c; € C and [ is analytic in the half plane. Then using that k; = K + 2K, we deduce that

p+1

b
Kals) = 2 ey e )

and a,.1(1) = g(1). Proposition 3.8 now implies that

1 ey 9T
—#TU(T)M;T(%@) ((p)"?) L

as T — oo and so

T oy, (Ol =0T



COUNTING STATISTICS FOR GEODESICS ON FLAT SURFACES 19

as T — oo. To conclude the proof we need to remove the weighting term £(p)4/2. To do so we set
¢(t) =t and 7(t) = 3 L(p)"*U(p)"ee(p)

pePy (t)
for ¢ > 0 and note that by the above 7(¢) is O(t%?). It follows that

T
f F(t)¢' (t) dt = O(T - T9eTT-1-9/2) = O(T9/%eT)
0
as ' — oo. However we also have that

[T%(W'(t) dt = flT > eap)l(p)?¢' (1) dt+O(1)

L(p)<T

T
- 3 i) [ o
((p)<T 2

=T~ 1P%(T) - 7(T) + O(1)
as T' — oo. Rearranging this and using our estimates above gives the required result. U

We are now ready to deduce Theorem 2.6

Proof of Theorem 2.6. To conclude the proof we apply the method of moments: [ , Theorem
30.2]. Some justification is needed here. Indeed, the method of moments is usually used to prove
one-dimensional central limit theorems for discrete sequences of distributions. However, by Theorem
29.4 1n [ ], we can use the method of moments in higher dimensions. Lastly we note that it is
possible to deduce the continuous limit theorem (i.e. as 7" — oo through the reals) case from the
discrete limit case as n — oo through the natural numbers. We leave this simple deduction to the
reader. Finally we note that the non-degeneracy criteria follows from Lemma 3.10. Ul

Before we move onto translation surfaces we prove Proposition 2.7.

Proof of Proposition 2.7. We note that the mean A and covariance matrix X are obtained from the
first and second derivatives of A(s,t). Since A(s,t) is independent of the choice of starting vertex,
the result follows. O

4. TRANSLATION SURFACES

We recall the definitions from the introduction.

Definition 4.1. A translation surface X is a compact surface with a flat metric except at a finite set
X = {xy,,x,} of singular points with cone angles 27 (k(z;) + 1), where k(x;) €N, fori=1,... n.

Example 4.2. This is a translation surface of genus 3 with four singularities each with cone angle 4.

ot
(=2}
~

2 1 4 3

FIGURE 2. A translation surface with 4 singularities.

A path which does not pass through singularities is a locally distance minimising geodesic if it is
a straight line segment. This includes local geodesics which start and end at singularities, known as
saddle connections. Geodesics can change direction if they go through a singular point.

More precisely, a locally minimising, length R geodesic on a translation surface X with singularity
set X is a curve v : [0, R] - X satisfying the following conditions:
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(i) there exist 0 <ty < ... < t, < R, where n > 0, such that v(t;) € X;

(ii) fort; <t <ty y(t) e X\X fori=1,...,n-1;
(iii) v : (t;,ti21) = X\X is a geodesic segment (possibly a saddle connection); and,
(iv) the smallest angle between 7|, , ¢,y and 7|« +,.,) is at least .

Let 8 = {s1, $2, ...} be the set of oriented saddle connections ordered by non decreasing lengths.

Definition 4.3. We define a saddle connection path p = (s;,,...,s;, ) to be a finite string of oriented
saddle collections s;, , ..., s;, which form a local geodesic path.

We denote by £(p) = £(s1) + £(s2) + -+ + £(s,) the sum of the lengths of the constituent saddle
connections. We let i(p),t(p) € X denote the initial and terminal singularities, respectively, of the
saddle connection path p.

Definition 4.4. Suppose that ¢ : § — R is a function that assigns to each singularity s a real number
©(s). Assume further that there exists C' > 0 such that |¢(s)| < C¢(s) for all s € 8. Then we extend ¢
to saddle connection paths in the obvious way: if p = (s;,,...,s;, ) then we set

(p) = (i) + -+ p(54,)-

We call such functions saddle cost functions.

To apply our result for graphs to translation surfaces we need analogues of conditions (G1), (G2),
(G3) for translation surfaces:

Translation Hypotheses

(T1) forall £ > 0 we have Y s e () < co;

(T2) there exists a constant C' > 0 such that for any directed saddle connections s and s’ there exists
a saddle connection path with length less than C' + £(s) + ¢(s’) that begins with s and ending
with s’; and

(T3) there does not exist a d > 0 such that

{l(c) : cis a closed saddle connection path} c dN.

We claim that the above hypotheses hold for all translation surfaces.

Proof. Property (T1) follows from the fact that the number of saddle connections of length less than 7'
grows quadratically in 7" [ ]. The second property (T2) was established in [ , Proposition
3.11]. Lastly, (T3) is an immediate corollary of Theorem 4.9 below. 0

4.1. Proof of main results. We are now ready to prove our main results. Fix a translation surface
(X,w), x € X and a vector of saddle cost functions @ : P, — R. We form an infinite matrix M with
rows and columns indexed by S:

1 ift(s)=1i(s),
0 otherwise.

M(s,s") = {

Then for each u € C and v € C? we define the perturbed matrix M, , by
Muﬂ,(s, 3’) — M(S, Sl)e—ué(sf)_w@(sf))

for s, s’ € 8.
The translation hypotheses above are direct analogues of the graph properties (T1), (T2), (T3)
from Section 3 and we can follow the arguments presented in that section.

Proof of Theorem 1.3 and Theorem 1.5. The results follow directly from the arguments in Section 3
using the matrices M, ,,. O

We can then deduce our corollary for number of singularities visited.
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Proof of Theorem 1.2. We can apply Theorem 1.3 to deduce that the large deviation and central limit
theorem hold for the singularity length |[p|. We just need to show that the variance for the central
limit theorem is strictly positive. Suppose it is not, this would imply that there exists 7 > 0 such that
[p| = T{(p) for all closed paths p. This would imply that £(p) € 1Z for all p contradicting (T3). O

Remark 4.5. The same proof as above shows that the combinatorial length labelled (3) in the intro-
duction satisfies a non-degenerate central limit theorem.

We also have the following result. Recall that |- |5 denotes the angle change saddle cost function
defined in the introduction.

Theorem 4.6. Let (X,w) be a translation surface and fix a singularity x € X. Let |- |y and ((-) denote
the angle change and geometric length of a saddle connection path respectively. Then there exists
A > 0 such that for any € > 0

> e}) <0.
Furthermore there exists o > 0 such that for any a,b € R,a < b
lplo = AT

1 b 2 2
lim eP,: ——€la,b]; = [ e 127 qt.
| e

Proof. As for the proof of Theorem 1.2 we just need to verify the non-degeneracy criteria. To see this,
note that given a singularity x € X, a direction v emanating from x and ¢ > 0, we can find a saddle
connection from x to another singularity that leaves z at an angle that is within e of the direction of
v. Using this fact and (T2) it is easy to see how to construct closed saddle paths for which |p|s/¢(p)
is arbitrarily small. This means that there cannot be 7 > 0 such that |p|s = 7¢(p) for all closed p. [

[plo _

1
lim sup T log (,uT {p eP,:

T—o0

Proof of Corollary 1.6. Applying Theorem 1.5 we deduce that a 2-dimensional central limit theorem
holds for the holonomy vector. The mean for this central limit theorem is the zero. To see this
we note that Theorem 1.5 holds when we replace counting over P, (7") with counting over P(7") =
Uzex P2 (T), i.e. we count over geodesics starting and ending in X. This follows form the same proof
as Theorem 1.5 with minor modifications. Importantly, this new limit theorem has the same mean and
variances (coming from the derivatives of the lead eigenvalue A(s,t)). Then, if we write A € R? for

the mean then we have that )

_ 1
A= lim — /w.
T=e0 #?(T) pe%T) T Jp

However, for each p € P(T) there is p’ € P(T") which is the path p with the opposite orientation.
Therefore

1 1 /‘ _ 1 1 —
— [ w=lim -— [ w=-A.
#?(T) pG;T) T P T=o0 #T(T) pE%T) T p
To conclude the proof we therefore need to show that the central limit theorem is non-degenerate.
Suppose that it is, then there exists v € R? such that

A = lim
T—o0

(v, f w> =0 for all closed saddle paths p.
p

This would, by (T2), imply that there exists C' > 0 such that for any saddle connection s we have

(/)

However the holonomy vectors have angles that are dense in the circle and so this is not possible. [

<C.

Proof of Corollary 1.7. As in the previous proof, we can immediately deduce that a multi-dimensional
central limit theorem holds. In this case the mean is a strictly positive vector A(Y") € R¥,. If the central
limit theorem is degenerate then there exist v € R such that

(v, |ply = A(Y')€(p)) =0 for all closed saddle paths p,
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or (v, |ply) = (v, A(Y))(p) for all closed p. Suppose that v is non-zero and it’s jth component
v; # 0. If s 1s a saddle connection starting and ending at y; then the above expression implies that
2v; = v;A(Y);{(s), i.e. every saddle connection from y; to itself has the same length. This is absurd
and so v must be the zero vector. U

4.2. A general positive variance criteria. We would like a way of verifying whether a general class
of saddle cost functions satisfy a non-degenerate central limit theorem. To do this we study the
number theoretic properties of saddle connections. Recall that a collection of numbers py,...,py € R
are rationally independent if Zj]\il a;p; = 0foray,...,ay € Q implies that a; = - = ay = 0.

Definition 4.7. The geometric length spectrum of the translation surface (X, w) is
L(xw) = {(p) : p e P, for some = € X and p corresponds to a closed saddle path}.
The saddle length spectrum is £(8) = {/(s) : s € 8}.
We need the following result.

Proposition 4.8. Suppose that p(x) = 2%+ ax + b is a quadratic polynomial with a,b € R with distinct

roots. Then the set
{Vp(k):keZs}
contains arbitrarily large subsets of rationally independent numbers.

We are very grateful to Peter Miiller who suggested the following proof of this proposition [ ].

Proof. Suppose for contradiction that the conclusion is wrong. Then there are x4,...,z, € R such
that \/p(k) is in the rational span of these x; for all k large enough. Now let R be the ring generated

by the x; and a, b and write K for the quotient field of R. We then have that \/p(k) € K for all large
k. By replacing R by R[1/a] for some a € Z we can assume that the integral closure of R in K is
integrally closed and finitely generated [ , Proposition 4.1].

We now note that, since p(x) has distinct roots, we can find m € Z such that p(z? + m) has distinct
roots. Then the curve Y2 — p(z? + m) is an elliptic curve E. Since R is finitely generated E(R)
(i.e. the points on £ that have coordinates in R) is finite by [ , Theorem 2.4 in §8]. Since Z is
contained in R and R is integrally closed, this is a contradiction: by our assumption \/p(k%? + m) € R

for all & large enough implying that (k,\/p(k? +m)) € E for all large k. O
We then have the following.

Proposition 4.9. Let (X,w) be a translation surface (with singularities). Then both the geometric
length spectrum and the saddle length spectrum contain arbitrarily large subsets of numbers that are
rationally independent, i.e. for any N > 1 there exists l1,...Iy € L(x ., such that the only solution
ar, ..., o, € Q such that

N
Z Oéjlj =0
j=1

is the solution oy = -+ = ay = 0 (and similarly for ((8)).

Proof. We claim that £ x ., contains arbitrarily large subsets of rationally independent numbers if and
only if /(8) contains arbitrarily large subsets of rationally independent numbers. Indeed, by (T2), for
any saddle connection s we can find closed saddle paths p;, ps such that p;spys’ is a closed saddle
path where s’ is s with reversed orientation. We then have that 20(s) = (p1) + £(p2) + {(p1Sp2s’) and
the claim follows. We therefore just need to verify the theorem for £(8).

We now recall that translation surfaces contain embedded cylinders: a cylinder such that the bound-
aries circles are saddle connections. We can then find h,w > 0 and 6 € (0, 7) such that ¢(8) contains
the lengths

VA2 + (kw)? - 2khw cos(0) for k> 1.

Indeed, the number \/h2 + (kw)? — 2khw cos() is the last side lengths of the triangle with a side of
length h that meets a side of length kw at angle 6.
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To conclude the proof of the theorem we apply Proposition 4.8 to the polynomial

(2hcos(¢9)) - h?

_ 2
p(x)—x - wg

which we note has distinct roots. O

Remark 4.10. The above proof actually shows that £x ., (and also £(8)) is not contained in a ring
generated by finitely many real numbers.

We then deduce the following.

Corollary 4.11. Let (X,w) be a translation surface and fix x € X. Let ((-) denote the geometric
length and let o(-) be a saddle cost function on saddle connection paths. Suppose further that ¢ is
positive, non-zero and that there exist o, . .., a, € R such that

{¢(p) : pis a closed saddle path} < 0;Q ® Q& --- & ,, Q.
Then there exist A > 0 and o2 > 0 such that for any a,be R, a < b

- p(p) - AT } 1 fb 290
lim e P, 227 g )l = e t°120% gy,
Tmuf{p T [a,b] /.

Proof. We just need to verify the non-degeneracy. Suppose that the variance is 0. This would imply
that for any closed saddle path p, ¢(p) = Al(p). However this would imply that Lx . does not
contain arbitrarily large subsets of rationally independent numbers contradicting Proposition 4.9. [

Example 4.12. The above corollary implies that there is a non-degenerate central limit theorem for
the saddle cost functions

s+ |R,], s = |Ts| where R, and T, are the real and imaginary change along s (as in the introduction).

The same is true for positive linear combinations of these functions. This follows from the fact that
the relative homology H; (X, X,Z) has finite rank.
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