EFFECTIVE COUNTING ON TRANSLATION SURFACES

AMOS NEVO, RENE RUHR, AND BARAK WEISS

ABSTRACT. We prove an effective version of a celebrated result of Eskin and Masur: for
any SLa(R)-invariant locus £ of translation surfaces, there exists x > 0, such that for
almost every translation surface in £, the number of saddle connections with holonomy
vector of length at most T', grows like ¢T2 + O(T2"‘). ‘We also provide effective versions
of counting in sectors and in ellipses.

1. INTRODUCTION

The main goal of this paper is the effectivization of a celebrated result of Eskin and Masur
[EMO1] which we recall. A translation surface x is a compact oriented surface equipped
with an atlas of planar charts, whose transition maps are translations, where the charts
are defined at every point of the surface except finitely many singular points at which the
planar structure completes to form a cone point of angle an integer multiple of 27. Such
structures arise in many contexts in geometry, complex analysis and dynamics, and have
various equivalent definitions, see the surveys [MT| [Z] for more details. The collection of all
translation surfaces of a fixed genus, fixed number of singular points, and fixed cone angle
at each singular point is called a stratum, and has a natural structure of a linear orbifold.
Furthermore each connected component of the subset of area one surfaces in a stratum is
the support of a natural smooth probability measure which we will call flat measure.

A saddle connection on a translation surface x is a segment connecting two singular
points which is linear in each planar chart and contains no singular points in its interior. The
holonomy vector of a saddle connection is the vector in the plane obtained by integrating the
pullback of the planar form (dz, dy), along the saddle connection. We denote the collection
of all holonomy vectors for x by V(x). The large scale geometry of V(x) has been intensively
studied, and one of the main results of [EMOT] is that there is ¢ > 0 such that for a.e. x
(with respect to the flat measure), the number N(T,x) = |V (x) N B(0,T)| satisfies

(1.1) N(T,x)=cT?+0(T?).

When this holds we will say that x satisfies quadratic growth.
The main purpose of this paper is to estimate the error term in the above result, that is
to establish that

N(T,x) = T* + 0 (T20179))

for some k > 0. In order to state our result in its full generality we need to introduce more
precise terminology.

Let H be a stratum of translation surfaces, let G = SL2(R) and let £ C H be the closure
of a G-orbit in ‘H. By recent breakthrough results of Eskin, Mirzakhani and Mohammadi
[EMiT5, [EMiMoT5|, £ is the intersection of H with a linear suborbifold, and is the support
of a smooth ergodic probability measure p, which we will call the flat measure of L. We
will refer to (£, ) as a locus (the terminology ‘affine invariant manifold’ is also in common
use).

A cylinder on a translation surface is an isometrically embedded image of the annulus
[a1,a2] xR/cZ, for some a1 < ag and ¢ > 0. The image of a curve {b} xR/cZ for a1 < b < as
is called a waist curve of the cylinder and the integral along a waist curve of the pullback
of (dx,dy) is called the holonomy vector of the cylinder. One can also study the asymptotic
growth of V¥(x)N B(0,T), where V<!(x) is the collection of holonomy vectors of cylinders
on x. Furthermore, in [EMZ] §3], Eskin, Masur and Zorich defined configurations which are
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a common generalization of saddle connections and cylinders. We will not need to repeat
the definition of a configuration in this paper; in order to give the idea, we note three
other examples of configurations: (i) C consists of a saddle connection joining some fixed
singularity to itself, (ii) C is a saddle connection joining distinct fixed singularities, (iii) C
consists of two homologous saddle connections joining two distinct fixed singularities, and
forming a slit which disconnects the surface into components with a fixed topology. For each
configuration C one can then define a collection of holonomy vectors V¢(x) of the saddle
connections or cylinders comprising the configuration, and study the asymptotic growth
of N¢(T,x) = |V¢(x) N B(0,T)|. A remarkable feature of [EM0I, [EMZ] is the authors’
foresight: they proved their results in an abstract framework which later (in [EMil5]) was
proved to be sufficient to cover all G-invariant ergodic measures and all configurations.
Namely, they proved that for any locus (£, 1) and any configuration C there is ¢ = ¢(L,C)
such that for p-a.e. x € £ one has N¢(T,x) = cT? + o(T?). Furthermore, [EMZ] also
discussed counting with multiplicities (that is, vectors in R? are counted according to the
number of saddle connections which have them as holonomy vectors). In the notation of
this paper N¢(T',x) may refer to counting either with or without multiplicity, i.e. the count
in question is assumed to be a part of the data associated with C. Finally, for the case
L = H, an algorithm for computing the constants ¢ in the above asymptotic was described,
in terms of so-called Siegel-Veech constants introduced by Veech in [Vee98].

An additional improvement, due to Vorobets [Vo05, Thm. 1.9], concerns counting in
sectors. Let ¢1 < o with o — 1 < 27 and let N(T,x, ¢1,¢2) denote the cardinality of
the intersection of V(x) with the sector

STyp1,p2 = {r(cosp,sing) : 0<r <T, o1 < <o} CR?

Vorobets showed that there is ¢ > 0 such that for a.e. x € H (with respect to the flat
measure on H), N(T,x,p1,92) = c(p2 — p1)T? + o(T?). Our main result is an effective
version of the above-mentioned results. Setting N¢(T',x, @1, 2) for the number of holonomy
vectors corresponding to the configuration C on x with holonomy vector in St ,,, We have:

Theorem 1.1. For any locus (L, i) there is a constant k > 0 such that for any configuration
C there is a constant ¢ > 0 such that for any @1 < po with o — 1 < 27, for p-a.e. x we
have

(1.2) NC(T, %, 01, 02) = g

Here, in the basic case that £ = H is a stratum and C is one saddle connection (i.e.
V¢(x) = V(x)), the constant c is the Siegel-Veech constant of [Vee98| (this is the reason for
the denominator 2 appearing in ) As we shall see below, x can be estimated explicitly
in terms of the size of the spectral gap in the unitary representation of G in L?(£); in fact
our proof shows that it can be taken to be 554—% for any A smaller than the size of the
gap. We have chosen to normalize our power savings exponent x so that the error is written
in the form 2(1 — ) rather than 2 — &, that is to estimate the error as a power of the area
growth, in order to permit easier comparisons with other bounds appearing in the literature
on related problems. Note that in (L.2), the dependence of the implicit constant in the O-
notation on x is unavoidable given the existence of surfaces with different quadratic growth
coefficients.

The proof of Theorem does not give any insight into the set of full measure of x
which satisfy . In fact it is expected that every translation surface x satisfies quadratic
growth (see [EMiMol5] for a remarkable result in this direction). Thus it is of interest to
exhibit explicit surfaces which satisfy quadratic growth with an effective error estimate (in
particular, where k is known). It is also of interest to count points in the intersection of
V (x) with more general subsets of R2. These questions will be discussed in the forthcoming
work [BNRW].

The expectation that any translation surface satisfies quadratic growth, and that the
constant ¢ appearing in depends only on the orbit closure Gx, leads to the expectation
that the set of surfaces satisfying is G-invariant. Since the assignment x — V(x)

(@2 _ 901)T2 + Ox7¢2_¢1 (TQ(lflﬁ)) .
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satisfies V(gx) = gV (x), this can be equivalently stated as a problem on counting in ellipses:
in the definition of N(T,x), one should be able to replace Euclidean balls of radius T,
with dilates of any fixed ellipse centered at the origin, and the same should be true for
N(T,x,p1,p2). The issue of existence of a full measure G-invariant set of surfaces with
quadratic growth was not discussed in [EMOI], but could probably be derived from the
arguments in [EMO1], [Vo05]. Moreover, it can be derived from a recent result of Athreya,
Cheung and Masur [ACM], in combination with an argument of Veech [Vee98, Thm. 14.11].
Using our technique we obtain the following effective strengthening.

Theorem 1.2. For any locus (L, ), there is k > 0 such that for every configuration C there
is ¢ > 0 such that for p-a.e. x, for every o1 < @9 with s — 1 < 21, and for every g € G,

¢ —K
Nc(Ta 9%, 01, 92) = = (g2 — <p1)T2 + Ox,00— 1,9 (T2(1 )) )

2

Note that Theorem implies Theorem but we present the proof of Theorem
separately. This is because the proof of Theorem [I.2] presents additional technicalities which
may obscure the main ideas, and also because our proof of Theorem [T.2] gives slightly weaker
estimates on k.

1.1. Ingredients of the proofs. Our proof of Theorem follows the strategy of [EMO1]
(which in turn was inspired by [EMaMo98|, [Vee98]) of reducing the counting problem to
an ergodic theoretic problem regarding the convergence of the translated circle averages
e (Ze)f fK (athkx)dmy (the notation is introduced in 3.} as t — oco. In the
treatment of [EMOT], f is the Siegel-Veech transform of an indicator of a rectangle in R,
and the required convergence of 7. (32;)f(x) was proved by replacing f with a smoothed
version of f, developing various estimates to bound the amount of time the translated circle
average spends outside large compact subsets of H, and appealing to a pointwise ergodic
theorem of the first-named author (see [N]).

Our proof of Theorem uses all of the above ingredients and more. The essential new
ingredient is the fact that any (L, u) possesses a spectral gap (see §3[ for the definition).
This was proved by Avila, Gouézel and Yoccoz [AGYO06] for the case of strata, and by
Avila and Gouézel [AGI13] for general loci (again, in an abstract framework, as [AG13] also
preceded [EMiT5]). Using the spectral gap it is possible to obtain an effective estimate of
the difference |7z (3¢) f(x fﬁ fdul, in case f is a K-smooth function and ¢ is large enough
(depending on x and f). See 3| for the definition of K-smooth functions. The estimate is
valid for x in a set of large measure depending on f and t. Using a Borel-Cantelli argument
(see Theorem [3.4]) we upgrade this to a set of full measure and a countable collection of K-
smooth functions, which we then use in order to estimate effectively the integrals appearing
in the counting problem, and thus the numbers N ¢ (T, %, 1, p2) for a countable collections
of radii (7},). In order to pass from a countable collection of functions to the results, it is
advantageous to replace the rectangle used in [EMO1], or the trapezoid used in [E06], with
a triangle with an apex at the origin.

Theorem improves Theorem in two ways: uniform counting with an error term in
all sectors and in all ellipses. These improvements require two additional ingredients. First
we note that the same Borel-Cantelli argument, and further approximation arguments, make
it possible to use countably many functions in order to approximate all sectors and all ellipses
simultaneously. That is, instead of working only with a countable set of radii, we work with
a countable set of radii, a countable set of ellipses, and a countable collections of sectors.
Furthermore, for uniform counting in ellipses, we replace the circle averages with ellipse

averages T, (Eﬁ-")) fK (atkgx)dmy, and obtain an estimate on the rate at which

L (Egg)) (x) — fL fdu, which is uniform as g ranges over compact subsets of G.
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2. PRELIMINARIES

In this section we will collect results which we will need concerning the moduli space of
translation surfaces.

2.1. The Siegel-Veech formula and the function ¢. We recall the Siegel-Veech sum-
mation formula:

Theorem 2.1. [Vee98, Thm. 0.5] For any locus L with flat measure p, and any configura-
tion C, there exists ¢ = ¢(L,C) > 0 (called a Siegel-Veech constant) such that for any ¥ >0
Borel measurable on R?, if we let 1(x) = 2 vevex) ¥(v), then

/L Pxu(x) = [ ia)da.

We stress that the definition of zZ depends on a choice of configuration C, but this choice
will not play an important role in what follows, and will be suppressed from the notation.

Let £(x) be the Euclidean length of a shortest saddle connection in x. Building on earlier
work in [M] and [EMaMo9§|, a fundamental bound on the number of saddle connections in
a compact set was established by Eskin and Masur as follows.

Theorem 2.2. [EMO01, Theorem 5.1] For any stratum H, any configuration C, any compact
set B C R?, any x € H, and any a1 > 1,

‘VC(X) N B| <3,8a] ((x) ™l

Note that in [EMOT], the bound was only stated for the set V(x) of all saddle connection
holonomies, that is the case in which the configuration C consists of any saddle connection;
however since any cylinder contain saddle connections along its boundary, the bound for
V(x) implies the same bound for V¢(x) for any configuration C.

2.2. Translated circle averages. Consider the elements

et 0 cosf —sinf
(2.1) = (0 et) » T0= <sin9 cos 6 )
and let K = {rg : 0 € R} C G. When G acts ergodically by measure preserving transfor-
mations on a standard Borel probability space (X, ), we will say that (X, u) is an ergodic
pm.p. G-space. We let 7mx denote the unitary representation of G in L?(X), given by
7x(g)f(x) = f(g~'x). We extend 7mx to a representation of the convolution algebra M(G)

of bounded complex Borel measures on G. Each o € M(G) acts as an operator on L?*(X)
via the formula

rx(0)f(x) = /G f(g\2)do(g), for f € L3(X).

For any two measures 01,09 € M(G), we have mx (01 * 02) = wx(01) o wx(02).
Let mg denote the probability Haar measure on the circle K given in coordinates by
%dO, and denote the probability measure mg *d,_, by ;. Thus for f: L = R

WX(Et)f(x):/Kf(ath)de(k).

An important property of integrability of the function ¢, and a bound on its translated circle
averages, were established by Eskin and Masur:

Theorem 2.3 (See [EM01] Thm. 5.2, Lem. 5.5 and [Vee98|, Cor 2.8). For any x € L, and
forany 1 < as < 2,

(2.2) sup (%) (£(x) ) < 0.

t>0

The bound can be taken to be uniform as x ranges over compact sets in L. Furthermore, for

any locus (£, p), ()& e LY(L, p).
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To account for sectors, we will use the family of measures on the circle

(S f (%) = /K Flaskx)v(k)dmp (k)

where v is a bounded density on K. In fact, in this paper v will be a characteristic function
of the angular sector [p1, 2] that is either slightly contracted or slightly thickened. It is
clear that (2.2)) also holds for such ¥, ;, uniformly for all v < 1.

3. SPECTRAL GAP AND POINTWISE ERGODIC THEOREM

Let (X,u) be a p.m.p. G-space, and denote by L3(X,u) the zero mean functions in
L?(X, it). The action is said to have a spectral gap if the associated unitary representation
of (G is isolated from the trivial representation. That is, there does not exist a sequence of
unit vectors (u, )nen in LE(X, 1) which is asymptotically invariant under the representation,
namely such that lim,, ¢ ||7x (g)un — un| = 0 for every g in G.

In the special case G = SLa(R) the spectral gap condition implies the following quan-
titative estimate (see [Cl [Rl [CHHS8S8] and references therein). It is formulated in terms of
K-eigenvectors, namely functions f € L?(X) satisfying that there exists a character x of K
such that mx (k)f = x(k)f for all k € K.

Theorem 3.1. Let G = SLo(R) and let (X, u) be a p.m.p. G-space with a spectral gap.
Then there are positive C, X such that for any f1, f2 € L3(X) which are eigenvectors for K,
and for any g € G, written in Cartan polar coordinates as g = kiaiks, we have

(3.1) [(mx (9) f1. fo)] < Ce P fullz] folz -

The supremum of A > 0 for which one can find C' such that is satisfied for K-
eigenvectors f1, fa, will be denoted by Ax and will be called the size of the spectral gap.

We briefly review some basic results and explain the relation of our notation to that
used in other papers. The functions g — (7x(g)f1, f2), for fi € L?(X,u), are known
as matriz coefficients for the action on (X, u). If f is a finite linear combination of K-
eigenvectors, it is called K-finite. It is known (see [C, Thm. 2.5.3]) that if the action of
G on (X,p) has a spectral gap, then there is ¢ < oo such that all its matrix coeffients
are in L9(G). Suppose (X, u) has a spectral gap, and let p be the infimum of ¢ < oo
such that for every € > 0 and every pair of K-finite functions fi, fs, the matrix coefficient
g — (mx(9)f1, f2) is in LI(QG); this parameter is often called the integrability exponent of
mx. By [C, Cor. 2.2.4], the integrability exponent p is also the smallest number such that
(mx(9) f1, f2) = O(||g]| =%/ ®*+2)) for all € > 0, with implicit constant depending on ¢, f1, fa,
and on the norm chosen on Matg(R). It follows from more detailed estimates obtained in
[CHHS8S8, Corollary (b)], that in terms of the integrability exponent, the size of the spectral
gap is Ax = 2/p. The case in which the unitary representation is tempered, i.e. absence of
the complementary series in mx (see the discussion in [AGY06, Prop. B.2]), one has p = 2
which in our notation corresponds to A\x = 1.

Our results are based on the following important result:

Theorem 3.2. [AGY06, [AGT3] The representation of G on L3(L, ) possesses a spectral
gap-

Note that the results of [AGY06, [AG13|] do not give explicit bounds on the size of the
spectral gap.

A standard norm-comparison argument implies that for any choice of norm on Maty(R),
for any f1, f2 € L3(X) which are eigenvectors for K, and for 0 < A < \x,

(3.2) [(mx (9) frs o)l < gl ™ I fullell felle-

Fix w = (1) o )asa generator of the Lie algebra of K. A function f € L?(X) is called

K-smooth of degree one if

(33) mx(@)f = lim + (mx (exp(tw) — f)
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exists, where the convergence is with respect to the L?(X)-norm (one may also consider the
obvious extension to smoothness of degree d for w, but we will not need this). Define the
(degree one) Sobolev norm by

Sk (f)? = If1I3 + llmx (W) £113.
We denote the space of K-Sobolev functions with finite Sk (f)-norm by Sk (X), and set
Swo(X) = S (X, ) N LF(X, ).

The estimates (3.1) and (3.2), which are stated in terms of K-eigenvectors, can also be
formulated in terms of K-Sobolev functions fi, fo € Sk o(X), as follows. For g = kia.ko

[(mx (9) f1, f2)| < C'(Ne™ Sk (1) Sk (f2),
and for any matrix norm on Mats(R) and any 0 < A < Ax,

(3-4) (mx(9) /1, f2) < gl Sk (f1)SK (f2)

which follows from a standard proof of the Sobolev inequality via Fourier series (see e.g.
[Ei10]).

As shown by Eskin, Margulis and Mozes, from estimates such as those in Theorem
one can derive an estimate for the norm of the operator 7x (X, ), v < 1, viewed as operator
from the K-Sobolev space Sk 0(X) to L*(X).

Theorem 3.3 (See [EMaMo098](3.32) and [Vee98], §14). Let G = SLy(R) and let (X, )
be a p.m.p. G-space with a spectral gap of size \x. Then for any A < A\x, there exists
C > 0 such that for any interval I C S' ~ K of length |I| # 0, any f € Sk 0(X), and all
t> 1log ﬁ,

(3.5) |7x (Zue) 113 < Ce Sy (£)2 11177,

where n = %

+1 and v is the indicator function of the interval I.

We note that if one normalizes v to be the density of a probability measure then the
quality of the rate in diminishes as the length of the interval decreases. We will
not normalize v in this way because it will turn out to be less natural for some geometric
considerations involved in the counting problem.

For completeness, and in order to have precise control of constants, we repeat the argu-
ment found in [EMaMo98|, [Vee98].

Proof. Writing v*xv (k) = [, v(K')v(K'k)dmg (k') = D, (k), by G-invariance of the measure
1 one has
(3.6)

xS F13 = (mx By # 0" % 0% 8 ), f) = /X /K flarka—2) F(z) Dy (k)dm (k)dp(z).

Replacing I with a slightly smaller interval will only require a small increase in C, so with
no loss of generality we can assume that |I| < w/4. Then using a rotation we can assume
that I = [0,¢;] C [0,7/4]. We identify K with S! using so that v(K) = % < |I]. For
a parameter 0 < N < 1 to be fixed below, we set J = {¢ € I : |sinp|e?! < e*}'*}. To put
ourselves in the case that J is a proper subset of I, we assume that sin ¢; > egt(’\/_l), which
implies that ¢; = |I| > €2 =1 and thus X' < % + 1.

Write k = r, so that, using the supremum norm in , we have ||aka_|| > 2Nt for
ke I\ J. Since I C[0,%], v**v can be computed using convolution on R. Since ¢ < 2sin ¢
in the interval I, and since ||D, | < |I], we conclude that [, D, (k)dmy < 2|I| e ~1,
Furthermore, clearly [}, ; Dy (k)dmg < |1 ”. By Fubini, the matrix coefficient is equal
to

/J (ex (arka_ ) f, ) Dy (k)dmic (k) + / (ex(arka ) f, £) Dy (k)dmc (k).

I~NJ



EFFECTIVE COUNTING ON TRANSLATION SURFACES 7

We apply the previous estimate to the integral over J, and apply (3.4) to the integral over
I~ J, to arrive at

lmx (So) 113 < 121D FIB+IP V1S5 (£)2 < (12200 4|1 72 S ()2,

To obtain (3.5)), note that both terms on the right hand side are exponentially decreasing
in t, but one term increases with X' and the other decreases. Thus the best choice is to take
A’ for which both terms are equal, and this yields (3.5). More precisely, we set:

1 1
3.7 N=——|=log|l|+1]).
3.7) >\+1(2t0g||+>
With this choice, usingt>%logﬁ and [I| <1 wefind 0 < X < 1. O

The next result follows from the bound (3.5) combined with the Borel-Cantelli Lemma
and the Markov inequality.

Theorem 3.4. Let (X, ) be a p.m.p. G-space with a spectral gap of size Ax. Let A < Ax,

lett, e Ry, letn= 1J1r/\ and let n1 be such that

(3.8) D e < o0,
neN

Let 0 < v, <1 be a sequence of functions on K as in Theorem satisfying v, (K) =
f Undmp > e 2. Let (fn)nen be a collection of functions in Sk.0(X). Then for almost all
x € X there exists ng = ng(x) such that if n > ng then

An

(3.9) 7 (St ) o (@)] < €7 FN S (f ) (K17
Here 1 is as in (3.5).

Note that we will only be interested in the nontrivial case where the right hand side of
(3.9) decays with ¢, i.e. when 7, satisfies 0 < 5 <.

Proof. Using (3.5), there is C' > 0 such that for f,, € Sk o(X) we have
(3.10) 7% (B 1) full < Ce™2AM0C,, where Oy, = Sk (f)?vn (K)? 7M.
Consider for each n the set of ‘bad points’

Un = {5 €100 m (S, 0,) @) 2 €1 CH/2

By Markov’s inequality and (3.10)),
—A1tn ||7TX(ZV",tn)fn||% —Anitn
w(U,) <e "M 2 G < Ce At

By (3.8) >,cn #(Un) < 00, so by the Borel-Cantelli lemma, almost every 2 € X belongs to
at most finitely many of the sets U,. We conclude that for almost every x € X, there exists
ng such that for all n > ng we have x ¢ U,. O

Now let
X (EE/QD f(@) =mx(E) f(9z) = /K farkgz)v(k)dmg (k)

denote the ‘dilated ellipse average’ associated with g € G. For the proof of Theorem [T.2] we
will need the following uniform versions of Theorems and

Theorem 3.5. With the notations of Theorems|[3.3 and[34), for every A < Ax there exists
C > 0 such that for all t > 1, any interval I C S* with |I| > e, any f € Sk,0(X), and
any g € G, we have

2
(3.11) |nx (242) £, < cem 2 sic(2a.

)

Furthermore, if (t,) C Ry, m1 > 0 satisfy (3.8), 0 < v, < 1 4s a sequence of characteristic
functions on K satisfying v, (K) > e~ 2", (f,) is a sequence of functions in Sk, and (g,)
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is a countable subset of G, then for almost all x € X there is ng such that for all n > ng we
have

An

o (9122, ) F)] < 07N Sy (K

Proof. A change of variables y = gz shows that ||7x(29)),, fll2 = |7x(Zt.,) f|l2 and thus
(3.11]) follows from the same argument as for (3.5)).

The proof of the second assertion for any fixed choice of sequence (g,) is similar to the

proof of Theorem using (3.11)) instead of (3.5]). a

4. CONTROL OVER THE CUSP

The results of the previous section apply to every action with a spectral gap, and we will
want to apply them to the action on the moduli space of flat surfaces, taking the functions
fn to be Siegel-Veech transforms of compactly supported functions on R?. However in this
setting, the Sobolev norms Sk (f,) might not be bounded, owing to a large contribution
coming from surfaces in the thin part, i.e. surfaces x with ¢(x) small. When dealing with
this issue it is helpful to note that the Sobolev norm we have used above involves only
differentiation in the K-direction, and as we shall now see, this fact will allow us to use a
simple argument for “cutting off the cusp”. We let M. = ¢7!([¢,0)). By a well-known
compactness criterion (see [MT]) the sets M. are an exhaustion of X by compact sets.
Theorems and give bounds on the measure of the complement M = H ~\ M., and
on the time a translated circle spends in M¢. We will use these to cut off any function at
the cusp without affecting its asymptotic behavior.

Before proceeding with this argument, note that since we used the Euclidean metric in the
definition of the function ¢, the set M¢ is K-invariant, and hence its characteristic function
is K-smooth. Below we let 0y denote the partial derivative in the spherical direction in
polar coordinates. In terms of the action of K on the plane, it is defined as mgz(w) in the
notation . Equivalently, at a point y € R?,

op(y) = % . p(exp(tw)y).

Lemma 4.1. Suppose R > 0 and ¢ : R2 — R is a non-negative bounded function which
is supported in the ball B(0, R), such that Op1 is also bounded, and denote by f = zZ 1ts
Siegel-Veech transform as in Theorem |2.1], with respect to some configuration C. Let x.
denote the characteristic function of the cusp MS. Then the decomposition

f:fmain+fsy where fmain:f(lfx‘s) and fE:fXE

satisfies for any 1 Jagl< 2,

1/2
(4.1) Sk (fmain) <R,a1 max (/K (v? + |0y]?) (krel)de(k:)) e
(4.2) [ 1 < 1],
c
and
(4'3) Wﬁ(zt)fs()o <x, R, 1,02 HwHOO

Moreover the implicit constant in (4.3) can be taken to be uniform as x ranges over compact
subsets of L.
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Proof. We first bound the L?-norm of fyain. Since the measure p and the set M, are
K-invariant, and y — V(y) is K-equivariant, we have

2
ol = [ 150 =xPdu= [ | 3 i) duty)

Ly)=e veV(y)
2

/(y >E/ Y(v)| dmg (k) du(y)

veV (ky)
< [ (g [ wtrken P amic)) V) 0 B0, B duty).

2
In the last inequality above we have used Cauchy-Schwarz for the estimate |, €V (ky) Y(v)

IN

(ZUEV(ky) |w(v)|2) [V (y) N B(0, R)|, and then exchanged summation and integration.
Using Theorem we conclude that

(4.9 i} <, & s [ Juhren) Pmic ()
r<R g

We repeat this calculation for the angular derivative of 1. Here we also use the fact that
since the set of saddle connections satisfies V(gy) = gV (y) for any y € £ and g € G, which
implies that taking derivatives in the K direction commutes with the Siegel-Veech transform.
Namely, for any compactly supported 1 : R? — R for which dg1) exists everywhere,

re(@)d=lm © (reeptw)d - 0) =lm= [ 3 ww- Y w0

uw€V (exp(tw)y) veEV (y)

Cgim (S @exp(t)n) — v) | = 3D )

0
PO L) veV(y)

(where we have used the fact that ¢ is compactly supported to ensure that the sum is finite
and hence we can switch the order of summation and differentiation). Thus

e (W) = Dot
By K-invariance of (1 — x.),

72(@) frnain = (1= X )72 (@) f + fre@)(1 = xe) = (1 = Xc)9t +0

and consequently, applying the argument used to prove inequality (4.4) to 7z (w) fmain, We

obtain (4.1)).

Now we set 8 = as — aq, and proceed to bound [ f.do in the two cases 0 = p, 0 =
72 (3¢) = [y ba,exdmi (k). By Theorem

[rar= [ Gar< [ fulelvis)nBO.R)d
Ly)<e Ly)<e

B
. / 0y) B0 < ]| / y Ty ty) e

Ly)<e

The term fe( y<et (y) @A do is bounded by [|£(-)~*> L1 (o) forﬂ-f— B, which in turn
is bounded by Theorem - 3| for any |ao)| . < 2 (where for 0 = w2 (X;) the bound depends on x
uniformly on compact subsets of £, and is mdependent of t). O
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FIGURE 1. The four planar domains S1(6) C W1(0) C Wa(0) C S2(6).

5. EFFECTIVE COUNTING OF SADDLE CONNECTIONS

We now give the proof of Theorem|[L.1] dividing the argument into three steps. In the first
we use a geometric counting method introduced in [EMaMo98| Lem. 3.6] and [EMOT], Lem.
3.4] to estimate the quantity N(e’,x,p1,p2) by orbit integrals 7z (3;)f(x), where f is a
Siegel-Veech transform of the indicator of a triangle. We will follow the simplified approach
outlined in the survey [EQ06], but replacing a trapezoid used in [EQ6] with a triangle. In the
second step we will replace f with certain smooth approximations and use Theorem [3.4] and
Lemma to estimate the resulting orbit integrals. Since it relies on the Borel-Cantelli
lemma, Theorem only gives information about N (T, x, ¢1,p2) for a countable number
of values of T. In the third and final step we use an interpolation argument to pass from
countably many values, which get denser and denser on a logarithmic scale, to all T'.

Step 1. Triangles, and reduction of counting to orbit integrals. We fix a configu-
ration C and use it to define a Siegel-Veech transform as in Theorem For 6 € (0,1) we
define two triangles W1 = W;(0) and Wy = W5(0) in the plane as follows. Let e; = (0,1)
and let W; have vertices (0,0),7gea, r_ges and Wa have vertices (0,0), ﬁ?"@@g, ﬁr,geg.
That is, W7 and W5 are similar isosceles triangles with apex at the origin, apex angle 26,
symmetric around the positive y-axis, and with height cos 6 and 1 respectively. In particular
W1 C Wa. See Figure[l]

Now let t > 1 be a parameter. Applying the diagonal flow a_; transforms Wy, Wy into
triangles with a narrow apex angle and large height, specifically the apex angle 26; of both
a_;W1 and a_, W5 satisfies

(5.1) tanf;, = e * tané.

We will obtain lower and upper bounds for N€(e!,x, @1, p2) using radial averages over
shrinking versions of these triangles.

Let ¢1 < @2 be as in Theorem By a rotation, assume with no loss of generality that
w2 = ¢ >0 and ¢ = —¢ so that I = [—¢p, ¢] is symmetric around 0 and ¢y — 1 = 2.
Recall the notation r for an element of K (see (2.1))). We will identify angles in R with their
image modulo 277 and functions on K with functions on R/27Z without further mention.

Define

(5.2) I =[—(p—0),0— 0], I =[—(¢+06;),0+08],

sothat I, C I C I,7, and let v, , v, ;" denote respectively the indicator functions of I,”, I, I,”
(note that the dependence of these indicators on ¢y — 7 is suppressed from the notation).
Also let 1y, 1y, denote the indicators of W; and Ws.

We claim that for any x,

— 0 —
(5.3) w2 (S, ) Tw,(0) (%) < ?th(et,x,gal,gOQ) <7 (Sy1 )Ty () (%)-
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U3

FIGURE 2. The arc K(I; )v1 cuts through a_;W; but the arcs K (I, )vs
and K(I; )vsz miss a_W1(6).

To see the left hand inequality, recall that by the definition of the Siegel-Veech transform
and the operator X, ; we have

(5.4) me(S T = > [ Dy larko)r (dm(h).
veEVE(x)

We will estimate the contribution of each individual v € V¢(x) to the sum (5.4). For any
v € R?,

p—0¢

(5.5) / 1w, (atkv)v, (k)dmg (k) = %/ Ta_,w, (rsv)ds

K T —p+0¢
is at most %, since the apex angle of a_,W; is 26;. The quantity vanishes if [|v]| > ef
or £(v,ez) §é I, since in these cases the arc K(I; v = {7“,311 B € I; } never enters the
triangle a_,;W; (see Figure ). Furthermore, if [[v]| < e’ and £(v,es) € I then the arc
K (I;")v intersects a_¢W, along its entire apex angle, and so [, Ly, (a:kv)r;" (k)dmg %,
and this implies the right hand inequality.

Step 2. Smooth approximations, ergodic theorem, and cutting off the cusp.
Our goal will be to estimate the left and right hand sides of . To this end we will
replace ]l/v;l, ]l/v;z with smooth approximations and apply Theorem and Lemma
to the approximating functions, where the n-th function will give a bound on for a
certain time 7}, = e'». Our approximation depends on functions and parameters which we
now describe (omitting their dependence on n). The first parameter 6§ controls the apex
angle of the triangles W;, as above. We will bound 1y, from above and below by K-smooth
functions 1(_ 5),%(+,5) on the plane, supported respectively in a slightly contracted (resp.
expanded) copy of Wy (resp. Ws), where the dilation is controlled by a smoothing parameter

0. The corresponding Siegel-Veech transforms @ will be denoted by f+ 5. They will
be truncated using Lemma [4.1] along with a cutoff parameter ¢, for an appropriate choice of
parameters a1, ap. Finally Theorem [3.4] will be applied to the main term (f(+ s))main, and
all resulting errors will be collected and bounded.

We now make this discussion more precise and record some estimates for the errors
incurred at the various stages. After collecting these bounds we will choose our parameters
and optimize the error terms in the next step. Our optimization gives § = §'/2, and so in
order to reduce the number of parameters we will use this dependence of # and § throughout.

Let # < 1 and R = cos(1)~!. We approximate both triangles Wy (), W2(6) by sectors
around the positive vertical axis, that is by sets of the form

Sropo = {r(cos f,sin ) : 0 < <o, [B — /2] < o}
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The sector S1(0) = Scoso,0 is contained in W3 (#) and the sector So(6) = S(cosg)-1,9 contains
W () (see Figure. Let § = % and let H : R — R be a continuously differentiable function
which vanishes outside [—, 6], is equal to 1 on [0+ d,0 — §], and such that |H’|| < 2071,
and define

. _JH(B—7/2) r <cosb
(5.6) Y(—,5)(rcos B,rsin ) = { 0 "> cosd
Then t(_s) is supported in B(0, R) and we have pointwise inequalities

Y5 < Ls0) < Lwy (o),
and an estimate
1009~ 5)lloe < 671
Similarly, we define functions (4 5y which satisfy a pointwise inequality Ly, ) < ¥4 5),
are supported in B(0, R), and also satisfy [|9gtp(4 s)lloc < 871, Since dgtp(4 s)(krey) is only
supported on an arc of angular width 24, this implies that

1/2
(5.7) max (/ |5‘9¢(i75)(kre1)|2dm;{(l@)) < 6712,
r<R K

Since we also have pointwise bounds 1g,(9—s) < V(—5) < V(4.5) < Lg,(9+6), We obtain a
bound

(5.8) /2(w(+,5) —Y(_5))da < Area (S2(0 +6) N S1(0 — 8)) < 6+ 0° < 6.
Similarly, WeRobtain the bounds

(5.9) /R (i)~ Yi-p)de < 8 and /]R sy — Tw(o)dr <6
Since

Area(W1(0)) = cosfsinf and Area(Ws(0)) = tan,
(5.9) also implies that

/ Y~ 5ydxr — cosOsinf| < 4,
R2

/ 1/)(+,5)d$ —tanf| < 4.
R2

Using and expanding the Taylor series for sin, cos, arctan we find
sinfcos 0+ O(6°)
e%t0, 0+0(0%)

so that (using €20, = 0 + O(6?))

—1 1 2 1/2
e2tg, /]1%2 d)(i’é)dz =1 62759,50(6 +0)=1+0(9 / )-

tan 6 -
e2t9t -

=1+0(#%), and also 14+ 0(6%),

Note that the appearance of §2 + ¢ in this bound explains our choice 6% = §.
We have (provided 0 < 6 < 7)

+ ¥2 — Y1
d N
/;(Vt mg o

0 tan 6
< -t < = <e ?tanfh < e 2,

s s

and we will make our choices so that
(5.10) et = o(61/?),

so that we have

1 + P2 — 1 1/2
(5.11) T </R ¢(i75)dx) (/K v; de> =5 +00 /%,

Let f(4,5) = @ be the Siegel-Veech transform of the functions defined in (5.6). The
transform preserves pointwise inequalities of functions, and so ([5.3]) implies

™ ™
777—1:(211;,15)]0(—,6)()() < Nc(etvxv #1, 902) < Eﬂﬁ(zyj,t)f(+,5)(x)‘

(5.12) ;
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We apply Lemma with parameters a1, ag,e. Decompose f4 5) as the sum (f(i’g))main +
(f(£,6))e, where (f(+ 5))main = f(+,6)(1 — Xe) and (f(+.5))e = f(+.5)Xe, and let

fiz o) = Fees)(L = xe) = (5 ), where If5 | = /f(:t,é)(l — Xe)du,
i.e. f(+s.) is the projection (f(iﬁ))main to the space of zero integral functions. Inequality
in the proof of shows that
(513)  [fewoe ||% 1 Ftgmainl3 = (T )2 < [1(F ) mainl} < =~ g2 = =201,
Similarly, using and .,
(5.14) Sk (fiz50) < e 51,

Note that the implicit constants in and depend only on the support of ¥+ 5y,
which is uniformly bounded.

Having recorded these bounds, we turn to the application of Theorem [3:4 We will choose
a sequence t,, — 00, choose parameters A € (0,\z), set n = and for each n, define
parameters d,, €,, thus giving functions

1
A+10

E = flasnen-

The theorem will be applied twice, to each of the two sequences f,F, f,”. We will choose
0< 771 < 27) S0 that is satisfied. Then, since the v; (K) are bounded, plugging (5.13)
and into ( we W111 obtain the bound

(5.15) (S, IR < e #Nep,,
where
(5.16) Dy, = e 16,7

In what follows we continue with the set of full measure of x for which ([5.15| - ) holds, and thus
the implicit constants in the < and O(-) notations may depend on x. Let I = = It ©

Since f15,)(1 = Xe,) = fi£ + I, (£2) and (518) imply

7o (S o )i (1= X)) = / IEvE dmyc + O(e= (-3 D)
" K

= </ f(i,én)dﬂ) </ thide) + O(sg + e*(”*%)M"Dn),
K

B ladHall

n»En)

(5.17)

where

Moreover (4.3]) implies
(5.18) Te(ByE 1 ) (Ft60)Xen) (%) < e (B, ) (fa.6) Xen ) (%) xpmym en.

By Theoremwe have [ fi s, )dp = ¢ [go ¥(s.s,)dx, where ¢ = ¢(L,C) is the Siegel-Veech
constant. Combining this with ((5.17) and (5.18)) we obtain
(5.19)

me(Ex ) fs,)(X) —¢ (/ ¢<i,6n)dz> </ th,de)
o R2 K

Combining (5.11)) and (5.19), and using again %6, = 0 + O(6%) = §'/2 + 0(63/?), we get

1 c(p2 — 1)
W”LQJV}H ,t")f(:t,én)(x) I

Plugging this estimate into ((5.12]) and using (5.16|), we find that for any n,

NC(et, x,01,02) ¢
‘ ;Qtn : - 5(502 - 801)

<y el e (=N

< 5711/2 + 5;1/2(&-2 + e_("_*))‘t”D )

(5.20) K 8L2 4 571260 4 e (=T )M a5
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Step 3. Choosing parameters and deriving bounds for any 7. Let A be the size of
the spectral gap for £, i as in §3] and let A < Az. We will show that if o = 5.5 4+ 3.5\ then
K= g satisfies the conclusion of the theorem (see the discussion following the statement of
Theorem . Let t,, be the sequence defined by the equation

(5.21) a—_—
Fix 1 <a; < az <2and 8 =as — a; as in Lemma [{.1] and set
(5.22) m =2

o

(note that with this choice, 0 < 11 < 2n). This choice is necessary if we want to satisfy
(3-8), since ay > 1 implies
Z e At — Zn*‘”’l = Z n-* < oo.
neN neN neN
The right hand side of ([5.20) is optimized when the three terms appearing in it are equal
to each other. After some algebraic manipulations, this leads to

(8,)3FF = e~ (=3

a]]d t}lel elOl (§]
1yt
5 n
o
wox

—(n

[N

op=c¢€

and the right hand side of (5.20) becomes (up to constants)

_ —n1/2
5.23 )™ where 5= AL M/2
(5.23) (e*) ", where & 61 10 /5

This expression is decreasing in oy and increasing in 3, and we are allowed to take arbitrary
a1 > 1and 8 < 2— «@p. Thus we may let @y — 1 and 8 — 1, plugging in (5.22)), to obtain

K arbitrarily close to
)=2(n-5
"0 2 )

and thus for times 7T, = e’~, (5.20)) can be written as
c

NC(TTL7X78015902) - 2

Now for arbitrary T, let n satisfy T,, < T < T;,+1. By monotonocity,
(5.24)

c(@Q;Sﬁl)TEL (1 —0 (TJQN(U))) < NC(T,x, 01, 03) < C(@Q;sﬁl)TgLH (1 ) (Tn—ff(a)» .

. Ko
Since ef» = nX we have

T2 T2 T2 1\ % 1 n
o (5 5 < (102) o0 (1) o) o)
n n

((pg - ng)T,,% < Tﬁ(l_ﬁ(a)).

2
So both sides of (5.24)) are @TQ <1 +0 (Tfﬁ) +0 (T“(”))2> . Thus we can

do no better than to set k(o) = % Solving this equation leads to 0 = 5.5 = 5.5+ 5.5, as
claimed. We leave it to the reader to verify that with this choice of o, (5.10) is satisfied. O

6. EFFECTIVE COUNTING IN ALL SECTORS AND ALL DILATES OF AN ELLIPSE

In order to change the order of quantifiers and obtain an estimate simultaneously true
for all 1,2 and all {gx : g € G}, we will use two distinct techniques. Firstly we will use
Theorem [3.5]instead of as this will allow us to control countably many ellipses. Secondly
we will give an additional approximation argument which shows how to use countably many
functions, approximating a countable dense set of sectors, along with a countable dense set
of ellipses, of countably many radii, to simultaneously control all ellipses and all sectors.
We proceed to the details.
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Proof of Theorem[1.4 We will use the notations and estimates as in the proof of Theorem
and follow the same steps. We fix a configuration C and use it throughout, and let ¢ be
the corresponding Siegel-Veech constant. In analogy with (5.2)), for fixed ¢1, @2 we set

I= [@1,@2]7 It_7<p17g02 = [@1 +9ta¢2 - 915]7 It—t_(Pl’(pQ = [gpl - 0t7g02 +9t]7

and let v, vy, o, 1/,:r o1, denote respectively the indicator functions of these intervals
(where we have selected a different notation to reflect the dependence on ¢1,p2). Us-

ing (5.3)), and using that 7, (EyﬁleZ) (gx) =72 (Efj’i) o W) (x), we find that for every
x € ‘H and every g € G, l

Vi, p1,02° V01,09

_— o _—
T (E(g) t) Ty, 0y (x) < ;tNC(et7gX7<P17<P2) <mz (Z(‘li) t) Ty, (6 (%).

This estimate generalizes and constitutes the first step of the proof.

In the second step of the proof we again need to record certain bounds, but this time
we will record their dependence on three additional parameters. Namely, as before, we will
have parameters 1 < a3 < as < 2,8 = as — a1, 1 > 0, as well as sequences of times
t, /" oo, smoothing parameters d, and cutoff parameters ¢,. In addition we will have

sequences of ‘ellipse parameters’ (g,) C G and ‘angular sector parameters’ gogn) < goé") with

o5 — oV <o,

Using a smoothing parameter 6 = d,,, defining the functions f(+ 5 (Siegel-Veech trans-
forms of smooth approximations of 1y,, ly,) as before, and in analogy with (5.12)), we
obtain

s Vs
e (E(g_) ) fo5)(x) < NC(e', gx, 01, 02) < 6,7 (E(ﬂ) ) f.0)(x).

t Vi o100 Vie1,00

Note that these upper and lower bounds are valid for any g € G and any ¢, po.

In the proof of , there are two sources for the dependence of the estimate depending
on x. The first arises in deriving by way of , and gives rise to an estimate which
is uniform as x ranges over a compact subset of H, and the second arises from Theorem
and gives rise to a condition n > ng(x). Thus the same argument (with Theorem
instead of Theorem gives

NC (etna gnX, @gn)7 Spén)) c (

etn 2

oA of)

(6.1)
<Oy + 6,120 + (o7 - wgn))l_mm e (T E e g

as long as n > no(x) and where the implicit constant depends on g, and x and can be taken
to be uniform in compact subsets of G and L. This completes the second step of the proof.
We now choose \, aq, as satisfying A < Az, 1 < a; < ag < 2. For each n € N, we define
an auxiliary variable
m=m, = Lnlﬂj,
which we will refer to as the scale of n. For fixed m, let

N ={n:my, =m}

denote the indices of scale m. Note that as n — oo, the scales m,, also tend to infinity at
a slower rate, and the cardinality of A, is approximately m%. Now choose <p§"), goén), Gn SO

that for all large enough m, the collection of triples
{(vﬁ”), 5", gn) in e Nm}

is ——L——-dense in
m(log m)

(62) {(@1790279) Lo1 € [0327(_]3 Y2 — Q1 € [072’”}, ge G, maX(”g”v H971||) < logm}
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(with respect to the sup-norm in the first two coordinates and the operator norm in the
third coordinate). This is possible since defines a 5-dimensional manifold of diameter
O(logm).

Now following we choose t,, so that et» = m,% , where o is a parameter we will
optimize. It will turn out that the optimal value will be

(6.3) o =8.5+8.5A.
Let
7 7
(6.4) m=ts L
o o
so that
Ze"\”lt" = Z Z m M« Z m®=oM < oo,
neN meNneN,, meN
SO that . ) holds. Also note that the lengths of intervals at scale m,, is bounded below by
e /tn and in particular, since ; < 2, satisfies the lower bound |[I| > e~ 2 for all large

enough n. Thus we can apply Theorem |3 ﬂ, and deduce
As before, we optimize the right hand side of (6.1)) by setting all three summands equal to
each other, and we obtain that it is bounded by a constant (depending on ||g,||) multiplied

by the expression ([5.23)). Letting o, 8 — 1 in (5.23)) and using (6.4} instead of (5.22)), we
find that the right hand side of (6.1) is on the order of (e%")fn where

5 = (o) = fo(n—;)

S(ro, @1, p2) = {r(cos B,sin B) : B € [p1,p2],0 <r < 1o}
Let g € G and o1 € [0,27] and @2 € R with ¢ — 1 < 2. When llg; —gll <

g.g; are as in (6.2)), then max(||Id — g;¢ |, [|Id — gg_lH) . Thus there is a constant ¢;
such that for all large enough m there are k, ¢ € N;, such that

¢
o < o1 <o < o) <y < G,

@y)*@z ’<77i:1727
m

Denote

17 and
(log m)

and for any ry we have the inclusions

g,;ls (1"0 (1 — %) , @ “‘”,@’”) C gflS(ro,gal, w2) C g[lS (ro (1 + %) NY) (e),goy)) .
Hence for all T,
N¢ (T (1 - :n—l) giX, cpg )7(ng)> < N€(T, gx, ¢1,¢2) < N€ (T (1 + %) geX, 90& )7902 )) .

Choosing n so that el» < T < e!»+1 and assuming T and hence m are large enough so that
the preceding estimates are all satisfied, arguing as in the preceding proof, we obtain the

following analogue of ([5.24)):

(= o) 5 (10 (1-0 (1))

(6.5) <NC(T, gx, 1, 2)

by ot 1r0(2)

(with implicit constants depending on ||g||). As before

62tn+1

140 (T2<*%>> ,

:1+o(;) :1+O((e””)%)a

e2tn

and since

Y2 — P1 W(z) @ge)
max EOROL
— ¥ Y2~ ¥1
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both sides of are (@2 — 1) ST? (1 +0 (T‘”/)) , where

K zmin{fﬁ(a),;;}.

Setting both of these terms equal to each other and computing o gives ([6.3]) and completes

the proof. 0
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